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PREFACE

The 6th Joint MMM-INTERMAG Conference was held in the Albuquerque Convention Cen-
ter, June 20-23, 1994. Continuing a practice inaugurated at the 1993 MMM Conference in Min-
neapolis, the conference was preceded by a Sunday afternoon tutorial session sponsored by the
Education Committee of the IEEE Magnetics Society. This accommodates particularly those at-
tendees staying over the Saturday night before the conference. This year's topic was "Magnetic
Multilayers: Fundamental Issues to Applications." The tutorial was particularly timely and played
to a standing-room-only audience.

In addition to the usual invited papers, there were eight invited symposia; there were three on
topics relating to magnetic and magneto-optic recording, and one each on magnetic microscopy,
magnetic aftereffect, giant magnetoresistance, magneto-impedance, and neutron scattering studies
of vortex structures in superconductors. There was also an evening panel discussion on units in
magnetism. The session was lively, but failed to reach closure.

The conference was a marked success. It was larger than any previous Joint Conference. It
was also generally agreed that the program, facilities, and environment were excellent. It was
attended by 1227 participants. A total of 1444 abstracts were submitted from 36 countries. Of
these, 497 originated in the U.S., 178 were from Japan, 155 from Russia, and 119 were from China
(PRC and ROC), accounting for 66% of submissions. The program committee accepted 1048

abstracts (73%) for presentation.
Once again we are publishing, in this volume of the Journal of Applied Physics and in the

associated volume of the IEEE Transactions on Magnetics, fully refereed papers based upon the
conference presentations. The Transactions volume includes 368 contributed papers and 11 invited
papers and constitutes the INTERMAG Proceedings for 1994; the Journal volume includes 280
contributed papers and 47 Invited papers and constitutes the MMM Proceedings for 1994. As
usual, all fully paid registrants at the conference receive both volumes. Subscribers to either
periodical will receive only the corresponding volume with their subscrir"-n. Bo~h volumes
contain the complete Table of Contents.

The conference reception at the "Los Amigos Round-Up Ranch" was sold out. Despite heavy
rain that kept all activities indoors, this reception was a great success, with perhaps more thorough
mingling of attendees than would have occurred in good weather.

Finally, I would like to thank the dedicated and talented volunteers on the Steering Committee
and the very professional team of Courtesy Associates personnel for an exceptional job.

Stanley H. Charap

General Chairman
6th Joint MMM-INTERMAG Conference

Carnegie Mellon University
Pittsburgh, Pennsylvania, U.S.A.
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in Fe304JNiO superlattices Erwin, J. F. Ankner, E. Lochner,

K. A. Shaw, R. C. DiBari, W.
Portwine, P. Stoyonov, S. D. Berry

6287 Magnetic characterization of epitaxial Y5FeeO12/Bi3FesOi 2 and B. M. Simion, R. Ramesh, V. G.
YsFe 3012/EulBi2Fes 012 heterostructures grown by pulsed laser deposition Keramidas, G. Thomas, E.

Marinero, R. L. Pfeffer
6290 Interlayer correlations and helical spin ordering in MnTe!CdTe multilayers V. Nunez, T. M. Giebultowicz, W.

(abstract) Faschinger, G. Bauer, H. Sitter,
J. K. Furdyna

6291 Interlayer coupling in antiferromagnetic EuTe/PbTe superlattices (abstract) T M. Giebultowicz, V. Nunez, G.
Springholz, G. Bauer, J. Chen,
M. 5. Dresselhaus, J. K. Furdyna

6292 Heat capacity measurements of antiferromagnetic CoO/NiCoO superlattices E. N. Abarra, K. Takano, F. Hellman,
(abstract) A. E. Berkowitz
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6293 Exchange coupling, interface structure, and perpendicular magnetic J. Tappert, J. Jungermann, B.
anisotropy in Th/Fe multilayers (abstract) Scholz, R. A. Brand, W. Keune

6294 Inteffacial contributions to magnetic anisotropy in metal/semiconductor B. T. Jonker, H. Abad, J. J. Krebs
systems (abstract)

Fine Particles
6295 The magnetization density profile of a grain boundary in nickel (invited) M. R. Fitzsimmons, A. R611, E.

Burkel, K. E. Sikafus, M. A.
Nastasi, G. S. Smith, R. Pynn

6301 Magnetic and magnetocaloric properties of melt-spun GdxAg 1oo-x alloys C. D. Fuerst, J. F. Herbst, R. K.
Mishra, R. D. McMichael

6304 Thickness dependence of the magnetic and electrical properties of S. S. Malhotra, Y. Liu, J. X. Shen,
Fe:SiO 2 nanocomposite films S. H. Uou, D. J. Sellmyer

6307 Calculation of magnetic moments in Ho 2C3 nanocrystals S. A. Majetich, J. 0. Artman, C.
Tanaka, M. E. McHenry

6310 Kramers's rate theory, broken symmetries, and magnetization reversal Hans-Benjamin Braun
(invited)

6316 Magnetic properties of nanophase cobalt particles synthesized in inversed J. R Chen, C. M. Sorensen, K. J.
micelles Klabunde, G. C. Hadjipanayis

6319 Magnetic and structural properties of vapor-deposited Fe-Co alloy S. Gangopadhyay, Y. Yang, G. C.
particles Hadjipanayis, V. Papaefthymiou,

C. M. Sorensen, K. J. Klabunde
6322 Extended x-ray-absorption fine-structure studies of heat-treated R Crespo, A. Hernando, A. Garcia

fcc-Fe5oCu5o powders processed via high-energy ball milling Escorial, K. M. Kemner, V. G.
Harris

6325 Structure analysis of coprecipitated ZnFe 20 4 by extended x-ray-absorption B. Jeyadevan, K. Tohji, K.
fine structure Nakatsuka

6328 Magnetic anisotropy of small clusters and very thin transition-metal films H. Dreyss6, J. Dorantes-Dvila, S.
Pick, G. M. Pastor

6331 Structure and magnetic properties of Nd2Fe14B fine particles produced by H. Wan, A. E. Berkowitz
spark erosion (abstract)

Macroscopic Quantum Tunneling
6332 Thermal equilibrium noise with 1If spectrum In a ferromagnetic alloy: S. Vitale, A. Cavalleri, M. Cerdonio,

Anomalous temperature dependence A. Maraner, G. A. Prodi
6335 Experimental observation of magnetostochastic resonance A. N. Grigorenko, P. I. Nikitin, A. N.

Slavin, P. Y. Zhou

Critical Phenomena, Spin Glasses, and Frustrated Magnets
6338 Critical magnetic susceptibility of gadolinium R. A. Dunlap, N. M. Fujiki, P.

Hargraves, D. J. W. Geldart
6341 Monte Carlo simulation of Ising models with dipole interaction U. Nowak, A. Hucht

6344 Magnetic phase diagrams of NdRu2Si2 and TbRu2Si2 compounds M. Salgueiro da Silva, J. B. Sousa,
B. Chevalier, J. Etourneau

6347 Study of critical properties of the Potts model by the modified variational N. G. Fazleev, Hao Che, J. L. Fry,
cumulant expansion method D. L. Lin

6350 Phase transition in a system of interacting triads H. T. Diep, D. Loison

6353 Critical behavior of the random Pots model B. M. Khasanov, S. I. Belov, D. A.

Tayurskii
6356 Influence ,%f exchange bond disorder on the magnetic properties of Z. Wang, X. Qi, H. P. Kunkel, Gwyn

(Pd, -.xFe,)95Mn5 near T, Williams
6359 Magnetic transitions at high fields in (Fe,Mn)3Si alloys H. J. AI-Kanani, J. G. Booth, J. W.

Cable, J. A. Fernandez-Baca
6362 Critical behavior of the two-dimensional easy-plane ferromagnet Alessandro Cuccoli, Valerio

Tognetti, Paola Verrucchi, Ruggero
Vaia
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6365 Magnetic anomaly in insulator-conductor composite materials near the L. V. Panina, A. S. Antonov, A. K.

percolation threshold Sarychev, V. P. Paramonov, E. V.
imasheva, A. N. Lagarikov

6368 lime dependence effects in disordered systems K. O'Grady, M. EI-Hilo, R. W.
Chantrell

6371 Magnetization of amorphous Fe0 82B0.18 and Feo.90 Zro.10 compounds with S. J. Clegg, J. H. Purdy, R. D.
additions of Tb Greenough, F. Jerems

6374 Magnetic ordering in the three-dimensional site frustrated Heisenberg Morten Nielsen, D. H. Ryan, Hong
model Guo, Martin Zuckermann

6377 M6ssbauer measurements of spin correlations in a-(Fe,Ni)goZrgSn D. Wiarda, D. H. Ryan

6380 Study of the spin glass transition of amorphous FeZr alloys using small K. Mergia, S. Messoloras, G.
angle neutron scattering Nicolaides, D. Niarchos, R. J.

Stewart
6383 Study of magnetohistory effects in YFe12 _.Mox (x=1.5-3.0) Yi-Zhong Wang, Bo-Ping Hu,

Gui-Chuan Liu, Lin Song, Kai-Ying
Wang, Ji-Fan Hu, Wu-Yan Lai

Symposium on Slow Relaxation/Magnetic Aftereffect
6386 Magnetic viscosity, fluctuation fields, and activation energies (invited) R. Street, S. D. Brown

6391 Analysis and interpretation of time dependent magnetic phenomena L. Folks, R. Street
(invited)

6396 Ubiquitous nonexponential decay: The effect of long-range couplings? E. Dan Dahlberg, D. K. Lottis,
(invited) R. M. White, M. Matson, E. Engle

6401 Mesoscoplc model for the primary response of magnetic materials R. V. Chamberlin
(invited)

6407 Models of slow relaxation in particulate and thin film materials (invited) R. W. Chantrell, A. Lyberatos, M.
EI-Hilo, K. O'Grady

6413 Time dependence of switching fields in magnetic recording media (invited) M. P. Sharrock

Ultrathln Films and Overlayers
6419 Magnetic and structural instabilities of ultrathin Fe(100) wedges (invited) S. D. Bader, Dongqi Li, Z. Q. Qiu

6425 Magnetic and structural instabilities of ferromagnetic and antiferromagnetic Dongqi Li, M. Freitag, J. Pearson,
Fe/Cu(100) Z. Q. Qiu, S. D. Bader

6428 Impurity hyperfine fields in metastable body centered cubic Co J. Dekoster, B. Swinnen, M. Rots,
G. Langouche, E. Jedryka

6431 Ferromagnetism and growth of Ru monolayers on C(0001) substrates G. Steierl, R. Pfandzelter, C. Rau

6434 Spin reorientation transition in Ni films on Cu(1 00) S. Z. Wu, G. J. Mankey, F. Huang,
R. F. Willis

6437 Magnetization-related transport anomalies in metal/ferromagnetic insulator G. M. Roesler, Jr., M. E. Filipkowski,
heterostructures R R. Broussard, M. S. Osofsky,

Y. U. Idzerda
6440 Lorentz electron microscopy studies of magnetization reversal processes E. Gu, J. A. C. Bland, C. Daboo,

in epitaxial Fe(001) films M. Gester, L. M. Brown, R. Ploessl,
J. N. Chapman

6443 Magnetic response of ultrathin Fe on MgO: A polarized neutron S. Adenwalla, Yongsup Park, G. R
reflectometry study Felcher, M. Teitelman

6446 Roughness dependent magnetic hysteresis of a few monolayer thick Fe Y.-L. He, G.-C. Wang
films on Au(001)

6449 Fluctuation effects in ultrathin films S. T. Chui

6452 Magnetic studies of fcc Co films grown on diamond (abstract) J. A. Wolf, J. J. Krebs, Y. U.
Idzerda, G. A. Prinz

(Continued)



6452 A Monte Carlo study of the temperature dependence of magnetic order on F. Zhang, S. Thevuthasan, R. T
ferromagnetic and antiferromagnetic surfaces: Implications for Scalettar, R. R. P. Singh, C. S.
spin-polarized photoelectron diffraction (abstract) Fadley

X-ray Magneto-optics
6453 X-ray magnetic circular dichroism in the near and extended absorption G. Schbtz, P. Fischer, K. Attenkofer,

edge structure (invited) M. Knalle, D. Ahlers, S. St.hler, C.
Detlefs, H. Ebert, F. M. F. de Groot

6459 Discussion of the magnetic dichroism in the x-ray resonance scattering Peter Rennert

6462 Experimental investigation of dichroism sum rules for V, Cr, Mn, Fe, Co, W. L. O'Brien, B. R Tonner, G. R.
and Ni: Influence of diffuse magnetism Harp, S. S. R Parkin

6465 Spin-specific photoelectron diffraction using magnetic x-ray circular J. G. Tobin, G. D. Waddill, X. Guo,
dichroism S. Y. Tong

6468 Enhanced magnetic moment and magnetic ordering in MnNi and MnCu W. L. O'Brien, B. P. Tonner
surface alloys

6471 Observation of x-ray magnetic circular dichroism at the Rh M2,3 edge in G. R. Harp, S. S. P. Parkin, W. L.
Co-Rh alloys O'Brien, B. P. Tonner

6474 Circular magnetic x-ray dichroism for rare earths H. K6nig, Xindong Wang, B. N.
Harmon, P. Carra

6477 Circular dichroism in core-level photoemisslon from nonmagnetic and A. P. Kaduwela, H. Xiao, S.
magnetic systems: A photoelectron diffraction viewpoint (abstract) Thevuthasan, C. Westphal, M. A.

Van Hove, C. S. Fadley

6477 Elemental determination of the magnetic moment vector (abstract) H.-J. Lin, G. Meigs, C. T. Chen,
Y. U. Idzerda, G. A. Prinz, G. H. Ho

Coupled Multllayers, Thin Films, and ONIR

6478 Hybrid NiFeCo-Ag/Cu multilayers: Giant magnetoresistance, structure, J. D. Jarratt, J. A. Barnard
and magnetic studies

6481 Giant magnetoreslstance In NiFe-Ag granular alloys F. Badia, A. Labarta, X. Batile,
M. L. Watson

6484 Anisotropic giant magnetoresistance induced by magnetoannealing in J. G. Na, C. T. Yu, X. G. Zhao,
Fe-Ag granular films W. Y. Lai, H. L. Luo, J. G. Zhao

6487 Influence of microstructure on magnetoresistance of FeAg granular films Chengtao Yu, Ye Yang, Yuqing
Zhou, Shuxiang Li, Wuyan Lai,
Zhenxi Wang

6490 Magnetic properties of FeSi-Si0 2 granular films Z. S. Jiang, X. Ge, J. T. Ji, H.
Sang, G. N-uo, Y. W. Du, S. Y.
Zhang

6493 Hysteresis of binary clusters Ivo Klik, Jyh-Shinn Yang, Ching-Ray
Chang

6496 Some specific features of fine Fe and Fe-Ni particles Yu. V. Baldokhin, P. Ya. Kolotyrkin,
Yu. I. Petrov, E. A. Shafranovsky

6499 Magnetoresistance of the magnetically ordered icosahedral quasicrystals M. H. Yewondwossen, S. P. Ritcey,
AI-Pd-Mn-B Z. J. Yang, R. A. Dunlap

6501 Electrical transport in amorphous Fe-Mn-Zr alloys V. Srinivas, A. K. Nigam, G.
Chandra, D. W. Lawther, M.
Yewondwossen, R. A. Dunlap

6504 Field dependence of nuclear magnetic resonance in molecular beam T. Thomson, H. Kubo, J. S. Lord,
epitaxy grown Co(111)/Cu multilayers P. C. Riedi, M. J. Walker

6507 Dependence of giant magnetoresistance in Co/Cu multilayers on the A. M. Shukh, D. H. Shin, H.
thickness of the Co layers Hoffmann

6510 Vertical inhomogeneity of the magnetization reversal in R. Mattheis, W. Andri, L. Fritzsch,
antiferromagnetically coupled Co/Cu multilayers at the first maximum J. Langer, S. Schmidt

6513 Magnetic and structural studies of sputtered Co/Cu multilayer films J. D. Kim, Amanda K. Patford-Long,
J. P. Jakubovics, J. E. Evetts, R.
Somekh
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6516 Wlencof'cryet4ifstnct 6ebnthe magnetoresistance-of Co/Cr multilayers Y. Uou, J. C. A. Huang, Y. D. Yao;-. " ' '. .. . ," ' "•" ,"- ' C H .lee, K-T.W ~o ;L l:' S. Y.

HUao,.Y. Y Chen; N. T. UangjW. T
Yang, C. Y. Chen, B. C. Hu

6519 Giant magnetoresistance peaks in CoNiCu/Cu multilayers grown by S. Z. Hua, D. S. Ldshmbre, L
,eletrieposition -, . Salamanca-Riba,AWMSchwazacher,

SL. J. Swartzenruber;.R D.
:, McMichael, L. H. Bennett, R. Hart

6522 High sensitivity GMRrih NiFeCo/Cu multilayers 'S. Gangopadhyay, ;, Hossain, J.
Yang, J. A. Barnard, M. T. Kief, H.
Fujiwara, MR. Parker,

6525 Multidomalin and incomplete alignment effects in giant magnetoresistance Y. U. WIzerda, C.-T. Chen, S. F.
Strilayers Cheng, W. Vavra, G: A. Prinz, G:

Meigs, H.-J. Lin, G. H. Ho

6528 Interface alloying-and magnetic properties of Fe/Rh multilayers K Hanisch, W.Keune, R. A. Brand,C. Binek, W. Kleemann

6531 Heat'trektmeht to control the coercivity of Pt/Co multilayers J.. Miller, R G. Pitcher, D..R A.
Pearson

6534 Magnetostrictidn and.magnetic properties of iron-cobalt alloys multilayered Tamzin A; Lafford, M. R; J. Gibbs,With silver ",R. Zuberek, C. Shearwood

6537 Stabillzatlon of the hexagonal close-packed phasebof cobalt at high N. R Barradas, H. Wolters, A. A.
temperature Melo,.J. C. Soares, M. F. da Silva,

M. Rots, J. L. Leal, L. V. Melo, R R
Freltas

6540 Observation and computer simulation of static magnetization process in Zhlgang Wang, Ikuya Tagawa,
soft magnetic thin film Yoshihisa Nakamura

6543 Magnetic and structural properties of Fe-FeO bilayers X. Lin, A. S. Murthy, G. C.
Hadjipanayls, C. Swann, S. I. Shah

6546 Ferromagnetic-ferromagnetic tunneling and the spin filter effect P. LeClair, J. S. Moodera, R.
Meservey

6549 Theory of Br'"juln light scattering from spin waves in multilayers with A. N. Slavin, I. V. Rojdestvenski,
interlayer exchange and dipole coupling M.eG. Cotta A r

6552 Spin wave spectra In sem-infinite magnetic superlattices with nonunlaxial E. L. Albuquerque
single-Ion anisotropy

6555 Ground state of antiferromagnetic systems in a magnetic field and in the L. Trallori, P. Politl, A. Rettori, M. G.
presence of surfaces Pini, J. Villain

6558 Magnetoresistance of ultrathin Co films grown in UHV on Au(111): C. Dupas, E. Kolb, J. R Renard, E.
Crossover from granular to continuous film behavior versus Co thickness V6lu, M. Galtier, M. Mulloy, D.
(abstract) Renard

6559 The micromagnetics of periodic arrays of defects In trilayers with Interlayer H. A. M. van den Berg
exchange coupling (abstract)

6560 FMR doublet in two-layer iron garnet films (abstract) A. M. Grishin, V. S. Dellalov, E. I.
Nikolayev, V. F. Shkai, S. V.
Yampolskii

6560 Influence of the dipole interaction on the direction of the magnetization in A. Moschel, K. D. Usadel
thin ferromagnetic films (abstract)

Fine Particle*

6561 Coercivity and switching field of single domain y-Fe 203 particles uauder Paul L. Fulmek, Hans Hauser
consideration of the demagnetizing field

6564 Structural and magnetic characterization of Co particles coated with Ag J. Rivas, R. D. Sinchez, A.
Fondado, C. Izco, A. J.
Garcia-Bastida, J, Garcia-Otero, J.
Mira, D. Baldomir, A. GonzAlez, I.
Lado, M. A. L6pez Quintela, S. B.
Oseroff

6567 Magnetic properties of Fe clusters in NaY zeolite J. A. Cowen, K. L. Tsai, J. L Dye
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6500' -Preparation and mhicrow-ave characterization of sphericall arid monodisperse, G. Viau,' F Ravel; 0. Acher, F
80Ni -iiIe Fi6vet-Vincent, F. Fi6vet'

-6573 Coecivty f Fe-Si W ajocompasite materials prepared by ball milling Anit K. Giri, C. de Julian, J. M.
Gonzalezi'

6576 ANuci~a, ffiAgnefic ,resonance study of the magnetic behavior of ultrafine Y D. Zhang, W. A. Hines, J. 1.
06 clusters i6-z ie6 .'- Budnick, Z. Zhang, W. M. H.

6579 Perfluorocyclobutane containing aromatic ether, poymers cis planarization .DoadJ etiJckuyQx
mateii v i'agetic media su strates ChenRick Keirstead

6582 Anomalous perpendicular-magnetoanisotropy in Mn4N films on Si(1 00) K M. Ching, W. D. Chang, T S.
~Chin, 'J..G.-,Duh;fH. C..Ku

6585 Forniatlon-,kinetlcs of polycrystalline Eu2 .kCeCu4..j:,btalned-iromn a R'A: Suzuki, R;. F. Jardim, S.
sol-gel precursor Gama

6588 Thermal~decay'of Ncoupled particles .Ivo K<li,.hing-Ray, Chang,
Jyh-Shinn Yang

6591 Influence~of'size and magnetocrystalline anisotropy on spin canting D. H.-,Han, J.T R Wang, Y, B. Feng,
anomaly in fine ferrimagnetca particles :. L. Luo T lsetR

Giant Magfiitoresiance
6595 Theory of the negative magnetoresistance of ferromagnetic-normal L. M. Falico, Randolph Q. Hood

metallic multilayers (invited)
6601 Giant magnetoresistance In Co/Cu muitilayers after annealing T R.- McGuire, J. M. Harper, C.

6604 Magnetoreslstance and magnetization oscillations In Fe/Cr/Fe trilayers R. Schad, C. D. Potter, PR BeiI~n,

Ochifer, P. Grianberg
6607 Structural and magnetic properties of Co/Ag multilayers E. A. M. van Aiphen, P. A. A. van

Heijden, W. J. M. de Jonge
6610 Magnetic states of magnetic muitilayers at different fields P.A. Schroeder, S.-F. Lee, P.

Holody, R. Loloee, 0. Yang, W. R.
Pratt, Jr., J. Bass

6613 Investigation of the magnetic structures In giant magnetcresistive multilayer L. J. Heyderman, J. N. Chapman,
films by electron microscopy S. S.P Parkin

6616 Distribution of current In spin valves (abstract) Bruce A: Gurney, Virgil S. Speriosu,
Harry Lefakis, Dennis R. Wiihoit

6616 A comparison of the giant magnetoresistance and anlsotropic B. H. Miller, E. Youj,.ln Chen, Mark
magnetoresistance In Co/Cu sandwich films (abstract) Tondra, E. Dan Dahlberg

6617 Enhanced magnetoresistance in chromium doped Fe/Cr multilayers Noa M. Rensing, Bruce M. Clemens
(abst-act)

6617 Low field giant magnetoresistance and oscillatory Interlayer exchange S. S. P. Parkin, T A. Rabedeau,
coupling in polycrystalline and (111)-oriented permaloy/Au multilayers R, F. C. Farrow, R. Marks
(abstract)

6618 Giant magnetoresistance at low fields in [(NiFel -,)yAg1 -y]/Ag multilayers R. F. C. Farrow, R. F. Marks, A.
prepared by molecular beam epitaxy (abstract) Cebollada, M. F. Toney, D.

Dobbertin, R. Beyers, S. S. P.

6619 Effects of domains on magnetoresistance (abstract) Shufeng Zhang, Peter M. Levy

Fe*GN2: Giant Moment or Not (Panel Discussion)
6620 The synthesis, structure, and characterization Of C/"-Fa 16N (;nvited) K. H. Jack

6626 Magnetism of d"-Fel 6N2 (invited) Robert M. Metzger, Xiaohua Bao,
Massimo Carbucicchio

6632 The magnetization of bulk d'FeIAN (invited) J. M. D. Coey

r (Continued)



667 Magnibtic a'MMssba uerstudies of single-cysa FeN 2-and.Fe-N Yutaka Sugita, Hiromasa-Takahashi,
ma~~ ~~ tensitoiigmwy'molecula6bameptacy. (invited) Mvatahiro Komuro,1Katsuya

Mitsuoka, Akimhasa Sakuma
6642- mii~lii'oment 0f-d%:0_'2films (invited), Migaku Takahashi, H.; Shoji, H.

~~~M D~oM. Matsui aiaa

En4 thantced Fe mon~nt-in nitrogen martensitd arnd Fe16N2 (invited) W. E. Wallace, M. Q.-Huang

6653 Ehfac~fmeri*'of the formation of Fe16Nj on, Fe filrms by Cdlo n Yoshiharu Inoue,-Shigeto
(kivited) ak~bayashl, Toshio Mukal

Preparatoionad PhyisfA Arilly Structured Magnets
6656 -PropertIes and measuremtyi6tof scainning tunneling:microscope fabricated AX.D. Kent, S. von Molnir, S.

I ~ ferfrmagnetic particle arrays (invited) Gider, D. D. Awschalom
6661 Magnetic ,properties ,of amorphou s nanocolumns created by heavy ion D: Givord, J. P. Nozi~res, M.

irradiation of paramainetcYCo2 thin films (invited) Ghidini, B. Gervais, Y. Otani
6667 Magnetic wirewnd bo*,afrayi (invited) Atsushl Naeda, Minoru Kume,

Takashi Ogura, Kazuhiko Kuroki,
TksiYamada, MadokaJihkwYsoHrd

6671 Ferromagnetic filaments fabrication in porous SI matrix (invited) Sergey A. Gusev, Natalla A.
Korotkova , Dmitry B. Rozenstein,
Andrey A. Fraerman

6673 Single-domain magnetic pillar array of 35 nm diameter and 65 Gbitslln.2  Stephen Y. Chou, Mark S. Wei,
density for Ultrahigh density quantum magnetic storage Peter R. Krauss, Paul B. Fischer

6676 Magnetic properties of nanostructured thin films of transition metal V. Dupuis, J. P. Perez, J. Tuallon,Iiobtained by low energy clUster beam deposition V. Paillard, P. M6linon, A. Perez, B.
Barbara, L. Thomas, S. Fayeulle,

6879 Size effects on switching field of isolated and Interactive arrays of nanoscale Mark S. Wei, Stephen Y. Chou
single-domain Ni bars 'fabricated using electron-beam nanolithography

itinerant Magnetism and Electronic Structure I
6682 Itinerant electron metamagnetism and related phenomena In Co-based T Goto, H. Aruga Katori, T.

intermetalic compounds (invited) Sakakibara, H. Mitamura, K.
Fukamichi, K. Murata

6688 Local and nonlocal density functional studies of FeCr David J. Singh

6691 Temperature-dependent electronic structure and ferromagnetism of bcc W. Nolting, A. Vega
Iron

6694 Theory for itinerant electrons In noncollinear and incommensurate J. K~ibler, L. M. Sandratskii, M. Uhl
structured magnets (invited)

6700 Verwey transition In magnetite: Mean-field solution of the three-band S. K. Mishra, Z. Zhang, S. Satpathy
model

6703 Wannier states in magnetite Trao Her, Carel Boekema

6705 Orbital ordering and magneto-optical effects In CeSb V. P. Antropov, B. N. Harmon, A. I.
Liechtenstein

Hard Magnets I
6708 Magnetic properties Of Sm2(Fe,V)17Ny coarse powder Shunji Suzuki, Shinya. Suzuki,

6711 M6ssLauer study of R2Fe17C,, (R=Tb,Dy) as-quenched intermetallics Ha-an ong, ao-Ge Shen,

Wang

(Continued)



[ 67i1 --Mgne,tip~rties of' Tm2Fej 7C., (0--%K-2.8) compounds prepared by -Bao-GenShen, Lin-Shu Kong, Lei
iii~t ~pn~*4Cao, Hua-Yang Gong, Fang-Wei

Wang, Zhao-Hua Cheng, Jian-Gao

6717 Kerr microscopy observation of caion diffusidn profiles in Srm2Fe17CX -J:iwadzki, P. A. RV Wndhadieri,
B. Gebel, A. Handstein, D. Eerkdt,
K-H. M6I1er

6720 Ne1utfon-diffradtion study onthe structure of Nd(TiFe) 12Nx and Shu-Ming, Pan,; Hong. Chen;
Nfd(TiFeCO)YUNX alloyar Zu-Xiong Xu, Ru-Zhang Ma, li-Lian

Yang, Bai-Sheng Zhang_, De-Yan

6722- $Syothesis and magnetic properties of PrFe12... Mo, and PrFe12 -,.MoxNy 0. Kaloglrou, V. Psycharis, L.
(0.51!x--1.;,Y-1) Saettas, D. Niarchos

6725 Study bf permanent magnetic properties of the 1-12 nitrides with Nd and Ying-Chang.Yang;,Qi Pan, Ben-Paii
P'r Cheng, Xlao-Dong Zhang, Zun-Xiao

Uiu, Yun-XI Sun, Sen-Ung Ge

6728 Structural and magnetic properties of Ce(Fe,M)12N. interstitial compounds, Qi Pan, Zun-Xlao Liu, Ying-Chang
M=11, V, Cr, and Mo Yang

6731 Neutron-dlffractlohnahd M6ssbauer effect study of the Tb2Fei 7 -,Al., solid G. K. Marasinghe, S. Mlshra, 0. A.
solutions Pringle, Gary j. Long, Z. Hu, W. B.

Velon, F. Grandjean, D. P.
Middleton, K. H. J. Buschow

6734 Structure and magnetic anisotropy Of Sm2Fe1 7 x~x (x =2-8) compounds Zhao;Hua Cheng, Bao-Gen Shen,
prepared by arc melting Jun-Xlan Zhang, Fang-Wei Wang,

Hua-Yang Gong, Wen-Shan Zhan,
Jian-Gao Zhao

6737 Unlaxial rnagne.- anisotropy In Fe-.rlch 2:17 compounds with sp R. A. Dunlap, Z. Wang, M. Foldeaki
substitutions

670Magnetic vr,3e'os, R2Fe17 -..Ga,, compounds (R=T, Ho) ~J. L. Wang, Ri. Wy. Zhao, N. Tang,
W. Z. LI, Y. H. Gao, F. M.Yang,
F. R. de Boer

6743 Magnetic properties Of 5M2(Fe1 -xGa,) 17 (x=0-0.5) compo~unds and their W.-Z. Li, N. Tang, J.-L. Wang,
nitrides Fuming Yang, Y. W. Zeng, J. J.

6746Strctue ad mgneic roprtis ofarcmeled m2(e1  Co~ 14G 3C2 Zhu, F. R. de Boer
6746Strctue ad mgneic roprtis o ar-metedSM2Fej-XCI) 4G3C2Bao-gen Shen, Lin-shu Kong,

compounds Fang-wel Wang, Lei Cao, Bing
Liang, Zhao-hua Cheng, Hue-yang
Gong, Hul-qun Guo, Wen-shan
Zhan

6749 Neutron diffraction and M6ssbauer effect study of the structure of Shu-ming Pan, Hong Chen, Den-ke
DySiFe11 I _CoN alloys Uiu, Zu-xiong Xu, Ru..zhang Ma,

JI-lian Yang, Bai-sheng Zhang,
De-yan Xue, Qiang Ni

6751 A full electron LMTO-ASA study of electronic band structure and magnetic W. Y. Hu, J. Z. Zhang, Q. 0.
8 properties for RFej1TiNx (R=Y, Nd, Sm; x=0,1) Zheng, C. Y. Pan
674Magnetic properties and molecular field theory analysis of RFej1 0 2  Xle Xu, S. A. Shaheen

alloys
6757 Magnetic alignment In powder magnet processing S. Liu

6760 Sputter synthesis of TbCu7 type Sm(CoFeCuZr) films with controlled easy H. Hegde, R Samarasekara, R.
axis orientation Rani, A. Navarathna, K. Tracy, F. J.

6763 M61astable Nd2(Fej -x.Cox) 23B3 (O x-1.0) compounds with the 2:23:3-type Bao-gen Shen, Bo Zhang, Fang-wei
structure Wang, Jun-xlan Zhang, Bing Liang,

Wen-shan Zhan, Hui-ziun Guo,Jian-go ZhI
6766 Magnetic properties of (Nd09qR01)5Fe17 with R=Sm, Gd, and Y Cong-Xiao Liu, Yun-Xi Sun,

(Continued)



676A ;, permanent .mag~ieticMnBiDy alloy films' Fang Ruiyi, Fang Qingqing, Zhang
Sheng, Peng ChubingDai
Daosheng

Symposium i.on NieutronScafttj ng Stules of Vortex Structures In Superconductors
6772 Neutronscatterihg studles of the? vrtex lattice in niobiumn and M1123 N. Rosov, J. W. Lynn, T E.

suypercondidciors (invited Grigereit
6778 VortexCstrutures1nXBa 2Cu3O7 (invited) B. Keimer, J; W Lynn, R. W., Erwin,

6784neuron~caerig sudyof he fux-inelaticein sigleF Dogan, W. Y., Shih, 1. A. Aksay
Sma' fnli;l-agle -iatdg td fth lxlneltieinasnl M. Yethiraj, H. A. Mook, E. M.
crystal of 131215 Sr.4 4acu~bO,+, (invited) Forgan, R. Cubitt, M. T. Wylie,

D. M. Paul, S. .Aee, J. Ricketts,
P. H. Kes, K. Mortensen

6788, Neutron dlffraction.from the vortex lattice in the heavy'fermion AR., N. lelman, G. Aeppli, D. J.
A su perconductor'UP:3 (invited) (abstract) Bishop, C. Broholm, E. Bucher, N.

Stuchelli, U. Yarcn, K. N. Clausen,
B. Hloward, K. Mortensen, J. S.
Pedeisen

6789 Small angle neutron sce-.terlng from the vortex lattice In 2H-NbSq2  P. L. Gammel, U. Yaron, D. A,
(invited) (abitract Huse, R. N. Kleiman, F3. Batlogg,

C. S. Oglesby, E. Bucher, D. J.
~AA Bishop, T E. Mason, K. Mortensen

Giant MagneltoresistancelnGrariular Magnetic Systems
6790 Giant magnetoeslitance In sputtered Cr-Fe heterogeneous alloy films K. Takanashi, T Sugawara, K.

Hono, H. FujimoriI 6793 Origin of giant magnetoresistance effect In granular thin films Atsushi Maeda, Mlnoru Kume,
Satoru Olkawa, KazuhIko Kuroki

6796 Evolution of structure and, magnetoresistance In granularANl(Fe,Co)/Ag X. Bian, X. Meng, J.O0.
multilayers: Dependence on magnetic layer thickness Str~m-Olsen, Z. Altounian, W. B.

6799 Magnetoresistance In (F-0/gfilms A. Tsoukatos, D. V. Dimitrov, A. S.
Murthy, G. C. Hadjipanayis

6802 Interaction effects and magnetic ordering In GMR alloys S. J. Greaves, M. EI-Hilo, K.
O'Grady, M. Watson

6805 Magnetic structure of the spin valve Interface D, M. C. Nicholson, W. H. Butler,
.-G. Zhang, J. M. MacLaren, B. A.

Gurney, V. S. Speriosu
6808 Theory of transport In inhomogeneous systems and application to magnetic W. H. Butler, X-G. Zhang, D. M. C.

multilayer systems Nicholson, J. M. MacLaren
6811 The effect of interactions on GMR In granular solids M. EI-Hilo, K. O'Grady, R. W.

Chantrell
6814 Giant magnetoresistance In spinodally decomposed Cu-Ni-Fe films L. H. Chen, S. Jin, T H. liefel,

T C. Wu
6817 Relaxation of magnetoresistance and magnetization In granular Cu90Coj 0  P. Allia, C. Beatrice, M. Knobel, R.

obtained from rapidly quenched ribbons Tiberto, F. Vinai
6820 Magnetic and magnetotransport properties of granular Cu~rFe, 5 prepared Siddharth S. Saxena, Jinke Tang,

by mechanical alloying Young-Soak Lee, Charles J.
O'Connor

6823 Granular giant magnetoresistive materials and their ferromagnetic M. Rubinstein, B. N. Das, N. C.
resonances (abstract) Koon, D. B. Chrisey, J. Horwitz

6824 Magnetoresistance of granular Cu-(CoFe) and Cu-Co-B (abstract) R. v. Helmoft, J. Wecker, K.
Samwer

Hard Magnets 11

6825 Evolution of recombination in a solid HDDR processed Ndl 4Fe79B7 alloy N. Martinez, D. G. R. Jones, 0.Gutfleisch, D. Lavielle, D. Per6,1. R. Harris

(Continued)
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6828),,EfftdfHDDR treatment conditions on magnetic properties of Nd-Fe-B H. Nakamura; R. Suefuji,S.
anisotropicdowders ',  Sugimoto; M. Okada, M. Homma

6831i *T'e2..use of: po'yetafluoroetfiylene in the production of high-density C. Tattam, A. J. Williams, J. N.
bdrdd Nde-B i inets Hay, I. R. Harris, S. F. Tedstone,

M.M. Ashraf

6834 Evidence of domain-wall'pinning in W-doped (NdDy)(FeCo)B sintered T. Y. Chu, T. S. Chin, C. H. Un,
'magnets J.M. Yao

6837 Magnetic properties of rare-earth compounds of the RColoMo 2 type D. C. Zeng, N. Tang, T. Zhao, Z. G.
Zhao, K. H. J. Buschow, F. R. de
Boer

6840 Magnetic hardening, by crystallization of amorphous precursors using very C. de Julin, J. M. Gonzilez, C.
high heating rates Mor6n

6843" Magnetic phase diagramsof YCo4B-based components Z. G. Zhao, R. de Boer, K. H. J.
Buschow, Y. R Ge, J. Y. Wang

6846 A systematic study on stability of flux In Nd-Fe-B magnets consolidated by H. Fukunaga, H. Tomita, M. Wada,
direct joule heating F. Yamashita, T. Toshimura

6849 Studies of M6ssbauer'spectrum on Sm2(Fe,Ga)17Cl.5 alloy Hong Chen- Zu-xiong Xu, Ru-zhang
Ma, Shu-mlng Pan, Bao-gen Shen,
De-yan Xue, Qiang NI

6851 Low-temperature behavior of thermopower in rare-earth Iron borides R. R Pinto, M. E. Braga, M. M.
R2Fe14B (R=Nd, Sm, Gd, Tb, Dy, Ho, Er) Amado, J. B. Sousa, K. H. J.

Buschow
6853 Effects of field orientation on field uniformity in permanent magnet J. H. Jensen, M. G. Abele

structures

6856 Ughtweight, distortion-free access to Interiors of strong magnetic field H. A. Leupold, E. Potenzlanl, II,
sources A. S. Tilak

6859 Laminar construction of spheroidal field sources with distortion-free H. A. Leupold, A. S. Tilak, E.
Piccess Potenzianl, II

6862 Effect of magnetization profiles on the torque of magnetic coupling Der-Ray Huang, Gwo-JI Chiou,
Yeong-Der Yao, Shyh-Jier Wang

6865 A magnetic coupling without parasitic force for measuring devices Jean-Paul Yonnet, J~r~me
Delamare

6868 Accurate determination of permanent magnet motor parameters by digital M. A. Rahman, Ping Zhou
torque angle measurement

6871 A three-material passive di/dt limiter S. J. Young, F. P. Dawson, A.
Konrad

6874 An extended magnet in a passive di/dt limiter S. J. Young, F. P. Dawson, A.
Konrad

6877 Effects of additives on magnetic properties of sheet Sr-Ba ferrite magnets Young Jei Oh, In Bo Shim,
Hyung Jin ..hing, Jae Yun Park,
Seung lel Park, Young Rang Um,
Young Jong Lee, Seung Wha Lee,
Chul Sung Kim

Spin Waves and Other Excitations
6880 Critical scattering of electromagnetic waves on spin fluctuations in I. E. Dikshteln, R. G. Kryshtal, A. V.

nonsaturated magnetic films under acoustic pump Medved
6883 Ught scattering from spin waves in MnF2  M. G. Cottam, V. R Gnezdilov,

H. J. Labbe, D. J. Lockwood
6886 Controlling high frequency chaos in circular YIG films D. W. Peterman, M. Ye, P. E.

Wigen

6889 Study of spin wave resonance in a superconductor with paramagnetic I. A. Garifullin, Yu. V. Goryunov,
impurities G. G. Khaliullin

6892 Two-magnon absorption in Nd2CuO 4  V. L. Sobolev, Yu. G. rashkevich,
H. L. Huang, I. M. Vitebskii, V. A.
Blinkin

(Continued)
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6895' 'Surface, precession .s6iitons ,(suifacbe "Magnetic drops",,) in uniaxial YurijBespyatykh, Igor Dikshtein,
~netcs~(bstact) .. Sergey Nikitov,

6895, ,N64!'r-, sef-localizediSurface spin waves in ferromagnets. (ab~tract) Alan-Boardnan,Yurij Bespyatykh,,
Igor Dikshtein, Sergey-Nikitov

6896 Spin wave dispersion in~ferrormagnetic nickel (abstract) J. M. Rejcek, J. L. Fry, N. G.
Fazleev

6897 Ferromagnetic resonihce And Brillouln light scattering from epitaxial M. Mendik, Z. Frait, H. Van K~nel,
FeSil..~fiims on Si(111)-'abstracQ N. Onda

Hyperfinei Field, M6ssbbauer Effect, and NMVR
6898, Nuciedr.,secofidary~qctio. In ferromagnets caused by ,quadrupole, and Suhi- V. 1. Tsifrinovich

Nakamura interactions
6900 A M~ssbauer effect study on the aclcular cobalt ferrite particles J. G. Naj,D. H. Han, J. G. Zhao,

6903 X-rayphotoelectron spectroscopy and M6ssbauerL study of Ho(Fel ..Mnl)2  Y. J. Tang, Y.,B. Feng, H. L. Luo,
compounds S. M. Pan

6906 Hyperfine fields, of mercury In single-crystalline cobalt J. G, Marques, J. G. Correia, A. A.
V Melo, J. C. Scares, E. Alves, M. F.

da Silva

6909 Simulation of nuclear, magnetic resonance spin echoes using the Bloch J, A. Nyenhuis, 0. R Yee
equation: Influence of magnetic field inhomogeneies

6912 Correlation of magneto-volume effects and local properties of the J. Pelioth, R. A. Brand, W. Keune
Fe2TI-iaves phase (abstract)

Symposium on Giant Magnetoresistance In Compounds
6913 Giant magnetoresistance effects in intermetallic compounds (Invftad) V. Sechovskj', L. Havela, K.

Prokes, H. Nakotte, F. R. de Boer,
E. Br~ck

6919 Giant magnetoresistance related transport properties In muitilayers and H. Sato, H. Herimi, Y. Kobayashi,
bulk materials (invited) Y. Aoki, H. Yamamoto, T Shinjo, V.

Sechovsky

6925 Intrinsic giant magnetoresistance of mixed valence La-A-Mn oxide R. von Helmolt, J. Wecker, K.
(A=Ca,SrBa) (invited) Samwer, L. Haupt, K. Birner

6929 Colossal magnetoresistance in La-Ca-Mn-O ferromagnetic thin films S. Jin, M. McCormack, T H. liefel,
(invited) R. Ramesh

6934 Giant magnetoresistance in f-electron systems (invited) (abstract) Tadao Kasuya, Takashi Suzuki

Superconductivity I
6935 Theory of spin dynamics in the metallic cuprates (invited) Qimiao SI, Yuyao Zha, K. Levin

6941 Hydrostatic pressure on HgBa2CaCu2O6+,S and HgBa2Ca2Cu3O8+,6 F. Chen, L. Gao, R. L. Meng, Y. Y.
Xue, C. W. Chu

6944 Magnetoconductivity of BI2Sr2Caj 1 YCu208+,5 in fluctuation regime C. P. Dhard, S. N. Bhatia,
P. V. P. S. S. Sastry, J. V. Yakhmi,
A. K. Nigam

6947 Straightened voltage effect in high-T, superconductors A. Grishin, J. Niska, B. Loberg, H.
Weber

6950 Long-time magnetic relaxation measurements on a quench melt growth L. H. Bennett, L. J. Swartzendruber,
YBCO superconductor M. J. Turchinskaya, J. E. Blendell,

J. M. Habib, H. M. Seyoumn

6953 Surface barriers and two-dimensional-collective pinning in single crystal F. Zuo, S. Khizroev, Xiuguang
Ndl185Ce0 .15CUO 4-8 superconductors Jiang, J. L. Peng, R. L. Greene

6956 On vector generalization of the critical state model for superconducting 1. D. Mayergoyz
hysteresis

6959 Proximity effect in MBE-grown superconducting/spin-glass muitilayers Carlos W. Wilks, Brad N. Engel,
Charles M. Falco

(Continued)



6962 Hbterodyne-microwave mixing in a superconducting YBa2CU3O7T x  R. G. Seed, C. Vittoria, A. Widom
coplanar waveguide circuit containing a single engineered grain boundary

6965 Superconducting.YBaiC /Y4Ba3O9 multilayers: Field independent Jun-HaoXu, A. M. Grishin, K. V.
critica current and dimensional crossover (abstract) Rao

6965 Schematic.frictional mddel4fdr interacting vortices in an isotropic J. S. Kouvel, S. J. Park
supirconductig plate (abstract)

MagnetlcMultllayer'Coupllngoll
6966' Spin polidzeph6toemlssion from quantum well and interface states C. Carbone, E. Vescovo, R.

(invited) Kl.sges, W. Eberhardt, 0. Rader,
W. Gudat

6972 Recent progress-in the theory of Interlayer exchange coupling (invited) P. Bruno

6977 Exchange anisotropy In films', and the problem of Inverted hysteresis Amikam Aharoni
loops

6980 Ruderman-KitteI-Kasuya-Yoslda polarizations In Inhomogeneous media- W. Baltensperger, J. S. Helman

6983 Spin reversal In Co/Au(111)/Co trilayers V. Grolier, J. Ferr6, M. Galtier, M.
Mulloy

6986 Effect of coupling on magnetic properties of uniaxial anisotropy NIFeCo/ T Yeh, L. Berg, B. Witcraft, J.
TaN/NIFeC0 sandwich thin films Falenschek, J, Yue

6989 Antlferromagnetic versus ferromagnetic coupling In Fe/Cr(1 07) and Cr/ A. Vega, H. Dreyss6, C.
Fe(107) Demangeat, A. Choualri, L. C.

Balbis

6992 Influence of Cr growth on exchange coupling In Fe/Cr/Fe(100) (invited) Joseph A. Strosclo, D. T. Pierce, J.
(abstract) Unguris, R. J. Celotta

6993 Exchange magnetic coupling through nonmagnetic Insulator spacers Shufeng Zhang
(abstract)

Magnetostrictlon I
6994 Fabrication of magnetostrictive actuators using rare-earth (Tb,Sm)-Fe thin T. Honda, K. I. Aral, M. Yamaguchi

films (invited)
7000 Preparation and applications of magnetostrictive thin films E. Quandt, B. Gerlach, K. Seemann

7003 Magnetostriction In TbDyFe thin films P. J. Grundy, D. G. Lord, P. I.
Williams

7006 Application of the ratio d/x to the investigation of magnetization processes A. R. Piercy, S. C. Busbridge, D.
In giant-magnetostrictive materials Kendall

7009 Magnetization, Young's moduli, and magnetostricton of rare-earth-iron A. E. Clark, M. Wun-Fogle, J. R
eutectic alloys with R=Tbo.6Dyo,4  Teter, J. B. Restorff, S. F. Cheng

7012 Theory of magnetostriction with application to Terfenol-D R. D. James, D. Kinderlehrer

7015 Recent developments in modeling of the stress derivative of magnetization D. C. Jiles, M. K. Devine
in ferromagnetic materials

7018 Magnetiation and magnetostriction curves from micromagnetics Antonio DeSimone

7021 Magnetostriction of melt-spun Dy-Fe-B alloys S. H. Um, T. H. Noh, I. K. Kang,i S. R. Vim, S. R. Lee

7024 Magnetic properties and magnetostriction in grain-oriented .. Kobayashi, . Sasaki, T
(TbDy, -x.)(Fel -yMny)1.9 compounds Funayama, M. Sahashi

7027 Stress effect on the magnetization of Dy in the Dy/DyFe2 eutectic J. P. Teter, S. F. Cheng, J. R.
Cullen

7030 Direct measurements of magnetostrictive process in amorphous wires J. L. Costa, J. Nogu6s, K. V. Rao
using a scanning tunneling microscope (abstract)

7031 Tunable bistability from magnetostriction (abstract) A. S. Arrott, J.-G. Lee

tI
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[irihir6Manetism and Eecitronic Structure II Ti
-7032 Influence-f, Stdner,-type excitations on the formation of magnetization and A. K. Arzhnikov, L. V. Dobysheva,

'4 rftlnialld1'ys"I E. P. Yelsukov
7034 Magnetic susceptibility stu&ie in Gd2CuO4 below 300 K J. Mira, J. Castro, J. Rivas, D.

" Baldomir, C. Vkquez-Vizquez, J.
Mahia, A. L6pez-Quintela D.
Fiorani, R. Caciuffo, D. Rinaldi, T.
Jones, S.-B., Oseroff;

7037 Clustermodel studies on the electronic and magneticproperties of G. W. Zhang, X. G. Gong, Q Q.
LaC0o3 an',l a(FbeAll..x) 13 alloys Zheng, J. G. Zhao

7040 Structure, transport and thermal properties of UCoGa A. Purwanto, R. A. Robinson, K.
Prokeg, H.fNakotte, F. R. de Boer,
L. Havela, V. Sechovsk, N. C.
Tuan, Y. Kergadallan, J. C. Spirlet, I
J. Rebizant

7043 The:effectofMn on themagnetic properties of YFe2  Jlan-Wang Cal, Yuan-Bing Feng,
He-Ue Luo, Zhi Zeng, Qing-Qi
Zheng

7046 Effects of Al substitution lnNd2Fe17 studied by first-principles calculations Ming-Zhu Huang, W. Y. Ching

7049 Magnetic and crystallographlc order in a-manganese A. C. Lawson, Allen C. Larson,
M. C. Aronson, S. Johnson, Z.
Fisk, P. C. Canfield, J. D.
Thompson, R. B, Von Dreele

7052 Magnetic field dependence of T, of EuB6 (abstract) A. Lacerda, T. Graf, J. L. Sarrao,
M. F. Hundley, D. Mandrus, J. D.
Thompson, Z. Fisk

Nanocomposite Magneto

7053 Two- and three-dimensional calculation of remanence enhancement of T. Schrefl, R. Fischer, J. Fidler, H.
rare-earth based composite magnets (invited) Kronmbller

7059 Aligned two-phase magnets: Permanent magnetism of the future? R. Skomski
(invited)

4 7065 Nanocomposite R2Fe14B/Fe exchange coupled magnets L. Withanawasam, A. S. Murp hy,
G. C. Hadjipanayis, R. F. Krause

7068 Influence of nitrogen content on coercivity in remanence-enhanced K. O'Donnell, C. Kuhrt, J. M. D.
mechanically alloyed Sm-Fe-N Coey

7071 Coercvity of Ti-modified (a-Fe)-Nd2Fe14B nanocrystalline alloys J. M. Yao, T. S. Chin, S. K. Chen

7074 Magnetization processes In remanence enhanced materials (invitod) R. Street, P. Allen, J. Ding, E.
(abstract) Feutrill, L. Folks, P. A. I. Smith,

R. C. Woodward

Magnetic Multilayer Coupling III
7075 Magnetic order and spin-flop transition in Co-Re multilayers Z. Tun, W. J. L. Buyers, I. P.

Swainson, M. Sutton, R. W.
Cochrane

7078 Intedayer exchange coupling versus ferromagnetic layer thickness in L. Zhou, Z. Zhang, R E. Wigen, K.
asymmetric Co/Ru/Co trilayer films Ounadjela

7081 Magnetic layer thickness dependence of the interlayer exchange coupling R J. H. Bloemen, M. T. H. van de
in (001) Co/Cu/Co Vorst, M. T Johnson, R. Coehoorn,W. J. M. de Jonge

7084 Cumulative interface roughness and magnetization in antiferromagnetically X. Meng, X. Bian, R. Abdouche,
coupled NiCo/Cu multilayers W. B. Muir, J. 0. Str6m-Olsen, Z.

Altounian, M. Sutton
7087 Coercivity and magnetization process versus dipolar coupling in R. Kergoat, J. Miltat, T. Valet, R.

Ni8oFeloCu/Co/Cu spin valves Jerome

(Continued)
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7090 Observatiohof large biquadratic coupling of FeCo through Mn (invited) M. E. Filipkowski, C. J: Gutierrez;,
(a~stract), J. J. Krebs, G. A. Prinz

709i MageiiticdiI01e mrechahi~mnfor biquadratic interlayer.coupling (abstract) S. Demokritov, -E. Tsymba,;P.
Grifnberg, W. Zinn, !van K Schuller

7092 Polarizedeietron reflectiviystudies of biquadratic couplingin [Fe/Cr] J. i. Ankner, A.Schreyer-H. Zabel,(100) and [Fe/Al] (100) suatces And films (invited) (abstract) J.1 A. Borchers, C. F. Majkrzak, M.
~Schifer,.J. A. Wolf, R Grnberg,ur cM.E. Filipkowski, C. J. Gutierrez,

J.J.fKrebs, G. A. Prinz

CritW! Phenomena
7093 Monte Carlo histogrmcalculation of the critical exponents of an Laura Hemndez, H. T. Diep

FexMgl..xCI2 Ising model.(in6vited)
7099 Simultaneous surce and bulk magnetic properties investigations by A. S. Kamzin, L. A. Grigor'ev, A. F.

using sliuaneous gamma,,x-rays and conversion electron M6ssbauer loffe
spebtroscopy: Methbd and experimental results

7102 Magnetic properties of FexCul -x granular alloy films Peng Chubing, Chen Halying, U,'- Guozhofig, Dal Daosheng
7105 New possibilities offered by high resolution Fourier transform spectroscopy M.N. Popova

in studying magnetic phase transitions

7108 How does mean.field theory work in magnetic multilayer systems? Xiao Hu, Yoshiyuki Kawazoe

7111 Magnetic properties of the one-dimensional Heisenberg compounds Gayatr Vyas, Leonard W. ter Haar
(3-X-anlinium)8[CuCI]CI4; X=Br, I

7114 Comparison of two-dimensional Heisenberg and two-dimensional XY J. D. McKinley
model behaviors in Pd(1.2 at. % Fe) films

7117 The effects of frustrated biquadratic interactions on the phase diagrams Daniel P. Snowman, Susan .
and criticality of the Blume-Emery-Griffiths model (abstract) McKay

7117 Magnetic phase transitions In CsEr(MoO 4)2 and KDy(MoO 4)2-chaln-layered E. N. Khats'ko, A. S. Cherny
Ising compounds (abstract)

Superconductivity II
7118 Na-doping effect on the magnetic properties of the YBCO ceramics T. Nurgaliev, S. Miteva, I. Nedkov,

A. Veneva, M. Taslakov
7121 Properties of polycrystalline samples of Nd2iCexCu04-y obtained from V. B. Barbeta, R. F. Jardim, L.

a sol-gel precursor Ben-Dor, M. B. Maple
7124 Magnetic ordering of Pr in Pb2 Sr2PrCu 30 8  W. T. Hsieh, W-H. Li, K. C. Lee,

J. W. Lynn, J. H. Shleh, H. C. Ku

7127 Annealing temperature and 02 partial pressure dependence of T, in 0. Xiong, Y. Cao, F. Chen, Y. Y.
HgBa2CuO 4+8  Xue, C. W. Chu

7130 Penetration of electromagnetic fields into superconductors with gradual I. D. Mayergoyz
resistive transition

7133 Study of the frequency and low-field dependence of ac susceptibility in M. Zazo, L. Torres, J. Iiguez, C.
YBaCuO de Francisco, J. M. Muhoz

7136 Effects of Ga doping on the magnetic ordering of Pr in PrBa2Cu30 7  W-H. Li, C. J. Jou, S. T. Shyr, K. C.
Lee, J. W. Lynn, H. L. Tsay, H. D.
Yang

7139 Galvanomlagnetic properties of quasi-one-dimensional superconductors K. Yu. Arutyunov, N. ft Danilova,
A. A. Nikolaeva

7142 Remanent magnetization of layered and Isotropic superconductors Yu. V. Bugoslavsky, A. A. Minakov,
(abstract) S. I. Vasyurin

7143 Two types of additional maxima in magnetization curves of layered Yu. V. Bugoslavsky, A. A. Minakov
superconductors (abstract)

7143 "Effective radius" of the 4f electrons in REBa2Cu30 7, RE=Dy, Ho, Er Yu. A. Koksharov, R K. Silaev
(abstract)

7144 Helicoidal, magnet;c vortex in a current-carrying superconductor in a Yuri A. Genenko
longitudinal magnetic field: New exact solution (abstract)

(Continued)
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,7145 'Gaisubstftti~on effect on'magnetic and magnetostrictive,,properiesof Y. 1. Tang, . B. Feng, H. L. Luo,

S-Th e2 'compOUnds 
S. M. Pan

714,8. Cbmparsoof the-dynamic magnetoniechanical properties of D. Kendall, A. R. Piercy

Thd2;Dyo Fe and ,Tbo.0 y. 70Fe2

7151 "AniotrOy in twinnfed terfenbl-D crystals D. G. Lord, D. Harvey

7154 Device oribrnted magnetoelastic properties of TbxDyj -x.Fel.9 5 (x=0.27, K. Prajapati, R. D. Greenough,

0.3) at elevated temperatures A. G. Jenner

7157 Influence of hydrogen on the magnetic properties of Terfenol-D L. Ruiz de Angulo, J. S. Abell, 1. R.
Harris

7160P Control of Terfenol-D under load A. G. Jenner, R. D. Greenough, D.
Aliwood, A. J. Wilkinson

7163 Pressure dependencies of magnetostrictive strain and d coefficient in N. Galloway, R. D. Greenough,
Terfenol-D after thermal or magnetic qpnealing A. G. 1. Jenner, M. P. Schulze

7166 Effect of bias Magnetic fleldon the magnetostrictive vibration of amorphous Naoshl Asuke, Tatsuru Namikawa,

isribbons 
Yohtaro Yamazaki

7169 AUTHOR INDEX
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High field magnetization measurements of Sm2Fe17, Sm2Fe17Cx ,
and-&Sm 2Fep xHS...

0.Isnard and S. Miraglia
Laboratoire de Cristallographie, NRS 166X, 38042 Grenoble Cedex, France

M. Guillot
Service National des Champs Intenses, CNRS 166X, 38042 Grenoble Cedex, France

D. Fruchart
Laboratoire de Cristallographie, CNRS'166X, 38042 Grenoble Cede, France

K. H.,J. Buschow
Philips Research Laboratories, P.O. Box 80000, 5600 JA Eindhoven, The Netherlands

The magnetic properties of ferromagnetic compounds of Sm2FeV7, Sm2Fe17C0.6, and
Sm2Fe 7C0.6H4.4 were investigated. Sm2Fe17 nitrides, carbides, and carbohydrides are suitable for
making high performance permanent magnets. The high field magnetization measurements
performed up to 200 kOe in continuous fields are reported.,, In this article, the isothermal
magnetization curves measured between 2 and 300 K on powder samples embedded in a resin and
then aligned under a magnetic field of about 10 kOe in order to get oriented samples are presented.
The magnetic anisotropy constants K1 and K 2 are determined taking into account the angular
distribution of the grains axis. The results are discussed in light of previously reported data and then
the effects of C or H on the Sm contribution to the anisotropy is compared to that of N. It is shown
that carbon and hydrogen have opposite influence on the Sm anisotropy and it is suggested that a
wide range of magnetic anisotropy can be obtained depending on the H and C content. The influence
of both interstitial elements H and C on magnetic features such as the Curie temperature and the
saturation magnetization is analyzed.

The search for new hard permanent magnet materials has field up to 200 kOe produced by a water-cooled Bitter mag-
recently concentrated on the ternary carbides and nitrides net. No single crystals were available due to the decrepita-
R2Fe17Cx and R2Fe, 7N.. The crystallographic and magnetic tion process which is known to occur when hydrogen is in-
properties of the R2Fe, 7 compounds have been known for serted in R2Fe, 7 compounds.6 7 All the samples were sieved
many years l-3 and in a recent article we have reported in down to a particle size smaller than 25 Am. Then the powder
detail on the magnetic properties4  of Sm2Fe1TN3 , was mixed with epoxy resin and subsequently aligned at
Sm2Fe17D5, and Pr2Fe1TN3. Following our previous high room temperature using an orientation field of typically 10
field magnetization, we will concentrate in this article on the kOe.
properties of Sm2Fe,7Cx and Sm2Fe 7CH 5-x compounds. The crystal structure of the Sm2Fe17 alloys is well estab-

Samples of Sm2Fe, 7 were prepared by induction melting lished; its crystal symmetry is R-3m whose lattice param-
in cold crucible under argon atmosphere, whereas eters are reported in Table 1. De Mooij and Buschows as well
Sm2Fe17C0.6 has been obtained by arc furnace. The samples as Gueramian and co-workers 9' 10 have shown that R2FeTC~x
were f,'und to be mainly single phase with small traces of phases can be obtained from a R2Fe, 4C series depending
iron in "le case of Sm2Fe17C,. The x-ray patterns of the upon the heat treatment. R2Fe17 carbides correspond to the
rhombohedral compounds were indexed using the hexagonal high temperature phase and R2Fe14C correspond to the low
multiple cell. Hydrogenation was performed in a stainless temperature phases. Helmholdt et aLn have shown using
steel autoclave under hydrogen gas pressure of about 5 MPa
leading to a stable hydride. The hydrogen uptake was deter-
mined by gravimetric methods and confirmed by volumetric TABLE . Structural data and Curie temperature of Sm2Fe 7Xy compounds

estimation. The accuracy of the hydrogen concentration can (X=H, C, N). !
be evaluated to about 0.1 hydrogen atom per formula unit; T (K) a (A) c (A) V W1 c/a
The Curie temperature was determined using Faraday-type
torque balance. Sm2Fe17  385 8.554 12.443 788 1.4426

Magnetic measurements were performed using an auto- Sm 2Fe17H 5  565 8.682 12.550 819 1.4455

inatic system provided with a cryostat associated to a calo- Sm2Fe1 N3  755 8.744 12.658 838 1.4476
rimeter which has been described in detail elsewhere.5 The Sm2Fe17QP6  485 8.608 12.463 780 1.4478

magnetization experiments were carried out in a continuous
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hydrogen on the rare-earth anisotropy is opposite to that of
nitrogen. Here we study Sm 2Fe 17C and Sm 2Fe17CHs_x in
order to compare the, influence of C to that of N and H.
Insertion of H in a R2Fe17 carbide is expected to occur in the
two interstitial sites: (i) the remaining octahedral site not
occupied by C atoms, (ii) the tetrahedral site.21 These as-
sinm tiohs have been recenly confirmed for Th2Fe 7CxHy21

and R2Fe,7 C.Hy (R=Ce,Nd,Ho,...). 22 No neutron diffraction
determination is possible on such phases due to the high
absorption cross section of Sm for thermal neutrons, 23 nev-
ertheless Sm compounds are expected to behave as others
R2Fe17 compounds do.

Insertion of light elements (H, C, or N) in Sm2Fe17 al-
loys induces a significant lattice expansion. It is worth noting
that even for the largest interstitial element, C or N, the sym-it ,metry of the host alloy is retained in the interstitial contain-
ing compound, no change of structure is observed in Sm.
compounds. It is not always the case since R2Fe1. (R=Er,

r Tb, Ho, or even Y) alloys which are known to crystallize in
P6 3/mmc symmetry are observed to retain their rhombohe-
dral structure for high carbon content,l 25 As expressed by

FIG. 1. R2Fe17 crystal structure; large and small circles refer to rare earth Table I, the lattice parameters of the nitrided compounds are
and iron, respectively. Octahedral and tetrahedral sites are labeled 1 and 2,
respectively. larger than that of other interstitial compounds. Whatever the

interstitial element used, the increase of the lattice occurs
nctamainly in the basal plain (a,b) of the hexagonal cell, the
neutron diffraction experiments that carbon atoms are ac- expansion along the c axis being less pronounced. The vol-
commodated within the crystal lattice on an interstitial site ume expansion per interstitial atom deduced from Table I is
called 6c. This site can be seen as a pseudooctahedral site in close agreement with previous results21 obtained on
with two rare-earth and four iron atoms at the comers. The Th2Fe17 compounds. Insertion of hydrogen induces an ex-
exclusive occupancy of this 6c site has been confirmed by a pansion of about 2.3 A3/atom which is about one-third of that
more recent work.8  induced by carbon or nitrogen.

The large difference in radii between iron and rare-earth Results reported in Table II show that whatever the in-
atoms leads to large interstitial sites which are often used in terstitial element used the saturation magnetization of the
rare-earth iron intermetallic compounds to insert hydrogen. ternaries are significantly higher than that of the Sm2Fe, 7
Since hydrogen is significantly smaller than C or N, it does compound. In spite of a higher content in interstitial atoms,
not only go to the octahedral site but also into some tetrahe- the hydride or carbohydride compounds exhibit a lower mag-
dral sites represented in Fig. 1. The location of hydrogen or netization than Sm2Fel7 N3.
deuterium in the R2Fe17 lattice has been shown by neutron Studying several Sm2FelC x compounds with different
diffraction12'13 and is discussed in detail elsewhere. All these carbon contents Gr6ssinger et al. 8 have shown that for con-
atoms are located in the neighborhood of the rare-earth at- centrations higher than x=0.5 the magnetic anisotrop, is
oms, their influence on the crystal electric field by acting on uniaxial. The magnetization curves measured for
the rare-earth site is expected to be important. This has been Sm2Fe 7 C0 .6 (Fig. 2) reveal a positive value of K1 at 4.2 K
confirmed frequently for N (Refs. 4,14-17) and sometimes thus confirming the measurements of Gr6ssinger el al08 and
for C.19 'he influence of hydrogen on the magnetic features Ding et al.26 It is known that the iron sublattice anisotropy in
of the . ,Fel 7 compounds has attracted less attention till R2Fe17C, compounds remains planar whatever the iron
now 9'2° but a recent study4 has shown that the influence of content;27 the uniaxial character of the Sm2Fe 7Co.6 coim-

TABLE II. Saturation magnetization and anisotropy constants measured for the Sm2Fej7Xy compounds (X=H,
C, N) at both 4.2 and 300 K.

4.2 K 300 K

M, K, K 2  M, K, K2
(i 8 /fu) (MI' ,3) (Mi/rl 3 ) (BU) (M/m 3) (MJ/m 3)

Sm 2Fe17  29.9 -3.0±0.4 IK21<0.1 26.3 -1.75±0.3 1K21<0.05
Sm 2Fe17Hs 34.9 -3.8±0.25 0.55±0.3 31.5 -2.80±0.2 0.55±0.2
Sn 2Fe17N3  40.5 10.8±0.4 -4.1±0.4 37.8 10.4±0.4 -5±1I
Sm2Fe17C06  33.7 2.0±0.25 -0.2±0.2 29.4 1.25±0.20 -0.4±0.2
Sm 2Fe17C1o 4 4  35.1 -2.0±0.3 -0.1±0.02 32.2 -2,0±0.25 0.07-0.0
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X-ray structural studies of nitrogen diffusion in Dy2Fe17
Er. Girt, Z. Altouniah, X. Chen, Ming Mao, D. H. Ryan, M. Sutton, and J. M. Cadogan a)

Centre for the Physics of Materials, Department of Physics, McGill University, 3600 University
Street, Montral4 Quibeq Canada H3A 2T8

The reaction beiween N2 and Dy2Fe17 has been studied by thermopiezic analysis on 20-25 /Am sized
powders in the temperature range 400=-500 'C. Partially nitrided powders were analyzed using
CuKa x-ray diffraction and thermomagnetic techniques. Both high angle x-ray and thermomagnetic
data show only the presence of Dy2Fe17 and Dy2Fe17N3_. 8 (8<0.3) with no evidence of intermediate
compositions. The results of the x-ray diffraction experiments at several Bragg peaks were
simulated using a two phase model structure: a Dy2Fe17 core with a Dy2Fel7N3 surface layer. The
results show that at low temperatures the nitride layer is too thin to account for all of the nitrogen
absorbed by the sample, indicating that a significant amount of the nitrogen diffused into the core
of the particles, presumably along grain boundaries.

During a gas-solid reaction, nitrogen diffuses into Fig. 2, where the (300) peaks of Dy2Fe17N0.85 (top) are com-
R2Fe17 (R=rare earth), occupying interstitial sites and ex- pared with those (bottom) of pure Dy 2Fe17 (NO) and
panding the lattice without changing the crystal structure. Dy2Fe 7N3  (N3). Dy2Fe17N0.85 clearly contains both
The enhancement of the magnetic properties was observed1  Dy2Fe 7N3 and unreacted DY2Fe17. The position of the
as a result of interstitial nitrogen diffusion in R2Fe17. Neu- Dy2Fe17 peak is shifted towards lower angles, due to the
tron powder diffraction2 showed that the R2Fe17 and expansion of the unreacted core, while that of Dy 2Fe17N3 isR2Fe17N 3 phases are in equilibrium during the reaction, shifted slightly towards higher angles. Careful examination

However, it was observed3'4 that a continuous solid solution of the (332) Dy2Fe17 and Dy2Fe17N3 diffraction peaks (inset
R2Fe1TN, (0<x<3) is formed on annealing partially ni- of Fig. 1), which are well separated, shows no evidence of
trided powders, In this study we use x-ray diffraction and the existence of an intermediate composition phase. Using
themomagnetic techniques to characterize nitrogen diffusion TGA two distinct Curie temperatures, Te1 = 128 °C and
in the 2-17 structure. Nitrogen diffusion in the 2-17 structure Tc2;z445 'C are detected as shown in Fig. 3. Tel is 28 °C
typically occurs above 350 'C, and significant diffusion higher than the Curie temperature of Dy2Fel7 and Tc2 is 5 'C
through extended defects such as grain boundaries at 400 °C lower than the Curie temperature of Dy2Fe17N3. The x-ray
has been observed using metallography.5  and the TGA data are thus in agreement, as T, changes with

The polycrystalline Dy2Fe17 alloy was prepared by in- the lattice; expansion of DY2Fe17. Even if the observed ex-Sduction melting of appropriate amounts of Dy and Fe, fol- perimental data only show the existence of DY2Fe17 and
lowr by vacuum annealing at 1173 K for two weeks. Induc- Dy2Fe17N3, they are not at equilibrium at 500 'C. After sub-
tion melting ensures homogeneity of alloys and mass loss sequent annealing for 60 h at 480 °C, a uniform Dy 2Fe17N0.8
was below 0.03% during preparation. The homogenized in- solid solution was obtained. Further work is in progress towas study this equilibriumpphase.nBecauseomogFnized and
got was ground and sieved to select powder sizes between 20 study this equilibrium phase. Because Dy2Fej7N 3 and
and 25 jun. The powder size was confirmed by scanning Dy2Fe17 are not in equilibrium, we tried to estimate the
alecrond 25 c .p oe fsi onw rfirmed ing a amount of the undetected intermediate phase (in the interface
electron microscopy. Nitrogen diffusion was performed in a between Dy2Fej 7N3 and DY2Fe17) by comparing the x-ray
thermopiezic analyzer (TPA) at a starting pressure of 1 bar
and temperatures ranging from 400 'C (590 min) to 500 C patterns of crushed Dy 2Fe17N0.85, shown in Fig. 2(b), with

(25 min) to obtain Dy2Fe7No.85. The amount of nitrogen
diffused into the sample was obtained directly from the gas
pressure change in the TPA. Structural analyses on Dy2Fe17,
before and after the gas-solid reaction, were carried out us- Dy2Fe7N0.85  Z, 1
ing CuK,, radiation on an automated Nicolet-St6e powder (332) it
diffractometer with a graphite monochromator in the dif-
fracted beam. Thermomagnetic analyses were done using a
Perkin-Elmer thermogravimetric analyzer (TGA) in a small
field gradient. 87 69 71

The x-ray diffraction pattern of Dy2Fe17N0.85 is shown in f ' I
Fig. 1. As a consequence of nitriding, a new phase was
formed with the same structure as Dy2Fe17 but with the
Bragg peaks shifted towards lower angles indicating an ex- 3
pansion of the unit cell. This shift is shown more clearly in 2 6

*)On leave from School of Physics, The University of New South Wales, FIG. 1. The x-ray diffraction pattern of Dy2Fe17N0 5 for nitrogen diffused at
Sydney, NSW 2052, Australia. 500 C for approximately 25 min. Inset: (332) peak of DY2Fe17No5.
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(300) 10

a)

Dy2F, 17N3  1 d

0- b)DY2e 1 7

' ' -FIG. 4. Two layer model structure used to calculate x-ray diffraction pat-
A Items.

c)

N3 i /I! u nated by the beam. The term e- z- (2d, sin 6) comes from

S/the attenuation of the x-ray beam from the top (i- 1) layers.
35.2 36.4 37.6 For the two layer model, the intensity ratio becomes

2.0 ~ ~ ~ 1 1/12= (A/2/1A1)( e d t ' / n 0_1, (2)

FIG. 2. (a) The (300) diffrction peak of Dy 2Fel 7N0o& (powder sizes be- where we have neglected the term e - 2d2 2/sn 0 as d2 -20
tween 20 and 25 pm). (b) The diffraction peak of the subsequently crushed Am and p,2=1.577 4 m-1 .

Dy 2Fe17No.g5. .(c) The (300) peak of a mixture of pure Dy2Fe17 and The relative intensities (1 ,12) were estimated by a si-
Dy2Fc1 7N3 powders in the ratio 1:1. multaneous fitting of the measured (112), (300), and (203)

Bragg peaks to Eq. (1) where each Bragg peak is a combi-
those (bottom of Fig. 2) of pure Dy2Fe17 (NO) and Dy 2Fe 7N3  nation of two Gaussians with position p, and width wi (i
(N3). Note that for the crushed Dy2Fe17No.85 powder the = 1,2), representing the contributions from Dy2Fe 7N3 and
x-ray peaks are mostly relaxed to the unshifted positions. Dy2Fe17 . The widths, w1 and w 2 , are adjusted during the
Fitting shows that the possible amount of the intermediate fitting. We note that this model assumes that the nitrogen
phase is much lower than the amount of the Dy 2Fel7N3  diffuses uniformly through the bulk of the material. Figure 5
phase. shows the CuK a x-ray diffraction patterns of Dy 2Fe17N0 .85

Nitrogen distribution can be estimated from the ratio of samples nitrided at 500 C. The solid lines in Fig. 5 are the

the intensities of the diffraction peaks by using a simple fits to the experimental data and the dotted lines are the con-
model where the core is nitrogen-free and the surface layer is tributions of Dy 2Fe17 and Dy2Fe17N3 calculated from the
fully nitrided as shown schematically in Fig. 4. Estimating model. Assuming that the average particle has a rectangular
the volume fractions is complicated because the Dy 2Fe17N3  shape with the dimensions 20X15X10 r.3 (this particle
phase coats the DY2Fe17 phase and so attenuates the x-ray shape is an approximate representation deduced from scan-
scattering. In a multilayered system the intensity of the re- ning electron microscope photographs) we obtain, using the
flected beam from the ith layer can be expressed as calculated thicknesses of the layers, that for nitrogen diffu-

sion at 500 C approximately 90% of the nitrogen can be

Ji=Ioe- j.1(2d, /sin ) e- 2xpi /sin a dx dS, (1) accounted for by the intensity of the fully nitrided peak. This
10 f shows that almost the entire amount of nitrogen is in the

surface layer (the penetration of the CuKa in Dy 2Fe17 is re-where 10 and 0 are the intensity and angle of the incident stricted to approximately 1-2/.tm). To observe the nitrogen
beam, di and A, are the thickness and absorption coefficient
of the ith layer, respectively, and S is the surface area illumi-

-. -. V
°0 0

0 10 20T[°c] 30 0 0 8 2 2- 64

FIG. 3. Thennogravitometric analyses of Dy2Fe7No85. T,1 correspond to FIG. 5. Simultaneous fitting of (112), (300), and (023) peaks using a two
the Curie temperature of the Dy2Fe17 and T,2 to Curie temperature of the layer model structure. The solid lines are contributions of Dy2Fe17 and

S Dy2Fe17N 3 phase. DY2Fe17N 3 calculated from the model.
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!i_4



sition nitride phase, we attribute the apparent nitrogen deficit
0.68- to the formation of the nitride phase at depths within the

0.. 4 particles beyond the penetration range of the CuK,, radiation
0.64 (1~~-Im). For this to happen, the nitrogen must find more

0,,0rapid diffusion paths than bulk diffusion allows, presumably
. 0 along extended defects such as grain boundaries. Above

., 480 °C, the two layer model accounts for over 90% of the
,,6 absotbed nitrogen, and we conclude that for these tempera-

0.52 , tures nitrogen transport is dominated by bulk diffusion.
In conclusion, using x-ray diffraction and a thermomag-

0.48 -netic technique only Dy2Fe17 and Dy2Fe17N3 phases were04 observed. The thickness of the nitrogen layer was obtained

0.44 , by fitting x-ray diffraction peaks with a two phase model
400 440 480 520 structure: a Dy2Fe17N3 surface layer and a Dy2Fe17 core. Sig- I

nificant nitrogen diffusion through extended defects such as
grain boundaries was observed at temperatures below

FIG. 6. Effect of reaction temperature on the apparent Dy2Fe17N3 layer 480 0C.
thickness derived from fits to the x-ray diffraction patterns. All samples have The research was supported by grants from the Naturalthe saenominalnirgncnetThreerhwsspotdbgrnsfmteNaul

same n lnitrogencontent. Sciences and Engineering Research Council of Canada, and

Fonds pour la Formation de Chercheurs et l'Aide i la Re-
distribution at different temperatures we introduced the same cherche, Quibec. J. M. C. was partially supported by an
amount of nitrogen (a bulk average of 0.85 atoms per unit International Scientific Exchange grant from NSERC.
formula) to 20-25 Am sized powders at temperatures be-
tween 400 and 500 C.

The values for the thicknesses of the nitrided layer ver- IJ. M. D. Coey and H. Sun, J. Magn. Magn. Mater. 87, L251 (1990).
sus the nitriding temperature is shown in Fig. 6. Despite the 20. Isnard, J. L. Soubeyroux, S. Miraglia, D. Fruchart, L. M. Garcia, and J.

fact that all of the nitrided samples have the same nominal Bartolom6, Physica B 181, 624 (1992).3 M. Katter, J. Wecker, C. Kuhrt, L. Schultz, and R Gr6ssinger, J. Magn.
composition, the Dy2Fel7N3 surface layer is clearly thinner Magn. Mater. 117, 419 (1992).
in the samples prepared at lower temperatures. In the absence 4T, Mukai and T Fujimoto, J. Magn. Magn. Mater. 103, 165 (1992).
of any evidence for the formation of an intermediate compo- 5C. C. Colucci, J. Magn. Magn. Mater. 125, 161 (1993).
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Atomic diffusion mechanism and diffusivity of nitrogen into Sm2Fe17
Chris N. Christodoulou and Norikazu Komada
Central Riearch fhsiUt4,Mitsubishi Materials Corporation, 1-297 Kitabukuro-cho,
Omiya, Saitain4t330, Japan

An atomic diffusion mechanism (voidal diffusion) is proposed where nitrogen atoms migrate inside
the Sm2Fe17 lattice by jumping from a 9(e) site into a thermodynamically unstable tetrahedral
18(g) site and subsequently into a new 9(e) site. For the first time, the anisotropic nature of
diffusion and growth kinetics together with direct observation of the diffusion fields by Bitter
domain patterns have been taken into account and employed for nitrogen diffusivity measurements.
The planar and axial preexponential factors were found to be Dox = 0.72X 10-6 M2 s- 1 and
Doz= 2.26 × ]0-6 m2 s-1, respectively. The activation enthalpy, AH, for diffusion was found to be
143 kl/mol.

I. INTRODUCTION overcome the strong bonding from its nearest neighbors (Fe

The metastable Sm2Fe17 N3 compound is an attractive and especially the Sm atoms) and more importantly for the

material for permanent magnets. 1 It can be prepared by direct strain energy needed to break through of the octahedral face
reaction of Sm2Fe17 particles with N2 gas. The reaction in- [Fe(f)-Sm(c)-Fe(h)] and in through the tetrahedral face

volves a slow diffusion of N atoms from the surface to the [
center of the particles. In order to improve the observed low commodate any nitrogen atom in an equilibrium fashion,

diffusivity it is important to understand the atomic diffusion their presence plays a key role for the diffusion of the nitro-
mechanism operating in this particular case. Such a mecha- gen atoms. The temperature dependence of the diffusivitymec ani m o ertin inthi p rti ula caeSuc a ecla- can be written3 as Dxx= Dox exp(- AH/R T) along the pla-
nism has been proposed recently by Christodoulou and
Takeshita2 and Christodoulou and Komada.3 The present ar- nar a axes and Dzz=Doz exp(- AH/RT) along the c axis,

where T is the absolute temperature and R is the gas constant
tile represents a study of the anisotropic diffusion and ex-be shown3 that the aniso-
perimental results supporting the proposed atomic diffusion tropic r of K-x). s equa to soth)2, whe andso,', mechanism presented. The planar (box) and axial (Doz) trpcaiofDx/ziseulo /) ,wheaanc

mechnis prsened.Theplanr (cx)andaxil (oz) are the lattice parameters of Sm2Fe17. By substituting
preexponential factors and activation enthalpy (AH) of the are A anc 12.441 A, Sm2 e s th ue onirgndfuiiyitS2e7aeas eotd a=8,549 A and c= 12.441 A , Dxx/Dzz takes the value of
nitrogen diffusivity into Sm2Fe17 are also reported. 0.3. In the case where the diffusing atoms (like hydrogen) are

E Eallowed to move inside the 18(g) "circular tunnel" (Fig. 1),
11I. EXPERIMENT the anisotropic ratio of Dxx/Dzz can be as large as 4-a/c)2

Clean Sm 2Fe17 particles were prepared by applying the or 1.07 (essentially isotropic).
interstitial hydrogen absorption desorption process on large
pieces of a Sm2Fe, 7 homogenized alloy.1 Most of the par- IV. THE KINETICS OF Sm2Fe17N3 GROWTH
tiles were single grains and only those with particle size of
larger than 100 Am were used for the diffusion experiments. The solution of the diffusion equation for the nitrogen
The diffusion experiments were performed at temperatures concentration, C(x), inside the diffusion layer in the case of
of 400 and 425 °C for 20, 50, and 100 h and at 450 and large particles (almost flat surface) and short times (no over-
475 °C for 5, 10, 20, and 50 h. The pressure was monitored lapping of diffusion fields) can be approximated with that in
to be constant at 1 atm. Each experiment (temperature-time a semi-infinite medium (Fig. 2) and is given by
combination) was conducted twice. The Sm2Fe17N, phase C(x)=C erfc[(x-L)/2 (,1-t) (1)

, was identified by Bitter domain patterns (colloidal solution
of magnetite) formed on polished particles which were pre- where C, is the constant surface and growing phase
aligned in a magnetic field. The thickness of the domain (Sm2Fe17N3) concentration (Ref. 5), L is the thickness this
patterns were measured and averaged for at least 20 particles phase (Sm2Fe 17N3), D is nitrogen diffusivity assumed to be
obtained in each run. Phase analysis was also performed by constant, t is the time, and x measures from the surface of the
x-ray diffraction (CuK,) and by thermomagnetic analysis particle.
(TMA). For diffusion controlled growth

III. THE ATOMIC DIFFUSION MECHANISM CL dt. (2)

A detailed description of the mechanism can be found in
Refs. 2 and 3. Nitrogen atoms can migrate by jumping from
a 9(e) site into a thermodynamnically unstable tetrahedral [ C(x)] Cs
18(g) site and subsequently into a new 9(e) site (Fig. 1). In (3)

such a migration path, nitrogen atoms have to encounter an
enormous energy barrier accounting for the energy needed to By combining Eqs. (2) and (3) and integrating we get
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I :Surface oGrain

FIG. 2. Growth of Sm2Fe17 N3 from the surface to the center of a Sm 2Fe1 7

cgrain.

magnetocrystalline and diffusiot anisotropy. A typical x-ray
- - diffraction (XRD) pattern and a thermomagnetic analysis

(TMA) trace for particles nitrogenated at 475 °C for 20 h are
shown in Fig. 4.

By fitting the data in Table I for planar diffusivity ac-
a - cording to Eq. (6), the preexponential factor, Dox, and the

activation enthalpy, AH, were found to be
R-6(c) (0.72±0.05)X10 6 m2 s- 1, and (143±10) kJ mo1-1, respec-

o Fe-l8(f) A 3(a) tively (Fig. 5). Appiying the same for the axial diffusivity,
0 Fe-i (h) 0 3(b) the preexponential factor, Doz, and the activation enthalpy,
0 Fe-9(d) * 9(e) AH, were found to be 1.21 X10 - 6 m2 s- ' and 139 W mo1-1,
0 Fe-6(c) . 18(g) respectively. According to the proposed model, AH should

be the same along xy and z axes. The experimentally deter-
FIG. 1. Schematic representation of the hexagonal cell of the Sm2Fe17  mined values of 143 and 139 IW mo1-1 are essentially the
(R3m) structure and the atomic jump network [single solid lines connecting
the 9(e) with the 18(g) sites] of the nitrogen atoms during voldal diffusion.
Double solid lines connecting the 18(g) sites represent the "circular tun- confidence for the data obtained for the planar diffusivity is
nel" through where hydrogen atoms can be tunneled. The saddle point con- greater than that for the axial diffusivity because the orien-
figurations, SPC1 and SPC2, are marked by "ir." tation of the particles could be unambiguously confirmed by

the uniformity of the thickness of the domains formed
around the particles. In the case of the axial diffusivity small

L-(2/vr),]Dt. (4) misorientations of the particles are very difficult to be de-
The tangent of the concentration profile at the beginning of tected still revealing "parallel lines-type" of domain pat-
the diffusion layer (Fig. 2) defines a diffusion length, D, terns. Therefore, the value of AH equal to (143±10)
= .j'rDt, which represents the effective penetration of nitro-
gen atoms where the magnetocrystalline anisotropy of the
nitrogen containing Sm2Fe17 is assumed to become axial and
exhibits a domain structure as observed in the Bitter domain
patterns. It is to be noted that the nitrogen-free Sm2Fe17
phase does not form any observable domain patterns. The
observable thickness of the Bitter domain pattern will be a

d= L +Ox = [ (2/ ,f ) + 47r] ,D . (5)

The diffusivity at a particular temperature and direction (pla-
nar or axial) will be: (a) (c)

D = rrd2/(2 + 7r) 2t =Do exp(- AH/RT), (6) to-eM

where, d is measured along that particular direction.

V. RESULTS--DISCUSSION

Typical Bitter domain patterns of nitrogenated Sm2Fe, 7  a a
paricles are shown in Fig. 3. Particles with their c axis per- Cfl

pendicular to the observation plane exhibit a uniform "maze-
type" domain pattern around the particle reflecting the
uniaxial magnetocrystalline anisotropy and the isotropic na- (b) (d)
ture of diffusivity in the c plane. Particles with their c axis on
the observation plane exhibit a "parallel lines-type" domain FIG. 3. Bitter domain patterns for Sm2Fe17 particles nitrogenated at (a)
pattern with deeper penetration reflecting both the uniaxial 425 c (50 h), (b) 425 *C (100 h), (c) 475 *C (5 h), and (d) 475 C (10 h).

6042 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 C. N. Christodoulou and N. Komada



D[mm 2s" ]

80- (a) 4 Sm2FO17N 0; TN 1

2 -24

. 6 0 00
00E -25 IflD,xl0.33234

12)o HR=7149
-

-26
O 0 ***-* llIlll*~ 1.3e-3 1.4e-3 1.5e-3

20 24, 29 33 37 4 4 50 1/T
Two-Theta Angle (deg.)

FIG. 5. Asrhenius plot of the planar diffusivity (Dxx) vs 11T.
(b)
SM2FCe7 diffusion mechanism. This value also suggests that during

Sm2Fe-7Nx diffusion, nitrogen atoms are not permitted to move inside
§.. (o<3) uthe 18(g) "circular tunnel," 3 something expected to be oc- 4

curring in hydrogen diffusion.
The activation entropy for diffusion,3 AS, can be esti-

C.2.F mated to be -0.343R through Dox= i, exp(AS/R),
• mpwitIon where y7 1.015X10 -6 m 2 s- , and s-=1013  . Such a

Inegative activation entropy is attributed to the large increase
in the vibrational frequencies of the atoms influenced by dif-
fusion. The ratio of the vibrational frequency during diffu-
sion to the initial one, vi/vio, can be estimated 3 to be 1.4.

0 200 400 600 800 1000 Such a value is physically reasonable based on the fact that a
nitrogen atom has to squeeze through and come in close

Temperature (°C) contact with the atoms at the two saddle point configurations,

SPC1 and SPC2 (Fig. 1).
FIG. 4. X-ray diffraction pattern (a) and thermomagnetic analysis (b) of The high value of the activation enthalpy for diffusion
Sm2Fe17 particles nitrogenated at 475 'C for 20 h. They confirm the pres-
ence of Sm2Fe17 and Sm2Fe17N3 phases together with the diffusion layer of (143 IW mol 1) is indicative of the large energy barrier which

0Sm2Fe1N, (0<x<3). a nitrogen atom encounters during its migration from one
9(e) site to another. This value falls within the limits pre-
dicted by Christodoulou and Komada3 and it mostly accounts

UJ mol- is considered to be the correct one. Since AH was for the huge strain energy needed for a nitrogen atom to
confirmed to be the same along xy and z axes, this restriction break through the two saddle point configurations, SPC1 and
can be applied in order to obtain a refined value of Doz SPC2.
which is very sensitive to AH. Hence, It is difficult to compare the values of Do and AH ob-
Dxx/Dzz=Dox/Doz=(dx/d5)2, where d, and d, are the tained in the present study with others published in the
observed thicknesses of the domain patterns along x and z, literature6-8 because this is the first time that the anisotropic
respectively, at the same temperature and time. From this, the nature of the diffusivity and growth kinetics have been taken
preexponential factor, Doz, was found to be (2.26 into account together with direct observation of the diffusion
±0.15)X 10- 6 m2 s-1.The Doxljz ratio is 0.32±0.04, a fields. Nevertheless, the present values compare favorably to
value which is very close to 0.30 predicted by the atomic the values obtained by Skomski and Coey8 but are much

higher than the ones reported in Refs. 6 and 7.

TABLE. I. The planar (d,) and axial (d,) average thicknesses of the Bitter
domain patterns for Sm2Fe17 particles nitrogenated at different temperatures 1 C. N. Christodoulou and T. Takeshita, IEEE Trans. Magn. MAG-92-245,
and times. 53 (1992).

2C. N. Christodoulou and T. Takeshita, Proceedings of the 1st International
Time (h) d (lum) 400 °C 425 -C 450 -C 475 -C Conference on Processing Materials for Properties, Honolulu, Hawaii,

Nov. 7-10 1993, edited by H. Henein and T. Old (TMS, Warrendale, PA,
5 d= . ... ... 2.33 3.47 1993), pp. 293-296.

d . ... ... 4.33 6.13 3C. N. Christodoulou and N. Konrada, J. Alloys Comp. 206, 1 (1994).10 d,= . .... 3.30 4.90 4 C. N. Christodoulou and T. Takestita, J. Alloys Comp. 198, 1 (1993).

d= ... 6.02 8.66 5 C. N. Christodoulou and T. Takeshita, J. Alloys Comp. 202, 173 (1993).
20 d.= 1.93 3.05 4.67 6.91 6j. M. D. Coey, J. F. Lawler, Hong Sun, and J. E. M. Allen, J. Appl. Phys.

d,= 3.65 5.76 8.13 11.85 69, 3007 (1991).
50 dx= 3.06 4.82 7.38 10.96 7 H. Kaneko, T. Kurino, and H. Uchida, Proceedings of the 7th Interna-

dz= 5.41 8.39 12.66 18.80 tional Symposium on Magnetic Anisotropy and Coercivity in Rare Earth

100 d 0= 4.32 6.82 ... ... Transition Metal Alloys (University of Western Australia, Canberra, Aus-
dz= 7.64 11.57 ... ... tralia, 1992), pp. 320-330.

_R. Skomski and J. M. D. Coey, J. Appl. Phys. 73, 7602 (1993).
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Effect of nitrogen on the properties of hard magnets
M. Melamuda) and L. H. Bennett
National Institute of Standards and Technology, Gaithersburg, Maryland 20899

R. E. Watson
Brookhaven National Laboratory, Upton, New York 11973

The enhancement of magnetic properties of RE-TM hard magnet materials, such as RE2Fe, 7, upon
nitriding isostudied using the Wigner-Seitz (Voronoi) construct. In analogy with other RE-TM
nitrides, it is concluded that nitrogen has a strong preference to occupy the octahedral 9e site in the
2:17 compounds, to the exclusion of the other proposed sites. Additional materials are suggested ascandidates for nitriding on the basis of the availability of such an octahedral site. The site preference

i U and its effect on the magnetism in RE2Fe17 is discussed in relation to the Wigner-Seitz cell of the
atoms. The magnetic moments on the iron are shown to be correlated with the WS cell volumes, and
this dependence differs from that associatedwith aFe.

Renewed interest in the RE-Fe 2:17 hard magnets1 has correlations with the magnetic moments. 1 In aMn, for ex-

arisen because of the enhanced magnetic properties achieved ample, if we assume that all the Mn atoms have the same
by alloying them with nitrogen (or carbon). The addition of radius, then the WS cells have different volumes. Relating
nitrogen causes an increase in lattice parameters, Curie tem- these volumes to the magnetic moments at the four Mn sites
perature, sublattice magnetic moment, and anisotropy field, in aMn, a nearly linear relation is found. A similar result is
It has been observed theoretically2'3 and experimentally45  obtained for the four Fe sites in the hard magnet, Pr2Fe 7
that iron atoms exhibit different moments on different sites in Ref. 12 (Table I). The relationship of the WS atomic volume
RE2Fe17 and its nitride. and the disclinations to the enhancement of the magnetic

While there is no argument in the literature about these properties are discussed in this paper, and suggestions for
changes, and it has been agreed by all authors that nitrogen is possible new hard magnet nitrides are given.
interstitial (not substitutional), different sites have been sug- Based on calculations of the WS polyhedra for a wide
gested by different authors. Pr2Fe17 and the other RE2Fe17  array of TM metalloids' ° (with up to 50% metalloid content)
compounds discussed in this work are those having the it has been shown that each metalloid prefers a certain local
Th2Znl 7 structure-space group R3m (Table I). The sites environment defined by a special WS cell. One specific ex-
suggested for N (or C) in the same space group are 3a,6 ample is nitrogen which is always found in the (0 6) octahe-
9e, '7 18h,8 and 18g.9 One of the principal purposes of this dral environment. [This environment competes with the
paper is to address the problem of where in fact the nitrogen higher coordinated (0 3 6) ninefold Bernal environment in
resides in the nitrided compounds. The choice is quite clear the 3d metal carbides. In the 4d-5d carbide group (except
if one notes the behavior i° of ordered TM nitride coin- for Nb2C) the carbides have joined the nitrides in displaying
pounds. only an (0 6) metalloid environment. 10 Boron is normally

The Wigner-Seitz (WS) cell construct has previously encountered in an (0 3 6) or (0 2 8) Bernal environment.] In
been suggested" as a method for studying the relationship of analogy with tht:, TM nitrides, we conclude that it would be
crystal structure and properties, especially with regard to extraordinary (i.e., indicative of a most unusual TM-N
magnetic properties of hard magnets. WS (or Voronoi) poly- bonding) if nitrogen occupied anything other than the octa-
hedra furnish a useful measure of the local environment of an hedral 9e site in the 2:17 compounds.
atom, including a description of the site symmetry of the We have calculated the WS polyhedra for the Pr2Fe17
atom, and a catalog of what atoms constitute its nearest and Pr2Fel7N3 (assuming full occupancy) with nitrogen oc-
neighbors. A modified WS construction 11' 12 also accounts for cupying any one of the suggested sites. The method of cal-
the relative sizes (i.e., atomic radii) of the various atoms. It culation is described elsewhere,12 The results are presented 13

has been also observed" using the WS construct that "dis- in Table J. Only in the 9e site is the WS polyhedron for
clination nets" pass through those metal sites which have the nitrogen (0 6), namely, an octahedral array of six nearest
largest magnetic moments. (Disclinations are chemically im- neighbors. The other sites result in different, nonstable, poly-
portant bond lines.) The nets defined by these disclinations hedra which have very small facets or edges and in some
have been shown to be correlated with the anisotropy axes of cases (e.g., 3a site) the resulting distances to neighboring
hard magnets." Structural factors, in addition to Invar-type atoms are too small.
volume effects, are expected to be important to local 3d Table II lists hard magnet materials, in addition to the

magnetism in the hard magnets. Pr2Fe17, which were found to have enhanced magnetism
Wigner-Seitz cell construction has been employed to upon nitriding. In all of these, the nitrogen is found to be in

derive a measure of the local site volumes, and explore their an octahedral (0 6) environment. These include NdFe 0V2
and NdFel0Mo2, both having the ThMnl2 structure, 14 the

'=Permanent address: Nuclear Research Center, Negev, P.O. Box 9001, Beer- hexagonal 2:17 (Tm2Ni,7),'5 and the FeN (n =3,4,8). In the
Sheva 84190, Israel. lower part of Table 11(a), we propose some other hard magnet
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[ TABLE I. Wigner-Seitz polyhedra (Ref. 13) of the atoms in Pr2Fe17 and its nitride, with nitrogen in the 9e site of space group R3m. The measured magnetic
moments in sa are given where known (Refs. 4 and 5). The WS cells of other sites suggested by some authors for nitrogen are shown in the lower part of
the table.

Pr2Fe1 7  Pr2Fe1 7N3

Atom Site Moment Poly Volume Moment Poly Volume

Pr 6c .,. (00128) 31.95 3.4 (03614) 32.12
Fel- 6c 2.46 (00122) 12.14 2.9 (00 122) 12.82
Fe2 9d 2.03 (0 0 12) 11.23 2.3 (0 0 12) 11.84
Fe3 18f 2.03 (0 1 10 2) 11.71 2.1 (0 1 10 2) 11.83
Fe4 18h 2.03 (0 0 12) 12.17 2.5 (0 110 2) 12.48
N 9e ............ (06) 3.35

N 3a as proposed (0602) 1.68

N 18g (2222) 3.01

TABLE 1I. (a) WS polyhedra of the atoms in a number of hard magnet materials, before and after nitriding, assuming full N occupancy. The definitions of the
polyhedra designations are given in (b). In the lowerpart of (a) we list the WS cells for the proposed sites (listed in the text) for nitrogen in materials not yet
known to be nitrided. Due to partial RE and TM occupancy in PrFe7, two possibilities are shown for TM3. (b) Shorthand designation defining various
polyhedra types (Ref. 13) computed in some RE-TM-metalloid hard magnet materials, encountered in Table 11(a). The designations are sorted icnording to
total number of facets on the polyhedra. Different designations are defined for the three different types of atoms. For the metalloids, the 0 designates the
octahedral environment, the T and U are the nine-fold and ten-fold Bernal environments, respectively.

(a)
RE1 RE2 TM1 TM2 TM3 TM4 TM5 TM6 B N

Pr2Fe17  A M K L K
Pr2Fej 7N3  D M K L L 0
TMN 17  A A M K L K
Tm2Nil7N3  D D M K L L 0
NdFe1oV2  A I K M K
NdFeoV 2N C K M L 0
NdFe 0Mo 2  A l K M K
NdFe1oMo 2N C K M L 0
aFe M4
Fe3N M3 0
Fe4N K3 M3 0
Fe8N M4 M4 N 0

NdNi5  A K1 K
NdNiN 3  E Kl M1 0
CeCo4B A A4 K1 L T
CeCo4BNIs E A4 K1 Mi T 0
PrFe7  A A M K K1/L K
PrFe7 N1 5  A D M K K1/L K 0
Nd2Fe1 4B A2 A3 L K K M L K T
Nd2Fe14BN. B A3 L K K M L K U 0

(b)
Transition

Rare earth Facets metal Facets Metalloid Facets

A (00128) 20 K (0012) 12 0 (06) 6
A 1 (00164) 20 KI (0363) 12
A2 (02810) 20 K2 (0282) 12
A3 (01 109) 20 K3 (012) 12
A4 (06014) 20

B (01 1010) 21 L (01 102) 13 T (036) 9

C (02812) 22 M (00122) 14 U (028) 10
M1 (0284) 14
M3 (068) 14
M4 (0608) 14

D (03614) 23 N (0528) 15

E (06020) 26
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3S - which play an important role, such as coordination number,

a N Ort,,A types of neighbors and the different exchange resulting from
*. 0 =2 RE-TM in addition to Fe-Fe exchange. This result is sup-+ OtFeN2)

25 - +&& ,), ported by the observation16 that an increase of -0.5%-1% in
:' 2 *the lattice parameter of aFe is accompanied by an increase of

-15% in its moment, resulting from the addition of a small

2.0 amount of nitrogen. This result is shown in Fig. 1 to lie on

0 . the steeper line, off the aFe line. Other experimental and

1.5 X I0,
3  calculated critically collected18 RE-TM data have been in-

1 ,2 13 cluded in Fig. 1. A substantial scatter is seen resulting fromWs volume. nm3  inconsistencies even for the same material, and because not

all values are saturation moments. There is no space to dis-
FIG. 1. Relation between the WS cell volume and magnetic moment per Fe cuss this here.
atom in Pr2Fe17 and its nitride. Also shown are results for iron nitride The addition of the into the
(FesN), for aFe under pressure, and for aFe containing 1% N. Experimental
and predicted values are represented by different symbols. The lines are the causes some changes in the topology of the WS cells of the
results of linear regression for (1) iron and (2) Pr2Fe17 and its nitride. Also neighboring atoms, which are probably correlated with the
shown are values for Y, Nd, and Gd 2:17 compounds (Ref. 18). change in electron density caused by the nitrogen, and likely

contribute to the break in slope. The main result is that the

materials which we have found have optional sites for nitro- three fivefold facets connecting the RE to the Fe4 neighbors
with the same octahedral (0 6) WS cell as above. It is change into sixfold facets, thus incorporating the Fe4 into theSmttesl a eIti sixfold disclination net and enhancing this net upon nitriding.

possible that these will also exhibit enhanced magneticThis work was supported by the Division of Materials
erties. The list includes RE-TM materials of the 1:5 (CaCu5  Scis U.S. Da rte o y ne on traNand he elaed Cco4), he 17 (r~e) an th 2:4:1 Sciences, U.S. Department of Energy, under Contract No.

and the related CeCo4B) the 1:7 (PrFe7) and the 2:14:1
(Nd2Fe14B) structures. The suggested sites for the nitrogen DE-AC02-76CH00016.
are 3f in space group P6/mmm, 9e in R3m, and 2b in 1R. Grbssinger and X. C. Kou, presented at Magnetism, Magnetic Materi-
P4 2/mnm, respectively. als and their Applications, Section II, La Habana, Cuba, 1991; H. Sun, J.

Iron volumes calculated from WS cell constructions are M. D. Coey, Y. Otani, and D. P. F. Hurley, J. Phys. Condens. Matter 2,
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Theoretical analysis of the spin-density distributions in Y2Fe17N3
and Y2Fe17C3

IW. Y. Ching, Ming-Zhu Huang, and XueFu Zhong
Department of Physics, University of Missouri-Kansas City, Kansas City, Missouri 64110

The electronic structures and spin-density distributions in Y2Fej 7N3 and Y2Fe17C3 are calculated
using the self-consistent spin-polaized orthogonalized-linear-combination-of-atomic-orbitals
method.,The N or C atoms are assumed to occupy the (9e) sites in the rhombohedral structure. The
Fe (18f) and N or C at the (9e) site form covaleit bonds which result in a very nonspherically
symmetric spin-density distribution. The calculation shows a reduced moment for the Fe (18f) sites
due to doping. However, the moments at other sites are increased due to lattice expansion. There are
some differences in the spin-density distribution between N and C at the (9e) site. By comparing
with the results of calculation on the pure Y2Fe17 at different volumes, changes in moment
enhancement and density of states-at the Fermi level due to lattice expansion alone and that due to
the chemical effect of introducing N or C are separated.

It has been well established that nitrogen (N) or carbon sites as well as on the differences between systems with dif-
(C) doping in the rare-earth-Fe permanent magnets R2Fe 17  ferent dopings, i.e., N versus C.
can raise the Curie temperature (T,) substantially. 1'2 This is We use the orthogonalized-linear-combination-of-
generally attributed to lattice expansion in the doped samples atomic-orbitals (OLCAO) method in the LSDA. The proce-
which increases the Fe-Fe interatomic distances and the ex- dures of the calculation have been described in the
change interactions. A large number of calculations exist literature 14"15 and will not be repeated. A minimal atomiclike
which show the increase in the spin-magnetic moments on basis set consisting of orbitals of Y, Fe, N (C) which are
different Fe sites and significant changes in the density of expanded in terms of Gaussians in real space is employed.
states (DOS) at the Fermi level EF upon N doping.3- 7 How- The crystal parameters used are listed in Table I. Three spe-
ever, it is difficult to provide a direct explanation of the in- cial k points are used in the self-consistent iterations, while
crease in T. based on the electronic structure results since in the final calculation, secular equations are solved at 11
the electronic structure is a zero temperature entity. Mohn special k points in the irreducible wedge of the Brillouin
and Wohlfarth developed a theory based on a spin fluctuation zone of the trigonal cell. The final charge and spin densities
mechanism which links with electronic structure to the T, of are calculated from the resulting eigenfunctions at these 11 k
a magnetic material.8  points with proper corrections for the core orthogonalization

In spite of recent calculations on the electronic structure applied. The spin-magnetic moments at each site are ob-
of the R2Fe17 phases3'9 and their nitroginated samples, 3-7

several questions remain unresolved. (1) The calculated spin
moment on each Fe site is in general agreement with experi-
ment, but discrepancies exist for specific sites such as Fe crystals.
(18f) and (18h) in Y2Fe17.'0 The manner in which the spin
moments have been obtained by different computational Crystal Y2Fe17  Y2Fe17 Y2Fe7N3  Y2Fe17C3
methods has not been fully scrutinized. (2) Separation of a Lattice constants:
chemical effect and volume expansion with introduction of N a (A) 8.46 8.654 8.653 8.72
is important in understanding the mechanism for T, enhance- c (A) 12.41 12.693 12.677 12.677
ment. (3) It is generally assumed that the effects of the N Volume (V/Vo): 1.00 1.07 1.069 1.072
doping or C doping on different R2Fe, 7 crystals are similar. V

Realistic calculations may show subtle differences. (4) There Site moments (ARa):
is a fundamental question as to whether the local spin density Y (6c) -0.63 -0.72 -0.46 -0.47

Fe (6c) 2.52(2.17) 2.70 2.55(2.71) 2.59(2.43)
approximation (LSDA) of the density functional theory on Fe (9d) 2.05(2.01) 2.41 2.50(2.39) 2.56(2.01)
which almost all of the theoretical calculations are based, is Fe (18f) 2.37(1.81) 2.50 2,02(2.36) 1.77(1.92)
good enough to answer the question of Tc enhancement. It is Fe (18h) 2.10(1.77) 2.42 2.31(2.12) 2.19(1.75)
well known that the LSDA can give the wrong ground state N or C (9e) -0.07 -0"22

in the case of elemental Fe crystals. 13  Total Fe moment (Aa):

In order to further understand some of these problems, 37.97 42.13 38.58 36.60

we have carried out self-consistent, spin-polarized calcula- T, (K) exp.: 325 697 698
tions on Y2Fel7N3 and Y2FeP7C3 . Together with our previous 694
calculations on pure Y2Fe, 7 with different volume
expansions,10 we are able to separate the effects due to vol- DO at E , N(E) in unit of states per eV ce0:
ume expansion and chemical doping. We focus on the details N(E,)() 16.4 12.6 8.0 9.5
of the spin-density distribution in the vicinity of the doping
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FIG. 1. Calculated charge density (left panel) and spin density (right panel) for (a) Y2Fe17 (top), (b) Y2F17N3 (middle), and (c) Y2Fe17C3 (bottom) at
approximately the same volume. The contour lines are 0.01, 0.02, 0.04, 0.06, 0.08, 0.10, 0.15, 0.20, 0.25, 0.30, 0.40, 0.50 for charge density and plus or minus
of 0.001, 0.002, 0.003, 0.004, 0.006, 0.008, 0.01, 0.015, 0.020, 0.030, 0.040, 0.050. Negative numbers are indicated by dashed contours.

tained by using the Mulliken scheme 17 based on the eigen- for comparison. Based on these results, we can see that (1)
functions and the overlap matrix elements. Although the effect of volume expansion increases the nega-

The calculated charge-density and spin-density maps on tive polarization on the Y atom, the doping actual(I reduces
a plane perpendicular to the c axis and containing the Fe it. (2) There is a significant reduction of moments on Fe
(18f) sites, the Y atom, and the doping elements are shown (18f) next to N (C) when they are covalently bonded. (3) At
in Fig. 1 for Y2Fel7 , Y2Fel7N3, and Y2Fel7 C3 . All three crys- other Fe sites, the increase in the moments can be accountedtals have the same cell volumes. In the calculation for for mainly by the effect of volume expansion, but the chemi-Y2Fe,7N3 and Y2Fej7C3, we used the internal parameters cal effect of doping is important and appears to be site spe-
which determine the atomic positions for Nd2Fe17N. as mea- cific. (4) C is slightly more negatively polarized than N and
sured by Kajitani et aL.16 The results of Fig. 1 can be sum- has a bigger influence on the Fe (18f) site and less itfluence
marized as follows: (1) In the absence of the doping ele- on the Fe (18h) site.
ments, Fe (18f) and Y have rather spherical charge- and The calculated numbers in Table I can be compared with
spin-density distributions. The Y atom is negatively polar- the recent experimental M6ssbauer data from Chen et al.'2
ized. (2) When N atoms are introduced at the 9e site, expan- for Y2Fet 7, Y2Fe 7N2.3, and Y2Fe17C2 by dividing the re-
sion of the lattice and changes in the internal parameters ported hyperfine field data by a rather arbitrary factor of 14.8
make the 9e site of sufficient size to accommodate N. There TIB. These ,i ,mbers are listed in parenthesis in Table I. The
is a significant covalent bonding character between Fe-3d comparison is only approximate because the samples are not
and N-2p electrons in forming a tight Fe-N-Fe unit. The spin stoichiometric in composition while the calculation assunuts
density at these sites shows significant distortion from the ideal structure. Still, the relative magnitudes of the Fe
spherical symmetry. The highly nonsymmetric charge- and moments should be meaningful. In the case of undopedspin-density distributions have some implications on the Y2Fe, 7 at equilibrium volume, it has been pointed out that
proper magnitude of spin-magnetic moments at these sites. the agreement between calculation and experiment on the
(3) Although the moments at the N site are small and nega- relative magnitudes of Fe moments at various sites is mar-
tively polarized, the spin-density map shows that they form ginal at best. 10 On the other hand, the results of different
pairs of positive and negative lobes. (4) There are some dif- theoretical calculations using different methods are quite
ferences in the spin-density distributions due to N and C close.'0 This reflects either a fundamental inadequacy in thedopings. For C, there is no lobe structure and the negative LSDA theory for the magnetic properties of the system of
polarization at the C site is actually larger. rare-earth-iron magnets, or that the theoretically calculated

In Table I, we list the calculated spin moments at each values may not correspond to quantities that the experiments
site based on the Mulliken scheme. Also included are the actually measure. In the doped samples, the experimental
results for Y2Fe17 at zero expansion and some measured data data measure an increase of moments on all Fe sites. Our
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40 linear muffin-tin orbital (LMTO)- or atomic sphere approxi-(a) mation (ASA)-type of calculations,3'4'9 spin moments are not
20i based on the Mulliken scheme, but on the difference of ma-

jority and minority spin charges inside the atomic spheres.
0 The charges outside the atomic spheres are zero. The calcu-

lated spin moments depend somewhat on the choice of
-20 atomic sphere radii. In compact systems in which the charge

distribution is more or less spherical, this approach gives
-40 ................. . .... quite accurate moments. However, in doped systems where

' (b) the spin-density distribution is nonspherical, such an ap-
_o_ proach may not be reliable.

Figure 2 shows the calculated total DOS for the majority
a c___ and minority spin bands in Y2Fe17 , Y2Fe,7N3, and Y2Fe17C3 .

As can be seen, doping does modify the DOS profiles. Pro-
U' jected partial DOS (not shown) for N and C show that the N-20

states are in the range of -5.3 and -7.5 eV, while those of C
-4o_ _are between -2.5 and -7.0 eV. The calculated DOS at EF

are listed in Table I. For the majority band, the reduction in
the DOS at EF in Y2Fe17N3 by almost a factor of 2/3 is
mainly due to lattice expansion. In Y2Fel7C3, the effect of C

o___ doping increases N(EF) and is largely compensated for by
0 .the volume effect. For the minority band, lattice expansion

-2 alore reduces N(EF), and upon doping, it decreases further
-2o to a, ut half of the value for undoped Y2Fel 7 at equilibrium

volume. Thus chemical effect of doping is most pronounced
-40 .. in the N(EF) for the spin down band and in the moment of-10 -5 0 the Fe (18f) site.
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StUdy, on0 the effect of. theprevious hydrogenation of the nitride formation
ofa-S1Fe 1(4 at. %Nb)' alloy
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Departinent of Material Science and.Engineering, The National Fisheries University of Pusan, Pusan,
South Korea

1. R. Harris
School of Metallurgy and Materials, The University of Birmingham, Birmingham, B15 2T1, England

In order to find an effective means of production of the interstitial Sm2Fel 7N,-type nitride, an alloy
modification by the addition of small amount of alloying element (4 at.% Nb) and a hydrogenation
treatment prior to the nitriding process have been employed. The effect of previous hydrogenation
oh the iitride formation of the Sm2FeT(4 at. % Nb) alloy has been investigated systematically by
means of thermopiezic analysis, thermomagnetic analysis, and vibratmg sample magnetometer. It
has been found that the previous hydrogen treatment facilitates significantly the formation of the
nitride, and this may be due to the clean surface and the finer size of the particles caused by the
hydrogen decrepitation. It has also been found that the combination of the alloy modification with
the addition of Nb and the previous hydrogen treatment can be utilized effectively for the production
of a Sm2Fe17Nz-type nitride.

INTRODUCTION Earth Products (Widnes, UK). The microstructure of the al-
The Sm2Fe,7Nx-type nitride material has been consid- loy was examined using an optical microscope or a scanningThe m2F17N,-tpe itrde mteral as eenconid- electron microscope (SEM), and the phase analysis of the

ered to be a potential candidate for the permanent magnetic eleon mspe (SEM an d th elysisof the
application.- 5 It alloy was performed by a SEM equipped with electron probe

some practical difficulties in the preparation of the microanalysis (EPMA) facility. The supplied as-cast alloy
Sm2Fe17 Na-type nitride material. The cast Sm2Fe17-type al- was subjected to a hydrogenation treatment prior to the ni-

loys, from which the interstitial Sm2Fel7N,-type nitride is triding process. The hydrogenation was carried out at
produced, have a severe structural inhomogeneity. The 300 °C, and it was followed by a degassing treatment at

450 *C under vacuum better than 0.05 mbar. The hydrogena-
Sm2Fe17 compound is formed through the peritectic reaction tion and the degassing were repeated four times in order to
between the previously crystallized solid Fe and the liquid tin a the derasin er r ae fou norder toS-rich thus leading to the common presence of achieve a full decrepitation (it has been found that theconsiderphase, 6 thut ledin to the esencegof a Sm2Fe17-type alloy shows a poor decrepitation behavior with
considerable amount of free iron(cr.Fe) in the cast ingot. In asipehdontonramn).Tecleyrgn
order to overcome this practical difficulty, a modification of a simple hydrogenation treatment9). The cycle hydrogen 
the microstructure of the cast Sm2Fe17 alloy by a substitution treated alloy (hereafter the cycle hydrogenated alloy is in a
of M (M=Nb, Ta) for Fe in the alloy has been attempted, and hydrogenated state after the cycle treatment unless stated
it has been revealed that7,8 the addition of certain transition otherwise) was pulverized for 1 h using an automatic agate
elements, such as Nb and Ta to the Sm2Fe1T-type alloy, pulverizer in a glove box filled with high purity nitrogen gasmets, sh aystallnd Tavtor ths s pressigtyp e (oxygen content in the glove box is less than 150 ppm). The
modifies the crystallizing behavior, thus suppressing the asctalowsasopveidunrthsmeodtos
presence of the free iron. The poor kinetics of the nitride as-cast alloy was also pulverized under the same conditions
formation reaction of the Sm2Fe 7-type alloy is also a limit_ as the one for the cycle hydrogen treated alloy for compari-

ing factor for the preparation of the nitride material. Because son. The obtained powder materials were then nitrogenated
the kinetics of the reaction is so slow, the SM2F7e7 type alloy at the temperature range of 450-500 C for various periods

is processed commonly into a fine powder form (typical par- under nitrogen gas (nitrogen pressure: -1 bar). The nitrided

title size less than 10 Arn) in order to improve the kinetics, material was then milled for 24 h under cyclohexane using a
ball mill (mass ratio of material to steel ball= 1:20). A TPA

Many practical difficulties associated with the powder prepa- mi aati of mat er to st : tPe
ration or handling are, therefore, inevitable. In the present (troeic anais) wa e e i or t o y he
study, in an attempt to find an effective means of production nitrogenation behavior of the as-cast or the cycle hydroge-
of the interstitial Sm2Fel7Nx-type nitride, a combination of nated alloy powders. The magnetic properties of the nitrided
an alloy modification by the small addition of alloying ele- material were characterized by means of VSM (vibrating

ment (4 at. % Nb) and a hydrogenation treatment prior to the sample magnetometer) or TMA (thermomagnetic analysis).
nitrogenation process has been employed. The effect of the For the VSM measurement, the nitride powder was aligned

previous hydrogenation on the formation of the nitride has and bonded with wax under the magnetic field of 20 kOc,
been investigated in more detail, and the measurement was performed along the aligning di-

rection.

EXPERIMENTAL WORK RESULTS AND DISCUSSION

A Sm2Fe17 allo, containing 4 at. % Nb was prepared The microstructure of the as-cast alloy examined by a
using an induction furnace at 1400 'C and supplied by Rare SEM is shown in Fig. 1. It is apparent that the microstructure
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FIG. 1. SEM (backscattered electron image) photograph showing the mi-
crostructure of the as-cast Sm2Fe17 (4 at. % Nb) alloy. FIG. 3. TMA results for the nitride materials nitrogenated for 4 h at various

temperatures using the as-cast alloy powder.

consists of a mixture of the matrix phase and eutectic phase.
A minor island phase is also observed in the alloy. The x-ray rapid decrease, indicating that the hydrogen desorption is

* microanalysis (EPMA) result shows that the matn^ phase almost completed at 450 °C and the nitrogen absorption
has a chemical composition of Sm2Fel? stoichiometry and takes place rapidly above this temperature. It can be seen
the eutectic is a mixture of Sm2Fe17 and NbFe2 Laves phase. from these results that the cycle hydrogenated alloy powder
The island phase has a composition of NbFe 2 Laves phase. can pick up the nitrogen at significantly lower temperature
There is no evidence for the presence of the free iron in the with respect to the as-cast alloy powder. This suggests that
alloy, which is a common feature of the conventional the hydrogen addition to the Sm2Fel7-type alloy prior to the
Sm2Fe17 alloy. The as-cast alloy can, therefore, be used nitrogenation may facilitate the formation of a Sm2Fe17
straightaway for the production of the Sm2Fe17 nitride with- Nx-type nitride.
out any homogenizing treatment. Figures 3 and 4 show the TMA results for the materials

Figure 2 shows the TPA traces for the as-cast or the nitrided for 4 h at various temperatures using an as-cast or a
cycle hydrogenated alloy powders carried out under nitrogen cycle hydrogenated alloy powder. For both materials, the
gas (nitrogen pressure: -1 bar). It appears that for the as-cast TMA curves exhibit two deflections at around 150 °C and
alloy powder, the nitrogen pressure in the reaction chamber 480 *C. Those reflections correspond to the Curie tempera-
begins to decrease from around 290 °C and a rapid drop is tures of the unreacted Sm2Fe17 phase and the formed
observed above 480 'C, indicating that the as-cast alloy ab- Sm2Fel 7N,.type nitride, respectively. It appears that the de-
sorbs the nitrogen from around 290 °C and most rapidly at flections at 480 °C are much greater for the cycle hydroge-
around 480 *C. Meanwhile, for the cycle hydrogenated alloy nated alloy than for the as-cast alloy at any nitriding tem-
the pressure drop occurs from around 170 °C, and a rapid perature used in the present study, indicating that the nitride
increase in the pressure is observed from around 250 °C up can be formed more easily from the hydrogenated material
to around 450 *C. This pressure increase is due to the desorp- with respect to the as-cast material at the same condition.
tion of hydrogen from the hydrogenated alloy. The pressure The nitrided material nitrogenated at 500 'C using the as-cast
increase is stopped at around 450 °C and then followed by a alloy powder exhibits a large deflection at around 150 °C,

2000 •---•. , . , ,-• , - .-- 2010'

4521C cycle hydrogenated

170'C 50

/-- ,~ycle hydogenated 45T

'5W

U05.010'

400

0 0
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Tewperature(TC) Temperature(C)

FIG. 2. TPA traces for the as-vst or the hydrogen treated alloy powders FIG. 4. TMA results for the nitride materials nitrogenated for 4 h at various
under nitrogen. temperatures using the cycle hydrogen treated alloy powder.

J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 H. W. Kwon and I. R. Harris 6051

-I,



i-

2010 100

0

E 60

S CS

.~~ ball nlled (260,,)

sole 20

0 too 200 300 400 500 600 -10 -8 -6 -4 .2 0

Twmra~re('C) Applied Field(kOe)

FIG. 5. TMA results for the nitride materials nitrogenated at 475 oC for 4 h FIG. 6. VSM measurements on the nitride material nitrogenated at 475 oC
using the alloy powders under various conditions, for 15 h using the cycle hydrogen treated alloy powder.

cycle hydrogenated material at 475 °C for 15 h are shown in
ndicating that there is still a significant amount of the unre Fig. 6. The material immediately after the nitrogenation ex-
acted Sm 2Fe17 phase after the nitrogenation. There is, how. hibits poor permanent magnetic properties. The properties
ever, little evidence for the presence of the unreacted are however, improved markedly by the post-nitriding mill-
Sm2Fe 7 phase for the cycle hydrogenated alloy powder. ing for 24 h. The poor properties of the as-nitrided materials
These results, together with the results of TPA (Fig. 2), indi- may be due to the coarse particle size, and the marked im-
cate clearly that the previous hydrogenation treatment on the provement of the properties of the milled material may be
as-cast alloy may facilitate the formation of the nitride. Fig- attributed to the fine particle size of the nitride, The milled
ure 5 shows the TMA result for the nitrided material which is material has a significantly high coercivity (over 7 kOe).
previously cycle hydrogenated and then degassed prior to
being subjected to the nitrogenation at 475 'C. The degassing CONCLUSION
was carried out in situ in the nitriding rig at 475 oC until a The effect of previous hydrogen treatment on the nitride
vacuum better than 5X 10-6 Torr was achieved. The nitroge- formation of the Sm2Fe17-type alloy modified with the addi-
nation was carried out immediately after the degassing. The tion of small amount of Nb has been investigated. It has been
TMA results for the nitride materials obtained from the ni- found that previous hydrogen treatment facilitates signifi-
trogenation at 475 *C using the as-cast or the cycle hydroge- cantly the formation of the nitride, and this may be due to the
nated alloy powders (the cycle hydrogenated alloy powder clean surface and the finer size of the particles caused by the
was in the hydrogenated state prior to the nitrogenation) du- hydrogen decrepitation. The present study also shows that
plicated from Figs. 3 and 4 are also included in Fig. 5 for the combination of an alloy modification with the addition of
comparison. The comparison between the TMA results for Nb and a previous hydrogenation can be utilized as an effec-
the nitrided materials nitrogenated using the as-cast or the tive means of production of a Sm2Fe17Nx-type nitride.
cycle hydrogenated alloy powders may reveal the effect of
previous hydrogen addition to the Sm 2Fet7-type parent alloy 1J. M. D. Coey and H. Sun, J. Magn. Magn. Mater. 87, L251 (1990).
on the nitride formation. It is worth noting that the TMA 2 H. Sun, J. M. D. Coey, Y. Otani, and D. P. F. Hurley, J. Phys. Condens.

curves for the nitride materials nitrogenated using the cycle Matter 2, 6465 (1990).
3 M. Katter, J. Wecker, L. Schultz, and R. Grossinger, J. Magn. Magn.

hydrogenated alloy powders which are in the hydrogenated Mater. 92, L4 (1990).
or degassed state appear not to be significantly different. This 4K. H. Buschow, Rep. Prog. Phys. 54, 1123 (1991).
result indicates that the addition of hydrogen to the 5B. P. Hu, and J. M. D. Coey, J. Less-Common Metals 171, 33 (1991).
Sm6Fe17-type parent alloy may not influence significantly the 6w. G. Moffatt, The Handbook of Binary Phase Diagrams (General Elec-
nitro ea rectolof tay t canue concluded, tric Company, New York, 1978).
nitrogenation reaction of the alloy. It can be concluded, 7 A. E. Platts, I. R. Harris, and J. M. D. Coey, J. Alloys and Compounds,
therefore, that the easier formation of nitride caused by the 185, 251 (1992).

previous hydrogenation may be due to the decrepitation 8 B. Saje, A. E. Platts, S. Kobe Besenicar, I. R. Harris, and D. Kolar (to bepublished).
which results in a clean surface and a finer particle size. 9H. W. Kwon and I. R. Hams, Proceedings of the 13th International Work-

The magnetic characterizations performed using a VSM shop on RE Magnets and Their Applications (1994), p. 805.
for the nitride material obtained from the nitrogenation of the 10 D. H. Ryan, and J. M. D. Coey, J. Phys. E 19, 693 (1986).
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[ The effects of hydrogen disproportionation, desorption, and recombination
on the structure andmagnetic properties of Sm2Fe17Nx
and NdFe1OMO2Nx compounds

Jun Yahg, Shengzhi Dong, Weihua Mao, Ping Xuan, and Yingchang Yang
Departnent of Physics, Peking University, Beijing 100871, People's Republic of China

Hydrogen disproportionation, desorption, and recombination (HDDR) has been used as a
pretreatment to prepare high performance Sm2Fe17N, and NdFe1oMo 2Nx compounds. Isotropic
Sm2Fe 17N, and NdFe1oMo2Nx compounds with intrinsic coercivity larger than 12 and 4 kOe have
been obtained by nitriding the HDDRitreated powders, respectively. It is found that the magnetic
properties are sensitively dependent on the time and temperature of the HDDR process, which
determine the grain size, nitrogen content, and the amount of a-Fe in the nitrides.

1. INTRODUCTION were determined from M-T curves obtained with a vibrating
sample magnetometer operating in a temperature range from

Sm2Fe 7Nx and Nd(Fe,M)12N, compounds have been 300 to 1000 K in a field of H=O.1 T.
discovered as potential new permanent magnetic candidates The microstructural changes are observed by powder
since 1990.1,2 x-ray diffraction and scanning electron microscopy (SEM).

HDDR, as a pretreatment, has been successfully used in The grain size of the HDDR treated nitrides was determined
the preparation of isotropic Sm2Fe17N, and NdFeoMo 2N, from observations by transmission electron microscopy
compounds. The relationship between preparation, structure, (TEM).
and magnetic properties of HDDR treated Sm2Fe17N, and
NdFeloMo 2N. compounds will be presented in this article.

III. RESULTS AND DISCUSSIONS

A. Phase formation, structure, and Intrinsic magneticII. EXPERIMENTAL METHODS properties

Alloys of stoichiometric composition were prepared by From x-ray diffraction, thermomagnetic measurements,
arc melting 99.5 wt % pure materials in a purified argon and SEM observations, the alloys are identified as single
atmosphere. The ingots were heat treated at 1050 °C for 2 phase except for a small amount of SmFe3 in the Sm2Fe1 7

days and a week for Sm2Fe 7 and NdFe10Mo2 compounds, alloy. When hydriding and nitriding the compounds at 250
respectively. The compounds were pulverized into powders and 500 °C, respectively, the rhombohedral and tetragonal
with size ranging from 1 to 70 Am, then they were hydrided structure of the Sm2Fe17 and NdFeloMo2 compounds were
at 250-1100 °C for 1-5 h. Subsequently, the hydrided com- retained but with an increase in lattice parameters. Table I
pounds were degassed at the above mentioned temperature lists the lattice parameters a, c, unit cell volume V, Curie
for 1-4 h. Nitrogenation was carried out in the temperature temperature T,, and saturation magnetization Ms as well as
range from 480 to 510 °C for 2-4 h, then rapidly cooled to the anisotropy field HA of the compounds and their hydrides
room temperature. X-ray diffraction was used to determine and nitrides. It can be seen that hydrogenation and nitroge-
the structure. nation can both increase the Curie temperature and saturation

Powder samples of cylindrical shape were prepared by magnetization of the compounds and nitrogenation can
embedding the powders in epoxy resin, and some were change the easy magnetization direction from easy basal
aligned in a 10 kOe field. Hysteresis loops were measured in plane to easy c axis for the Sm2Fe17 compound and from
an applied field of H = 1.4 T on a vibrating sample magneto- easy cone to easy c axis for the NdFe10Mo2 compound due to
meter and H = 7 T on a superconducting quantum interfer- the change of second order crystal field coefficient A 20 in the
ence device (SQUID) magnetometer. The Curie temperatures phases upon nitrogenation.

TABLE I. The lattice parameters a,c, unit cell volume V, and its relative change AV/V, Curie temperature Tc, saturation magnetization Ms, and anisotropy

field HA of SmZFe17 and NdFeloMo, compounds and their hydrides and nitrides at room temperature.

Compound Structure a (A) c (A) V (A3) AV/V (%) Tc (K) Ms (emu/g) HA (T)

Sm2Fe17  Rhomb. 8.561 12.45 790.4 438 105.5
Sm2Fe,7Hy Rhomb. 8.673 12.54 817.0 3.37 563 120.6
SmzFe17N. Rhomb. 8.730 12.67 837.0 6.0 748 137.8 15.6
NdFe10Mo2  Tetra. 8.593 4.784 353.3 374 65.59
NdFeoMo 2Hy Tetra. 8.614 4.796 355.9 0.72 427 74.86
NdFeloMo2N,, Tetra. 8.662 4.818 361.5 2.32 538 86.04 8.4
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B. Determination of HDDRparameters 12 20

HDDR includes two main processes: hydrogenation- and 10 ' ? ± 0
hydrogen desorption. In both of them, time and temperature
are vital to the obtained permanent magnetic properties of 8

correct powder size is a prerequisite for the proper HDDR 6

treatment. For comparison, we chose the nitrogenation treat- .40
ment of 500 C for 3 h as determined in our previous
studies.3 2 .-0

Figure 1 shows the demagnetization hysteresis loops of I 11I to
Sm 2Fe 7Nx powder samples With an average particle size of
1, 10, and 70 Am with hydrogenation at 500 °C for 3 h and tile
dehydrogenation treatment at 750 C for 2 h and subse-
quently nitrogenation treated at 500 *C for 3 h. The results FIG. 2. The permanent magnetic properties of Sm2Fel7Nx compound pow-
show that the optimized particle size is between 4 and 10 /m ders with the variation of hydrogenation time t (h) at 750 °C.

in both Sm2FelN and NdFexoMo 2Nx compounds. Powder
particles smaller or larger than these size are deleterious to
magnetic properties. permanent magnetic properties are obtained at hydrogenation

X-ray diffraction study of Sm2Fel7 and NdFej 0Mo 2 corn- times between 2 and 4 h and a dehydrogenation time of 2 h.
pounds after hydrogenation treatment at temperatures from Furthermore, we can see from Fig. 4 that the permanent
250 to 1100 °C for 4 h shows that when the hydrogenation magnetic properties are sensitively dependent on the hydro-
temperature is lower than 300 °C, for example, at 250 °C, the gen 'desorption time. Figure 5 shows the hysteresis loops of
Sm2Fel7Hy and NdFeloMo 2Hy compounds are formed. At thus treated Sm2Fe 7N, and NdFeloMo 2Nx compounds. From
temperatures higher than 500 C, Sm2Fe17 and NdFej0Mo2  these data, coercivities of 12 and 4 kOe have been obtained
compounds decompose into a mixture of RH2 3 and for Sm2Fel7Nx and NdFetoMo 2N., respectively.
oa-Fe(Mo), When temperatures are higher than 1050 C,
Sm2Fe17 and NdFe10Mo2 are partially recombined in the hy-
drjgen atmosphere at 1 bar pressure. However, only when C. Phase transformation In the HDDR process

dehydrogenation was carried out at 700-800 °C, can the As observed in Sec. II, the permanent magnetic proper-
mixture of RH2_3 and a-Fe(Mo) recombine fully into ties are sensitive to the hydrogenation temperature, time, and
Sm 2Fe17 and NdFe10Mo2 compounds. As an example, the especially to the hydrogen desorption time. X-ray diffractionx-ray diffraction patterns of the recombined Sm 2Fe, 7 CoM- studies have shown that the HDDR process is a reaction of

pounds is shown in Fig. 2 in contrast with the decomposed diffusional phase transformation, which consists of the fol-
mixture of SmH2 _3 and ce-Fe. The permanent magnetic prop- lowing two ptocesses:
erties also reveal that the best values were obtained by hy- a
drogen absorption and desorption treatment at 700-800 °C. SmFet + 1H 2 = SmH2-3+ a-Fe, (1a)

Figures 3 and 4 show the effects of hydrogenation and NdFeloMo 2+H 2=NdH2 3+a.Fe(Mo) (lb)
hydrogen desorption time on the permanent magnetic prop-
erties of Sm 2Fet7N. compounds. It can be seen that the best and

SmH 2 3+ a-Fe=Sm2Fel 7 , (2a)

120 NdH 2-3+a-Fe(Mo)=NdFet 0Mo 2. (2b)

! q, lO ttoo-

4 -o

-40- 4

2 20

I toH *00 0 rG 1 1.520 23 T 3.5
U~hl

FIG. 1. The hysteresis loops of Sm 2FeiN. compounds of average powder
particle size d =I Am (a), 10 Am (b), 70 jAm (c) by HDDR and nitrogena- FIG. 3. The permanent magnetic properties of Sm 2Fe17Nx compound pow-
tion treatment as described in the text. ders with the variation of dehydrogenation time t (h) at 750 C.
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FIG. 6. The SEM backscattered electron graphs of Sn 2Fe17 and NdFe1oMo 2
compounds after hydrogenation at 750 °C for 3 h (a) and dehydrogenation at
750 oC for 2 h (b).

•& a • , • nated bulk NdFe1oMo 2 or Sm2Fe17 compounds at 750 'C, the
disproportionation process occurs preferentially in the grain

2 (S) boundary region, as shown in Fig. 6. It can be seen that the
Sm(Nd)H2 _3 phase surrounds the a-Fe(Mo) phase and con-
stitutes a maze pattern. From SEM observations, we also seeFIG. 4. The x-ray diffraction patterns of Sm2Fe17 compound hydrogenated that the size of oa-Fe(Mo) and Sm(Nd)H 2_3 phases increases

at 750 C for 3 h (a) and dehydrogenated at 750 C for 2 h (b). th h e aion eMp t and m e, bease theafu
with hydrogenation temperature and time, because the diffu-

sion rate of H, Nd(Sm), and Fe(Mo) atoms increases with
In process (1), the reaction begins from the adsorption of H2  increasing ter, perature, and the diffusion distance of these
on the particle surface and its decomposition into H atoms, atoms increases with time.
then the H atoms diffuse along grain boundaries, and crystal In processes (2), the reaction starts with the detachment
defects such as twin grain boundaries jump through intersti- of H atoms from Sm(Nd)H 2 3, simultaneously, the Fe and R
tial sites into the lattice. This results in its decomposition into atoms will rapidly diffuse into each other to recombine into
a mixture of Nd(Sm)H 2 3 and a-Fe(Mo), which also requires the original compounds but with much smaller grain size as
the diffusion of Nd(Sm) and Fe(Mo) atoms to form clusters shown also in Fig. 6. The size of the recombined grains is
of Nd(Sm)H2 3 and a-Fe(Mo). Therefore, when we hydroge- vital to permanent magnetic properties of the nitrogenated

samples because it determines the nitrogen content, x, and
the amount of the a-Fe phase as well as the amount of re-
verse domain nucleation sites. The grain size is determined
mainly by the desorption temperature and time. Certainly, the
size of the cluster of the mixture, which is controlled by the

4hydrogenation time and temperature, will influence the re-
- 'combined grain size. The grain size in the optimized perma-

nent magnets is around 0.3 to 0.5 Atm for Sm2Fe 7Nx and
0 /NdFeoMo 2N, compounds as determined from transmission

20 , /electron microscopy (TEM) observations. 3

I. M. D. Coey and H. Sun, J. Magn. Magn. Mater. 87, L251 (1990).2 y. C. Yang, X. D. Zhang, S. L. Ge, L. S. Kong, Q. Pan, S. Huang, and L.
Yang, Proceedings of the 6th International Symposium on Magnetism An-

0 tisotropy and Coercivity in RE-TMAlloys, dited by S. G. Sanker (Cam-
egie Mellon University, Pittsburgh, PA, 1990), p. 190.3Proceedings of the 12th International Works on RE Magnets and their

FIG. 5. The hysteresis loops of Sm 2Fe17 N. (a) and NdFeluMo 2Nx (b) corn- Application, Canberra, July, 1992, p. 44.
pounds magnetized at a field H=1.4 T after optimized HDDR and nitroge- 4S. Z. Zhou, J. Yang, M. C. Zhang, F. B. Li, and R. Wang, as in Ref. 8,
nation treatment. p. 44.
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Phase formation in melt-spun Nd-Fe-Mo-Ti alloys
F. E. Pinkerton, C. D. Fuerst, and J. F. Herbst
Physics Departmen4 General Motors Research and Development Center, 30500 Mound Road, Warren,
Michigan 48090-9055
We report for the first time the range of ThMn12-type crystal structure formation in melt-spun

Nd-Fe-Mo-Ti ribbons. These materials, which combine the melt-spun microstructure with the
favorable intrinsic magnetic properties of the NdFe12_.(Mo,Ti) phase, are important as precursors
to the formation of hard magnetic materials by nitrogen absorption. Alloys with compositions
Ndl.1sFeIo+xMo 22Tix (0-,x -1), which grade the composition smoothly between the two end
point alloys Nd1 15Fe10Mo2 and Nd1 15Fe11Ti, were melt spun at quench wheel velocities 5
m/s-<v,-<30 m/s. From x-ray diffraction patterns we construct a phase formation diagram as a
function of Ti content x and wheel speed v. We find that the desired ThMn1 2 structure is obtained
only in ribbons quenched at low v,. At higher speeds, the ribbons quench instead into the disordered
TbCurtype crystal structure. Further, the ThMn 12 structure is considerably less stable at the Ti-rich
end of the composition range than at the Mo-rich end: for Nd1.15Fe10Mo2, the ThMn 12 structure is
obtained for v,<- 17.5 m/s, whereas in Nd1l15Fel1Ti only ribbons quenched at vs= 5 m/s are of the
ThMn 12 type. Heat treatments of Nd1 15Fe11Ti ribbons melt spun at 30 m/s confirm the relatively
difficult formation of the ThMn12 structure type; annealing temperatures in excess of 1000 'C are
required to form the ThMn 12 crystal structure.

I. INTRODUCTION and NdFelTi. We will show that slow quench wheel veloci-
ties favor the formation of the ThMn12-type crystal structure,

Compounds of the type R(Fe,T) 12Ny (where R=rare whereas higher wheel speeds quench the alloy into the dis-
earth and T includes Ti, Mo, and V) having the tetragonal ordered TbCu7-type structure. We have previously reported
ThMn12 crystal structure have received increasing scrutiny as that the ThMn 12 structure is obtained in ribbons quenched at
potential permanent magnet materials since the discovery by wheel speeds up to about v, = 17.5 m/s in NdFe10M0 2, but
Yang et al.t ' that the Curie temperature Tc, saturation mag- that ribbons spun at v s= 20 m/s and above quench into the
netization M., and magnetocrystalline anisotropy field HA of ThCu7 structure.9 Here we find that compositions at the Ti-
RFe11Ti can be enhanced by nitrogen absorption. In the ni- rich end are much more readily quenched into the TbCu7
trided form, the most promising candidate materials are those structure at wheel speeds at and above v, = 10 m/s. High
with R=Nd, for which large saturation magnetizations and quench rate Nd-Fe-Ti ribbons can be converted into the
uniaxial anisotropies are obtained. In the case of T=Mo, for ThMn 12 structure by annealing at temperatures above
example, the anisotropy changes from basal plane in 1000'C.
NdFe10Mo 2 to uniaxial in NdFe10Mo2Ny (yl). 2- 4 Of
T=Ti, Mo, and V, the nitrides of the Ti representative have
been reported to have the most favorable intrinsic magnetic II. EXPERIMENTAL DETAILS
properties,5 with 41rM s= 13.7 kG and HA = 80 kOe at room
temperature, and Tc=470 'C (740 K). Magnetic hardening Starting ingots of the form Nd1 1sFeio+xMO2 _2xTi, (x
of the Ti materials to obtain substantial intrinsic coercivity, 0, 0.25, 0.5, 0.75, and 1) were made by induction melting
however, has proven to be difficult: coercivities of only 1.4- the pure elemental constituents in an argon atmosphere.
2.5 kOe have been reported in mechanically alloyed ThMn 12-type Nd-Fe-Mo compounds form over a range of
powders.6'7 This appears to be due to the formation of a Mo contents from NdFel1 Mo to NdFe9.5 Mo2.5; we selected
phase having the disordered, hexagonal TbCu7 structure8  NdFe10Mo 2 as the x= 0 end point for this alloy series be-
which impedes formation of NdFel1 Ti characterized by the cause it is stable, the melt-spun cognate has been well char-
ThMn12 structure. Greater success has been obtained in ni- acterized in our previous study,9 and it forms high coercivity
trides of NdFe10Mo 2, where coercivities of 6-9 kOe have ribbon powder upon nitriding.9,10 Excess Nd was included in
been reported by nitriding rapidly quenched ribbons either the alloys because our prior work on nitriding of Nd-Fe-Mo
directly quenched to a microcrystalline state,9 or else melt precursor ribbons demonstrated that extra Nd was beneficial
spun at high wheel speeds and then annealed.10 The genera- for obtaining large coercivities. 9 The ingots were rapidly
tion of high coercivity by both of these techniques relies on quenched by melt spinning the molten alloy through a 0.60-
the formation of ThMn 12-type material in the ribbons prior to 0.65 mm orifice onto the surface of a Cr-plated copper
nitriding. quench wheel. The quench rate was adjusted by varying the

In this article we examine phase formation in melt-spun surface velocity v, of the wheel. The ribbons were ground to
Nd1.i5Feo+xMo 2_2Ti x ribbons (0-<x-<1) as the quench -325 mesh (<45 Asm particle size), and x-ray diffraction
rate is varied by changing the quench wheel surface velocity patterns using Cu-K,, radiation were obtained. Powders
v1. The above alloy formulation transforms the composition made from NdFe 1 Ti ribbons melt spun at v= 30 m/s were
smoothly between the end point compositions NdFe10Mo 2  annealed in vacuum for 10 min at temperatures ranging from
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FIG. 1. X-ray diffraction patterns for Nd1.1sFeio+xMo 2 _2Tix ribbons melt Lattice parameters as a function of Ti content are shown
spun at 15 m/s: (a) x=0.25, (b) x=0.5, and (c) x=0.75. in Fig. 3 for the ThMn12-type ribbons quenched at a wheel

speed of 5 m/s. The lattice constants were obtained from the
d spacings of the well defined and isolated 301 and 002

600 to 1100 °C in order to establish the stability of the diffraction peaks, and checked against the positions of sev-
ThCu7-type material produced at high wheel speeds. eral additional peaks. Contraction of the lattice with increas-

ing Ti content x occurs predominantly in the basal plane,

III. RESULTS AND DISCUSSION while the change in the c-axis lattice spacing is small. Al-
though the ThMn12 structure is maintained throughout the

The ThMnt 2  structure is readily formed in composition range, the lattice constants do not obey Vegard's
Nd1, 5Feto 2 ribbons when the wheel speed is less than or law: a minimum in each of the lattice constants is observed

equal to 17.5 m/s. At high wheel speeds, above 20 m/s, the at about x=0.75.
ribbons quench instead into the disordered TbCu7 structure Figure 4 shows x-ray diffraction patterns of NdFej1Ti
type. The x-ray diffraction patterns in Fig. 1 illustrate the ribbons melt spun at a wheel speed of 30 m/s and subse-
effect on phase composition of moving toward Ti-rich alloys. quently annealed for 10 min at temperatures between 700
With the wheel speed fixed at 15 m/s, patterns are shown for and 1100 'C. The as-spun ribbons, shown in Fig. 4(a), have a
(a) Nd1 15Fet0.25Mo 1.5Ti0.25 ribbons, (b) Nd 15Fe10.5Mo1Ti0.5  few weak diffraction peaks, at line positions consistent with
ribbons, and (c) Nd1 15Fe 10.75Mo 0.5Ti0 .75 ribbons. Like its
pure Mo cognate, the x=0.25 sample has a clean ThMn 12
diffraction pattern. At x=0.5, however, the diffraction pat- |.6 -

tern has begun to transform into that characteristic of the 8.62
TbCu7 structure, and hence it represents a partially disor- 8Nd -SFel°xM 2 2XTix
dered material. Line broadening due to decreased grain size 8.61
alone cannot account for the observed changes in the diffrac- 8
tion pattern. At x=0.75, the transformation into the disor- 8o
dered ThCu7 structure is complete. 8.59 ,

From x-ray diffraction patterns like those of Fig. 1 we
construct in Fig. 2 the phase formation diagram as a function 8.58
of composition x (abscissa) and wheel speed v, (ordinate). I t I I I

The filled circles represent samples which fall clearly within / I
the ThMnl2 structure type, whereas the open circles represent 4.81

samples having the TbCu7-type structure. Partially filled S
circles denote samples which do not cleanly fall into either " 4.80 -
one of the two structure types, and signify in most cases a I I
partially transformed material. The demarcation between the 0.00 0.25 0.50 0.75 1.00
two structure types moves to significantly lower wheel Ti content x
speeds with increasing Ti content, indicating that the forma-
tion of the disordered TbCu 7 structure is much more favor- FIG. 3. Lattice parameters a and c for Nd 15Fejo+ Mo 2 -2xTi, ribbons melt

able at high Ti content. spun at v,= 5 m/s as a function of Ti content x.
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, , ,In conclusion, we have established the phase formation
0 (a) As spun Nd,. sFe11Ti . diagram of melt-spun Nd 15Felo+xMo 2_2xTix as the compo-300-

200 VS=30m/S J sition is changed smoothly between Ndl 15FeloMo 2 and
100 - , Nd1 s5Fej1Ti and the quench wheel speed is varied from 5 to

10 30 m/s. The ThMn 12 crystal structure, which is favorable for
C oo ( T = 7 v a I the formation of hard magnetic material by nitriding, is ob-

00 tained only a low wheel speeds. At higher speeds, the rib-
*Z' 500- obons quench into the disordered ThCu7 structure. The TbCu7
(D 0- Istructure is particularly stable at the Ti-rich end of the com-

1000 (C) Ta 0 =.qnooposition range, and in NdFeTi the ThMn12 structure is ob-
tained only by quenching at very low speeds (v, = 5 m/s) or

500o by annealing the ribbons at temperatures above 1000 0C.
0 This poses a serious challenge to the generation of useful

1500 (d) Ta. 11000C coercivity in ThMn 12-type Nd-Fe-Ti-nitride.
1000
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In-plane magnetized YIG substrates self-biased by SmCo based sputtered
film coatings

F. J. Cadieu and H. Hegde
Physics Department, Queens College of CUNY, Flushing, New York 11367

E. Schloemann and H. J. Van Hook
Raytheon Research Division, 131 Spring Street, Lexington, Massachusetts 02173

Highly anisotropic SmCo based films with the TbCu-type structure have been sputter deposited
directly onto YIG substrates. The SmCo crystallites have the c axes approximately randomly
splayed about the substrate plane such that the easy direction of magnetization of the SmCo film is
in the film plane. The in-plane static energy product of the SmCo film layers was about 16 MG Oe.
In-plane vibrating sample magnetometer hysteresis loops of the SmCo film and YIG substrate
exhibit a composite form with the YIG field reversal shifted into the first quadrant by the looping
field from the SmCo film layer. Approximately 4X4 mm2 pieces of YIG substrate have been
measured to determine the YIG bias field and field required for reverse saturation of the YIG as a
function of the SmCo based film layer thickness to YIG substrate thickness. It is observed that for
SmCo to YIG thickness ratios greater than 0.22, the looping field from the SmCo film layer is
sufficient to saturate the YIG magnetization in the reverse direction. SmCo film thicknesses in the
range from 80 to 120 Am have been used in these studies. Special boundary layers have been used
to promote thick film adhesion to the YIG substrates.

INTRODUCTION t 18 kOe using a vibrating sample magnetometer (VSM). In

Magnetic ceramics are often used in microwave circuits addition, a bipolar power supply was used to sweep the low

to provide an active element for miciowave circulators and field region for certain samples. Sample pieces of SmCo
isolators. In use the magnetization of the magnetic ceramic is based film and YIG substrate were cut for VSM measure-
generally saturated through the use of bulk pieces of magnet
surrounding the device., ' Such an arrangement is not ame-
nable to direct film integration of such devices. To provide an RESULTS AND DISCUSSION
alternative arrangement in which the magnetic ceramic can Figure 1 shows the cross section of a 118 $zh thick
be biased we have deposited SmCo based permanent magnet SmCo based film that was directly crystallized onto a 635
film layers directly onto YIG substrates. The SmCo based Am thick YIG substrate. A 1.5 /m boundary layer of dense
films were directly crystallized onto the YIG substrates such aluminum was first sputter deposited onto the YIG substrate
that the permanent magnet film layer has the easy axis of to promote film adhesion. The resulting film and YIG sub-
magnetization strongly aligned onto the substrate plane. The strate can be patterned by photolithography methods or cut
looping field of the SmCo film layer then acts to bias the
YIG substrate in the reverse direction. The YIG bias field
level and the field required for complete reverse field satura-
tion of the YIG has been studied as a function of the SmCo
film layer thickness to YIG substrate layer thickness. Perma-
nent magnet film layer thicknesses from 80 to 120 Am have
been studied. To promote adhesion of such films onto the
YIG substrates special boundary layers have been used.

EXPERIMENT

Highly anisotropic SmCo based films containing traces
of Cu and Zr as in SmCo based 2-17 magnets have been RF
sputter deposited onto polished YIG substrates. The sub-
strates were heated so that the deposit crystallized upon
deposition into a single phase TbCu7-type structure.3 The
nominal film Sm concentration was 14 at. %. The sputtering
conditions were adjusted so that the c axes of the TbCu7
structure were in the film plane and nearly randomly splayed
about the film plane. 4 To promote thick film adhesion a
boundary layer of dense Al was deposited onto the polished FIG. 1. The cross section of a 118 1m thick SmCo based film with in-plane
YIG substrates before the SmCo based deposition.5 The anisotropy directly crystallized onto a boundary layer coated YIG substrate
magnetic properties were measured at room temperature to is shown. The YIG substrate is along the left edge of the figure.
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FIG. 4. Hysteresis loops measured in-plane and perpendicular to the plane
FIG. 2. An x-ray diffractometer trace, CuKa radiation, of the SmCo film of of a 635 rm thick YIG piece are shown. The YIG area was 4.3X4.5 mm2.
Fig. 1 is shown. Note that the crystallites have the c axes aligned onto the Arrows are shown to indicate that each loop retraces itself.
film plane.

randomsplaying of the crystallites in two dimensions. The
as desired without the film and substrate delaminating. The expected remanent to saturation flux density in this case is
SmCo based film was crystallized into the TbCU7 disordered 2r-.6 h omtmeauesai nrypouto
1-5 type structure. An x-ray diffractometer trace of such a the=6 Sm .base film is peatr stati M O eneis prut cas

film is shown in Fig. 2. The only lines above background the rmoo tepaueimi 1H6. kGOe. so thiartiuenrg prode

correspond to the (110) at 20=36.43* and the (200) refiec- uct is not coercivity limited.

tion at 42.25. It should be noted that all crystallites have the Figure 4 shows in-plane and perpendicular to the plane

c axes aligned onto the plane of the substrate, but that there hysteresis loops for a bare YIG substrate piece measuring
is a nearly random splaying of the c axes about the film 4.3X4.5X0.635 mm 3. Arrows are shown to indicate that
plane. In some cases the SmCo based film was sputter de- each loop retraces itself with no apparent hysteresis to the
posited with a mask used to form a pattern in the film depos- scale shown. The YIG flux density passes through zero foritedal shown The YIG fluxrte denit pastsesi throps zearoe for
ited onto the YIG substrate. The hysteresis loops measured in zero applied field so that the YIG bias value is zero. For this
the film plane and perpendicular to the plane for a piece size piece a reverse in-plane applied field of 200 Oe is re-
removed from the mask are shown in Fig. 3. In this way the quired to saturate the bare YIG substrate. The perpendicular
magnetic properties of the SmCo based film can be measured applied field required for saturation is about 1200 Oe. The
from the same sputter deposition as used for the SmCo film field values required for saturation are set by the demagneti-
layer deposited onto the YIG substrate. The magnetic prop- zation field due to the shape of the YIG piece.
erties show that the easy direction of magnetization of the Figure 5 shows the composite in-plane hysteresis loop of
SmCo film layer is in the film plane. The typical remanent
flux density is approximately 8 kG which is consistent with a

118 prm SmCo On 635 pln YIG

10
In-Plane 1 - 60 k0

E0
0

-5

.2

-10 F20 -3. FI0 5 0 5 t l 15 20

-20 -10 0 10 20 APPLIED FIELD (kOe)

APPLIED FELD (KOe)

FIG. 5. An in-plane hysteresis loop for 118 Arn thick SmCo based film

FIG. 3. Hysteresis loops are shown measured in-plane and perpendicular to deposited onto a 635 A.m thick polished YIG substrate are shown. Arrows
the plane for a 118 Am thick TbCu7-type SmCo based film. indicate the magnetization progression.
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FIG. 7. The YIG bias level and the applied field level following magneti-
FIG. 6. An in-plane hysteresis loop for a 118 /Am thick SmCo film on a 316 zation at which the YIG becomes saturated in the reverse direction as a
Atm thick YIG substrate is shown in the inset. The main figure shows an function of the SmCo to YIG thickness ratio are shown.
expanded field view of the region indicated by the rectangle. The YIG bias
level due to the presence of the SmCo film is indicated as well as the field be noted that the YIG bias field value due to the presence of
at which the YIG becomes saturated in the reverse direction. Note that the
YIG is saturated in the reverse direction when the applied field is s"iM 4 69 the SmCo film is 150 Oe. The internal field of the YIG is
Oe in the opposite direction. The arrow indicates that the applied field was thus zero when the applied field has only been lowered to
decreased. +150 Oe. In this case the YIG reverse emu value has satu-

rated when the applied field has been reduced to +60 Oe.
The looping field from the SmCo based layer is thus suffi-

a 118 Am thick SmCo based film as deposited onto a 635 /tm cient to completely saturate the YIG in a reverse direction
thick YIG substrate. The applied field range shown is from when the external applied field is -_60 Oe. The looping field
t20 kOe. Arrows on the curve indicate the magnetization from such a SmCo based film has been used similarly to bias
and demagnetization progression. For the upper branch the permalloy strips7 and in the construction of a magneto-optic
sharp drop near H = 0 is when the YIG emu value reverses. waveguide isolator,8

In this case the SmCo and YIG substrate size measured was Figure 7 shows the YIG bias level, and the field required
3.5X3.3 mm 2. The relative SmCo to YIG emu value jumps for reverse saturation of the YIG, as a function of the SmCo
are in the ratio of the remanent flux density of the SmCo to YIG thickness ratio. For SmCo to thickness ratios of
layei .Ines the thickness of the SmCo layer to the saturation >0.22 the magnetization of the YIG is reverse saturated by
flux density of the YIG layer times the YIG thickness. The the presence of the SmCo layer. The YIG bias level and the
remanent SmCo flux density is 8.0 kG while that of the YIG field required for reverse YIG saturation become closer to-
is 1.7 kG. A SmCo to YIG film thickness ratio of 1.7/8.0 gether as the YIG thickness is decreased because the demag-
=0.21 would show the YIG reverse saturation step level at netization values decrease.
the zero net emu level. For Fig. 5 the SmCo to YIG thickness
ratio is 0.186 and thus the YIG emu contribution exceeds the ACKNOWLEDGMENTS
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Transverse susceptibility and magnetic anisotropy of CoTi-doped barium
hexaferrite single crystals

G. Zimmermann anc K. A. Hempel
Institut ffir Werkstoffe der Elektrotechnik, Aachen University of Technology, Templergraben 55, 52056
Aachen, Germany

Measurements of the reversible transverse susceptibility (RTS) were performed on
BaFe12_x-yCoxTiyO19 single crystals with doping concentrations x-y< 0.77 under different
angles 0o between the easy axis and applied field. For intermediate doping concentrations the
occurrence of a peak in the RTS curve for -o90 indicates that the domain walls are not free to
move. This assumption is confirmed further by the large component of the RTS being out of phase
with respect to the excitation field HE. The phase angle of the initial susceptibility measured parallel
to the easy axis becomes maximum at a characteristic excitation field value HEC and a relaxation
of the susceptibility is observed if HE steps from zero to a value larger than HE,c. Using the RTS
curve for -00=0 and assuming that the peak of the RTS is located at the same field strength as if the
particle were single domain, the first-order anisotropy field HA = 2K,/(.oM,) and the second-order
anisotropy constant K2 can be determined. The values found this way are compared to ,esults from
magnetization-curve analysis and from other authors.

I. INTRODUCTION =H( 2K2 , 2K H

Due to their wide applicability, M-type barium hexafer- K K,- + K,

rites with substitutions of Co 2+ and Ti4+ were the subject of where HA = (2K1)/(LoMs) is the first-order anisotropy field,
many theoretical and experimental investigations.' Most of K1, 2 are the first- and second-order anisotropy constants, M,
the experimental work was done on isotropic polycrystalline the saturation magnetization, and p,0=47rX 10- 7 (V s)/(A/m).
powder samples and aimed at the dependence of saturation If the direction of H coincides with the easy axis of the
magnetization and magnetic anisotropy on the doping particle (ao=0), the transverse susceptibility measurement
concentration. 2'3  yields HA, which is not influenced by K 2 67 Thus, the com-

There was an attempt recently to clarify the resulting and parison between H, and HA in principle gives the opportu-
partially conflicting theories of magnetization and anisotropy nity to determine both the anisotropy constants of a single-
by analyzing magnetization curves of single crystals over a domain particle. If, on the other hand, a multidomain single
wide range of fields and temperatures.4 One focal point of crystal is considered, the theory predicts a jump of the RTS
this investigation was the independent determination of the at the transition into the single-domain state. Since in prac-
first- and second-order anisotropy constants K, and K2 . The tice there is no sharp kink, as expected theoretically, it is
aim of this paper is to present new data for these constants generally impossible to get information about K 2 front RTS
obtained by measurements of the reversible transverse sus- measurements of multidomain particles.8

ceptibility (RTS) on BaFe12 _x.yCoxTiyO 9 single crystals at
room temperature. Results from analysis of the magnetiza- Ill. DETERMINATION OF ANISOTROPY CONSTANTS
tion curve in the magnetically hard direction are given for
comparison, ar. the observed time dependence of the initial We investigated five irregularly shaped
susceptibility is described in order to give more insight into BaFe, 2 _,_yCo~ iyOt9 single crystals, which were prepared
the magnetization process. by slow cooling 9 of BaO-BaF 2-B20 3 melts (Table I). The

samples were oriented in a field of 1600 kA/m and fixcd
using liquid adhesive. Subsequently, we measured the mag-
netization curves parallel and perpendicular to the easy axis

1I. TRANSVERSE SUSCEPTIBILITY in a vibrating sample magnetometer and the RTS under dif-

The reversible transverse susceptibility (RTS), which
measures the change of magnetization in the direction of a TABLE I. Dopant concentrations, weight, and saturation magnetization of
small excitation field applied perpendicular to a bias field H, the investigated single crystals.

was investigated theoretically for uniaxial single-domain par-
ticles by Aharoni et al.5 In the case of perpendicular orienta- BaFe12-.-,Co0TyO1 9

tion of bias field H and easy axis (Oo=90°), the theory pre- m M,
dicts an infinite RTS in the (H, easy axis), plane at field Sample x y (10- 3 g) (kA/m)

strengths sufficient for saturation. Assuming a single crystal 1 0 0 17.9 380
with an ellipsoidal shape, coinciding crystalline and rota- 2 0.09 0.1 14.3 372

tional axes, and demagnetizing factors N,1 and N t parallel 3 0.40 0.45 19.9 365
.14 0.58 0.58 43.0 333

and perpendicular to these axes, the saturating field is given 5 0.77 0.77 46.4 310

by
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FIG. 1. In-phase component of the RTS of sample 2 for different angles i%.  FIG. 2. Out-of-phase component of the RTS of sample 2 under the same
The measuring frequency was 5 kHz and the excitation field strength conditions as in Fig. 1.
15 Aim.

ferent angles 00 with an experimental setup similar to that order to get more insight into this effect, we measured the
described in Ref. 7, each time starting with a field of 1600 initial susceptibility parallel to the easy axis. Figure 3 shows
kA/m. the dependence of the phase angle of the initial susceptibility

Whereas the undoped single crystal exhibits a qualita- on the strength of the excitation field HE, where we use
tively good agreement with the theoretical RTS curves for X=X'-iV' (i = VF-T). The most striking result is the ex-
the multidomain case, a peak of the RTS occurs for o=900 istence of a maximum for the three samples with low and
even for the small doping concentration x 0. 1 (Fig. 1). If x medium degree of doping at a characteristic excitation field
and y increase, the RTS curves become more and more simi- HE,c of about 45 A/m. The ,/'IX' ratio depends weakly on
lar to the curves predicted by single-domain theory, indicat- the measuring frequency in the 1-150 kHz range (Fig. 4). As
ing that the domain walls do not move without energy con- a corresponding effect in the time domain, a relaxation of the
sumption (as presumed for the theoretical investigation).8  susceptibility with a time constant r of about 20 s at room
The location of the peak, as well as its shape, do not depend temperature can be observed on samples 2, 3, and 4 (Fig. 5),
on the measuring frequency in the range between I and 150 provided that HE steps from zero to a value larger than a
kHz and on the strength of the excitation field which was threshold value HETTHE.C. If the temperature is increased
increased to 90 A/m. up to 50 °C, r decreases to one-tenth of its room-temperature

Identifying the field of the RTS peak with H, and using value and becomes undetectable with our measuring equip-
the RTS curve and the magnetization curve for *0=0 for the ment at a temperature of 100 'C. If we thus assume a ther-
determination of HA', N11, and N., the values of HA and K 2  mally activated process with r= i 0 exp(A W/kT), we yield
given in Table II are yielded. In addition, we evaluated HA r0TO2X10- n s and AW -0.7 eV at a rough estimate. A simi-
and K 2 using a Sucksmith-Thompson (ST) plot of the mag- lar activation energy, as well as the existence of a threshold
netization curve in the magnetically hard direction.'( The field, was found by Enz et al.n on Si-doped YIG and as-
room temperature values of HA obtained in Ref. 4 by the cribed to a diffusion aftereffect 12 involving electron transi-
same method are given for comparison. tions between Fe2+ and Fe3+ ions. It is remarkable, in this

context, that Sim~a et al. deduced from their measurements a

IV. OUT-OF-PHASE COMPONENT AND TIME preferred occupation of 12k instead of 4f2, sites by the Co

DEPENDENCE and Ti ions in the hexagonal fundamental cell in case of

The assumption of a damped domain wall motion is con-
firmed further by the appearance of a large out-of-phase
component of the RTS for samples 2, 3, and 4 (Fig. 2). In 0.6

0.5 =
0.4 A

TABLE II. First-order anisotropy field HA and second-order anisotropy con- 0.09

stant K2 determined by RTS measurement and Sucksmith-Thompson plot 0.3 0.40
(ST), respectively. The PF,") values are given in Ref. 4 and were obtained by • 0.40
the ST method. 0.2 A a 00 0.58

HAr K2,RS HAST K2 ST H(4) 0.77
A (kA/m) (MJI/m 3) (kA/m) (MJ/m3) 0kA/m).1 -

0 1381 ... 1289 -0.001 1305 0 10 20 30 40 50 60 70 80 90
0.09 1370 0.006 1270 0.002 1241 HE(A/m)
0.40 1069 0.007 914 0.005 ... i

0.58 531 0.019 429 0.012 454
0.77 135 0.03 175 0.029 40 FIG. 3. Phase angle of the initial susceptibility as a function of the excita-

tion field strength HE . The measuring frequency was 1 kILz

J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 G. Zimmermann and K. A. Hempel 6063



0.4 - 7.88 .. - 2.08

7.86 ....78..<2.06

0.3 7. - 7.84
-...... - X=0 09 " 7.82 *. - 2.04

" £ x=O.4 7.8 2.02"" . ,, x=0.40 Iu 5< 7.78 .2

0.2 x=0.58 7.76 .

- " 1.987.74

0.1 7.72 1.96
0 50 0100 15 20 40 60 80

frequency (kHz) time (S)

FIG. 4. Phase angle of the initial susceptibility as a function of the measur- FIG. 5. Relaxation of the initial susceptibility of sample 3 at room tempera-
ing frequency. The excitation field strength was 15 Aim. ture. The excitation field is applied parallel to the easy axis and steps from

0 to 30 A/m.

increasing dopant concentrations. 4'1 3 The present results are
not sufficient to enlighten the conceivable connection be- relaxation time. Further investigations are necessary to
tween these observations, clarify the suggestive interpretation of these results in terms

of a diffusion damped domain wall motion, possibly due to
V. CONCLUSION distribution of the Co and Ti ions on energetically different

The first-order anisotropy field values determined by lattice sites depending on the direction of magnetization.
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Preparation of high-coercivity fine barium ferrite powder|
W. A. Kaczmarek and B. W. Ninham

Research School of Physical Sciences and Engineering, Australian National University, Canberra,
A.C.T 0200, Australia

The structural and magnetic properties of the thermally activated transformation from nanostructural
material, mechanically disordered and decomposed BaFe,2019 ferrite powder to pure crystalline

*. phase, have been studied by x-ray diffraction, scanning electron microscopy, and vibrating sample
magnetometry analysis techniques. All experiments were performed on as-milled (1000 h) in air,
and in vacuum and annealed Ba-ferrite samples (4 h at 773 and 1273 K). In parallel with the
structure and particle morphology changes, we investigate the influence of heat treatment on the
powder M-H hysteresis parameters in relation to the preparation routes, i.e., powder obtained by ball
milling in air and vacuum, and annealed in air or vacuum.

I. INTRODUCTION scope. Structural characterization was performed using a

The first experiments dealing with the effect of milling Philips x-ray powder diffractometer employing Co Ka (\

on the magnetic properties of barium ferrite were conducted =1.789 nm) radiation. Supplementary ' rmo-gravimetric

more than twenty years ago. 1'2 However, particles obtained experiments were performed in a Sh zu TGA-50H sys-

were well above the single-domain critical size (-1 /Atm at tem. The dc magnetic field behavior of the material was in-

room temperature); and the results of magnetic measur vestigated from the initially magnetized sample using a vi-

ments were ambiguous because they reflect the influence of brating sample magnetometer PAR 155. All magnetic

structural deformation and lattice defects. Likewise, simple measurements were performed at room temperature on disk-

milling techniques used in those studies suffered from lack shaped (4 mm) samples.

of control and precision in prescribing required milling con-
ditions. Only in a recently introduced new type of ball mills III. RESULTS AND DISCUSSION
can the milling process be controlled with required A. X-ray diffraction
precision.34 The present report is part of a wider project in X-ray diffraction (XRD) patterns of as-milled powders
which the influence of effects induced during mechanical ar diffracion (a) an or ampledApowders
processing on the gas-solid state surface interface on com- are presented in Figs. 1(a) and 2(a). For sample A1000 two
plex oxide systems is investigated. The influence of ball mill- main crystalline phases were distinguished: dominant lines

ing of BaFe, 201 9 ferrite powder on its structure and particle characteristic for a-Fe20 3 structure indexed and marked by
morphology was described in a previous paper 5 In this study, F(hkl), and the remaining, most intense, reflections fromalong with the structure changes we investigate the influence barium ferrite marked as (B) and indexed below for sample
of heat treatment on the powder particle morphology and AA1273. In the early study,' directly after milling no second
magnetic properties in relation to preparation routes, i.e., phase was detected by XRD analysis (only subsequently, af-powdetiprortied b in g reltin to araon cu , i ter annealing at 1273 K). Comparing the above with thepowder obtained by ball milling in air and vacuum. XRD pattern for sample V1000, a strong tetidency to form

II. EXPERIMENT disordered phase was found. Peaks observed belong to the
hematite phase, but additional broad features were assumed

High-purity (99.99 wt %) barium ferrite powder to be from nanocrystalline Ba-ferrite phase. Annealing at 773
(BaFe12O19) with particle size distribution in the 0.5-50-Mm K shows a complex mixture of two phases, and the influence
range from Alfa Products/Johnson-Matthey was used as a of air pressure during heat treatment was observed. Charac-
starting material. Starting sample characterization and me- teristic XRD lines for both structures are clearly visible, and
chanical ball milling preparation details were described ex- the broad feature (20=36 and A20=10.50) of V1000 has a
tensively in the previous paper. An additional two samples tendency to disappear. XRD patterns from AV773 and
were obtained by milling in air and in low-pressure "techni- VV773 are more similar than those seen for air-annealed
cal" vacuum (_ 102 Pa) for 1000 h. All three samples will be powders. We assume that unlike the air-milled sample, the

denoted in this paper as Ba-ferrite, A1000, and V1000, re- vacuum-milled sample has oxygen deficiency. Annealing in
spectively. Heat treatment was performed on AI000 and air allows restoration of stoichiometric proportions. Heat
V1000 powders at temperatures of 773 and 1273 K in air treatment at 1273 K for 4 h produces complete hexagonal
atmosphere, and in vacuum (sealed quartz tube) for 4 h. The structure restoration for either vacuum- or air-annealed
experiments then yielded samples designated: for air milled samples and, contrary to results presented above for lower
material AA773, AA1273 (annealed in air) and AV773, annealing temperature, present XRD patterns are the same.
AV1273 (annealed in vacuum) samples and for vacuum In Figs. l(d) and 2(d) powder samples annealed in air are
milled powder VA773, VA1273 (annealed in air) and VV773, presented. We note that particle crystallographic structure is
VV1273 (annealed in vacuum) respectively. Particle mor- uninfluenced by different annealing atmosphere and the time
phology was examined by direct observation of gold-coated required for "recrystallization," or to annihilate any defect
samples on a JEOL SEM 6400 scanning electron micro- induced by ball milling is relatively short when compared to
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FIG. 1. XRD patterns evolution of the air-milled BaFe 2O19 powder for
different annealing temperatures. Peaks are indexed by: F: a-Fe20 3 and B:
BaFe12O 19 .

that usually expected for "ordinary powder process." Partial
decomposition duing prolonged milling cannot produce
completely separated hematite and barium oxide particles. AA 1273 ltm V 1273 1grn
Rather, it takes place as a microscale phase separation, and
produces multigrain nanostructural particles of the three
phases. Then, the subsequent reaction requires only a short-
distance diffusion between the grains within a particle.

B. Scanning electron microscopy

In Fig. 3, SEM micrographs of A1000 and V1000 as-
milled powders as compared with samples annealed at 1273
K are presented. Different behavior was observed for each.
As a result of milling, instead of clusters of fine particles

AV1273 1ilgm VV1273 - 1gm
(A, trkld 100 h um

a) FIG. 3. SEM analysis of as-milled (A1000) and (V1000), and annealed at
1273 K in air (AA and VA) and vacuum (AV and VV) powders.

b) B F VA773 frtefrtat om admr
F BBF seen frteistpowder, atendency tfomlarger admr

F n aspherical particles can be noticed for the vacuum milled
BF powder. Annealing at both 773 and 1273 K (air or vacuum)

Fc0 B VV773 of A1000 and VI00 powders results in the same particle
C F F B B F characteristics, as compared with material before annealing.

a B-_Due to the short time of heat treatment, individual particle
shape was found to be insensitive to process temperature and

d1VA1273 atmosphere. After annealing the particle size remains in the
range 0.1-0.4 Atm and 1-3 Am, respectively, for air- and
vacuum-milled powders.

250 450 650 850
Scattenng Angle 2 0 (degrees) C. Magnetic properties

FIG. 2. XRD patterns evolution of the vacuum-milled BaFe1 2O19 powder From early reports on magnetic properties of milled
for different annealing temperatures. barium ferrite it has been well established that overall mag-
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TABLE I. Values of magnetic hysteresis parameters: volume saturation, ever, slightly higher M, values were observed for air-milled
remanence, and coercivity. All parameters measured at room temperature. powders AA1273 and AV1273. On the other hand, annealing
Maximum magnetic field applied 1 T. in air promotes minimally higher H, values. We assume that

M, M, Hdifferent particle morphology as seen in Fig. 3 is directly

Sample (kA/m) (kA/m) (kA/m) responsible for magnetic parameter value fluctuations. It is
obvious that independently of particle size, for either air- or

0 B O30.0 24.7 44.6 vacuum-milled powders, the observed M, values are close to
AA773 28.4 5.3 99.5 values measured for a starting powder (-90%), but of im-
AV773 52.1 25.2 187.8 portance is the fact that the coercivity increases over six
AA1273 347.8 222.8 445.6 times and reaches a value 445.6 kA/m. This value is typical
AV1273 344.1 203.5 393.9 of chemically coprecipitated fine Ba-ferrite powders where
V1000 22.9 5.6 60.9 perfect crystal structure assures a defect and stres! .reeVA773 13.9 3.6 58.5 spin arrangement with high magnetocrystalline anisotropy
VA1273 335.4 197.6 434.5 energy. According to the Stoner and Wohlfarth theory of
VV1273 343.0 199.2 429.7 coherent rotation, the theoretical coercivity for a random

assembly of Ba-ferrite particles would be H,=0.96
K1/Ms=664 kA/m (substituting K= +33 MJ/m 3 and M,

= 390 kA/m). The last value is higher than any experimental
netic properties greatly by milling annealing value ever obtained on mechanically processed powders.
processes."2 Our findings confirm these conclusions. From M6ssbauer spectroscopy results in the same powders will bethe results of hysteresis measurements performed at room prsne usqety8

temperature presented in Table I, it is clear that for as-milled presented subsequently.

samples A1000 and V1000 all parameters are extremely low
by comparison with the premilled powder. After subsequent IV. CONCLUSIONS
annealing at 773 K, only minimal changes of hysteresis pa-raetr aeobserved. The most significant improvement of We found that, depending on milling atmosphere (air or

m get ics peo erte s was eo rde signifort impowevacuum), the final average particle sizes are different -0.3overall magnetic properties was recorded for powders an-

nealed at 1273 K. Magnetic hysteresis curves for some of and -1 /tm, respectively, with multiphase nanostructurc.

are presented in Fig. 4 and all parameters are Low values of magnetization and coercivity, characteristic
listed in Table I. for decomposed Ba-ferrite, were found for as-prepared

We note that after annealing at 1273 K hysteresis param- samples. With heat treatment, structural and magnetic prop-
erties were altered, but the particle morphology is retained.eters are w eakly dependent on the m illing air pressure. H ow - A n ai g a 7 r d c s m r b i u h n e n m gAnnealing at 773 K produces more obvious changes in mag-

netic properties; however, with powders annealed at higher
temperature, significant values M,=335.4-347.2 kA/m

BaFe 2O10  M,(kA/m) and H.= 393.9-445.6 kAm were obtained. The M, value
AA 1273 400 Tis near the typical value for Ba-ferrite powder (<10%), but

--- VV 1273 300 the H, value was improved quite remarkably, by a factor of
AV 1273 .six, as a result of fine crystal grain size produced by short

200 annealing time.

2/ ' Soo/ 750 1 K. Haneda and H. Kojama, J. Am. Ceram. Soc. 57, 68 (1973).

',I'0 iH (kA/m) 2 M. H. Hodge, W. R. Bitler, and R. C. Brad t, J. Am. Ceram. Soc. 56, 497

3 A. Calka and A. P. Radlinski, Mater. Sci. Eng. A 134, 1350 (1991).
0- 4W, A. Kaczmarek and B. W. Ninham, IEEE Trans. Magn. MAG-30, 732

(1994).
40 5 W. A. Kaczmarek, J. Mater. Sci. (in press).

60. Kubo, T. Ido, and H. Yokoyama, IEEE Trans. Magn. MAG.18, 1122
(1982).7 E. C. Stoner and E. P. Wohtfarth, Philos. Trans. R. Soc. London A 240,

FIG. 4. Magnetization in a function of external magnetic field showing the 599 (1948).
effect of annealing at 1273 K on milled Ba-ferrite powders. 8S. J. Campbell, W. A. Kaczmarek, and G. M. Wang, ICM Warsaw t1994).
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Nitriding studies of aligned high anisotropy ThMn 12-type NdFe11Co l -yMoy N
film samples (abstract)

A. Navarathna, R Samarasekara, H. Hegde, R. Rani, and F. J. Cadieua)
Physics Department; Queens College of CUNY, Flushing, New York 11367

Highly aligned film samples of ThMn, 2-type NdFe12_y-zC~yM0z, y+z -1, have been directly
crystallized onto heated substrates by rf sputtering. The deposited films have then been nitrided at
different nitriding pressures and temperatures to determine the optimum conditions to maximize the
coercivity. The films have generally been (002) textured so that the easy axis of magnetization of the
nitrided films is perpendicular to the film surface. For low Co concentrations it has been possible to
enhance the saturation flux densities, the coercivity, and the anisotropy field of the nitrided samples.
Maximum room temperature coercivities and anisotropies of 11.3 and 145 kOe were obtained for a
ThMn1 2-type Nd8 .9Fe80.3Co6.0Mo4.8N (002) textured film sample. At lower temperatures the
coercivity and anisotropy rose smoothly to 29.5 and -200 kOe respectively by 10 K. Based on
nitriding studies on similar films, all nitride sites should be occupied at -1 N per ThMn12 formula
unit for the high coercivity films. Previously NdFeICo0 .5 Mo0 o5N films were reported with a room
temperature BHmn =46.3 MGOe at 293 K and 59.6 MGOe at 10 K.1 In general, films that have been
made to exhibit a gradient in any one component have exhibited lower energy products due to either
a reduced coercivity or to shouldered hysteresis loops.

')Supported by Army Research Office.

'A. Navarathna, H. Hegde, R. Rani, K. Chen, and F. J. Cadieu, IEEE Trans.
Magn. 29, 2812 (1993).
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Magnetic Anisotropy in Thin Films and Multilayers B. Engel, Chairman

Theoretical predictions of interface anisotropy in the presence
of interdiffusion (invited)

J. M. MacLaren
Department of Physics, Tulane University, New Orleans, Louisiana 70118

R. H. Victora
Imaging Research and Advanced Development, Eastman Kodak Company, Rochester, New York 14650-2017

The first ab initio electronic structure calculations of the magnetocrystalline anisotropy of
superlattices wit'- imperfect interfaces are presented. Specifically the possibility of an interdiffusion
between the layers at the interface in Co/Pd and Co/Pt superlattices is considered. The electronic
structure calculations use the local spin-density formalism as implemented with the lay-,r Korringa-
Kohn-Rostoker method. Interdiffusion at the interface is modeled in two distinct ways. In the first
approach a diffuse interface is represented by ordered arrangement of substitutions, while in the
second approach interdiffusion is assumed to produce a substitutionally disordered random alloy on
the layers at the interface, which is solved using the coherent potential approximation. The
calculated interface anisotropies for superlattices with perfect and imperfect interfaces are, on
average, modeled accurately by a simple N6el-type model. This model always predicts a reduction
in magnetic anisotropy resulting from the presence of defects.

I. INTRODUCTION the range of superlattice periods which exhibit useful perpen-
dicular anisotropy will depend on sample preparation. Thus,

Recently there has been considerable effort aimed at de- it is of great interest to understand and predict the influence
veloping high-density magneto-optic storage devices. One of defects on the magnetic anisotropy energy.
proposed method for reading the stored data is to use the The magnetocrystalline anisotropy energy in transition
polar Kerr effect. A prerequisite for using this technique is a metals is electronic in origin and results from the spin-orbit
medium with perpendicular magnetic anisotropy, since this interaction. The magnetic anisotropy can be obtained theo-
leads to optimal coupling between the incident light and the retically from an electronic structure calculation by comput-
magnetic media. Transition-metal superlattices have a num- ing the electronic energy as a function of the spin direction.
ber of desirable properties which make them potential These types of calculations are, however, challenging owing
magneto-optic media, including large Kerr rotations, which to the small changes of energy (as compared to the total
are still significant at short wavelengths, and perpendicular electronic energy) accompanying changes in the magnetiza-
anisotropy for certain multilayer geometries. tion direction. Calculations for the elemental magnets Fe, Ni,

Perpendicular magnetic recording also offers the poten- and Co1'2 predicted incorrect easy axes of magnetization for
tial of higher aerial storage densities than longitudinal re-
cording because of the properties of the demagnetization Co and Ni and while finding the correct easy axis for Fe the
fields. Many short-period magnetic multilayers exhibit a per- value of the anisotropy energy was too small. Systems with
pendicular anisotropy resulting from the influence of the in- ymmetry such as artificial free-standing monolayers,
terfaces, despite the tendency for in-plane anisotropy caused embedded monolayers, surface overlayers, 3 5  and
by demagnetization energies. Beyond a critical multilayer superlattices 6,7 typically have anisotropies which are an order
period, the volume anisotropy will dominate the influence of of magnitude bigger and are large enough that the anisotropy
the interfaces and in-plane anisotropy results. While the vol- energy can be reliably calculated using electronic structure
ume term always favors in-plane magnetization in a thin-film theory.
geometry, the interface term can in principle produce either a In this article first-principles electronic structure calcula-
longitudinal or a perpendicular contribution to the magnetic tior.s and a simple symmetry model are used to study the
anisotropy. In most of the magnetic multilayers it appears influence of defects produced by interdiffusion on the mag-
that the interface contributions favor perpendicular anisot- netic anisotropy. In particular, superlattices with three or-
ropy. The range of superlattice periods which have the de- dered arrangements of defects are considered. For the spe-
sired perpendicular anisotropy clearly depends on the rela- cific case of Co/Pd these are: (1) l(Co3Pdl)/l(Pd4) and
tive strengths of the interface and volume terms. The value l(Co3Pdl)/2(Pd 4)-a Pd substitution in the Co layer of 1Co/
of the interface anisotropy depends upon the quality of the lPd or lCo/2Pd; (2) l(Co4)/l(CoPd3)/l(Pd4)-a Co substi-
interface, thus, the strength of the magnetic anisotropy and tution in one of the Pd layers of lCo/2Pd; and (3)
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3Pt superlattices where the interdiffusion between Co and Pd
or between Co and Pt at the interface produces a substitu-
tionally disordered random alloy. The profile of Co interdif-
fusion has been chosen to follow a trapezoidal distribution,
i.e., l(Col _2 Pd2,)/(CoPdj _x)/1Pd/1(CoxPd -.,) and
1(Co x- 2xPt2x)/l (CoxPtl -.)/1Pt / 1(COxPtl - x) for various val-
ues of x. This composition profile is one which is consistent
with experimental x-ray studies8 where interdiffusion is often
seen to occur. In all cases the atoms were assumed to lie on
a perfect fcc lattice whose lattice constant was taken to be a
weighted average of the constituent atoms. This choice was
consistent with all the experimental x-ray determinations of

(a) the superlattice crystal structure.9

II. THEORY

A. Electronic structure theory

The electronic structure of both ordered and disordered
superlattices is found self-consistently using the layer
Korringa-Kohn-Rostoker (LKKR) method within the local-
spin-density approximation.1 The Janak, Moruzzi, and
Williams11 parameterization of the exchange correlation en-
ergy and potentials has been used. Unlike other studies
where the spin-orbit interaction has been included in a sec-

(b) ond variational step using self-consistent potentials obtained
in the absence of the spin-orbit interaction, 1'3'6 the calcula-
tions reported in this article solve the Kohn-Sham equations
self-consistently with the spin-orbit interaction when the
magnetization is normal to the superlattice. The longitudinal
magnetization calculation is treated as a perturbation on the
self-consistent solution for the perpendicular orientation of
the magnetization. The energy difference is obtained using
the force theorem 12 which we have found to give essentially
identical answers to within numerical accuracy to full self-
consistent results with a longitudinal magnetization. Calcu-
lations with an in-plane magnetization are significantly more
time consuming because of the lower symmetry.

The LKKR method has been described in detail in Ref.
10. In this section, therefore, we present a brief outline of the

(C) method, paying attention mainly to those aspects that are
FIG. 1. Crystal structures of ordered arrangement of superlattice defects, unique to this work.
Light and dark spheres correspond to Co and Pd/Pt atoms, respectively. (a) The potentials are assumed to be spherically symmetric
Monolayer substitution; (b) monolayer adatom; and (c) bilayer substitution, within contiguous muffin-tin spheres and a constant in the

interstitial region (the muffin-tin approximation). This ap-
proximation is known to be accurate for close-packed metal-

l(Co4)/l(CO3Pd)/l(Pd4)-a Pd substitution in one of the Co lic structures, and since the anisotropy energy is predomi-
layers of 2Co/1Pd. These three defect structures are denoted nantly determined by the d states which are primarily located
as a monolayer substitution, monolayer adatom and bilayer within the muffin-tin spheres, it is an excellent approxima-
substitution, respectively, and are shown in Fig. 1. The nota- tion for the anisotropy energies of the metallic superlattices
tion adopted is that all atoms between parentheses belong to discussed in this article.
the same layer, thus 1(CO4) is a single layer with four Co Inside the muffin-tin spheres the Hamiltonian can be
atoms in the two-dimensional layer unit cell. For each of conveniently partitioned into the usual scalar relativistic HSR
these structures, the defects are only connected at third near- and spin-orbit Hso terms. In Rydberg atomic units, which are
est neighbors, a separation at which the defects are assumed assumed throughout this work, HSR is given by
to be essentially isolated.

In addition to these ordered defect structures, we have 1 V2 0)(VI

also studied the magnetic anisotropy of lCo/3Pd and lCo/ HSR= -- ) V 2  0 V
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size is independent of the number of layers. Computing
times scale roughly cubically in the number of atoms per

1 r r (1) layer and linearly in the number of layers rather than as the
cube of the total number of atoms in the unit cell as is typical

This term is spin dependent but diagonal in spin space. The makes the LKKR method a very efficient technique for
spin-orbit interaction in Rydberg atomic units is given by studying superlattice electronic structure since typically each

1 dV 1 d layer has a simple structure and all the complexity in the

H 1 V T L Sz l_ (2) superlattice lies in the stacking together of the layers.
s=M-- \ S = l+ -z" The coherent potential approximation (CPA) provides a

The forms of HSR and Hso are taken from Koelling and technique for describing the electronic structure of the ran-
Harmon. 13  dom substitutionally disordered alloy by appropriately aver-

In the above equations, VT and V, are the spin-up and aging different configurations,15 and when combined with

spin-down one-electron potentials, V is the average of multiple scattering theory provides a first-principles density
spin-up and spin-down potentials, c is the speed of light, functional theory of alloys.16 The physical picture behind the

M =1/2 + (E - V)/2c 2 is the effective electron mass, CPA is as follows: A mean field treatment of the ailoy allows
l+=lx+ily, and l_=lx-il are the raising and lowering or- the construction of an effective medium which has transla-bital angular momentum operators, and l.,l, -, lz are the Car- tional invariance. Each atomic component in the alloy hastesian components of the orbital angular momentum opera- the electronic structure of that particular atom embedded intor. In the spin-orbit term Hso, V is chosen to be the average this effective medium. The concentrations of atoms can beof the spin-up and spin-down potentials to ensure that this made site dependent, thus, realistic interdiffusion profiles can

term is Hermitian for real energies. Hso couples spin-up and be modeled. The details of the implementation of the CPA
spin-down wave functions and this mixing depends upon the within the LKKR method are given in Ref. 17.

direction of the magnetization. The matrix elements of Hso The basis set included s, p, and d partial waves to de-

can be readily obtained by using spinors appropriate for a scribe the scattering in the layers from the individual muffin-

magnetization direction specified by the polar angles 0 and tin potentials. In order to converge the anisotropy energy to 4
ob,4 ARy, 13 plane waves to describe the interlayer scattering,

135 k points per irreducible Brillouin zone wedge, and 48
cos(0/2)e- iO/2 sin(0/2)e - 2  (3) energy points were needed. The spin-orbit interaction lowers

IT)=1 sin(O/2)eiO/2 , cos(O/2)e',/2. (3) the symmetry of the crystal, thus care must be taken to in-

Writing the solution to this effective Schr6dinger equation as dude all inequivalent wedges of the Brillouin zone.
a product of radial solutions, spherical harmonics, and B. Simple theory
spinors, defined by Eq. (3), results in a set of coupled differ-
ential equations which are solved by standard techniques. Results of our previous electronic structure calculations7

In contrast to most electronic techniques which calculate showed that the magnetic anisotropy had significant contri-
single-particle wave functions and eigenvalues, the LKKR butions from all points in the Brillouin zone and that Pd
method uses multiple scattering theory to obtain the one- atoms distant from the interface contributed negligible
electron Green's function at a given energy and wave vector amounts to the anisotropy. This suggested that the magnetic
in the Brillouin zone. The valence charge density is obtained anisotropy could be interpreted in terms of a real space
from the imaginary part of the Green's function from inte- model with near-neighbor interactions and that only Co-Co
grations over the two-dimensional Brillouin zone and over and Co-Pd or Co-Pt interactions were important.
energy from the bottom of the valence band to the Fermi Symmetry dictates that the lowest-order contribution to
energy, rather than from the sum of squares of occupied or- the magnetic anisotropy is L(R .I) 2 where L is the interac-
bitals. This energy integral is performed numerically as a tion strength, R is an interatomic unit vector, and k is a unit
contour integral in the complex plane which ensures rapid vector pointing along the magnetization direction. The total
convergence of both energy and Brillouin zone integrations. anisotropy of the superlattice can be found by summing the

Multiple scattering theory provides a convenient frame- basic interaction over all nearest-neighbor pairs of atoms. In
work for calculating the Green's function by combining the the Co/Pd multilayers the simple model is parameterized by
atoms together to form the solid in a recursive manner. In a the geometrical arrangement of the atoms, and by two con-
LKKR calculation the solid is partitioned into planes of at- stants Lf describing Co-Co interactions, and Lm describing
oms within which only two-dimensional translational sym- Co-Pd interactions. A similar pair of constants are needed to
metry is assumed. The multiple scattering is then factored describe the Co/Pt system. The philosophy of this model is
into intra- and interlayer terms. First the scattering properties the same as that suggested by Niel in 1954 in his study of
of the unique layers are found from those individual atoms. surface anisotropy; 8 differences include the use of two pa-
Multiple scattering within each layer is solved in the angular- rameters to characterize the two different interactions, and
momentum basis whose size scales with the number of atoms the correction of some algebraic errors in Niel's original
in the layer. Multiple scattering between the layers is solved work.
using the layer coupling algorithms, derived for low-energy In contrast to our previous work7 where explicit numeri-
electron-diffraction theory, 14 in a plane-wave basis whose cal values for the different atomic interactions were required
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TABLE I. Energies of superlattices with ordered arrangements of defects.

Defect Perfect Difference

System Energy (PRy) System Energy (JLRy) LKKR Simple theory

1(Co 3Pt)/1(Pt4) 186 1(Co4)/1(Pt 4) 389 -4.2KP -4.0KP
l(Co3Pd)/l(Pd4) 46 1(Co4)/1(Pd4) 72 -2.9K -4.0K
1(C03Pt)/2(Pt4) 98 1(Co4)]2(Pt4) 322 -5.6K -4.0K,
l(Co3Pd)/2(Pd 4) 165 1(Co4)/2(Pd4) 242 -2.5KP -4.0Kp

1(C04)/1(CoPt3)/1(Pt4) 393 l(Co4)/2(Pt4) 322 +1.8Kp -2.0KP
1(Co4)/1(CoPd3)/1 (Pd 4) 173 1(Co4)/2(Pd 4) 242 -2.3KP -2.0K,
1(Co 4)/1(Co 3Pt)/1(Pt4) 211 2(Co4)/1(Pt4) 240 -1.0KP -2.0Kp
l(Co4)/1(Co3Pd)/l(Pd4) -29 2(Co 4)/1(Pd4) 30 -16Kp -2.0K,,

to quantify the simple theory, in the case of superlattices with where the interface anisotropy of the ordered superlattice is
interfacial defects the changes in anisotropy can always be K- = WMn- (7)
expressed as a fraction of that found in the perfect structure. P 1 2 1'

This obviously makes the results more useful in interpreting In a similar way one can derive expressions for the reduction
experimental results. in anisotropy energy of the three ordered defects; They are

First we will derive an expression for the anisotropy of 4KP, for the monolayer substitution, and 2Kp for the mono-
an unstrained (111) superlattice which is composed of n lay- layer adatom and bilayer substitution. A simple geometric
ers per cell where the probability of finding a Co atom on picture would suggest that a Pd substitution in the Co mono-
layer j is given by P]. All nearest-neighbor atoms are con- layer would modify two interfaces and thus might be ex-
tained either within the plane or in the adjacent planes for pected to reduce the anisotropy by 2Kp, while the Co ada-
this superlattice orientation, thus it is more convenient to tom and the bilayer substitution only modify one interface
consider the effective interactions between atoms in the same and thus might be expected to reduce the anisotropy by Kp.
plane W0, and the effective interactions between atoms in The simple N6el theory predicts that the influence of the
adjacent planes W1. These effective interactions take into defects is twice as large as naively expected, demonstrating
account the geometric arrangement of the atoms in the [111] the dramatic effect of defects on the magnetic interface an-
planes. A superscript m or f is added to differentiate between isotropy.
ferromagnetic-paramagnetic and ferromagnetic-ferro- 1Co/5Pd superlattices fabricated under a variety of dif-
magnetic atom interactions. Specifically Wto sums the inter- ferent experimental conditions show a wide variation in the
action between a Co atom and six Co first nearest neighbors measured magnetic anisotropy. A lCo/5Pd superlattice
in a [111] plane, while W0 sums the interaction between a grown by molecular-beam epitaxy has the largest anisotropy
Co atom and six Pd or Pt first nearest neighbors in a [111] of 5.9X 107 erg/cm 2 (Ref. 19), and a lCo/5Pd superlattice
plane. Similar definitions apply to W{ and W1. All four of grown epitaxially in UHV had an anisotropy of 4.9X107
these effective interactions can be expressed in terms of the erg/cm2 (Ref. 20). Sputtered lCo/5Pd superlattices made by
basic interatomic interactions Lf and Lm. Using these effec- different groups have anisotropies of 2.6X 107 erg/cm 2 (Ref.
tive interactions gives the following for the magnetic anisot- 21) and 2.4X 107 erg/cm 2 (Ref. 22), respectively. These can
ropy of the disordered superlattice: be compared to the theoretical values for a perfect lCo/5Pd

n superlattice of 6.6X 107 erg/cm 2 (Ref. 7) and 8.7X 107

2K,= YP2We+ 2(1 - Ps)PJWo + pip+ wf{ erg/cm 2 (Ref. 6). All of the experimental superlattices will
contain defects, with the sputtered samples having the largest
concentration. The range of values observed is clearly con-

+ P1( 1 - P) + 1) W- + (1 - Pj)P, + tWT. (4) sistent with the theoretical expectations for superlattices with
defects.

Two identities can be derived immediately since the anisot-
ropy of the pure material and the 50:50 alloy are zero be-
cause of the cubic symmetry. This yields III. RESULTS AND DISCUSSION

W+Wf=WM +WM=0. (5) Table I shows the calculated anisotropies for all of the
ordered defects in Co/Pd and Co/Pt. As was stated in the

Using these relations and noting that the n-layer superlattice previous section, the simple theory predicts a reduction of
has two interfaces per unit cell it follows that the interface 4K , for Pd and Pt substitutions in a Co monolayer. The
anisotropy for the imperfect interface K, can be simply ob- results of the electronic structure theory for substitutions in
tained from that of the perfect interface K by the Co monolayer also show a reduction in the anisotropy. In

previous work on perfect Co/Pd superlattices we have no-
K,2= Kp (Pj-P+ i)2, (6) ticed that the simple model reproduces average trends in the

magnetic anisotropy while the results of electronic structure
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TABLE II. Energies of superlattices with random arrangements of defects.

Defect Perfect Difference

System Energy (IARy) System Encrgy (/uRy) LKKR Simple theory

'(Coo sPto2)/l(CooiPto9)/1Pt/I(Coo Pto9) 16.8 1Co/3Pt 64.6 -1.5Kp - 1.0KP
1(Co08 Pd0 2)/0(Co0 Pdo9)/1Pd/I(Coo 1 Pd0 9) 28.8 lCo/3Pd 56.6 - 1.0Kp - 1.0Kp
I(Co0 6Pto 4)/1(CO 2Pto 08)/IPt/(Co0 .2Pt0 8) 8.0 lCo3Pt 64.6 -1.8Kp - 1,6Kp
1 (COO 6Pdo 4)/1 (CoO 2Pd 0.8)/1Pd/I (Coo 2Pdo 8 ) 14.6 1Co/3Pd 56.6 - 1.5Kp -1.6Kp

calculations for individual systems can show significant de- IV. CONCLUSIONS
viations from the predictions of the simple theory. The stan-
dard deviation of the fit in this case was 1.2KP. These varia- Using the LKKR electronic structure method we have

tions can probably be explained by noting that while each performed first-principles calculations of the magnetocrystal-line anisotropy energy of a superlattice with imperfect inter-
point in the Brillouin zone contributes to the anisotropy, cer- faces. Both ordered arrangements of defects and a random
tam points are more important than others and that these substitutional alloy have beer, studied. Using a simple N6el-

pointshre sur la e epende tion sttype theory, expressions for the expected changes in anisot-
For the four monolayer substitutions studied, the average ropy associated with each type of defect have been derived.

reduction is 3.8K,,± 1.4K,, which is statistically the same as Detailed comparisons show the value of the simple

the simple theory prediction of 4KP. In the case of the or- symmetry-based model as a quantitative predictor of the ex-
dered defects structures with substitutions in the Co bilayer symt-bed oelaaqunitvepdcorfthex
derd dfeCtssth substitutions in the Co blayer (lastfourlines pected trends. The imperfect superlattices where the interdif-
and Co substitutions in the Pd or Pt layer (last four lines of fusion causes a random arrangement of defects are expected
Table I) the siageple theory predicts a reduction of 2K in the to be a more realistic model of the experimental interface,
anisotropy. The agreement between the electronic structure and in this situation the simple theory is both found and

results and the simple theory is clearly not as good. Exclud- an d to he siple he soth the nd

ing the 2CoflPd superlattice, leads to an average reduction expected to be more useful. We have shown that the influ-
of0g th 2Co1. 7Kpehic i s toan average r e ence of imperfections is generally larger than geometric ar-of 0.5 K,,.- 1.7K which is still consistent with the simple guments would suggest, and that defects act to reduce the

theory though the standard deviation is larger. Defect-free

2Co/lPd has a much smaller anisotropy than simple theory magnetic anisotropy.

would predict and thus it is not too surprising that the intro-
duction of defects produces an anomalous result.
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Magnetic anisotropy of metal/Co/metal and metal/Co/insulator sandwiches
Michael H. Wiedmann, Brad N. Engel, and Charles M. Falco
Physics Department and Optical Sciences Center, University of Arizona, Tucso, Arizona 85721

In situ polar Kerr-effect measurements have been used to study the magnetic anisotropy of
MBE-grown Au(111)/CoIX and Pd(111)/Co/X sandwiches, where X is the nonmagnetic metal Ag,
Au, Cu, and Pd or the insulator MgO. For the metals it was recently found that the magnitude of the
CoIX perpendicular interface anisotropy is strongly peaked at -1 atomic layer (1.5-2.5 A)
coverage. To investigate structural influences on the anisotropy, reflection high-energy electron
diffraction (RHEED) and low-energy electron diffraction (LEED) have been used to measure
changes resulting from overlayer coverage. Analysis of digitized RHEED images captured every -1
A during metal overlayer coverage shows no abrupt change of the in-plane lattice constant. The
out-of-plane lattice spacing has also been invest;;a.?d as a function of nonmagnetic metal coverage
by measuring LEED I-V curves along the (0,0) rod. In the case of Cu, where the LEED behavior
is nearly kinematic, no evidence was seen of any abrupt structural changes at -1 atomic layer
coverage. These results suggest the observed peak in magnetic anisotropy is not structural in origin.
To further study this phenomenon, the influence of an insulating overlayer, MgO, on the
perpendicular magnetic properties has been measured.

1. INTRODUCTION ings of - 1%. A reverse-view LEED system with an identical

A fundamental understanding of the magnetic anisotropy CCD camera was used to measure changes in perpendicular
arising from the interface between magnetic and nonmag- lattice spacings upon coverage by measuring intensity versus
netic metal films is an important current problem in magne- voltage (I- V) curves of the specular beam. The growth must
tism. Of particular interest for optical data storage applica- be interrupted after each coverage step in order to rotate the

Ssample stage to perform LEED. I-V curves can be completed
tion ar matria sysemsthatdislay erpndiclar in less than 20 min with minimal surface contamination be-anisotropy, such as Au/Co and Pd/Co. Possible explanations tweendpsto.

advanced for this strong anisotropy include the reduced co- ndpstos
ordination symmetry,1 altered electronic structure, 2 and lo- Magnetic and magneto-optic characterization of the
calized epitaxial strain at the interface between two different samples was carried out by in situ polar Kerr-effect measure-
materials. 3 Previously, we have investigated influences on ments. The sample can be transferred between the deposition
the interface anisotropy by varying overlayer coverage and chamber of our molecular-beam-epitaxy (MBE) system and
material species.4' For Ag, Au, and Cu we have found that antecoetdulrhg-cum hmbr( 2X1i

the agntud oftheCo/eta perendculr iteracean- Torr) where it is aligned between the poles of an external
istrop mgisustrogl pheak/eda p1ratomiclar coeragean electromagnet. The magnetic field is applied along the

inorp tis atricl weareport on detilerua chaeraer- sample normal with a maximum field of ±2.2 kOe. We use aIanti f tcte meal oeroayepsy eflecton hh-eer 50 kHz photoelastic modulator and lock-in-amplifier-basedeleciton dffcth (HaEl and lenergeerd detection scheme with a HeNe laser to measure the polaraction (Ed.ic Wealtso iet and lth-en effects on i- Kerr ellipticity of the sample as a function of applied field.

lating overlayer (MgO) on the magnetic properties of single
crystal Co films grown on Au(111) surfaces. Il. STRUCTURAL CHARACTERIZATION OF METAL

OVERLAYERS
II. EXPERIMENT

The role of crystal structure in our observed coverage-
The results reported here are for Co films in the thick- dependent anisotropy is an important question that is difficult

ness range 2 A ntv30 A deposited on 500-A-thick buffer to address. Because magnetic anisotropy is very sensitive to
layers of either Pd(111) and Au(low). The buffer layers were the local environment, subtle changes in atomic spacings
grown on annealed, Co-seded GaAs(110) substrates. We could cause significant effects. We have used RHEED and
used an effusion cell for Pd deposition at 0.15 A/s, and LEED to investigate coverage-depende t changes in the sur-
optical-feedback-controlled electron-beam evaporators to de- face lattice spacing. Using RHEED, we have measured in-
posit the Au (0. 1 A/s), Co (0.25 A), Cu (0.1 s 0, and MgO tensity profiles across a streak pattern of a Co surface as it is
(-2 A/s. All deposition rates were determined from Ruth- progressively covered with Au. 6 Starting with a 30 A Co film
erford backscattering spectrometry (RBS) analysis of thick deposited on a 500 A Au( 1) buffer layer, RHEED images
calibration films. The background pressure for the metals were captured every 4 s during uninterrupted Au deposition
was _-5X1l-iO Torr during deposition and _-IX10-8 Torr at a rate of 0.1 A/s, giving a coverage interval of -0.4 A. At
for the insulator. The crystalline quality of the films was the coverage equivalent of 1 atomic layer (2.4 A), the dif-
monitored during growth with RHEED. The RHEED images fraction peak is composed of contributions fron both bulk
were captured with a charge-coupled-device (CCD) camera Au and bulk Co spacings. After 2 atomic layers of coverage,
system capable of resolving changes in in-plane lattice spac- the peak is dominated by diffraction from the bulk Au spac-
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FIG. 1. LEED I-V curves of (0,0) specular beam for Co(111) surface and a FIG. 2, Change in average perpendicular lattice spacings determined from
thick Cu film (200 A) deposited on top of it. shifts in lowest-energy peak locations in Fig. 1. The continuous curve is

calculated assuming bulk Co and Cu lattice constants and a mean sampling
depth of 3 A. There is no evidence of any abrupt change at 1 atomic layer

ing. Because the Au immediately grows incoherently and coverage.

strain free, these measurements suggest that the Co in-plane
lattice spacing is unaffected by the Au overlayer. A similar
experiment was carried out for a Cu o-erlayer on Co, where
the two materials have a roughly 2% lattice mismatch. In this out-of-plane lattice constant. The energies and distances are
case we also see no abrupt changes in the surface lattice given in hartrees, 1 hartree=27.18 eV, and bohrs, 1 bohr
spacing. =0.529 A, respectively. The angle of incidence of the elec-

Because the RHEED geometry is only sensitive to the tron beam was -7* in the (11-2) azimuth. The measured
in-plane lattice spacings, we can obtain information about spectra of the Cu(111) surface are very similar to those mea-
the out-of-plane spacings from LED versus I-V measure- sured by Reid. s We have measured the inner potential shift
ments. Although not as rigorous as a full dynamical analysis, for bulk Co and bulk Cu to be 7.7 and 8.5 eV, respectively. It
one can determine the average out-of-plane lattice spacing of should be noted that we do not know how the inner potential
the top few monolayers from measured I-V curve of the Vo varies as Cu is deposited; however, because the two bulk
specular or (0,0) beam. This simple analysis is only valid for values are nearly the same, we used their average (8.1 eV) in
materials which show weak or no multiple scattering. The all of our calculations. This causes only a small uncertainty
average lattice spacing is deduced by comparison of the re- in our determined lattice spacings and is included in the error
suiting intensity peak locations to calculated Bragg peaks. In estimates.
this article we report results from I-V curves of the (0,0) From the shifts in the Bragg peaks upon coverage we
beam of Cu deposited on Co(111). In this case, the overlayer can calculate changes in the average otut-of-plane lattice
is a different material from the substrate and therefore this spacing according to Eq. (1), and which are shown as the
analysis provides a combined weighted average lattice spac- circles in Fig. 2. Here we ham.z used the lowest-energy peak
ing of both materials. As an example of the sensitivity of this at 137 eV which is the most surface sensitive with a mean
technique, Fig. 1 shows an I-V curve of a clean Co(111) sampling depth of only -3 A. The mean free path of LEED
surface and that from a bulklike thick Cu film deposited on electrons at 137 eV is roughly 6 A;7 however, in a reflection-
top of the Co surface. The two representative curves show diffraction experiment in which a monoenergetic beam must
well-defined Bragg reaks which are slightly shifted from enter and exit the crystal, the mean sampling depth is half the
each other. To measure the effect of the overlayer as it is value of the mean free path. We have also calculated the
grown, I-V curves were taken after each of many Cu depo- coverage depenI..1 e of the average lattice constant that
sitions of -1 A each (the equivalent of 0.5 atomic layers of would be expected if both the Co and Cu remain at their bulk
Cu). As the bare Co is increasingly covered with Cu we spacings. This average spacing is calculated using depth-
observe a continuous shift from the Co peak positions to the dependent weighting factors derived assuming an exponen-
Cu peak positions. Further deposition of Cu beyond 8 A tial decay of the LEED electrons with a probing depth of 3
coverage does not change the location of the peaks. These A. The calculated solid curve in Fig. 2 is in good agreement
peaks can be associated with Bragg diffraction by taking into with the measured data indicating that, to within our uncer-
account an inner potential correction, indicating that both the tainty, Cu grows at its bulk perpendicular lattice constant on
materials Co and Cu behave nearly kinematically. The peak the Co surface. We see no evidence of any abrupt structural
location of the specularly reflected beam can be calculated changes of greater than -0.6% at - 1 atomic layer coverage
from the following relation.7  that would correlate with our observed peak in the anisotropy

2(EB+ VO)coS 2 0=(nra/d)
2 , (1) at this coverage.

We have also taken LEED I-V spectra of the specular
where EB are the Bragg energies, Vo is the inner potential, 0 beam for Au and Pd overlayers on Co. Both materials show
is the angle of incidence, n the order of the peak, and d the strong multiple scattering where the peaks do not correspond
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18 A Co Cu. The initial magnetic moment of the bare Co is in plane.
(a) As we previously reported, upon coverage with just 2 A of

Cu we see a large increase in the perpendicular anisotropy.
_Interestingly, after depositing a MgO cap of -120 A thick-

ness we observe a decrease in the perpendicular anisotropy.
The MgO shows polycrystalline growth a, evidenced by the

2 Acu disappearance of the Cu RHEED streak pattern. In a different
(b) [experiment we started with a perpendicularly magnetized 4

A Co film with a coercive field of Hc 470 Oe; subsequent
deposition of -30 A polycrystalline MgO reduces the coer-
cive field to HCAZ70 Oe with no change in the magnitude of
the measured ellipticity.

12o A mgO It is surprising to find such a large change in anisotropy
lO0 since the electronic interaction between the metals and MgO

should be very weak. It is possible that the MgO overlayer
1 H (KOe) induces strain in the Co. Unfortunately, because MgO grows

polycrstalline in this case we are unable to use in situ struc-
tural characterization techniques to investigate changes due
to MgO coverage. Work is in progress to investigate other
insulating materials.

FIG. 3. In situ polar Kerr ellipticity loop from: (a) uncovered 18 A Co on

Au(111); (b) 2 A Cu deposited on 18 A Co; (c) 120 A MgO deposited on 2 V. SUMMARY
A Cu.

We have used RHEED and LEED to investigate struc-
tural influences on the perpendicular anisotropy of Co(lll)

to Bragg peaks and therefore the above simple analysis can- ultrathin films upon coverage with the noble metals Ag, Au,
not be applied, and Cu. Neither RHEED nor LEED show evidence for

abrupt changes in surface and out-of-planc lattice spacings
IV. MAGNETIC CHARACTERIZATION OF MgO for Au and Cu, respectively. We have also investigated the
OVERLAYERS effect of an insulating overlayer (MgO) on the magnetic an-

In order to further study this phenomenon we have mea- isotropy with in situ polar Kerr-effect measurements and ob-
sured the influence of an insulating overlayer, MgO, on the serve a reduction in the perpendicular anisotropy.
perpendicular magiletic properties. For the noble metals Ag, ACKNOWLEDGMENTS
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t Effect of submonolayer coverage on magnetic anisotropy of ultrathin
cobalt films M/Co/Au(111) with M=Au, Cu, Pd
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Using in situ polar magneto-optical Kerr-effect measurements, the variation of the Kerr rotation and
magnetic anisotropy of a (0001)Co ultrathin film on a (111)Au substrate has been precisely
recorded, during the first stages of the growth of an overlayer of metal M=Au, Cu, and Pd. As
reported earlier, a drastic increase of the magnetic anisntropy was observed, with a peak around 1
monolayer of overlayer thickness. From a careful study of the variation of the remanent Kerr
rotation, it could be shown that only the interface contribution to the anisotropy changes with the
overlayer thickness, while the bulk contribution remains mostly constant. The overall behavior can
be interureted in terms of electronic effects in the metal overlayer, acting on the interface anisotropy
via band hybridization at the interface.

Considerable work has been devoted in the last few with 1-2 ML of Au coverage is observed by RHEED.6 This
years to the study of the magnetic anisotropy in ferromag- is a major phenomenon, which involves an important reorga-
netic ultrathin films.' Besides the magnetocrystalline inter- nization of the Co layer to rub out at least short-range rough-
face anisotropy introduced by Niel,2 strain-induced magne- ness. It may be attributed to a surfactant effect of Au: Indeed,
toelastic anisotropy 3 or spin polarization of the interface the surface energy of (111)Au is lower than the (0001)Co
layer in the nonmagnetic substrate4 have been proposed to one. This behavior is not observed for Cu and Pd cuverage.
explain the observed behaviors of anisotropy versus the fer- Our PMOKE configuration, in which both magnetic field
romagnetic film thickness, or for different nonmagnetic and laser beam are perpendicular to the sample, allows direct
metal substrates. A new powerful way to investigate the ori- determination of the anisotropy coefficients only for films
gin of the magnetic anisotropy in ultrathin films is to mea- magnetized in plane, and provided that sufficiently high
sure its development in situ, during the first stages of the fields can be applied to saturate the magnetization of the
growth of an interface between the film and a metallic over- sample. In the present study, this would restrict the determi-
layer. It has been reported recently5- 7 that the coercivity and nation to only a few selected values of tc4,.7,8 To get an
the perpendicular anisotropy of Co ultrathin films on Pd(111) evaluation of the variation of the anisotropy coefficients for
and Au(lll) substrates exhibit drastic increase with only any tco and tM combination we have proposed 6 an original
submonolayer coverage by Cu, Ag, Au, and Pd, while a clear method that uses the fact that, for hcp Co thin films, the two
peak is observed around one atomic tayer (AL) of overlayer first anisotropy coefficients K, and K 2 have comparable
thickness; however, owing to the complexity of in situ ex- magnitude (with K2>0), and the change in easy axis from
periments, only total anisotropy for one Co thickness could perpendicular to in plane with tco occurs via an intermediate
be measured.7'8 We have proposed6 an original method, state where the easy direction lies on a cone of half-angle y.
based on the analysis of the evolution versus the Co film Provided the sample remains in a single-domain state, which
thickness tc, of the polar magneto-optical Kerr (PMOKE) is likely at least for low to intermediate values of y, the ratio
rotation at remanence. We report here a detailed application of the remanent to saturated Kerr rotations OR/Os, in this
of this method to the case of a (0001)Co film on a (l11)Au intermediate state, should be equal to cos(y), given by
substrate, upon coverage by a metal M=Au, Cu, or Pd.

Details of our sample preparation method have been cos(y)=[(-27rMs+K+2K2)/2K2] /2 . (1)
published previously.6'9 To achieve maximum precision and
reliability in our study of the magnetic properties versus Here, Ms is the saturation magnetization, which in the fol-
films thicknesses, we grow stepped-wedge samples using a lowing we shall assume constant and equal to the bulk value.
moving shutter between sample and evaporation sources. For Assuming that K 2 does not change much with tco (this
each sample, ten . m-wide steps are made, with increasing assumption is confirmed a posteriori at the end of this ar-
Co thicknesses. Then the M overlayer is grown in successive ticle), a good characterization of the dependence of K, vs tco
thin (0.5-1 AL) layers, and after completion of each new is given by the crossover thickness t* at which 0=45'. By
layer, comprehensive PMOKE and reflection high energy introducing for K, the usual expressions with interface
electron diffraction (RHEED) scans are performed by mov- anisotropies Ks, and Ks2, respectively, for the first (Co/Au)
ing the sample in front of a fixed e- or laser beam. and second (vacuum/Co or M/Co) interfaces, and a volume

As we reported earlier, a smoothing of the free surface contribution KV, one obtains the expression
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FIG. 1. Saturation polar Kerr rotations measured on a Au/Co/Au(11) sand- FIG. 2. Normalized remanent Kerr rotation vs normalized Co thickness,
wich vs the Co thickness tc, for different values of the overlayer thick- measured on a Au/Co/Au(lll) sandwich for different values of the Au over-
ness tAu- layer thickness (see legend inside the figure).

Ks +Ks2=t*(2,rM2-Kv-K2). (2) fast increase in t* at the very beginning of the overlayer
K growth. For Cu and Au, a narrow peak appears around

Furthermore, if both volume contributions K0 and K2 do tcu= 1.0 AL (respectively, t Au = 1.5 AL), followed by a sub-
not depend on the overlayer thickness tM, one can easily see sequent decrease of t* toward saturation. A smoother in-
by combining Eqs. (1) and (2) that, for a given metal M, the crease of t* is observed with M=Pd, as in Ref. 8. In agree-
OR/Os vs tco dependencies for any tM values should super- ment with previous reports, 5- 8  the coercivity of
impose on the same OR/Os vs (lt*) scaling curve. perpendicularly magnetized Co films (tco<t*) displays a de-

Examples of hysteresis loops measured in situ at differ- pendence versus tM very similar to that of t*. Note also that
ent stages of the interface growth have been given earlier. 6  the value of t* that we measure on uncovered Co film
For tco values above 7 AL (4 AL for Cu coverage), where the (t* =4.3 ML) is in very good agreement with that reported
loops are not perfectly square, the maximum magnetic field previously) 2

in our setup is too low to allow direct determination of Os. Not much can be said at this point on the evaluation of
For lower tco values the measured Os values vary linearly absolute values of Kst +Ks2, which would require knowl-
with tco, as can be seen for Au coverage in Fig. 1. To evalu- edge of K, and K2 for each overlayer metal M. One can,
ate Os for any Co thickness, we thus extrapolate this linear however, observe that the scaling curves of Figs. 2 and 3 are
variation to higher tco values. By high-field (20 kOe) mea- very similar, which leads one to expect similar values for K,
surements in air on samples with a thick coverage, we and K2 for M=Au and Pd. It is difficult to conclude for
checked that this extrapolation is valid at least up to 15 AL of M=Cu, as a much smaller perpendicular anisotropy results
Co. An important effect seen in Fig. 1 is the occurrence of a
nonzero intersect with the tco axis, in agreement with Ref.
10. This can be attributed to an interface effect. A more de- 1.2

tailed study will be published elsewhere.'1

Figures 2 and 3 display the variation of OR/O s vs t/t*, I d, • 0 0.SAL
respectively, for Au and Pd coverages. In both cases, within D1AL
experimental precision all points appear well on the same 0.8 1.5 AL

scaling curve. This good agreement with scaling hypothesis
confirms that K 2 is rather constant and does not change much . 0.6 2 AL

with tco. A similar behavior is obtained for Cu coverage. 3AL
Those curves appear actually more rounded than the ones 0.4 6AL
calculated for perfect films.i 2 This can be easily accounted 0.

for by introducing a narrow distribution of anisotropy coef- 0.2

ficients, which could originate from nonuniform Au substrate
roughness, or from inhomogeneous densities of stacking 0I I
faults or strains. 0 0.5 1 1.5

As stated above, this scaling behavior allows us to as- t/t*
sume confidently that measurement of t* versus overlayer
thickness characterizes precisely the variation of the inter- FIG. 3. Normalized remanent Kerr rotation vs normalized Co thickness

face anisotropy K51 + Ks 2 vs t M. The variation of t* vs t M measured on a Pd/Co/Au(ll1) sandwich for different values of tue Pd over-

for M=Cu, Au, and ki is ,iven in Fig. 4. We observe a very layer thickness (see legend inside the figure).
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16 can give a pseuu.- ,e~iare term,3 which, as observed here,
should be higijei ,or Au and Pd coverage, those metals hav-

114
/4 \.N Au ing a large lattice mismatch with Co. Thi. MEA is unlikely

2- .............. to be the dominant contribution here, as it could explain

0 - - Pd neither the negative sign of Ks for the vacuum/Co interface,
S / nor the peak, nor even the amplitude of the change in Ks for
s8 Au and Pd coverage. Also, a tM-dependent relaxation of the

C 6 . distance between subinterface and interface atomic planes in
6 Co could contribute. However, the most likely origin of the
4 behavior reported here is an evolution with tM of the elec-

tronic band structure of the metallic overlayer, acting on the
2 interface anisotropy through band hybridization with the Co.

0 i Indeed, very important changes have been observed by pho-
0 2 4 6 8 10 12 toemission on electronic structures of ultrathin layers of Cu

tM (AL) on Co(0001), 15'16 or Au. Moreover, in both cases the tM de-
pendence of the band structure bears striking similarities
with the behavior displayed in Fig. 4 here, with, for instance,

FIG. 4. Variation vs M overlayer thickness tm of the Co thickness i* where the existence of specific two-dimensional (2D) electronic
the remanent Kerr rotation is equal to 1/v times the saturation Kerr rota- structures for 1-1.5 AL coverage that relax very rapidly to-
tion, for M=Au, Cu, and Pd. ward the bulk structure with further deposition of less than 1

AL. The existence of such 2D structures requires abrupt and
flat interfaces. In this scheme, the more rounded behavior

in a narrow observation range, and thus in less precise evalu- observed here for Pd coverage could be attributed to some
ations. Nevertheless 4) e*t comparative values of interface alloying at the interface, as we have evidenced earlier on
anisotropies for all , erages, we have assumed one set similar samples.
of volume coefficie, . . and K2, measured on similar Finally, we cannot rule out the occurrence of a small spin
Au/Co/Au samples, 13 and made the assumptions that: (i) in polarization in the Au or Cu monolayer on Co, as observed
the Au/Co/Au sandwich both interfaces have the same Ks; recently at the Co/Cu interface. 17

(ii) the first (Co/Au) interface keeps the same Ks for any This research has been sponsored by a HCM-EEC pro-
coverage. This last assumption in particular corresponds to gram.
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Effects of Ar-ion implantation and annealing on structural and magnetic
properties of Co/Pd multilayers
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The contrasting effects of ion implantation and thermal annealing on structural and magnetic
properties of Co/Pd multilayers have been studied. Ion implantation causes local damage to the
multilayers, resulting in enhanced magnetization due to the polarization of the neighboring Pd.
Thermal annealing generates massive interdiffusion across the interfaces into the formation of
Co-Pd alloys with a lower magnetization. Effects on coercivity and remanence have also been
studied.

Magnetic multilayers have been the subject of numerous satellite peaks near the Pd(lll) peak. Because Co layers are
studies ' 2 owing to their unusual properties and potential ap- thin and have a much lower scattering factor, no substantial
plications. Novel properties such as enhanced magnetization, diffraction peaks near the Co(111) peak are revealed nor ex-
large (sometimes perpendicular) magnetic anisotropy, tai- pected. It is well known that the intensity of the satellite
lored spin structures, and giant magnetotransport properties, peaks is dictated by the layer profile and the repeatability of
have been uncovered. Among the multilayers, Co/Pd has the bilayers. The structural coherence of the multilayers is
been extensively studied in recent years,3,4 stimulated by manifested by the width of the diffraction peaks. From the
both fundamental interests and technological applications, width of the main diffraction peak, beyond the instrumental
For constituent layers with very small thicknesses, the per- width, the structural coherence length L has been determined
pendicular anisotropy together with substantial Kerr effect to be about 270 A, which is about four bilayers. These results
have led to the application of Co/Pd multilayers in magneto- show that the as-prepared sample has a well-defined layer
optical recording media.5  structure with [111] crystalline orientation.

While the novel properties of multilayers are intima!ely Figures 1(b)-l(e) show the diffraction data for ion-
related to the high degree of structural coherency of the lay- implanted samples of [Co(10 A)/Pd(59 A)]18 with Ar fluence
ered structure, a complete understanding of the relationship varying from 5 X 103 to 7.5 X i014 ions/cm 2. Several features
between interfacial characteristics and physical properties re- are noted for samples within this fluence range. For increas-
mains lacking. In this work we have systematically altered ing fluence, the satellite peaks decrease progressively in in-
the interfacial characteristics of Co/Pd multilayers using ion tensity but remain observable in all cases. More important,
implantation and thermal annealing, and studied the resultant the width of the main diffraction stays essentially the same as
structural and magnetic properties. Our studies show that that of the as-prepared sample. These results indicate that
these two methods give rise to very different effects on the layer structure and the structural coherence length L remain
multilayer structure. intact, but the layer profile becomes more diffuse as a result

The Co/Pd multilayer samples have been deposited onto of ion implantation.
glass substrates using two electron-beam-deposition sources A contrasting situation occurs when the Co/Pd multilay-
in a vacuum of 1X10-8 mbar. The samples are denoted as
[Co(x A)/Pd(y A)]n, where x and y ace the Co and Pd layer
thicknesses, respectively, and n is the iumber of repeats of
the Co/Pd bilayers. One set of samples with [Co(10 A)/Pd(59 ()
A)]18 has been subjected to 230 keV of Ar+ implantation at
room temperature at a low current density of 50 nA/cm2 to '' (d)
avoid sample heating. Low fluences of 1x10 13-5X10 14

ions/cm2, which are small compared with 1 monolayer of
ions (1×1015 ions/cm 2), have been used. Anothe: set of ( W
samples of [Co(14 A)/Pd(44 A)]18 have been thermally an-
nealed for 30 min in a helium atmosphere at various tem-.(b-
peratures up to 700 K. Structural characteristics of all the I
samples have been made by a 0-20 x-ray diffractometer with )I
CuKa radiation. Magnetic properties have been measured
using a vibrating sample magnetometer (VSM) with the 38 40 42 44 46
magnetic field parallel to the film plane. 20 (degrees)

Figure 1 shows the x-ray-diffraction data of the as-
prepared and the ion-implanted [Co(10 A)/Pd(59 A)]18  FIG. 1. X-ray spectra of (a) as-prepared sample and the implanted samples.

samples. The as-prepared sample [Fig. l(a)] shows several (b) 5x1013, (c) I 
Xo0

4, (d) 5x10 4, and (e) 7.5X 1014 ions/cm2.
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523 K

main intact. On the other hand, thermal annealing is far more
:l t :300 K disruptive. It promotes interdiffusion of all the constituent

atoms at the interfaces, very efficiently destroying the multi-
.-,.__ _layers even at moderate annealing temperatures. Further-

36 38 40 42 44 46 48 50 more, due to the interdiffusion, the multilayer rapidly con-
20 (degrees) verges to the terminal and homogeneous alloy composition.

These conclusions made from structural studies are cor-
FIG. 2. X-ray spectra of samples annealed at different temperatures TA .The roborated by the magnetic properties. It is useful first to re-
peak positions corresponding to bulk Co and Pd are shown at the top. Alloys call the magnetic properties of CoxPdo. _ alloys of which
with different compositions have also been indexed. the magnetic ordering temperature Tc increases rapidly and

monotonically with Co content. The values of Tc are less
than 300 K for the alloys with low Co content (x<10).6 The

ers have been thermally annealed at various annealing tem- magnetic moment per atom of Co-Pd alloys also rises mono-
peratures TA. The x-ray-diffraction data of the as-prepared tonically with Co content. However, because of the strong
(TA =300 K) and representative data of the annealed samples polarization effect on the Pd atoms by the nearby Co atoms
(TA up to 693 K) of [Co(14 A)/Pd(44 A)]18 are shown in Fig. (also known as the giant moments), these polarized Pd atoms
2. Discernible change of the diffraction are observed for contribute significantly to the magnetization.
TA -523 K; most notably a diminution of the satellite peak The saturation magnetization M, of the Co/Pd multilay-
intensity and the appearance of additional diffraction peaks. ers after ion implantation and thermal annealing are shown in
It is useful to recall that Co and Pd form fcc Co-Pd alloys Fig. 3. First of all, the as-prepared samples have a higher M,
over the entire composition range. The lattice parameter of than that of bulk fcc Co, owing to the well-known polariza-
the alloy decreases monotonically from that of pure Co to tion effect of Pd. The enhanced magnetization has also been
that of pure Pd. At the top of Fig. 2 the locations of the observed in other Co/Pd and Fe/Pd (Ref. 7) multilayers.
diffraction peaks of Co(111) and Pd(lll) are shown, and the Most remarkably, after ion implantation, there is further en-
(111) peak of a Co-Pd alloy falls between those of Co(lll) hancement of M3 , and M, has a weak temperature depen-
and Pd(11) according to the composition. At TA =573 K, in dence; the values at 77 and 300 K are similar. This indicates
addition to the satellite peaks, a new peak, corresponding to that, as the interfaces are systematically disrupted by ion
Co16Pd84, appears. At TA=623 K both the (111) and (200) implantation, more Pd atoms are exposed and polarized by
peaks of Co30Pd7o, in addition to the remanence of the sat- the displaced Co, hence a larger M,. Furthermore, most of
ellite peaks, are observed. Finally, at TA =693 K, only (111) the magnetic species remain strongly coupled to share a high
aid (200) peaks corresponding to predominantly Co 30Pd70  value of Tc. Quite the contrary, the thermally annealed
and a small portion of Co5Pd95 are observed. There are no samples show a decrease in M, and a stronger temperature
satellite peaks remaining, and the layer structure has been dependence in M. Both of these observations, which are
completely destroyed. It may be noted that, if the Co and Pd consistent with another group's results,8 are the results of the
atoms in [Co(14 A)/Pd(44 A)]18 were mixed completely and formation of Co-Pd alloys with relatively low Co contents,
uniformly, one would have obtained an alloy of Co30Pd70, hence lower values of Tc.
which is very similar to the alloy composition found. In Fig. 4, the magnetic coercivity H, for the implanted

From the above results, it is clear that both ion implan- [Fig. 4(a)] and the annealed [Fig. 4(b)] samples are shown.
tation and thermal annealing can cause deterioration of the We discuss the annealed samples first. Changes in H, occur
multilayers; however, the processes with which the layer when the formation of the Co-Pd alloy appears at TA -523
structure and the interfaces are compromised are very differ- K. Higher values of TA result in large values of Hc, and H,
ent in the two cases. At low fluence, ion implantation causes shows similar behaviors at the three temperatures (77, 150,
local damages of the layer structure, while most of the layer and 300 K) measured. For the ion-implanted 3amples, H, for
structure and the structural coherence of the multilayer re- the ion-implanted samples with higher fluences (_5X1014

6082 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Xiao et aL.



I . .... presence of Co-Pd alloy phases. In the annealed samples, the
2.] 3K ...... predominant evolution of the multilayer is toward the forma-

*J C tion of Co-Pd alloys, which generally give rise to lower
1 0 ......... .. .... .. I NK-- ." .. ." s q u a r e n e s s .

NO .. , , K In conclusion, we have observed via structural and mag-
Sb netic properties the very different effects on the Co-Pd

1 - (0 so (.)" multilayer due to ion implantation and thermal annealing.

. ...... .. .. Ion implantation causes local damage to the interfaces while

S----maintaining the layer structure, whereas thermal annealing
40 promotes massive interdiffusion toward the formation of, -- Co-Pd alloys. Consequently, contrasting behaviors in satura-

0 40 m - sN of 'M tion magnetization and other magnetic properties have been
luenc (4xo" A'/cm') T, (K) observed.
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4(d). After ion implantation with low fluence, the squareness George, 0. Durand, P. Galtier, V. Cros, K. Ounadjela, R. Kergoat, and A.
Fert, in Magnetism and Structure in Systems of Reduced Dimension (Pie-becomes larger, suggesting an increase in the in-plane anisot- num, New York, 1993).
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Ki Sputtering pressure effects and temperature-dependent magnetism
of Co/Pd multilayers

S. Y. Jeong,a) Z. S. Shan, R He, J. X. Shen, Y. B. Zhang, J. A. Woollam, and
D. J. Sellmyer
Behlen Laboratory of Physics and Center for Materials Research and Analysis, University of Nebraska,
Lincoln, Nebraska 68588-0113

The temperature dependence of the sputtering Ar pressure effects on magnetic properties and the
coercivity mechanism of Co(2 A)/Pd(13 A) multilayers were studied as the sputtering Ar pressure
varied from 3-15 mTorr and the temperature from 300 to 35 K. It is found that the roughness of the
interfaces or film surface increases with increasing sputtering pressure, the anisotropy increases with
decreasing temperature and increasing Ar pressure and shows a maximum at PA,- 12 mTorr, and the
coercivity increases with Ar pressure and shows stronger temperature dependence at higher Ar
pressure. The coercivity mechanism was analyzed in terms of the coercivity predicted by
Kronmiiller's theory [Phys. Status Solidi B 144, 385 (1987)]. Wall pinning is found to be the main
mechanism and the size of the pinning site increases slightly as the Ar pressure increases.

I. INTRODUCTION III. RESULTS AND DISCUSSIONS

Co/Pd multilayers have been studied intensively in the A. Structure properties
last decade for pure and applied reasons. 1- 3 For the Co/Pd Figure 1 shows the small-angle x-ray-diffraction pat-
multilayers with nanoscale Co layer, the interfacial magne- terns. It is seen clearly that the amplitude of the diffraction
tism, which is strongly influenced by the preparation condi- peaks decreases with increasing sputtering Ar pressure and
tions, plays a crucial role in determining the magnetic behav- when the sputtering pressure is greater than 9 mTorr, the
ior. Hashimoto et al.,4 de Haan et al., Shin et al.,6 and He diffraction peaks become obscure. This is attributed to the
et al.7 have reported the Ar pressure effects on magnetic roughness of the interfaces which increases as the sputtering
properties at room temperature. It is found that the coercivity pressure increases since the sputtered Co and Pd atoms ex-
increases with increasing Ar pressure PA, during deposition perienced more collisions with Ar atoms and form larger
and the anisotropy increases monotonically with increasing clusters at the growing film surface.
PA, (up to PAr- 56 mTorr),5 or shows a maximum at Figure 2 shows the AFM pictures of samples sputtered at
PA=10 mTorr.4'6  (a) PAr= 3 mTorr and (b) 15 mTorr and it is found that the

In this article the temperature dependence of the sputter- surface roughness in Fig. 2(b) is much larger than that in Fig.
ing pressure effects on magnetism was studied as the tem- 2(a). If the surface roughness may be regarded as the accu-
perature varied from 300 to 35 K. The coercivity mechanism mulation of the roughness of all individual layers or inter-
was investigated in terms of the initial magnetization curves faces, Fig. 2 indicates clearly that the interfaces have larger
and minor loops at different temperatures, and comparisons roughness when sputtered in the higher Ar pressure, which is
were made to Kronmiiller's model.8  consistent with the result in Fig. 1.

II. EXPERIMENT B. Temperature character of pressure effects on

[Co(2 A)/Pd(13 A&)]35 (35 is the number of bilayers) magnetic properties
multilayers were deposited onto glass substrates by dc mag- The Ar pressure dependence of the anisotropy K, (K,
netron sputtering under pressure PAr=3, 6, 9, 12, and 15 = K, + 2 7M 2) as the temperature varied from 300 to 35 K is
mTorr. All five samples were fabricated in one vacuum run to demonstrated in Fig. 3. It is seen that K, increases as the
insure identical preparation conditions except for the Ar temperature decreases. As the pressure increases K,, first in-
pressure. creases, then decreases and shows a small peak at PA, = 12

The structure properties were characterized with the mT for all temperatures. This behavior is qualitatively con-
x-ray diffraction and atomic force microscopy (AFM) and sistent with earlier work4'6 except that our peaks are rather
the magnetic properties were measured by an alternating gra- small; K5 shows larger Ar pressure dependence at lower tem-
dient force magnetometer (AGFM) with the temperature perature. The origin of such K,, behavior is attributed to the
changed from 300 to 35 K. The coercivity H,(T) and mag- interfacial magnetism which strongly depends on the polar-
netization M(T) data were obtained from the perpendicular ization of Pd atoms at the interfaces9 '10 and the morphology
hysteresis loops and the measured anisotropy K.(T) data of interfaces. As the temperature decreases the induced Pd
were determineu from the area between the parallel and per- moment increases which enhances the K,. Hashimoto and
pendicular magnetization curves. co-workers4 have explained qualitatively the behavior of Ar

pressure dependence of K. in terms of the stress-induced
')Perinanent address: Department of Physics, Gycongsang National Univer. anisotropy because the stress in the film changes from com-

sity, Chinju 660-701, Korea. pressive to tensile as the Ar pressure increases. Recently Vic-
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FIG. 1. Small-angle x-ray diffraction for Co(2 A)/Pd(13 A) deposited at
different Ar sputtering pressures: (a) 3 mTorr; (b) 9 mTorr; (d)

12 mTorr; and (e) 15 mTorr. FIG. 3. Sputtering Ar pressure dependence of measured anisotropy K,. at
different temperatures.

tora and MacLaren 1 employed the symmetry-derived model ger temperature dependence at higher PAr. The physical ori-
based on summing L(M.R) 2 pair interactions (where M is gins of this feature are discussed below.
the magnetization direction, R is the vector connecting the
two .toms, and L is an interaction parameter) to calculate

anisotropy for Co/Pd and Co/Pt multilayers. We intend to use C. Corcivity mechanism
this approach to calculate the K. behavior quantitatively. In order to study the coercivity mechanism the initialThe sputtering pressure dependence of coercivity H, as curves and minor loops were measured at room and low
the temperature varied from 300 to 35 K is shown in Fig. temperature. All these curves show the typical domain-wall
4(a). The coercivity increases monotonically with increasing pinning feature: The magnetization is small at low applied
PAr and seows stronger Pm dependence at the lower te.- field HS and increases rapidly while H reaches a threshold

perature. This behavior cannot be attributed fully to the value Hth which corresponds to the field required to exceedchange of K as shown in Fig. 3. In order to understand such the pinning barrier. As the temperature decreases the thresh-

bhavior properly we also need to consider the pinning ef-
fect of the domain-wall motion which is discussed in more
detail in the following section.

The temperature dependence of H is shown in Fig. 4(b): t A t 5h e
Hc increases as the temperature decreases and shows stron- hV 7rK
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FIG. 4. (a) Sputtering Ar pressure dependence of coercivity at different
FIG. 2. AFM micrographs of Co(2 A)/,Pd(13 A) deposited at Ar sputtering temperature and (b) temperature dependence of coercivity at different sput-
pressure of: (a) 3 mTorr and (b) 15 mTorr tering Ar pressure
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3.0 .5 From the fits we could estimate the size of the pinning
sites for each sample. The estimated sizes are 4.7, 3.9, 5.0,100 6O 5.2, and 10.6 A for the samples prepared at PA=3, 6, 9, 12,

2150 and 15 mTorr, respectively [see Fig. 5(b)]. The estimated

200 values show that the size of the pinning site increases with
increasing sputtering pressure. Equation (1) also tells us that

2.0 [300K oX He(T) depends on the roKu product. Although K, decreases
(a) with increasing Pm for PA,>12 mTorr (as shown in Fig. 3),

2.0 2.5 3.0 3.5 4.0 HC still increases with increasing PA, for PA,>12 mTorr [as
(Ku/1s1)/dB X 107(cm) shown in Fig. 4(a)] because ro increases, and we have

pointed out this feature earlier.

-100
IV. CONCLUSIONS

The variation of the anisotropy and coercivity as a func-
0 tion of temperatures is closely related to the polarization of

o4 0the Pd atoms at the interfaces and the film morphology
(b) which was controlled by the sputtering Ar pressure. The

2 dominant mechanism for the coercivity is the wall pinning
2 4 6 8 10 12 14 16 and the size of the pinning sites increase with increasing the

Sputtering Pressure(mTorr) sputtering pressure.

FIG. 5. (a) A linear fitting to the experimental data after Eq. (1) and the ro
obtained is 4.7 A. (b) The sputtering Ar pressure dependence of the esti- ACKNOWLEDGMENTS
mated size of the pinning site.
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Kronmuller's formulas8 were used to analyze the coer-
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Magnetoelastic effect in Co/Pd multilayer films
Young-Suk Kim and Sung-Chul Shin
Department of Physics, Korea Advanced Institute of Science and Technology, Kusung-Dong, Yusung-Gu,
Taejon 305-701, Korea

In situ measurements of the stress are reported, and the magnetoelastic contribution to the magnetic
anisotropy is clarified, in Co/Pd multilayer films prepared by dc magnetron sputtering. The stress
was varied between 2.36X 1010 and 4.22X 1010 dyn/cm 2 in the Co sublayer of the film with an abrupt
drop of the stress in the Co sublayer thicker than about 5 A. This abrupt change seems to be related
with a structural transition of a coherent-to-incoherent matching at the interface with thickening the
sublayer. The stress-induced anisotropy of the samples having perpendicular magnetic anisotropy is
found to be 40%-80%, compared to Niel's surface anisotropy.

I. INTRODUCTION Pd. The multilayer structure was examined by low- and high-

Co-based multilayer films are of great interest today be- angle x-ray diffractometry. The magnetization was measured

cause of their novel properties and potential technical by a vibrating sample magnetometer (VSM) and the mag-

applications.1 '2 In particular, the perpendicular magnetic an- netic anisotropy was measured using a torque magnetometer

isotropy observed in those materials has been attracting wide at an applied field of 10 kOe.

attention for the application of the materials to magnetic and
magneto-optical recording. Co/Pd multilayer films have been III. RESULTS AND DISCUSSION
reported to show the perpendicular magnetic anisotropy for All samples in this study developed low-angle x-ray-
the samples having a Co sublayer thinner than about 8 A and diffraction peaks irrespective of the sublayer thickness,
Pd sublayer thicker than about 5 A.3- 6 The perpendicular which suggests the existence of the multilayer structure in
magnetic anisotropy in this system is generally believed to those samples. High-angle x-ray diffraction studies revealed
be related to the change in the magnetic anisotropy of the that the samples were polycrystalline grown along the [111]
interfacial atoms as a consequence of the reduced symmetry cubic orientation.
in their surroundings, as Niel first suggested. 7 However, re- Figure 2 shows a typical results of in situ measurement
cent studies have indicated that the stress-induced magnetic of the gap distance between the substrate and the optical
anisotropy also plays a role, especially for the samples pre- probe with the deposition time for the sample having 8-A-
pared by sputtering.5 In this article, we report in situ mea- thick Co sublayers and 9-A-thick Pd sublayers. The positive
surements of the stress and clarify the magnetoelastic contri- slope for the Co sublayer implies the existence of a tensile
bution to the magnetic anisotropy in Co/Pd multilayer films. stress in the layer, while, the negative slope for the Pd sub-

layer implies a compressive stress in ',he layer. This result is
II. EXPERIMENT as expected, since the d spacing of the (111) matching plane

Co/Pd multilayer films were prepared by dc magnetron of Co is 9.9% smaller than that of Pd; however, it is inter-

sputtering from 2-in.-diam Co and Pd targets on 4-cm-long,
1.1-cm-wide, and 130-itm-thick glass substrates at the Ar St .g I

Fcdthrough Stepping - 1
sputtering pressure of 10 mTorr. The distance between the m motor ; n ---

Halogen Lamp --substrate and the sputtering source was 12.7 cm. An edge of ._ .

the substrate was fixed by a cantilever holder. The multilayer K) zzsz7; :

structure was achieved by alternately exposing the substrate h/ u B"')

to two sputtering sources via a reciprocating shutter. Typical Photodetector j R. t!ing

deposition rates of Co and Pd were 0.53 and 0.81 A/s, re- .. ) pan 111.lton

spectively.
The stress of a multilayer film was measured in situ dur- S-- - i I , "

ing the deposition using a homemade optical displacement --- t r
detection system as depicted in Fig. 1. A displacement se- i ItA

Ckurcmt 1 ! i

sor, composed of 38 optical fibers of 50 Am core diameter, ---

was installed behind the free end of the substrate. The back ______L Shutter

side of the substrate was coated by 1000-A-thick Al to en- iMultimeter J . Co .
hance the reflectivity. A change in the gap distance between

refletivit. ~-- Pd-the sensor and the substrate, caused by the stress of a depos- GPIB
ited film, was detected by measuring a corresponding change L _....

in the reflectivity from the back side of the substrate. The Computer C CttAMBER

sensitivity of the displacement sensor used in this study was0.059 V/m and it turned out to be good enough to detect the
stress caused by a deposition of a monatomic layer of Co or FIG. 1. Schematic configuration of an in situ stress measurement system.
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FIG. 2. A plot of the gap distance vs deposition time for the sample having FIG. 4. A plot of the stress vs the Co sublayer thickness for a series of the

8-A-thick Co and 9-A-thick Pd layers. samples having a constant Pd sublayer thickness of 9 A.

esting to note that the slopes of the Co and Pd sublayers are error bar corresponds to the root-mean-square deviation of

changed with increasing sublayer thickness. To see the varia- the mean stress of the Nth sublayer, which was obtained by

tion of the stress with the sublayer thickness, we calculate taking the derivative at 100 points in each sublayer in Fig. 2.

the stress existed in each sublayer using the well-known The stress in a multilayer film is mainly caused by two ori-

Stoney formula s as follows: gins: an adhesion of the film to the substrate and the lattice
Est, Ad mismatch between two dissimilar adjacent sublayers. The be-

o 32(1 _ V) Atf' (1) havior of the stress with the sublayer thickness in Fig. 3
implies that an influence of the substrate yields a tensile

where E , vs, 1, and t, are Young's modulus, Poissons's stress with a maximum of 2.OOX1010 dyn/cm 2 in the sub-

ratio, and the length and thickness of a substrate, respec- layer, possibly due to a smaller thermal-expansion coefficient

tively, Ad is the change of the gap distance and At, is the of the glass substrate than the Co/Pd multilayer. This effect is

change of the film thickness. E,=1.51X1012 dyn/cm2 , monotonically decreased and seems to be negligible when

v =0.3, 1=3 cm, and t,= 130 Am are used in the calculation. the film is thicker than about 100 A. Therefore, that a very
Using Eq. (1) we plot the stress as a function of the small compressive stress observed in the first several Pd su-

sublayer of Co and Pd in Fig. 3. Since the Co sublayer was blayers is not surprising; in this thickness range the tensile

deposited first, the Co sublayers are expressed by the odd stress due to the substrate is appended to a compressive

numbers and the Pd sublayers by the even numbers. The stress caused by the lattice mismatch. From Fig. 3 we note
that the lattice mismatch between Co and Pd layers yields a
2.36X1010 dynlcm2 tensile stress for the Co sublayer aid a

6.00 1.81 X 1010 dyn/cm 2 compressive stress for the Pd sublayer in

this particular sample, which is larger than the stress of
e-beam-evaporated samples.9

E sublayer Interestingly enough, we have observed that the stress of
the Co/Pd multilayer film was suddenly dropped with in-

0) 2.00 creasing the Co sublayer thickness. Figure 4 shows a plot of
Cthe stress versus the Co sublayer thickness for a series of the

tt

0o 0.00 samples having a constant Pd sublayer thickness of 9 A. A
0 ,distinct drop in the stress can be seen when the Co sublayer

thickness is larger than about 5 A. Since the samples were
(n -2.00 prepared on the same glass substrates at the same sputtering
(I)

conditions, the contribution other than the lattice mismatch
S.00- Pd subloyer to the stress of the film should be the same. Therefore, a( -4.00

sudden drop in the stress is believed to be related with a
structural change from a coherent to incoherent interfacial

-6.000 5 . . . .' .. . 2'0 .... matching between Co and Pd sublayers with increasing the
Nth sublayer Co sublayer thickness. The critical thickness for a

coherency-incoherency transidon observed in our sample

FIG. 3. A plot of the stress as a function of the Nth sublayer of Co and Pd. agrees with a theoretica! vakle of -5 A estimated by den
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15.00 ropy energy K.. As seen in the figure, K, of -3.11 X 106 and
--1.87X 106 erg/cm 3 are obtained for the coherent and inco-

E \herent samples, respectively. The Niel surface anisotropy KV
E in our samples, obtained from a plot of K.to vs tc, is esti-

.000 - mated 0.16 erg/cm2. The contribution of KN to K. for the

samples showing perpendicular magnetic anisotropy is esti-
mated to be between 2.7X 106 and 8X106 erg/cm 3. Hence,i o

,,50the magnetoelastic contribution to the perpendicular mag-
5.0 netic anisotropy is 40%-80% in comparison with the contri-

$ . bution by Niel's surface anisotropy.
0

0 0.00 -IV. CONCLUSIONS
T -- Ku
C We have investigated the effect of the stress on the mag-

netic anisotropy in Co/Pd multilayer films prepared by dc
-5.00 h ' sputtering. In situ measurements of the stress have revealed

Co sublayer thickness (A) t2 that multilayers had a tensile stress of 2.36X 10' 0-4.22X 100dyn/cm 2 in the Co sublayers. An abrupt reduction of the

FIG. 5. A plot of the anisotropy energy K, and the stress-induced anisotropy stress was observed when the Co sublayer thickness was
KA as a function of the Co sublayer thickness. larger than 5 A, which is believed to be caused by a

coherent-to-incoherent transition. It was found that for the
perpendicular magnetic anisotropy of our samples, the mag-

Broeder and co-workers.1 The structural transition is under netoelastic contribution due to the lattice mismatch is much
investigation by transmission x-ray diffractometry and will comparable to the contribution by Niel's surface anisotropy.
be published elsewhere.

In our system the perpendicular magnetic anisotropy ex- ACKNOWLEDGMENT
ists for the samples having a Co sublayer thinner than about This work was supported by Korea Research Foundation
8 A as seen in Fig. 5. The anisotropy energy K associated and Center for Interface Science and Engineering of Materi-
with a multilayer can be described phenomenologically 4 as als.
KU=2Klt,+K , where K, is the interface anisotropy and
KV is the volume anisotropy. For a coherent multilayer K, is ' F. J. A. den Broeder, W. Hoving, and P. J. H. Bloemen, J. Magn. Magn.

only due to Niel's surface anisotropy and the strain-induced Mater. 93, 562 (1991), and references therein.

anisotropy is contained in Ko ; however, for an incoherent 2S.-C. Shin, Appl. Surf. Sci. 65/66, 110 (1993).

case the misfit strain anisotropy may contribute to K,.' 3P. F. Carcia, A. D. Meinhaldt, and A. Suna, Appl. Phys. Lett. 47, 178
(1988).

When the lattice mismatch is much larger than the mag- 4 H. J. G. Draaisma, W. J. M. de Jonge, and F. J. A. den Broeder, 1. Magn.

netostriction coefficient as in Co/Pd multilayers the stress- Magn. Mater. 66, 351 (1987).
induced magnetic anisotropy energy Kx is given by10  5S. Hashimoto, Y. Ochiai, and K. Aso, J. Appl. Phys. 66, 4909 (1989).6D. G. Stinson and S.-C. Shin, J. Appl. Phys. 67, 4459 (1990).
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where X is the magnetostriction coefficient and aco is the 9 H. Awano, Y. Suzuki, T. Yamazaki, T. Katayama, and A. Itoh, J. Appl.

stress of the Co sublayer. Because of a negative X for Co/Pd Phys. 68, 4569 (1990).
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Interface processing in multilayer films
R. J. Pollard, M. J. Wilson, and P. J. Grundy
Joule Physics Laboratory and Science Research Institute, University of Salfor,
Greater Manchester M5 4WT, United Kingdom

We have investigated the effect of ion modification of multilayer growth and ion etching of
multilayer interfaces on perpendicular anisotropy and giant magnetoresistance in sputter deposited
Co/Pt and Co/Cu multilayers. These two properties are thought to be particularly sensitive to the
form of the interface profile in multilayers. We find that the ion-assisted deposition conditions used
degrade both perpendicular anisotropy and GMR through interface smoothing and mixing. In
contrast, thermal annealing and first experiments in ion etching show that GMR can be increased by
smoothing of the Co/Cu interfaces.

INTRODUCTION RESULTS AND DISCUSSION

Co/Pt and Co/Cu MLs are believed to exhibit structuresensitive magnetic anisotropyl - 3 and giant magneto- Figure 1(a) shows the polar Kerr hysteresis loops for a
s series of three 15x(0.4 nm Co/1.2 nm Pt) MLs deposited by
resistance.4 We have used such systems as models in prelimi-i ion-assisted growth. It can be seen that as the ion energy is
nary investigations of the effect of ion beam-assisted sputter
deposition, ion beam etching, and thermal annealing on these icreased the loops depart more and more from squarenesspropetiesand the coercivity of the MLs decreases. The shearing of the

loops is reflected in the torque curves of Fig. l(b), which
EXPERIMENT show a gradual decrease in the torque amplitude with in-

creasing ion energy. The negative slope at 0=0 confirms the
The MLs were deposited in a UHV-compatible magne- normal to the ML as the easy direction (0 is the angle be-

tron sputtering system equipped with dc magnetrons and a 3 tween the normal to the ML and the field direction) for the 0
cm Kaufman ion source. The Co, Pt, and Cu layers were eV (no ion flux) and 100 eV Ml.,. However, for 200 eV the
deposited onto glass substrates by ion-assisted deposition, torque curve is clearly modified with the appearance of a
i.e., the ion beam (0-400 eV, 2 mA) on and irradiating the change of slope near zero torque and 0=0. These changes
ML during growth, or by ion etching, i.e., with the deposition indicate that the effective perpendicular anisotropy decreases
interrupted and the top surface of each Co layer irradiated with increasing ion energy from a value of -6X 105j m-3

with the ion beam for 10 s. The deposition rate was about 0.1 for the "unassisted" MI, and that the easy direction of mag-
nm s-1.  netization rotates from the normal to the ML towards the

The magnetic hysteresis loops were measured in a VSM plane. A similar result has been obtained for ion beam etch-
(Co/Cu MLs) or in a Kerr M/0 loop plotter (Co/Pt MLs). ing of a series of 7x(0.4 nm Co/1.2 nm Pt) MLs. Again, a
Anisotropy (Co/Pt MLs) was investigated by torque magne- decrease in torque and perpendicular anisotropy with in-
tometry, and magnetoresistance (Co/Cu MLs) was measured creasing ion energy was observed.
by the standard four probe dc method. Some basic structural Sputter deposited Co/Pt MLs with thicker (->0.8 nm) Co
changes were inferred from x-ray diffraction measurements. layers do not show such strong perpendicular anisotropy. 5'6

All measurements were carried out at room temperature. Figure 2(a) gives polar Kerr loops for a series of four 15
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FIG. 1. P,;lar Kerr loops (a) and torque curves (b) for 15x(0 4 am Co/l.2 nm Pt) MLs for different beam energies/voltages in ion-assistedi deposition.
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FIG. 2. As in Fig. 1 but for 15x(1.2 nm Co/1.2 nm Pt) MLs.

X(1.2 nm Co/1.2 nm Pt) MLs deposited with ion assistance Turning to the Co/Cu systems, Figs. 3(a) and 3(b) show
at 0, 100, 200, and 400 eV. These perpendicular loops change the VSM hysteresis loops and magnetores;stance loops for
gradually with increasing shear and decreasing coercivity un- four ion-assisted 20x(1 nm Co/2 nm Cu) MLs. These MLs
til at 400 eV the loop has the shape typical of a hard axis are structured for the second maximur. in the GMR
loop. The torque curves for these MLs, given in Fig. 2(b), oscillation. 4'7 It can be seen in Fig. 3(a) that the ML depos-
change from two similar curves of small amplitude for 0 and ited without ion assistance (0 eV) gave a sheared magnetic
100 eV, which can be analyzed in terms of an easy cone of hysteresis loop having a lower remanence than MLs depos-
magnetization about the normal to the ML, which is isotropic ited with ion assistance suggesting some definite antiferro-
in its plane, to curves for 200 and 400 eV for which the easy magnetic coupling between the Co layers in the 0 eV ML.
direction is clearly in the plane of the ML as signified by the Figure 3(b) shows a GMR of 15% for this ML. The figures
positive slope of the torque curve at 0=0. also show that ion assistance in the deposition gradually de-

X-ray diffraction confirmed the layered and iextured stroys the properties of the ML; it reduces the amount of
structure of the low energy ion-assisted and etched MLs. antiferromagnetic coupling in the ML and it eventually pro-
Increasing the beam energy in ion-assisted deposition even- duces a much less sheared hysteresis loop at 200 eV, Fig.
tually destroys the layered structure as indicated by the ratio 3(a). There is a concomitant decrease in the GMR ratio to
of the (111) maximum to the first satellite maximum, almost zero, Fig. 3(b).
I, II/Isat. For the 0, 100, 200, and 400 eV MLs described in Thermal annealing and x-ray measuremetits8 show that
Fig. 2, 1,1111s, was measured as 1.7, 1.6, 2.3, and c, respec- the GMR in Co/Cu MLs is destroyed along with the layered
tively. structure at temperatures above about 300 C. However, an
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FIG. 3. VSM hysteresis (a) and GMR (b) loops for 20x(1 nm Co/2 nm Cu) ion-assisted MLs.
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FIG. 4. GMR loops for (a) thermally annealed and (b) ion etched 16x(l nm Co/2 nm Cu) MLs.

increase in GMR can be observed in annealing at lower tern- The effects in the ion treated Co/Pt MLs discussed here
peratures. This is illustrated in Fig. 4(a) for a 16X(1 nm Co/2 can be compared to those reported for Co/Pt MLs sputter-
nm Cu) ML where the GMR increases by about 50% up to deposited in "thermalizing" conditions,' which result in
250 *C. Significantly, we have found that ion etching can rougher interfaces and coarser microstructures and stronger
also produce an improvement in GMR. Figure 4(b) shows perpendicular anisotropy and 1Nrger coercivities. We can
GMR loops for a series of MLs having the structure 10X(1 therefore reasonably interpret our results for the loss of per-
nm Co/2 nm Cu) in which the Co surfaces have been ion pendicular anisotropy in Co/Pt MLs in terms of surface
etched at different energies. There is a clear improvement in smoothing at the lower ion energies ard microstructural
GMR at energies up to 150 eV. We have some evidence that modification involving mixing and roughening of the inter-
this effect is followed by a decrease at eneigies greater than face at higher energies.
200 eV. The progressive loss of GMR and antiferromagnetic

In the ion-assisted depositions the ratio of the ion to coupling in the ion-assisted Co/Cu MLs may have been due
atom fluxes can be calculated as jj/ja' 2 and there is suffi- to modification of the microstructure and texture of the lay-
cient energy transferred in collisions of the ions with the ers and/or interface regions. The initial increase in GMR in
condensing and condensed atoms to cause surface displace- the low energy ion etched MLs, and in the thermally an-
ments and densification of the microstructure of the growing nealed structures, followed by a los., at higher energies, sug-
layers.9 However, certainly at the higher energies, there is a gests strongly that increased electron scattering was caused
possibility of atom mixing by the ion bombardment at any by interface/surface imoothing. We plan to investigate these
interface as the deposition progresses and this will encourage suggested microstructural and interface changes by high
a less sharp compositional profile in the ML. No material resolution electron microscopy and x-ray reflectometry.
loss from the MLs was detected up to ion energies of 200 eV
and measurable sputtering of the growing ML is only ex-
pected at energies greater than 300 or 400 eV. 1P. F. Carcia, Z. G. Li, and W. B. Zeper, J. Magn. Magn. Mater. 121, 452

(1993).
In ion etching, modification of the surface and near- 2B. Rodmacq, M. Vaezzadeh, B. George, and Ph. Mangin, J. Magn. Magn.

surface regions of the interrupted structure can be expected. Mater. 121, 213 (1993).
As the individual layers in the MLs discussed here are less 3W. B. Zeper, H. W. van Kesteren, B. A. J. Jacobs, P. F. Carcia, and J. M.

than ten atomic layers thick, and some are of the order of two Spruit, J. Appl. Phys. 70, 2264 (1991).
4M. E. Tomlinson, R. J. Pollard, D. G. Lord and P. J. Grundy, J. Magn.

to three atomic layers, there is a possibility of modification Magn. Mater. 111, 79 (1992).
and ixig a th inerfce elowthetretedsurace Mote S. J. Greaves, P. J. Grundy, and R. J. Pollard, J. Magn. Magn. Mater. 121,

Carlo simulations show that for the Co/Cu MLs, with 10 nm 532 (1993).
Co and 20 nm Cu layers, this effect is not significant for 100 6 W. B. Zeper, F. J. A. M. Greidanus, P. F. Carcia, and C. R. Fincher, J.Co ad 2 nmCu ayes, tis ffet i no sigifiantfor100 Appl. Phys. 65, 4971 (1989).
eV ions, but at 200 eV mixing of Co into Cu occurs over a 7S. S. P. Parkin, R. Bhadra, and K. P. Roche, Phys. Rev. Lett. 66, 2152
region -0.4 nm in width across the interface below the (1991).
etched surface. In the Co/Pt MLs, considerable displacement 8M. E. Tomlinson, R. J. Pollard, D. G. Lord, P. J. Grundy, and Z. Chun,
of atoms from the 0.4-nm-thick Co layer into the underlying IEEE Trans. Magn. MAG-28, 2662 (1992).9K-H. Muller, in Materials Modification and Growth Using Ion Beams,
Pt layer is predicted at 100 eV, but in the case of the 1.2 nm Vol. 93, edited by U. J. Gibbon, A. E. White, and P. P. Pronko (MRS,
Co layers, this is only significant at energies above 300 eV. Pittsburgh, PA, 1987), p. 275.
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Anomalous interface magnetism in ultrathin Co films with in-plane
anisottoiy

F. 0. Schumann, M. E. Buckley, and J. A. C. Bland
Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, United Kingdom

Using the magneto-optical Kerr effect, we have observed a striking sensitivity of tme magnetic
properties of ultrathin Co/Cu(001) films to submonolayer coverages of Cu. In particular large
nonmonotonic changes of the coercive field H , the height of the M-H loop (magneto-optical
signal), and the ratio S of remanent and saturation magnetizations are observed. With increasing Cu
thickness the coercivity first sharply decreases, reaching a minimum at around 0.2 monolayer (ML)
followed by a gradual increase. In contrast, themagneto-optical signal is found to peak strongly at
the same Cu overlayer thickness of 0.2 ML, decaying in magnitude with further Cu coverage.

I. INTRODUCTION careful analysis of all M-H loops during this growth se-

It is now well established experimentally that nonmag- quence reveals a nonmonotonic dependence Msat (the loop

netic overlayers can drastically affect the magnetic properties amplitude) and H, on Cu thickness dcu as shown in Fig. 2,

of ultrathin magnetic films as reported by Przybylski et al and of S (not shown). In particular the coercivity exhibits a

and Weber et al.2 More recently, Engel et al.3 have shown sharp minimum at the thickness at which S and Msat peak.

the influence of ultrathin Cu, Ag, and Pd overlayers on the For all Co thicknesses studied, qualitatively similar

perpendicular magnetism of CofPd(lll) films, where the co- variations in each of these quantities are observed, except

ercive field exhibits a nonmonotonic dependence on the non- that thc nonmonotonic behavior of S is less pronounced for

magnetic overlayer thickness. It is therefore of interest to test thinner films, for which S is closer to unity than for the
the effect of a nonmagnetic overlayer in the ultrathin regime
for a film with in-plane anisotropy. The Co/Cu(001) ',stem
displays in-plane anisotropy,4- 7 and upon coating with sev-
eral monolayers (ML) of Cu, a reduction of the Curie a)
temperature, and of the out-of-plane anisotropy9 and coer- s
cive field1° are known to occur.

II. EXPERIMENT = 4

The experiments were carried out in an ultrahigh W
vacuum chamber with a base pressure of 1.0X10- mbar, .100

and a pressure of less than 5.OX 10-10 mbar during Co and
Cu deposition. Art sputtering (1 kV) and annealing up to 1b)
700 K resulted in a clean and well-ordered Cu(001) surface. .600
Magneto-optical Kerr effect in the transverse geometry4 has Z,
been employed for recording hysteresis loops, with the mag- a.-
netic field aligned along the (110) easy axis.4,6 Co and Cu .
films were grown with the sample at 300 K with typical
deposition rates of 0.1 MLlmin for Co and 0.05 ML/min for X 75

Cu (judged using the Auger peak heights and, for the Co, the
sharp onset of ferromagnetic order as a guide).' 0 All mag- 0
netic measurements were performed at 300 K.

Ill. RESULTS AND DISCUSSION

The thickness dee of the Co layers has been varied be-,. .
tween 1 and 2 de, where d, is the critical thickness at which
long-range order occurs at 300 K. The absolute value of d, is45
between 1 and 1.7 ML.7 9 '" 12

In Fig. 1 we display several M-H loops of a 1.6d, Co/ -100 .. 5 . .b .0 ... 100
Cu(001) film obtained during growth of the Cu overlayer. Applied Field (G)
Clearly minute coverages reduce H, drastically and change
S, the ratio of remanent magnetization to saturation magne- FIG. 1. Various M-H loops of a 1.6d, thick Co/Cu(001) film during a Cu
tization. Surprisingly, the squarest loop is obtained for a overlayer growth sequence, with Cu overlayer thickness do, of 0.04, 0.16,
small Cu overlayer thickness of approximately 0.2 ML. A and 0.36 ML for (a)-(c), respectively.
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i7
a) maxima for the (00) beam did not indicate strong changes in

iso the perpendicular lattice parameter occurring upon Cu depo-
0 IThe' drop in H may indicate a drastic change in the

magnetic anisotropy. A correlation between the change in

perpendicular anisotropy and coercivity induced by an over-

140 layer is reported by Engel et a 3 3 for Cu-coated Co/Pd
films. We would like to point out that Schneider et aLs report

b) that the coercive field of films grown at 300 K is much
70 higher than for those of identical thickness grown at 450 K.

This observation is consistent'with our data if we assume
_that the films grown at high temperatures correspond to the

coated structures we have studied, as suggested by the obser-
vation by Kief et al.14 that surface Cu segregation occurs at

30 elevated temperatures.
The increase in magneto-optical signal with Cu deposi-

0 0.5 1 1.5 2 2.5 3 3.5 tion is surprising. We find that the degree of enhancement
Cu thickness (ML) due to the 0.2 ML Cu overlayer is comparable with the in-

crease in magnetic signal that would occur for an equivalent
FIG. 2. The results of a careful analysis of the Cu overlayer growth se- increase in the Co thickness. Schneider et al.s report a reduc-
quence of a 1.6d, thick Co/Cu(001) film are shown, revealing the nonmono- tion of the Curie temperature Tc upon Cu deposition: there-
tonic behavior of the saturation magneto-optical signal M., in (a), and the
coercive field H, in (b). fore one might expect a reduction of Mst upon Cu deposi-

tion. Since Hc and M.a change with Cu overlayer thickness
dcu, it is feasible that Tc could also be a general function of
dc, with the reported reduction 8 being the limiting behavior

thi o fat higher Cu coverages. However, because Tc increases rap-
lows: 1

idly with Co thickness,8 ',5 any effects due to a change in Tc
Msat(dcu -Msat(O) should be more pronounced for films with a thickness of

Ms.t(0) with dc=0.2 ML. (1) 1.1d, than for those of 1.7de; our findings show a similar

Wbehavior for all Co thicknesses. We can therefore rule outWe can now summarize the main experimental findings for
all the structuresstudiedasfollows:Halwaysrapidlydrops changes in the Curie temperature as a possible mechanism

by roughly a factor of -3, and A is always of the order of for the enhancement in loop amplitude we observe.

20% upon the deposition of only 0.2 ML of Cu. At present we cannot rule out the possibility that the

In Fig. 3 we show the thickness dependence of Msat of a deposition of small amounts of Cu acts like a "surfactant,"

1.5dc thick Co/Cu(001) film. We notice again f nonlinear improving the structural quality of the film. This is suggested
behavior in the submonolayer range as in Fig. 2. At higher by the almost perfectly square loop shown in Fg. 1(b) for
coverages we see a noticeable drop tf Msat belov,. ditc /atue 0.2 ML Cu coverage. However, further Cu deposition causes
for the uncovered Co/Cu(001) film, which is more pro- the loop to become less square, which contradicts this expla-
nounced than that which would be caused by optical attenu- nation at higher thicknesses. Also the peak enhancement is
ation through the Cu layer. A low-energy electron diffraction difficult to explain via surfactant effect. It is also possible
study of the energy dependence of the Bragg peak intensity that the Cu overlayer affects magnetic domain pinning or

domain wall energies.
In our opinion, the most likely mechanism for the behav-

ior we observe is that the evolving interface electronic struc-
ture influences the magnetic properties (anisotropy in par-

100 ticular). Recent calculations by Freeman 16 show that the
presence of a Cu overlayer considerably influences the mag-

netism of fcc Co/Cu(001). The anomalous anisotropy behav-
ior observed by Engel et aL3,i3 is believed to arise from the

' interface electronic structure, although we note that in this
case the maximum effect is obtained for a nonmagnetic over-

layer thickness of around 0.8 ML. In our view, the signifi-
0 u 2 3 tk ( ML cance of the present work is that it implies that "anomalous"

Cu thickness (ML) interface-induced changes in the magnetic properties may

FIG. 3. The behavior of M. for a 1.5d, thick Co/Cu(001) film. Note Mat also occur for films with planar anisotropy, suggesting that a
drops below the value for the uncovered film at high Cu coverages. common mechanism may apply in both cases.
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FMR studies of magnetic properties of Co and Fe thin films on A120 3

and MgO substrates
Yu. V. Goryunov, G. G. Khaliullin, and I. A. Garifullin
Kazan Physicotechnical Institute, 420029 Kazan, Russian Federation

L. R. Tagirov
Kazan State University, 420008 Kazan, Russian Federation

F. Schreiber, R B6deker, K. Br~hl, Ch. Morawe, Th. Mhge, and H. Zabel
Institut fir Experimentalphysik, Ruhr-Universitiit Bochum, 44780 Bochum, Germany

The effect of substrates on the magnetic properties hos been studied for Cc and Fe films both on
A120 3 (1120) andMgO (001) substrates by using ferromagnetic resonance techniques. For Fe(CO1)/
MgO(001) samples the thickness dependence of the magnetocrystalline constant and of the effective
magnetization values have been determined from the in-plane angular variation of the resonance
field H0 . Different reasons for the thickness dependencies of these parameters are discussed. For
Co(111)/A120 3(1120) the angular variation of He exhibits an uniaxial anisotropy, for which several
causes are discussed. For Co(1120)/MgO(100) a four-fold in-plane anisotropy was observed which
is due to the twinned structure of these samples.

I. INTRODUCTION films were covered by a protective gold layer of 40 thick-ness.
Magnetic properties of thin films are affected to a large The structural properties of films were studied by out-of-

degree by interracial effects arising from the interaction of plane and in-plane x-ray scattering experiments. It should be
the film with the substrate. Understanding these interface noted that the structural quality of our rf sputtert.d films
anisotropies in thin ferromagnetic layers is also very impor- come close to the quality of the MBE grown epitaxial films. 4

taut for dealing with the more complex problem of magnetic The epitaxial relation of bcc Fe(100) on fcc MgO(100) fol-
multilayers and in particular with the analysis of exchange lows the 450 epitaxy expected from the bulk lattice con-
coupling. Recently, anisotropy measurements using the Ion- stants, i.e., the Fe[100] in-plane axis is pr-allel to the
gitudinal Kerr effect were carried out on cobalt films grown MgO[110] axis. Thin Co films on A120 3 (1120) substrates
by molecular beam epitaxy (MBE)1 and on iron films pre- grow in a fec or hcp structure depending on the film thick-
pared by rf sputtering techniques.2 For the observed anisotro- ness with either the (111)-axis or (0001) pointing perpen-
pies possible sources for the film/substrate interaction were dicular to the film plane. Co films on MgO(100) substrates
suggested. However, final conclusions can only be drawn dro the flplane Co fi o n g sra tegrow in the hcp structure with the (1120) plane parallel to the
after detailed investigations of the thickness and temperature film plane.
dependences of the anisotropy have been carried out. It is FMR experiments wee carried out at 9.4 GHz in the

well known that the ferromagnetic resonance (FM R) tech- t m e r e ntsng ef 20 to at K. Th e in d e

nique is a powerful tool for the study of r'agnetic anisotro- te pet re os20vto 400 K. the depenet-
pies. Here we report the results of a FMR study of the in- field and the high frequency field in the film plane.
plane anisotropy of Co and Fe films on A1203 (1120) and
MgO(001) substrates over wide temperature and thickness

ranges. III. RESULTS

A. Fe/MgO
11. EXPERIMENT

The results of the FMR measurements were analyzed
Cobalt films were grown by MBE techniques on using the standard formalism (see, e.g., Ref. 5). Magnetic

A120 3(1120) and MgO(001) substrates. During film growth free energy was taken consisting of a Zeeman
the substrate temperature was held constant at T,=620 K for Fz= -MH sin 0cos(4 - 4'H), a demagnetization FD
the sapphire substrate and at T,=300 K for the magnesium = 2 rM 2 cos 20, and a magnetocrystalline anisotropy term
oxide substrates. The sample preparation and the growth Fc=K (sin 2 0+sin40 sin2 2 (1)
conditions are described in more detail in Ref. 3. Some films
were exposed later to high temperatures (470 K) at a hydro- where O(OH) and Ob(OHn) are the angles of the magnetization
gen atmosphere of about 100 mm Hg. For one sample the M (magnetic field H) with respect to the film normal and to
effect of the substrate temperature on the anisotropy was also the x axis in the film plane (x)y plane), respectively. In our
examined, geometry OH= 1T/2.

The Fe films were grown by rf sputtering on MgC(001) By fitting the four-fold angular dependence of the reso-
substrates at 300 K in a 5X1O- 1 Pa pure Ar (99.999%) nance field position H0, the 4.7rM value and the cubic an-
plasma with a growth rate of 0.1 A/s. Further details are isotropy constant K, were determined. In Fig. 1 K, is plotted
provided in Ref. 4. In order to prevent oxidation, the iron as a function of the reciprocal film thickness L-1 and in Fig.
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6.0 energy the effective value 4WrM& should be used. Evaluat-
ing the contribution from the magnetostriction effect to

E 4 rM1Wff, the correct sign is recovered, but the magnitude is
far from being able to explain the reduction.

A more important contribution to the apparent reduction
0

.4.o of 41rMff may come from the axial crystal field generated
by interfaces. This uniaxial anisotropy field leads to perpen-

:-=30K dicular anisotropy of thin films. 7 Estimates show that this
3.0 o -T 130K reason is partly responsible for the apparent reduction ofo -T=230Ko -T=293K 41'M,,ff as observed by FMR.

0 1At this point we would like to discuss the possibilities
.0 3 . ' 12 for a real reduction of the net maenetic moment. Early ob-

103/L A- servations of moment reductions n rather thick films8 could
be discarded because of c ;de formations on film surfaces

FIG. 1. The anisotropy constant K, for Fe(001) on MgO(001) plotted as a resulting in "dead layers" (see. e.g., Ref. 9). However, this
seems not to be the case here because of the use of a protec-

function of reciprocal Fe film thickness and for different temperatures. tive gold layer. From a theoretical point of view, band struc-

ture calculations lead, in general, to moment enhancements
2 4arM is plotted as a function of temperature and for the at (inter)surfaces due to band narrowing effects (see, e.g.,
different film thicknesses. These data clearly show a thick- Refs. 10 and 11). However, in these calculations, possible
ness dependence of K, and of 4irM. quantum fluctuation effects of the local moments cannot be

The thickness dependence of K1 may be caused by the incorporated. They are important at real interfaces resulting
epitaxial misfit between film and substrate. If the epitaxial from random anisotropy fields and changes of the sign of the
stress is located within a few atomic layers near the interface, exchange coupling. In our case, for instance, antiferromag-
we expect K, to vary inversely proportional with the film netic (super)exchange interaction between Fe spins via oxy-
thickness because K1 represents the volume density of the gen ions at the Fe/MgO interface can be expected. Then the
anisotropy energy. X-ray scans from these films revealed ground state would not correspond to a fully saturh'ed ferro-
structural features which are consistent with this magnetic moment of the film. Strong frustrations of the ex-
interpretation.4  change coupling may even lead to some canting of the spins

The thickness dependence of 41rM comes as a surprise, near the surface or interface ("surface magnetic
at least for the thickness range studied here. However, it reconstruction"12'13).
should be stressed that our FMR experiments cannot distin-
guish between an apparent decrease and a real redvction of
the saturation moment due to interface effects. These possi- B. Co/ AIPO 3
bilities shall be discussed in the following. FMR measurements on the angular variation of the reso-

An apparent renormalization of the saturation moment nance field HO showed a uniaxial in-plane anisotropy, which
could be caused by epitaxial misfit stresses. In this case a can be described by the free energy:
term accounting for the magnetostriction effects should be
included in the expression for the free energy. The angular Fc=K1 sin 2O+K2-sin 4 O(Ku/2)sin2 0 cos 24. (2)
dependence of this contribution is similar to that for the de- Figure 3 shows the temperature dependence of the in-
magnetiza±tion term. Therefore, in the expression for the free plane uniaxial anisotropy field H, = K. IM for two samples

with tc,=120 A and tco=350 A. For the tco=120 A thick
sample the H, value increases with decreasing temperature,

22.0 whereas for the sample with tco=350 A, H, is reduced as
bulk compared to the thinner sample and is nearly temperature

21.0 -independent. After annealing the thin sample in a hydrogen
0 0 " atmosphere, the H, value drops and approaches the Hu value

S o0• for the thick sample. Moreover, we noticed that lowering the20.0 o o substrate temperature during film growth has the effect of
M 0Idecreasing the H, and its temperature dependence seems tc,

q- 19.0 • * • disappear.

* * From these observations at least two contributions to the
18.0 * -100 * uniaxial anisotropy can be inferred. The temperature depen--250ansrpytmeauedp-• -500 dent part may be caused by strains arising from the differ-17.0 0 t60 200 360 400 ence in thermal expansion coefficients of the substrate and

T 1o Ko the film. This pal depends on the growth temperature and
decreases after annealing at temperatures lower than the

FIG. 2. The temperature dependence of the 41TM value plotted for all stud- growth temperature. The temperature independent part may
ied samples. be due to internal oxidation of Co atoms along the oxygen
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50 that 4wrM is reduced. This reduction is most likely due to the
. reasons already discussed above for the case of Fe/MgO.

40-"
120 1 0 0 IV. CONCLUSIONSq) - • -_350

O 30 o (annealed) * FMR measurements of MBE grown Co films and of rf
sputtered Fe films on the A1203 (1120) and MgO (001) sub-

20- 00 0 0 trates have been performed over a wide temperature rangeX 20o0 and for several film thicknesses. For all studied systems,
00 0 o 01? 0 a 0 00000 film/substrate interactions were detected. The particular an-isotropy observed depends on the specific substrate material

chosen and on the preparation conditions such as substrate
o 1 * '..........266" '.o0 temperature during growth. Thus, for iron films on the0 i T ,K MgO(001) substrates, a reduction of the 4"n'Meff value in

comparison to the bulk saturation moment was observed
with decreasing thickness. It was argued that this effect may

FIG. 3. The temperature dependence of the in-plane uniaxial anisotropy field possibly be caused by surface contributions to the out-of-
H.=K.IM shown for two samples of Co(11l)/ AlzO 3(120) with film plane axial anisotropy. An additional contribution may come
thicknesses tc= 120 A and tc0=350 A. In addition, the data'for the thinner! sample are shown before and after annealing. form an interface reduction of the saturation moment. In the
s s e acase of Co/A1203 samples with the Co fcc [111] axis perpen-

dicular to the film plane a strong and unexpected uniaxial
chains on the A1203 (1120) surface as was suggested in Ref. in-plane anisotropy was observed. This anisotropy probably
2, or due to the existence of an array of steps on the surface arises in part from the difference of the thermal expansion
of the substrate which creates uniaxial in-plane anisotropy, as coefficients of the film and the substrate and in part from the
observed by Heinrich et aL14  oxidation of Co along oxygen chains on the A120 3(1120)

surface or from step arrangement on the surface of the sub-
C. Co/MgO strate. Finally, for Co films on MgO(001) substrates a four-

fold in-plane anisotropy was observed due to the twinned
The in-plane angular variation of the FMR resonance

fiel clarlyexhbit a fur-old nisl rpy fr C on hcp structure of the film and a decrease of the 4 irM~ff valuefield clearly exhibits a four-fold anisoiropy for C on

MgO(001) similar to anisotropies usually observed for cubic was obtained resembling the Fe/MgO system.
crystals in the (100) plane. In contrast to Fe, the Co films ACKNOWLEDGMENTS
have hcp (1120) orientation with the c axis in the film plane. The work in Germany was funded by the Deutsche For-
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c-axis oriented parallel to the MgO[100] and MgO[010] di- terials," which are both gratefully acknowledged l M
rections. This twin structure, in turn, causes an apparent four-
fold structural and hence a four-fold magnetic in-plane an- t N. Metoki, Th. Zeidler, A. Stierle K. Br6hl, and H. Zabel, J. Magn. Magn.
isotropy. It can be supposed that the strong exchange Mater. 118, 57 (1991).
interaction provides the coupled uniform motion of moments 2N. Metoki, M. Hofelich, Th. Zeidler, Th. Miihge, Ch. Morawe, and H.

Zabel, J. Magn. Magn. Mater. 121. 137 (1993).
of different crystal domains, thus generating a single FMR- 3 K. Br6hl, P. B&leker, N. Metoki, A. Stierle, and H. Zabel, J. Cryst.
resonance line. For the anisotropy contributions of the two Growth 127, 682 (1993).
crystallographic domains the averaged magnetocrystalline 4 Th. Muihge, A. Stierle, N. Metoki, U. Pietsch, and H. Zabel, Appl. Phys. A

term can be written as: (in press).
5C. Chappert, K. Le Dang, P. Beauvillian, H. Hurdequint, and D. Renard,

Phys. Rev. B 34, 3192 (1986).
Fc 2- (KI + 2K2)sin2 0+ 18K2 sin4 0 6 J. R. MacDonald, Phys. Rev. 106 890 (1957).7 L. Niel, Compt. Rend. 237, 1623 (1953).

+ 8K2 sin4 0 cos 440. (3) :A. Drigo, Nuovo Cimento, 8. 498 (1951).
Har 9 H. Hoffmann, Z. Angew, Phys. 13, 149 (1961).
Here K and K2 are the first- and second-order uniaxial mag- 0C. Li and A. J. Freeman, Phys. Rev. B 43, 780 (1991).
netocrystalline anisotropy constants. In this case the values "A. J. Freeman and R. Wu, Progr. Theor. Phys. (Suppl.) 106, 397 (1991).
measured in PMR are Hi=4rM+HA+HA and1 2 S. E. Trullinger and D. L. Mills, Solid State Commun. 12, 819 (1973).=A2/2 and HA2 13A. Blandin, Solid State Commun. 13, 1537 (1973).(HAI = K/M and HA2=K2 /M). If for 4'irM the bulk value 14 B. Heinrich, A. S. Arrott, J. F. Cohran, H. B. Urquhart, K. Myrtle, Z.

is assumed, a negative value for HAI is obtained, indicating Celinski, and Q. M. Zhong, Mater. Res. Symp. Proc. 151, 177 (1989).

6098 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Goryunov et al.



I The relationship -between.the microstructure and magnetic propertiesof sputtered Co/Ptitultiliayer filis (abstract)

Y. H. Kim, Amanda K. Petford-Long, and J. R Jakubovics
Department of Materials, University of Oxford, Parks Road, Oxford OXI 3PH, United KingdomI:

I' Co/Pd multilayer films (MLFs) are of interest because of their potential application as high-density
magneto-optical recording media. Co/Pd MLFs with varying Co and Pd layer thicknesses were
grown by sputter-deposition onto(100)'Si wafers. X-ray diffraction and high resolution electron
microscopy wereused to study the microstructure of the films, and Lorentz microscopy was used to
analyze their mig'm tic domain structure. The films show an fcc crystal structure with a
compromised lattice parameter and a strofig (111) crystallographic texture in the growth direction.
The compromised interplanar spacing parallel to the surface increased with decreasing thickness
ratio (tcItpd), and the columnar grain size decreased with increasing Pd layer thickness. Films with
tco=0.35 nm and tpd= 2.8 nm (columnar grain diameter 20 nm) showed promising magnetic
properties, namely a high perpendicular magnetic anisotropy (1.85X10 j m- 3), with a
perpendicular coercivity of 98.7 kAm -1, a perpendicular remanence ratio of 99%, and a
perpendicular coercivity ratio of 88%.,The magneticdomains were uniform and of a narrow stripe
type, confirming the perpendiculareasy axis of magnetization. The Curie temperature was found to
be about 430 *C. Fiims of pure, Co and:Pd, grown for comparison, also showed columnar grain
structure with grain-sizes of the same order as those seen in the MLFs. In addition the Pd films
showed a (111) textured fcc structure.

J1
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Identification ofimagnetoelastic and magnetocrystalline anisotropy
contributions in ultrathin epitaxial Co(11O) films (abstract)

J. Fassbender, Ch. Mathieu, B. Hillebrands,,and G. Gintherodt
2. Physikalisches Institu; RWTH Aachen, 52056 Aachen, Germany

R. Jungblut.,and M. T. Johnson
Philips Research Laboratories, Prof Holstlaan 4, 5656 AA Eindhoven, The Netherlands

Magnetic anisotropies of ultrathin transition-metal films are inherently related to their structural
properties. In ultrathin films the lar--. fraction of atoms located at the film interface generates strong
interface anisotropies, whereas o'.,sic strain fields caused by the forced registry of atoms at the
substrate/film interface induce magnetoelastic anisotropy contributions. 1- 3 So far the experimental
confirmation of the transition from these thin-film properties to bulk anisotropy properties,
characterized by a dominating magnetocrystalline anisotropy, has not yet been presented. Magnetic
anisotropies reflect, depending on their origin, both the crystallographic symmetry and the
symmetry of the film geometry. For a clear separation between magnetoelastic, magnetocrystalline
and N6el-type interface anisotropy contributions, the film symmetry and thickness must be chosen
such that the respective different anisotropy contributions appear with different symmetries and film
thickness dependencies. This is the case for (110)-oriented.fcc Co films. In the present study we use
the Brillouin light-scattering technique for, the determination of the anisotropy contributions. An
analysis of the spin-wave frequency measured as a function of the in-plane direction of the external
field and the film thickness yields information about all relevant anisotropies. The samples used
were molecular-beam-epitaxy grown in ultrahigh vacuum. Onto a Cu (110) single-crystal substrate
a wedge-type sample and two staircase-shaped samples with distinct thicknesses in the range of
8-110 A were grown. To obtain symmetric Co/Cu interfaces the Co layers were covered with a 12
A Cu layer. Finally, a 25-A-thick Au protective layer was deposited. Low-energy
electron-diffraction studies were used to obtain the structural data of the films. All relevant
anisotropy contributions-the magnetocrystalline anisotropy, and the uniaxial in-plane and
out-of-plane anisotropy contributions-were determined. Three different anisotropy regimes are
observed as a function of the Co layer thickness dc,. This thickness regime up to 13 A is dominated
by the magnetoelastic anisotropy contributions as a result of the pseudomorphic film growth of the
Co layer. For Co layer thicknesses larger than 13 A we find a reduction of the magnetoelastic
anisotropy contributions. This is structurally correlated to an anisotropic relaxation of the in-plane
Co lattice constant. In the regime of de,>50 A we observe a thickness-independent value for the
magnetocrystalline atisotropy contribution K1 = - 8.5 X 105 erg/cm 3. This anisotropy contribution
is largely suppressed for dee<50 A. This finding might either indicate a breakdown of the usually
postulated linear superposition principle of magnetic anisotropy contributions to the free anisotropy
energy, or it might point to a subtle modification of the electronic band structure. At the onset of the
magnetocrystalline anisotropy we find a change in the easy magnetization direction from (001) for
thin Co films to (111) for thicker ones. For a more detailed discussion see Ref. 4.

This work is supported by Deutsche Forschungsgemeinschaft through SFB
341.

'P. Krams, F. Lauks, R. L. Stamps, B. Hillebrands, and G. Giinthezodt,
Phys. Rev. Lett. 69, 3677 (1992).2P. Krams, B. Hillebrands, G. Giintherodt, and H. P. Oepen, Phys. Rev. B
49, 3633 (1994).3 R. Jungblut, M. T" Johnson, J. aan de Stegge, A. Reionders, and F. J. A.

den Broeder, J. Appl. Phys. 75, 6424 (1994).
4 J. Fassbender, Ch. Mathieu, B. Hillebrands, G. Giintherodt, R. Jungblut,

and M. T. Johnson (unpublished).
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Coupling and Transport in Unusual Systems S. F. Zhang, Chairman

Nature of half-metallic ferromagnets: Transport studies
J. S. Moodera and D. M. Mootoo
Francis Bitter National-Magiet Laboratory, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139-4307

The half-metallic ferromagnetic compounds due to the absence of states at EF for minority spin
electrons, as predicted by band theory, should exhibit unique features in their transport properties.
Transport measurements conducted as a function of T and H for NiMnSb and PtMnSb thin films
show interesting behavior. In H=0, the resistivity versus T shows the absence of the T 2 dependence
at low temperature found in ferromagnets such as Fe, Ni, etc. The Hall constant increases
significantly below about 100 K for both compounds; NiMnSb shows a factor of seven increase.
Transverse magnetoresistance changes sign between 295 and 4.2 K. Transport data seem to imply
a drop in the carrier density and a large increase in their mobility at low temperatures, which is
consistent with zero density of states for minority spins at EF, but additional measurements are
needed to clarify theoretical understanding.

I. INTRODUCTION 500 °C. After annealing these films at the deposition tem-
The prediction of an energy gap for the minority spin peratures for 20 min, they were cooled to room temperature

The redctin o anenegy gp fr te mnorty pin by turning off the heater. Films were analyzed by x-ray dif-
carriers at the Fermi level (Es) in certain Heusler alloys has fratin off and auer depth prflng to cn r tef-fraction, EDX, and Auger depth profiling to confirm the for-
not yet been verified.' Such mate-iails have been called as mation of correct phase and chemical composition. Film sur-
half-metallic ferromagnets, in that only majority spin carriers faces showed nonstoichiometry down to several tens of Ar
occupy the Fermi level, leading to 100% polarized conduc- and beyond that, 1:1:1 ratio of the three elements were ob-

*tion electrons. Among several compounds which may be anbeodtt,111riofthtreelm tsweo-served within the accuracy of the Auger analysis. In order toclassified as HMF, NiMnSb, and PtMnSb are the two com-
hlass d ave bn ied t~ b ar he ver prepare tunnel -unctions over these films the surface was

pounds that cleaned by Ar ions at shallow incident angle and immedi-
limited transport measurements have been carried out. The ately covered with A120 3 by sputtering onto these films usingstudy on polycrystal and single-crystal bulk samples of asapphire target. Aluminum thin films, 40 A thick, served as

NiMnSb and PtMnSb bOtoet a3cvt h eitvt apietre.Auiu hnfls 0Atik evda
and H -effectmsu by Otto al.3 covers the resistivity the top electrode. Tunnel junction preparation was carried

range, from the ferromagnetic Curie temperature to the out in a modified ion milling system. Optimum conditions

liquid-helium range. However, detailed temperature variation for obtaining useful junctions are yet to be found.liqud-hliumrane. owevr, etaled empratre vriaion Magnetotransport measurements of these films were car-
of p at low T is lacking. For normal ferromagnets such as Fe,
Ni, and Co near liquid-helium temperatures, p varies as T2  tied out in the temperature range of 300-1.1 K and applied

due to spin flip scattering of charge carriers by magnons '6  magnetic field up to 2,5 T using a water-cooled Bitter mag-

In the case of an HMF material the absence of spin-down net. Results of these measurements are presented below.
states at EF is expected to change the character of spin scat-
tering, leading to the absence of spin flip scattering for the III. RESULTS AND DISCUSSION
majority spin carriers, with p vs T not showing T2 depen- For both NiMnSb and PtMnSb the resistivity decreased
dence at low temperatures. The ultimate test of the theoreti- with temperature as shown in Fig. 1. For these films p at 300
cal prediction is the direct measurement of spin polarization K is higher than that reported by Otto et al. 3 for single crys-
of conduction electrons which can be perfu-rmed by spin- tals of NiMnSb and PtMnSb. In the case of NiMnSb, p de-
polarized tunneling technique. In order to carry out tunnel- creases more rapidly below about 100 K, whereas PtMnSb
ing, thin films are orders of magnitude better than single shows a nearly uniform drop in p. Detailed low-temperature
crystals for preparing planar tunnel junctions. In addition, variation of resistance for both compounds is shown in Fig.
careful transport measurements can be performed with rela- 2. Below -15 K the resistance decreased linearly with tem-
tive ease and sensitivity. In this paper we concentrate on the perature. This is different from the T2 dependence of p ob-
magnetotransport properties of thin films of NiMnSb and served for normal ferromagnets such as Fe, Ni, and Co in
PtMnSb compounds. this temperature range,5 and also observed by us for a pure

Fe film prepareo under similar conditions as used for
II. EXPERIMENTAL NiMnSb and PtMnSb films.

Transverse magnetoresistance of both PtMnSb and
Thin films of NiMnSb and PtMnSb were prepared by NiMnSb films was negative at 295 K, all the way to 20 T. At

three-source coevaporation on glass substrates held at 450- liquid-helium temperatures it changed to a positive value for
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SNiMnSb, the change occurring below --50 K. However, in films showed a decrease in resistance from 0 to -1 tesla at
Sthe case of PtMnSb, at low temperatures, magnetoresistance all temperatures, expected for a ferromagnetic films in a field
Sstarted out negative and then increased with increasing H due to the buildup of magnetization. PtMnSb has higher val;

!beyond ~7-8 T. These results are shown in Fig. 3. Both ues of AR compared to NiMnSb.
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The Hall-effect, as expected for a ferromagnetic mate- other phases, below the detection limit of powder x-ray dif-
rial, showed two components as a function of applied mag- fraction, can also dilute the HMF effect in these materials.
netic field. In fields up to -1 T, a large anomalous Hall Negative magnetoresistance at higher temperatures for
voltage was observed and beyond which tie ordinary Hall NiMnSb may be interpreted as due to inelastic s-d scatter-
voltage (positive) increased linearly with H. The anomalous ing, which reduces to negligible values at low temperatures,
part decreased as T decreased, consistent with an increase in which in turn is due to reduced thermal fluctuations and to
the film magnetization. Ordinary Hall constant (R0) plotted the absence of spin-down states at EF. This tentative expla-
in Fig. 4 as a function of T shows a small increase down to nation again depends on the presence of an energy gap for
-100 K, below which it increases significantly by about minority spin carriers. In PtMnSb the corresponding energy
20% for PtMnSb and by a factor of 7 in the case of NiMnSb. gap is even smaller I and hence the effects are smaller. The
Similar behavior wasobserved earlier by Otto et al.3 in poly- effect seen in the transport measurements can also result
crystalline bulk samples. from a structural phase transition below room temperature.

The transport properties of the above HMF compounds The above conjectures need more support from further stud-
thus show unique features. There are no theoretical models to ies on these compounds. For instance, thermal conductivity,
explain this behavior. The temperature variation of p is inter- specific heat, and MOKE measurements as a function of tem-
esting, particularly the linear dependence of p vs T. Accord- perature and magnetic field will certainly shed more light
ing to theoretical prediction, if there are no spin-down states onto the nature of these compounds. In addition, structural
at EF, then spin flip scattering for spin-up charge carriers studies below room temperature ate necessary.
due to magnons is forbidden. This will lead to the absence of
T2 dependence of p and to an increase in the mobility of the IV. CONCLUSIONS
charge carriers. Since the Curie temperature of PtMnSb and In summary, NiMnSb and PtMnSb compound thin films
NiMnSb are 582 and 730 K, respectively,2 one may not ex- show interesting temperature changes of resistivity and Hall
pect many magnons at near-helium temperatures. This means coefficient. This behavior appears to be consistent with the
absence of T2 dependence of p does not provide conclusive band structure calculation for these half-metallic compounds.
proof for the absence of spin-down states at EF. In addition, However, study of other properties is needed to confirm the
scattering processes such as electron-phonon, electron- above observation.
electron, etc., can give rise to nontrivial p-T dependence.
However, ordinary Hall coefficient increase by a large ACKNOWLEDGMENTS
amount as T decreases shows significant changes in the car-
rier concentration and mobility. Caution should be exercised We ratefl acnowlede th e O esearch
in the above interpretation since in NiMnSb, for example, the for financial support for this research under ONR Grant No.
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elctron-like. 1 In any case, a factor of seven increase in Re shown in this work by R. Meservey and P. Tedrow. We thank
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the gap becomes negligible. Presence of small quantities of 335 (1959).

Je

J. Api. Phys., Vol. 76, Fo. 10, 15 November 1994 d . S. Moodera and D. M. Mootoo 6103



Magnetoresistance and magnetic properties of NiFe/oxide/Co junctions
prepared by maghetron sputtering

T. S. Plaskett and R R Freitasa)
INESC, R. Alvev Redol 9-1, 1000 Lisbon, Portugal

N. P. Barradas, M. F. da Silva, and J. C. Soares
INETI, ENO, 2685 Sacavem, Portugal

NiFe/oxide/Co junctions were fabricated by magnetron sputtering for studies of polarized electron
transport across the insulating barrier. A120 3, Al-A120 3, and MgO insulating barriers were prepared
with junction resistances from 0.5 to 116 fl. The I-V characteristics at room temperature are linear.
For low barrier resistance, the magnetoresistance of the structure is dominated by the anisotropic
magnetoresistance of the ferromagnetic electrodes. For the higher barrier resistances, a different
magnetoresistance effect is observed, which is tentativelyrelated to tunneling or spin-valve effects
across the insulating junction.

I. INTRODUCTION of Al203 or MgO in a mixed Ar/0 2 atmosphere, containing
Ferromagnetic/insulator/ferromagnetic junctions have 2%-10% 0 2 by volume, from metallic Al and Mg targets.

bn sThe reactive sputtering of the oxide layers was done at power
past1-3  densities of 1 W/cm2, rates of 0.1-0.2 A/s, at an Ar pressure

spin polarization on the tunneling current across the insulat-
ing barrier. These experiments were carried out at low tern- of 1.5 mTorr. In the thermal oxidation method, a thin layer ofperatures in the tunneling regime of the I-V curve. A change Al was deposited on top of the NiFe electrode. The sample
in the junction zero-bias conductance was observed, which was brought to atmosphere and oxidized in air for 36-100 hdepended on the relative magnetic state of the bottom and to produce an Al-A120 3 layer. The Co layer was then depos-
topeletrdes. Do o the relative c se of le tto and ited. The oxide thickness was varied from 25 to 300 A, andS top electrodes. Due to the relative size of electrode and june-

tion resistances, the magnetoresistance (MR) of the ferro- electrode thickness was either 400 or 1500 A.
magnetic electrode was neglected. The oxidation process was studied by Rutherford back-

Recently,4 work has been reported on NiFe/AI-A1203/Co scattering (RBS). For this purpose a thin Si(100)/NiFe(50i~ ~ Ree work03tCo5 has strutur reprte onpae without break-

junctions. These authors claim spin-tunneling effects at room A)A12 O (50 A) structure was prepared without break-

temperature, although it is not clear how the MR of the fer- ing vacuum. Figure 2 shows the oxygen content, obtained by
romagnetic electrodes was avoided. RBS, for a series of samples with various AI20 3 thicknesses.

In this paper we describe a study of NiFe/oxide/Co
structures, where three types of oxide barriers were prepared,
reactively sputtered Al20 3 and MgO, and thermally oxidized (a)
Al-A120 3. A systematic study of junction resistance, I-V V
characteristics, oxide structure, and magnetoresistance be-
havior is rtported. We find that when junction resistance is of
the order of the electrode resistance, electrode MR domi- Co
nates. For junction resistance much larger than electrode re-
sistance, the observed magnetoresistance is ascribed to tun-
neling across the oxide. ul tInsulator

II. EXPERIMENTAL METHOD

The samples were p.epared by magnetron sputtering in a
system with a base pressure of 1) 10 - Torr. The ferromag- (b) i
netic and insulating layers were deposit..-d through metallic
masks to produce the cross pattern shown in Fig. l(a). The
junction has an active area of 1 mm2, and the oxide layer is Magn,
deposited through a circular mask with a diameter of 5 mm as
in order to prevent shorts between the top and bottom elec- Insulator ' " axis
of 1 A/s in a magnetic field of 100 Oe to induce an easy-axis NF

direction along the Ni81Fe19 and Co bars.
The insulating oxide layers were prepared by thermal

oxidation of a metallic Al layer, and by reactive rf sputtering

FIG. 1. (a) Schematic diagram of the ferromagnet/insulator/ferromagnet
'WAlso at IST, Av.Rovisco Pais, 1600, Lisbon, Portuoal. cross structure; (b) enlarged view of the junction area.
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existence of pinholes, leading to a low junction resistance of Another signature for tunneling across an insulating bar-
a few ohms. Also, the junction resistance sometimes de- rier comes from the magnetoresistance measurement.
creases significantly at current densities as low as 0.1 A/cm2. Slonzceski's the fo or spin tunneling a, v'oss an insulating
This occurs through irreversible dielectric breakdown taking barrier5 predicts that the magnetoresistance is a function of
place for fields of the order of 2t A 03 V/cm. the cosine of the angle between the magnetizations in both

electrode layers. In Fig. 1(b) we show the junction structure
o under study. The easy axis on both electrodes are at 900 to

T III. RESULTS AND DISCUSSION each other, such that we will always have one of the layers in 
Table I summarizes the oxide type and thicknesses stud- a hard direction when the field is applied along one of the

ied, and the measured junction and electrode resistances. The electrode bars. With this structure, one of the magnetizations
junction resistance includes both insulator and electrode re- reverses by rotation, therefore producing a configuration 
sistances. The electrode resistance in the junction area was where the angle between the two magnetizations varies from
measured using the same geometry as shownn Fig. 1, but 00 to 1800.
without the oxide layer. A simple calculation of this resis- Figure 3 shows the hysteresis loop for a
tance shows that most of the current in thr junction area is NiFe/A-A 20/oCO structure where the electrode thickness is 
in-plane. Notice that high junction resistances were observed 400 A, oxide thickness is 40 A, and the junction resistance is
only for MgO barriers. In this case, junction resistance is 1.0 r. The applied field is parallel to the Co easy axis. The
about 800 times higher than electrode resistance. Fcr the Al NiFe is in a hard-axis direction and should start reversing at
oxides, most junction resistances are of the order of the elec- a 4 or 5 e positive field. This is not observed. The curve is

trode resistance. shifted giving rise to 100% remanence at H 0. This may
m uindicate a ferromagnetic 2-30 e pinhole coupling. Between
wtht t-5 and -20 Oe the magnetizations of the Co and NiFe
Stance I. Oxide types, thicknesses, junction resistance, and electrode resis- layers are antiparallel.
tance in the junction area. Figures 4(a)-4(d) show the magnetoresistance behavior

for the same sample, for different orientations of the appliedJunction Electrodes field, either parallel to the Co easy axis (a), parallel to the

t R t(each) R(total) NiFe easy axis (b), or at n45 d to the Co easy axis (c) and
insulatot (A) ( ) (A) (f) (d). The main conclusion of these results is that the observed

A-203  100 0.4 1000 MR comes from the anisotropic magnetoresistance produced *1
400 20 400 0.75 by the in-plane current component in each electrode [see Fig.

tAInAI20 40 1.0 400 0.75 l(b)]. In Fig. 4(a) the Co reverses by domain-wall motion

60 1.4 4o 0.75 leading to no AMR. On the other hand, the NiFe is perpen-
100 0.9 400 0.75 dicular to the in-plane current component at saturation, and
200 0.4 400 0.75 becomes parallel at near-zero field, leading to the observed

MgO 150 116 1500 0.15 positive AMR. In Fig. 4(b) the NFe now reverses by
A 100 0.4 1500 .15 domain-wall motion (no AMR), and the Co rotates from per-

1pendicular to the in-plane current at saturation to parallel to
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FIG. 4. Magnetoresistance for the same structure shown in Fig. 3, but with
the magnetic field applied along different orientations. The angular depen-
dence of the MR comes from the anisotropic magnetoresistance of the fer- FIG. 5. Magnetoresistance for a NiFe/MgO/Co structure, where the junction
romagnetic electrodes, Junction resistance is of same order as electrode resistance is much larger than electrode resistance. No AMR is observed.
resistance.

sible exchange coupling between MgO and the NiFe or Co
layers, and the formation of magnetic oxide compounds at

the in-plane current at zero field. The definite proof of AMR the interfaces. When dielectric breakdown occurred in this
is the negative magnetoresistance found in Fig. 4(c), where same sample, and junction resistance dropped to 3.5 fl, the
both the NiFe and Co at zero field have magnetization corn- electrode AMR became comparable to the junction signal.
ponents perpendicular to the current. This result is not unex- Again, we emphasize that the MgO junctions show linear
pected since in this sample the junction resistance is 1.0 fl, I-V curves, at room temperature. This may indicate that the
which is of the order of the electrode resistance in the junc- observed MR has a different origin than tunneling.
tion area. The main conclusion of this study is that further work is

On the other hand, on one of the NiFe/MgO/Co samples, needed in order to produce stable, high-resistive junctions,
the junction resistance is about 800 times larger than the with high dielectric breakdown. Only in this case can the
electrode resistance, and it is now possible to probe the junc- junction contribution to the perpendicular MR be measured.
tion MR. In this case, the voltage across the electrode arms Whether tunneling effects across insulating layers can be ob-
comes mainly from the junction. Figure 5 shows the mea- served at room temperature, remains an open question.
sured MR signal, for an electrode thickness of 1500 A and
oxide thickness of 150 A. Contrary to the sharp positive and ACKNOWLEDGMENTS
negative MR peaks shown in Fig. 4, which are characteristic
from electrode AMR, Fig. 5 shows essentially positive MR This work was partially supported by STRDA/C/CEN/
for all orientations. In Fig. 5(a) plateaus occur in the MR at 461/92 program. One author (N.P.B.) was supported by a
low fields, when the magnetizations of the electrodes are CIENCIA/JNICT stipend.
antiparallel. This geometry, and the measured hysteresis loop
is similar to that described in Fig. 3. These MR results are 1M. Julliere, Phys. Lett. 54A, 225 (1975).
characteristic of tunneling or spin-valve effects. 3'4  2p. M. Tedrow and R. Meservey, Phys. Rev. B 7, 318 (1973).3S. Maekawa and U. Gifvert, IEEE Trans. Magn. MAG.18, 707 (1982).

The details of Figs. 5(b) and 5(c) are not yet fully un- 4T. Yaoi, S. Ishio, and T. Miyazaki, J. Magn. Soc. Jpn. 16, 303 (1992).
derstood, and are being investigated with respect to the pos- 5J. Slonczewski, Phys. Rev. B 39, 6995 (1989).
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Changes-in -resistivity. behavior of metallic glass Fe70Ni12B16Si2 due to
molybdenum substitution for nickel

A. K. Bhatnagar) and B. Seshu
School of Physics, University of Hyderabad, Hyderabad 500134, India

K. D. D. Rathnayaka and D.- G. Naugle
Department of Physics, Texas A & M University, College Station, Texas 77843

The changes in the resistivity behavior of metallic glass Fe7oNi 12_xMoB 16Si2 are reported as a
function of Mo substitution (x=0, 2, 4, and 6) for Ni at temperatures between 300 and 1.5 K.

The temperature dependence of the resistivity of many The normalized resistivity r(T)=p(T)/po, where Po is
magnetic and nonmagnetic metallic glasses below room tem- the resistivity at tine ice point, is plotted in Figs. 1 and 2 as a
perature results. from a number of scattering mechanisms, function of temperature. Table I lists room-temperature resis-
and localization and Coulomb interaction effects in the tivities p(RT), temperature coefficient of resistivity (TCR)
highly disordered structures. Metallic glasses with Fe-rich defined as [p-1 (dp/dT)], assuming linear T dependence of p
composition based on Fe80B20 and FesoB2o0-.Si,, which are near RT, and-Curie temperatures (Tc) for the samples. The
ferromagnetic, normally show a positive temperature coeffi- resistivity increases with the addition of Mo, the initial in-
cient of resistivity (TCR) at room temperature, and their re- crease being about 30% for x =2 after which the change is
sistivity exhibits a minimum in its value usually at a tem- about 5 pD cm/Mo at. %. The TCR, the magnitude of which
perature (Trin) below 20 K. Addition of Ni or Co for Fe in is typical of most metallic glasses, decreases with increasing
such systems does not shift Tmtn very much but addition of room-temperature resistivity, hence with Mo concentration.
Cr or Mn does change the resistivity substantially as far as This is expected from Mooij's correlation.4 Although
Tmin is concerned. It is known that a substitution of Mo, a samples S4 and S6 have p(RT) higher than 150 /f cm, the
nonmagnetic metal, reduces the Curie temperature (Tc) of TCRs for these samples are still positive at 300 K.
Fe80B20 (Ref. 1) and (Fe1 -..MO) 7sP16B6MAl3 (Ref. 2) appre- The temperature dependence of normalized resistivity
ciably, the effect of Mo being more drastic in the latter glass. r(T) (Figs. 1 and 2) exhibits substantial changes as the Mo
On the other hand, substitution of Mo in a metallic glass like concentration increases. Sample SO behaves typically as
Fe7oNil2B16Si2 does not change Tc and magnetic properties other iron-rich metallic glasses like Fe80B20, with almost lin-
as much as in the above two mentioned metallic glasses.3  ear behavior near 300 K. A minimum in resistivity is ob-
The similarity of magnetic properties of Cr and Mo substi- served at 15 K, and below this temperature the resistivity
tuted Fe-B-Si glasses has motivated us to investigate whether ratio shows a negative TCR. For S2 the temperature depen-
a similarity in the resistivity behavior also exists in these two dence becomes less pronounced, and exhibits a resistivity
types of glasses. We present measurements of the resistivity minimum at about 45 K. However, the resistivity minimum
of the metallic glass system Fe7oNi12 =,MoxB 16Si2. These is much broader than that for SO. Higher Mo concentration
glasses remain ferromagnetic at room temperature (RT) and changes the resistivity behavior significantly. The minimum
below even for x = 6. We cu;mpare the results with those re- shifts to much higher temperatures. Tmin values for S4 and
ported for Cr substitution in ferromagnetic glasses and dis- S6 are 195 and 232 K, respectively. Because Tmin for S6 is
cuss them qualitatively, close to room temperature, its negative TCR range is much

Fe7oNil2-xMoxBl 6Si2 samples (SO, S2, S4, and S6, cor-
responding to x =0, 2, 4, and 6, respectively) were prepared
at Allied Signal. The ribbons were 0.5 cm wide and 20 Am
thick. Glassy structure was confirmed by x-ray diffraction 1.01

and differential scanning calorimetry. The resistance was
measured between 300 and 1.5 K using the four-probe dc
method. The temperature was changed quasicontinuously .
with a 5-10 K/h drift in temperature. The samples were en- 6
closed in a double can, one in high vacuum with an inner can o..
for the samples having 0.1 Torr of He gas for good thermal
contact. Changes in the resistance with an accuracy of better
than two parts in 105 were detected. The accuracy in the 0. ?

room-temperature resistivity is determined by geometrical 0.95

factors. Curie temperature (Tc) determined by a vibrating
sample magnetometer as well as by differential scanning 0.94 100 200

calorimetry are in good agreement with each other. T (K)

')Present address: Department of Physics, Texas A & M University, College FIG. 1. Normalized resistivity r(T) vs temperature T: (a) Fe70Ni 2 B16Si2
Station, TX 77843. (sample SO) and (b) Fe7oNi 10Mo2B16Si2 (sample S2).
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FIG. 2. Normalized resistivity r(7) vs temperature T: (a) Fe~oNiMo4B6Si2 FIG. 3. Arlr(min) vs T1/ for samples (a) Fe7Mi2BMSi2, and (b)
(sample S4) and (b) Fe7oNiMo6B16Si2 (sample S6). FeMoNi1oMoB16Si2 for T< T.in.

larger than for the other samples. The total change in resis- cient of the order of 10- 7 K - 2 between 200 and 300 K indi-
tivity from RT to T= Ti n for SO is about 5% while this ating the possibility of a contribution from magnetic scat-
change is less than 1% for other samples. These figures also tering to the total resistivity.7 For lower temperatures but
show that r(T) of both samples S4 and S6 exhibits a weak above Trotn, a quadratic fit in T adequately describes r(T)
maximum followed by another weak minimum at lower tern- which may include the T 2 magnetic scattering term7 in addi-
perature. Ile broad resistivity minimum for S2 may be con- tion to the T2 contibution as predicted by Ziman's theory. s

sidered as the precursor to the development of a second Data for S4 and S6 samples were also fi ted to the second-
minimum. Similar results have been reported for glassy order polynomial in T for T> Tmin which resulted in a linear
Fes0_xCrxB20 (Ref. 5) and Fes0_,MO,]B20 (Ref. 1) although term with a negative coefficient of about 5×X11) -5 (K- ') and,

!it has been reported that Tmin for glassy Feso_,Mo,,B20 (Ref. a positive quadratic term of the order of (K- 7 (K2. The T2

6) increases with x up to x=4 but then reduces for x--6 term, we believe, is due to the magnetic scattering7 since the

while we find that, for our sample $6, Tmin is larger than that Ziman theory predicts a linear T dependence near RT. The
iifor S4. We speculate that this difference may be due to the negative linear term is most probably the contribution due to
tpresence of Ni in this glass. A reasonable linear correlation the incipient localization effect as expected from Mooij's
Sbetween Tmin and p(RT), and Tmin and Tc within experimen- correlat.ion with p(RT). In the negative TCR region, it is

tat uncertainty is observed. These correlations indicate the controversial as to whether the increase in p(T) of ferromag-
possible importance of roles played by the structural disorder netic glasses is due to a "Kondo-type effect," structural dis-
and the magnetic property of the samples in addition to other order induced two level states, or weak localization and Cou-
physical mechanisms in determining the behavior of their lomb interaction effects, Numerous reports indicate that the
minimum in resistivity. The temperature at which a local temperature dependence of resistivity of many magnetic and
maximum in resistivity is observed for S4 and S6 is practi- nonmagnetic metallic glasses can be fitted to T112 reasonably
cally the same for both samples, while the temperature Tain2, well below T, at which minimum in resistivity is observed,
at which the second resistivity minimum is observed, de- with negative slope as predicted by Coulomb inteaction
creases slightly with increasih.g Me concentration. Values of theories.9 To check whether our samples show the similar
Tmi. and Tra are listed in Table 1. Errors in these values are trend, we have plotted, in Figs. 3 and 4, Ar/r(min)=[p(T)
determines by the flatness of the resistivity variation near -p(min)y/p(min) vs T't/2 for T< Tmin for SO and S2, and
these temperatures. T< Tmin2 for S4 and S6. It is seen that it exhibits a linear

SFor discussion purposes we shall divide temperature in- behavior, and that the slopes for all of these samples are
!tervals as follows: (1) T>Tmm,, (2) T<Tmin2, and (3) approximately constant (-×0 4 K"2). Asimilar observa -

Tmax<T< Tmin . For T> Tmin , the resistivity ratio r(T) can tiln was reported for Feso-xCr.xB20 samples for x<20.5 AC_
be fitted to a second-order polynomial in T with a linear cording to the Coulomb interaction theory, 9 the major contri-

coefficient of the order of 10 4 K- 1, and a quadratic coeffi- bution to the resistivity arises from the diffusion channel
~which predicts a~n additional term to the conductivity, which

!TABLE I. Various measured parameters for Fe7oNi12_,Mo,,B16Si2 metallic in absence of spin-orbit interaction is given by 5

iglasses. For explanation of symbols see the text.
1. 2  ki)1/2

x p(RT) (±5%) TCR (RT) Tr.. T.u T.,2 Tc 1.3HT) e B "
(at. %) o (H T) =2( cm) (K- l )  (K) (K) (K) (K)4D

0 109 2.64×10 - 4 15-±2 ... ... 700 X14 [3 93(h )2]

2 139 8.94×10 - 5  45±-5 ... ... 635 - + +J (F) -+ ]

4 152 3.04X10 - 5  195±-2 22±-2 13±2 558 31 . 1
6 161 1.38×10 - ' 232±.2 20±2 10±2 476

whe-re
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*11

0.07 a linear dependence on - T 112 in this temperature interval
also. We also find that Ar/r(min) for these samples can be
fitted to an expression (a - b In T) equally well in this tem-
perature interval which is predicted by either two-level tun-
neling or Kondo-type magnetic scattering, 10 however, the co-
efficient b is about one order of magnitude greater than that
found for FemoB 2o0.xCx and similar metallic glasses.7 The

J 0.005, 4ilA slope of Ar/r(min) vs T112 in this temperature range is only
about one and a half times larger than that found below
Tra2. Whether this T1/2 temperature dependence is due to
Coulomb interaction effects or not is difficult to conclude at0.0041. . . . .

1.2 1.4 1.6 1.3 2.0 2.2 2.4 this time-although one would expect these effects not to be
appreciable at such large temperatures. Most probably, the

higher-temperature region has resistivity contributiens from
FIG. 4. Ar/r(min) vs T12 for samples (a) Fe70NisMo 4B1 Si2, and (b) other mechanisms, e.g., magnetic scattering, localization ef-
Fe70Ni6Mo6B16Si 2 for T< TW2. fects, etc., as well, and one needs to do additional measure-

ments like the magnetic field dependence of r(T) to get a
better understanding.

321 312] Thus, the resistivity behavior of Fe70Ni12_xMo.Bl 6Si2 is
V) = 11 + + similar to that of Fe-Cr-B metallic glasses,3 i.e., the tempera-4  2  ture dependence of resistivity shows two minima as Mo con-

is a measure of the electron-phonon interaction. The function centration is increased. Since it is very difficult to make high
g3(h), where h=gABHI/ktT, has the asymptotic form concentration Mo amorphous samples, it is difficult to deter-
0.056h2 for h< 1 and (h1 -1.3) for h> 1. Various constants mine whether Tmin (observed at larger temperatures) would
have the usual meaning. We have calculated an upper limit start decreasing for large Mo concentration samples or not.
for D, the diffusion constant, from this expression by taking Similarity of M6ssbauer spectra of Mo and Cr substituted
the limit Xh' 1 =0 and find it to be -3.5 X 10-5 and 7.8X 10- 5  Fe-B-Si/Fe-Ni-B-Si and Fe-B-Cr samples, the fast decrease
m2/s for SO and S6 samples. These are typical values (within in Curie temperature with concentration, and the similar be-
a factor of 2) reported for other metallic glasses. Hence, the havior of resistivity indicates that Mo in these glasses in-
assumption that the temperature dependence of the resistivity duces an "interaction" similar to that of Cr. It has been
of Fe70Ni12_MoxB 16Si2 at temperatures below 10 K is suggested2 that this interaction is an "antiferromagnetic"
dominated by the Coulomb interaction effects seems to be a type based on the observations of the fast decrease of Curie
reasonable one. temperature of (Fe M.5 Mo.) 75P16B6A13 with increasing Mo

We have also plotted Ar/r(min) vs T112 for S4 and S6 in concentration, and the similarity of M6ssbauer spectra of
the region Tmax<T< Tmin in Fig. 5 since these samples show Fes0-M.B 2o (M=Cr, Mo). A more detailed analysis and
two minima in p(T). It is clearly seen that Ar/r(min) shows measurements of the magnetic field dependence of the resis-

tivity minima and maximum need to be done in order to fully
elucidate the role of Mo in this metallic glass system. Such

0.005 measurements are in progress.
U We thank Dr. V. R. V. Ramanan for providing samples.
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Anisotropic magnetism andresistivity of an AI70Ni 15CO15
decagona-quasicystal
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We repor, the results of dc magnetization and electrical resistivity studies of a single-domain
A170Nil 5Co15 decagonal quasicrystal. The temperature dependence and anisotropy of the electrical
resistivity are in excellent agreement with previous results for a similar sample. The magnetic

properties were determined by superconducting quantum interference device magnetometry over the
temperature range 1.8-300 K for magnetic fields between 10 Oe and 10 kOe. The magnetic
behavior can be characterized by a weak ferromagnetic component Me(H) which saturates in
moderate fields (H-1 kOe) and a differential susceptibility, Xo=AM/AH, obtainable from the
high-field data. The observed magnetization M = XoH+ Me is slightly anisotropic and essentially
temperature independent below room temperature. For H parallel to the quasicrystal axis, we
observe XO11=7.1X10 - 7 emu/g and M011=2.0X10 - 3 emu/g. For H perpendicular to the
quasicrystal axes, we obtain Xo± = 8.2 x 10- 7 emu/g and Mo0 = 1.7 x 10 -3 emu/g. An anisotropic
and weak superconducting transition was observed at T= 3.2 K, corresponding to a

A superconducting volume fraction of only - 10- 3.

Although a great deal of experimental effort has been background response. For the observed susceptibilities, de-
directed at understanding the unusual nature of quasicrystal- magnetization effects were negligible.
line materials,1 only recently, wi'h the discovery of the two- Figures 1 and 2 both define the geometries used in this
dimensional decagonal quasicrystals, 2 3 has it been possible study and show the results of the electrical resistivity mea-
to make a direct comparison between properties in the qua- surements. The resistivity in the periodic direction (perpen-

sicrystalline and periodic directions of the same material. dicular to the quasicrystal axes) of Fig. 1 exhibits the posi-

The decagonal quasicrystalline material A17oNi1SCO15 was tive temperature coefficient expected for delocalized

recently4 shown to exhibit appreciable transport anisotropy. electronic states in a metal. However, in the quasiperiodic

In this work, we verify the transport properties observed in
Ref. 4 and present the results of dc magnetic measurements; Al7,NI,Co,1
the magnetic data indicate a weak anisotropy in the conduc-
tion electron susceptibility and the presence of small quanti- Periodic Direction Resistivity

ties of both ferromagnetic and superconducting inclusions in
the single-domain A170Nil5Cols quasicrystal studied.

The single-grain crystal used in this study (-0.6
X0.6X3 mm 3) was prepared and characterized in a similar
manner to that used for specimens previously described,5

The temperature dependence of the anisotropic resistivity 6*

A was determined from conventional four-terminal measure-
ments with careful placement of voltage and current leads. 60

A The magnetic data were obtained at temperatures in the ,.'"

range 1.8-300 K using a Quantum Design model MPMS 5 5

superconducting quantum interference device (SQUID) mag-
netometer. Because of the small signal from the - 7 mg qua- 50

sicrystal, a custom sample holder was employed which uti-
lized a cancellation of Pauli paramagnetic and Langevin core 45 ................

diamagnetic contributions, resulting in an extremely low
background signal. For example, at T= 50 K with H= 10 . . . . .

kOe, a background moment of only -1 X 0-6 emu was T(K)

obtained, compared to the quasicrystal moment of

S6X 10- emu (i.e., only a 1-2% typical correction). A
point-by-point subtraction of the sample holder background FIG. 1. The resistivity in the periodic direction as a function of temperature

was used for all data to avoid possible nonlinearities in the for a single-domain specimen of the decagonal quasicrystal A17oNi1sCos.
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PIG. 2. Thc resistivity in the quasicrystalline direction as a function of H (0e)
temperature for a single-domain specimen of the decagonal quasicrystal

Al7Oij5Cj5.FIG. 4. Isothermal magnetization at (a) T= 300 K and (b) T= 60 K as a
function of magnetic field applied parallel to the quasicrystalline direction of

direction, Fig. 2, we observe the resistivity to increase with
decreasing tempera..e between -250 and 300 K, and then
decrease before levelling off at low temperatures. As men-
tioned above, this result is in good agreement with a previous lic behavior was argued to be consistent with phonon-
study 4 using the Montgomery method, where such nonmetal- assisted tunneling of carriers in extended states.

AI~t~Ni5Col5 Ion Figs. 3(a) and 3(b) are shown isothermal magntiza-
tindata as a function of the external mago tic field, taken

the perpendicular to the

4.0-1 1 1 T300 and 60 K, respectively. Similar data are shown in
40 (a) for the magnetic field applied parallel to a quasicrys-

tlieaxis. The nonlinear behavior may be characterized by
3.0 ferromagnetic component which saturates in moderate

0).

fields (H- 1 kOe) followed by the more usual linear incrase
T20 in magnetization with feld at higher fields. Several observa-

o tions are in order. First, the overall behavior is nearly isotro-
o_ 1A T =300 K pic and essentially teraperature independent. Such

Hn _L d temperature-independent behavior implies that whatever is

(U- o .0 responsible for the ferromagnctic component (whether it be
clusters, inclusions, or paramagnons) cannot be attributed to

. extremely small nanoclusters, which would be expected to
4.- daexhibit superparamagnetic behavior above some blocking

temperature. Second, the ferromagnetic component exhibits
3.0- iremanence at 60 K [note the y intercept of the data in Figs.
sty u3(b) and 4(b)], which disappears at room temperature. The

lines in Figs. 3 and 4 are linear fits to the high-field region
1.0 HL 0where the ferromagnetic component has presumably satu-

o rated. The intercepts of these lines with the magnetization
0 00 00 00 4000 5000 axes provide the saturated moment of the ferromagnetic

H (Oe) component, with temperature-independent values of
M A=(1.7t0.1)X 10- emu/g for H perpendicular to the

FIG. 3. Isothermal magnetization at (a)T=300 K and (b)T6o K as a quasicrystal axes and MN c=l(2.0 t i0. 1) d emu/g for H
function of magnetic field applied parallel to the periodic direction of parallel to the quasicrystal axis. If the anisotropy in MO is
Af70Ni15 Co15 . attributed to shape anisotropy of the possible inclusions or
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FIG. 5. High-field differential susceptibility, XOm AM/All, as a function of HJ±Q
temperature for magnetic fields applied both perpendicular (open circles,
H.Q) and parallel (filled circles, HJIQ) to the quasicrystalline direction of FC
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clusters, this would imply (for ferromagnetism) that their Temperature (K)
shape is prolate with the shorter axis perpendicular to the FIG. 6. Magnetization as a function of temperature in a field H= 10 de

quasicrystal direction, a reasonable result. We point out, applied (a) parallel to the quasicrystalline direction and (b) perpendicular to

however, that the observed values of Me correspond to only the quasicrystalline direction for A170Ni 1 Cols. Both zero-field cooled (ZFC)
about 1 X 10-3 A per formula unit ot A170Ni 15Co 15, a rather and field-cooled (FC) data are shown.

small ferromagnetic co:nponent.
To obtain the underlying field-independent susceptibility weak superconducting transition is observable at T= 3.2 K;

(the slope of the lines in the high-field regions of Figs, 3 and the strength of the signal corresponds to a superconducting
4), magnetization data were taken as a function of tempera- volume fraction of only - 4 7rX, 10-3.One candidate for
ture between 1.8 and 300 K for applied fields H= 5 and 10 superconductivity in this temperature regime would be inclu-

kOe. The intrinsic susceptibility was then defined by sions of amorphous aluminum. The signal for HIIQ (Q is the
Xo=AMIAH. The results are shown in Fig, 5. The uata are quasicrystalline direction) is about five times larger than for
essentially temperature independent between about 30 and H± Q. Such behavior is opposite of that expected for demag-
250 K, with a Curie-like impurity tail at low temperatures. netization effects due to prolate inclusions parallel to the
The Curie-like term corresponds, for example, to only quasicrystalline planes; however, for small inclusions, pen-
2X 10- 3 free Co2+  moments per formula unit of etration depth effects may dominate shape anisotropy.

A170Ni15CO15. A small but persistent anisotropy in the value In summary, we have reported electrical resistivity and
of X0 is observable in Fig. 5. The average values of the data dc magnetization measurements on a single-domain decago-
for temperatures between 30 and 250 K are nal quasicrystal of A170Ni15Co 15. The anisotropic resistivity
Xo.t = 8.2 X 10-7 emu/g and X01 = 7.1 X 10-7 emu/g. Such was in good agreement with earlier measurements. Weak su-
values are appreciably higher than that reported' for perconducting, Curie-like, and ferromagnetic contributions
A165Cu,5Co20, where Xo -1×10- 7 emu/g; that small were observed, presumably due to defects. A dominant
value was attributed to a nearly sp-like band at the Fermi temperature-independent susceptibility of -7× 10 X emu/g,
energy. The larger value for Al70Ni15Co15 is somewhat unex- with - 10% anisotropy, was observed.
pected, given the similar transport properties of the two ma- This work was supported by the National Science Foun-
terials. If one estimates a contribution to Xo due to core dation under Grant No. DMR-9158089 and the Robert A.
diamagnetism of Xore-l.5X10-7,6 the bare density of Welch Foundation under Grants Nos. F-1191 and A-0514.
states from the resulting X0 value is N(EF)-160 states
eV-' per formula unit of A 70Nil 5CO15 , or N(EF) 1.6 states 'See, e.g., Physics of Quasicrystals, edited by P. J. Steinhart and S. OstlundF) -.6 sates (World Scientific, Singapore, 1987).

eV-1 atom-'. However, this may be an overestimate, since (WrdSinii, igpr,18)2L. X. He, Y. K. Wu, and K. H. Kuo, J. Mater. Sci. Lett. 7, 1284 (1987).we have neglected any possible Van Vleck paramagnetism 3A. P. Tsai, A. Inoue, and T. Masumoto, Mater. Trans. 30, 300 (1989).

(e.g., due to Co3+), which is difficult to determine. 's. Martin, A. F. Hebard, A. R. Kortan, and A. F. Theil, Phys. Rev. Lett. 67,
Finally, in Fig. 6, we show magnetization data as a func- 5719 (1991).

tionof empratue tkenundr boh zro-ieldcooed ZFQ A.* R. Kortan et at., Phys. Rev. B 40, 9397 (1989).tion of temperature taken under both zero-field-cooled (ZFC) L. N. Mulay and E. A. Boudreaux, Theory and Applications of Molecular
and field-cooled (FC) conditions in a field of H= 10 Oe. A Diamagnetism (Wiley, New York, 1976).
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M6ssbauer effect investigation of the pentagonal approximant phase
in the Fe-Nb system

R.A. Dunlap; J. Kyriakidis, and M. Yewondwossen
Department of Physics, Dalhousie University, Halifax Nova Scotia B3H3J5, Canada

The formation of the pentagonal Frank-Kasper phase (/z phase) in the Fe5o+xNb5 o x system near
x=0 has been investigated. The effects of composition and heat treatment on the phase diagram of
this system have been studied. Only the as-cast x=0 alloy was found to consist of a pure /t phase.
X-ray diffraction patterns indicate the existence of a phase with a high degree of structural order but
considerable chemical disorder. A M6ssbauer spectrum of the /i-phase material exhibits a
room-temperature quadrupole split doublet with-A=0.209 mm/s and an isomer shift 8=-0.289
mm/s relative to a-Fe. A shell model analysis of the sVctrum indicates a structure with a high
degree of order. Results are discussed in terms of measurements on related icosahedral and
decagonal phase materials.

I. INTRODUCTION and relative intensities obtained in this work along with those
s cqhcalculated for the A. phase (W6Fe7 structure) with a = 4.928,M6ssbauer effect studies of quasicrystals have been im- A and c =26.83 A are given in Table . The peak locations

portant for an understanding of the microstructure of thesenovel materials. A recent review of these studies has been are in excellent agreement with the calculated values3 for the
presented by Dunlap and Lawther) A number of methods for lattice parameters as indicated above. The anomalies in the

the interpretation of M6ssbauer spectra of quasicrystalline measured intensities for some of the diffraction peaks are an
materials have been presented in the literature and the infor- indication of the presence of substantial chemical disorder on

mation which can be obtained fom these measurements de- the lattice sites. 5
pends crucially on the techniques applied to their analysis. The room-temperature 5 M6ssbauer effect spectrum

of the pentagonal phase of Fe-Nb is illustrated in Fig. 1. This
The comparison of results from quasicrystalline materials
and those of related crystalline phases has been important in spectrum shows the existence of a symmetric quadrupoleunderstanding the relationship of M ssbauer spectral param- split doublet. Although the individual lines cannot be re-undterstmicrostructural details. In the present work we have solved, the shape and width of the absorption peak indicate
eters and Missbue aur mets the pentgok ave that it is not a singlet. A fit to this spectrum using a Lorent-
considered Mbssbauer measurements of the pentagonal ap-
proximant phase in the Fe-Nb system. These results will be zian doublet yields the mean quadrupole parameters as indi-

interpreted in the context of results for related quasicrystal- cated in Table II. The linewidth of the component lines, 0.29
line materials. mm/s, is slightly greater than the intrinsic linewidth of thespectrometer but is substantially less than that found for

II. EXPERIMENTAL METHODS similar fits to spectra of quasicrystalline materials; typically

Samples of Fe50+,Nbso_ were prepared by melting
high-purity elemental components in an argon arc furnace for TABLE I. X-ray diffraction scattering length and relative peak intensities
compositions with x =0,2. Materials were studied as-cast and for pentagonal FeoNb5 measured in the present work and calculated for the

after annealing for four days at 1000 °C and water quench- pentagonal Frank-Kasper phase.
ing. Room-temperature Cu Ka x-ray diffraction patterns were
made of all samples using a Siemens D500 scanning diffrac- Measured
tometer. Room-temperature 57Fe M6ssbauer effect studies Index d (A) I d (A) I
were performed using a constant acceleration Wissell System 11 0 2.470 86 2.471 72
II spectrometer and a Pd 57Co source. The intrinsic linewidth 0 110 2.273 67 2.278 46
of the spectrometer for 57Fe is 0.23 mm/s (FWHM). 0 0 12 2.238 18 2.242 18

116 2.163 100 2.165 75

Ill. RESULTS 20 1 2.131 45 2.133 35
1 0 11 2.120 53 2.124 43

All alloys studied here showed the presence of the pen- 2 0 4 2.037 17 2.039 16
tagonal / phase. However, only the as-cast x=0 sample was 0 2 5 1.987 31 1.985 29

free from the presence of impurity phases. This analysis is 119 1.903 15 1.905 15

consistent with the phase formation studies of the Fe-Nb 3 0 0 1.426 16 1.426 20

system reported by Raman.2 Further investigations presented 2 110 1.385 15 1.386 33
in the present manuscript are confined to the single-phase 3 0 6 1.359 22 1.359 32
sample. 0 1 19/1 2 13 1.348 22 1.348 48

X-ray diffraction peaks for the A phase were well de- 0 0 2/ 1 18 1.278 20 1.279 60
0 2 17 1.270 9 1.273 21

fined with a typical linewidth of A(20)<-0.2 ° (FWHM), indi- 2 2 0 1.236 20 1.236 100
cating a high degree of structural order. The peak locations
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TABLE III. Comparison, of shell model parameters for pentagonal Fe-Nb

_ (p)'and some icosahedral (i) alloys. *=this work.

Alloy Phase n a (mm/s) Reference

A 0Tai 0Fe2o i 1.14 0.363 8
A12Cu25Fe,1 5  i 1.44 0.283 5
Al0Fe11Mo9  i 1.48 0.351 8

A Al86Fe0o2Mn13.72 i 1.70 0.144 1
E FesoNb5o p 5.2 0.088 *

-0.5 0 +0.5
v (min/s) typical Ti-based icosahedral alloys. u'12 where the Fe atoms

are believed to reside in highly symmetric sites at the center
FIG. 1. Room-temperature 57Fe Missbauer effect spectrum of the pentago- of an icosahedral cluster.
nal phase of FesONbso. The solid line is a least-squares fit to the shell model. The negative isomer shift observed in this alloy is in-

dicative of an anomalously high electron density at the Fe

about 0.36 mm/s.1 This excess linewidth is, presumably, the probe sites. This is expected on the basis of the presence of a

result of local disorder in the structure as evidenced by the large concentration of early transition metal (M) atoms in
the alloy. The value of 8 observed here is consistent with

anomalous x-ray peak intensities and which produces a cor- teally.Te value oF er aed h i s etmeasremntsof dlut Wealloys adnear neighborefct
responding distribution of local Fe environments. This be- m e odlute MFe a s and r effects
;iavior can be accounted for in the analysis of the M6ssbauer of dilute M impurities in Fe (see Ref. 13 and references
effect spectrum by fitting the data to a shell model distribu- therein).

tion of quadrupole splittings of the form2 '4  The parameters obtained from shell model fits to several
t oquasicrystalline alloys are compared with the data for pen-

(A" ( A2 t tagonal Fe-Nb in Table III. The present results are anomalous
P(A) = jexp - , in two respects; an unusually large value of the parameter n

and an unusually low value of the parameter o, when com-
where n and o, are fitted parameters. The symmetric nature of pared with all results for, quasicrystalline alloys reported to
the spectrum indicates the lack of correlation between isomer date.1 The relationship of these parameters to the detail of the
shift and quadrupole splitting distributions. A detailed com- microstructure has been discussed by Dunlap et al. s Specifi-
puter analysis confirms this assumption. The results of the cally, n near unity and a large value of (r are characteristic of
shell model analysis for this spectrum are given in Table II a highly disordered (e.g., amorphous) structure, while in-
and the calculated P(A) is illustrated in Fig. 2. creasing values of n (and correspondingly smaller values of

a) are characteristic of an increase in the degree of micro-IV. DISCUSSION AND CONCLUSIONS structural order. This inverse correlation between the values

The existence of a decagonal 9 and icosahedrall ° phase in of n and o is characteristic of the relationship between the
the Fe-Nb system has been demonstrated by electron diffrac- shell model and the distribution of local Fe environments in
tion studies of rapidly quenched samples; although single- the material and is illustrated for typical data for quasicrys-
phase materials have not yet been prepared. Table I compares talline and related materials in Fig. 3. Typically quasicrystal-
the mean quadrupole parameters of the pentagonal Fe-Nb line materials have values of n in the range of 1-2, with
phase with several other icosahedral and decagonal materi- more highly ordered materials (as evidenced from other ex-
als. The mean quadrupole splitting of Fe-Nb i3 somewhat
less than in Al-based icosahedral5 and decagonal, alloys
where Fe atoms are believed to exist in a highly anisotropic
environment analogous to the transition metal site environ-
ments in the outer shell of the MacKay icosahedra of a cubic
approximant phase (e.g., a-AlMnSi) or in the sites of a two-
dimensional Penrose tiling, respectively. On the other hand,
the quadrupole splitting of Fe-Nb is much greater than that in

TABLE I. Results of room-temperature M6ssbauer effect studies of some I
quasicrystalline and related materials; i=icosahedral, d=decagonal,
p =pentagonal, *=this work.

Alloy Structure A (mm/s) 8 (mm/s) Reference
0 0.1 0.2 0.3 0.4 0.5

A42.sCu25Fe12.s i 0.369 +0.234 5 A (mm/s)
Ti5,Ni23FesSi 6  i 0.06 -0.170 6
A175Pdl5 Felo d 0.372 +0.185 7
Fes0Nb5o p 0209 -0.289 * FIG. 2. Quadrupole splitting distribution, P(A), for the spectrum of Fig. 1 as

obtained from the shell model.

6114 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Dunlap, Kyriakidis, and Yewondwossen



0.4 to describe the structure as n = d- 1. The present studies
lo clearly point to the differences which exist between the mi-

0.3 crostructure of quasicrystals and their crystalline approxi-
mants.
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Short-period oscillations in the Kerr effect of 4d- and 5d-transition metal
wedies on Co-films (invited) (abstract)

A. Cad and D. Weller
IBM Almaden Research Center, San Jc.e; California 95120-6099

We report a novel type of short period oscillations in electron-beam evaporated Co films covered
with wedge-shaped films of Pt, Au, and Pd. Oscillatory behavior, with periods in the range 2-3 A,
is observed both in-the saturation polar Kerr angle and in the high field susceptibility, as a function
of the wedge position (see Fig. 1). The structures of the type buffer/Co/X wedge/Y cap were made
by high vacuumn evaporation using fused silica as substrates. They consist of a 200 A Pt buffer layer,
a thin Co-layer revealing a perpendicular easy magnetization axis, a transition metal wedge (X) with
thickness in' the range 0-25 A, and a thin Cu or Au cap (Y) layer. The presence of oscillations
depends critically on the choice of the cap-layer Y. They are distinctly different from long and short
range period oscillations observed in magnetic sandwich or multilayer structures, since there is only
one magnetic film involved. The present results will be discussed in the framework of spin polarized
quantum well states.

31.5 3.0

a) P-Wd x1074  b) p"I * 
C,

-, K
260 5 2 A

129.0
.7- V Y

x

m0.0 1
5 10 15 20

5 10 15 20 we*g thickness (A)
wed* thicknms (A)

FIG. 1. Oscillatory behavior as a function of the wedge position.
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Magnetoresistance ofCuNiCo ternary, alloys (abstract)
R. S. Beach, D. Rao, and A. E. Berkowitz
Center for Magnetic Recording Research, University of California, San Diego, La Jolla, California 92093

Magnetoresistance (MR) measurements on four film samples of the ternary alloy CuNiCo were
performed at room temperature in fields Ht20 kOe. Following growth by sputtering onto thermally
oxidized Si substrates, the films (100-200 nm thick) were annealed between 1 and 6 h at
temperatures TA =200, 350, 500, and 700 C. The samples display anisotropic magnetoresistances
(AMR) for H<100 Oe of up to 3% at room temperature for Cu20Ni53Co27 (TA =350 *C). Despite the
fact that in the bulk these alloys tend to phase separate into Co rich and Co poor regions, we find
evidence for giant magnetoresistance (i.e., an isotopic negative component to the MR) in only one
sample, Cu5iNi17CO31, after a 6 h, 700 C anneal. In the as-deposited condition, samples
Cu20Ni53Co27 and Cu13N41Co46 display a pronounced asymmetry between the resistance decrease
for H applied perpendicular to the current I and the corresponding increase for H parallel to I which
substantially exceeds the 1:2 ratio in bulk materials or the 1:1 ratio expected for a thin film. The
large observed values of AMR (more evident in tamples with low Cu concentrations) are likely
linked to AMR in binary CuCo alloys, which are known to exhibit large AMR.' The disparity
between the MR for H parallel and perpendicular to the current we attribute to magnetic anisotropy
induced during fabrication.

'0. Jaoul et at., J. Magn. Magn. Mater. 5, 23 (1977).
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Kondo, Mixed Valence, and Heavy Fermions I J. D. Thompson, Chairman

Enharcement of the localized behavior in CeNioNPto.2 Kondo compound
replacing Ce by magnetic ions (PrNd)

J. C. G6mez Sal
Facultad de'Ciencias, Universidad de Cantabria, 39005 Santander, Spain

' d. A. Blanco
Departamento de Fisica, Universidad de Oviedo, 33007 Oviedo, Spain

J. I. Espeso and J. Rodriguez Fernandez
Facultad de Ciencias, Universidad de Cantabria, 39005 Santander, Spain
D. Glgnoux

Laboratoire Louis Niel, CNRS, 166X, 38042 Grenoble Cedex, France

The substitution of Ce by magnetic ions such as Pr or Nd in the CeNi0,8Pto.2 Kondo ferromagnetic
compound not only favors the magnetic interactions increasing the Curie temperatures, but also
disturbs the coherence of the Kondo lattice state leading to a decrease of the Kondo temperatures
and an increase of the Ce intrinsic magnetic moment. These effects have been studied by resistivity,
magnetization, and neutron diffraction.

CeNiPt, -x is among the cerium-based compounds one Nd must not only produce a decrease of the volume but also
of the systems which presents a clear relationship between have a direct influence on the magnetic interactions. We
the cerium state and the cell volume.' The orthorhombic present here the resistivity, magnetization, and neutron-
CrB-type structure is kept through the whole series from diffraction studies performed in two diluted compounds:
CePt to CeNi, The variation of the cell volume gives rise to Ceo 9Pro1Nio8Pto 2 and Ce0.9Nd0.Ni 0.8Pt0.2, referred to as (Pr)
changes in the magnetic properties according to the rule "the and (Nd) henceforth. These experiments are compared with
4f-sd conduction-band hybridization increases with decreas- the results from the "nondiluted compound" CeNi0.8Pt0.2, re-
ing cell volume." The substitution of Ce ions by nonmag- ferred to as (Ce). Resistivity, magnetization, and neutron-
netic Y or La strongly supports this fact.2 A mostly localized diffraction experiments were performed at the Universidad
Ce3+ behavior is observed for the larger volume compounds de Cantabria, at the Laboratoire Louis Niel (Grenoble), and
(CePt or Ce1 -yLayNiPtj -,) while CeNi or on the 1 1B diffractometer of the ILL (Grenoble), respec-
Ce -yYyNiosPto.2, with smaller volumes, show an enhanced tively.
Pauli paramagnetism or Kondo impurity behavior. From We have not observed drastic changes in the general
CePt, the compounds are Kondo ferromagnets with Tx shape of resistivity due to the Pr or Nd substitution (Fig. 2).
(Kondo temperature) increasing with the decreasing volume.
CeNi0.Pt 0.2 is the compound with the largest T, (Curie tem-
perature) but close. to the crossover between the localized
and delocalized regime, according to the Doniach diagram.3 1.6 ..... .

Recent specific-heat measurements4 give electronic co- ' 1.4 --t-- P t-I
efficients y with a maximum (y-200 mJ/K 2 mol) for 1 21.41.2
CeNio.8Pto.2. The description of C mag and the re'-" -e vaiia-
tion of TK and y along the series could be interpreted in the (Pr )
framework of an S =1/2 resonant level model extended to 0.8 i d,-

Kondo lattices using a mean field approach as developed by 0.6
Bredl, Steglich, and Schotte.5 Neutron-diffraction studies6 al- . magnetization(c

0.4 mantzto
lowed us a direct estimation of the Ce intrinsic magnetic " 0.2 " neutrons
moment. As can be seen in Fig. 1, the magnetic moment is to
much smaller than that of the freeCe 3 + ion (2 .14MB) and it 0 . 0
progressively reduces with the Ni concentration as a conse- 0
quence of the enhancement of the hybridization, showing the CePt CeNi
increasing importance of Kondo interactions with the volume
decrease. It is worth to mention that the diluted (La or Y)
compounds have magnetic moments according to the corre- FIG. 1. Magnetic moment of the Ce atoms as a function of the Ni content in
sponding volume effects (see Fig. 1). the CeNi Pt -, series. The moments of the diluted compounds have been

The substitution of Ce by magnetic atoms such as Pr or situated with arrows pointing to the solid line used as a visual guide.
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FIG. 2. Thermal variation of the electrical resistivity. Insert: magnetic con-
tribution to the res;stivity Pm. FIG. 4. Rietveld refinements of the neutron-diffraction patterns for

t ,Ce
0o9Ndo,1Ni 8 Pto.2 at 1,5 K. Vertical marks correspond to the reflexion of

the two crystalline observed phases. Ceo.9Pro.Nio 8Pto2 presents a similar

The magnetic contributionsi obtained by subtraction of the pattern
isomorphous LaNioIsPto.2, resistivity and a constant residual
resistivity term, present a broad maximum attributed to the
crystal-field effects which are quite strong in these low- tive magnetic moments very close to the Ce3+ free-ion value
symmetry compounds. The position of the maximum, which and leading to paramagnetic Curie temperatures. Op = -49,
is related to the crystal-field-level scheme, does iot seem to -40 K, and -43 K, for (Ce), (Pr), and (Nd), respectively.
be very sensitive to the introduction of these small concen- The neutron-diffraction patterns (Fig. 4), present the
trations of Pr and Nd. The negative slope of Pma at high same characteristics of the rest of the series and previous
temperatures is related to Kondo interactions, being slightly diluted compounds.6 Al! of these compounds, prepared in a
reduced by Nd or Pr substitutions. The Curie temperatures cold crucible induction furnace and annealed for a few days,
10.2 and 9.8 K, deduced from the kinks in (Pr) and (Nd) present a splitting on the peaks corresponding to the CrB
respectively, are slightly higher than that of CeNiosPto.2 (8.6 structure. The only way to interpret such diagrams is to con-
K) and they coincide with those obtained from the Arrot sider a kind of spinodal segregation of phases of the same
plots of the magnetization measurements. structure with slight differences in the cell parameters. With

The magnetization curves at 1.5 K for the three com- these hypotheses the Rietveld refinements give quite accurate
pounds are presented in Fig. 3. They are characteristic of a fits, assuming that Pr or Nd atoms are randomly distributed
ferromagnetic behavior but the (Pr) and (Nd) curves present in the same (4c) site occupied by Ce atoms. The obtained
a notably larger magnetization. At 80 kOe they are far from crystallographic data are presented in Table I. As expected,
saturation. The extrapolated values of M (H=0, T=1.5 K) we find a slightly smaller volume for (Pr) or (Nd).
are 0.28, 0.35, and 0.34MB/formula for (Ce), (Pr), and (Nd), The diagrams obtained at 1.5 K (in the ordered range) do
respectively, thus showing the enhancement of the effective not present supplementary new peaks, but only an increase
magnetic moment on the rare-earth site. The reciprocal sus- of the intensity of some of them. The magnetic peaks are the
ceptibilities follow a Curie-Weiss law with averaged effec- same as those detected in other magnetic compounds of this

system, 6 corresponding to the same collinear ferromagnetic
0.6----. , . . . ,. . structure, with the magnetic moments in the c direction. Due

o 9-*-." N A.2 . T=ISK L to the weak magnetic contributions, the determination of the

0.5 - 9%.Ii s'o0.2 _ T magnetic structure has been performed from the difference
,-[ -ce, 3 = --IP 2  diagrams (1.5-15 K) using the Rietveld method.7

S0.4 - The magnetic intensities are noticeably higher for (Pr) or
(Nd) than for CeNiosPt0 2. In order to estimate the Ce mag-

, ~0.3 2M,,._[, €0 - netic moment value, we have considered an average mag-
SA t[ 1 netic moment (i)=0.9 Uce+O.1(R or Nd) in each rare-earth

0.2 (4c) site, taking /1tpr=3 .20B and ANd= 3 .2 7 .B which corre-
MO -t ," -spond to the free-ion values A=gjJAB. Then, the only pa-

0.1 0 , rameter to be fitted is the AC, value. The magnetic rare-earth
0 50 100 150 2oo 250 3W form factors were taken from Ref. 8. The obtained values0 1-- -2 - 1 1 , '

T ( K
i
)  

, I

0 10 20 30 40 50 must be considered just as an estimate which gives a mini-
mum limit for the cerium intrinsic moment, because we have

H (kOe) not considered the crystal-field effects on Nd and Pr. For

example, in the isomorphous NdNi compound, the crystal

FIG. 3. Magnetization curves at 1.5 K. Insert: thermal dependence of the field reduces the Nd magnetic moment to 2 .7MB .9 We obtain

reciprocal susceptibility. 0.92±0.05B for (Pr) and 0.89 ±0.05 B for (Nd). These val-
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TABLE I. Crystallographic and magnetic data.

V V Average V RB R
W) Phase % (A3) (%) (K) (f/.Ce atom) (%)

178.7 52.0 4.8
(Ce) - ---------------- 175.2 ----- --------- 8.6 0.50(5) 18.2

171.3 48.0 6.6

178.1 42.7 4.8
(Pr) ----------------------- 174.7 --------------- 10.2 0.92(5) 12.2

172.2 57.3 4.9

178.7 44.1 4.9
(Nd) -----..---------..---.. 174.4 --------------- 9.8 0.89(5) 19.6

171.3 55.9 5.6

ues are much larger than that found for CeNio.Pto.2  The present results show that the dilution of Ce by mag-
(0.5±0.05/z8). These moments are indicated by arrows over netic atoms disturbs the coherence of the Kondo lattice state
the general trend presented in Fig. 1. increasing the magnetic interactions and favoring the ten-

From all of these data we can deduce that the introduc- dency to a localized behavior of the Ce ions. This is not the
tion of 10% of Pr and Nd atoms in the CeNiosPto. 2 Kondo case of Y nonmagnetic dilutions for which a clear tendency
ferromagnet enhances the exchange Ruderman-Kittel- to the delocalized behavior was observed. This means that
Kasuya-Yoshida interactions leading to a noticeably in- the Kondo lattice behavior needs to be understood not only
crease of the Curie temperatures and very slight modifica- as a consequence of the large 4f-sd conduction-band hy-
tions of the crystal-field scheme, bridization but also as a cooperative phenomenon of coher-

If we only take into account the very small volume de- ence between the Ce magnetic ions.
crease caused by the Pr or Nd introduction, it should be This work was supported by Spanish CICYT (MAT93-
expected an enhancement of the hybridization; however, it is 0691).
clear from our results that the Kondo interactions are re-
duced. The experimental results that support this assertion 1D. Gignoux and J. C. G6mez Sal, J. Appl. Phys. 57, 3125 (1985).

2J. M. Barandiarin, J, A. Blanco, D. Gignoux, J. C. G6mez Sal, J. Rod-
are: (i) the decrease of the absolute value the paramagnetic riguez Fernindez, and J. Voiron, J. Magn. Magn. Mater. 90 & 91, 145
Curie temperatures, which are related to TK; (ii) the higher (1990).
values of the magnetization, at 80 kOe for (Pr) and (Nd) (see 'S. Doniach, in Valence Instabilities and Related Narrow Band Phenom-
Fig. 3); (iii) above all, the noticeable increase of the Ce in- ena, edited by R. D. Parks (Plenum, New York, 1976), p. 169.

4J. A. Blanco, M. de Podesta, J. I. Espeso, J. C. G6mez Sal, C. Lester, M.trinsic magnetic moments found in (Pr) and (Nd) by neutron A. McEwen, M. Patrikios, and J. Rodriguez Femndez, Phys. Rev. B 49,
diffraction (see Table I). 15126 (1994).

Figure 1 has been used to illustrate the effects of the 'C. D. Bredl, F. Steglich, and K. D. Schotte, Z. Phys. B 29, 327 (1978).
different dilutions. On one hand, the substitution of Ce by 6j. C. G6mez Sal, J. 1. Espeso, J. Rodriguez Fernandez, J. A. Blanco, and J.

Rodriguez Carvajal, Solid State Commun. 87, 863 (1993).
nonmagnetic ions, Ceo.sLao.2Nio.sPto.2 and Ceo.8Y0.,No.8No. 2 ,  7j. Rodriguez Carvajal, FuLLPtoF: A program for Rietveld Refinement and
leads to magnetic moments higher and lower than that of Pattern Matching Analysis (Abstracts of the Satellite Mett. 15th Congress
CeNio.Pt0.2, according to the volume effects. And, on the of the International Union of Crystallography, Tolouse, 1991), p. 127.

other hand, the Ce magnetic moment changes appearing with SC. Stassis, H. W. Deckman, B. N. Harman, J. P. Desclaux, and A. J.
troFreeman, Phys. Rev. B 15, 369 (1977).
, , the introduction of Pr and Nd magnetic ions are opposite to 9R. Lemaire and D. Paccard, in Les Elements des Terres Rares, (edited by
those expected by pure volume effects. CNRS, Paris, 1970), Vol. 2, p. 231.
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Low-temperature phase diagram of YbBiPt
R;Movshovich, A-. Lacerda, R C. Canfield,a) J. D. Thompson, and Z. Fiskb)
Los Alamos National Laboratory, Los Alasn6s, New Mexico 87545

Resistivity measurements are reported on the cubic heavy-fermion compound YbBiPt at ambient
and hydrosiatic pressures to -19 kbar and in magnetic fields to 1 T. The phase transition at T,=0.4
K is identifled by a sharp rise in resistivity. That feature is used to build low-temperature H- T and
P-T phase diagrams. The phase boundary in the H-T plane follows the weak-coupling BCS
expression remarkably well from T, to T,14, while small hydrostatic pressure of -1 kbar suppresses
the low-temperature phase entirely. These effects of hydrostatic pressure and magnetic field on the
phase transition are consistent with an spin-density-wave (SDW) formation in a very heavy electron
band at-T=0.4 K. Outside of the SDW phase at low temperature, hydrostatic pressure increases the
T2 coefficient of resistivity, signaling an increase in heavy-fermion correlations with hydrostatic
pressure. The residual resistivity decreases with pressure, contrary to trends in other Yb
heavy-fermion compounds.

Interest in the compound YbBiPt has been sparked by of the Fermi surface. Combination of this effect and the mag-
the very large coefficient of the linear-in-temperature contri- netic nature of the transitioni suggests SDW as a candidate
bution to the heat capacity, y=8 J/mol K, that develops at for the nature of T=0.4 K transition. The curve at P=0.78
low temperatures.1 If a substantial part of that heat capacity kbar displays similar behavior, with the transition tempera-
is due to the heavy-fermion nature of the ground state, that ture shifted very slightly downward; however, application of
value of y makes YbBiPt the "heaviest" fermion compound 1.20 kbar suppresses any resistive signature for the low-
known to date. Inelastic neutron scattering2 suggests that temperature phase transition. The inset in Fig. 1 shows the
some fraction of this large y may be due to the existence of P-T phase diagram, with data points identified from the
low-lying crystal-field excitations; however, separation of kinks in the resistivity curves, as in Fig. 1, as function of
these and intrinsic heavy-fermion contributions has not been pressure. The point at P=0.84 kbar is obtained from a curve
possible. The heat capacity data also revealed a phase tran- not shown in the Fig. 1. The dashed line represents the ap-
sition at 0.4 K as a small, but rather sharp, peak in the C vs proximate pressure above which there is no resistive signa-
T curve. It is the nature of that transition that is the subject of ture for a phase transition. The dotted line through the data
this article, together with the clues it may provide to the points corresponds to the pressure dependence of the transi-
properties of the ground state of the system. To address these tion temperature of (dTc/dP)p..o -14 mK/kbar. The be
questions we have studied the electrical resistivity as a func- havior of the transition temperature is highly nonlinear, and

tion of pressure and applied magneiic fields and we argue
that these results are consistent with the development of a
spin-density wave (SDW) below 0.4 K in a heavy-mass band
of conduction electrons. - -

Single-crystal samples of YbBiPt were grown from an 0A XXX

excess Bi flux.3 X-ray diffraction confirms the samples to be 4
face-centered cubic with the half-Heusler structure at room *P#* o

temperature. Neutron diffraction shows no evidence for a E42
structural transition to 27 K.2 Resistance measurements were C 25
made in standard four-probe and Montgomery4 configura- ,
tions. Pressure was generated in a self-clamping Be-Cu cell 0.
with Fluorinert FC-75 as the hydrostatic pressure medium.
The pressure at low temperatures was established from the 20

shift in the superconducting transition of a piece of high-
purity lead mounted near the sample.

Results of four-probe ac resistivity measurements under 0.0 0.2 0.4 0.6 0.8 1.0 1.2
hydrostatic pressure below -4 kbar are displayed in Fig. 1 0 08 0
for the rod-shaped sample in which the current flow was
close to being parallel to the (100) crystallographic direction.Data for P =0 kbar curve show a sharp kink at T=0.4 K. The FIG. 1. Resistivity of a single-crystal rod-shaped sample of YbBiPt under

hydrostatic pressure: (0) 0 kbar; (+) 0.78 kbar; (X) 1.20 kbar; (A) 3.92
rise in resistivity below T, suggests a decrease in the number kbar. Inset: transition temperature T, vs applied hydrostatic pressure, ob-
of conduction electrons that could arise from partial gapping tained from the kinks in curves shown in the main body of the figure.

Dashed line: approximate pressure that suppresses the low-temperature
phase. Dotted line passes through the data points, with a slope

')Present address: Ames Laboratory/Iowa State University, Ames, IA 50011. (dTIdP)p.o =- 14 mK/kbar. The low-temperature phase is suppressed by
b)Present address: k1orida State University, Tallahassee, FL 32306. pressure between 0.84 and 1.20 kbar.
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verystrong; Hydrostatic pressure has been an important tool T (K)
for investigating the SDW transition in Cr. The transition 0 0.2 0.4 0.6 0.8 1.0
temperature is suppressed rapidly by~pressure, at the:rate-of 30 F , 1 ,
(dTIV/dfpe, o --5.1 K/kbar. 5 Such a strong dependence on

pressure is seen as a-consequence of the delicate-Fermi, sur- 25
face nesting that results in a SOWtransition. The high, sen-
sitivity to relatively, small pressure onthe.orderrof 1 kbar is > 20 "
consistent with the0.4 K transition inYbBiPtbeing due to a 20 - (

Fermi surface instability. Extending the analogy with, Cr,6  (

analysis of data similar, that of Fig.,1 for P =0 kbar (Ref. 7) 1.00
results in a value for a weak-coupling SDW gap of
A(T=0)/kBTC=l,65_O.15. This is close tothe minimum
value of 1.764 for -the two-band mrodel of, itinerant
antiferromagnetism. s For comparison, in Cr it was found6  ,

that A(T=0)/kBT=2.3. 
0

To further investigate this transition we performed a se- (b) 0'3

ries of resistance measurements in a magnetic field. The two 0.70 I"• 0 2 4 .. . 6 8 1 0
samples used were of a "Montgomery type," thin square
platelets, each oriented to have one pair of long edges along H (kG)

the magnetic field. Both samples displayed anisotropic
resistivity,7 and the direction of the largest increase in VI FIG. 2. (a) Temperature sweeps at constant magnetic field: (solid lint)/ I=0

kG; (dotted line) H=1 kG; (dashed line) H=2 kG. Kinks in V/I curves are
was longitudinal for one of the samples and transverse for taken as signaling transition temperatures for given fields. (b) Magnetic-
the other. One reason for choosing such a geometry was the field sweep at a constant temperature of T=350 inK,
expectation that magnetic field might reorient the SDW do- (V/I),=(VI)/[VI(H=0)], Inset: derivative of the curve shown in (b).

The sharp kink indicated by the arrow at a field H=2.10.01 kG represents
mains with different order parameters, as was demonstrated the phase transition at T=350 inK.
for Cr, and produce a single-domain sample. In one of the
samples we indeed observed a small downward kink in V/l,
in the direction which had a larger resistivity at zero field, temperature-dependent resistivity at pressures between -4
while sweeping temperature at a fixed field of 2.5 kG. This and 19 kbar. Data for all curves can be fit very well by
would imply that reversal of the direction of the larger resis- p(T)= p0 +AT 2 below T=300 mK, as expected for a Fermi
tivity has taken place. However, temperature sweeps in fields liquid. In this Fermi liquid regime 4.A was shown"1 to be

greater than 2 kG are increasingly difficult since the phase proportional to y for a large number of Ce and U heavy-
boundary of the low-temperature phase becomes rather inde- fermion compounds. The inset in Fig. 4 shows A as a func-
pendent of temperature, as described below. tion of pressure and indicates an increase in the heavy-

Figure 2(a) displays results of temperature sweeps for fermion correlations with pressure. Similar systematics with
one of the samples described above in which the excitation pressure are observed in other Yb heavy-fermion
current was transverse to magnetic field. The phase transition compounds. 2 The decrease of the residual resistivity Po with
temperature is easily identified by sharp kink in V/1. Figure
2(b) shows V/I at 350 mK for the same sample but with the

current flow parallel to the applied field. We identify the
sharp kink at 2.1±0.1 kG in the derivative with respect to H
as the transition magnetic field for that temperature. This
identification is consistent with the results of the temperature 3

sweep at 2 kG, which gives a transition temperature of
350±10 inK. Similar identifications were then made for
magnetic field sweeps at 100 and 200 mK. 2

Figure 3 displays the resulting magnetic-field tempera- x
ture phase diagram for the low-temperature phase of YbBiPt.
The solid curve is the functional dependence of the BCS
energy gap scaled to pass through the points T,=0.4K,
H=0 on the x axis and T=0, H=3.1 kG on the y axis. The
curve fits the data very well, indicating the weak-coupling
nature of the transition in the whole temperature range stud- 000 0.1 0.2 0.3 0.4 0.5
ied. In contrast to Cr, in which TN is independent of mag- T K
netic fields up to H = 16 T,' ° YbBiPt follows mean field be- T (K)

havior expected of an itinerant antiferromagnetism.
We now turn our attention to the resistive behavior of FIG. 3. Magnetic-field temperature phase diagram for the low-temperature

phase of YbBiPt. The solid and open symbols are results of the temperature
YbBiPt at pressures sufficiently high that evidence for a and magnetic field sweeps, respectively. The solid line is a BCS curve fixed
phase transition is not found. Figure 4 shows the by the points H,T=O and H=O Tc.

6122 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Movshovich et al.



40 dependence of the transition -temperature, with the low-
temperature phase being suppressed by pressures of -1 kbar.

50 Above that pressure-induced transition, the heavy-fermion

000 nature of YbBiPt appears to be enhanced further with in-
40 _, xxXX creased pressure. We suggest that investigating YbBiPt at

higher pressures yet may yield interesting information on a
3transition regime between heavy-fermion and antiferromag-

P kbar) °netic behaviors.
We want to thank Dr. Giinter Spare for help with con-

20 structing apparatus and Dohn Arms for writing some of the
software. We also acknowledge Dr. S. A. Trugman, Dr. Ward
Beyerman, Dr. H. R. Ott, Dr. L. P. Gorkov, and Dr. A. J.
Millis for stimulating discussions. Special thanks go to Dr.

to, # .Alexander Balatsky for numerous discussions of data. Work
0.0 0.2 0.4 0.6 0.8 1.0 1.2 at Los Alamos was performed under the auspices of the U.S.

T (K) Departmeni of Energy.

FIG. 4. Resistivity of YbBiPt in the high-pressure phase: (0) 18.79 kbar; 'Z. Fisk, P. C. Canfield, W. P. Beyerman, J. D. Thompson, M. F. Hundley,
(A) 7.83 kbar; () 3.92 kbar. Inset: T2 coefficient of p(T) vs pressure; H. R. Ott, E. Felder, M. B. Maple, M. A. Lopez de la Tone, P. Visani, and
straight line is a guide to the eye. C. L. Seaman, Phys. Rev. Lett. 23, 3310 (1991).2R. A. Robinson, M. Kohgi, T. Osakabe, P. C. Canfield, T. Kamiyama, T.

Nakane, Z. Fisk, and J. D. Thompson, Physica B 186-188, 550 (1993); R.

pressure, however, is raher anomalous. In other Yb com- A. Robinson (unpublished).3p. C. Canfield and Z. Fisk, Philos. Mag. B 65, 1117 (1992).pounds the residual resistivity increases with pressure, pos- 4H. C. Montgomery, J. Appl. Phys. 42, 2971 (1971).
sibly reflecting its Kondo hole origin. 13 The decrease of P0 5T. Mitsui and C. T. Tomizuka, Phys. Rev. 137, A564 (1965).
with pressure in YbBiPt may be due to purely band-structure 6 D. B. McWhan and T. M. Rice, Phys, Rev. Lett. 19, 846 (1967).
effects. The REBiPt series (RE is an element of the rare-earth 7R, Movshovich, A. Lacerda, P. C. Canfield, J. D. Thompson, and Z. Fisk

(to be publi,.hed).
series) exhibits a systematic progression from small gap 8p, A. Fedders and P. C. Martin, Phys. Rev. 143, 245 (1966).
semiconductor in Nd to metallic behavior in Yb,14 as the RE 9W. B, Muir and J. 0. Strim-Olsen, Phys. Rev. B 4, 988 (1971).
series is traversed from the left- to right-hand side, i.e., as the 'OZ. Barak, E. Fawcett, D. Feder, G. Lorincz, and M. B. Walker, J. Phys. F

size of the RE ion diminishes. Pressure would reduce the 11, 915 (1981).
1 K. Kadowaki and S. B. Woods, Solid State Commun. 58, 307 (1986).volume of the unit cell of YbBiPt even further, possibly in- 12j. D. Thompson, H. A. Borges, Z. Fisk, S. Horn, R. D. Parks, and G. L.

creasing the carrier density and reducing resistivity. Wells, in Theoretical and Experimental Aspects of the Valence Fluctua-

In summary, the phase boundary in the H- T plane of the tions and Heavy Fermions, edited by L. C. Gupta and S. K. Malik (Ple-
t state of YbBiPt follows the weak oupling num, New York, 1987), p. 151.low-temperature s13T. Graf, J. M. Lawrence, and J. D. Thompson (private communication).

BCS-like expression expected of an SDW transition. This 14p, C. Canfield, J. D. Thompson, W. P. Beyerman, A. Lacerda, M. F. Hun-
identification is supported further by the extreme pressure dley, E. Peterson, and Z. Fisk, J. Appl. Phys. 70, 5800 (1991).
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QUadrupolar effects inPrCu2Si2

'R.Osborn
Materials Science Division,-ArgonneNationalLaboratory, Argonne, Illinois 60439-4845

E. A; Goremychklina)
ISIS-Sciehce Division,.Rutherford Appleton Laboratoy, Chilton, Didcot, Oxon, OXIl OQX, United Kingdom

As part of a systematic study of the ciystal-field (CF) potential in RCu2Si2 compounds (R=Ce, Pr,
Nd, Tb, Ho, Er) using inelastic netron scattering, the CF level scheme and potential in the
ahtiferromagnet PrCu2Si2 both above and below TN has been determined. There have been recent
speculations that the quadrupole moment' of PrCu2Si2 has been quenched by the quadrupolar Kondo
effect. Using the CF potential derived from the results, the quadrupole moment Q2 of PrCu2Si2 has
been calculated and it has been compared to the other members of the RCu 2Si2 series. The
temperature'dependence of the quadrupoe momentof PrCu2Si2 is significantly weaker than all the
other compounds, e.g., it is approximately five times smaller than in HoCu2Si 2 . Therefore, it is the

CF potential which is responsible for queiching Q2 at low temperature rather than a quadrupolar
Kondo effect. Furthermore, the CF Schottky contribution to CIT vs T 2 is approximately linear
above TN and explains the anomalously high linear term in the specific heat. However, the evolution
of the CF potential across the rare-earth series provides evidence of an enhanced hybridization
contribution to the CF potential of PrCu2Si2, intermediate between the heavy fermion CeCu2Si2 and
the other rare-earth compounds.

I. INTFODUCTION ization, and consequently the quadrupole moment. We have
been conducting a systematic investigation of the magnetic

There has been considerable interest in f-electron sys- properties of RCu2 Si2 compounds using neutron diffraction
ters, particularly uranium alloys such as Uo,2Yo.8 Pd3 (Refs. and inelastic neutron scattering.7-10 Inelastic neutron scatter-
1 and 2) and UCu 3.sPdl.5, displaying non-Fermi liquid seal- ing (INS) is the most reliable method of determining the CF
ing of their thermodynamic properties at low temperatures. potential in intermetallic compounds since it measures di-
One possible microscopic mechanism to explain these obser- rectly the energies and dipole matrix elements of transitions
vations is the N=2 multichannel Kondo effect produced by between CF levels. One aim of our work is to measure the
orbital scattering of the conduction electrons.4 This quadru- CF potential across the rare-earth series in order to determine
polar Kondo effect is expected to quench the local quadru- whether the CF in the heavy-fermion compound CeCu2Si 2 is
pole moment of the f electrons just as the single-channel anomalous compared to the "normal" rare-earth compounds.
Kondo effect screens the local magnetic moment and sup- We have now established the CF parameters for R=Ce, Pr,
presses magnetic ordering. It has recently been proposed that Nd, Tb, Ho, and Er and discuss some of the consequences of
anomalies in the thermodynamic and structural properties of these results here with particular reference to the praseody-
PrCu2Si2 and related isostructural compounds might also be mium compound. Full details of this work will be published
evidence of quadrupolar Kondo interactions.5' 6 The extrapo- in Ref. 9.
lation of CIT vs T2, measured in the paramagnetic phase of
PrCu2Si2 (TN=21 K), to T=0 appears to give evidence for a
1'-rge electronic contribution to the specific heat with y=225
mJ mo1- 1 K- 6 Since there is no evidence of conventional II. EXPERIMENTAL RESULTS
Kondo-like behavior in the magnetic susceptibility or resis- The samples were prepared by arc melting stoichio-
tivity, there has been speculation that quadrupolar Kondo metric quantities of the constituent elements, with no mea-
scattering is responsible for the high y. This suggestion is surable weight loss. After annealing at 700 'C, nearly all
given further weight by the absence of a c/a lattice anomaly peaks observed in neutron-diffraction measurements could
at low temperatures, comparable to those seen in all the other be indexed with the ThCr 2Si2-type structure and only a few
RCu2Si2 (R denotes rare earth) compounds, implying that the very weak reflections in the light rare earths indicated minor
Pr3 quadrupole om .t has been quenched, contamination by other phases. The INS measurements were

When the anomalous properties of PrCu2Si2 were first performed at the pulsed spallation neutron source ISIS (Ru-
reported, it was pointed out that a knowledge of the crystal- therford Appleton Laboratory, U.K.) on the time-of-flight
field (CF) potential is essential to assess the validity of these chopper spectrometer HET, using incident energies between

ideas.6 Apart from making a substantial contribution to the 10 and 60 meV, and on the high-resolution inverse geometry
thermodynamic properties, the CF also determines the spectrometer IRIS to resolve low-energy transitions.
f-electron wave functions, in the absence of strong hybrid- The rare-earth ions in RCu2Si2 occupy sites with tetrag-

onal point group symmetry. In the paramagnetic phase, the
'IOn leave from: I. M. Frank Laboratory of Neutron Physics, Joint Institute appropriate CF Hamiltonian is

for Nuclear Research, Dubna, Head Post Office, P.O. Box 79, Moscow,
Russia, CIS. H 202+ 4 4++ (1)
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FIG. 2. Energy-level scheme for PrCu2Si2 in the paramagnetic phase with
S25 the crystal-field parameters given in the text. The arrows mark the dipole-20 allowed transitions.

15
dispersion in the antiierromagnetic state. We have performed

10. similar analyses for the other rare-earth compounds. In each
5, case, the CF potential was determined without ambiguity

' .1.0 with the possible exception of TbCu2Si2 where the transi-
0 tions are not well enough resolved to guarantee a unique-5 0 5 10

[(meV] solution.

III. DISCUSSION
FIG. 1. Neutron inelastic scattering from PrCuSiz measured at 4.5 and 25 K
on HET with an incident energy of 15 meV integrated over scattering angles As we stated in Sec. I it has been proposed that PrCu2Si2
of 9*-29'. The solid line is the profile of the crystal-field model described in shows unconventional (quadrupolar Kondo) heavy-fermion
the text including Lorentzian broadening and, at 4.5 K, a molecular field.
The dashed line is the quasielastic scattering, the dashed-dotted lines are the behavior.5 One immediate result of our CF analysis is to
inelastic transitions, and the dotted line is the elastic nuclear scattering, explain the apparently high value of y. The calculated CF

contribution, consisting of a number of overlapping Schottky
peaks, is approximately linear in CIT vs T2 for about 20 K

where O' are the Steven's operator equivalents and Bm are above TNv and extrapolates to the value 282 mJ mo1- K 2 at
the phenomenological CF parameters. The influence of anti- T=O. Once this Schottky contribution has been subtracted,
ferromagnetic ordering on the excitation spectrum has been CIT is close to zero within the uncertainties of this analysis
taken into account in the molecular-field approximation. An so there is no evidence of an enhanced electronic contribu-
example of the HET spectra on PrCu2Si2, measured both tion to the specific heat. A second result is to explain the
above and below TN, with an incident energy of 15 meV and absence of the lattice anomaly at low temperatures. Figure 3
summed over scattering angles from 90 to 290, is shown in shows the calculated temperature dependence of the quadru-
Fig. 1. The spectra taken at 1360, where the nuclear scatter- pole moments Q2= aj(02) of RCu2Si 2 using the measured
ing is strongest, show that the phonon contribution in this CF parameters. Q2 is proportional to the size of the lattice
energy range is negligible at low angles, so the observed anomaly assuming the magnetoelastic coupling is linear in
peaks are all magnetic.

The solid lines in Fig. 1 are the results of a profile re-
finement of the CF model after establishing the approximate 0.04 , pr'u si2
CF parameters using a comprehensive stepwise search. The a Nd-u2Si:

resulting parameters are B°=-(6.28_0.15)X10- 2 meV, 2.2
B0=(1.48-0.15)X10 -3 meV, B°=(5.27_0.07)X10 - 5 meV, 0.02 , HoCu=si,
B4=(2.24+0.06)X 10- 2 meV, and B4= -(3 .80±0.03)X 10- 4

meV, and the corresponding level scheme in the paramag-
netic phase is shown in Fig. 2. The INS spectrum measured 0
at 4.5 K shows that the molecular field Hmf changes the level
splittings, energies, and transition probabilities significantly
in the antiferromagnetic state. Nevertheless, it was fitted us- -0.02
ing the same CF parameters as in the paramagnetic phase 0 100 200 3oo
with Hmf=(10.4±0.6) T. Therefore, the CF model describes Temperature IK
the measured profiles reasonably well both above and below
TN with some discrepancies due probably to the use of a FIG. 3. Temperature dependence of the quadrupole moment Q2 of RCu 2Si2
common linewidth for all the transitions and to the neglect of compounds (R=PrNd,Tb,Ho,Er).
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2 .is small in comparison with the copper contribution which is
t nearly constant across the series. However, a large negative

silicon contribution has developed in CeCu2Si2 indicating an
enhanced hybridization between the rare-earth 4f electrons

o and the Si s-p orbitals. The SM analysis does therefore show
T evidence of the same hybridization in PrCu2Si2 but on a sub-

-1 Jstantially reduced scale.

IV. CONCLUSION

Our solution of the CF potential of PrCu2Si2 shows that
the anomalous thermodynamic and structural properties ob-

Ce Pr N Th Ho Er served in earlier investigations can be understood in the
framework of a conventional f-electron system split by the

FIG. 4. Superposition model parameters ,() d , f R crystal field. Both the enhanced linear term in the specific
compounds (R=Pr,Nd,T4,Ho,Er) assuming A and 4 are positive, heat and the apparent quenching of the Pr3+ quadrupole mo-

ment are reproduced by our CF model. However, the ex-
panded radial wave functions of the f electrons, compared to

the tetragonal strain."1 Although the absolute value of Q2,in the heavier rare earths, are reflected in an enhanced hybrid-
PrCu2Si2 at room temperature is slightly greater than the ization contribution to the CF potential by the silicon ligands
heavy rare earths, its temperature dependence is much as earlier observed in CeCu2Si2 .
weaker. For example, its variation between 300 and 20 K is
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Mixed valence in a generalized Hubbard model

A. N.,-c tariana) and .R. Reich
Physics Department, Union dllege Sc'henectady, New York 12308

A generalized Hubbard model involving ,two kinds of spinless fermions with different masses is
proposed to explain the properties of mixed-valence compounds. An equivalence between the
propbsed model and an effective anisotropic antiferromagnetic Heisenberg model with external field
is established in the strong-interaction limit. The ground-state energy and partition function are
obtained analytically using generalized mean field'theory which, for bipartite lattices, allows the
system to be reduced to ai equivalent two-site problem. The analytic behavior of the valence and
compiessibility under variation of pressure and the phase diagram in the ground state and at finite
temperature are investigated. The conditions for a first-order transition depending on the position of
the f band are obtained, taking into account the effect of local hybridization between the s and fstates. The known anomalies in the behavior of nf and X in mixed-valence systems are interpreted
in analogy with'the magnetization and susceptibility in the corresponding pseudospin model.

Many phenomena in heavy-fermion compounds, high-T, mentally,5 and it correctly predicts the first-order transitions
superconductors, quantum crystals, etc. have been modeled seen in those materials under change of temperature and
either with a single-band Hubbard model' or a spinless pressure.
Falicov-Kimball (FK) (or closely related) model. 2 4 These It is convenient to rewrite the GM Hamiltonian, replac-
models are also often-used to explain phase diagram anoma- ing the creation operators by Hubbard operatorsi so that
lies and interesting valence behavior in mixed-valence com- c =X' + orX? and the Hamiltonian takes the symme-
pounds under change of temperature and pressure (see, e.g., trized form HGM= I, iH(i,i + A) + H(i + A,i), where
Ref. 5). Aside from some details of electron structure these A is summed over the lattice vectors, and H(ij) can be
two models can be studied together as particular cases of a written in terms of two-site operators as follows:
more general model (GM), H(ij)= -t (XI°X' +X3XI))-t2(Xi Xo +x, X))

HoM l~ +ij- 2  'c 4 U CitCitCij ~t(I~ 2 X1y) (XIoXt2+X4tXL 2HG
= 

-llj CTCJt--t21 l C1+CjJ't"U 2  it it+1XTX2XJO)J

V"i) Oh +t2 (2)

H+ U/2(X3'+X 2)-H/4(X!I+X TT- X i i - X ,1) '  !
H J

-- i (cjct-cjci), (1) While the first two terms in Eq. (2) represent simple hop-

which includes hopping terms and intrasite repulsion (U>o) ping, the second two are interconfiguration fluctuation terms
fotwoh ifntluds hins ofprtler s. Fr ita 2it usof cour, and can be removed by a suitable unitary transformation asfor two different kinds of particles. For f = it is, of course, in Ref. 6. In the strong interaction limit the transformed
a Hubbard model with an applied magnetic field. Although Hamiltonian can be expanded to any order in powers of
Eq. (1) is written in the language of electron creation opera- tl 2/U. Projecting the transformed Hamiltonian onto tie sub-
tors with spin indices, an equivalent Hamiltonian could be Space of singly occupied states, exactly at half-filling
written using band or orbital indices, as in the FK model. In
other words, the cl c l operators in Eq. (1) can be replaced (n I+ n = 1) gives, to lowest order, an effective Hamiltonian

with creation operators f+,a + representing spinless fermions 2 2tttft2( q TX t ! T + t"t2 (XI X
in the f and s bands. The field strength H in this case repre- Hef=- 2I ( Xij +X U (
sents the energy difference between the centers of the two ' j
bands, which in mixed-valence materials can be changed H
with pressure. For t1=O, this is equivalent to the FK model. - . (X'1 -Xe)' (3)
In the strong interaction limit U--oo the GM reveals some Since the Hubbard operators X" generate an SU(2) algebra,
interesting relations between the two models, and helps to ai and their commutation relations are isomorphic to those of
explain the connections between such phenomena as super- the pseudospin operator L (2LzX 1 -X'1  and L+ _
fluity and excitonic insulators, antiferromagnetism (or the effective Hamiltonian above can be written in the form
charge-density waves) and valence-density waves, ferromag-
netism, and pure integer valency. In addition, viewed as a Hf=J1  (2LiLj- )+J±. (L L7+hc)-H2 L,

generalization of the FK model there are significant advan- (i4) (i)J
tages to using Eq. (1) for describing mixed-valence com- (4)
pounds. In the pure FK model, for example, mixed-valence withJu2U andJ
states can appear only as a spatially periodic lattice of ions,4  )thJ 1 is U an = t It2/U Thus, to lowest order,

withn1= or1, kid o oritalantferomanetsm.The the GM is strictly equivalent to an anisotropic antiferromag-
net with external field. Using analogies of this kind one maygeneralized model, however, also pe-mits a liquidlike state of
advantageously translate the substantial existing knowledgeuniform, noninteger valence, as has been seen experi- about spin systems to mixed-valence systems.

The transformed Hamiltonian is valid for all t1 ,t 2, and')Permanent .Wwln'ss: Yerevan Physics Institute, Yerevan, Armenia 375036. in earlier work7 the case t I t2 was described. It is also easy
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to show that taking tl=t2 (Hubbard model) gives a spin Comparing the Anderson Hamiltonian HAn with H1,
analog equivalent to Anderson superexchange, 8 HAn. Here above, we see that the difference between the Hubbard and
we examine in greater detail the FK-like case t1-0. Expand- FK models in the strong interaction limit is no more than that
ing the resulting effective Hamiltonian to fourth order gives between a classical Ising system and a quantum antiferro-

2 4 magnet. Thus, exactly at half-filling the FK model can be

Hs,L2 TL -UZ _ LiLf-H Lz+const (5) considered to be a classical analog of the Hubbard model.
nn nnn L Below we show that, in spite the fact that Jil>1 JL, the inclu-

sion of a finite, small bandwidth for the f states changes the
so that any exact results from the Ising model can be easily character of the phase transition from second to first order
transferred to the FK model in the strong interaction limit. In and stabilizes the quantum-liquid (QL) state with strong ex-
particular, one expects the appearance of a spatially ordered nscitonie correlations.
phase in the GM in two dimensions, similar to results de-
scribed earlier 4 about the appearance of a chessboard struc- All these effects can be derived analytically using a gen-

ture of f fermions in D>-2 in the symmetric case (H=0). re eralized mean field approximation (GMFA) for bipartite sys-
show below, however, that even with HO0, there is a region tems, i.e., those consisting of two sublattices A and B. Taking
where the chessboard structure is stabile. Higher-order cor- the most general decoupling scheme for Hubbard operators
rections as in Eq. (5) are important for their implications in Eq. (3) the Hamiltonian can be reduced to the two-site
regarding additional spatially ordered phases for H00. form,

Heff (JZh 2a -H/2)X1T + ( -JHZA2 f -H/2)X1+ (-J1zn la -H/2)XrT + ( -Jllzhi,-H/2)X2 +J.zA2(X11 +X )

+J za (XT2 X2t) +JPZ( Ifi 2a + h l ah 2 f) - 2J.ZA 1 A2 , (6)

where z is the coordination number of the lattice, and we phonon interactions.10 The transition, however, becomes
have introduced the order parameters AI, 2 =(X2') for the continuous at any finite temperature. Thus, the stabilized ex-
excitonic correlations (orbital mixing) in xy plane and citonic phase is ruled out in the ground state whenever we
7=(X X2. - ) for the spatial orbital ordering in z exclude a finite bandwidth for f states, and there is no pos-
plane. The number of particles n I and n2 on the A and B sites sibility to obtain a first-order transition in the FK model at
is then nl=ilf+hla and n2.-:i2+h2a and the total num- finite temperatures. From Eq. (7) one can easily find the
ber of particles on the two sublattices, exactly at half-filling, compressibility X= -dhi//dp, which is small in IV configu-
is nl+n2= 2. rations and in spatially ordered phases (hi= 1/2), but in the

After diagonalization of Eq. (6) one can find eigenstates QL phase becomes constant X= l/h*. The value increases
EL.2 and the partition function Z depending on A, , and with pressure, and reaches a maximum near the transition
m = 2hi- 1. The analysis of self-consistent equations for into the mixed state. Such behavior has been seen in experi-
these gives the dependence of the valence ifi on the position ments in SinS under pressure. 510

of thef level H, The inclusion of local hybridization in the GM
H - g 2+(g 2  ( V(cc I +c ct) would be the same as considering the GMh(M). in presence of a transverse magnetic field V(L + +L -). This

Analysis of Eq. (7) reveals many phases, which are factor is of an excitonic type and increases the tendency to-
shown in Fig. 1. In a strong magnetic field we have ferro- ward a first-order transition from a spatially ordered phase
magnetic ordering or integer valence (IV) states f=0 or 1. into QL state with strong excitonic correlations.
On decreasing the magnitude of h, the system undergoes a If we consider the Ising-type interaction (tQ-0) to all
transition into an excitonic insulator at h * = 1 + 1/g. In this orders in t/U, which includes the antiferromagnetic long-
region ii changes linearly with h, f= h/h*. This phase range interactions with all neighbors (analogous to a classi-
most closely resembles a uniform QL with strong hole- cal gas with Coulomb repulsion, 1 then an infinite number of
particle correlations, and with (2me + 1)/2< ii f< 1, where incommensurate modulated phases is found between the fer-

me = [(g- 1)/(g+ 1)]. For h between ± - ) hi~ is romagnetic and the VDW "antiferromagnetic" ordered
multivalued until some critical field t h0 where the system phases in the one-dimensional case. This means that the FK
undergoes a first-order transition from a mixed state with model at U-- can be converted into an Ising model with
7700, A*O, in which valence-density waves (VDW) coexist long-range antiferromagnetic interactions. The crystallization
with the QL, into a pure spatially ordered phase with VDW. of f particles into a periodic structure and dielectric splitting
When the mass of the f fermions goes to infinity we obtain at of the f band has been found in the 1D case.' 2 The similarity
T=O two consecutive jumps from IV states into VDWs with between the round-state energy and the partition functions

£f=hs= 1/2, as shown in Fig. 1. It is also possible to obtain of the FK model and the classical lattice gas has also been
such a transition in systems with short-range electron- found recently for the 1D case.' 3
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FIG. 1. The occupation number t as a function of h in a generalized
Hubbard model at 0<1/g<1. -i -htho 0 be 1c 11 h

FIG. 2. The predicted h-T phase diagram for the generalized model for

The thermodynamic behavior of our system can be ana- D 3
lyzed easily. From analysis of these equations one can easily model, one can predict an infinite number of phase transi-
find the thermodynamic characteristics, and investigate the tions with charge-density wave states under change of pres-
phase diagram at finite temperatures. The schematic phase sure in the FK model. Thus, the thermodynamic behavior as
diagram of critical temperatures versus magnetic field (or well as the value of all critical exponents for FK model can
pressure) of the GM in the strong interaction limit is shown be obtained using analogies with exactly solvable one- andin Fig. 2. In some cases 14 the transition from the VDW to the two-dimensional Ising or lattice gas models. Even a small
QL state can be realized through an intermediate mixed state bandwidth causes a the appearance of a valence fluctuation
(MS), where the first-order transition line is split into two term (or spin-flop terms in the effective Heisenberg Hamil-
lines terminating in tetracritical point B. One first order ttonian), and drastically changes the properties of thesytm

phase transition from the QL into the VDW state is also In spite of the fact that the exact solution of the 2D
possible by increasing the temperature at constant field (pres- Heisenberg-Ising model is not known, it is possible to reach
sure) (see Fig. 2). Physically, this result is connected with the some conclusions about the ground-state properties and cor-
fact that excitonic effects, which are absent at high tempera- relation function behavior even in this case.i 5 For example,
tures, become important at low temperatures, The phase at low temperatures the bounds obtained in Ref. 16 rle out
boundary between the QL and VDW states indicates an in- the possibility of excitonic condensation in 2D lattices, but
crease of entropy for the spatially ordered phase with tem- allow power-law-like decay for excitonic correlations in the
perature. The bicritical point Tbc and spinodals, which are GM, which can be of the Kosterlitz-Thouless type, when-
characteristic of the first-order transition, are also seen in ever t1 or t2 is different from zero.
Fig. 2. We expect that in the 3D case only a finite number of The participation of ANK was made possible by the
commensurate crystalline ordered phases exists at finite tem- Union College Fund for Former Soviet/Eastern European
peratures and can survive near the equilibrium line in the Scholars established by an anonymous donor.
VDW region. At high pressures, near the IV phase the tran-
sition from QL into normal state is smooth, and its depen- J. Hubbard, Proc. R. Soc. London Sect. A 277, 273 (1964).
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[ Consequences of competing hybridization for magnetic ordering
in correlated-electrOn lattices

Carlos Sanchez-Castroa) and Bernard R. Cooper
Department of Physics, West Virginia University, Morgantown, West Virginia 26506-6315

Kevin S. Bedell
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

A method is presented for calculating the f-f ion interaction in systems where a d-electron species
also hybridizes with the same Fermi sea. For the physical systems of interest, typically the f species
is a light rare earth (e.g., Ce or Pr) or a light actinide (U) involving a partially filled f shell and the
d species is a transition-metal ion; and there may be experimental evidence of competition between
magnetic ordering of the f and d electron systems (e.g., when f is U and d is Mn). The method treats
first the strong hybridization between the d and the conduction electrons to obtain a new ground

state with delocalized d electrons. Then it calculates the f-f ion interaction by perturbation theory.
The mechanisms by which the d electrons modify the f-f ion interaction are identified.

In recent years there has been considerable interest in the itly assume that the d species has no moment, the method

behavior of partially delocalized light-rare-earth and actinide can be generalized to the case where it does by introducing
systems where cooperative hybridization between a lattice of spin-polarized bands.
somewhat delocalized f-electron ions and the non-f-band We start by writing the Anderson lattice Hamiltonian for
electrons gives rise to orbitally driven magnetic ordering a system of d and f electrons hybridizing with a common
phenomenology characterized by extremely high anisotropy conduction band as
in the equilibrium, excitation, and critical behavior, and often H=H,+H +Hd,by anomalously strong damping of the excitations.1 The (
theory of this magnetic ordering and associated behavior is where H, = tkEkck i
by now well developed' when a lattice of only a single tonian and ct is a creation operator for a conduction elec-
f-electron species, such as cerium or uranium, is present. tron with wave vector k !ocated in the first Bri!'-uin zone
Interest in generalizing this understanding to the situation and spin oa. Here
where there is a d-electron species also present is strongly
motivated by the competition between magnetic d and f Ha= a amliar + - U A L 1.
electrons that occurs in compounds2'3 of the ThCr2S2-type iam lamam' Urliamljamljam'lam'
structure of the type UMn 2X2 and RMn 2X2 [where R is a mom'
rare earth (Ce, Pr, Nd) and X is Si,Ge]. If the Mn is replaced

by another transition metal, there is no magnetic moment on + (V1k;)me'ik'R,*ctliamq'C.C.), (2)
the transition metal. For the light-rare-earth/Mn compounds2  + iam ka

there is magnetic ordering of Mn moments, with ordering
temperatures above 300 K, that either is ferromagnetic or is where a={f,d}, It = ftm is a creation operator for a local-
antiferromagnetic with Mn planes that are ferromagnetic in ized f electron located in the ith unit cell with total angular
alternating directions; and the rare-earth sublattices show no momentum j, and projection of the latter along the quanti-
ordering. Quite different magnetic ordering behavior occurs zation axis m, lItm = dt is a creation operator for a localized
for the corresponding heavy-rare-earth compounds where the d electron located at the origin of the ith unit cell with spin
more localized f electrons presumably have negligible hy- o, and we have neglected the orbital degeneracy for the d
bridization, and where typically there is evidence of mag- electron system. Here N, is the number of unit cells in the
netic ordering on the rare-earth site. For the UMn2X2  crystal and the d hybridization matrix element for simplicity
compounds 3 the magnetic moment of the uranium sublattice is taken to be a constant, V1.
is strongly coupled with that of the Mn sublattices. For a general f-d electron system, both species can in-

In this article we present a method for calculating the teract strongly with each other by modifying the Fermi band
f-f ion interaction in a system where both magnetic f elec- sea. Here, we consider the case where the f species is in the
trons and d electrons on a lattice (or different sublattices) Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction
hybridize with a common band sea. The method treats first dominated regime with local magnetic moments in contrast
the strong hy.ridization of the d elections with the band sea to the heavy fermion regime with quenched moments due to
to construct a new ground state and then proceeds to treat the the formation of conduction-f-electron singlets. For such a
f hybridization by perturbation theory. Although we explic- system, the most significant renormalization of the Fermi

band sea is due to the hybridization with the d electrons.
')Present address: Los Alamos National Laboratory, Los Alamos, NM Thus, we propose a method where we first approximately

87545. diagonalize the terms in the Hamiltonian involving the con-
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duction electrons andthe d electrons to obtain renormalized 1
bands, and then, afteiwardi treat the hybridization of the f H-H:-dl 2fff*f*im j I Uffimim''.V.Jim
species as a perturbation. The d hybridization effect intro- im imm'

duces'ti'- well-known mixed valence nature of the renormal- mm'
ized bands and determines the enhancemeni in the density of 1
sfates'(DOS). An-efihanced DOS plus vrious residual inter- + e (V -ek.Rgf n c. (5)
actions between the d electrons not considered here could + imkna 0

lead to a spontaneous magnetic moment for the d ilectrons. where V"[,)m= vf)yn, 2(k) is a renormalized f hybridiza-
We consider the case where' this does not happen; however, tion matrix element. The renormalized f hybridization matrix

we, believe that by introducing spin polarized bands, a gen- element takes into account the mixed valence nature of the
eralization of this method can be achieved.Terhybridization e e ct a b h eve, isdifferrenormalized bands, i.e., an electron in a state Ikno) and

The'd, hybridization effect, however, is different than for energy Em has a probability 'Y,2(k) 2 of being in asimple metals since electron correlation effects between the conduction-band state and hopping into the localized f state.
narrow d bands electrons are significant and the intraatomic The calculation of an effective magnetic Hamiltonian for the
Coulomb interaction must be explicitly taken into account.
To take those correlations effects into account, we have as- tion starigfrof () isaomid ancombina-tion of a Schrieffer-Wolff (SW) transformation and pertur-sumed that Ud- - and introduced a slave boson bation theory.6 Two distinct physical processes contribute to
formalism 6 to diagonalizeH +H in a mean field approxi- the two-ion interaction: (1) an induced interaction mediated

tH d is one of hybridiz- by the interchange of a particle-hole excitation in the con-
ing bands and can be diagonali ed by a canonical transfor- duction band; (2) a kinetic superexchange contribution due
mation to yield renormalized bands5'6 given by to an effective hopping or banding interaction between the

localized electrons that results after applying the SW trans-
formation to the Anderson Hamiltonian. The resulting ionic

H-d Y, Ekna,,akna,+NsA(r 2-1), (3) interaction between two localized f1 electrons located at sites
kna i and j is given by

where n =1,2 is a band index, Ek = -2,' + id + ( - 1fnE,] = Eij m (6
are the hybridized band energies, Ek= (E-d) 2+4V2] 1' 2,

id= ed+A is the renormalized d energy level, and A is the For a matrix element of the form
corresponding energy shift. Here Vd= Vdr is the renormal- W)
ized d hybridization matrix element and r is the hybridiza- -k.) 4rVfy n,2(k ) Y 3,m- . ( k)

tion renormaliztion factor. Both A and r are expectation X(3,1/2,m-o,,o13,112.j,m),
values of slave boson fields over the coherent equilibrium
states and are determined by minimizing the mean field free where Yt.m(k) is a spherical harmonic, (3,112,m- o-,Cr13,1/
energy' 6 with respect to them. The hybridized band creation 2,j,m) is a Clebsch-Gordon coefficient for a spin-orbit
operators are given by5'6  coupled f state, and a quantization axis along R1-Rj, it can

be shown that the asymptotic behavior of the range functioni
is given by1,6 Em ,m;mm ' g(m,m')E(R). The factor

aknc= Yn,1 (k)dk+ yn,2(k)clc, (4) g(m,m')= £5mI.1/28ImI.i/2

remains unchanged from the case where there are no d etec-
weik , m 1/2 orthgona mr 4. trons and implies a highly anisotropic interaction that favors

= lie k if/Ns, and d is the slave fermion creation op- having two ions point their charge along the bonding axis
erator representing the Id' )R, configuration. The limit of (m =+ 1/2) thereby developing a small covalent bonding en-

Ud=0 can be formally ,...ained from the above equations by ergy and causing the ionic orbital moments to align perpen-
setting r=1 and A=0. The slave boson average r also gives dicular to the bonding axis. The radial factor E(R) is a
the average electron occupation of a d site nd by nd= 1 - r 2, complicated function of the renormalized f hybridization and
i.e., r 2 is a measure of the degree of delocalization or itin- renormalized bands.6

eracy of the d electrons. s'6 In other words, in the infinite Ud To explore the physics that comes out of this approach,
limit a conduction electron can jump to a d site only if it is we have done a model calculation for a system of f ions with
empty and this results in a factor Vdr 2 = V2(1-rd) in the j =5/2 and d electrons with s = 1/2. The conduction band was
transition probability. assumed to be parabolic with a bandwidth W=5 eV. We took

Now, by replacing H,+ Hd by HmF in Eq. (1), and ex- ed and Ef to be 0.3 and 1 eV below the conduction Fermi
pressing the f hybridization term in terms of the renormal- surface, respectively. Before hybridization, the d band holds
ized band opera, -, we obtain an effective Hamiltonian in 1 electron per site and the conduction band 0.6 electrons per
which the f electrons hybridize with two renormalized bands site, and therefore after hybridization the lower hybridized
that alh ady contain the effects of the d electron hybridiza- band holds 1.6 electrons per site. The various parameters
tion and is given by were chosen as follows: V,1=1 eV, Vf=0.1414 eV, Uf=3.0
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0.6 Ev,U and Ev oscillate more rapidly with distance than E0 due
to renormalizations in the partial densities of states with a net
effect of electrons spilling from the d band into the conduc-

0.3 tion band.7 The difference between Evu and Ev is due to the0.3 -"

correlations between the d electrons which are significant for
the case considered here. A detailed analysis of these results

....-.. is presented elsewhere.6

o.o In conclusion, we have presented a method to compute
,.'..the f-f ion interaction in systems where both d and magnetic

f electrons hybridize with a conduction band. Our calcula-
tions elucidate some of the mechanisms by which two differ-
ent transition shell species can interfere with each other
through cooperative hybridization with a common Fermi
band sea. We found that correlations between the d electrons

-0.6 in addition to hybridization must be taken into account in the
0.0 0.5 a. 1. 2o calculation of the f-f interaction.

'B. R. Cooper, R. Siemann, D. Yang, P. Thayamballi, and A. Banerjea, in
FIG. 1. The range function (intersite coupling strength) as a function of the Handbook on the Physics and Chemistry of the Actinides, edited by A. J.
ratio of the distance between the two f sites to the unit.cell fcc lattice Freeman and G. H. Lander (North-Holland, Amsterdam, 1985), Chap. 6,
constant a. Here the solid, dashed, and dotted curves correspond to Ev,u, pp. 435-498; B. R. Cooper, Q. G. Sheng, S. P. Lim, C. Sanchez-Castro,
Ev, and E0, respectively. The arrows indicate the nearest-neighbor distances N. Kioussis, and J. M. Wills, J. Magn. Magn. Mater. 108, 10 (1992), and
for a fcc lattice. references therein.

2A. Szytula and 1. Szott, Solid State Conimun. 40, 199 (1981); A. Szytula,
in Handbook of Magnetic Materials, edited by K. H. J. Buschow

eV, and Ud infinite. In Fig. 1 we show the calculated f-f ion (Elsevier, Amsterdam, 1991), Vol. 6, Chap. 2, pp. 139-148.

interaction range function under different circumstances: (1) 3v. Sechovsky and L. Havela, in Handbook of Ferromagnetic Materials,
edited by F. P. Wohlfarth and K. H. J. Buschow (Elsevier, Amsterdam,

by taking into account the hybridization and correlations be- 1988). Vol. 4, pp. 309 ff.

tween the d electrons as outlined here, Evv (solid curve); 4A. J. Millis and P. A. Lee. Phys, Rev. B 35, 3394 (1987).

(2) by treating the hybridization of the d electrons but ne- 5 C. Sanchez-Castro, K. S. Bedell, and B. R. Cooper, Phys. Rev. B 47, 6879
glecting their correlations, i.e., Ud=O, Ev (dashed curve); (1993).6C. Sanchez-Castro, B. R. Cooper, and K. S. Bedell (unpublished).

and (3) by neglecting both the hybridization and correlations 7j. M. Ziman, Electrons and Phonons (Oxford University Press, London,
between the d electrons, E0 (dotted curve). We note that both 1960), p. 125.
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Antiferromagnetic order in superconducting UPt 3: An x-ray magnetic
scattering study (invited)

E. D. Isaacs
AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974

R Zschack
Oak Ridge Institute for Science and Education, Brookhaven National Laboratory, Upton, New York 11973

A. P. Ramirez, C. S. Oglesby, and E. Buchera)
AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974

The temperature dependence of the antiferromagnetic order in superconducting UPt3 has been
measured using x-ray resonance magnetic scattering. The magnetic Bragg intensity at Q=(1/
2,0,2) grows linearly from TN=5 K to T=0.6 K (Tc+ =0.53 K), where it becomes suppressed
with temperature to a reduction of -6% at T= 180 mK. These results demonstrate a coupling of the
superconducting and antiferromagnetic order parameters and are consistent with a suppression in the
magnitude of the ordered moments below Tc when compared with previously obtained
neutron-scattering data.

UPt3 has emerged as a model system in which to study Our x-ray scattering measurements have been performed
unconventional superconductivity.1 The unconventional na- at Beamline X14A at the National Synchrotron Light Source
ture can be seen, for example, in the anisotropic response of at Brookhaven National Laboratory." Monochromatic x rays
bulk measurements in the superconducting phase, such as the (3.728 keV) are horizontally focused at the sample by a sag-
ultrasound attenuation, 2 magnetic penetration depth,3 flux ittally bent, double-crystal Si(11) monochromator collecting
lattice, 4 and tunneling,5 which shows indirect evidence that up to 5 mrad, and vertically focused by an x-ray mirror to a
the superconducting gap is anisotropic and that the Cooper spot size of approximately 1 mm2. The mirror serves the
pairs carry orbital angular momentum, e.g., d-wave pairing, additional function of low-pass filter, helping to suppress the
It has been suggested that the rich phese diagram of UPt3 for higher-order components passed by the monochromator
example, the splitting of the superconducting transition ob- (e.g., X/4 at E = 14.912 keV). A neon or argon gas propor-
served by specific heat,6 arises from a breaking of the orbital tional counter is used as a detector with an energy resolution
degeneracy by a coupling of the superconducting order pa- of approximately 750 eV which allows us to separate the
rameter to another symmetry-breaking field in the system. 7  remaining higher-order contamination from X, and gives us a
Scattering studies, which are a direct microscopic probe, direct measure of the instrumental resolution function.
have pointed to several possible symmetry-breaking fields. The UPt3 sauiple is mounted in vacuum on the mixing
Neutron-scattering' 9 measurements have shown a coupling chamber of an Oxford Instruments dilution refrigerator. The
of superconductivi.y to the weak antiferromagnetic order in temperature of the samp'e is monitored with a Ge diode sen-
UPt3, while electron-scattering' 0 studies have suggested the sor mounted on the mixii c chamber next to the sample. The
possibility of a coupling between superconductivity and an refrigerator is fitted into a cryostat with three concentric cy-

incommensurate structural modulation of the lattice. While lindrical Be windows (two thermal shields, one at 4 K and a

these different results are tantalizing they point to the need second at 77 K, and a vacuum shroud at 300 K). The cryostat
is mounted on a two-circle diffractometer with a horizontalfor more microscopic measurements. Therefore, we have scattering plane, i.e., the plane of the synchrotron orbit. With

used x-ray magnetic diffraction to study the interplay of this geometry we can access a larger volume in reciprocal
magnetism and superconductivity in UNt. X-ray scattering spcthnhemrcovtialetclsatrngln,
is the only microscopic probe, along with neutron scattering, while than the vertical satthin tlaneof
that is sensitive to the very small ordered moment found in while keeping the vertical axis of the cryostat within -100 of

vertical. This is necessary in order to keep the 3He dilute/richthis heavy fermion system. We show that there is a large interface inside the mixing chamber. Because of the larger
suppression of the antiferromagnetic scattering intensity be- beam divergence in the horizontal plane (the 5 mrad accep-
low the superconducting transition temperature Tc+, dem- tance of the monochromator) the momentum resolution is
onstrating a direct coupling between the superconducting and defined by v slits just before the monochromator and scatter-
antiferromagnetic order parameters in UPt3 . Applying the ing slits before the detector to be Aq-8x 0 -3 / -1 (see Fig.
polarization selection rules unique to x-ray resonance scat- 2). An additional advantage to the horizontal scattering plane
tering and comparing our results to the previous neutron- is that for the magnetic reflection at Q=(1/2,0,2) there is
scattering measurements of Aeppli et al.,S we show that the significant suppression of the diffuse and higher-order (X/4)
suppression of the magnetic scattering in the superconduct- scattering at Q=(2,0,8) that would otherwise saturate the de-
ing phase is consistent with a suppression in the magnitude tector. This suppression is due to the polarization factor,
of the oidered moment below Tc. which for a Bragg angle of 0-44.6° [Q=(1/2,0,2) with

E=3.728 keV] is cos(20)×2X10 - 4.
')Also at University of Konstanz, Konstanz 7750, Germany. The UPt3 sample that we use is cut from the same boule
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that was used in muon spin relaxation measurements.3 The
boule was grown by the float-zone refining method and an- 3 0= (0.0.2)a - .59 key V UPt3 10
nealed at 1230 °C for 40 It in vacuum and slowly cooled to + 16 0keV 1 T=02K 10

room temperature. The specific heat shows the now well- -o05* 1 80 .
known splitting of the superconducting transition with 'E
Tc+-0.530 K and Tc_--0.427 K. The superconductig co- 6

herence length is about 120 A as determined with muon spin In -020 60

relaxation by Broholm et al. in a sample cut from the same - 40
3 S AO (deg) a.

boule.3 Our sample is a 5-mm-diamX 1-mm-thick disk with a o

shiny, polished surface whose normal is within 1' of c*. 3000 - - 20 'o

UPt3 has the hexagonal closed-pack Ni3Sn structure with the0
P63/mmc space group. In this article Bragg reflections are 2000 - 0=(1/2,0.2)
expressed using Miller indices with reciprocal lattice vectors W -

" a*=b*=4r/aVJ=1.264 A-' and c*=2= r/c= 1.285 -. ,-1000

The antiferromagnetic transition at TNt=5 K corresponds to a
doubling of the unit cell along [h,0,0]([0,k,0]) with the 0 o

3.70 3.71 3.72 3.73 3.74 3.75
moments aligned along [h,0,0] ([O,k,0]). 12 Thus, the mag- ENERGY (keV)
netic Bragg peaks occur at half-order positions, e.g., Q = (h
+ 1/2,0,1) for integer values of h and 1. The sample is fixed
on the mixing chamber with the (h,Ol) plane normal to the FIG. 1. X-ray magnetic scattering resonance profile at the Mjv edge in UPt3

(At 0.04 AB). The lower curve shows the magnetic scattering intensity at
horizontal scattering plane such that the (1/2,0,2) magnetic Q=(1/2,0,2) as a function incident energy for T=0.25 K. The solid line

Bragg reflection is specular [0= 1I/2(20)Bara]. This configu- is a Lorentzian fit to the data which has been corrected for background and

ration optimizes our sensitivity to a rotation of the ordered absorption. The absorption profile is shown in the upper curve. Inset: The
mosaic widths for incident x-ray energies 7.59 keV (0) and 16.00 keV (+)

moments in the basal plane, given the polarization selection are shown to be nearly the same (AOFWHM0.05*) demonstrating that the

rules associated with resonant magnetic scattering (see crystal quality near the surface (<1 pam) is similar to the bulk (10 /m).

below).
13

In order to measure the very small ordered moment in
UPt3 of (0.02±0.005).B we use the recently developed tech- surface region are the same. It is interesting to note that an
nique of x-ray resonance magnetic scattering.1 4'15 In previous as-grown (unannealed) sample cut from the same boule has a
work it was demonstrated that the weak antiferromagnetic considerably broader mosaic width of 0.33' and a supercon-
ordering could be measured in the heavy fermion supercon- ducting transition which is suppressed to T= 0.4 K with no
ductor URu2Si2 (0.04/t8 )16 by tuning the incident x-ray en- evidence of a splitting in the specific heat.
ergy to the peak of the so-called "white line" feature at the Figure 2 shows a longitudinal (0-20) scan through the
uranium M1v absorption edge at E=3.728 keV. The lower magnetic Bragg reflection at Q=(1/2,0,2) for T=0.25 K.
curve in Fig. 1 shows .he integrated scattering intensity ver-
sus energy in UPt3 of the magnetic Bragg reflection at
Q=(1/2,0,2) corrected for both background and absorption 3 -r------T ....
(upper curve) at T= 0.25 K. This resonance corresponds to a
dipole transition from the 3d 3/2 core state to an unoccupied 2Pt3 0 .(cts/30sec

0 = (1/2.0.2) 0 X/4 (Ct/0.75 sec)

5f 5 /2 orbital. The quantum-mechanical contact between the T= 025K

5f512 states and the s,p, and d bands is what gives rise to the
interesting low-temperature properties in this system, includ- 200

ing the weak antiferromagnetism that we are probing. The
measurements described in this article are carried out at the
peak of the profile where the magnetic signal is a maximum. z
Since the penetration depth is a minimum at the same energy t Z too
(-1/2 Am), and since the crystal quality could have an effect
on both the superconducting and antiferromagnetic coher-
ence lengths, we determine whether the crystal quality of the *. ° -*
bulk is the same as near the surface by measuring the sample 0

mosaic. This is shown in the inset in Fig. 1 where we plot 09
mosaic scans (intensity versus sample angle 0) at .
Q=(0,0,2) for E=7.59 keV with a penetration depth of -002 0 002 004

-1 Am and for E =16.0 keV with a penetration depth of Aq (k I)

-10 A.m. Similar scans are also seen for E=3.728 keV at
the peak of the white line. These scans were taken with FIG. 2. Longitudinal scans (0-20) through the magnetic (1/2,0,2) and charge

higher angular resolution than the magnetic scans, i.e., AO (2,0,8) (collected at X/4) Bragg reflections at T=0.25 K. The width of the

(2,0,8) charge peak is a direct measure of the resolution function of our
=0.2 mrad. The mosaic widths differ by less than 5% lead- spectrometer. From a fit of a Lorentzian to the data we determine the mag-
ing us to believe that the crystal quality of the bulk and netic correlation length to be 6a185 A.
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1.2 magnetic scattering intensity increases linearly until it satu-

UPt3  rates near TN/I 0 (TN=1 7 K) with a small ordered moment
1.0 =(112 0.2) (/i=0.04). 1 5'17 The reason for this unusual behavior is not

well understood. Below T=0.6 K there is a kink and a sub-
o . sequent suppression with temperature to a reduction of ap-
o TC+proximately 6% at T= 180 mK, the base temperature of this0.6-' ~measurement. The dip in the order parameter just above Tc

at T=0.45 K is about twice the size of the estimated error"0.4- -. bars and, as such, will require further study.

0.2 The reduction of the magnetic Bragg intensity at Q (1/
2,0,2) below Tc+ can arise from one of the following pos-
sibilities: (i) arotation of the ordered moment, or (ii) a sup-02 46

0MRAR(Kpression in the magnitude of the ordered moment. First we
TEMPERATURE () examine case (i). Our sensitivity to the orientation of the

ordered moment arises from the resonant magnetic scattering
FIG. 3. Integrated scattering intensity of the magnetic reflection at Q=(1/ polarization selection rules. With the incident x-ray energy
2,0,2) as a function of temperature corrected for background and normal-
ized to fluorescence. The solid circles reflect temperatures for which inten- tuned to the peak of the uranium M 1w edge (see Fig. 1) the
sities were measured repeated times for both cooling and warming. The polarization dependence of the resonance magnetic scatter-
arrow indicates the position of the upper superconducting transition at ing cross section is given by I-(f X Ei).zI2, where e, and
TC+ =0.53 K. ef are the polarization of the electric field of the incident and

scattered photons, respectively, and z is a unit vector along
The peak intensity of the scan is a remarkable 10 counts/s. A the direction of the ordered moment I.1 3 For the geometry of
temperature-independent (0.2 K<T<10 K) diffuse back- our experiment (* XE,)=-k/lkiJ, where k, is the wave
ground, due primarily to unresolved fluorescence, of about vector of the incident photon, and we recall that " lies in the
30 counts/s has been subtracted from the scan. The line hexagonal basal plane. Because of our choice of scattering
shape of the longitudinal scan (solid line) is a Lorentzian geometry we are particularly sensitive to a rotation of the
convoluted with the nearly triangular resolution function. moments, i.e., ki z is nearly linear in the orientation of P. A
The resolution function, which we recall is determined by 6% suppression would imply a spin rotation of only 2', as-
slits, is measured simultaneously by collecting the higher- suming that the rotation is purely in plane, which is justified
order scattering (X/4) at Q = (2,0,8) shown by the open because the in-plane magnetic susceptibility is larger than
circles in Fig. 2. A fit to the data gives a full width at half along c.18 We recall that the size of the suppression observed
maximum of F1=0.013 A-', corresponding to a magnetic with magnetic neutron scattering was -5%, which is very
correlation length of approximately 185 A. This is not much similar in magnitude to our results.8 However, because the
larger than the superconducting coherence length as deter- geometry and polarization selection rules for that measure-
mined by muon spin rotation (see Ref. 3). There is no mea- ment were different [IQX(pXQ)12, where Q=(1,1/2,0) is the
surable change in the magnetic correlation length above Tc+ total neutron momentum transfer], a larger rotation would be
at T= 2.3 K. This lack of long-range order with a similar required to produce the same suppression. Thus, we conclude
correlation length has been observed with neutron that, within the error bars of our experiment, the reduction of
scattering.8 This is additional evidence that the near-surface the magnetic scattering intensity below Tc+ is most likely
magnetization as measured by x-ray resonance magnetic due to a reduction in the magnitude of the ordered moment
scattering is similar to that of the bulk as measured by neu- and not a rotation. This conclusion is reinforced when we
trons. consider that the observation of a reduction in the magnetic

The principle result of our experiment is shown in Fig. 3. intensity due to rotation would require dominant chirality in
Here we plot the background corrected integrated intensity the basal plane, which is not known to exist in the absence of
of the magnetic Bragg peak at Q=(1/2,0,2) as a function of a magnetic field. It would be more likely that an equal dis-
temperature, normalized to the value at T= 0.6 K, near Tc +. tribution of domains with clockwise and counterclockwise
The solid lines are least-squares linear fits to the data above rotations should exist, which would average out and produce
and below Tc +, respectively, and cross at T= 0.61 K. The no net change in the scattering intensity.
data have been normalized to the fluorescence to correct for In conclusion, we have measured the antiferromagnetic
scattering volume effects due to variations in x-ray beam Bragg reflection at Q=(1/2,0,2) to T= 180 mK using x-ray
position on the sample. The remaining systematic errors are resonance magnetic scattering. The kink in the scattering in-
shown by the error bars which are estimated from repeated tensity, which occurs very near the upper superconducting
s,:ans at several temperatures (solid circles) taken for both transition at Tc+ =0.53 K, is evidence that superconductivity
warming and cooling. The scattering intensity shows a rela- influences antiferromagnetism in UPt3. The 6% reduction in
tively abrupt onset at TN=5 K and grows as (TN- T) to scattering intensity that we observe is very similar in magni-
T= 0.6 K. While this linearity is consistent with mean field tude to what was previously observed with neutron scatter-
behavior, it extends over an unusually large temperature ing, but with quite different scattering geometry and polar-
range to approximately TN/I10. Similar behavior is observed ization selection rules. This leads us to conclude that the
in the heavy fermion superconductor URu 2Si2, where the reduction arises from a suppression of the ordered moment
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Non-Fermi liquid ground states in strongly correlated f-electron
materials (invited) (abstract)

M. B. Maple
Department of Physics and Institute for Pure and Applied Physical Sciences, University of California,
San Diego, La Jolla, California 92093-0319

Strongly correlated electron materials, especially the high transition temperature (Tc) cuprate
superconductors and heavy fermion rare earth and actinide compounds, have been the focus of
intense investigation in recent years. The unusual normal state properties of the high Tc cuprates
have been ascribed by some researchers to a non-Fermi liquid (NFL) metallic state, while the
anomalous properties of certain heavy fermion U-based superconductors such as UBel 3 have been
attributed to NFL behavior due to a two-channel quadrupolar Kondo effect.1 Although NFL behavior
has not been established in any of the U-based heavy fermion superconductors, evidence for its
occurrence in an f-electron material has been found in the U alloy system YI -xUPd 3 .2
Subsequently, NFL behavior was observed in a number of other f-electron alloy systems, including
Scl-,UxPd3, UCu3.5Pdj.5, Tho0 Uo.9Be1 3 , Thl-xU.Ru2Si2  (x<0.07), Th1.xUxPd 2Al3,
La0.9Ce0 lCu2Si 2 , and CeCu5.9Au0o. Evidence for NFL behavior in Y -xUxPd3 and related systems
is reviewed and discussed within the context of possible microscopic mechanisms. Some
systematics of the NFL low temperature behavior observed in several f-electron materials include a
linear temperature dependence of the electrical resistivity p- 1 - a T with the coefficient a either >0
or <0, a logarithmically diverging specific heat CIT- -In T, and T1/2 asymptotic behavior of the
magnetic susceptibility x- 1 - T112.
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Magneto-oscillatory phenomena in highly correlated metals (invited)
(abstract)

S. R. Julian, G. J. McMullan, C. Pfleiderer, F. S. Tautz, and G. G. Lonzarich
Cavendish Laboratory, Cambridge CB3 OHE, United Kingdom

A central question in the physics of interacting electron systems is whether conditions exist under
which the conventional Landau description fails to uescribe the low energy excitations of the

normal" metallic state. Measurements of the temperature and magnetic field dependences of the
magnetization and resistivity-in particular of the de Haas-van Alphen and Shubnikov effects
which provide sensitive probes of microscopic processes in metals-are currently being used to
examine this question. Advances in material preparation and detection techniques have made it
possible to conduct exhaustive studies in selected examples of systems of highly correlated d and f
electrons. Most of our results will be shown to be consistent with the broad predictions of the
Landau model. In some extreme circumstances, however, near low temperature transitions as a
function of hydrostatic pressure or applied magnetic field, evidence has been collected which
appears difficult to reconcile with the standard model of the metallic state.
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New rare-earth intermetallic phases R3(Fe,M)2Xn: (R=Ce, Pr, Nd, Sm, Gd;
M=Ti, V, Cr, Mn; and X=H, N, C) (invited)

J. M. Cadogan and Hong-Shuo Li
School of Physics, The University of New South Wales, Sydney NSW 2052, Australia

A. Margarian
Department of Applied Physics, University of Technology, Sydney NSW 2007 and CSIRO Division of
Applied Physics, Lindfield NSW 2070, Australia

J. B. Dunlop
CSIRO Division of Applied Physics, Lindfield NSW 2070, Australia

D. H. Ryan
Department of Physics, McGill University, Montr6al, Quebec H3A 2T8, Canada

S. J. Collocott
*CSIRO Division of Applied Physics, Lindfield NSW 2070, Australia
*R. L. Davis

Australian Nuclear Science and Technology Organisation, Lucas Heights NSW 2234, Australia

New rare-earth (R), iron-rich ternary intermetallic compounds of the form R3(Fe,M)29 with the
monoclinic Nd3(Fe,Ti)29 structure (space group P21/c, #14, Z=2) have recently been shown to form
with R=Ce, Nd, Pr, Sm, and Gd, and M=Ti, V, Cr, and Mn. This novel structure is derived from
the alternate stacking of Th2Zn17 and ThMn12-type segments and contains two R sites and fifteen
Fe(M) sites. Reported Curie temperatures of the 3:29 compounds range from 296 K (R=Ce, M=Cr)
to 524 K (R=Sm, M=V). The 3:29 compounds all show improved magnetic properties after
interstitial modification with H or N; in particular, room-temperature coercivity has been reported in
Sm3(Fe,Ti)29N5, making this compound a candidate for possible permanent-magnet applications. In
this article we will review the work carried out to date on the 3:29 compounds.

The past ten years have witnessed a renewed interest in dexed on the basis of a (2a,4c) superstructure of the hexago-
the structural and magnetic properties of rare-earth (R), iron- nal TbCu7 structure. The Nd2(Fe,Ti)19 compound had a rather
rich intermetallic compounds. These intermetallics often low Curie temperature of 411 K but absorption of nitrogen
show potential for application as permanent-magnet materi- gave a roughly. 50% increase in Curie temperature. However,
als, as in the case of Nd2Fe14B, and much effort has been the easy direction of magnetization is in the basal plane (re-
devoted to the search for intermetallic systems whose mag- ferred to the und;.dying hexagonal TbCu7 cell) for both the
netic properties might surpass those of Nd2Fei 4B, which is parent and nitride compounds, precluding its use as a perma-
limited in application by its comparatively low Curie nent magnet.
temperature.' Two families of intermetallics, the rhombohe- There are a number of reports of Sm-Fe-Ti and Nd-Fe-Ti
dral R2(Fe,M)17 and tetragonal R(Fe,M)12 compounds, have phases at around the same composition as the Nd2(Fe,Ti)1
received special attention since they are both able to absorb compound of Collocott et al.3 For example, Saito et al.5 and
N and C as interstitial atoms, with remarkable improvements L6~~Ohashi et al. both observed a transformation from a tetrag-
in their magnetic properties resulting. In fact, Sm2Fe17N3 _8  anal ThMn1 2 structure to a disordered hexagonal TbCu7
and Nd(Fe,Ti) 12N, both have uniaxial anisotropy and Cu-
rie temperatures over 700 K. structure in rapidly quenched SmFe 1Ti as the quenching rate

As early as 1990, Jang and Stadelmaier2 demonstrated increased. Similarly, Katter et al.7 observed a transformation
from the rhombohedral Th2Zn17 structure to the TbCu 7 struc-that the tetragonal NdFe11Ti phase is unstable at tempera-

tures below about 1000 °C, decomposing into Nd2(Fe,Ti) 17, ture in Sm-Fe alloys around the 1:9 composition, and Neiva
Fe2Ti, and a-Fe(Ti), a fact missed by many workers. In et al.8 reported the formation of a 1:7 phase with composi-
1992, whilst studying the conditions of formation of tion Sm(Fe,Ti)9. Jang and Stadelmaier2 reported a Ti-
NdFel1Ti, with a view to preparing single-phase material for stabilized NdFe7 phase in as-cast alloys. At the same confer-
subsequent nitrogenation and ultimately NdFel1TiN1_,$. ence at which Collocott et al. reported the formation of the
based permanent magnets, Collocott et al.3 reported the for- Nd2(Fe,Ti)l9 phase,3 Hirosawa et al.9 reported the formation
mation of a new high-temperature phase in the Fe-rich comer of a Nd(Fe,Ti)9 phase with the TbCu7 structure during a
of the Nd-Fe-Ti ternary phase diagram (see also Margarian study of the formation of the ThMn 12-type NdFelTi phase. A
et al.4). The new structure was given as Nd2(Fe,Ti)19 by Col- common feature of many of these reports is the transforma-
locott et al.3 and its x-ray diffraction (XRD) pattern was in- tion from the 2:17 or 1:12 structures to the disordered 1:7
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structure by rapid solidification with increasing quenching .
rate. Nd3(Fe,Ti) 29

At the 38th Annual MMM Conference in Minneapolis in
November 1993, Cadogan et al.1 reported that the new
Nd2(FeTi)19 structure ismonoclinic with a cell derived from • Fe

that of TbCu7. At the same conference, Li et al." reported L
the observation of a Pr2(Fe,Ti)19 phase in a study of the C-
(Prl.,Ti.)Fe5 compounds. During discussions at the MMM
Conference we learned that the General Motors group Nd2(Fe,Ti)17
(Fuerst et aL) had also observed the formation of a new N ,
structure in samples of the form NdFe9 .5-.,M x (x=0.5 for
M=Ti, 1.5 for M=Cr and x>3.5 for M=Mn) with virtually
identical XRD patterns to that of our Nd2(Fe,Ti)19 sample.3'10

Fuerst et al.'2 were the first to suggest that the new phase
belongs to the P21/c space group, which was later confirmed
by x-ray13 and neutron14 powder diffraction work. The struc-
tural determinations 3'14 also showed that the stoichiometry Nd(Fe,r0 1 2
previously referred to as Nd2(Fe,Ti)19 is in fact Nd3(FeTi)29.
The R3(Fe,Ti) 29 phase is now known to form with R=Sm, 15

Pr,11 Ce,16 and Gd, 17 in addition to R=Nd. Fe
In this article we shall review the structural and mag-

netic properties of the new R3(Fe,M)29 phases. L

In the original paper by Collocott etal.3 the new
Nd-Fe-Ti phase was denoted Nd2(Fe,Ti)19 and found to form 25 30 35 40 4s 50 55 60 65with high-temperature annealing (1100 °C). This structure 213 (degrees)with hig -te m era u re a n n e li n ( 1 1 0 T . T i s s ru c ure F IG . 1. X -ray pow der diff raction patterns (C uK ) of m onoclinic
only forms for a Ti content in the range 3.8-5.1 at. % and NdFi9 raowedractin ans tetra o f n inic
was indexed as a (2a,4c) superlattice of the hexagonal TbCu 7  N e,) 29, rhombohedral Nd2(Fc.T) 17 and tetagonal Nd(FeTi) 12.

structure. Earlier work by Ivanova, Shcherbakova, and
co-workers18' 19 also showed evidence of a new structure in they are formed by the replacement of R atoms by T-T
the R2(Feo.91Vo.09)17 (R=Y, Nd, Sm, and Gd) compounds and "dumb-bells" in the hexagonal RT5 structure. This process
these workers described the crystal cell as being a (5a,5c) may be described by the equation
superlattice of the hexagonal CaCu5 structure for R=Y and a
distorted orthorhombic variant of the hexagonal CaCu5 struc- R, -..(2T)xT5-RTy
ture for R=Nd, Sin, and Gd. The similarities between the with the 2:17 structure corresponding to a i replacement and
XRD patterns of the Sm2(Feo.91Vo.09)17 sample of Shcherba- the 1:12 structure corresponding to a i replacement. The new
kova et al.19 and the Nd 2(Fe,Ti)t9 sample of Collocott et al.3  3:29 structure corresponds to a 2 replacement and is formed
strongly suggest that these samples in fact have the same by the alternate stacking of 2:17 and 1:12 segments, in the
crystal structure.

The structure of Nd2(FeTi),9 was reported as monoclinic
by Cadogan et a1.10 and Fuerst et al.,12 the latter group sug-
gesting the P21/c space group and also that the crvstal cell
contained six NdFe9.5-M, units, on the basis oi density
measurements.

The final structural refinement was obtained from x-ray
powder diffraction work by Li et al.13 who confirmed the
monoclinic P21/c space group and showed that the correct
stoichiometry of the new phase is Nd 3(Fe,Ti) 29 with two for-
mula units per cell. The 3:29 stoichiometry represents a dif-
ference of 1.7% from the original 2:19 stoichiometry. At the
same time, Yelon and co-workers14 refined the 3:29 structure
by neutron powder diffraction, and there is excellent agree- - - -
ment between these two structural refinements. In Fig. 1 we I
show the powder XRD patterns (CuKa radiation) of
Nd 3(Fe,Ti)29 , together with those of Nd 2(Fe,Ti)17 and b
Nd(Fe,Ti)12 for comparison, and in Fig. 2 we show the crys- ( Nd
tal structure of Nd3(Fe,Ti) 29 (courtesy of Hu and Yelon14). (eTi)C

The structure of Nd3(Fe,Ti)29 is intermediate between the a
well-known rhombohedral Th2Zn17 and tetragonal ThMn12
structures. The common feature of all these structures is that FIG. 2. Monoclinic unit cell of Nd3(FeTi)29 (Ref. 14).
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TABLE I. Lattice parameters and indexation cells used in the analysis of x-ray and neutron diffraction data on
the R3(Fe,M)29 compounds. The atomic content of the M atom is at. %. [* The indexation of Y2(Fe,V) 17 by
Shcherbakova et aW9 was given in both hexagonal and orthorhombic forms for comparison with their other
R2(Fe,V)17 compounds. The lattice parameter a is therefore determined by a= bM since Shcherbakova et aL.
indexed Y2(FeV)17 as a true hexagonal structure.]

R M at. % M a(A) b(A) c(A) W3(°) Cell Ref.

Y V 8.1 24.3 ... 20.9 ... hexag. 18
Y V 8.1 42.09 24.30 20.90 ... ortho-hex *19

Nd V 8.1 42.80 24.31 21.04 ortho. 19
Sm V 8.1 42.60 24.27 20.99 ... ortho. 19
Gd V 8.1 42.45 24.30 20.86 ... ortho. 19
Nd Ti 4.1 9.88 . 16.96 "" hexag. 3
Nd Ti 4.1 10.644 8.585 9.755 96.92 mono. 10

Nd Ti 4.8 10.65 8.59 9.75 96.9 mono. 12,30
Nd Ti 4.1 10.641 8.5913 9.748 96.928 mono. 13
Nd Ti 3.9 10.6628 8.6056 9.7610 96.996 mono. 14
Nd Ti 3.6 10.62 8.58 9.73 96.912 mono. 22
Sm Ti 6.1 10.65 8.58 9.72 96.98 mono. 15
Sm Ti 6.3 10.62 8.56 9.72 96.972 mono. 22
Sm Ti 3.8 10.63 8.57 9.72 97.0 mono. 30
Ce Ti 5.0 10.56 8.49 9.68 96.7 mono. 30
Pr Ti 4.5 10.63 8.59 9.74 96.892 mono. 22
Pr Ti 4.7 10.64 8.63 9.76 97.1 mono. 30
Ce Cr 12.8 10.53 8.45 9.63 96.8 mono. 30
Nd Cr 14.3 10.60 8.55 9.71 96.8 mono. 12
Nd Cr 13.8 10.59 8.56 9.71 96.9 mono. 30
Sm Cr 14.1 10.56 8.51 9.68 96.9 mono. 30
Nd Mn 33.3 10.65 8.61 9.75 96.9 mono. 12

ratio 1:1. Such structural relationships were considered by The monoclinic R3(Fe,M) 29 structure contains two R
Stadelmaier in 1984,20 who indeed predicted the occurrence sites (2a and 4e) and fifteen Fe(M) sites (2d and fourteen 4e
of a number of novel structures including the 3:29 structure. sites), and in Table II we give the atomic positions of these
Stadelmaier showed that such new structures must have one sites, deduced by Li et al.3 from x-ray powder diffraction.
edge length equal to a0iV3 where ao is the relevant lattice The relationships between the lattice parameters of the 3:29
parameter of the 1:5 cell. Both structural refinements of and 1:5 structures are
Nd3(Fe,Ti)29 (Refs. 13,14) have b-aoV3, in agreement with
Stadelmaier's criterion. In Table I we give the lattice param-
eters and indexation cells of the various R3(Fe,M) 29 com- b= 1.ao
pounds studied to date.

c = V[(ao)2+ (2Co)2 ,

TABLE ll. Atomic positions and lattice parameters of Nd 3(Fe°s95sTi°°45) 29  (2a0  /

obtained from the x-ray powder diffraction pattern refinement according to /= arctan + arctan ---
the space group P21/c. 13  

C0 2t,

Atom Site x y z and in Fig. 3 we show the relationship between the 3:29 and
1:7 crystal cells.10 In Fig. 4 we show a schematic represen-

Nd 2a 0 0 0
Nd 4e 0.5925(4) 0 0.1851(1) tation of the dumb-bell substitution sequence, projected onto
Fe 2d 1/2 1/2 0 the (110) plane of the CaCus structure, for the 2:17, 3:29, and
Fe 4e, 0.8570(5) 1/2 0.2141(1) 1:12 structures.1 3

Fe 4e 2  0.2570(5) 1/2 0.0141(1)
Fe 4e 3  4/5 0.785(1) 1/10
Fe 4e 4  4/5 0.215(1) 1/10
Fe 4es  0.628(1) 0.638(2) 0.1858(1)
Fe 4e 6  0.628(1) 0.362(2) 0.1858(1) C
Fe 4e 7  0 0.853(2) 1/2
Fe 4eg 0.892(1) 0 0.284(2)
Fe 4e 9  4/5 1/4 7/20 C J:29
Fe 4eIo 4/5 3/4 7/20
Fe 4ell 0.706(1) 1/2 0.411(2) a3:29  IFe 4e12  0.410(2) 3/4 0.072(4)
Fe 4e) 3  0.597(2) 3/4 0.444(4)
Fe 4e14  0 3/4 1/4 Cl'7

R =8.8% a=10.641(1) A - 1:7
RWP= 11.9% b=8.5913(8) A a 7
R 10=5.9% ,,c=9.748(1) A
Rag=5.6 % 3=96.928(6)'

Z=2 FIG. 3. Crystallographic relationship in the a-c plane between the mono-
clinic unit cell of Nd3(FeTi)29 and the hexagonal TbCu7 Cell (Ref. 10).
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Q Q likely that a different structure derived from the stacking of

e4 -/.hexagonal 2:17 and tetragonal 1:12 segments will exist for
3:29 compounds with heavy R atoms. It is also likely that
other intermediate phases based on the stacking of the rhom-

-.. . Z _bohedral 2:17 and tetragonal 1:12 segments will exist, be-
sides 3:29. For example, a 2:1 stacking (I dumb-bell replace-
ment) would correspond to a 5:46 phase, whereas a 1:2

(a) Th 2Zn 17  stacking (2 dumb-bell replacement) would correspond to a
dumb-bell 4:41 phase.

Hu and Yelon 14 drew attention in their paper to the fact
, y=0  that the crystal structure of 3:29 shows a distinct stacking

. y_/ along the b direction which is reminiscent of the Nd2Fe14B
. . -structure, in that there is an alternating stacking of

R-containing and R-free layers. Furthermore, they pointed
Nd ,out that the distinction between the dumb-bell and non-

dumb-bell Fe sites is not as clear-cut as in the 2:17 and 1:12
Y l_-Z structures, since the 3:29 structure exhibits a number of

(b) Nd3 (FeTI)29  rather short Fe-Fe bonds (<2.45 A). Taking advantage of the
fact that Ti has a negative neutron scattering length, Hu and

" Yelon demonstrated that the Ti atoms in Nd3(FeTi)29 Occupy
sites with a low Nd coordination. In a subsequent paper, Hu

V, .'.and Yelon2t presented a comprehensive summary of the bond
lengths in Nd3(Fe,Ti) 29 and showed that the distribution in
bond length is virtually continuous over the range 2.36-3.01
A, in contrast to the Nd2(FeTi)17 and Nd(Fe,Ti)12 com-

a0 o pounds. In their paper, Hu and Yelon also reported the for-
mation of Nd3(Fe,V)29 and Nd3(Fe,AI)29, but no structural

(c) ThMn, 2  details were presented.
FIG. 4. Schematic representation of the geometrical relationship and the The R3(Fe,M)29 compounds are ferromagnetic with Cu-
dumb-bell substitution sequence, in a projection onto the (110) plane of the rie temperatures in the range 296 K [R=Ce, M=Cr (Ref.
hexagonal CaCus structure for the 3:29, 2:17, and 1:12 structures (Ref. 13). 30)] to 524 K [R=Gd, M=V (Ref. 19)]. XRD experiments

on magnetically aligned powder samples of Nd3(Fe,Ti)29
The rhombohedral 2:17 structure forms with light R at- (Ref. 22) and Sm3(Fe,Ti) 29 (R-f. 15) indicate that the easy

oms by a regular dumb-bell replacement in the 1:5 structure, direction of magnetization is in the a-b basal plane (hexago-
and we therefore suggest that the new monoclinic 3:29 struc- nal description), along [201], whereas the powder neutron
ture will also form only for light R (including Gd). It is quite diffraction results of Hu and Yelon' 4'2' were interpreted in

TABLE IlL. lntnnsic magnetic parameters (Curie temperature, saturation magnetization and anisotropy field) of
the R3(Fe,M)29 compounds ('= 12 K measurement and X =77 K measurement).

T, M,,(4 K) M,,(RT) B,(4 K) Ba(RT)
R M at. % M (K) (js /f.u.) (/tIf.u.) (T) (T) Ref.

Y V 8.1 439 41 ... 3.8 18
Y V 8.1 439 41 19

Nd V 8.1 480 50 ... 19
Sm V 8.1 490 41 ... 23.9 17.3 19
Gd V 8.1 524 24 ... ... 19
Ce Ti 5.0 322 47.0 31.4 ... ... 30
Pr Ti 4.5 373 56.4* 46.2 6.3 4.0 22
Pr Ti 4.7 393 60.7 45.4 .... 0 30
Nd Ti 4.1 480 46.3 42.1 ... ... 3
Nd Ti 4.1 411 57.3 48.6 ... ... 10
Nd Ti 4.8 424 58.9 44.5 ... 12
Nd Ti 3.9 361 ... ... ... ... 21
Nd Ti 3.6 396 58.2* 47.6 9.8* 7.7 22
Nd Ti 4.1 426 ... ......... 26
Nd Ti 5.0 419 58.5 44.8 ... . . 30
Sm Ti 6.1 486 46.OX 43.8 ... ... 15
Sm Ti 6.3 452 50.8* 43.6 7.8* 5.8 22
Sm Ti 3.8 469 51.6 45.2 ... ... 30
Ce Cr 12.8 296 35.4 ... ... ... 30
Nd Cr 14.3 417 45.0 33.4 ... ... 12
Nd Cr 13.8 410 45.3 34.5 .... ... 30
Sm Cr 14.1 423 38.6 31.1 ... ... 30
Nd Mn 33.3 <295 17.1 ..- ... ... 12
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oM (T) Shcherbakova et aL19  demonstrated that their
1.16. R2(Feo.91VO0 9)17 (R=Y, Nd, Sm, and Gd) phases all absorb

1.4 Nd3(Fe,T)29 nitrogen with substantial increases in Curie temperature en-

1.2 A 0.1T suing (see Table IV). Significantly, they also found an easy
10" 5T [001] direction of magnetization (hexagonal description) in

0.8 Sm2(Feo.91Vo.09) 17N2.5 and measured anisotropy fields Ba of
06- 23.9 T at 4 K and 17.3 T at 260 K. The formation of a
06 carbide Y2(Fe0.91Vo.09) 17C1.0, which had a modest 30 K in-

! 0.4
0.2 crease in Curie temperature over the parent phase, was also
0.0 reported by these authors.

0 100 200 300 400 500 600 700 Collocott et aL.3 showed that Nd 3(Fe,Ti) 29 absorbs nitro-
Temperature (K) gen, with a 5.4% increase in volume and a 45% increase in

FIG. 5. Magnetization curves for Nd3(Fe,Ti)29 in applied fields of 0.1 and 5 Curie temperature resulting. However, their XRD patterns on
T (Ref. 10). magnetically aligned powder samples showed that both the

parent and nitride compounds had a-b planar anisotropy.
terms of the magnetically easy direction being the crystal Yang et aL24 reported the formation of Sm3(Fe,Ti)29N5

t Kwith a 7.1% volume increase relative to the parent phase.
a-axis at 2nmagnetzaton o The Curie temperature of the nitride was 750 K compared to
Nd3(FeTi)29 is 58 /B/f.u. at 4 K and47 za/f.u. at 295 K, and 486 K for the parent phase and, importantly, Sm3(Fe,Ti)29N 5

its anisotropy field Ba = 7.7 T at 295 K and 9.8 T at 12 4 or the ant p and antly, me, N
K' 0, 22 In Table III we summarize the intrinsic magnetic shows c-axis anisotropy. The anisotropy field of

properties of the various R3(Fe,M)29 compounds. tM3(eeop)aN 5 is 18.1 T at 4 K, and Yang et al 24 were able

The temperature dependence of the magnetization of to develop a coercivity of AOH,, = 1.3 T at 4 K. Subsequent

Nd3(Fe,Ti)29 presented by Cadogan et aL 10 (Fig. 5) shows work by Hu et al.35 on ball-milled SM3(Fe,Ti) 29N5 produced

clear evidence of a magnetization reorientation around 220 K a maximum energy product (BH)naa of 105 kJ -3 after ball
(Bppi=0.1 T), and recent low-temperature neutron work by milling for 4.5 h.
Hu and Yelon2' confirms a shift in the easy direction of mag- Ryan et al.26 have studied the absorption of hydrogen
netization away from the crystal a axis (at 295 K) to the a-b and nitrogen by Nd3(Fe,Ti) 29 using thermopiezic analysis,
plane (at 12.5 K). Our analysis of 57Fe average hyperfine thermogravimetric analysis (TGA), and "Fe M6ssbauer
fields, deduced from Mssbauer measurements, also supports spectroscopy, and found that the addition of hydrogen leads
the occurrence of a spin reorientation at low temperatures. 23  to a significant increase in Curie temperature but very little
Other evidence of magnetization reorientations in the form change in Fe moment, whereas the addition of nitrogen in-
of FOMPs (first-order magnetization processes) has been re- creases both parameters. Attempts to form a Nd3(Fe,Ti) 29
ported by Fuerst et al.12 who observed a FOMP in the mag- carbide were unsuccessful due to disproportionation of the
netization of NdFe9.oTi. measured on fixed powders at 5 K; material, although a "magnetic event" was observed by TGA
the observed FOMP field is 2.0 T. Yang et al.15 also observed at 660 K which was tentatively assigned to a Nd3(Fe,Ti) 29C.!
a FOMP in Sm3(Fe,Ti)29 by singular-point detection mea- phase.
surements; their FOMP fields are 2.2 T at 77 K and 3.0 T at As mentioned earlier, the 3:29 structure is formed by the
4 K. The exact nature of the magnetization reorientations in 1:1 alternate stacking of 2:17 and 1:12 segments and Li27 has
Nd3(Fe,Ti)29 are as yet unclear, identified the interstitial sites available to N or C atoms in the

Finally, Fuerst et al.12 reported that their NdFe6.oMn3.5  3:29 structure by considering thL interstitial sites in the 1:12
sample had a coercive field of 3.8 kOe at 5 K, whereas their and 2:17 structures. There are two 4e interstitial sites with
NdFe 9.0Ti0.5 and NdFe8.oCrls samples had coercivities less the special atomic positions (1j) and (III , giving a maxi-
than 1.2 kOe. mum N content of Nd3(Fe,Ti) 29N4 according to the relation

TABLE IV. Intrinsic magnetic properties and volume expansions of the R3(Fe,M) 29N, compounds [X =12 K
measurement and * refers to Nd3(FeTi)z9 H,].

T, M(4 K) MJ,(RT) B.(4 K) B.(RT)
R M at. % M X AV(%) (K) (±//f.u.) (ua/f.u.) (T) (T) Ref.

Y V 8.1 4 . 706 ... ... ... 19
Nd V 8.1 4 ". 706 ...... ... ... 19
Sm V 8.1 4 6 743 ...... . ... 19
Gd V 8.1 4 ... 728 ......... ... 19
Nd Ti 4.1 4 5.4 695 ... 57.6 ... ... 3
Nd Ti 4.1 4.5 6.5 723 ....... .26
Sm Ti 6.1 5 7.1 750 60.9 53.3 18.1 12.8 24
Nd Ti 4.1 6.1* 2.2 >548 ...... ... ... 26
Pr Ti 4.5 5.4 6.9 700 68.8X 63.6 13.9X 7.5 22

Nd Ti 3.6 4.7 5.4 725 61.3X 61.7 19.4X 8.1 22
Sm Ti 6.3 3.8 5.3 710 59.4X 52.3 14.3X 10.7 22
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x O6 Nd3(Fe,Ti)29 structure (15 sites) and the effects of site occu-

3:29 .pation by Ti in Nd3(Fe,Ti)29, one can only deduce the aver-
2.00- age hyperfine parameters from the M6ssbauer spectra, with

any certainty. In Fig. 6 we show the 57Fe M6ssbauer spectra
S1.96 of Nd3(FeTi)29 and Nd3(FeTi)29N4.5 obtained at 12 K with ar 57 CoRh source.

1.92 Interestingly, a comparison of (Bhf) of Nd3(Fe,Ti)29 at 12
__. . .. ..... . .... . . . . and 295 K (Ref. 26) with saturation magnetization results22

.5 0 5 suggests that the low-temperature magnetic structure of
x1° 6 .Nd 3(Fe,Ti) 29 is noncollinear (Cadogan et aL23).

t ; 3:29:N
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Structural and magnetic properties of R3(Fe,T) 29 compounds
C. D. Fuerst, F. E. Pinkerton, and J. F. Herbst
Physics Department, General Motors NAO Research and Development Center, 30500 Mound Road,'Warren, Michigan 48090-9055

We report the formation of several members of the recently discovered class of R3(FeT)29
compounds and some of their intrinsic properties. Focusing on materials with T=Ti and Cr, we
have prepared R3(FeTi)29 (R=Ce, Pr, Nd, Sm) and R3(Fe,Cr)29 (R=Ce, Nd, Sm) compounds which
all feature the novel monoclinic crystal structure first established for Nd3(FeTi)29. In each of the Ti-
and Cr-containing groups the Ce member has the smallest magnetization, Curie temperature, and
unit cell, suggesting that the Ce ion is tetravalent, or nearly so, in this family of materials. We
observed no evidence of R3(FeTi)29 phase formation for R=Y, Gd, Dy, and Er. Our magnetization
measurements indicate that only Nd3(Fe,Ti)29 and Nd3(Fe,Cr)29 exhibit spin reorientations, at
temperatures of 235 and 145 K, respectively.

I. INTRODUCTION tected by the electron microprobe analyses inzluded
A new class of rare earth-iron (R-Fe) compounds stabi- R(Fe,T)12, R2(Fe,T)17, R(FeT)2, and cr-Fe admixed with the

lized by a third element (T) has recently been discovered to element T. Figure 2 compares the observed Cu-K, x-ray
form. The class was recognized initially as having the spectra of the annealed Ce-Fe-Ti and Ce-Fe-Cr ingots. Theformmr Theg cla)] was essentially sinii-alas asFe2vingithe
R2(Fe,T)t9 stoichiometry, with Nd2(FeTi)19 (Refs. 1-3), and former [Fig. 2(a)] is essentially single-phase Ce3FeV.Jilk,
Nd2(FeCr)19, Nd2(FeMn)19 (Ref. 3) as representatives; al- while the analytical results indicate that the latter [Fig. 2(b)]
loys of nominal composition R2(Fe0.91Vo09)17 are also likely contains, in addition to the principal Ce3Fe24.9 Cr4 1 phase,
members.4 Its prototypical lattice symmetry was identified as minor amounts of CeFe99Cr21, Fe hCr 2, and CeFe. 9Cro1.
monoclinic and was found to correspond to the P21/c space In our opinion the R3(Fe,T)29 phases are "high tempera-
group (No. 14 of Ref. 5).3 Structural investigations of the " materials in the sense that they are not thermodynami-
Nd-Fe-Ti phase by neutron6 as well as x-ray7 powder diffrac- cally stable at room temperature. Put another way, they crys-
tion have since established that the precise stoichiometry is tallize only at temperatures above some minimum value. To
R3(Fe,T)29. Here we report the preparation and characteriza- test this conjecture we heat treated an as-cast Sm3.3Fe27.5Ti1.5
tion of several other members of this fascinating cass of ingot for five days at 900 °C [well below TA = 1100 'C found!~~~t yieon maera chieral cothere memer of hinfscnaincas o
compounds, including two Ce-based representatives: to yield material chiefly composed of monociinic
R3(Fe,Ti)29 (R=Ce, Pr, Nd, Sm) and R3(Fe,Cr)29 (R=Ce,
Nd, Sm).

TABLE I. Crystallographic and magnetic properties of R3Fe29_,T, corn-
II. SAMPLE PREPARATION AND PHASE FORMATION pounds. The monoclinic lattice parameters are a, b, c, and /3; the unit cell

volume is V=abc sin /3; p is the density derived from the lattice constants;
Ingots for this inquiry were prepared by induction melt- Tc is the Curip temperature; and 41rM, is the saturation magnetization.

ing high-purity elemental constituents in boron nitride cru- CR Ce Pr Nd Sm
cibles. Our starting compositions contained 2%-10% excess T Ti Ti T Ti
rare earth relative to the R3(Fe,T)29 stoichiometry. The ingots x 1.6 1.5 1.6 1.2
were heat treated in vacuum for periods between five days , (A) 10.56 10.64 10.65 10.63
and three weeks at various temperatures TA to maximize the b (A) 8.49 8.63 8.59 8.57
amount of R3(FeT)29 component. For the T=Ti (Cr) mate- c (A) 9.68 9.76 9.75 9.72
rials an anneal temperature TA= 1100 'C (1000 °C) was most V (AW) 862 80 886 878
appropriate, with the exception of Ce3(Fe,Ti) 29 and p (g/cm3) 7.81 7.58 7.65 7.79
Ce3(Fe,Cr)29, both of which required a much lower TA of Tc (K) 322 393 419 469
900 °C. Phase occurrences were monitored by x-ray diffrac- 41rM,(5 K) (kG) 12.7 15.9 15.4 13.7
tion and electron beam microprobe analyses. The latter indi- 4irM,(295 K) (kG) 8.5 11.9 11.8 12.0

cated (i) a rare earth concentration of 9.4±0.1 at. % for the R Ce Nd Sm
principal phase, in excellent agreement with the R3(Fe,T)29  T Cr Cr Cr
stoichiometry, and (ii) the values of x given in Table I for the X 4.1 4.4 4.5
specific R3Fe29-xT compositions. a ().5 8.56 1.56

b ()8.45 8.56 8.51
The heat-treated (R=Ce, Pr, Nd; T=Ti) materials were c (A) 9.63 9.71 9.68

essentially single-phase R3(Fe,Ti) 29 . To illustrate this point / 96.80 96.9* 96.90
with a representative example, Fig. 1 compares the Cu-Kq V (A3) 851 873 864
x-ray powder diffraction pattern of Pr 3Fe27 5Ti1.5 with a pat- P (g/.m 3) 7.90 7.74 7.90
tern calculated for that compound using the sites and nuclear TC ( 296 410 423

41rM,(5 K) (kG) 9.7 12.1 10.4position parameters obtained by Hu and Yelon6 for 41TM,(295 K) (kG) ... 9.2 8.4
Nd 3(Fe,Ti) 29. In the other samples contaminant phases de-
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FIG. 1. (a) Cu-K,, x-ray powder diffraction pattern observed for FIG. 2. Observed Cu-Ka, x-ray powder diagrams for (a) Cc1,Fc27 Ti1 6 and
PrFe,,5Til 5. (b) Pattern calculated for PrFe27 .5Til 5 Using Crystallographic (b) Ce3Fe249Cr4 1.

information from Ref. 6 and lattice constants (sece Table i) inferred from (a).

Sm3(FeTi)29]. The x-ray pattern of the TA =900C sample rare earth constituent increases from Pr to Sm. The largest
closely resembles a pattern calculated for SmFe7 having the decline with R atomic number is shown by b, analogous to
rhombohedral ThFe4Co4-type defect structure, 8 9 which, the larger decline of c in the tetragonal R2Fe14B series (cf.
judging from the similarity of their x-ray signatures, is re- Ref. 12). The common behavior likely reflects the fact that
lated to the rhombohedral Th2Zn17-typ e structure character- the R ions in R3(Fe,T)29 [s2Fe1 B reside in planes normal to
izing SM2Fe17 , the b direction 6 7 [c direction]. Through the R2Fe14B series

Using compositions and anneal schedules similar to the basal plane cell constant a is confined to a narrow range
those employed for the materials of Table I we attempted to by the particularly stable trigonal prisms of the
form R3(Fe,Ti)29 compounds with R=Y, Gd, Dy, and Er. All Nd 2Fe 4B-type structure, 12 and we speculate that local
these samples, however, consisted primarily of material hay, atomic coordination effects restrict, in a similar way, the
ing the hexagonal Thi-type structure.'"' We surmise variation of a and c with R in the R3(Fe,T)29 series.
that montoclinic R3(Fe,Ti)29 does not form for Y and thz We determined Curie temperatures (TC) by differential
heavy rare earths, for which a hexagonal Th2Ni19 type [or scanning calorimetry, and magnetization measurements were
hexagonal Th2Ni17 type for slightly lower (Fe+Ti):R ratios] performed from 5 to 295 K with a vibrating sample magne-
is the stable low temperature phase. Apparently monoclinic tometer using a maximum applied field of 9 T. Values of TC
R3(FeTi)29 can be forme only when the equilibrium room and the saturation magnetization (4 r 4M) at 5 and 295 K are
temperature phase has a rhombohedral structure of the included in Table 1.13 For both the T=Ti and T=Cr groups
ThFe4Co4 or Th2Zn1., variety. TC and 4 7rM,(5 K) are lowest for the Ce member, as is the

It is doubtful that Ri(CoTi) 29 compounds occur, at least (room temperature) unit cell volume V. Together these facts
for the light rare earths. A Nd-Co-Ti ingot annealed at strongly suggest that the Ce ion is essentially tetravalent (i.e.,
1000 t C principally contained Th2Zn17-type material, has no 4f-derived magnetic moment) in the R3(FeT)29 class

of compounds.

111. RESULTS AND DISCUSSION If we assume that the Ce moment is zero, the 47rM,(5
K) values for Ce3Fe27.4Ti16 and Ce3Fe249Cr4.1 imply average

Crystallographic and magnetic information on the Fe moments of - 1.7 and - 1.4 AB, for the Ti and Cr materi-
R3(Fe,T)29 compounds investigated here is summarized in als, respectively. These average Fe moments together with
Table 1. The lattice parameters a, b, c, and 13 (corrc~ponding the 4 irM,(5 K) results for the other compounds indicate that
to the second monoclinic settnig, 60~ 900) were inferred from the R moments are near their free ion values. Magnetization
the x-ray diagrams. The lanthanide contraction is evident versus temperature measurements in a small applied field, 1
from the decrease of a, b, and c as the atomic number of the kOe, revealed spin reorientations of the easy magnetization
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600 magnetic coupling of heavy R and Fe moments. From the

R(Fe,T,)1 2  work of Hu and Yelon 6 we estimate ZFF=10, ZF=2, and ii
ZRF= 18, and we take SF= I since the average Fe moment is

Y sm -2 AB and the corresponding g factor can be expected to be
500 ce f 4 - near 2. A least-squares fit of Eqs. (l)-(3) to the Curie tem-

Lu A Nd peratures of the (R=Pr, Nd, Sm; T=Ti) compounds, in
which the R ion is presumably trivalent, yields jFFm2.4 meV

40 and JRF= - 1.5 meV. The fit generates the lower curve in Fig.
400 3 and provides excellent accommodation of the experimental

R3(FeTi)29  results; the departure of Tc(Ce3Fe27.4Ti. 6)322 K from the

ceo •trend underscores the likelihood that Ce is tetravalent. For

30 comparison purposes Fig. 3 also displays Tc values (dia-
0 100 monds) for the cognate R(Fe,Ti) 2 compounds.' 5 ' 6 A corre-

G'12 sponding fit to them (the same estimates for ZAB and SF can
be used)'5 yields jF--3.3 meV and jRfr- 1 .4 meV and is
shown by the upper curve in Fig. 3. The stronger Fe-Fe ex-

FIG. 3. Curie temperatures Tc of R3(Fe,Ti) 29 (0) and R(FeTi)12 ()com- change is responsible for the fact that the R(Fe,Ti)12 Curie
pounds vs G112. The curves are specified by Eqs. (1)-(3) for the R=Pr, Nd, temperatures are 120-170 K higher than those of their
and Sm compounds of each series with the parameters given in the text.

R3(Fe,Ti)29 counterparts.

direction at Ts-235 K in Nd3Fe27.4Ti,.6 and Ts 5 145 K in ACKNOWLEDGMENTS
Nd3Fe24.6Cr 4.4, but in none of the other compounds in Table It is a pleasure to thank M. P. Balogh, C. B. Murphy, G.
I. Our Tj(Nd 3Fe27.4Ti1. 6) agrees well with the measurements W. Smith, R. A. Waldo, and A. M, Wims for their contribu-
of Cadogan et al.14 The slightly larger low-temperature mag- tions to this work. We are also grateful to J. M. Cadogan and
netization of Pr3Fe27.5Til.5 as compared with that of W. B. Yelon for useful discussions.
Nd3Fe274Til. 6 may reflect a noncollinear moment arrange-ment in the latter below T, a cS. J. Collocott, R. K. Day, J. B. Dunlop, and R. L. Davis, Proceedings of

As is often the ase for rare earth-transition metal series, the Seventh International Symposium on Magnetic Anisotropy and Coer.

civity in Rare-Earth Transition Metal Alloys, Canberra, 1992 (Rare-earth

Tc is an increasing function of the effective rare earth spin, Information Center, Ames, IA, 1992), p. 437.
gauged by G 1/2 where G-(g- 1)2J(J + 1) is the de Gennes 2j. M. Cadogan, R. K. Day, J. B. Dunlop, and A. Margarian, J. Alloys
factor for an R ion having gyromagnetic ratio g and total Compounds 201, Li (1993).
factoar m omenm quavnm number J. This is shown for the 3C. D. Fuerst, F. E. Pinkerton, and J. F. Herbst, J. Magn. Magn. Mater. 129,
angular momentum quantum h L115 (1994).
T=Ti compounds by the filled circles of Fig. 3, which dis- 4G, V. Ivanova, E. I. Teitel', and E. V. Shcherbakova, Phys. Met. Metallogr.
plays Tc vs. G 1/2. Ascribing the magnetism to Fe-Fe and 75, 274 (1993).

R-Fe exchange interactions and neglecting R-R exchange, 5International Tables for X.ray Crystallography, edited by N. Henry and K.
Lonsdale (Kynoch, Birmingham, 1952), Vol. 1, p. 99.

we can write Tc(G ) in the nearest-neighbor, mean-field ap- 6Z. Hu and W. B. Yelon, Solid State Commun. 91, 223 (1994).
proximation of the two-sublattice Heisenberg model, which 7H-S. Li, J. M. Cadogan, R. L. Davis, A. Margarian, and J. B. Dunlop,
is used widely in analyzing systematic Tc behavior in rare Solid State Commun. 90, 487 (1994).

ep. Villars and L. D. Calvert, Pearson's Handbook of Crystallographic
Data fo, Intermetallic Phases (ASM International, Metals Park, OH,

Tc(G) = !Tc(0)( 1 + Ji+ yG), (1) 1991), Vol. 3, p. 3392.
9A. E. Ray, Acta Crystallogr. 21, 426 (1966).

where |°Reference 8, Vol. 4, p. 4713.
"1D. Givord, F. Givord, R. Lemaire, W. J. James, and J. S. Shah, J. Less.

3k0Tc(O)=ZFPSF(SF+ 1 )jFF (2) Common Met. 29, 389 (1972).
12J. F. Herbst, Rev. Mod. Phys. 63, 819 (1991).

and "3We also find Tcm 100 K for the monoclinic Nd-Fe-Mn compound re-

2 ported in Ref. 3.
[ZFRZ RF 1 ( RF 2  ( 14j. M. Cadogan, H-S. Li, R. L. Davis, A. Margarian, S. J. Collocott, J. B.y= ( Z2 SF(SF (3) Dunlop, and P. B. Gwan, J. Appl. Phys. 75, 7114 (1994).

"s H.-S. Li and J. M. D. Coey, in Handbook of Magnetic Materials, edited by

Here ZAB is the number of B neighbors of atom A (A,BmR K. H. J. Buschow (North-Holland, Amsterdam, 1991), Vol. 6, p. 1.
16 S F. Cheng, Y. Xu, S. G. Sankar, and W. E. Wallace, in Proceedings of the

Sixth International Symposium on Magnetic Anisotropy and Coercivay inenergy of the A and B spins. A negative JRF implies ferro- Rare Earth-Transition Metal Alloys, edited by S. G. Sankar (Carnegie-

magnetic coupling of light R and Fe moments and antiferro- Mellon University, Pittsburgh, 1990), p. 400.

6146 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Fuerst, Pinkerton, and Herbst



Magnetic and crystal structure of the novel compound Nd3Fe29 _xTix
Z. Hu-and W. B. Yelon
University of Missouri Research Reactor, Columbia, Missouri 65211

The structure of the compound previously reported as Nd2Fe9_.Tix has been solved by powder
neutron diffraction, which reveals a monoclinic cell and a stoichiometry of Nd3Fe29_xTix

(x=1.24) and two formula units per unit cell. This low symmetry, and the large number of
crystallographically unique sites (17), lead to a wide range of Fe-Fe bond lengths (from 2.36 to
3.01 A) in a nearly continuous band. The phase forms through the replacement of two-fifths of the
rare earths in the RFe5 phase by Fe-Fe dumbbells. The magnetic moments at room temperature lie
along the monoclinic a axis with an average iron moment of 1.05 AB, while the magnetic moments
at 12.5 K lie in the a-b plane with an average iron moment of about 1.36 AB .

I. INTRODUCTION ment of the Fe/Ti atoms in this layer forms a nearly perfect
Binary rare-earth (R)-Iron (Fe) compounds are unsuit- hexagonal grid. As previously discussed, both the stacking of

able for permanent magnet application due to their low Curie layers with and without rare earth, and the hexagonal ar-
points. Nd2Fej4B, nitrides and carbides of R2Fe17 and rangement, are also seen in R2Fe14B. 15 Other projections of
RFe12 _,T, where T is a transition element, 1- 3 and pseudo- the R;(Fe/Ti)29 structure show planes of atoms, although
binary compounds such as R2Fel 7 _- T , , where T is Si, Al, or none so clearly as seen in this direction. This is a reflection
Ga, have significantly enhanced Curie points compared to of the relatively close-packed nature of the structure.
the parent binary phases.4- 6 Studies of these materials have Table I also gives the coordinates used in the x-ray
recently led to the discovery of a new pseudobinary phase, study.12 Relatively few of these were refined, but the gener-
first identified as R2Fel7 -T, with a structure different from ally good agreement between these two sets of coordinates is
the well known Th2Zn17 and Th2Ni17 types,7.

8 then identified an indication of the small deviation of this structure from the
as R2Fel9,_.T 9- 11 and which has now been shown to have parent structure from which it is derived. It is easy to see that
stoichiometry R3Fe29 _.T, .12,13 This compound was origi- the R2Fe,7 structure is derived from the RTS structure
nally formed with T=Ti at about 6% Fe/Ti replacement and (CaCu5) by replacement of one-third of the rare earths by
has also been shown to form at higher replacement levels Fe-Fe pairs. It has been pointed out that the RFe12 structure
with Cr and Mn.9 In attempting to form doubly-substituted can be formed from the same parent by replacement of one-
RFe,2-,T, this phase was also formed with a V+Al half of the rare earths by the Fe-Fe dumbbells. The new
replacement. 14 The monoclinic cell of this new phase is re- compound, R3(Fe/IT) 29, is produced in the same fashion by
lated to the CaCti 5 structure, and an approximate x-ray struc- replacement of two-fifths of the rare earths. This appears to
ture determination, based on the idealized positions of the be entirely regular and leads to the stoichiometric compound
CaCu5 structure, was recently reported. 12 At the same time, observed here. In Nd2Fea7, the dumbbell is clearly visible

powder neutron diffraction was used for an exact solution in and hee bnd length iuusull smaly Ain
which the magnetic moments at room temperature were also and the Fe-Fe bond length is unusually small-2.36 A. In

reported.1 3 In this article the neutron diffraction results are RFe12, the dumbbells are less apparent, but it is important to
extended to low temperature, further structural details are note that this compound contains at least one T atom per unit
reported, and the results for R3Fe29 _xT are compared to cell and is thus expanded with respect to the idealized, but
those of Ti substituted Nd2Fe17 and NdFe 12. These three dif- nonexistent pure Fe phase.
ferent phases can be considered as modifications of the Because of the low symmetry and the large number of
CaCu5 structure with differing degrees of Fe-Fe dumbbe.il Fe sites, there are many more distinct bonding pathways in
replacement of some of the rare earths. this compound than in either the R2Fe17- or RFe12-type struc-

tures. The minimum bond length is 2.36 A, as is seen in
Nd2Fe17, but it is less separated from the other bonds, which

II. RESULTS form a continuous band up to at least 3 A. The longest bonds
The room-temperature and 12.5-K results of the neutrn are associated with the 14 coordinated Fe atoms shown in

diffraction analysis of Nd 3Fe27.76Ti,.24 are given in Table I. Table I, but sintilar 14-fold coordination is also seen in the
The structure adapted from Ref. 13 is shown in Fig. 1. The R2Fe, 7 and RFe12 structures. The Fe atoms have from one to

layered structure is apparent from the figure in which only three Nd neighbors, but the Ti atoms are found only at the
the shortest bonds (<2.4 A) are shown. Although not con- three sites with a single Nd neighbor. Neutron diffraction
strained by symmetry, all of the Fe/Ti e'nd 1"d atoms in the data for Nd2Fel607Tio 93 and NdFe 0 .9Tij*1 were also collected
first layer lie within 0.06 A of the y = 0 plane. In the second and analyzed, and the same Ti environment was observed in
layer, which contains only Fe/Ti atoms, most are found very these compounds.
close to y = 4. The atoms that deviate from this are clearly The range of bond lengths around each site and the av-
visible in the figure and are displaced due to the presence of erage bond lengths are given in Table II for Nd3Fe 27.76Tii.24,
Nd atoms nearly directly above or below them. The arrange- Nd2Fe 6.oTio.93, and NdFeo.9Ti. 1. This table excludes
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TABLE 1. Refinement results for Nd3Fe27 6Ti1 24; space group: P21/C; cell volume=889.00 A3.

Neutron X rayb Neutron Neutron

Neutron Neutron 295 K 12.5 K
Atom, site yzT% coord. (AM) (pan)

Nd, 2a 0 0 0 0 0 0 2OFe 1.8(1) 2.2(2)
Nd, 4e 0.402(1) 0.007(2) 0.815(6) 0.408 0 0.81 19Fe 1.0(1) 1.4(1)
Fe, 2d 0.5 0 0.5 0.5 0 0.5 1OFe+2Nd 1.1(1) 1.2(2)
Fe, 4el 0.110(1) 0.001(2) 0.722(1) 0.1063 0 0.7127 19Fe+2Nd 1.5(1) 1.5(2)
Fe, 4e2 0.291(1) 0.002(2) 0.094(1) 0.2937 0 0.0875 9Fe+3Nd 1.2(1) 1.4(2)
(Fe/Ti), 4e3 0.257(1) -0.002(2) 0.526(1) 0.2552 0 0.5104 30.50 13Fe+lNd 1.5(2) 1.8(2)
(Fe/Ti), 4e4 0.137(1) 0.001(3) 0.292(1) 0.1448 0 0.2896 21.40 13Fe+INd 1.3(1) 1.8(2)
Fe, 4e5 0.632(1) 0.143(1) 0.681(1) 0.6376 0.1401 0.6812 1OFe+2Nd 0.8' 1.2(2)
Fe, 4e6 0.806(1) 0.225(1) 0.088(1) 0.8 0.2147 0.1 1OFc+2Nd 1.2(1) 1.5(1)
Fe, 4e7 0.597(1) 0.243(1) 0.433(1) 0.6034 0.25 0.4535 9Fe+3Nd 0.6' 1.1(2)
Fe, 4e8 -0.004(1) 3.247(2) 0.257(1) 0 0.25 0.25 lOFe+2Nd 0.6(1) 1.1(3)
Fe, 4e9 0.406(1) 0.247(1) 0.062(1) 0.4195 0.25 0.0891 9Fe+3Nd 0.7a 1.2(3)
Fe, 4e10 0,802(1) 0.248(1) 0.847(1) 0.8 0.25 0.85 1OFe+2Nd 0.2(2) 0.8(3)
Fe, 4el1 0.197(1) 0.257(1) 0.161(1) 0.2 0.25 0.15 1OFe+2Nd 1.2(1) 1.6(2)
Fe, 4e12 0.204(1) 0.293(1) 0.410(1) 0.2 0.2853 0.4 lOFe+2Nd 0.9(1) 1.0(1)
Fe, 4e13 0.376(1) 0.355(1) 0,812(1) 0.3624 0.3599 0.8188 lOFe+2Nd 1.0(1) 1.4(2)
(Fei), 4e14 0.005(1) 0.356(1) 0.004(2) 0.0067 0.3542 -0.0034 10.30 13Fe+1Nd 1.1(1) 1.4(2)

Cell parameters and agreement factors of neutroa and x-ray diffraction results

a, A b, A c, A 0 RP RP Rm.g

Neutron 295 K 10.6628(2) 8.6056(2) 9.7610(2) 96.996(1) 3.61% 4.74% 5.95% 1.69
Neutron 12.5 K 10.6486(2) 8.6050(2) 9.7660(2) 96.833(1) 3.92% 5.23% 6.05% 2.04
X-rayb 10.6258 8.5814 9.7282 96.89 13.20% 16.10%

'Moment unstable when refined--constrained to the average.
bX-ray data cited from Ref. 10 and transformed to the comparable coordinates.

Fe-Fe bonds over 2.8 A that are assuaued to contribute little gives the overall average bond lengths for these three
or no magnetic energy. As already discussed, the Nd2Fe 7  samples (and Nd2Fet 7) as well as their Curie points. For
parent has a short 2.36-A bond. In the Ti-substituted com- Nd3Fe27.76Ti1.24, two values are given, including bond
pound, however, this bond has expanded to 2.47 A due to the lengths to 2.8 and 2.99 A. The dependence of the Curie point
strong preference for the dumbbell Fe site by the larger Ti on bond length in other NdFe compounds16 has previously
atom. The high symmetry of the RFe12 phase produces two been noted and a similar relationship is observed here if one
groups of bonds, long and short, with a gap between. The does not include the very long Fe-Fe bonds, which obvi-
other two compounds have a broader distribution. Table III ously contribute little to the magnetic exchange energy.

.. TABLE II. Site bond length range and average bond length.

- - -- e- Nd2Fe, 603Ti0 97 Nd 3Fe27 76Ti 24

- Site BLR ABL Site BLR ABL

- - - Fe, 6c 2.4748-2.7998 2.7001 Fe, 2d 2.4443-2.6272 2.5040
-( - - Fe, 9d 2.4568-2.6278 2.4994 Fe, 4el 2.4016-2.7278 2.5694

Fe, 18f 2.4569-2.7998 2.5991 Fe, 4e2 2.4567-2.7098 2.5567
_. Fe, 18h 2.4778-2.6628 2.5636 Fe, 4e3 2.4629-2.7687 2.6198

.-9e  Fe, 4e4 2.4629-2.7779 2.6624
Fe, 4e5 2.3795-2.7705 2.5947

, 9 9 NdFeo0 Tij I Fe, 4e6 2.3575-2.6845 2.5550
Site BLR ABL Fe, 4e7 2.4059-2.7400 2.5527

Fe, 8z 2.4723-2.7464 2.6014 Fe, 4e8 2.3808-2.6526 2.5222
Fe, 8j 2.4935-2.6692 2.6247 Fe, 4e9 2.4654-2.7705 2.5790

Nd O Fe, 4e0 0 Fe,4e8 E Fe Fe, 8k 2.4011-2.6242 2.5188 Fe, 4e10 2.3575-2.7779 2.5005
Fe, 4el 1 2.4045-2.6878 2.5256

BLR=bond length range Fe, 4e12 2.4679-2.7850 2.5907
FIG. 1. Monochnic unit cell of Nd3Fe29 _,Ti, with the B axis up. The layers ABL=average bond length Fe, 4e13 2.4586-2.6747 2.5464
with y= 1/4, 1/2, and 3/4 are drawn as well as the Fe-Fe bonds under Fe, 4e14 2.3803-2.7957 2.6271
2.4 A.
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TABLE Ill. The overall average bond length (OABL) and Curie tem- The structures of all those three compounds are related to theS perature. structure of RT5 , with differing degrees of Fe-Fe dumbbell
Co replacement of the rare earth. The Ti atoms were found to

Compound OABL Tc (K) omments occupy those sites with a single Nd neighbor in all three
Nd2Fe1603"1o97 2.5811 383 compounds. A dependence of the Curie points on bond
NdFelogTi l 2.5814 530 length similar to other NdFe compounds was observed. The
NdFe277 2 2.5801 330 Nd sublattice couples ferromagnetically to the Fe sublattice
Nd3F2  11241  2.81 31 nobn>.2.5929 no bond>2.99 A in all three compounds with different easy directions, that is,

a axis for Nd3Fe 2 7.76Ti. 24 , basal plane for Nd2Fe1 6.0 3Ti0 97,

and c axis for NdFexo.9Tij1 , respectively. An easy direction
change, from the a axis to a-b plane, for Nd3 Fe2 7 .76Til.24 was

fhe magnetic moments are also given in Table I. For observed when the temperature was lowered from 295 to
Nd 3Fe27.76Ti1 24 at room temperature, the Fe moment refine- 12.5 K.
ments were unstable on a few sites, oscillating about rela-
tively small values. These were constrained to their average, ACKNOWLEDGMENTS
while the others were allowed to refine freely. The overall
average site moments of Nd3Fe2 7.76Ti. 2 4 , Nd2Fe 16.07Ti0.93 , The authors would like to thank Dr. J. M. Cadogan and
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The effects of light atom intercalation on the magnetic properties of the monoclinic compound
Nd3(Fe,Ti) 29 have been studied by M6ssbauer spectroscopy and thermogravimetric analysis.
Maximum contents of 4 nitrogen atoms and 6 hydrogen atoms per formula unit have been achieved,
consistent with structural calculations. The associated lattice expansion ranges from 2% in the
hydride to 6.5% in the nitride. Attempts to introduce carbon were unsuccessful as the material
decomposed rapidly during the reaction. Both hydrogen and nitrogen additions lead to substantial
incieases in the magnetic ordering temperature, but only the nitrogen leads to an increase in the iron
moment.

I. INTRODUCTION nealing at 1373 K for 72 h under argon in sealed quartz

The search for high-performance magnetic materials, tubes, followed by water quenching. Structural measure-

which was revived by the discovery of the R2Fel 4B system, ments were made using Cu-Ku radiation on an automated

has been expanded greatly by the observation that significant Nicolet-Stoe diffractometer. Ordering temperatures were de-
improvements can be obtained through the intercalation of termined on a Perkin-Elmer TGA-7 by recording the appar-alloys by a ,riety of light atoms. Often this intercalation ent mass as a function of temperature in a small field gradi-

allos b a arity f lghtatos. fte ths iteralaion ent. 57Fe M6ssbauer spectra were obtained on a conventionalprocess can be used to transform otherwise useless materials ent acceleratiue spectrmwer uing a c iona
into highly promising permanent magnet candidates. The constant acceleration spectrometer using a 25-mCi 7CoRh

most striking examples of this are the R2Fet 7 alloys, which source. Low-temperature spectra were obtained using a
~vibration-isolated closed-cycle He fridge. Calibration and

have ordering temperatures only slightly above room tem- iso laeeloedcycle e fridgemClration ahd
perature, but the addition of either carbon or nitrogen by isomer shifts are referred to a-Fe at room temperature. The
gas-phase reaction leads to a greatly enhanced T, and, in the Nd3(Fe,Ti)29 unit cell contains 6 Nd atoms on two sites, andanisotropy. 1  58 Fe atoms distributed among 15 distinct sites, one being acase of the Smn alloy, substantial uniaxial 2d and the remaining 14 being 4e sites. It is clear from the

In 1992, Collocott et al. reported the existence of a new,
iron-rich, phase in the Nd-Fe-Ti phase diagram.2 Subsequent spectra in Figs. 1 and 2 that few of the subspectra arising

x-ray3 and neutron 4 diffraction measurements showed that from the 15 Fe sites are resolved, especially at room tem-
the alloy structure belonged to the monoclinic P21/c space perature. We have therefore fitted the spectra using the mini-

group, and that the correct stoichiometry was Nd3(Fe,Ti)29. mum number of subspectra needed to reproduce the most

The composition lies between the tetragonal Nd(Fe,Ti) 12 and obvious features of the spectra. The number used varied from

rhombohedral Nd2(Fe,Ti) 17 phases, and the 3-29 structure 3 in the case of the as-annealed material at room tempera-

can be viewed as an alternating stack of these 1-12 and 2-17 ture, to 6 in the cases of the nitride and hydride at 12 K.

units.3 The magnetic ordering temperatures of the 3-29 com-
pounds are in the range 411-486 K.5 Previous work has
shown that this phase absorbs nitrogen readily, exhibiting . .. .

large increases in both Tc and magnetization.6  A.largeinraeinbtTadmgeiao.
In this paper we report a more extensive study of the made

effects of H, C, and N interstitial modification on the mag- 0AA (+'
netic properties of Nd3(Fe,Ti) 29 .

II. EXPERIMENTAL METHODS

Nd3(Fe,Ti)29 samples were prepared by arc melting ap-
propriate amounts of 99.9% purity Nd, Ti, and Fe under Ti- -. 0 48-8 -4 O
gettered argon. Single-phased alloys were obtained by an- Velocity (tr/s)

a)On leave from School of Physics, University of New South Wales, Sydney FIG. 1. Room-temperature Mossbauer spectra of Nd3(Fe,Ti)29 as-annealed,

NSW 2052, Australia. and with hydrogen and nitrogen added
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TABLE II. The four largest voids in the Nd3(Fe,Ti)2 alloy system, derived
i' 1 Au ,from an analysis of the crystal structure. The 4e 3 is assumed to be unoccu-

made pied as it is too small for nitrogen, and only coordinated by Fe atoms.

Location

SieH Radius Occupied
.Site x y z (A) Coordination by

4e, 0.49 0.75 0.23 0.64 2-Nd 4-Fe HCN
4e2  0.20 0.50 0.40 0.59 2-Nd 4-Fe HCN

4e3  0.10 0.51 0.95 0.45 4-Fe empty(9 )
__4e 4  0.44 0.23 0.92 0.42 1-Nd 3-Fe H

-8 -4 0 4 8
Velocity (mm/a)

volume expansion corresponds to a volume change of -7
FIG. 2. Massbauer spectra of Nd3(Fe,Ti)2 9 as-annealed, and with hydrogen A/3 N atom, as found in the R2Fe17 nitrides.' The M6ssbauer
and nitrogen added measured at 12 K. spectra show a substantial increase in the hyperfine field both

at room temperature and 12 K. Values listed in Table I are in

The intercalation reactions were carried out at various close agreement with those reported earlier.5 As in the 2-17
temperatures in a thermopiezic analyzer (TPA) using hydro- and 1-12 alloys, nitriding leads to an increase both in T, and

gen, nitrogen, and acetylene as sources of H, N, and C, re- in the average Fe moment.

spectively. f The carbide does not form easily. Conditions appropriate
for 1-12 or 2-17 alloys tend to lead to a disproportionation

III. RESULTS AND DISCUSSION reaction, with the principal magnetic phases being Fe3C
(possibly containing some of the Ti) and a-Fe. Even short

Substantial amounts of hydrogen are absorbed readily by duration (-30 min) anneals at temperatures between 350 and
Nd3(Fe,Ti)29. Heating to 300 'C at 40 C/min in -1.6 bar of 500 °C led to partially decomposed samples. It therefore ap-
H2 leads to a hydrogen uptake of over 6 H/formula unit pears that in this phase, the competition from the dispropor-
(f.u.), with no evidence of decomposition. While the hydride tionation reaction is too strong, and the carbide tends not to
appears stable at room temperature (no evolution of the ma- form in significant amounts. A magnetic event at -660 K is
terial was apparent on the -1-day timescale needed to record tentatively associated with a Nd 3(Fe,Ti) 29Cy phase; however,
a Mossbauer spectrum), it decomposed rapidly on heating, the actual carbon content is utnknown. Given the mixture of
making an accurate determination of T, problematic. The magnetic phases present, no attempt was made to extract
value of 548 K given in Table I represents a lower limit, the Mossbauer parameters.
value obtained on re-cooling was typically 100 K lower, re- An analysis of the 3-29 structure yields only a very lim-
flecting a significant loss of hydrogen. The room temperature ited number of holes large enough to accommodate intersti-
Mossbauer spectrum (Fig. 1) exhibits a substantially in- tial atoms (see Table II), and all of them are 4e sites (the 2a
creased average hyperfine field; however, the measurement and 2d sites are occupied by Nd and Fe, respectively, and
at 12 K (Fig. 2) shows this to be almost entirely due to the both the 2b and 2c sites lie inside other atoms). The two
higher ordering temperature. The measured lattice expansion largest voids have radii of 0.64 and 0.59 A, and could hold
is -2%, giving an effective volume change per hydrogen either carbon or nitrogen atoms. Full occupancy of these
atom of -2.0 A3, close to values typical of intermetallic sites by nitrogen would yield a composition of
hydrides.7  Nd3(Fe,Ti)29N4. This composition is also consistent with the

Nitrogen also reacts easily with this alloy. Annealing for 3-29 structure being derived from alternate stacking of 1-12
70 h in 1.6 bar of N2 at 400 'C takes the reaction close to and 2-17 units, which can hold 1 and 3 nitrogen atoms, re-
completion and yields nitrogen contents of -4.5 N/f.u. spectively. Our measured nitrogen content of 4.5 N/f.u. prob-
Higher apparent concentrations (-5.8 N/f.u.) can be ably results from a partial decomposition of the material,
achieved by annealing at higher temperatures (e.g., 500 °C); with the excess nitrogen in the form of neodymium nitride.
however, the observed ordering temperature does not in- The next hole is only 0.45 A in radius, far too small to accept
crease, and there is evidence of a-Fe precipitation. The 6.5% either nitrogen or carbon. While this site is large enough to

take a hydrogen atom,7 the coordination solely by Fe atoms
may make the environment energetically unattractive. The

TABLE I. Summary of magnetic and structural changes resulting from the next largest site with one Nd neighbor has a radius of 0.42 A
addition of H, C, or N to Nd3(Fe,T)zg. and is more likely to be the hydrogen location. Occupation of

(Bhf) the three largest rare-earth coordinated holes by hydrogen
(T) gives the composition Nd 3(Fe,Ti) 29H6, as observed.

Sample (K) 12 K RT (%) In conclusion, adding hydrogen leads to a significant in-
crease in TC, but essentially no change in the iron moment,

Nd3(FeTi)2H, 426 29.0 21.0 .. whereas nitrogen leads to an increase in both parameters.
Nd3(FeTi) 6, - 660 . 2... ... These results are similar to those found in the 1-12 and 2-17

Nd3(FeTi)29N 45  723 33.4 31.0 6.5-±07 rare-earth iron alloys. Attempts to make the carbide were
unsuccessful due to a rapid disproportionation of the mate-
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High-temperature phase relations in the Fe-rich comer of the Nd-Fe-Ti ternary alloy system have
been investigated and an equilibrium phase diagram has been constructed at 1100 'C. Arc-melted
and annealed alloys of systematically varying compositions were characterized utilizing scanning
electron microscopy, an energy dispersive x-ray microanalysis system (EDS), x-ray diffraction, and
optical metallography. Three major phases have been identified, the well known Nd(Fe,Ti)12 "1:12"(ThMn12-type structure) and Nd2(FeTi)17 "2:17" (Th2Zn17-type structure) compounds, and a phase
with approximate composition Nd2(Fe,Ti)l9 "2:19." The crystal structure of the latter phase has
very recently been solved, and the "ideal" composition shown to be Nd3(Fe,Ti)29 "3:29."
Quantitative EDS data has been used to identify the compositional limits for the three major phases.
Annealing the "1:12" and "3:29" ternary phases at 900 °C results in a slow decomposition into
Nd2(Fe,Ti)17, Fe2Ti, and a-Fe(Ti).

I. INTRODUCTION ning electron microscopy (SEM) using a JEOL 35CF

Intensive research during the past 25 years has seen the equipped with a Robinson backscatter electron detector and a
emergence of many rare-earth iron transition metal interme- LINK energy dispersive x-ray microanalysis system (EDS).
tallic compounds with technologically interesting magnetic
properties. Nd2Fe14B has many of the properties of an ideal Ill. RESULTS AND DISCUSSION
permanent magnet, such as a high-remanence, large uniaxial
magnetocrystalline anisotropy and low cost, yet its low Curie Microstructural investigation of the alloys was carried
temperature (310 'C) restricts its applications to tempera- out utilizing backscatter electron (BSE) imaging and x-ray
tures below 150 'C. microanalysis. Generally, backscattered electrons provide ex-

Nd-Fe-Ti alloys with the tetragonal ThMn12-type struc- cellent contrast between phases of different mean atomic
ture, and especially their nitrides, have magnetic properties number in a polished section of sample. In our samples,comparable to those of NdFet4B and are therefore possible where there are two or more phases with similar composi-
candidates for permanent magnets. In attempting to repare tions, BSE imaging alone does not provide sufficient contrast

single-phase samples of Nd(Fe,Ti)12, Collocott et al. found and etching with a 2% solution of nitric acid in alcohol
a second ternary compound, with nominal composition (Nital) was necessary to generate topological contrast.
Nd2(Fe,Ti)l9 . The structure of the "2:19" phase has been
solved from powder x-ray diffraction 2 and neutron
diffraction 3 data, and the ideal composition shown to be 1 12+/
Nd3(Fe,Ti) 29 . To further understand the formation and inter- 1:1+rc2 n
relationships of phases in the Fe-rich section of the Nd-Fe-Ti 12
ternary alloy system, we have carried out a systematic inves- 112+Fe 2Ti +Nd

tigation of a range of alloy compositions and constructed an x / h
1:12+ Fe271+ Fequilibrium-phase diagram at a temperature of 1100 °C. 8:1 ,

I. EXPERIMENTAL PROCEDURE x"i2

Alloys weighing 2 g were prepared from Nd, Fe, and Ti 4 2
of ->99.9% purity by argon-arc melting on a water-cooled r
copper hearth. The samples were then wrapped in tantalum x x x
foil, encapsulated in sealed quartz tubes under an atmosphere 2:7 + N,

of argon gas, and annealed for 3 days at 1100 °C, followed Fe " 4 6 8 10 12 14 16 18 

by a water quench. Selected samples were also given a sec- aL% Nd
ond annealing treatment at 900 'C for periods of 7 and 21
days. Samples were characterized by powder x-ray diffrac- FIG. 1. Fe-rich corner of the Nd-Fe-T phase diagram at 1100 'C. ("X "
tion using Cu Ka radiation, optical metallography, and scan- represents annealed compositions analyzed).
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I 

a

c) 321 Nd(FeT) 12

Fe

FIG. 2. Backscattered electron image of an etched NdeFeaTi6 alloy (major 2.545 0
phase-1:12, depression-3:29 and dark region-Fe).

20 (degrees)

Detailed examination of alloys in the Fe-rich corner of FIG. 3. X-ray diffraction spectra for the Fe-rich Nd-Fe-Ti phases: (a)
the Nd-Fe-Ti ternary alloy system at 1100 °C revealed the Nd3(Fe,Ti)29, (b) Nd2(Fe,Ti) 17, and (c) Nd(FeTi)12 (CuK0 radiation).

existence of two ternary phases, Nd(Fe,Ti)12, Nd3(FeTi)29
[previously reported as Nd2(Fe,Ti) 19], and the pseudobinary
Nd 2(Fe,Ti)17 phase, and allowed us to construct the ternary the case of SmFe12 thin films prepared by sputtering.6,7

phase diagram shown in Fig. 1. Figure 2 shows a backscat- Nd2(Fe,Ti), 7 [Fig. 3(b)] has the rhombohedral Th2Zn17-type
tered electron image of a Nd6Fe88Ti6 composition (in the structure and exists with up to 3.8 at. % of the Fe substituted
1:12+3:29+Fe phase field) annealed at 1100 C and etched by Ti.
with Nital. The 3:29 phase (depression) could not be ob- Nd3(Fe,Ti)29 [Fig. 3(a)] has a complex structure that was
served prior to etching. The compositional limits for all the originally indexed on a 2Xa and 4Xc superlattice of hex-
major phases were determined by quantitative x-ray mi- agonal TbCu7. 1 The x-ray diffraction data has subsequently
croanalysis, although this was complicated by the strong been reindexed on the basis of a monoclinic lattice2'8 and
overlap which exists between the Nd L and Fe K series lines, very recently the structure was solved independently from
The Nd compositions were normalized by reference to a powder x-ray diffraction 2 and neutron diffraction 3 data. The
single phase sample of Nd2Fe17 prepared with minimal crystal structure is monoclinic (P21/c) with lattice param-
weight loss (<0.1%) during arc melting and annealing. It eters a=1.064 nm, b=0.859 nm, c=0.975 nm, and
was observed that the Nd content remained constant (to /3=96.928', and the "ideal" composition is Nd3(Fe,Ti)29.
±0.2%) within each of the three major phases, with only the Figure 4 illustrates the crystallographic relationship in the
Fe:Ti ratio changing. The compositional limits for the three a-c plane between the monoclinic unit cell of Nd3(Fe,Ti)29
major phases are presented in Table I. and the hexagonal TbCu7 lattice. Crystallographic data for

Jang and Stadelmaier reported4 the existence of two ter- the three major phases can be found in Table II. The "3:29"
nary phases in Nd-Fe-Ti alloys: the "1:12," and a phase is not restricted to the Nd-Fe-Ti system, but also exists
TbCu7-type (1:7) phase with a higher Nd content (-12 in R-Fe-Ti (R=Sm,9," Ce,9 Pr," and Gd2) and in Nd-Fe-T
at. %) than in the substituted binary Nd2(Fe,Ti)17, whereas (T=Cr, and Mn8).
the "3:29" reported here has a Nd content of 9.4 at. %, sig- Investigations into the thermal stability of Nd(Fe,Ti) 12
nificantly lower than in the 2:17. Neiva et al.5 have reported and Nd3(Fe,Ti)29 have shown that they are only stable at
the formation of a Sm(Fe,Ti)9 phase with a hexagonal elevated temperatures. Annealing the compounds at a tem-
TbCu7-type structure at 1000 *C. perature of 900 'C results in a slow decomposition to

X-ray diffraction spectra of the major phases are shown
in Fig. 3. The "1:12" [Fig. 3(c)] has the tetragonal
ThMn12-type structure, which is relatively common in
R-Fe-T systems (R=a rare-earth and T=a transition ele- c :7
ment), but does not exist as a binary RFe2 phase except for C

TABLE I. Compositional ranges of the three major phases. a3 /29a 3:29,

Composition (at. %) "

Phase Nd Fe Ti - -

Nd2(Fe,Ti) 7  11.0 balance 0-3.8 a1 7

Nd3(Fe,Ti)9 9.4 balance 4.0-5.1
Nd(Fe,Ti) 12  7.9 balance 6.5-8.1 FIG. 4. Crystallographic relationship in the a-c plane between the unit cell

of monoclinic Nd3(Fe,Ti)2 9 and the 3 Xa and 3 Xc superlattice of ThCu7 .
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TABLE II. Crystallographic data for the three major phases.

Lattice parameters

Phase Structure Crystal type a (nm) b (nm) c (nm) /3 (°)

2:17 rhombohedral Th 2Zn17  0.860 1.251
3:29 monoclinic Nd3(FeTi) 29  1.064 0.859 0.975 96.92

1:12 tetragonal ThMn12  0.859 ... 0.479
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Magnetic properties of Sm2Fe14_xCoxSi 2-based quasiternary compounds
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The structural and magnetic properties of the off-stoichiometric R2Fel 7-type Sm2Fel4_xCoxSi 2
compounds with 0 -<x < 7 have been investigated by x-ray diffraction, thermomagnetic analysis, and
magnetic measurements. Substitution of Co for Fe leads to an increase in Curie temperature,
AT,=303 K for samples with x from 0 to 7. The saturation magnetization M, increased withincreasing Co content at first and then decreased. A maximum saturation magnetization M, = 124

emu/g was obtained at x about 4. The anisotropy changes from planar x<4 to uniaxial x-_4 with
H. = 23 kOe for x = 7. Introduction of N leads to an increase in lattice constants causing a further
enhancement in the Curie temperature and anisotropy field. The best properties were obtained for
the Sm2Fel0Co4Si2N2.3 compound with T, 742 K, Ha (300 K)= 175 kOe.

I. INTRODUCTION Curie temperature T, was derived from M 2 vs T plots. The
Research in the field of permanent magnets intensified magnetization curves were measured by means of a super-

after the discovery of the R-Fe-B compounds 1,2 whose supe- conducting quantum interference device magnetometer with

ior magnetic properties led to the high performance Nd- applied fields up to 65 kOe at temperatures between 4.2 K
magnet s 3 whih ar e d and room temperature. The saturation magnetization M, was

Fe-B type permanent magnets which are being used in a derived by means of M vs 1/H2 plots, using the high field
wide variety of applications, most notably in the computer part of the magnetization curves.
industry. However, the low Curie temperature and large tem- The anisotropy fields H0 were derived from the extrapo-
perature coefficients of B, and H, limit the temperature lated intersection of the two magnetization curves, measured
range of applications of Nd-Fe-B magnets. Recently the with the field parallel and perpendicular to the alignment
R(FeT)12 compounds (T=AI, Cr, Mo, Si, Ti, V, and W) with direction.
the ThMn12-type structure have been investigated
extensively. 4'5 Recently, it has been found that 2:17-type III. RESULTS AND DISCUSSION
rare-earth iron carbides and nitrides4 show excellent intrinsic A. Sm2Fo14 _xCoxSi 2 compounds
magnetic properties for permanent magnet applications.6 A
new type of ternary compounds with nominal composition X-ray diffraction and thermomagnetic analysis show that
R2Fe14 _,CoxSi2 which crystallize in the off-stoichiometric all the investigated as-cast Sm2Fel4_,Co.Si2 alloys are of
2:17-type structure has been studied7,8 with R=Y or a heavy
rare-earth element. 0 ,4

In this work, a detailed study of the structural and mag-
netic properties of the SmzFel4_xCoSi 2 nitrides was per-
formed and some of the results are presented and discussed, W (a) SmFe,,S,

G.-O

II. EXPERIMENT

Sm2Fel4_xCo.Si 2 compounds with x=0-7 were pre-
pared by arc-melting the constituent elements which had at Lao
least 99.9% purity. The ingots were melted several times to ' 0

ensure homogeneity. The as-cast ingots, without any anneal- 0(b) SmnFe1Co 3Si
ing, were then pulverized to an average particle size of aligned

20-30 Am and the powder samples obtained were heated in 0.,[

purified N2 under a pressure of about 1.7 atm at 520 °C for 0 30

4-16 h to form the Sm2Fe14 _,CoxSi2 Ny nitrides. The value 2.00
of y was determined to be 2 <y <3 by weighing the samples /I
before and after nitrogenation. W Srn,Fe0Co4St,

X-ray diffraction was employed to determine the struc- 0aed

ture and the lattice parameters. The x-ray diffraction patterns 0 so
of the magnetically aligned powder samples obtained at__ _ _ _ _ _ "_-

30 0 40.0 W0.0 60 0 70.0
room temperature weie used to determine the easy magneti- 20 (degre)
zation direction (EME) of the compounds. Thermomagnetic
curves were measured by means of a vibrating sample mag- FIG. 1. X-ray diffraction patterns of Sm2 Fe 4Si2 , Sm 2Fe11Co3Si 2, and

netometer (VSM) with an applied field of 500 Qe, and the Sm 2Fc10Co4 Si2 compounds (X= 1.5418 A).
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"! TABLE I. The lattice parameters a and c, unit cell volume V, room tern- 900
perature saturation magnetization M,, anisotrop field H,, and easy magne-
tization direction EMD in SmzFel 4 _.CoxSi 2 compounds. 800v Disordered _

a c V M, . a)i-
x (A) (A) (A3) (emu/g) (kOe) EMD o60

0 8.484 12.340 772.78 118 plane a 500
1 8.477 12.388 770.87 120 plane E Planar
2 8.487 12.613 774.33 123 plane 400
3 8.456 12.338 764.00 124 plane Uniaxial

4 8.459 12.379 764.62 124 8 c axis 300

.439 12.338 760.88 122 13 c axis ) 200 /
6 8.414 12.301 753.96 120 21 c axis G

7 8.404 12.293 751.28 112 23 c axis to 100 Sm 2Fe]4.xCoxSi2

0 7 8
Compositon X (at%)

single phase. The x-ray diffraction patterns have been in-
dexed on the basis of the Th2Zn,7rtype structure. Figure 1, FIG. 3. A spin phase diagram for Sm2Fel 4 -,CoSi2 compounds.
curve (a) shows an example for the Sm2Fe14Si2 compound.
Substitution of Co for Fe does not lead to any change in the
crystal structure even for x = 14. The lattice constants a and content. The increase of the saturation magnetization at room
c exhibit a small decrease with increasing Co concentration. temperature for smaller Co contents results from the en-
Experimental data in Table I show the lattice constants a and hanceement in Curie temperature.
c as functions of Co concentration. The average decrease Sm 2Fe 14Si2 exhibits a planar anisotropy. With increasing
upon Co substitution is only 0.1% per Co atom. The average Co content, the magnetocrystalline anisotropy changes from
lattice constants are a=8,252 A and c=12.356 A, which planar to uniaxial at an x value between 3 and 4 (Table I).
are 1.3% and 1.5% smallei than those of the Sm 2Fe1 7 com-
pound, respectively.

Figure 2, curve (A) shows the Curie temperature T, as a IsO
function of Co concentration. It can be seen that T, increases
nearly linearly with Co content, from 514 K for x =0 to 817 125 M//H
K for x = 7. The average increase upon Co substitution was
determined to be 55 K per Co atom. It is worth noting that 10... 0
the Curie temperature of the Sm 2Fel 4Si2 is about 100 K - M2Fe 4Si 2 .6
higher than that of the Sm 2Fe1 7 compoutid. E 7s

The saturation tagnetization at room temperature as a
function of Co content is summarized in Table I. It can be so
seen that the saturation magnetization M, increases with in- _- T=800K
creasing Co content, at first going through a maximum of 25 (A)
124 emu/g at x-3 and then it decreases with increasing Co T= 1.5 K

0 10 20 30 40 5 0 d0 70 80

H (kOe)

8500

-800 (B) (A)

12 750 " 100, :::=

~70O -

65 E s SM2FeCoCO4Si 2N2.3
eo - (A) Sm 2Fe1 4.xCoxSi 2

5000
SSO: (B) Sm2Fel4-xCoxSi2Ny T=300 K

Soo00 (B)
: T= 1.5 K

450 _-- --- -" ""-_0_.. . . . . . . . .2 3 4 5 6 7 8 0 10 20 30 40 50 60 70 80
Compositon X (at%) H (kOe)

FIG. 2. Curie temperature T, as a function of x in Sm2Fel 4_XCoASi2 com-
pounds and their nitrides. (A) is Sm2Fe14 ..,CoSi2 samples and (B) is FIG. 4. Magnetization curves of the aligned powder samples, measured
SM2Fe14. xCoxSi2Ny when x = 0, y = 2.6, and x = 4, y = 2.3. parallel (11) and perpendicular (.L) to the external magnetic fields.
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TABLE H. The lattice parameters a, c, unit cell volume expansion, AVIV, Curie temperature T,, saturation
magnetization Ms, anisotropy field and easy magnetization direction for Sm 2Fe14 _.CoSi2N,, and the parent
compounds.

Ms (emu/g) H. (kOc)a ¢ AV/V T,

Compound ( A) (A) (%) (K) 1.5 K 300 K 1.5 K 300 K EDM

Sm 2Fe 4Si2  8.484 12.340 514 134 118 plane
Sm 2Fe 4Si 2N2 6  8.633 12.478 4.2 602 133 117 227 157 c axis
Sm2 Fe 10Co4 Si2  8.459 12.379 698 136 124 8 c axis
Sm 2Fe10Co2Si2N2 3  8.633 12.460 5.0 742 128 113 276 175 c axis

Figures 1(b) and 1(c) shows the x-ray diffraction patterns on for the parent compound to 175 kOe for the nitride. A very
I the magnetically aligned powder samples of the x = 3 and 4 large anisotropy field was observed at low temperature,

compounds, respectively. For compounds with x-<3, a sub- T= 1.5 K, Ha =227 kOe for Sm 2Fe1 4Si2N2 6 and Ha= 276
stantial increase in the (h,k,O) reflection intensities and dis- kOe for Sm 2Fe10CO4Si2N2.3, respectively. The detailed ex-
appearance of (0,0,1) lines show that the samples have easy perimental data are summarized in Table II and rig. 4[(A)
plane magnetocrystalline anisotropy, in contrast with the and (B)].
compounds with x >4; in the latter only the (0,0,1) reflection
intensity substantially increased, which shows a uniaxial IV. CONCLUSIONS
magnetccrystalline anisotropy at room temperature. It can be The off-stoichiometric R2Fe17-type Sm 2Fe14 _xCoxSi2
seen that for the compounds with x-< 3, Ha, is very small due compounds with x = 0 to 7 crystallize in the Th2Zn 17-type
to the planar anisotropy, whereas for the compounds with structure. Substitution of Co for Fe leads to an increase in
x >4, Ha increases with increasing Co content, changing Curie temperature T, from 514 K for x=0 to 817 K for
from Ha =8 kOe for x= 4 to Ha= 23 kOe for x= 7, x=7. The room-temperature saturation magnetization in-

A spin phase diagram is shown in Fig. 3. It is clear that creases from 118 emu/g for x = 0 to 124 emu/g for x = 4 and
the spin reorientation temperature T, increases monoto- then it decreases slightly with increasing Co content. Co sub-
nously with increasing Co content. This suggests that substi- stitution enhances the uniaxial anisotropy and the spin re-
tution of Co for Fe leads to an increase in the contribution to orientation temperature Tsr. The anisotropy changes from
the uniaxial anisotropy resulting from the Sm and Co sublat- planar in Sm2Fe14 _xCoSi 2 to uniaxial for x >4. The anisot-
tices. ropy field is 23 kOe for x = 7.

Introduction of N leads to an increase in lattice constant
B. Sm2Fe14 _xCoSI2 nitrides and unit cell volume, causing a further enhancement in Curie

Sm2Fel 4 .xCOSi 2 nitrides with x=0 and 4 have been temperature. Furthermore, introduction of N results in a fur-
ther increase in the contribution to uniaxial anisotropy from

prepared with the values of y determined to be 2<y<3. The the Sin sublattice. It has been found that for the
nitrides maintain the'Th2Zn17-type structure, but with re- Sm2Fe1 0Co4Si2N2 3 compound, T,=742 K, M, (300 K)
markable unit-cell volume expansions compared with the =113 emu/g and Ha (300 K) =175 kOe.
hosts. The x-ray diffraction patterns of Sm 2Fe1oCo 4Si2Ny (a),
compared with that of the parent compound (B). The unit- 'G. C. Hadjipanayis, R. C. Hazelton, and K. R. Lawless, Appl. Phys. Lett.

cell volume expansion is 4.2% for x=O (y = 2 .6 ) and 5% 43, 797 (1983).2
j. j. Croat, J. G. Herbst, R. W. Lee, and F. E. Pinkerton, J. Appl. Phys. 55,

for x = 4 (y = 2.3). The introduction of nitrogen leads to an 2078 (1984).
increase in Curie temperature from 514 to 602 K for x=0 3 M. Sagawa, S. Fujimura, N. Togawa, H. Yamamoto, and Y. Matsuura, J.

and from 698 to 742 K for x = 4, respectively. The increase Appl. Phys. 55, 2083 (1984).
in T. may be partly associated with the unit cell volume 4 y. Z. Wang and G. C. Hadjipanayis, J. Magn. Magn. Mater. 87, 375

(1990).
expansion. The values of Tc for Sm 2Fe14 _CoxSi2N comn- 5 w. Gong and G. C. Hadjipanayis, IEEE Trans. Magn. MAG-28, 2563

pounds are also shown in Fig. 2 [curve (B)]. Introduction of (1992).
nitrogen also changed the anisotropy in Sm2Fe14Si2 from pla- 6 j. M. D. Coey and H. Sun, J. Magn. Magn. Mater. 87, L251 (1990).
nar to uniaxial at room temperature with an anisotropy field 7F. Pourarian, R. T. Obermyer, and S. G. Sankar, J. Appl. Phys. 75, 6262

(1994).Ha=157 kOe and led to an increase in the room- 8 REPourarian, R. Obermyer, Y. Zheng, S. G. Sankar, and W. E. Wallace, J.
temperature anisotropy field of Sm 2 Fe10CO4 Si2 from 8 kOe Appl. Phys. 73, 6272 (1993).
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Mssbauer study of permanent-magnet materials: Sm2Fel7 _xAIx
compounds

I. A. Al-Omari, S. S. Jaswal, A. S. Fernando, and D. J. Sellmyer
Behlen Laboratory of Physics and Center for Materials Research and Analysis, University of Nebraska,

Lincoln, Nebraska 68588-0111

The Fe57 Missbauer spectra of Sm2FelT7 -.Alx, where x=O, 1.0, 2.0, 3.0, and 4.0, have been
measured at room temperature and analyzed. The ternary compounds Sm2Fe17 xAl, have the
rhombohedral Th2Zn17 structure. M6ssbauer measurements showed that all the compounds studied
were ferromagnetic. The average hyperfine field was found to decrease with the increasing
aluminum concentration, which is in qualitative agreement with magnetic measurements. The
decrease in the average hyperfine field was from 224 kOe at x = 0 to 174 kOe dt x = 4. By fitting the
spectra we found that the hyperfine fields for the iron sites decrease in the order 6c, 9d, 18f, and
18h. The measured average isomer shift relative to a-iron was found to increase linearly with x.
Analysis of the spectra showed that Al atoms occupy the 6c, 18h, and 18f, but not 9d, Fe sites and
the fraction of occupancy of Al was found to depend on x.

i. INTRODUCTION The alloys were melted several times to insure homogeneity.
The samples were wrapped separately in tantalum foils and

It has been discovered recently that the hard-magnet heat-treated below 3< 10-6 Torr vacuum at 1000 °C for
properties of Fe-rich intermetallic compounds improve con- about 72 h, and subsequently quenched in water.
siderably upon nitrogenation, -3 Efforts are undervay to see Room-temperature x-ray diffraction measurements on
if substitutional impurities can accomplish the same goal. powder samples using Cu Ka radiation showed only the
Compounds of the type R2Fel7-,M,,, (R =Ho, Y, Sin, Ce, Pr, pwe ape sn uK aito hwdol h
Comound s of the tpV , (RHoi) have Smn studie "6 ar, rhombohedral Th2Zn17 structure with a small amount of
and Nd; M =Al, Ga, V, Co, and Ni) have been studied and a-Fe. The magnetization of the compounds was measured at
their magnetic ordering temperatures were found to increase 5 and 300 K with a superconducting quantum interference
by substituting other elements for iron. Weitzer et a17 found d and altern ting e ant mnteer

that the Curie temperature (T,) changed from 265 K for device (SQUID)and alternating force gradient magnetometer

Ce2Fe17 to 385 K for Ce2Fe15Al2, and from 335 K for (AFGM), respectively.
The samples for M6ssbauer spectroscopy were preparedNd2Fe17 to 440 K for Nd2Fe15Al2 and to 520 K for by sprinkling a thin layer of the powder of Sm2Fe17T.xAlx on

Nd2Fel5Ga2. Effects of Al substitution on the magnetic an- a piece of tae p wer d by u A R n
isotropy and Curie temperature of Sm2Fe 17_.,A l compounds a piece of tape. The samples were studied by using a Ranger
isotropynstudiedbyWang and Curieemperaure ofTmey counds T M6ssbauer spectrometer, model MS1200. The velocity drive
have been studied by Wang and Dunlap.8 They found that Tc of this spectrometer operates in the constant acceleration
for these compounds depends on the Al concentration (x) mode. Co5 7 in Pd was used as the "y-ray source in this ex-
and it reaches a maximum of 471 K for SmFe14A.1, CO - periment. All the isomer shifts were measured relative to
pared to 391 K for the parent compound Sm2Fe17. They a-iron at room temperature and a-iron was also used for
found also that the anisotropy changed from planar for x < 1 calibration.
to uniaxial for x--3. These changes in T, and the anisotropy
are promising improvements to the permanent-magnet prop-
erties of the parent compounds. Low-temperature measure- Ill. RESULTS AND DISCUSSION
ments for Sm2Fe,_,Al., by McNeely and Oesterreicher 9  Figure I shows the room-temperature Mbssbauer spectra
showed that the magnetization of these compounds decreases and the fitting (the solid curves) for Sm2Fe17 -,Al with
by 83% as x increases from 0 to 9.5. The coercive force (He) x = 0, 1, 2, 3, and 4. The spectra show that all the samples
increases by increasing x and it reaches a value of 15 kOe are magnetically ordered for all values of x and all of them
with x= 9.5 at T= 4.2 K. In this article we rep rt on Moss- have different subspectra with different magnetic hyperfine
bauer studies for Sm2Fel7_xAlx to understand the effect of fields. A standard program was used to fit the spectra, where
Al on their magnetic properties and the site occupation of the each spectrum was fitted with a set of seven subspectra,
different Fe sites. Also we use M6sbauer spectroscopy to which is similar to the previous models used by Ping et al.,'0

look for small amounts of a-Fe in these compounds. Long et al.," and Yelon et al. 12 for 2:17 compounds. The
weak features indicated by arrows in Fig. 1 are the first and

II. EXPERIMENTAL PiROCEDURE sixth lines due to a-Fe in samples with x = 1 and 2. From the
relative intensity of the subspectrum the atomic percentage

Bulk samples of Sm2Fe17-xAlx with x= 0, 1, 2, 3, and 4 of a-Fe was estimated to be less than 2%. For the rhombo-
were prepared by arc melting the elemental constituents in a hedral Th2Zn17 structure there are four different iron sites,
water-cooled copper boat in a flowing-argon gas atmosphere. 6c, 9d, 18f, and 18h, with different environments. Previous
All the startinig elements used were at least of 99.99% purity. M6ssbauer measurements by Long et aL",3 for Nd2Fe17 and
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FIG. 3. Dependence of the percentage fraction of aluminum occupancy for
different sites on the Al concentration x.

-10 -5 0 5 10 and 216 kOe by Long et a.11 for related compounds. The

Velocity (mm/sec) Curie temperature for these compounds increases with x and
reaches a maximum at x=3: Tc changes from 391 K for

FIG. 1. Room-temperature M6ssbauer spectra of Sm2Fe17 Al, com- Sm 2Fe' 7 to 471 K for Sm 2Fe14AI3 .8 This increase of 20% in
pounds. The solid curves represent the fitting. Arrows indicate the first and Tc in spite of the decrease in the average hyperfine field by
sixth lines due to a-Fu. 12% must be due to the increase in the interatomic exchange

interactions upon volume expansion.
The intensity of each subspectrum is proportional to the

Nd2Fe17N26, M~ssbauer and neutron diffraction by Yelon Fe-site occupation. Using the fitted intensities we calculated
et aL1 2 for Nd2Fel 7 -. A1x , and M6ssbauer measurements by the percentage of iron and aluminum at each site. Figure 3
Hu et al.10 for R2Fe17N3_.8 showed that the hyperfine fields shows the percentage fraction of Al occupancy f each site
decrease in the order 6c, 9d, 18f, and 18h. The 6c site has for the different sites and for different concentrations. From
the largest hyperfine field since it has the largest number of this figure we see that Al prefers to go to the different sites in
iron nearest neighbors. In our fitting and analysis of the data the order 6c, 18h, and 18f, but not 9d, which has the small-
we kept the same order. The seven subspectra used in fitting est Wigner-Seitz cell volume. This is in agreement with pre-
correspond to one spectrum for 6c and two subspectra for vious observations on Nd2Fe17 xAlx by Yelon et aLt2

each of the other three sites with the relative intensity 2:1.
The parent compound Sm 2Fe1 7 was studied for comparison The aveage iser shiIreatie to aon as
with other compounds and other data. The average hyperfine found to increase linearly by increasing the Al concentration
field for different sites and for different Al concentrations as shown in Fig. 4, where the circles are the experimental
was found to decrease with increasing concentration of the IS and the solid line is the linear fit. The parameters for the

nonmagnetic element, Al, as seen in Fig. 2. This decrease is linear fitting are given by the equation

in qualitative agreement with the magnetization measure- IS(mm/s)= -0.12 + 0.03x.
ments by McNeely and Oesterreicher. 9 The average hyper-
fine field for the parent compound was 224 kOe which is in Figure 4 shows that IS is negative and the magnitude of IS
good agreement with other values of 221 kOe by Hu et al.10  decreases with increasing Al concentration. This decrease

0.05
300 9[ 1 0 Exp0.00 - Fit250- - 1

0 EN
N. -o00

0 -0.10
150 9-.53 4 5o 18 -0.1

too 0 1 3 40 2 3 4 5Al concentration (x)

Al concentration (x)

FIG. 2. Dependence of the average hyperfine field for the different Fe sites FIG. 4. Dependence of the average isomer shift (IS) relative to a-iron for
of Sm 2Fel 7 -_Al, on the Al concentration x, at T= 295 K. Sm 2Fel 7TAl, compounds on the Al concentration x.
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Neutron diffraction and magnetic studies of Nd2Fe17_x_zAxSizf
Z. Hu and W. B. Yelon
University of Missouri Research Reactor, Columbia, Missouri 65211

The Al and Si double-substituted 2:17 phase, Nd2Fe17_x._z.AlSiz, was prepared and analyzed using
neutron powder diffraction and SQUID magnetization measurements. Rietveld analysis of the
neutron diffraction data indicates that the lattice parameters are close to a linear combination of the
corresponding single-substitution compounds. The unit cell could be expanded or contracted,
depending on the Al/Si ratio. The aluminun- and silicon fractional occupancy on the different
crystallographic sites in the double-substitution compounds are related to those of
single-substitution compounds. The SQUID measurements show that all samples in this study have
Curie points higher than that of the unsubstituted compound. For a Si/Al ratio of 2:1, the Curie
point, 492 K, was found at a total substituent content less than in the singly substituted Si compound
with the same T,.

I. INTRODUCTION Ill. RESULTS AND DISCUSSIONS

The substitution of aluminum for iron in Nd2Fe17 raises The refinement results are given in Table I. Since each
the Curie temperature and leads to an expansion in the unit sample has some a-Fe (5-8% in volume) as the second
cell volume.1 In this kind of compound, it is believed that the phase, the stoichiometry of the compounds differs from the
lattice expansion is sufficient to decrease antiferromagnetic nominal composition. However, by using the site-effective
exchange and enhance the ferromagnetic exchange. 2 When scattering length and assuming the nominal Si/Al ratio, the
silicon is used as the substituent for iron in Nd2Fe17, the stoichiometry of the compounds can be determined (see Ap-
lattice contracts upon substitution, w'hich would normally be pendix). The results are given in Table I. In a previous
expected to lower the Curie temperature. However, the Curie study,2 the unit cell volume increased in the Al-only substi-
temperatures of the compounds are strongly increased.3'4 The tuted compound, Nd2FelT7-Alx, at a rate of 9 /3/Al, while
enhancement of magnetic properties with Si substitution is the unit cell volume decreased in the Si-only substituted
apparently related to the expansion of the lattice in the 9d- compound, Nd2Fel 7 ySiy, at a rate of 3.4 /3/Si. 4 It is found
18h plane.3 It may be expected that a combined substitution that the unit cell volume, as well as the cell parameters, a
of Fe by Si and Al at the appro.-7iate level could lead to and c, are close to a linear combination of that of the corre-
further enhancement of the magnetic properties. In this pa- sponding single-substitution compounds. The deviations are
per, neutron aiffraction and magnetic studies of the Al and Si in the range of ±0.11%. The unit cell could, thus, be ex-
double-substituted 2:17 phase, Nd2Fel 7 ..,yAlxSiy, are pre- panded or contracted, depending on the AI/Si ratio. All
sented. double-substitution compounds were found to have a higher

c/a ratio than the pure Nd2Fe17 plase. The site occupancies
of the substituents in double-substitution compounds are not
a simple addition of the Al occupancies and the Si occupan-

II. EXPERIMENT cies of corresponding single-substitution compounds. Unfor-
tunately, the substitucnt occupancies cannot be determined

Samples of Nd2Fel7-,-yAlxSiy used in this study were directly from the neutron refinements. However, they can be
prepared by rf induction melting of the constituent elements determined using a few reasonable assumptions. Previous
of purity 99.9-99.995% in a water-cooled copper boat under studies show that no Al occupies the 9d site in the
flowing argon at the Graduate Center for Materials Research, Nd2FelT7 -.Alx compounds up to x = 8, since the 9d is the
University of Missouri-Rolla. The ingots were annealed at smallest site,1'2 and no Si occupies the 6c sites in
980 °C for one week. The ingots were then crushed and Nd2Fei 7_y,'iy compounds up to at least y=4.2, since the 6c
ground in an acetone bath for neutron diffraction studies or is the largest site.4 In Nd2Fel7_x-yAlxSiy, it is assumed that
SQUID measurements. Neutron diffraction data were col- (a) no Al atoms occupy the 9d sites, (b) no Si atoms occupy
lected at the University of Missouri Research Reactor using the 6c sites, and (c) the average bond length of the 18h sites
the linear position-sensitive detector diffractometer at room depends only on the occupancies of Al and Si on this site.
temperature on approximately 2 g samples in 24 h. The neu- The dependence functions of the 18h site average bond
tron wavelength was 1.4783 A. The data were measured length of single-substitution compounds are applied to
from 50-1050 in 20. The Curie temperatures, TC, were mea- double-substitution compounds. The results for the separate
sured by SQUID using a Quantum Design MPMS System. Al and Si site occupancies (see Appendix) are given in Table

The neutron diffraction powder patterns were analyzed II. These appear reasonable in comparison to the singly sub-
by the Rietveld method using the FULLPROF program 5 for stituted results, but an anomalous x-ray scattering study,
multiphase refinement including magnetic structure refine- combined with the neutron data, would be useful to uniquely
ment. a-Fe (5.62-8.57% in volume) was observed in all fix the occupancies. Figure 1 shows the dependence of site
samples. occupancies upon the substituent contents for those samples
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TABLE 1. Refinement results of Nd2Fel7-X-YAl Siy solid solution.

x,y x=0 x=0.92 x= 1.82 x=0.91 x= 1.57 x=2.83 x=2.14 x=2.68
parameter y=O y=0.93 y=0.87 y= 1.79 y= 1.58 y = 1.02 y=2.09 y=2.69

a 8.6002(1) 8.5925(3) 8.6288(3) 8.5785(3) 8.6043(2) 8.6413(2) 86060(4) 8.6274(3)
c 12.4835(2) 12.5156(5) 12.5572(6) 12.5194(5) 12.5446(4) 12.5878(3) 12.5473(7) 12.5509(5)
c/a 1.4515 1.4566 1.4552 1.4594 1.4579 1.4567 1.458 1.4548

V 799.631 800.233 810.414 797.879 804.352 814.101 804.976 809.074
A Nd, 6c 2.1(2) 2.2(3) 2.8(3) 2.8(2) 2.2(3) 2.1(2) 2.1(3) 1.7(3)
, Fe, 6c 2.5(2) 2.8(5) 2.5(4) 2.7(2) 2.4(4) 1.9(3) 2.2(4) 1.6(3)

p., Fe, 9d 1.7(2) 1.8(1) 1.8(1) 1.8(1) 1.8(1) 1.2(1) 1.8(1) 2.1(4)

, Fe, 18f 2.4(2) 1.7(2) 2.6(3) 2.4(2) 2.3(2) 2.2(2) 2.5(3) 2.0(4)
p, Fe, 18h 1.7(2) 1.8(3) 2.3(3) 2.2(3) 1.9(3) 1.9(2) 2.1(4) 1.6(4'
/L(z)/iA(x) 0 0 0 0 0.33 05 12 1.7
R 5.48 4.68 5.60 5.20 5.06 4.68 6.04 6.72
R,, 7.09 6.39 7.71 7.12 6.63 6.30 8.60 9.31
R i 6.22 10.20 14.10 10.60 10.60 10.70 11.90 8.97

3.11 1.93 3.47 2.99 2.54 2.33 4.41 5.01
T,, K 330 455 470 492 480 462 470 390
a-Fe 6.95 5.62 8.57 7.74 7.43 5.98 7.16 6.46
6c, ASBLV 2.675 2.676 2.686 2.680 2.684 2.685 2.681 2.689
9d, ASBL 2.494 2.494 2.503 2.495 2.499 2.505 2.497 2.504
18f, ASBL 2.579 2.582 2.592 2.586 2.590 2.595 2.590 2.591
18h, ASBL 2.566 2.564 2.576 2.560 2.568 2.580 2.568 2.576

8ASBL=average site bond length.

with an approximate Al/Si ratio of one. In the singly substi- sample of highest content and the minimum was found by
tuted compounds, either the 9d or 6c sites remain full of Fe iteration of the /(z)//u(x) ratio. An easy direction change
and, therefore, the remaining sites must, on average, have a was found in Nd 2Fel7_ySiy only with y>3 (Ref. 4) but not
higher than random substituent occupancy. In the present found in Nd 2Fel7_xA x up to x=9. 2 It is possible that an
case, both sites are occupied and therefore there is a lower easy axis system could be produced at a lower substituent
total occupancy of the remaining 18f and 18h sites. It is content than is found in any singly substituted compound.
found that the 18f site takes up less substituent, while the The Curie temperatures, measured by SQUID, are also given
18h site fills at roughly the same rate as in the singly sub- in Table I. All compounds have a Curie point higher than that
stituted compounds. Table I also gives the bond lengths and of the pure Nd2Fe17 phase, which is 330 K. The Curie tem-
the average bond length of each site. It was found that the perature was found to depend on both the total substituent
average bond length increases in 6c, 9d, and 18f sites in all content and the Al/Si ratio, and those compounds with a
samples in this study. On the 18h site, the average bond higher Si/Al ratio have higher Curie points, indicating that Si
length increases in some samples and decreases in other has a stronger effect on the ferromagnetic exchange than Al.
samples, depending on the Al/Si ratio and the total substitu- In the Nd 2Fel7_xAlx , the maximum Curie temperature,
ent content. about 460 K, is found for x of approximately three. In

The site magnetic moment of these compounds are also Nd2Fel7-ySiy, the maximum Curie temperature, about 495
given in Table I. It was found that the Nd sublattice couples K, is at y of about 3.7. The maximum Curie point of the
ferromagnetically to the Fe sublattice in all compounds. For double-substitution compounds (with the limited Al and Si
those samples of low total substituent content, the magnetic contents and their ratio in this study) was found to be 492 K,
moments lie in the basal plane. For those samples of high similar to that of Si-only substitution compounds. The total
total substituent content, canted magnetic structures were ob- substituent content is significantly lower than in the singly
served. However, the refinement was not stable for the substituted compound (2.7 compared to 3.7, about 27% less),

TABLE I!. Site occupancies of Al and Si in Nd2Fe, 7-.-. AlSiy.

x,y x=0 x=0.92 x=1.82 x=0.91 x=1.57 x=2.83 x=2.14 x=2.68
parameter y=0 y=0.93 y=0.87 y=1. 7 9  y=1.58 y=l.0 2  y=2.09 y=2.69

A%, 6c 0.00 4.35 5.87 5.66 7.87 7.01 14.21 24.44
Si%, 6c 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AI%, 9d 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Si%, 9d 0.00 5.84 6.95 7.42 10.36 7.88 14.87 16.32
AI%, 18f 0.00 3.78 5 78 3.16 5.49 15.25 10.88 11.94
S%, 18f 0.00 0.00 0.00 4.30 2.30 0.00 6.33 17.83
A%, 18h 0.00 10.13 22.24 10.16 18.02 29.57 19.96 24.86
Si%, 18h 0.00 12.47 11.13 21.79 18.89 13.18 21.11 18.97
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25 where c, d f, and h are refined Fe site occupancies. bat, bsi,

----- 6c, AI% -- f, Sic and bfe are the scattering lengths of Al, Si, and Fe, respec-

--9d.Si% - 18h, Ai% tively. xi (i= 1, 2, 3, and 4) are Al site occupancies and y,
2 --- 1Sf. At% -- -Sh.Si% (i = 1, 2, 3, and 4) are Si site occupancies.

15 To solve for the eight unknowns, xi and yi, four more

K independent eqnations are needed:
to (a) No Al or Si out of the 2:17 phase, then

-x,/lyYi= ( Wal IMal)(Wsi/nsi), (A5)

5
* 5where Wal and Ws are the starting weights of Al and Si, and

0 Mal and Msi are the atomic weights of Al and Si, respec-
tively.

.5 .. (b) No Al atoms occupy the 9d sites,
-0.5 0 0.5 1 1 5 2 2.5 3 x 2 0. (A6)

Content (x + y)/2  (c) No Si atoms occupy the 6c sites,

yt=0. (A7)
FIG. 1. The percentage substituents found on the iour iron sites as a func-
tion of (x+y)12 for samples with an approximate Al/Si ratio of one. (d) The average bond length of the 18h sites depends

only on the occupancies of Al and Si on this site. The depen-
dence functions of the 18h site average bond length of

which is important because the lower substituent content single-substitution compounds can be applied to double-
means less reduction in the magnetization of the compound. substitution compounds. The site average bond length for the
It is possible that the higher Fe content on the 18f site plays 18h sites depends only on the substituent occupancies.
a role in the observed enhancement in the magnetic proper- B(Y4)

ties. Note that the magnetic moment on this site is relatively ABLh=fh(X4)+f( - ABL0, (A8)

large in most of the specimens. where ABLh is the refined h site average bond length of
Nd2Fel7_x,-yAl.Siy, ABL0 is the refined h-site average bond
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By solving the independent equations (A1)-(A8), x, (i
AppNDIX =1, 2, 3, and 4) and y, (i= 1, 2, 3, and 4) are determined.
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New magnetic material based on SmCo 4B
Hideaki Ido, Osamu Nashima, and Takehiro Takahashi
Department of Applied Physics, Tohoku Gakuin University, Tagajo 985, Japan

Kiwamu Oda and Kiyohiro Sugiyama
The Research Center for Extreme Materials, Osaka University, Toyonaka, Osaka 560, Japan

The compound SmCo4B is a hard magnetic material; however, the saturation moment and the Curie
temperature need to be increased for the compound to be a candidate for a permanent magnetic
material. Fr rthis purpose, Fe substitution for the Co and Pr substitution for the Sm of SmCo4B have
been attempted. In addition, the nitrogenation of SmCo2Fe2 is also attempted. The magnetic
characteristics of SmCo2Fe2B have been investigated in a pulsed high magnetic field up to 350 kOe.
and the data are compared with those of other related compounds investigated in this work. The
compound with more Fe content, SmCo1.7Fe2.3 B, has been successfully made, and Tc= 794 K and
saturation moment M,=81.4 ei.,,i/g at 300 K have been obtained. It is found that the Fe
substitution does not decrease the uniaxial magnetic anisotropy. Heat treatments in nitrogen gas at
500 'C of SmCo2Fe2B have brought about significant increases of magnetization; however, the
increase of Tc is only about 20 K and the crystal volume is unchanged to within experimental
uncertainty.

It has been known' 2 that boron substitution for the Co of nominal composition of Sm and B will be needed to obtain a
RCos (R=rare earth) leads to a formation of compound sys- single phase of Sm0 -Pr0.3Co 2Fe2B. The crystal structures of
tems with discrete B content expressed by the general for- CaCu5 type for SMCo5 and CeCo4B type for SmCo4B, etc.,
mula Rn+ 1Co3n+5 B2 n (n=0,1,2,...,). In our previous are illustrated in Fig. 1. The lattice parameters of
papers,3'4 we focused on the Sm system of hard magnetic SmCo1.7Fe2.3B have been determined by x-ray diffraction to
materials. The compound SmCo4B is especially interesting be a=5.138 A and c=6.948 A, which are larger than
because it has a huge uniaxial magnetic anisotropy at T= 4.2 a = 5.087 A and c= 6.89 A for SmCo4B, respectively.
K. However, both the saturation moment and the Curie tem- About 3% volume expansion occurs by the Fe substitution.
perature are about half of those of SmCo5 . It is also known4  Magnetization curves have been measured in a pulsed
that Fe and Pr substitutions increase the magnetization as high magnetic field up to 35 T(=350 kOe) for field-oriented
well as the Curie temperature of SmCo4B. In order to im- samples of SmCo5, SmCo4 B, and SmCo2Fe2B. Particle size
prove the magnetic characteristics of SmCo4B for a hard of powdered samples is generally less than 32 /Am in diam-
magnetic material, three kinds of trials have been made in eter. The magnetization curves of SmC 5 and SmCo4B are
this work: the first is to re-examine the magnetic character- similar to our previous data. 3 The anomalous behavior of the
istics of SmCo4 _.,FexB in a high magnetic field; the second magnetization curve with HI1c at around H= 0 for SmCo4B
is to make samples with greater Fe content than x = 2 in is considered to be caused by the experimental method: the
SmCo4-,Fe.B and also to create Pr substitution for the Sm; magnetization in the process of decreasing external field is
the last is to make nitrogen-absorbed samples of first measured in the region from H = 35 T to H =0 and then
SmCo2Fe2B. Magnetic and crystallographic measurements the cylindrical field-oriented sample direction was reversed
have been performed and discussed for the samples men- to measure the magnetization in the region from H=0 to
tioned above.

Samples in the present study were prepared by an arc
furnace. The melting was repeated generally more than six
times to homogenize the composition of the melts. Espe-
cially in the case of SmCol.7Fe2.3B, ingots of Co, Fe, and B 0 rare earth

with desired ratio of mass were first melted ten times, and o cobalt 0
then the ingot thus prepared was melted together with a suit- * boron
able mass of Sm at least six times. This method seems to be
effective to obtain a single phase of the compound with a
large content of Fe. Several days of heat treatment at about
1000 'C was generally made to homogenize the ingots ob-
tained by the arc melting. By this method, we obtained a
single phase of SmCo1 7Fe2 3B, which implies that there is
hope that higher Fe contents are attainable, but not certainty.
In the case of the Sm0.7Pr0.3Co2Fe2B compound, the sample CaCus type CeCo4B type
prepared included a small amount of the 2:17 phase and a (n=0) (n=1)
very small amount of the 1:5 phase. If composition loss of FIG. 1. Crystal structure of CaCu5 and CeCo4B type. The square symbols in

the Sm and B occurs during the melting process, we will the basal plane indicate the sites that nitrogen atoms may occupy if the
have the three phase samples mentioned above.2 Excess nitride is formed.
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FIG. 2. Magnetization curves measured in pulsed magnetic field for field- Z

oriented samples of SmCo$ and SmCo4 - FeB with x = 0 and 2. C indicates 10/koe

the direction of field orientation.

H =-10 T. The magnetization curve in the process of in-
creasing field was measured by a similar method. The data
for SmCo2Fe2B at T= 4.2 and 300 K are obtained for the FIG. 3. Magnetization curves for field-oriented san'-iles of SmCo 7Fe2 3B
first time in this work. Coercivity/Hc, which depends on the and Smo.7Pro 3Co2Fe2B. C indicates the direction ot field orientation. The

coercivity Hc is defined as an average of H, in the processes of decreasing
various factors, is also shown for the respective samples in and increasing fields.
Fig. 2. As seen in Fig, 2, the magnetization curves with Hi c
have a small amount of residual magnetization at H=0,
which means a slight lack of alignment of the field-oriented in the magnetic state of the Sm sublattice; however, we do
samples. To avoid the error in the estimation of anisotropy not discuss it here. According to Dung et al.,9 the anisotropy
field HA due to the lack of alignment, the linear part of the constant K, at T=4.2 K Of YC04B and YCo2 5Fe 1 3 take
initial magnetization curve with Hi. c is moved in parallel so about -4X 106 erg/cm 3 and -1 X 107 erg/cm 3, respectively.
as to start from the origin, and then the anisotropy field is These values are negligibly small compared with those of
determined as the magnetic field at which the straight line SmCo4B and SmCozFe 2B at T= 4.2 K, which means that the
corresponding to the linear part mentioned above reaches the K value in the Sm system mentioned above is supplied

spontaneous magnetization. The anisotropy field has been mainly by the Sm sublattice. The data of K1 in Table I sug-

determined by this method for the respective sample in Fig. gast by the Smsublattice anisotoy i Table

2. he atratonmagnetization values have been calibrated gest that the Sm-sublattice anisotropy is enhanced by the Fe
2. The saturatton m atatior valose beer c h substitution. Therefore, to make SmCo4B a candidate for per-by making use of the data for the loose powder of each mnn antmtras eol edt nraetemg

sample. Anisotropy constant K1 has been calculated by the netization and the Curie temperature of SmCo 4B by Fe sub-

equation of K1 = (l/
2 )MS/A, where M5 is the spontneous stitution as much as possible. As seen in Table I, the Curie

hemagnetization r u s o e ftemperature of SmCo1 7Fe2.3B is about 1.6 times higher than
The magnetization curves for the field-oriented samples that of SmCo4B. The Pr substitution is also effective to in-

crease the magnetization. In the case of YCo4 _xFe B, the
sured in a magnetic field up to 20 kOe. The data are shown in maximum Fe content seems to be x = 1.5,9 which means the
Fig. 3. In this case, the particle size is larger than that of the
samples in Fig. 2, but less than 32 /sm. Since there is con-
siderable lack of alignment and also the maximum field usedis oly 0 ke inFig 3,it s had t obaina reiabe vlue TABLE I. Magnetic data of SmCo4B and related compounds. Tc, Curie

temperature; M,, saturation magnetization; HA, anisotropy field in the unit
of anisotropy field. Rough values of HA in both cases in Fig. of Tesla; K, , anisotropy constant. Saturation induction equals 4irM,p

3 have been estimated to be about 120 kOe by a method (Gauss), where specific mass p is 8.58 for SmCos and 8.54 for other com-

similar to that used in Fig. 2. The magnetic data mentioned pounds.

above are summarized in Table I together with Curie tem- M, K,
peratures determined by a magnetic balance in this work. Tc (K) (emu/g) HA (T) (07 erg/cm3 )

Some data in Table I are taken from references cited therein.
We can see some important points in Table I. The magneti- SmC9 959() - 1020(6) 93.7(4.200 K) 15 )2 18(8)

zation of SmCo4B is considerably increased; however, the SmCo4B 500,4)  47.5(4.2 K) 110(4.2 K) 22.3
anisotropy constant remains almost unchanged by the Fe 120(4.2 K)(3)  UP)

substitution. The magnetization of YCo4 _ x Fe.B is known to SmCo2Fe2B 782(4)  71.7(4.2 K) 74 22.6

increase with x.9'10 It has also been clarified by Onodera 732 70.2(77 K) 81 24.2
et al.10 that both Fe and Co moments increase with x. A 67.1(300 K) 51 14.6etSmCo 1 7Fe2 3B 794 8 1.4(300 K)

similar mechanism, which occurs also in the Fe-Co alloy, SmoProCo2Fe2B 749 92.4(300 K)

must occur in SmCo4 xFeB. A fundamental concern is also
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FIG. 6. Hysteresis loop of field-oriented SmCoFe2B powder annealed at
500 T in N2 gas for 5 h. Definition of H, is the same as those in Fig. 3.

FIG. 4. X-ray diffraction patterns for SmCo2FtB powder annealed in N2
gas for 5 h at the indicated temperatures.

precipitation of Fe-Co alloy. Theetre, nitrogenation of
SmCo2Fe2B was tried at 500 C in N2 gas for 5, 10, and 24 h.

maximum Fe content in RC t4ogFetB seems to depend on Magnetization curves measured for loose powders at 300 K

the kind of rare earth R. are shown in Fig. 5. These data clearly show an effect of heat

As mentioned in the preceding section, the three phases treatments in N2 gas. The saturation magnetization increases

of Sm 0 7Pro,3Co2FeB could be attributed to the composition more than 10%; however, x-ray diffraction patterns before

shift during the melting process, so i t nitial and after the heat treatment do not bring about significant

nominal composition is found, it will be possible to obtain volume expansion. The Curie temperatures that are shown in

the single phase sample Of Sm .TPrw3Co2Fe2B. the inset of Fig. 5 als to not show a clear difference, al-

To improve the magnetic characteristics of the materials though an N2 gas effect is seen in the magnetizations. It is
0no present ce, t probblwhether the sample absorbed nitrogenied by Feer a1to wil bhe crystal. A hysteresis loop of the heat

fective method. In this work, heat treatments of SmCo2Fe2B tel for o ni e Coe i epowder in atmospheric N 2 gas have been carried out at vari- atmery N gas cr h aon that sa lThe quantity troat-ous temperatures. X-ray diffraction patterns of the sample a ma e o the sample i u e te
sment in N2 gas. The crystallographic site that the nitrogenternthe at treatmens are 600 in se e hat te atom may occupy is shown by the open square symbols,

S ee which is the site similar to the 9e site in Sm2Fe7 in Fig. 1.

Since the four near neighboring sites around th f uare saredite

200 .~ . .. .( by K. . . ..... are occupied by Co or Fe atoms in equal probability in the100 ' ' . .. ... ' ...present case, the probability that all the four sites are occ u-Smro2FeBNx 300 K pied by Fe atoms will be (51)4 .Therefore, if the nitrogen atom
SW'C 24h 8.4 is supposed to occupy the square site with four Fe surround-

80 .--:... --... -. , .......... ......................... in g s, th e p o ssib le fo rm u la o f n itride O f S m C 2F e2B  w ill b e
''0C /o s a, which means that the quantity of nitro-

400 60 gen t hat may be absorbed by the sample is small, unlike the
60-SCOF2 71 case Of Sm2Fe17 This may be one of the reasons why nitro-60 gen is not easily absorbed by SmC2Fe2B.

..... ". H=380(Oe)
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Macroscopic Quantum E. Chudnovsky
Tunneling/Spin Glasses and D. H. Ryan, Chairmen

Dissipation in macroscopic quantum tunneling and coherence
in magnetic particles (invited)

Anupam Garg
Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208

For quantum phenomena involving a macrovariable such as the total moment of a ferromagnetic
particle, or the N6el vector of an antiferromagnetic one, environmental couplings play a crucial role.
The effect of such couplings, or dissipation, is studied, with emphasis on the nuclear spin
environment. It is shown that magnetic macroscopic quantum tunneling (MQT) and coherence
(MQC) both become harder to see. Quantitative calculations are presented for the tunneling rate in
MQT, and the tunnel splitting and ac susceptibility for MQC. A recent claim to have seen MOC in
a resonance experiment on ferritin is critically discussed and the absorption is found to be at least
1500 times larger than predicted by MQC.

I. INTRODUCTION systems,4- 9 but in the last few years, small magnetic particles
have emerged as potential candidates too.10'11 The macrova-

Even the best quantum mechanics texts1 sometimes state riable is the total magnetic moment of the particle if it is
that for billiard balls and cannon shells, the de Broglie wave- ferromagnetic, or the Ne6l vector if it is antiferromagnetic,
length is so absurdly small that any quantum mechanical and the different states correspond to different directions of
effect such as two-slit diffraction would be washed out by these vectors. Other magnetic systems such as domain walls
the limited resolution of any measurement apparatus. This is have also been proposed. 12

usually taken as sufficient reason for the inadvisability of It is essential to realize at the outset that MOT and MQC
applying quantum mechanics to such objects. Yet, if one
were to press the issue, and ask what the practical difficulties tal couplings are considered. In general, both become harder
would be in experimentally verifying quantum effects in tlculnsaecniee.I eeabt eoehre
sccnwould besinoexperimentallyv er g quantum fetsml In to see, but the effect on MQC is more severe. The essential
such cases, one would soon conclude that the small de requirement for MQC is degeneracy. If the bottoms of the
Broglie wavelength was completely overshadowed by an- wells of the MQC potential in Fig. 1 are nondegenerate by
other phenomenon, namely, interaction with the environ-
ment. Different particle trajectories would be correlated with much more than the tunnel splitting, the mixing between the

very different states of the rest of the universe, so that even if states localized near the well bottoms will be negligible, and

the trajectories ended with the particle in the same position, one will not see any MQC. The environment can be viewed

the environment would not, and the interference terms in the as giving rise to a dynamically fluctuating potential for the

square of the total amplitude would vanish by virtue of the system. If this potential is asymmetric for most of the time,

zero overlap between the states of the environment. To put it or if the degeneracy persists for times much less than the

another way, the environment would "measure" the trajec- tunneling time, MQC will be reduced. Another way of saying

tory taken by the particle, and one would never obtain the this is that phase coherence must be maintained for much
case of indistinguishable alternatives.2  longer durations in MQC than MQT (inverse of the tunnel

This view of the quantum mechanics of macroscopic ob- splitting versus the small oscillation period in the metastable
jects has been developed considerably further by Leggett and well), and is therefore more easily destroyed by an environ-
his co-workers over the last decade. 3 Interaction with the ment. In fact, for ohmic and subohmic dissipation, as defined
environment, or dissipation, as it has come to be called, is in Ref. 7(b), the environment can suppress MQC completely,
the feature which distinguishes macroscopic objects from localizing the particle in the initial well!s

microscopic ones. It is usually present in myriads of ways, The purpose of this paper is to discuss dissipation in
and one would have to go to impossible lengths to eliminate magnetic particle systems. The dissipation mechanisms
it for the vast majority of macroscopic systems. As Leggett which have been studied to date include phonons,13"4

has pointed out, the two phenomena likely to yield the most nuclear spins,' 5 and Stoner excitations and eddy currents in
unambiguous evidence of quantum behaviour are macro- metallic magnets.16 Except for nuclear spins and Stoner ex-
scopic quantum tunneling (MQT), or the decay of a meta- citations, the other mechanisms are generally weak. We will
stable state, and macroscopic quantum coherence (MQC), or focus only on nuclear spins, and refer the reader to the lit-
the resonance between degenerate states (see Fig. 1). Most of erature for the rest. The work, for the most part, elaborates
the early work was done with a view of seeing MQT and on Refs. 15(a) and 15(b), which deal, respectively, with
MQC of the order parameter in Josephson junction based MQT and MQC. We will consider MQT in Sec. II. We rebut
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which will in general not be along the crystal axes. This

MQT MQC point must be kept in mind if one ever reaches the stage of
doing single particle experiments, as it raises the issue of

how the magnetic axes are to be found. We will denote the
OAU easy axis by 2, the hard axis by 93, and assume that HII-2.

" \J[For results for small misalignments of H, see Ref. 13(b).]
---A--. The state MWj is then metastable with respect to MII-i. As

the field strength is increased, the barrier from MIP to MII-i
will be lowered, and eventually vanish at some "coercive

FIG. 1. Potentials for MQT and MQC. For MQC, the bias e must be small, field" HC. Since the tunneling rate is low for large barriers,
we anticipate that we will need H-H c to see appreciable
tunneling, and parametrize H as H= (1 - E)Hc, where e<<1.

Chudnovsky's recent statement that nuclear spins are Writing M in terms of polar angles 0 and 4?, and subtracting

unimportant, 17 and explicitly obtain the WKB exponent in a constant term, we arrive at the general Hamiltonian (model

the presence of dissipation. We find that unless the number of III in Ref. 10)

magnetic nuclei is less than a few percent of the atomic M(0, =K102(E- 02/4) +K202 sin' 4?. (2.2)
magnetic moments, the exponent is multiplied by a factor of
order unity. If the exponent is as large as 20 or 30 in the Here, K1 and K2 are shape plus crystal anisotropy coeffi-
absence of dissipation, this can substantially reduce the es- cients (K1>K2>0). For hard magnets, we expect these to
cape rate. We consider MQC in Sec. III, and show that even be close to the crystal anisotropy coefficients. In any case,
for systems where magnetic nuclei are rare, the suppression we expect that per unit volume, KI-K 2- 106-10 7 ergs/cm3.
of MQC can be large. As a technical point, we note that The quantum mechanical dynamics of M can be speci-
unlike the case of MQT, for the MQC problem, nuclear spins fled by giving the action and using path integrals to calculate
cannot be reduced to an equivalent bath of harmonic oscilla- any desired amplitude. For tunneling rates, it is better to use
tors. Because w. <We, where t., and o, are the nuclear and the "imaginary time" or Euclidean action, and this is given
electronic Larmor frequencies, the nuclei act almost as a by
c-number bias field, and sizeable resonance occurs only
when the net nuclear spin polarization in a given particle is So[M]= f [Y,(0,4)-iyM0 cos 0()]dr. (2.3)
zero. Since the polarization decreases with increasing tem- .
perature T, we predict that MQC may be enhanced with in- The escape rate from an MQT potential such as in Fig. 1
creasing T in some range. We also suggest double resonance
experiments-driving the nuclear polarization to zero by awhere W
stproen pulse g athe nsulehanc theaMiza inal lero b is the small oscillation frequency in the metastable well, c isstrong rf pulse at o), should enhance the M Q C signal w hile a c n t n f o d r u i y n r st el a t o c a s c l
the nuclear polarization relaxes. We apply our results to a
Awschalom et al.'s claim to have seen MQC in antiferro- action for trajectories crossing the barrier. For our problem,

magnetic ferritin particles. 18 When nuclear spin dissipation is Wo is the ftequency for small amplitude precession of M
included in a previous calculation of the expected powerstable direction 0=0-essentially the ferromag-

absorption, 19 the experimental signal is found to be too large

by a factor exceeding 1500. Taken with previously discussed is wop=(2y/Mo)(KK 2E)11 2. (Note that K1, K2, and Mo are

difficulties,20 this renders the possibility of MQC occurring all proportional to the particle volume, so that p is an in-
tensive quantity.) As for the exponent Scl/h, it can be ob-

in ferritin rather implausible. tained by standard WKB or instanton techniques, 1 '13(b)'(c),21

and it is useful to write it in three equivalent ways:
II. NUCLEAR SPINS AND MOT Sc' 8M, = 8Ns 16U

Consider an isolated, nonmetallic, -50 A radius, single h = - 7 = - V ht " (2.4)
domain, ferromagnetic particle, at a temperature well below 3
the anisotropy gap. Let us suppose that it has N-104-1 5  Here, r=K1/K2, U=KIE 2 is the barrier height, and N is the
atomic moments, each of spin s, and magnetogyric ratio y. total number of atomic moments in the particle. The second
The total magnetic moment M then has essentially fixed formr follows from the first on recalling that Mo =Nsh y, and
magnitude Mo=Nshy, and its direction M is the only dy- the last form reveals a general feature for all smooth poten-
namical variable left. In the presence of an external field H, tials, namely, that the WKB exponent is of order U/hIwo.
the Hamiltonian is given by The second form shows explicitly that tunneling becomes

1 harder as the number of moments increases, and makes the
('v0 N. (2.1) need for keeping e small absolutely clear. Since W p-10t°

s one must have So<30, say, to have any hope of getting
The three terms are due to crystal anisotropy, shape anisot- a reasonable value for I 0. Since r>l, and s>1/2, it follows
ropy, and the dipole coupling; vo is the particle volume, and that we must have e<0.037 for N=104 and e<0.008 for
N, is ! shape dependent tensor with trace 47r. The first two N=105. Surprisingly, these values correspond to fairly big
terms will combine to create easy and hard directions for M, exit angles (the classical turning points) of 220 and 100, so

J. AppI. Phys., Vol. 76, No. 10, 15 November 1994 Anupam Garg 6169



that the tunneling can justifiably be called macroscopic, al- The new rate Focto exp(-S"), where S' is the least
though it does require rather fine tuning of e, i.e., the applied value of Seff. (The change in the prefactor in F is much less
field H. important and will be ignored.) Following Refs. 4(b) and 24,

Let us now include the nuclear spinss(a) We consider we define u= tPoT, 0(,)=2ei2z(u), and
only the nuclei of the magnetic atoms, as this is enough to or[z]=(hwt /4U)SJf{O(7)]. (2.8)
illustrate our central point that nuclear spin dissipation sup-
presses tunneling. Hyperfine fields at magnetic atoms' nuclei The problem is characterized by two dimensionless param-
are often - 100 T.22 Transferred hyperfine fields at the nuclei eters, given by
of nonmagnetic atoms and dipolar fields at nuclei outside the
particle are smaller, and their effect is weaker, although it g=N.IeiwoIU), 77= w,, Iw, (2.9)
could be included with minor modification of the treatment in terms of which, we can write
to follow. Suppose there are Nn magnetic nuclei, each with
spin I, and magnetogyric ratio y,,. It suffices to take an iso- crz]= du(i2 +z 2 -z 4 ) +---ff [Z(U)-Z(U)] 2 ;
tropic hyperfine tensor, and to neglect the applied and de- f 8
magnetization fields. The total interaction Hamiltonian for all × e- u'Idu du'. (2.10)
nuclear spins is then

We shall denote the minimum value of of[z] by b(p.,i).
, . =-AY Ik.Sk, (2.5) Thus, without dissipation, b=4/3, and the bounce, or best

k trajectory, is z=sech u. Taking H,-1-100 T, and w, ,1010
S- , we get r-0.01-1. To estimate A, let us take C10-3,

where sk is the atomic spin on the kth atom, and A is the and hw,/U-1/5 (any smaller value would lead to a very
hyperfine coupling. The hyperfine field is given by H,=As, small bare tunneling rate). If the magnetic nucleus has a high
and the nuclear Larmor frequency is wo=Als/h. We will abundance, so that N,=N-105, we get jt 10. If, on the
only consider the case of zero temperature (T=0). The issue other hand, NIN 10-2, as is the case for natural isotopic
of how to correctly calculate TO0 escape rates is not com- mixtures of Fe and Ni, AL--O.1
pletely clear to the author, but if the common procedure of [Before minimizing Eq. (2.10), we address a recent opin-
finding the imaginary part of the free energy is used, one can ion by Chudnovsky 17(a) stating that nuclear spin dissipation
show that the canonically averaged escape rate is always less can largely be ignored. For weak or moderate dissipation, the
than the rate in the absence of dissipation.23 The T=0 case relevant combination of A and 77 turns out to be Ai7/2, which
thus gives the maximum dissipative suppression of the es- as we can see from above can be of order unity in many
cape rate, and a comparison of the exponent in this rate with cases. Chudnovsky rewrites ,u'q/2=hhf/HCe, where hhfis the
U/kBT also provides an estimate of the crossover tempera- field at the atomic moments due to the nuclei. As
ture between thermal activation and quantum tunneling. hhf/Hc - 10-2 for systems with high abundance of magnetic

To calculate the rate r with dissipation, we consider an nuclei, a value of order unity for ,/12 can arise only if
initial state i,{- I}), where i is the orientation of M, and c--0.01, a condition which is thought to be not realistic by
{-} indicates that Iz= -I for all nuclear spins. We then Chudnovsky. We have shown earlier, however, that small
calculate the quantity values of e are compelled upon us by the need to have

(2.6) SO<30. Since the second term in Eq. (2.10) is positive, we
see that the WKB exponent is always increased by

as T-oo, and compare the result with exp(-Eo+iF/2)T/h. dissipation-in fact, b(A,y) is a monotonically increasing
(Note that T is now a time, and not the temperature.) The function of Az--the restrictions on E apply with even greater
amplitude for the nuclear spins not to flip for any given M force. Far from being unrealistic, small values of C are a
trajectory is found to very good approximation by perturba- necessary precondition for observing MQT.]
tion theory, and the final result is15 a) that Q(T) can be writ- The Euler-Lagrange equation for the least action trajec-
ten entirely in terms of an effective action Sdff=So+SI for tory is
M, where So is given by Eq. (2.3), and d2z2

2" f r  (u]=z-2z 3+ J [z(u)-z(u')]e- lu-u'Idu"SI[O]=Nn, -A J~ 8r) (2] 21)
8hJ"j 0  (2.11)

Xe-4I712dzrdr2 . (2.7) and the boundary conditions are z(u)- O as u-- . Denot-
ing Fourier transforms by tildes, Eq. (2.11) can be rewritten

Note that this effective action would also be given by a bath in the frequency domain as
of harmonic oscillators, with a spectral density
J(w)5-(o--w). This illustrates the Caldeira-Leggett z(o)=2z (w)G(w)' (2.12)
argument4 that as long as any one bath degree of freedom is 2
weakly perturbed, the bath can be regarded as a collection of G- (o) 1 + 72 2+ . (2.13)
harmonic oscillators for understanding the dynamics of the
system. We shall see that this description of the nuclear Note that z3(W) 0 i .The inverse Fourier transform of Eq.breaks down completely for the case of MQC. (2.12) gives
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FIG. 2. Multiplicative dissipative correction to the WKB exponent (solid FIG. 3. Maximum excursion of the bounce with dissipation.
lines), and upper bound from Ref. 17(b) (dashed lines).

In Fig. 2 we show the calculated multiplicative correc-
S(2.14) tion to the nondissipative action [S/S 0 =3b(A, /)/4]. The

z(u)= J z3(u')Re-i u-"Idu ', (2.14) dashed lines are the upper bounds from the method of Ref.
j1±t 17(b). In Fig. 3, we plot the maximum value z(0), which,

where multiplied by 2e1/2 gives the typical exit angle with dissipa-

2 =I( 1 + A77+ n2) ; 1 +7+) 42]1/2, tion. By choosing different meshes for integrating Eq. (2.14)
1(+ ~(1 + A77 + 71') 2  ' and different points beyond which the asymptotic form

R =(1 _82 )/lp+t('2__ 2). (2.15) (2.17) is employed, we estimate that our numerics are accu-
- - rate to about 1%.

In a large interesting part of parameter space, we have r/l, As an illustration, for /t=10 and 77=0.1, SIS o =1.65, and
but A77 is arbitrary. In this limit, to leading order in 1 we so if So/h were 25, the escape rate would be reduced by the
have rather large factor of 10- 7.0. In the author's opinion, the best

hope for seeing MQT lies in using materials-natural or iso-
#+ =7ub, / = ub, topically enriched-with few nuclear moments, for which

2  
2 (2.16) A=0.1. If Ar. 1, a useful formula is S/S0ol+3At/4.R+= A71 u , R_= ,

where Ub=(l+lv7j/2) - 1/2. From Eqs. (2.14)-(2.16) we see
that z(u) varies on two quite different time scales. The short III. NUCLEAR SPINS AND MOC
time scale 13-l and associated amplitude (which is governed
by R-) are both of order unity. The long time scale diverges The setup for MQC 5(b) is the same as that for MQT,
as r/-, but the amplitude, which is governed by R+ is except that now there is no external field. In other words, we
O(V). In fact we can show that asymptotically, as u--, consider an isolated, insulating, ferro- or antiferromagnetic

z(u)-z~ef +; (FM or AFM) particle at nearly zero temperature, with
Ne::10 4 atomic moments. Suppose anisotropy (crystal and/or

3( (2.17) shape) creates an easy direction for M or the N6el vector i. If
z.=2R+ Jz(u)cosh(3+u)du. there are no external fields, time reversal invariance ensures

that the opposite direction is also easy, and resonance be-
The integral is clearly convergent and of order unity. The tween these directions then becomes a possibility. We look at
approximation B of Ref. 15(a) is obtained by simply neglect- this phenomenon in this section.
ing the R+ term in Eq. (2.14), and using Eq. (2.16) for R_ The tunnel splitting A for a potential such as that labeled
and 6-. MQC in Fig. 1 is generically given in terms of the barrier

To solve for z(u) numerically, we iterate Eq. (2.14). height U and the small oscillation frequency wo by a WKB
[This is better than iterating Eq. (2.12), as z3(o&) entails a formula like that for the escape rate: A-h 0 exp(-cU/hwo).
double integral.] As noted by Chang and Chakravarty,24 how- Since wo for AFM resonance is generally higher than that for
ever, one must beware of a dangerous relevant direction in FM resonance, we will get bigger A's with AFM particles.11

this iteration, but this can be efficiently eliminated following We will therefore couch our discussion in terms of AFM
their procedure. At the nth iteration, we insert the solution particles, although it can be trivially altered to fit the FM
Zn(u) on the right-hand side of Eq. (2.14) and multiply it by case. A significant point, as noted by Barbara and
a parameter X,, to get z,+ I(u). The only difference with Ref. Chudnovsky,l(a) is that in the AFM case, due to finiteness of
24 is that we must choose n+ =n - , where the particle, the number of spins on the two sublattices (in
f=z.+(0)/z(0). Once the pair [, ,z,(u)] has converged, the simplest case) will not be equal, and the particle will
we scale to X=1 via the equation z(u)=X/2z (u). have a net moment M. We expect M to follow I adiabati-
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[l! cally, and MQC could be detected by measuring the ac sus- equivalent pseudospin 1/2, with the states jijj Eq.
ceptibility )", wh'ch is related by standard formulas to the (3.2) becomes the tunneling term A0ox,,. Equation (3.4) is
correlation function equivalent to a magnetic field along the z axis proportional to

(3.1) the nuclear polarization p = 21kk , where tk= ±1 depend-C(t) = XMt). M(0))=M2(l(t)• l(0)). ing on the sublattice, and the total Hamiltonian becomes

As noted in Sec. I, Awschalom et aL18 claim to have
seen just such MQC in particles of ferritin, an iron storage
protein2s in the form of a hollow shell of 75 A inner diam- Since won>A o and since p changes in steps of unity, it fol-
eter, that can be filled with an inorganic compound close in lows that there is negligible mixing between 1+) and I-)
composition and structure to ferrihydrite or hydrated unless p=0. To put it another way, suppose p:00 and ii.
a-Fe20 3. This core is believed to be antiferromagnetic, and initially. If I were to now switch to -i, Eq. (3.4) implies that
Awschalom et al. ascribe the peak in their ;( to resonance of the energy of the nuclei (and hence the total system) would
the Niel vector. Some relevant parameters as given by them change by Asp=phto) >A0 . Since resonance occurs only
are as follows: The sample has Ng =38 000 ferritin particles, between nearly degenerate states, we must have p =0.
each containing Ne=4500 Fe3+ ions, of which 43 are un- Thus, unlike an ohmic bath, the main effect of nuclear
compensated, giving M0-=IMI =217 -B. At T=29.5 mK, the spins is not to renormalize A0. Instead, the amplitude of C(t)
resonance frequency is vr=A/h=940 Hz, the peak suscep- is reduced from its non dissipative value (which we shall
tibility V'(v,)=3.8X10 -11 emu/G, the full width at half calculate below) by fo, the probability for having p=0:
maximum intensity (FWHM) is =50 kHz, and the ac field fo=(2.N)l/ 2[cosh(3ho/2)]_N, '  (3.6)
used to see the resonance is Hac=10 - ' G.

We consider a two-sublattice uniaxially anisotropic anti- where P=1 /kBT. Since fo decreases rapidly with increasing
ferromagnetic particle with Ne atomic moments or spins, Nn, it pays to work with an element with almost no nuclear
each of magnitude s. Denoting the spin directions on the magnetism. For ferritin, although the abundance of 57Fe is
sublattices by unit vectors fil and i2, we have the obvious 2.25%, giving N,=101, we get fo=0.034 at 29.5 mK andhamiltoniann1(b),26,27 &),,/yn = 50 T.

To include relaxation we argue that coherence will per-
= l'22 -K(i z+ ) (3.2) sist from time 0 to time t only if there are no nuclear T1

where J>X>0. (We will use the subscripts e and n to de- processes in this interval. If the T1 time for one nuclear spin
note electronic and nuclear spin quantities.) By integrating is TIn, C(t) will decay as the probability for no T1 pro-
out(b) Moc(f,+fi 2) we get the following Euclidean action cesses, i.e., as exp(-t/Nn T1 ). With N,=100, Tin must be
for!:, of order a few seconds for the resonance to be observable.

N2s2  [What about a state with p 0? Such a state can resonate
rf(2+sin 2 02)+2Kf sin2 0, (3.3) only if at least p nuclear spins flip along with 1. The fre-

( 7A quency for this can be shown 5(b) to be of order
where 0 and 0 are the polar angles of i. Standard instanton or AoN '2(tn/&e)P<Ao. This resonance also decays as
WKB methods11'26  give the tunnel splitting as exp(- t/NT1 ), so most of the spectral weight in X" is

Bwhere oe4(JK)"2/Ne is the AFM shifted into a broad background near o=0.]
A0=((0e1r~e , here()e4(JK l~S istheAFMWe now find )' and the resonant power absorption. As

resonance frequency, and B = 2NeS(K/J) 1/2 is the action for e no fid anpt
one instanton. Note that tp- is the instanton width or the ()14Hthe anisotropy field, it cannot cause
"time spent under the barrier." For typical values of J and K, direct I+)-I-) transitions. Instead it shifts the 1±) energies

e/2r 1011-0 1 3 Hz. Even for a weak ferromagnet such as by . MoH~c(t). Adding a perturbation term - MoHac(t)o-
to Eq. (3.5) we obtain a standard NMR Hamiltonian. Intro-a-Fe20 3, toe 2 1T10 GHz. Because the WKB exponent dcn ~adT o h Q eoac tef(oeta

BoNe, A will be unlikely to exceed a few MHz ifNeZ5000. ducing T, and T2 for the MQC resonance itself (note that

Next, as in Sec. II, let N,2 of the magnetic ions have T1 *T1 ), and including the nuclear polarization reduction
magnetic nuclei. The total interaction Hamiltonian is the factor, we get
same as Eq. (2.5): 83A M2T,

N, X"(0)=foNg h -+(_T 2 )2 ' (3.7)
A n = -A '-sl. (3.4)h1+82'

= 1 -( where 8 is the detuning.

From Ref. 18 (see especially the erratum), we have the
For simplicity we consider only I=1/2. For ferritin, the rel- actual power absorption as 'rvrX"(v,)H'a=1.1X10- 21 W.
evant nucleus is 57Fe, I is 1/2, and Mossbauer data 5 give a On the other hand, Eq. (3.7) predicts a peak power of
hyperfine field of 50 T, a typical value for magnetic ions. 22  7.1X10 - 2s W, 1500 times too small. In fact, we have over-
This yields wto=As/h=(27r)68.5 MHz. We thus have three estimated the expected signal size. First, there is randomness
well separated frequency scales in the problem: in the angle between Hac and M's of different ferritin grains.
toe>on> Ao/h. Then, there are Np=8000 protons per ferritin. If we take the

Because We> w,, the nuclear spi.s are essentially static local field at the protons to be about 100 G, which is not
during the time it takes for 1 to tunnel, and they act almost unreasonable, the Zeeman splitting is 0.43 MHz, not so dif-
like a c-number external field. If we map our system onto an ferent from v,. Hence, the net proton spin polarization must
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Evidence for quantum mesoscopic tunneling in rare-earth layers
M. J. O'Shea and P. Perera
Department of Physics, Cardwell Hall, Kansas State University, Manhattan, Kansas 66506-2601

We report on finite size effects and evidence for quantum mesoscopic tunneling (QMT) in thin
isolated rare-earth layers prepared in the form of R/Mo multilayers where R represents Tb, Dy, or
Dy50Co50. The magnetic transition temperature T, decreases with decreasing magnetic layer
thickness and is discussed within a finite size scaling theory. Evidence for QMT is found in
magnetic relaxation measurements in these systems with a sharp crossover to a
temperature-independent magnetic relaxation regime at low temperatures. The Tb system has a
crossover temperature To of 20 K, the largest value reported so far for this crossover.

When magnetic materials are prepared with one or more fects are negligible. The value of T, the magnetic transition
dimensions close to atomic dimensions, their properties are temperature, is estimated from the initial rise in magnetiza-
significantly modified by finite size effects and effects asso- tion. A Curie-Weiss plot is shown as an inset in Fig. 2 and
ciated with their interface. New phenomena, not seen in the the Curie-Weiss temperature Tw is determined by extrapo-
bulk, may also appear. In this work we discuss the properties lating the high-temperature linear portion of the plot to the
of ultrathin rare-earth based layers and will show (i) that the temperature axis. Both T, and Tcw agree within experimental
transition temperature T, is depressed in thin layers due to error with the bulk values for Dy. Figure 3 shows a plot of T,
finite size effects1' 2 and (ii) that there is evidence for quan- versus Dy layer thickness. T, shows a gradual decrease with

turn mesoscopic tunneling3 via magnetic relaxation measure- decreasing layer thickness and at about 10 nm decreases

ments. This latter phenomenon is the subject of much current more rapidly. For systems with no anisotropy, T, should go

research 3' 4 and we find a crossover temperature To, below to zero in the 2-d limit since it has been shown that no

which the magnetic viscosity is temperature independent, of magnetic ordering exists for a 2-d Heisenberg system of
20 K for the Tb system. This is the highest crossover tem- spins,8 Inclusion of anisotropy modifies this result and allowsperature reported so far. magnetic ordering to occur in 2-d. 9 It is expected from finiteThe systems we report on here are of the form R(d size scaling arguments that as the thickness of a magneticnm)/Mo (18 nm) with at leat five bilayers and are prepared layer is reduced, its transition temperature T, should show a

by sputtering. R represents Dy, Dy50Co50, or Tb. Both Tb reduction Such effects have been seen in some transition
and Dy are ferromagnetically ordered at low temperatares, 5  metal thin-film systems.2 The dependence of T, on film

while Dy50Co50 is ferrimagnetically ordered.6 The Mo layer
is thick enough that no interactions can occur between neigh-
boring rare-earth layers so that they are magnetically iso- -- A y(2 nm)/Mo(3 nm)
lated. We have previously reported on the magnetic anisot-
ropy associated with the interface in some of these systems.7

Examples of x-ray diffractometers using Cu Ka radiation at
small angles and large angles are shown in Fig. 1 for bdected
Dy/Mo multilayers. A thinner Mo layer is used for the small- "D
angle diffraction measurement so that the small-angle E
maxima associated with the bilayer spacing may be seen. 0 5 10
The Dy layers are polycrystalline as can be seen from the 20 (deg.)
presence of all the significant large angle peaks associated
with the Dy hexagonal structure (peaks in the range 28 ° -

360). The peak at 410 is associated with the Mo body cen-
tered cubic structure. For Dy layer thickness below about 30 ._ OY(d nm)/Mo(18 nm)
nm the crystalline peaks associated with hexagonal Dy be-
come broad indicating structural disorder within the layer. d 720
The x-ray diffractograins for the Tb and Dy 5oCo50 systems 903010
confirm that they are also layered. While the intralayer struc-

ture in Tb is polycrystalline like Dy, the intralayer structure

for the Dy50Co5o system is am +, us for all layer thick- ."
nesses with only a broad maximum in the x ray diffracto- 20 30 40 50
gram at large angles.

Figure 2 shows field-cooled (FC) and zero-field-cooled 20 (deg.)
(ZFC) magnetizations for selected samples from the Dy se-
ries measured with increasing temperature. The applied field FIG. 1. X-ray d.ffractograms at small and large angles for selected Dy/Mo

is in the plane of the multilayer so that demagnetization ef- multilayers using Cu-Ka radiation.
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y r p no, and n' are 1.5, 1.2, and 0.3 nm, respectively (assuming a
30 t 720 nm 2 monolayer is 0.3 nm) with error bars of 20%. The X is inE

29 agreement with the approximate theoretical prediction. The
data deviate from the fitted curve at small t most likely be-

10 cause the structure of the layer changes from crystalline to
0 150 3Wo highly disordered as seen in x-ray diffractograms. These flt-

o ted values are close to those found for transition metal based
20 30 nm 0 Z C thin layers.2

a FC At low enough temperatures quantum tunneling rather
E than thermal excitation processes are predicted to dominate
-a 1 2 magnetic reversal. This tunneling process is often referred toSH: 200 Oe

as quantum mesoscopic tunneling (QMT) because the num-
o ber of atomic moments coherently tunneling is inferred to be

10 6 nm of order in systems studied so far.4 Magnetic reversal
processes involving QMT include magnetic reversal within a

5 single domain and tunneling of a domain wall through a
pinning site." These processes are of fundamental interest
and are also of practical interest since they may be important

o in devices of nanometer dimensions.
0 100 200 300 In our thin films we expect that magnetic reversal is

T (K) dominated by domain wall movement. Under these circum-
stances the measured rate of magnetic relaxation when the

FIG. 2. Field-cooled (FC) and zero.field.cooled (ZFC) magnetizations in an
applied field of 200 Oe for selected samples from the Dy (d nm)/Mo (18
nm) multilayer series. The inset shows a Curie-Weiss plot. The solid lines 0.003
are guides to the eye.,a

4.07

thickness for thin films is expected to follow the finite size 4.0N
scaling relation2

:4 5 6 7 

[Tc(-)- T(n)]/T(n) = [(n -n')/no]-x, (1) P In(t) (sec)

where T(-) is the bulk value of T, and T(n) is the value of
T. for a film of thickness n monolayers. no and n' are mi- 0.001

croscopic lengths of order the size of r unit cell, and X is an
exponent to be determined. This exponent can also be calcu-
lated and is -1.5 for a thin film assuming Ising spins.'0 The
measurement of X serves as a test of the finite size model 0.000

4 8 12 16 20
used to calculate it. The solid line of Fig. 3 represents a fit to

Eq. (1) using data with d>5 nm (n>17). The values of X, T (K)

0.00075 ,_,

200 . . . . . . . . b)

150

0.00050

100

so /

0.00025
0 25 50 75

0. T (K)
0.1 1.0 10.0 100.0 1000.0

d (nm) FIG. 4. S(T), the magnetic viscosity, as a function of temperature for (a) Dy

(90 nm)/Mo (18 nm) and (b) Tb t77 nm)/Mo (18 nm) multilayers for a
FIG. 3. Magnetic ordering temperature T, vs magnetic layer thickness for measuring field of - 100 0e. The solid lines are guides to the eye. The inset
the Dy (d nm)/Mo (18 nm) multilayer series. The solhd line represents a in (a) shows an example of a logarithmic time (t) dependence of magneti-
curve fit using Eq. (1). zation (M) at 8 K. The solid line represents a least-squares fit to the data.
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, applied field is switched from one value to another should be have considered a QMT interpret- in of these results, theo-
independent of temperature if domain wall motion occurs by retical estirrates in the limit ot i,,rge anisotropy predict To

quantum tunneling. We find that the time dependence of should be proportional to the atomic moment and the squale
magnetization can be parameterized accurately by a logarith- root of the product of the planar and c-axis anisotropy.1 For
mic decay at short times (<2X103 s) thus Dy and Tb the c-axis anisotropies are 5X 108 and 5.5 X 108

ergs/cc, respectively, and the planar anisotropies are 7.5 X 106
M(t)=M0[1-S(T) ln(t)]. (2) and 2.4X 106 ergs/cc, respectively.12 Since the magnetic mo-

S(T), the magnetic viscosity, is a measure of the rate of ments of Th and Dy are within 8% of each other this simple
change of magnetization. Both thermal relaxation and tun- model suggests that Dy should have a higher To and Tb and
neling will contribute to S(T). In this experiment the sample so is unable to explain the large value of To for Tb compared
is field cooled to a temperature T in an applied field of 1000 to Dy. We are currently preparing other anisotropic elemental
Oe. The applied field is then switched to a new value, in our rare earths in layer form to determine if any correlation exists
case -100 Oe, and the magnetic relaxation M(t) is mea- between the mic70scopic magnetic anisotropy and the mea-
sured. sured To .

The inset of Fig. 4(a) shows the time dependence of This work was supported by NSF OSR92-55223 and
M(T) for the Dy (90 nm)/Mo (18 nm) multilayer at T=8 K NSF DMR91-23831.
and as can be seen it conforms to a logarithmic dependence
on time. S(T)=(1/Mo)dM/d ln(t) is determined from the
slope and the solid line in the insert of Fig. 4(a) is a least- 1M. E. Fisher and A. E. Ferdinand, Phys. Rev. Lett. 19, 169 (1967); A. E.

squares fit. Figure 4 shows the calculated S(T) from the Ferdinand and M. E. Fisher, Phys. Rev. 185, 832 (1970).
relaxation measurements as a function of temperature for a 2 F. Huang, G. J. Mankey, M. T. Kief, and R. F. Willis, Appl. Phys. 73, 6760

(1993), and references therein.
Dy and a Tb multilayer. For the Dy multilayer there is a 3E. M. Chudnovsky and L. Gunther, Phys. Rev. Lett. 60, 661 (1988); Phys.

crossover at 6 K to a regime where S(T) is independent of Rev. B 37, 9455 (1988).

temperature within our experimenta' In the case of the 4J. Tejada, X. X. Zhang, and E. M. Chudnovsky, Phys. Rev. B 47, 14977

Tb multilayer where we have data c "de range of ten- (1993); B. Barbara and E. M. Chudnovsky, Phys. Lett. A 145, 205 (1990);

D. D. Awschalom, M. A. McCord, and G. Grinstein, Phys. Rev. Lett. 65,
peratures in the temperature-indepet: .,.. regime, it can be 783 (1990).
seen that the crossover from the temptrature dependent to S. Legvold, in Ferromagnetic Materials, edited by E. P. Wohlfarth (North-

temperature-independent region is sharp within the accuracy Holland, Amsterdam, 1980), Vol. 1, p. 183.

of our experiment. This sharpness, expected from QMT if 6K. Moorjani and J. M. D. Cocy, Magnetic Glasses (Elsevier, Amsterdam,
1984), Chap. Vt.

dissipation is not important, together with the temperature- 7p. Perera and M. J. O'Shea, J. Appl. Phys. 70, 6212 (1991).

independent S(T) is strong evidence in favor of a QMT in- 8N. D. Mermin and H. Wagner, Phys. Rev. Lett 17, 1133 (1966).

terpretation of these results in these systems. 9 D. L. Mills, J. Magn. Magn. Mater. 100, 515 (1991).

There is a large difference in the crossover temperatures laK. Binder and P. C. Hohenberg, Phys. Rev. B 9, 2194 (1974).
"See Section VII of E. M. Chudnovsky, 0. Iglessias, and P. C. E. Stamp,

To for the Tb and the Dy system with Tb, at 20 K, being Phys. Rev. B 46, 5392 (1992).

considerably larger than Dy at 6 K. We note that while we '2J. J. Rhyne and A. E. Clarke, J. Appl. Phys. 38, 1379 (1967).
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Bloch states of a Bloch wall
Hans-Benjamin Braun and Daniel Loss
Department of Physics, Simon Fraser University, Burnaby, British Columbia VSA 1S6, Canada

Bloch walls in mesoscopic ferromagnets can tunnel between periodically arranged pinning sites
leading to a Bloch band. The quantum spin phase gives rise to a spin parity dependent shift in the
dispersion. Static external magnetic fields induce magnetization oscillations and provide a magnetic
analogue of the Josephson effect.

The possibility of macroscopic quantum tunneling in a [i/K] 1/2. Next, we introduce coherent spin states defined
small magnetic particle has attracted much interest both by fi'Si11'i)=Slfi), where S is the spin quantum number
theoreticallyl'2  and experimentally. 3' 4  Susceptibility (units such that h=1) and fl=(sin Ocos 0, sin 0sin q,
measurements 4 on small antiferromagnetic grains of diam- cos 0) is a vector on the unit sphere.
eter =70 A have shown coherent quantum tunneling of the To find the tunneling rate it is appropriate to consider the
sublattice magnetization through an anisotropy barrier. On imaginary time transition amplitude between two coherent
the other hand, ferromagnetic domain walls exhibit a high state configurations expressed as a path integral,
mobility and low coercivities, facts that renders them suit-
able candidates for displaying macroscopic quantum phe- ({1}e-1"I{fa}) = 90qS0(cos O)e-SE[0,0 1 . (2)
nomena (MQP). It has been proposed5 that domain walls can f
collectively tunnel out of a single pinning potential by apply- The Euclidean action is given by
ing an external magnetic field. # L/2 [ S

In this paper we focus on another possible manifestation SE[4 -, 0] = d dxl iNA - -cos
of MQP: the coherent tunneling of a Bloch wall between fo L/2 a
periodically arranged pinning centers in an insulating ferro- (3)
magnet. Such pinning centers can be caused by the discrete- and contains the energy density
ness of the lattice itself or by a magnetic superlattice created,
e.g., by ion substitution. We show that there is a finite tun- M=NA{J[sin2 0(d0xe) 2 +(dO0) 2]
neling probability of the Bloch wall between pinning sites -- Ky[sin2 0 sin 2  -1 ] +K, cos 2 0}, (4)
and that, as a result, the low-energy states will form a Bloch
band. The topological term gives rise to a shift in the band where J=jS2 a, Ky.,=K .IS 2Ia. The first term in the inte-

structure depending on spin quantum number and pinning grand of Eq. (3) arises from the overlap of the coherent spin
separation. We determine the bandwidth and show that the states at adjacent imaginary time steps. For a single spin and
decohering effect of the spin waves is negligible below 100 for closed trajectories it has the form of a Berry phase. The
mK for typical material parameters. In addition we demon- term 0c cos 0d0 together with the energy density .M' repro-
strate that a constant magnetic field induces magnetization duces in saddle point approximation 15 E6=0 the micromag-
oscillations in analogy to Bloch oscillations of a Bloch elec- netic Landau-Lifshitz equations. According to our micro-
tron in a uniform electric field. This "magnetic Josephson scopic derivation, there is an additional term ocd0O which, as
effect" does not have a classical counterpart and thus pro- a total derivative, does not affect the classical equations of
vides a unique signature of macroscopic quantum coherence. motion. However, in quantum mechanics all paths contribute
To observe domain wall tunneling, the wall area has to be to the transition amplitude Eq. (2) and therefore this term can
small. Thus we consider elongated particles (or fer:omag- lead to interference effects.6

netic "wires") of length L with a cross-sectional area of The Bloch wall
about 100 nm 2. For these lateral dimensions and at tempera- 0 (x)= - /2 + 2 tan-l(e/"), (5)
tures of interest, transverse spin waves are completely frozen
out and the system behaves effectively one-dimensional. is confined to the easy-plane 0= r/2 and is a solution of

Consider a Heisenberg Hamiltonian with anisotropies on 6E=0 which connects two different easy-axis anisotropy

a simple cubic lattice with lattice constant a minima within the wall width 8 = VJ/I/y. It is degenerate
with all Bloch walls 0(x-X) that arise by a rigid transla-

M-=-Jl S,.S,-k (S,)2 +kz2 (Sz)2,  (1) tion by X which have the energy E0 = 4 NA NJy".
(,4) We now focus on the decohering influence of the spin

waves on the motion of the domain wall. A moving Bloch
where Si is the spin operator at the ith lattice site. The first wall induces scattering between the spin wave states and thus
term describes nearest-neighbor interaction with exchange affects the quantum coherence of the system. To investigate
constant J; the next terms repcesents easy- and hard-axis this effect quantitatively, we can introduce small fluctuations
anisotropies with constants K,>K >0. For thin long slabs around the moving Bloch wall and construct an effective

y
of materials like YIG, k, originates from shape anisotropy. action for the Bloch wall position X. For simplicity and since
For the 1D approximation to hold, the sample should have the hard-axis anisotropy is large in high-purity materials such
lateral dimensions smaller than the minimal length scale as YIG, we first eliminate the out of easy-plane degree of
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freedom. Expanding Eq. (3) to second order in p ing kernel. In this case damping leads to a small renormal-
=-cos 0-ir/2 and performing the resulting Gaussian inte- ization of the D6ring mass of the order O(1/NAS) and shall
grals, the transition amplitude Eq. (2) takes the form therefore be neglected henceforth.
fro4 exp{-SsG} with the sine-Gordon (SG) action We now turn to the tunneling of a Bloch wall in a peri-

odic array of pinning sites with distance d that is assumed to
N dd i d )2+J(X) 2  be an integral multiple of a. Such pinning sites can be incor-

G a porated into the action (6) by substituting Ky with the term

K - KX, 8(x - nd). If the domain wall center (at which the

os ,(6) easy-axis anisotropy is maximally frustrated) coincides with
one of these pinning sites, the energy will be lowered and the
domain wall becomes pinned. Then inserting Eq. (7) with

including a topological term oa 4. The elimination of the out Eq. (5) into this new action and assuming that d'c5; we
of easy-plane fluctuations gives rise to the kinetic term recognize that pinning can be described by adding the poten-
K(B.#)2 with K=:S2/(4Kza2). The action of Eq. (6) correctly tial 2Vofd" sin2(7rX/d) to Eq. (8). The resulting action is
reproduces the long-wavelength excitations of Eq. (3) to or-der (Kr~ z) Th "vlocty o liht"c - i th SG now equivalent to the action of a single particle in a periodic

potential, e.g., like an electron in a crystal potential. The
model is the asymptotic spin wave velocity, topological term then plays the role of the electromagnetic

Spin wave fluctuations around the Bloch wall Eq. (5) gauge potential. Performing an instanton calculation 9 we can
(which also satisfies 8Ssr=O) are described by then extract the dispersion relation for Bloch wall states

.k(x,r)= o(x-X)+ (x-X,,r). (7) e(k)=-A/2 cos(kd+irSNAd/a), (9)

Here X(,-) represents the instantaneous position of the Bloch where the bandwidth is given by A=4&),JSo/27r
wall. Since a rigid translation of the Bloch wall is already X exp(-SO) with instanton action So=(4/r)d 'JiOi and
described by the coordinate X in the first term on the rhs of frequency &) = (2 7r/d) Vo IM. The topological phase thus
Eq. (7), the spin waves p do not contain the zero energy induces a shift in the dispersion by 7SNAd/a.
"Goldstone mode" do/dx. Maintaining this constraint, Eq. To give some quantitative estimates of this effect we
(7) can be inserted into Sso and the transition amplitude consider material parameters (at T=0) of YIG:
fs0 exp{-Ss} can be brought to a form with X and p as J=1.65X10- 2 1 erg cm, Ky=9.61x10 -  erg/cm, where a
independent variables. Note that this constraint gives rise to cell with lattice constant a= 6.2 A contains one S = 5/2 spin
a nontrivial Faddeev-Popov determinant, which, however, implying a saturation magnetization of M0=194 Oe (i.e.,
leads to a correction of order O(1/NAS).8 In contrast to the KZ=2nrM2a2=9.1lX10-- erg/cm), wall width 8=414 A,
standard Caldeira-Leggett model which contains a coupling and spin wave velocity c=6X104 cm/s.
which is linear in both the system and environment variables, An external field in the direction of the easy axis induces
the coupling occurs here to second order in the spin wave a Zeeman coupling term -2.&MoHot which has to be
amplitudes. Nevertheless, we can eliminate the spin waves8 added to the action Eq. (8). The potential strength is related
and obtain the following effective action for the Bloch wall to the coercivity Hc, at which the barrier vanishes, via
coordinate Vo/1A=MoH d/T. If we choose d=3a and H,=2 e, we

have wo =l.45XlO1 ° s- 1, and tX/cl<--2&iord/nr=2X 10-2.

dT -irS NA k+ M For NA= 260, the domain wall contains NAS/a=1.7XO 4

fodr{ a+ 2} tunneling spins, and the bandwidth is A/h=5X105 s- 1. For
d = a, the bandwidth becomes A/h = 6 X 109 s- 1.

l r f 7dd K(r-U)[X(r) X(c)]2. (8)qu Next, we address some striking experimental conse-
+2 d"o (8 quences resulting from this Bloch band structure: Bloch os-

cillations and the magnetic equivalent of the Josephson effect
The first term is the topological term while the second term where a constant external magnetic field H along the easy
is the kinetic energy of the Bloch wall where M = 4NA K/8 is axis induces an oscillatory magnetization.
the Doring mass. The third term is the damping term due to Let us recall that the effective behavior of the domain
the scattering of spin waves. For low temperatures, the wall in the presence of a periodic pinning array corresponds
damping kernel takes the Caldeira-Leggett form to the behavior of a single Bloch particle in the presence of a
K()=(1/7r)f'da(&o)D r() with D,(')=e - (OIlt. The periodic potential and can be described by an effective
spectral function is given by J(w) = (&)/28c)O(cu Hamiltonian, p 2/2M+2Vo sin2( .'X/d), where P is the mo-
- 2c/3) 2

-(2c/37)2 and reflects the anisotropy gap of the mentum operator conjugate to the wall position X, and Vo is
spin wave excitations. Thus the damping effect of the spin given above. We choose d = 3 a arid for simplicity we assume
waves can indeed be treated within a Caldeira-Leggett SNAd/a to be an even integer and thus drop the topological
model although the underlying microscopic coupling in- term. The corresponding kinetic energy of the unperturbed
volves term which is second order in the magnons (see also (V0=0) Bloch particle at the zone boundaries, k= ± 7r/d, is
Appendix C of Ref. 7). given by f@=(h 2/2M)(7r/d) 2 =10 mK kB, for the particular

As we shall see below, the characteristic time scale of X parameter values chosen above for YIG. Thus we find that
is much lafger than the decay time r,= 8/(2c) of the damp- Eo/Vo=0.06, and hence we are in the tight binding limit (as
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rI

opposed to the nearly free limit), where the Bloch particle is cillations are independent and in phase. Thus the magnetiza-
strongly localized around the potential minima, and with tion oscillations add up coherently irrespective of the
band structure Eq. (9). The lowest band gap EG is of the individual easy-axis orientations. To minimize a broadening
order of 2-coV o = 0.35 Vo, and thus much larger than the of the Bloch period the spread of the particle size distribution
band width A, since A/Vo=2.5XI0 - 5. Next we consider a should be small.
dynamic situation and apply to the sample an external mag- We emphasize that for the above field values Zener in-
netic field with H the component along the easy axis. This terband transitions can be safely ignored even for astronomi-
field drives the domain wall via the Zeeman term, cally long observation times. Indeed, the Zener tunneling
FX=2.AMoHX. From the standard semiclassical equation probability is given by P=e-A, with WKB exponent
of motions for a Bloch particle,8"0 given by A = E/(4.oFd)>8X 1 if H<4X1 -5 0 e, and thus

1 Oe &)BP is virtually zero for the above values. Zener transitions
v = T - =vo sin[k(t)d], occur when P becomes of order one, i.e., H-HC=2 Oe; in

this case the Bloch oscillations vanish and the domain wall
where vo=Ad/(2h), and hk=F, we then find that for con- runs down the pinning "washboard potential."
stant H the domain wall position X(t) performs Bloch oscil- Finally, preliminary theoretical results8 suggest that the
lations of amplitude 6X= A/F and Bloch frequency presence of dissipative eftects due to magnons and phonons

B= Fd/h. These Bloch oscillations result then in oscill- is negligible also for the dynamics of Bloch oscill itions. The
tions of the magnetization along the easy axis, with ampli- fact that damping can be expected to be weak is also sup-
tude 8M=2NAgA9(S/a)8&Y, and with the same Bloch fre- ported by the recent observation of macroscopic quantum
quency &)B. Let us now give some illustrative numbers for coherence in small magnetic grains over very long times.4

the set of values (H,oJB,SX, SM): A =(2x 10- Qe, 5X 106 This work has been supported by the Swiss National
s- 1, a=6.2 A, 2600 AB), B=(10- 5 Oe, 5X10 5 s- 1, d=3a Science Foundation (H.B.B.) and by the NSERC of Canada

18.6,A, 7800 IB), C=(7X×10 7 0 e, 2X104 s-3, 5=414 A, (S.L. and H.B.B.).
2X10 5' B), and D=(10 - 10 Oe, 8 s-1, 0.2 mm, 109/ B). Thus 'J. L. van Hemmen and S. Siito, Europhys. Lett. 1,481 (1986); M. Enz and

we see that the smaller the applied field, the larger is the R. Schilling, J. Phys. C 19, 1765 (1986).

oscillatory response, clearly a striking and unique quantum 2E. M. Chudn3vsky and L. Gunther, Phys. Rev. Lett. 60, 661 (1988); B.

signature without classical counterpart. Note that these.Bloch 3Barbara and E. M. Chudnovsky, Phys. Lett. A 145, 205 (1990).
silationare tht clagic anal o gue . ot th JoshsonBl 3C. Paulsen et aL., Phys. Lett. A 161, 319 (1991).

oscillations are the magnetic analogue of the Josephson ef- 4D. D. Awschalom, J. F. Smyth, G. Grinstein, D. P. DiVincenzo, and D.
fect: a driving constant field (H) results in an oscillatory Loss, Phys. Rev. Lett. 68, 3092 (1992).
response (magnetization). Moreover, if the external field is 5W. Riehemann and E. Nembach, J. Appl. Phys. 55, 1081 (1984), P. C. E.

oscillatory in time we expect to see resonance effects in the Stamp, Phys. Rev. Lett. 66, 2802 (1991).
mD. Loss, D. P. DiViucenzo, and G. Grinstein, Phys. Rev. Lett. 69, 3233

4t (1992); J. van Delft and C. Henley, ibid. 69, 3237 (1992).
Very similar to recent experiments on magnetic grains, 7A. 0. Caldeira and A. J. Leggett, Ann. Phys. 149, 347 (1983).

observations could be performed on ensembles consisting of 8H. B. Braun and D. Loss (unpublished).

many identical particles (say 10-100 for case B), by using 9R. Rajaiaman, Soluons and Instantons (North-Holland, Amsterdam,
1982).

superconducting quantum interference device (SQUID) mag- ioC. Kittel, Quantum Theory of Solidsv (Wiley, New York, 1963); J. B.
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Magnetic properties of cubic RxYI -xAI2 (R =Dy, Tb) intermetallic random
anisotropy magnets (invited) f
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Department of Physics, Brookhaven National Laboratory, Upton, New York 11793

A short review is made of the key magnetic properties of dilute cubic RxY-xA12 (R =Tb, Dy)
intermetallics, in order to show their main magnetic features. Dilution by Y introduces a weak
random magnetic anisotropy (RMA). The rich magnetic phase diagram is described, including
paramagnetic (P), spin glass (SG), correlated spin glass (CSG), random ferromagnetic (RFM), and
ferromagnetic (F) phases, with a triple point and two multicritical ones. The paper deals with the
induced macroscopic magnetic anisotropy cooling in a magnetic field below TSG or TcsG transition
temperatures, which can be either unidirectional or uniaxial or both. High-field (3 T)
magnetostriction in Tb series shows, for x=0.48, 0.59, 0.87, a decrease of the Callen a exponent
(h-m ' , m=reduced magnetization) below 3. The Sompolinsky irreversibility parameter A has
been determined for the Tb series in the SG regime, and a replica model is presented to explain the
A(T) dependence. The character of the P--SG or P-CSG transitions is addressed, through the
scaling of nonlinear susceptibility (SG regime) or a ferromagnetic-like scaling of magnetization,
respectively. From quasielastic neutron scattering around Q=[1,1,1] we determine the temperature
dependence of the magnetic correlation length in DY0.8Y0.2Al2, which peaks, but does not diverge
at T,. A magnon excitation at 3.5 meV is reported for x=0.8.

I. INTRODUCTION of TbY _,A 12 has not been yet explored in such detail, only
up to x=0.50, showing P, SG, CSG phases (see Fig. 1), with

RXYI-,AI 2 (R=Dy, Tb) are crystalline cubic Laves a TP at xr=0.27, Tt=8.6 K.'
phase compounds. We have extensively studied their mag- The aim of this paper is to present the magnetic proper-
netic properties using as probes: low- and high-field magne- ties of the RMA system RxY _-xA 2 (Dy, Tb), showing some
tization, ac magnetic susceptibility, ferromagnetic-like scal- previous work and adding new results recently obtained. In
ings, law of approach to saturation,' Arrott plots, observation particular: the field-induced macroscopic anisotropy in
of transition lines, existence of Edwards-Anderson (EA) DyxY,-xAl 2, together with rotational hysteresis found (Sec.
parameter,2 hysteresis,3 magnetic anisotropy measurements,4  II); CEF origin magnetostriction, showing that in Callen's9

Bragg and small-angle neutron scattering (SANS),5 and mp law in TbY 1 -. Al2, p<3 (Sec. III); the Sompolinskyl°

magnetostriction. 6 These measurements have revealed the irreversibility order parameter A in Tb series (Sec. IV); as-
compounds as weak random magnetic anisotropy (RMA) pects of the critical behavior at the P-SG and P-CSG transi-
systems, exhibiting a very rich variety of magnetic phases tions in Tb series, from magnetization measurements, to-
and transitions,7 likely never observed together in a RMA gether with neutron scattering around Tc (P-CSG or RFM)
system. Of the possible origins for the RMA, the most likely
is the strong magnetoelastic coupling, because of the local
strains introduced by the y3+ substitutions.' In Fig. 1 we
show the magnetic phase diagrams (MPD) for the Dy and Tb 6 30 Tb. O
series. The Dy system exhibits paramagnetic (P), spin glass [ Tb,,A12
(SG), and correlated spin glass (CSG) phases, with a triple °0
point (TP) at Xtr=0.30.1 At 0 K a first-order transition from 4 0 P _P/ /
CSG to ferromagnet (FM), driven by coherent cubic anisot- o o 00

ropy, is observed at x,=0.62, remaining up to x, = 0.87, Concen[Fln. X F M
where the FM phase extends up to the line boundary FM-P, PM
with a tricritical point at T; = 45.4K.7 At x1=0.62, a bound- . 20 Y Al2  RFM
ary between CSG and a quasiferromagnetic or random ferro- " •D'Y/
magnetic phase (RFM) appears, with an ending tricritical [-- • cSG
point at Tt=29.5 K. For x>xt the line of transitions RFM-P [L
shows a crossover exponent k6A=0.80+0.08. 7 Law of ap- 00 0.2 0.4 0.6 0.8 1
proach to saturation allows an estimation of D/Jo, e.g., Concentration, x
-0.04 for x =0.83, between the strength of the random crys-
tal field (CEF) D, and the positive exchange interaction J0 FIG. 1. Magnetic phase diagram for Dy0Y1-AI 2 compounds. Inset: the
according to positive parainagnetic Curie temperature 0. An ThY,_,AI2 one [(0) from ac susceptibility; (*) from the "branching
increase of such ratio with decreasing x is likely.' 7 The MPD points" of Fig. 4(b)).
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in the Dy series, and the magnetic correlation length ter- 8

perature dependence. The amount of work reported is large, DyxYl_,Al2

and the presentation is succinct.

ii. FIELD-INDUCED MACROSCOPIC ANISOTROPY 4
AND ROTATIONAL HYSTERESIS ®R

We will address three points: the symmetry of the field- 2 0

induced macroscopic anisotropy (FIMA), the rotational hys-

teresis of anisotropy torque, and the differences in the torque 0
curve symmetries, when cooling above or below the coercive ,_, _ ,

field. The samples were single crystals of DyY 1 _xAl 2 (x 0 90 180 270 360

-0.3, 0.4, 0.6), i.e., at the CSG phase. The anisotropy torque (a) 0 (degrees)
Lk was measured from the magnetization perpendicular to

3.5 A1 I'4
the rotating magnetic field B on plane (110), because X 10 DY0 .6Yo. 4AI2  x

Lk=M±B. A complication is the coherent cubic anisotropy 3.0 3 -T3

(CA), which was averaged out by measuring in fields so 2.5 ,oO 2

,veak as to have the crystals divided in six (100) domains, so 4 0 9 % 1

that (Ms)=0, for the sample average spontaneous magneti- z 2.0 0 %-'

zation. We developed 4 a model, based on Henley et aL and . %*0 "*
1.5 000 %6

Saslow" ones, which predicts the appearance of FIMA an- ° 0 % 0 

isotropy both unidirectional (UD) and uniaxial (UA). Start- 1.0 -0.o % 6 - 2

ing with the Hamiltonian, 0.5 %
0.5-3

H=Jo s S'3+D S ( )2, (2.1) 0 , - -4
0 90 180 270 360

,ia (b) (p (degrees)
. i<j

where ai are the local RMA easy axes (EA), i stands for

sites, and a for spin components. It is possible to show4 from 2 xl02 .W DY 4Yo.6A12

Eq. (2.1) that the FIMA energy becomes, 1 H ".. T=3.8K

SRMA= -KRMACOS O- 2 KRMA COS2 0, (2.2) ,",

with KRMA=(4/15)N(D/Jo) (N, ion number per unit vol- 0 ,,.

ume). To this energy me must add the CA, so the total an-
isotropy torque becomes -1 MII o

F(0) =-KRMA(sin 0+ 2 sin 2 0)- (K/4 +K 2 /64) -2 L
0 90 180 270 360

Xsin 20-(3K1 i8+K2/16)sin 40+" (2.3) (C) (p (degrees)

where K1 ,K2 are CA constants, about 1 higher than KRMA. FIG. 2. (a) Magnetic anisotropy torque vs 0 angle curves for DyYI -xAl 2 :,

We did two experiments: cooling in the low measuring x =0.30, (@); x =0.40 (0). The full lines are the theoretical fits, according to

field, Hm and cooling in a larger field HFc>1 kOe and mea- Eq. (2.3). (b) Torque curves vs p angle for Dy0 6Yo 40A1 2, for applied fields:

suring in the lower one (HEcI(100), easy axis). In addition (0) 0.23 kOe, (0) 1.0 kOe. The cooling field was 3 kOe (sec meaning of 9
HFc car be larger or smaller than the coercive field H ,1,2 in text). (c) Torque curves vs 9 angle for Dy0 4 0o60A12 for applied field 80

H ca Oe. The arrows show the sense of successive rotations. The cooling field

which makes two different situations. The magnetization will was I kOe.
be M=XH+Mr, where X is the isotropic cubic susceptibility
and M, the remanent magnetization after FC, which can be
a complicated object. (i) We first address the case when both lating to zero. Model Eq. (2.2) has thus been established.

UD and UA FIMA's have been produced. In Fig. 2(a) we Notice the existence of a constant torque 170 whose origin

show the torque curves for x =0.30, 0.40 below Tc for FC should be a Mr component, rotating in phase with H, limited

and Hm =0.25 kOe, above HC. At this field, K, and K 2 are by the shortest spin relaxation times. (ii) A second point is

very small. Fourier analysis of F shows sin 0 and sin 20 that there is a crossover from Hm<Hc to Hm>Hc, i.e., from

components, indicating the presence of both anisotropies, al- unidirectional plus uniaxial FIMA's to unidirectional alone

though for x=0.4 the the UD character is stronger. Extrapo- [ir and 21r periods in F(g) curves, respectively, where 9o in

lation to Hm =0 of KRMA(Hm) obtained from the F(O)sin 0 the rotating field angle]. These experiments were done with

component amounts to 127 and 225 J/m3 , respectively, at 3.8 HFC>Hc. This is shown in Fig. 2(b) for x=0.6, where

K. We notice that the F2 coefficient (of sin 20) is not 2F1 (of H2c=0.39 kOe at T=3.8 K and HFC=3 kOe, in going from

sin 0), because of the CA contamination, which practically Hm =0.23 to 1.0 kOe. The same behavior is observed for the

disappears below =0.70 kOe. In fact a combined plot of other concentrations. In the first situation (Hm<Hc), M, re-

F2-21 and (K1/4+K2/64) gives a linear relation, extrapo- mains fixed along (100) cooling direction, whereas in the
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ttsecond one M, splits in three components: one fixed to (100) x 10-1 40(11 torque), a rotating one out of phase with H (172 torque),

and one at a constint angle with H (1o torque), due to the 1.0
mechanism suggested.

From KRMA one obtains D2/Jo (=0.007 and 0.01 K for
x=0.3 and 0.4, respectively), which allows a separate esti-
mation of D and J0. Since we found above that DIJoO.04, mTb Y-X Al,
we now have D=0.2 K and J0 =5 K. (iii) We now consider H=3T
the rotational hysteresis, which suggests metastable states in 0.5
these RMA systems. In Fig. 2(c) we notice, for x=0.4, 7.0 M(T) (pfrb 3  8.0
HFc=l kOe and Hm=0.080 kOe, at 3.8 K, a strong hyster-
esis ( p=0 to i') between the first clockwise rotation and the FIG. 3. Double logarithmic plots of magnetostriction X,(T) vs M(T), at
second counterclockwise rotation, the hysteresis disappear- H=3 T, and for T<20 K, for TbhY1 .,Al2, for x=0.49 (x), 0.60 (0), 0.87
ing afterwards. An explanation for the transient in the initial (0), and I(A) compounds. The slopes give the exponent p [see Eq. (3.2)].

Lk() curve is that the spins with the shortest relaxation
times easily follow the field, the slowest ones following it
later on (curves II and III). The hysteresis increases strongly with 8=J[1 -m(0)], proportional to the RMA disorder 0 K
when Hm>Hc, as expected. Similar behavior is found for magnetization quantum defect A(0)=l-m(0). The important
the other concentrations. result is that p<3.

We have searched for this m3 violation in TbYj_,A 12

Ill. MAGNETOSTRICTION: VIOLATION OF m 3 LAW (x=0.49, 0.60, and 0.87) compounds, measuring X,(T) and
M(T) up to 12 T, from 1.5 K. In Fig. 3(a) we show low-

It has been predicted' 2 that when the local RMA field temperature (T<20 K) plots of X, vs M at H=3 T, where we
satisfies HRMA>H, but H<HX (H and Hx are the applied can assume H>HRMA. From them we obtain the p values:
and exchange fields, respectively), so one is in the ferromag- 2.3 (x =0.49); 2.7 (x =0.60); 2.65 (0.87), smaller than for the
net with wandering axis regime (FWA), 13 that noticeable de- good ferromagnet TbAI2, p=3.OO.l. As expected, p in-
viations from the Callen and Callen 9 law for CEF-origin creases with H, becoming quite close to 3 for H = 12 T. Also,
shape magnetostriction X, are expected: k,-m, with p< 3, from p expression we can evaluate A(0):0.24 (x=0.49); 0.16
m = M(T)/M(O) being the reduced magnetization. It can be (x=0.60); 0.18 (x=0.87). These values are slightly higher
shown that than those obtained from the ratio M(0,H)INgIAz :0.19,

X,(T) ((O°(J))X, M(T) ((O?))c 0.16, and 0.12 respectively, this reduction likely being due to
1(0) = (Og°(J))c 'm(0) = () ' (3.1) the magnetization induced by the strong cubic anisotropy.

Notice that the extrapolated 0 K Tb magnetic moment in
where O° and O° are Stevens operators, functions of the TbxY,-xAl2 is unquenched, 4 (9.0±0.3) gB, allowing us to
angular momentum J, (...) is the thermal average and (...), take M(0)=NgJ/p, i.e., excluding RMA effects.
is the average over the local easy axis disorder. For large J,
we express O in terms of site spin wave (sw) deviation
operators, a,a +, but introducing c and c+ numbers repre- IV. FC AND ZFC MAGNETIZATION IRREVERSIBILITY:
senting the static spin deviations, writing ASSOCIATED ORDER PARAMETER A
a = (1 + u)a+ v ao + c, where the (u,v) numbers account Our best studied system demonstrating the irreversibility
for sw scattering by the RMA disorder, and a are Bose op- between FC and ZFC magnetizations is Tb, for
erators. Then it can be shown that in the FWA regime, where 0.15<-x_<0.50. The behavior is quite different in the SG and
sw are proper: CSG regimes. At CSG regime one observes [Fig. 4(a)] a

M(T) 1-J-'((a +a)), branching point between FC and ZFC magnetizations at Tc,
M(0 1--{(cC+)c+(V2)c},  followed by a broad maximum for the ZFC isofield, both

magnetizations rapidly decreasing when approaching TsG.
and For SG regime, only a branching point is observed coinci-

((02o(T)))c=3J-J(J+ 1)-3(2J-1)((a+a)), dent with the cusp [Fig. 4(b)]. The MZFC-MFc difference
]decreases with increasing field, finally merging. Strong re-

+6J2[ 1 -m(T)] 2, laxation was found for H-H c, at the ZFC branch, for both
with m(T)=((J,))c/J. Combining the above four equations SG and CSG regimes.

gives 2  The usual order parameter considered for SG systems is

x (T) _ M(T) ] that of Edwards-Anderson (EA), q, conveniently redefined 5
i(O) M(0)] (3.2) for RMA systems. Although useful, there are difficulties with

X O q: it has nonzero value for T> TsG even at zero applied field,
where and there are subtle theoretical difficulties with the replica

method. Therefore it seems worthwhile to use the FC-ZFC
3[J(2J -1)- 6 8J + 3(1 + 4.)] irreversibility to define an additional order parameter, in the

P-[J(2J- 1)-6J+38(1 +2 8)]' way proposed by Sompolinsky' ° using a dynamical model
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FIG. 4. (a) Field-cool (FC) and zero-field-cool (ZFC) isofield curves for Tb0 45Yo55AI2 compounds at increasing fields. (b) The same as (a) for ThYt_ AI2:
(9), x=0.25 at H=26 Oe; (+), x=0.15 at H=3.6 0e. The full lines are the theoretical calculations for the XFc susceptibility. (c) Reduced magnetization
M(T,12T)/M(0,12 T) for TbY 1 ,.,A' 2 : (O),x=0.15; (O),x=0.25. The full lines are the theoretical fits (see text for details). (d) Irreversibility order parameter
A vs temperature for ThY,_Al 2: x=0.15 (0), H=3.6 0e; x=0.25 (0), H=26 Oe (see text for details). The full line is the theoretical calculation.

where time-variable spin noise and time-persistent noise due where XFC and XZFc are low field susceptibilities and C is the
to RMA are combined with TAP 16 theory. The resulting irre- Curie constant. The equilibrium XFC susceptibility is ame-
versibility parameter A becomes nable to calculation as (MIH) for very small H(few Oe). We

T developed a replica-MF model for RMA systems's where
A (XFC-XZFC), (4.1) M(T,H)=NgB((J,)), has the form

dx 2 Tr(J. exp{ aj+ [yx + pO(g- 1) 2 mlg+,fgBH]Jz}) (4.2)

<<Jz>2 7r Tr expi"

with f=1/KBT and m=M(N,.tO- '. The parameters a and In Fig. 4(d) we present A(T) for both x, at H=3.6 and 26
y depend' 5 on the CEF parameter D, on the quadrupolar Oe, respectively: note that A(Tsr0 ,H)=0. Figure 4(b) shows
moment p = ((J2))', and on q = ((Jz)2 )c. O=zJo is the para- XFc(T), calculated from Eq. (4.2) for those fields. From Eq.
magnetic Curie temperature, and z is the R3+ NN number. (4.1) we have calculated A(T) for both compounds, the
Then, to evaluate M, p, and q, we need a knowledge of the agreement with experiment is reasonably good [Fig. 4(d)].
parameters Jo and D. We obtain D from the condition
q(Tso,O)=O by extrapolation, and we obtain J0, together V. CRITICAL BEHAVIOR, PHASE TRANSITIONS, AND
with a refinement of D, from a self-consistent calculation of NEUTRON SCATTERING
M, q, and p, and fitting M(T,H) to the experiment. In Fig. A still open question is if a RMA spin glass undergoes at
4(c) we show the high-field (12 T) measurements of M(T) TsG a phase transition. The answer can be obtained by a
for x=0.15 and 0.25, together with the best theoretical fits. scaling analysis of the nonlinear susceptibility XNL, which is
The resulting values were for x =0.15, D =0.5 K, and Jo 16 proportional to the singular component of q.2 , 7 Similarly for
K (z =0.6), and for x =0.25, D =0.7 K, and J0 = 18 K (z = 1). the CSG or RFM phases one is tempted to see if the magneti-
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FIG. 5. (at) Nonlinear susceptibility XNL vs temperature for Tbo2Yo75AlI2 at increasing magnetic fields; (a2) double logarithmic (8,, y,) scaling for x=0.25;
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is for T<T0 . H, is the internal field. (b2) The same as (bl) scaling plot (8,0) for rboSoYosoAl2 . (c) Scattered neutron intensity, 1(q), vs temperature for
different momentum transfer q=(2wr/a) [f,, ] (fa* values are shown within the graph), around Q=(21r/a) [1,1,1], for Dye oYooA12 (a, the lattice constant).
(d) Magnetic correlation length temperature dependence for Dy0.oYo.Al 2 (see text for details). The line is an eye guide.

zation satisfies a critical scaling similar to ferromagnets and (i) Critical scaling of XNL of Dy Y -,A 2 has been ex-
a ferromagnetic-like neutron scattering around T. We will tensively studied elsewhere2 and we will focus here on the
address these points in TbhYj -A] 2 compounds, together Th series 5t SG regime. The nonlinear susceptibility was
with neutron scattering around T, for Dvyo.o 2Al2. obtained as XNL=XH)- Xo, where the linear one Xo was
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TABLE I. Nonlinear susceptibility X., scaling exponents for the series TbvY, _ xAl2 at the SG regime (s label).
Ferromagnetic-like exponents at the CSG regime (no label). The transition temperatures and fractal dimension-
ality df=dOp3 (IQp+3,) are included. For X., exponents: (*) are from (,s ,y,) scaling, (+) from (8s , ($)
from scaling at Tso, and (#) from scaling laws. Error bars are ±0.1 in I3, and ±+0.5 in 6, 4, and 0,.

Compound Tso (K) s Vs O s d

0.15 4.7 5.0($)
0.20 6.8 1.2(*) 6.0(*) 6.0(#) 7.2(#)

5.0($) 2.5
0.25 8.5 1.2(*) 6.0(*) 6.0(#) 7.2(#'

1.2(#) 6.0(#) 6.0(+) 7.2(+) 2.5

, Compound T, (K) f0 Y 8 '

ThAI2  97 0.40±0.05 1.25±0.05 4.1±0.01 1.65±0.01
0.50 34 0.5±0.5 1.3 ±0.1 3.6±0.1 1.80±0.1

accurately measured at a few Oe. In Fig. 5(al) we show below 36 K static RMA disorder becomes important. In Fig.
XNL(T) for x=0.25, the variation being similar for x=0.15, 5(d) we show OT), not diverging at To, an indication of the
0.20. No shift with H is found, signaling TSG as a fixed absence of long-range ferromagnetic order. This develops,
point. Two kinds of scalings:17  - XL/H 2 8  for the longitudinal magnetization,18 at finite T only above
= f(It/H '1 s) and - XNL/ItIPS = f(H/ItI3+Ys) were per- x=0.87.1 We should mention that we have very recently ob-
formed [see Figs. 5(a2) and 5(a3), with the best data "col- served a sw excitation at Q=a*[2,2,-0.4] of 3.5 meV for
lapses"], in order 'to determine the pairs of exponents x=0.8 at 10 K, a confirmation of the predicted existence of
(6, 0s) and (/S,, y,), and to verify the scaling laws; also the spin waves in weak RMA quasiferromagnets.18

first scaling was performed at Tso, where Xnl - H2/,
[t=(T- Tso)/Tso is the reduced temperature]. All exponents ACKNOWLELGMENTS
are in Table I, scaling laws being reasonably well obeyed, as We acknowledge the Spanish DGICYT for support with
well as universality, although exponents markedly differ Grant No. PB-90-1014. Useful discussions with J. Cullen,
from MF theory.17 We conclude that the P-*SG transition is C. Ritter, M. B. Salamon, G. Shirane, and J. Schweizer in-
a true phase transition for RMA TbY 1 _,Al 2 compounds, as cluding work not presented here are fully appreciated.
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Correlation decayin low-dimensional spin glasses
A. N. Kochariana)
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A new method to investigate the two-point correlation function decay in a finite size random spin
system and at finite temperatures is proposed. It is applicable to systems with cyclic boundary
conditions and in any local or uniform magnetic field. The efficiency of this method is presented in
the case of an isotropic XY spin glass model with Gaussian bond distribution in external field. Using
unitary U(1) gauge transformation and operator inequalities we have obtained explicit upper bounds
for generalized spin-glass susceptibility K(T,R) that describes off-diagonal transverse
magnetization in two dimensional random XY spin lattices at finite temperatures. It is found that the
slowest possible decay for susceptibility in random XY spin glass is of the Kosterlitz-Thouless-type
with power-law decay in 2D, and the exponential type in ID, at low temperatures. These upper
bounds rule out the possibility of the corresponding magnetic ordering in 1D and 2D isotropic XY
spin glasses at finite temperatures.

INTRODUCTION tain the finite temperature transition, in the case when spins
are frozen randomly and we have neither ferromagnetic nor

During the last two decades, the problem of random spin antiferromagnetic states, but more of the spin liquid type.
systems have attracted the interest of many physicists. This is In this paper, we propose a new method for investigation
because among the systems considered there are simplest of the upper bound behavior of two-point correlation func-
examples of the random models such as Ising spin glasses or tions of such random systems as the isotropic XY spin glass
random XY model with nearest neighbor or long-range model with long-range interactions with the Gaussian bond
interactions.1 ,2 These systems are characterized by a compe- distribution at sufficiently low temperatures and in an arbi-
tition between ferromagnetic and antiferromagnetic interac- trary magnetic field in one and two dimensional lattices. Be-
tions and a huge number of their experimental examples low, we show that the upper bound for generalized spin sus-
have been studied. As a result, conventional magnetic long- ceptibility at low temperatures in 2D lattices is power-law

range order is impossible. In the mean field approach we can like. These results rigorously rule out any possibility of the

obtain numerous thermodynamic states and suggest the ex- corresponding long-range ordering in 1D and 2D random XY

istence of the line of phase transitions at finite temperatures models at nonzero temperatures. The suggested approach has
in the presence of a magnetic field. On the other side, there been used before to obtain upper bounds for correlation func-in teidsence fa mgenature ofihelrdom pn si them r tion decay in low dimensional Hubbard model as well as foris evidence that the nature Of th random spin system (planar correlation functions in anisotropic Heisenberg-lsing like
XY model with spin dimensionality n equals 2) at finite tem- models with arbitrary spin. 4'5

peratures and in low dimensions may be close to the classical
XY model in the 2D case and correspondingly quite different
from the simple mean field picture. The essential difference SPIN-GLASS MODEL
is in the properties of the low temperature phase. As is known, the Hamiltonian of the random XY model

There are many doubts about the possibilities of obtain- with long-range interactions in the presence of local longitu-
ing real phase transitions in such systems at sufficiently low dinal magnetic field is represented in the form
temperatures. For all these models, one believes, an upper
critical dimension exists, and the critical properties associ- Hs.G.= Jj(S'S +S'S') 2 H,,SzV. (1)
ated with the transition are modified due to fluctuations be- ,.'
low this critical dimension. In other words, the main problem The main distinction from the usual XY model is that the
is whether or not phase transitions are possible in real three value of the exchange integral Ju, in (1) is random and given
dimensional space at finite temperatures for random spin sys- by a Gaussian bond distribution function q(fJ~u), where each
tems. This circumstance depends on lowest critical dimen- Ju, is statistically independent of all others,
sionality d; and if d,>3, then phase transitions are ruled
out, and if dc< 3, then there is a possibility of obtaining a J(J.- )1 - -°

real finite temperature transition. Unfortunately, there are no 2 2 o (2)
exact results corresponding to the value of parameter dc in where a = (1%,) - (ju1 ) 2 is the dispersion of the system.spinru-(u) glasses The same questrsi can the stystemo.i to
spin glasses. The same question can be stated also in two For the random spin lattices all physical and thermody-
dimensional spin glasses, where it would be possible to ob- namical expectation values for correlation functions (....)T

must be averaged also by parameter Ju, with distribution
'1Permanent address: Yerevan Physics Institute, Yerevan 37503, Armenia function:
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• ((.... )T)J=  / ( . .. W .)-bJ ,v d , (3)A
f"  

where
The thermal expectation in (3) is defined by 1 / J )
(...)T=lim 11N Tr(...exp[-3H])/Tr(exp[-3H]), where we f(T,Q)= Q- -i (cosh Q- 1)
replace the infinite lattice with a finite one of linear dimen- 2;

sion N with periodic boundary conditions and take the limit The parameter D in (7) and (8) weakly depends on the tem-
N--+oo. perature, which appears to be due to a Gaussian integration:

To prove thc restrictions on the correlation functions
we use unitary U(1) gauge transformation D = (2 rro) - 1/2 f dJ/. exp[-(J.,-2 1
T(O)=l exp[0,(S,,)], where Ois an arbiuary function on the f
hypercubic lattice, and the identity Tr[A exp(-fOH)] The expression f(T,Q) depends on the effective dimension-
=Tr[T(O)AT-1 (O)]exp[-f3T(O)HT-1 (O)] with 83=11T. In less parameter Q=4qIJ. The optimization of the bound re-
the following4 we also let O=ip be pure imaginary, and in lation (7) by the parameter Q gives the condition
this case the transformation is no longer unitary. To get upper P

bound for different correlation functions we also use some 1- 2- 2 sinh Q (cosh Q-1)=0. (9)
operator inequalities.

4- 6

The transverse susceptibility in the regular XY model, The same type of calculations gives the upper bound for the
which is defined from the two-point correlation function, can 1D case, where (p,->qr/J:
be represented in the form

[(S+(r)S-(O)+h.c.)2]j< D exp[-f 1 (T,Q)r], (10)A,,= lim IlN(SxiSx+SYSY)T < B ,  (4)T

N- I Iwhere

where upper bound B(R) for two-point correlation function 4J2  
-1

A(R) at sufficiently large distances R=i-j in regular lat- f 1 (T,Q)=4Q- -- (cosh Q-1)
tices is defined by The main result contained in Eqs. (8) and (9) does not de-
B=exp_2In R + 2T-' I pjcosh((p_ (,)_] pend on magnetic field and shows that when the parameter R

RV goes to infinity the two-point correlation function for off-
(5) diagonal transverse magnetization goes to zero. This means
(5) that it is impossible to obtain a phase transition in 2D ran-

This expression depends on the exchange parameter Ju, and dom lattices at any finite temperature and for an arbitrary
variables p,, and %p, which are unique solution of Poisson value of magnetic field (local or uniform). On the other hand,
equation -Aqoq(8xt,- y~u) on the hypercubic lattices the investigation of the upper bound in Eqs. (8) and (9)
and they satisfy the same conditions as in Ref. 4. The posi- shows that the slowest possible decay at low temperatures is
tive charge q is defined later from optimization condition and power-law like, which in principle does not exclude the pos-
constants ,5 and L exist depending on parameters of the sys- sibility of a Kosterlitz-Thouless-like phase transition in 2D
tem and lattice dimensionality, so when for arbitrary u and v spin glass. 7 But in contrast to Ref. 7, the critical exponent
with iu-vi<L, k,,- _olj--q .6  f(T) in (8) at low temperatures is proportional to T. 2/3 This

Correspondingly, for the XY spin glass model, the gen- means that in random lattices transverse magnetization of the
eralized susceptibility is defined by correlation function decays faster than in regular spin

lattices.4' 5 The indication about Ktsterlitz-Thouless-like be-1
X= lim - [(SS- +S-S+)].,, when N--, havior can also be obtained from the comparison of changing

T wcharacters for correlation functions under the temperature for
(6) upper bound correlation length of our system with those

known for the classical KY model. Indeed, in both cases we
and interesting two-p, nt correlation function must be aver- have similar logarithmic behavior for correlation lengths at

aged Gaussamteration J th , sing otainequalitiesafte high temperatures. The correlation length, which is a powera Gaussian integration with (2), we obtain the upper bound function at low temperatures and becomes logarithmic at
for correlation function for 2D random spin glass system: high temperatures, apparently reflects a nonmonotonic varia-

[(S (R)S (O) +/h.C.)2]j tion of the thermodynamic state with the temperature.
On the other hand, from Eq. (8) one can obtain that in

_<D exp 4 In R+4T-2E o~Utcosh( p_ p,_l- 1]2 the zero field the upper bound for susceptibility diverges at
,Vs 1 low temperatures, when the corresponding critical exponent

becomes less then 2. Such a behavior indicates the possibil-
(7) ity of a certain phase transition similar to the Kosterlitz-

Using the properties of the parameters ,O,, and 4p,, we get a Thouless-type, even in the random two-dimensional spin
restriction on the expression a=cosh(qp- p,)- I and obtain system at nonzero temperature.
the final upper bound relation for 2D spin glass correlation Corresponding investigations in the ID case from Eq.
function, when N-- and oR - q ln R/2 rJ: (10) show that the upper bound decays exponentially with
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the distance, in spite of the fact that the high temperature Thus, the method developed for finding upper bounds
behavior remains as in the 2D case with large spin. The gives results sharpening the Mermin-Wagner theorem for
obtained upper bounds do not exclude the possibility of some regular lattices as well as for a random system with long-
kind of long range ordering for a two dimensional random range interactions.
spin system at zero temperature. Corresponding lower bound One of us (A.N.K.) acknowledges support of the Union
relations until now have been obtained only for the regular College Fund for Former Soviet/Eastern European Scholars
Heiseberg-Ising-like 2D systems in the ground state.8 It is establislhed by an anonymous doctor.
believed that vector Heisenberg spin glasses with n=3 do
not have an equilibrium phase transition in the 3D case, but
that the observed experimental transitions result from small
anisitropicity, which causes a crossover to an Ising-like tran- 2 D. Sherrington and S. Kirpatrick, Phys. Rev. Lett. 35, 1972 (1975).

sition. The approach suggested hee is applicable for both 3
J. R. L. de Almeida and D. J. Thouless, J. Phys. A 11, 983 (1978).

randomness and long-range interaction simultaneously and 4T Koma and H. Tasaki, Phys Rev. Lett. 68, 3247 (1992).

can be used for investigations of critical behavior in the pres- 5 A Kocharian and A. Sogomonian, Physica C 194-196, 445 (1994)6A. McBryan and T. Spencer, Commun. Math. Phys 53, 299 (1977).
ence of the magnetic field for a large class of random spin 7j. M. Koster!itz and D. J. Thouless, J. Phys. C 6, 1181 (1973)

quantum systems, which are invariant under the global rota- 8T Kennedy, E. H Lieb, and B. Snram Shastry, Phys. Rev Lett 61, 2583

tion around the z axis. (1988).
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Relaxation and spin correlations in 119Sn-doped a-Fe9 oSclo
D. Wiarda and D. H. Ryan
Centre for the Physics of Materials and the Department of Physics, McGill University, Rutherford Building,
3600 University Street, Montreal, Quebec, Canada H3A 2T8

Combined 119Sn and 57Fe M6ssbauer measurements have been made on 3 Sn-doned sample of
a-Fe-Sc both around Tsg (117±2 K) to examine the onset of order, and at 12 K to investigate spin
correlations. The different time scales probed by the Sn and Fe M6ssbauer transitions allow us to
confirm that cluster relaxation effects do not contribute to the ordering at Tsg, while the large
transferred hyperfine field (Bhf) at the Sn sites, in an alloy known to exhibit isotropic spin freezing,
is inconsistent with the simple view of the transferred field arising as a vector sum over the
nearest-neighbor moments.

1. INTRODUCTION appropriate quantity of Fe (99.98%), and melted several

Amorphous iron-rich Fe-Sc alloys are unique among the times to ensure homogeneity. Melt spinning was done under

iron-rich early transition metal-iron glasses, in that they do a helium atmosphere onto a copper wheel, and yielded rib-

not exhibit a strong dependence of the magnetic ordering bons 1 mm wide and 10 ttm thick. The amorphous

temperature on composition In contrast to a-FexZrloo x  structure of the sample was verified by x-ray diffraction and

where the ordering temperature drops from 260 K at x= 88 room-temperature M6ssbauer spectroscopy. Differential
to 160 K at x=93, 2 the ordering temperature in scanning calorimetry showed that the crystallization tem-a-F S'io0_ is essentially constant at 105 K in the range perature for this material was 810 K, close to the value of89 <x 91 accessible by melt spinning. 3 Examination of the 822 K reported for a-Fe9 oScio,3 confirming that the addition

scaling behavior of the susceptibility around Tsg indicates of 1% Sn does not significantly affect the glass. The amor-
that the material is a borderline spin glass, just sufficiently phous ribbons were mounted on tape in order to make a
frustrated to destroy the ferromagnetic order,4 a result that is M6ssbauer absorber. A single thickness was used for the 57Fe

confirmed by in-field M6ssbauer mcasuremen, 5 which show spectra while six layers were used for the '1 9Sn measure-

that the system directly enters a noncollinear state at .sg, and ments. The Mossbauer spectra were taken using a conven-
does not pass through the intermediate ferromagnetic phase tional constant acceleration spectrometer with a 57CoRh
seen in less frustrated materials More recent magnetization 119Sn spectra. The temprature was va ri ed by means of a
measurements have demonstrated that the system does not
exhibit a spontaneous moment at any temperature. 6 An alter- vibration-isolated closed-cycle He cryostat.

native view of the ordering proposes the existence of super- The 57Fe spectra were fitted using two Gaussian distri-butions to describe the hyperfine field distribution. For the
paramagnetic clusters, which block in random orientations at b19Sn scr the Gausin distribution wi th e

Tsg 7 This seems extremely unlikely in view of the close Sn spectra a single Gaussian distribution with different

agreement between Xac4'8 and M6 sbauer3 determinations of widths on the low- and high-field side of the peak field was

the ordering temperature, measurements with vastly different used. As the sample is an amorphous ribbon, the relative
characteristic time scales 5  intensity of lines 2 and 5 cannot be fixed a priori to its

We present here a combired 57Fe and 119Sn M6ssbauer powder average value. Therefore it was fitted in the 57Fe
spectra and then set to 2 (the value found in the fits to thestudy of a 11gsn-doped a-Fe-Se alloy. The two M6ssbauer 57 Fe spectra) for the l"')Sn spectra. A linear correlation be-

measurements are made in the same way, and on the same F e s er for the per ine relat be-
equipment, thus eliminating instrumental and calibration dif- tn te iome shift a y erine fiewaa.
ferences; however, the lifetime of the 119Sn excited state is a in order to fit the slight asymmetry in the spectra.
factor of 5.5 times shorter than that of 57Fe, so that the two
measurements probe very different time scales, allowing us
to examine the possible role that cluster freezing may play in Ill. RESULTS AND DISCUSSION
the ordering at Tsg. Furthermore, as Sn has no local moment,
the transferred hyperfine field at the 119Sn nuclei contains A conventional method for determining iiagnetic order-
information about the magnetic correlations among the ing temperatures is to record the transmitted intensity ofneighboring Fe moments. Mossbauer radiation at zero velocity as a function of tem-perature. As the spectrum broadens at Tsg, the peak absorp-

tion falls, and the zero-velocity count rate increases. The data11. EXPERIMENTAL METHODS for the 57Fe thermal scan are shown in Fig. 1. Tsg is identified

Ingots for melt spinning were prepared in an arc furnace with the marked change in slope at 119±1 K. The procedure
under titanium-gettered argon. The Sc (99.9%) was first pre- has to be modified for 1 "Sn as the isomer shift displaces the
melted and then alloyed with the "l9Sn. Enriched l"9Sn (iso- peak absorption above Ts to + 1.8 mm/s relative to the
topic purity 82.9%) was used in order to get - 8 mg '19Sn source at rest. The spectrometer is therefore run at a constant
per 1 g sample weight and ensure a convenient absorption in velocity chosen to maximize the absorption at room tempera-
the 119Sn spectra. The Sc-Sn alloy was then added to an ture, and the observed drift in count rate on cooling above
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FIG. 1. Mossbauer thermal scans for a-Fe90Sc9Sn I at zero velocity for 57Fe
(0) and at - 1.8 mm/s for 119Sn (0), showing the discontinuity at T7. I
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Tsg seen in Fig. 1, is due to the spectrum center moving as a Velocity (mm/3]

result of the second-order Doppler shift. A clear break in
slope is observed at 114±2 K. FIG. 2 Mossbauer spectra measured at 12 K a-FcgScgSn for 57FC (top) and

Given that '19Sn samples on a shorter time scale than 119Sn (bottom).

Fe, we would expect the Sn data to give a significantly
higher ordering temperature if blocking of superparamag-
netic clusters were the origin of the magnetic order. Such field: 5.1 ± 0.2 T. If the local magnetic order were essen-
clusters would appear frozen at higher temperatures when tially isotropic, as would be expected in a spin glass, the
observed at higher frequencies. However, the two M6ssbauer contributions from the neighboring Fe moments would be
measurements yield the same ordering temperature within random and therefore largely cancel at a Sn site. Such a
error (it is interesting to note that the Sn value is actually situation would then yield a small ratio between the observed
slightly lower, rather than significantly higher). Assuming transferred Sn field and the Fe field (assumed proportional to
that Tsg does reflect a blocking of superparamagnetic clus- the Fe moments). The value obtained here is 0.22±0.01,
ters, we can calculate the energy barrier for magnetization essentially the same as that found in the less frustrated
reversal 9 and thus the change in blocking temperature oil a-Fe92Zr7Sr I (Ref. 10) and the almost ferromagnetic
going from 57Fe to "9 sn. This calculation indicates that the a-Fe9o_NixZr9Sn 1.11 Assuming that the transferred field at
" 9Sn transition would be at - 15 0 K if such a model were the l"9Sn results from a vector sum over the moments on the
appropriate, rather than 114 K as observed. We can therefore Fe nearest neighbors, and that the coordination number in the
rule out relaxation effects or cluster blocking as contributing glass is - 12, then going from fully collinear to isotropic
to the ordering of a-Fe-Sc. order should lead to a factor of 4 drop in the Sn/Fe hyperfine

Unlike earlier work on Sn-doped a-Fe-Zr which showed field ratio, a prediction that is completely inconsistent with
no effect of the Sn additions :n the mag .. : ,.dering our observations. Similar measurements on Mn-containing
temperature, 10 the Sn-doped sample does ehibit a slightly spin glasses12, 13 have also reported large transferred fields,
higher ordering temperature than that of earlier materials; leading to the rather unlikely speculation that the spin glass
however, we do not believe that the - 14 K increase reflects is dominated by significant ferromagnetic short-ranged
a significant modification of the magnetic structure. The correlations.' 3 Since it is highly unlikely that the addition of
most convenient way to modify the magnetic properties of 1 at % Sn makes the a-Fe-Sc alloy essentially ferromagnetic,
a-Fe-Sc is to add hydrogen. This leads to profound changes without increasing either T, or the lion moment, we are
in both T, (rises to -310 K) and the iron moment (increases forced to conclude that even in an isotropiclly ordered ma-
to - 2 .2 /uB, the average hyperfine field rises to 31.3 T),3 but terial (i.e., a spin glass), the "t9sn nuclei measure the mag-
the material st.ll lacks the critical behavior characteristic of a nitude of the average iron moment, rather than the vector
ferromagnet. 4 Therefore it seems reasonable to conclude that sum of the randomly oriented neighboring moments.
if a 200 K increase in T, leaves the system still in a strongly
spin-glass like state, a 14 K increase will have negligible 1D H Ryan, in Recent Progress in Random Magnets, edited by D. H. Ryan

effects on the magnetic structure. (World Scient'fic, Singapore, 1992).

The M6ssbauer spectra obtained at 12 K for the two 2 D H Ryan, J. M. D. Coey, E Batalla, Z. Altouian, and J. 0. Strcm-Olsen,
Phys ev. B 35, 8630 (1987)transitions are shown in Fig. 2. Both are clearly magnetically 3D. H. Ryan, J. 0. Stromn-Olsen, W. B. Muir. J. M Cadogan, and J. M. D.

split, reflecting the ordering of the iron moments. The fit to Coey, Phys. Rev. B 40, 11208 (1989).

the 57Fe spectrum yields an average hyperfine field of 22.8 T, 4H. Ma, Z. Wang, H P. Kunkel, G. Williams, D. H. Ryan, and J 0

indistinguishable from previous values obtained on Sn-free Strom-Olsen, J. Magn. Magn. Mater. 104-7, 89 (1992).
materials, 3'5 and further reinforcing the view that the addition 5 Hong Ren and D H. Ryan, J. Appl. Phys. 73, 5494 (1993)6 Hong Ren and D H. Rian (unpublished).

of Sn has not significantly affected the magnetic ordering. 7M. Ghafari, R K Day, J. B. Dunlop, and A. C McGrath, J M'ign. Magn.

Curiously, the 19sn spectrum also yields a large average Mater 104-7, 1668 (1992).
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I 8R. K. Day, J. B. Dunlop, C. P. Foley, M. Ghafari, and H. Pask, Solid State "D. Wiarda and D. F. Ryan (these proceedings).
Comniun 56, 843 (1935). 12B. Window, J. Phys C 2, 2380 (1969).

9D. H. Jones, Hyp. Int. 47, 289 (1989). 'V. Drago. E. Baggio-Saitovitch, and M. M. Abd.Eimeguid, Hyp. Int. 51,
10 H-ong Ren and P. H. Ryan, Phys. Rev. B 47, 7919 (1993). 1061 (1989).
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t Field-dependent susceptibility aging in CuMn spin glasses
P. W. Fen-more and M. B. Weissman
Department of Physics, University of Illinois at Urbana-Champaign, J110 West Green Street, Urbana,
Illinois 61801-3080

A "hole" is found to develop in the dc field-dependent ac susceptibility of CuMn spin glasses when
the material is cooled or aged in a field. Comparisons are made with analogous experiments on
structural glasses at low temperature. The hole is not compatible with independent two-level
systemr,. The significance of the width (in H) of this hole is discussed.

Recent work on aging of the ac dielectric susceptibility cooling field is used to make sure that the effects of equili-
e( f) in several dissimilar insulating glasses fuund that a brating at a particular field are not confused with any special
"hole" can form in e( f) versus applied dc electric field E properties of H =0. The fields used were always small
when the dielectric is aged in an electric field at low tem- enough to stay the strongly irreversible spin-glass regime at
peratures for times in the range 1031-05 s) The detailed time the measurement temperature.5 The sample is then aged at
and frequency dependence of this hole has been shown to be that field for about 5000 s. The field is then changed to a new
inconsistent with a model consisting of a simple superposi- (second) field for a few minutes. during which time the ini-
tion of quantum two-level systems (TLS).2 The most plau- tial values of X' (3 Hz) and V' (3 Hz) are measured. The
sible source of such aging effects lies in multistate relax- applied field is then cbnged back to its initial value and the
ations, such as those responsible for the well-known (but not sample is allowed to age before the next measurement is
well understood) large aging effects in spin glasses. 3 In this performed. By repeating this H-cycling procedure, all at

paper we describe experiments, analogous to the dielectric fixed T, we make a map of initial X vs H. Since, empirically,
experiments, on the time and magnetic field dependence of this map does not depend substantially on the order in which
the magnetic susceptibility, X( f)=x'( f) + i'( f), in metal- we cycle to the measurement fields, long-term acstortion of
lic spin glasses. the curve caused by the field history at the measuring tem-

Spin glasses are good candidates for these experiments perature does not seem to be a problem.
for several reasons. (i) Previous work has clearly established All three of these spin glasses show a substantial hole in
that there are large aging effects below the spin-glass X( f,H) versus magnetic field (H) (see F'g. 1). To a first
temperature.3 (ii) In metallic spin glasses there is almost cer- approximation, the center of the hole is simply shifted by
tainly a continuous phase transition at the spin-glass freezing cooling in different fields. The hole in X( f,H) for these SGs
temperature TG ,4 which provides a well-defined energy scale is short lived, compared with the lifetime of the hole in
for interactions in spin glasses. Since the low-temperature e( f,E) of structural glasses (except Si0 2).1 (Be,ause of this
excitations of the structural glasses do not have a known effect slow scans of the applied field are not feasible.)
phase transition, an appropriate energy scale for interactions The hole depth for A" is -30% of the initial value of X"
in glasses is unclear. (iii) Spin-glass experiments may be and for X' it is --3% of the initial value. These numbers
conducted in the classical (high-temperature) regime. Dielec- contrast with the structural glasses where the hole depth in c'
tric aging has been studied in the tunneling regime and corn- is only -0.1%. Monitoring A, allows us to se',arate slow,
parison with spin glasses should shed light on the importance relaxational spin dynamics from fast spin dynamics (e.g.,
of quantum mechanical effects. spin dynamics near the attempt rate) that contribute to X'.

We have examined CuMn with 4 at. % Mn and 12 at. % This is important because there is no guarantee that the
Mn and CuMnAu with 4 at. % Mn and I at. % Au. We have
also measured a CuSiMn (4.2 at. % Si, 0.3 at. % Mn) sample
as a control. The spin-glass temperature of the control 2.5 10-6

sample is lower than the temperature range in which we took
data (TG<5 K). The 4% samples are cylindrical and have . 2 10-6

two overlapping cuts along their length to reduce the contri- S

bution to X" from eddy currents.5 The 12% sample is a small 1.5 0 6 o CuMn 4% *

segment of an annulus about 2 cm in radius. The overall E ! CuMnA ***

dimensions of this sample are comparable to the 4% Q; I 106

samples. The control sample is a '-1-cm-long section of the -7
body of a silicon-bronze screw. All the samples have masses a .8 U m • .K -

near 1 g. The measurements were made in a 1 T commercial
(Quantum Design) ac susceptometer. The measurements 0 .. 5' 0' Soo 1000 . . . .

were made at 3 Hz, about the highest frequency (allowing FIL0D (0e)
fastest data collection) for which the eddy curient back-
ground could be accurately subtracted.

The spin glass is initially field cooled (usually at 300 Oe) riG. 1 The hole in " vs field for three different spin glasses at 0.5T, The

from - 2 TG to a working temperature below T(;. A non-zero measurements were made at 3 liz
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FIG. 2. The hole in A" vs field for four temperatures in CuMn 4 at. % Mn. FIG. 3. Time dependence of tho relaxation of V' in CuMn 4 at. % Mn at 10
The data were taken at 3 Hz. K. The data were taken at 3 Hz.

"fast" spin dynamics have the same aging properties as A" on return to +H 1. Nonetheless, at long times the third
those near 1 Hz. aging (at +H1 ) is intermediate to the first and second, indi-

The width of the hole in A" is -300 Oe at 10 K and is cating that some small part of the +H 1 hole survives to long
slightly narrower at higher temperatures (see Fig. 2). The times at -H,.
weak T dependence of this width, from 0.3 to 0.7TG, con- In contrast, the aging of X' at +H1 is not mostly re-
trasts with the strong temperature dependence of the E( f,E) star:ed by brief excursions to -H, (see Fig. 4). For times
hole between 50 and 500 inK.' shorter than about 1000 s at -HI, the initial X' on return to

For sufficiently large AH (-300 Oe), the increase in X +H1 , is still lower than any value of X' recorded at -H . We
saturates, indicating that nearly all the spin configurations assume that this behavior indicates that the ver, -,: relax-
whose fluctuations give A" (3 Hz) are sufficiently changed by ations which contribute substantially to X' age in a very dif-
fields of -300 Oe to cease to contribute to x" (3 Hz). That is, ferent way than the clusters responsible for x".
by changing H by 300 Oe, one sees a different set of fluc- In conclusion, conventional spin glasses in a classical
tuator,, ones which have not had a chance to relax to the temperature regime show field-dependent aging effects simi-
smaller values of A' (3 Hz). Further change of H simply lar to those of structural glasses in the quantum regime. The
gives a different set of new fluctuators, whkh are still not spin-glass susceptibility holes, however, are deeper than
aged. those of the structural glasses, and generally show more

One expects that H has little effect on th- dynamics of rapid relaxation. Our results strongly reinforce the theoretical
active spin clusters until /uAH becomes greater than k. T, conclusion2 that the main explanation of dielectric aging will
where 1A is the net magnetic moment of the rearranging spin be found in multisite cooperative effects, such as are known
cluster. (When, however, tAl>kBT, a new set of fluctuat- to be present in spin glasses, rather than in the simple TLS
ing objects will be responsible for )".) Since the net moment picture.
of a spin cluster in a spin-glass scales as the square root of Several prior pieces of evidence strongly support this
the number of spins, and since a Mn ion in Cu has a moment view. The decay in E'( f) is very strongly dependent on f.
about 2/u1 , the characteristic number of spins involved in the Thus the frequency dependence of E' strongly ages. Since,
clusters as H is changed is about 105 at 10 K. This number of
spins is fairly constant in the samt'es ve have examined.
However, the relations among this nut {ei, the number of 6.42 10" -- ,- .... ,,......

spins involved in individual coherent t'! .rmal flips at fixed6 - first aging
H,6 and the nui,,ber of spins which a, within a volume . 6.4 10-s second aging

throughout which such coherent groups interact are not yet 0 third aging

clear to us. = 6.38 10 1
If instead of briefly visiting other fields and building up

a map of initial, unagd X vs H, we fidld cool in +H 1 , age . 6.36 10" 7
the sample, change to -H, and allow the sample to age -' ,
further, we can see the long time behavior of the hole. The 6.34 10' 5  1
relaxations are roughly logarithmic in time (Fig. 3). Observ- 6
ing this second relaxation (and also a thid relaxation, this 3400 3500 3600 3700 3800 3900 4000

time back at +H 1) allows us to compare the field-cooled TIME (sec
behavior with field-jump behavior.

For equal aging times the second aging does not reach as FIG. 4. x' , time for CuMn 4 at % Mn at 10 K The data point at early

low a A" value as the first. Even a brief excursion from the times is in tic firht part of the aging. Note that X' drops between the second

field cooled +H 1 to -H mostly resets the (third) aging of and third aging fields. The data were taken at 3 Hz.
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by Kramers-Kronig, the frequency dependence of E' is es- In the mesoscopic noise experiments on amorphous met-
sentially d', d' must also show very stro'g aging effects (as als, a whole new set of fluctuating objects could be obtained
does Y' in spin glasses). At frequencies much less than the by thermal cycling to -50 K and back,7 just as a whole new
attempt rate, it is very unlikely that A' or e' comes from fluctuation pattern can be obtained by cycling a mesoscopic
anything other than relaxational effects (i.e., tunneling pro- spin glass to TG .6 If the analogy between interacting TLS in
cesses at low temperature and activated processes at higher amorphous materials and interacting spins in spin glasses
temperatures). Since a simple noninteracting two-state sys- turns out to be meaningful, then the -100 mK temperature
tem with a characteristic rate comparable to the measurement scale of the dielectric hole measurements probably corre-
frequency does not have some other longer time associated sponds to a similar low temperature in the spin-glass experi-
with it, it cannot produce a slowly aging A" or e'. ments. It will be interesting to investigate whether the quan-

It is known from fluctuation experiments in mesoscopic titative differences between the aging in the two types of
samples of metallic glasses that their low-temperature struc- systems are primarily the result of this different experimental
tural fluctuations (in both the tunneling and activated re- temperature scale or of some more fundamental factor, such
gimes) are not strictly two-state systems. 7 Interactions lead to as the strength of the interactions versus the local energy
slow fluctuations in the characteristic rate and duty cycle of asymmetries. At any rate, the quantum mechanical nature of
the individual (configurational) fluctuations. These fluctua- the TLS does not seem to be an essential aspect of the aging.
tions are probably the equilibrium analog of the dielectric This work was supported by NSF DMR-93-05763, using
aging. Since the detailed properties of the fluctuators vary facilities of the MRL (NSF DMR-89-20538). We thank
over long times, one expects long time relaxations into con- M. B. Salamon and L. J. P. Ketelson for two of the samples.
figurations with minimal free energy. Unless some unex-
pected symmetry precludes average differences in suscepti-
bility between the high free-energy configurations and the s. Roe, D. . Salvino, B. Tigner, and D. D. Osheroff, Physica B 194-196, 407 (1994).
minimum, the susceptibilities will slowly relax. The sign of 2H. M. Carruzzo, E. R. Grannan, and C. C. Yu (unpublished).

the relaxation (toward lower susceptibilities) is consistent 3M. Lederman, R. Orbach, J. Hammann, M Ocio, and E. Vincent, Phys.

with a simple correlation: the barrier heights seen from a low Rev. B 44, 7403 (1991).
tend to be higher than those seen 4 

K. H. Fischer and J. A. Hertz, Spin Glasses (Cambridge University Press,
Cambridge, 1991).

from a high free-energy configuration, as would be expected SL. J. P. Ketelsen and M. B. Salamon, Phys. Rev. B 33, 3610 (1986).

if energies of the transition state; did not differ from each 6 M. B. Weissman, Rev. Mod. Phys. 65, 829 (1993); N. E. Israeloff, G. B.

other. It is probably no coincidence that similar mesoscopic Alers, and M. B. Weissman, Phys Rev. B 44,12613 (1991); M. B. Weiss-

experiments on CuMn show extremely strong interactions, to man, N. E. Israeloff, and G. B. Alers, J Magn. Magn Mater 114, 87
(1992).

the point that nothing like two-state systems exists,6 and that 7G. A. Garfunkel, G. B. Alers, and M. B Weissman, Phys. Rev. B 41, 4901
CuMn shows much stronger aging effects. 3  (1990).
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Quantum tunneling in magnetic particles (invited) (abstract)
D. P. DiVincenzo
IBM Research Division, T J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598

Recent advances both in materials preparation techniques for ultrafine magnetic particles, and in
low-temperature magnetometry, have made possible the observation of a new kind of collective
quantum-mechanical phenomenon. In our studies1 of horse-spleen ferritin particles (naturally
occurring 75 A iron-oxide crystallites), a resonance in the magnetic susceptibility is observed at low
temperature (<200 inK) and exceedingly low ambient magnetic fields (of order 10- 3 Gauss and
below). I will discuss the accumulation of evidence which indicates that this resonance arises from
the quantuns ,unneling of the magnetization between the ferritin particles's two easy-axis states. This
involves a unique collective effect: the orientation of the thousands of spins in the particle flip over
as a unit, passing through an energy barrier. I will discuss various new theoretical results which have
been stimulated by these recent experiments. For example, quantum mechanics predicts that the
tunneling behavior is radically different for particles with even and odd number of iron atoms,2 -in
particular, tunneling is predicted to be forbidden in the odd case. Finally, I will discuss the
possibilities for quantum effects in a new class of nanoscopic Fe particles, produced by a novel STM
deposition technique by A. Kent. It is clear that new materials preparation techniques will continue
to provide novel testing grounds for quantum theory.

Work done in collaboration with D. D Awschalom, J. F. Smyth, G. Grin-
stein, D. Loss, and E. Chudnovsky.

1D. D. Awschalom, J. F. Smyth, G. Grinstein, D. P. DiVincenzo, and D.
Loss, Phys. Rev. Lett. 68, 3092 (1992); 71, 4276(E) (1993)

2 D Loss, D. P DiVincenzo, and G. Grinstein, Phys. Rev. Lett. 69, 3232
(1992).

J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94176(10)/619b, ',$6.00 © 1994 American Institute of Physics 6195



Remanent magnetization of AgMn spin glasses (abstract)
Emily Engle and E. Dan Dahlberg
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455

Plots of the dc demagnetization remanence, Id, versus the isothermal remanent magnetization, I,
have been used to determine the presence of interactions in concentrated magnetic systems.' In
terms of interacting entities within the system, the standard interpretation of these plots is that
positive (negative) curvature indicates the presence of demagnetizing (magnetizing) interactions
between the magnetic entities.2' 3 We will report the first such analysis made on a spin glass (the
archetypal spin glass syst, AgMn, with three M concentrations). As prescribed, Id and Ir were
normalized and plottoU ,gainst each other. All of the plots of zero-field quenched specimens have
positive curvature, indicating the presence of demagnetizing interactions. In these measurements the
sample shape dependent demagnetizing field was not a factor because the magnetizing field was
applied parallel to the long axis of the foils (0.50 in. X 0.15 in. X-0.005 in.). These results are
consistent with a recent model for slow relaxation 4 wherein interactions, not disorder, determine the
quasilogarithmic time dependence of relaxation processes in these systems.

This work is supported by the Air Force Office of Scientific Research, Grant
No. AF/FA9620-92-J-0185

10 Henkel, Phys. Status Solidi 7, 919 (1964).
2 E. P Wohlfarth, J. Appl. Phys. 29, 595 k1958).
3 M. Fearon, R. W. Chantrell, and E. P. Wohlfarth, J Magn. Mater. 86, 197

(1990).4 D. K. Loths, R. M. White, and E. D. Dahlberg, Phys Rev. Lett. 67, 362
(1991).
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I~1Calculated field cooled and zero field cooled magnetizations
of the three-dimensional Ising spin glass using Monte Carlo
hard-spin mean-field theory (abstract)

Edwin A. Ames and Susan R. McKay
Department of Physics and Astronomy, University of Maine, Orono, Maine 04469-5709

We have studied the _J Ising spin glass in a uniform magnetic field by using Monte Carlo hard-spin
mean-field theory,1 implemented on a 24X24X24 lattice with periodic boundary conditions. This
method modifies the conventional mean-field approach to retain frustration by placing a spin of unit
magnitude at each nearest neighbor. Each spin's direction is chosen using the hard spin condition,
which preserves the site's average magnetization. The method yields an average magnetization at
each site and permits the exploration of stable and metastable states within the spin-glass phase and
their overlaps. By direct calculation of the free energy of each final state, stability and metastability
can be distinguished. The resulting average magnetizations display realistic history dependence. For
example, the calculated field cooled magnetization remains roughly constant below the freezing
temperature, Tg, whereas the zero field cooled magnetization rises to a cusp as temperature is
increased below Tg, as is observed experimentally. Aging phenomena are also reproduced within
this method, since varying the number of Monte Carlo steps at each temperature and field
corresponds to altering the waiting time.

R. R. Netz and A. N. Berker, Phys. Rev. Lett. 66, 377 (1991); J. Appl.
Phys. 70, 6074 (1991).
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Giant magneto-impedance and magneto-inductive effects in amorphous
alloys (invited)

L. V. Panina, K. Mohri, K. Bushida,a) and M. Noda
Department of Electrical Engineering, Nagoya University, Nagoya 464, Japan

Recent experiments have discovered giant and sensitive magneto-impedance and magneto-inductive
effects in FeCoSiB amorphous wires. These effects include a sensitive change in an ac wire voltage
with the application of a small dc longitudinal magnetic field. At low frequencies (1-10 kHz) the
inductive voltage drops by 50% for a field of 2 Oe (25%/Oe) reflecting a strong field dependence of
the circumferential permeability. At higher frequencies (0.1-10 MHz) when the skin effect is
essential, the amplitude of the total wire voltage decreases by 40%-60% for field. of 3-10 Oe
(about 10%/Oe). These effects exhibit no hysteresis for the variation of an applied field and can be
obtained even in wires of 1 mm length and a few micrometer diameter. These characteristics are
very useful to constitute a highly sensitive microsensor head to detect local fields of the order of
10 -5Oe. In this paper, we review recently obtained experimental results on magneto-inductive and
magneto-impedance effects and present a detailed discussion for their mechanism, developing a
general approach in terms of ac complex impedance in a magnetic conductor. In the case of a strong
skin effect the total wire impedance depends on the circumferential permeability through the
penetration depth, resulting in the giant magneto-impedance effect.

I. INTRODUCTION and their analysis on the basis of the ac complex impedance
of a magnetic wire with a domain structure. Some new re-

Recently, much work has '.;een done on giant magnetore- sults for FeCoMoSiB amorphous ribbons are presented as
sistance because of its importance for applications in various well. We demonstrate that both effects have a classical elec-
magnetic sensors and especially in magnetic heads for re- tromagnetic origin and, hence, are not connected with the
cording. The rroblem, however, is not well understood, and conventional magnetoresistance. All the experimental data
experimental results are far from practical applications, as can be explained in terms of a field dependence of imped-
the effect is observed at rather high magnetic fields and suf- ance as a result of the transverse magnetization (with respect
fers strong hysteresis. On the other hand, giant and sensitive to current direction) and the skin effect.6'9-1i In general, large
magneto-inductive (MI) and magneto-impedance (MI) ef- and giant magneto-impedance effects are possible in many
fects have been found in soft magnetic FeCoSiB amorphous other soft magnetic materials of various geometries.
wires' - 6 and ribbons.7,8 These effects include a sensitive Because of the skin effect, an ac current,
change in an ac voltage in these materials with the applica I =I exp( - j wt), tends to be concentrated near the surface
tion of a small dc magnetic field, and are thus an ac analog of of a conductor, changing its impedance Z. The current distri-
giant magnetoresistance. The effects have been reported to bution depends not only on the shape of the conductor and
be the strongest for an amorphous wire of a composition frequency but also on the transverse permeability A. If u is a
Fe4 3 CO68 2Si 1 2 5B 15. In a low frequency range of 1-10 kHz, sensitive function of an external field He, in a high frequency
which is typical of the MI effect, the inductive component of region this dependence reveals itself in the impedance be-
an ac wire voltage decreases by 50% for a longitudinal field havior through the penetration depth, resulting in a sens~tive
of 2-50 e. At higher frequencies (0.1-10 MHz) where the voltage response: V(W,Hex)=Z[(oII(o,Hex)II. At low fre-
skin effect is essential the giant MI effect occurs: the ampli- quencies, when the skin effect is negligible, the first order
tude of the total wire voltage decreases by 40%-60% under term in an expansion of f() in powers of frequency is
the influence of a longitudinal field of 3-10 Oe. No hyster- responsible for the voltage field dependence. This term is
esis has been observed. The giant MI and MI effects can be represented by the internal inductance, which is proportional
observed in wires with a few micrometer diameter and 1 mm to the static transverse permeability. The general approach of
length. These results suggest establishing a new microsized impedance is thus helpful to explain both the low and high
sensitive magnetic head and a sensor head for information frequency field effects on ac voltage.
storage devices. An FeCoSiB amorphous wire .:an be considered as one

In this work we present a comprehensive study of the MI of the most suitable material to observe the magneto-
and MI effects in FeCoSiB amorphous wires including both impedance effects. It has fine soft magnetic properties be-
a brief review of the recently obtained experimental results cause of its nearly zero magnetostriction constant X- - 10- 7.

The negative magnetostriction results in a circumferential
')Unmika Ltd. R & D, Uji 611, Japan. anisotropy and, consequently, a domain stiucture with circu
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.b4 .04 wFIG. 2. Thcoretical dependencies (obtained on the basis of h)steresis loop
calculations, Ref. 9) of the maximal circumferential permeability on a rc-

FIG. 1 Magnetic structure (a) and circular hysteresis loops (b), (c) of duced longitudinal field h=H,,/HK. The anisotropy axis deviations 2Aa

FeCoSiB amorphous wires in the presence of a longitudinal field. are: 1-45, 2-10, 3-20'.

lar domains situated along the wire. The current flowing
through the wire generates an easy axis driving field which An as-cast wire has a diameter of 120 ,Am. Smaller di-
causes a circular magnetization by the domain wall move- ameter wires (down to 30 Am) can be obtained by cold draw-
ment. The external longitudinal field Hex, being a hard axis ing an as-cast one and then tension annealing. During tension
field with respect to the circular magnetization, suppresses annealing a higher circumferential anisotropy is induced. For
the circular flux change. As a result, the circumferential per- a relatively high annealirng tension (>2 kg/mm 2) the circum-
meability having a high value of the order of 104 for H,.=0, ferential magnetization is considered to exist in the entire
decreanes rapidly with the application of the field. This sen- wire However, the effective anisotropy field HK is still very
sitive field dependence of the circumferential permeability, small (- 1 Oe). If the wire is shortened down to 1-3 mm, HK
which maintains till high frequencies at which the skin effect increases due to the demagnetizing effect and is about sev-
is essential (but the domain wall motion is not completely eral Oe. The length effect on the anisotropy is much stronger
damped by eddy currents), is responsible for the magneto- for as-cast wires.
impedance effects in wires. The circumferential anisotropy allows the wire to be

This paper is organized as follows: In Sec. 11 we review Tecrufrnilaiorp lostewr ob
theising eperimorganized asfor l rnes on te siw magnetized by flowing through it a current which cieates athe existing experimental and theoretical results on the static circular easy axis driving field H . The circular magnetiza-

magnetic properties of ...;gative magnetostrictive amorphous

wires since they eventually determine the field dependence tion proceeds mainly by the movement of circular (or ring)

of the impedance. In Sec. III the experimental magneto- domains along the wire, resulting in a sharp hysteresis with

inductive and magneto-impedance characteristics recently the maximum of the differential permeability of the order of

obtained by the present authors are summarized. For corn- 104 for a 1 kHz current (see Fig. 1). Then a sensitive circum-

pari.'n, new (data for FeCoMoSil3 amorphous ribbons are ferential magnetic flux change can be made to occur due to a

presented. In Sec. IV the concept of the magneto-impedance small ac wire current. The magnetic field Hex applied along

effect is put forward. In Sec. V the calculated magneto- the wire axis suppresses the circular magnetization by wall

impedance characteristics for wires are presented, and the movement, since Hex is a hard axis field with respect to the
analysis of the experimental results is given, showing a rea- circumferential anisotropy. As Hex is increased and the rota-
sonable agreement. tional portion of the remagnetization grows, there is a

gradual transition from almost a square loop to a linear
one 1- 3 as can be seen in Fig. 1. This process is accompanied

II. STATIC MAGNETIC PROPERTIES OF FeCoSIB by ropid reduction in the circumferential permeability/x¢. In
AMORPHOUS WIRES Ref. 9 the change in hysteresis loops under the influence of

The magnetic structure of amorphous wires made by Hex was considered for a practical case of a nonuniform

rapid quenching process is dominated by stress induced circumferential anisotropy. The result for the maximal differ-
anisotropy.12- 14 In the case of negative magnetostrictive ential permeability as a function of Hex for different aver-

wires (X<0), the stress distribution results in a core and aged anisotropy axis inclinations, Aa, relative to the circular

sheath magnetic structure with magnetization parallel to the direction, is presented in Fig. 2. For s,)me optimum values of

wire axis in the inner core and circular in the outer shel;. fhe Aa, the permeability sensitively decreases with increasing h

corresponding magnetic structure with ring domains spaced for h =HCXIHK< 1. For higher fields (h > 1) corresponding
along the wire is shown in Fig. 1(a). This structure is re- to the longitudinal saturation, the permeability slowly de-
tained even for slightly negative (X = - 10- 7) magnetostric- creases, being consistent with the pure rotational magnetiza-
tive wires of a composition Fe4 3Co68 2Si12 5B15 which are tion. The proper anisotropy can be established by corre-
used in the present investigation without loss of generality. sponding tension annealing. 3
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-12 .8 -4 0 4 8 12 the voltage amptude with Hc, as a parameter for a 124/,mi diameter as-cast

Hex (Oe) wirc and a 30/.pm diameter tension annealed wire (b).

(b)

FIG. 3. Experimental circuit for ideasurement of VL (a), and reduced am-

plitude of that voltage plotted as a function of Hc for as-cast and tension diameter wire (o*/2in" is about 20 and 200 kHz for 120 and
annealed amorphous wires (b) 30 /,m diameters, respectively, at Hex0). Such behavior

shows that the skin effect is of predominant importance. At
IlL XPERMENTL REULTSfrequencies above to*(Hex=0) there is a big difference be-
Ill EXE~iENAL ESUTStween the behaviors of Vo(wO) for Hc= and in the presence

The unique circumferential magnetic proptertes of of the field. As a result, for a given frequency above this

FeCoSiB amorphous wires are attractive for the application critical value the voltage amplitude decreases sensitively

of those wires as a sensitive flux detection element, since the with the application of the field. For example, a drop in

change in the circular magnetization due to an ac wire cur- voltage by 50% can be reached by applying a field of about

rent affects the voltage across the wire ends. In the case of a 10 Ge for a 30 ,um diameter amorphous wire as seen in Fig.

relatively low frequency current, when the skin effect is neg- 5. The cut-off frequency of Hex is 1/10 that of the ac wire

ligible, the change in the circular magnetic flux is considered current.
to generate an additional inductive voltage, 5 VL, which is Figure 6(a) compares the wave forms for a magnetizing

determined by the internal part of the self inductance of a current at 1 MHz and the voltage at zero external field and a

wire, L,=ll,r 2 , where/p~ corresponds to the averaged dif- field of 10 Oe. The wave form of the voltage at zero field

ferential permeability and I is the wire length. The magneto- clearly exhibits a nonlinear behavior, supporting the idea that

inductive effect can be measured by utilizig a resistor at high frequencies the magnetization processes such as do-

bridge circuit as shown in Fig. 3(a). A series of narrow peaks main wall displacement affect the total wire voltage. The

periodically spaced on the time axis then can be observed.t -3  voltage form, however, is not so far from the sinusoidal one

The peak height VLO sharply decreases with the application (especially at higher frequencies), probably because the do-

of a longitudinal magnetic field Hex by 50% at relatively low main walls are already quite damped by eddy currents.

fields of 2-10 Ge as can be seen in Fig. 3(b). The sharp form Therefore the concept of a complex impedance Z =Z' + jZ",

of VL is consistent with the nearly rectangular hysteresis loop as the ratio between the harmonic complex voltage and cur-

for Hex=0. There is also a consistency between the experi-
mental dependencies Vio(14c e) and calculated dependencies
for the maximum permeability t ,p(Hex) shown in Fig. 2. 400 F'e'CSB ... / .... '..

Theoretcal curves 2,3 characterized by a smaller anisotropy I30 , d~a. -..- f t:3l

axis distribution tAa correspond to those seen in the case of 300 a:2kg/em2 /- I 5~

tension annealed wires with a stronger circumferential an- o 1=5= //! -\ z

isotropy. Curve 1 is typical for as-cast wires with much >- 200 1 15mAj2f \,.

broader anisotropy axis distribution.
It was proposed in Refs. S and 6 to utilize a high fre- I00~

quency current for which the total wire voltage is sensitive to H[O~e
the magnetic field. As the frequency is increased above some 0 0 .... II.. .,__,,,.

characteristic value co*, the amplitude Vo of the total wire -001

voltage increases as seen in Fig. 4. The value of wo* increases FIG 5. Voltage amphtude as a functin of H,, at various current trequen-

with the application of the field as well as for a smaller ces for 30/,pm diameter tensin annealed wires.
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I , wire axis

k 2d

V~ (11=0 0
0l5O1 FIG. 8. Circular domain model for eddy current distribution calculations.

(a) (b) Here R is the ordinary resistance, and (E,) is the averaged

FIG. 6. Wave forms of current and voltage at different fields in (a) and electric field due to change in the circular magnetization
frequencies in (b). caused by H= 2Ir.ca 2.

j o to 2r' dr'
rent, can be employed to describe the observed effects at E,(r) -c Ir - ay-- t,(r'), r<-a, (2)
higher frequencies. Thus, the decrease in the wire voltage by
applying the longitudinal field means the corresponding where a is the wire radius, A. has to be defined as a differ-
change in Z. In this sense the effect was named as a ential permeability tj=dBIdH,. Averaging Eq. (2) over
rnigneto-impedance effect. the wire cross section allows us to represent Eq. (1) in a

A giant MI effect can be found in various soft magnetic standard form V=Z(co)I using the wire impedance
materials. However, in the case of a longitudinal (along the f r
current and field direction) magnetic structure the MI effect Z=R-J(°Ic2 )L, L,=21( op"r' dr'/a2" (3)
is less sensitive and observed for higher fields, as in the case d

of FeCoSiB amorphous ribbons.8 We measured the MI effect It follows from Eq. (3) that at a low frequency the field
in ribbons of a composition Fe 4Co6 7Mo2 Si 5 Bl0 as shown in dependence of the impedance s attributed to its inductive
Fig. 7. The voltage drop by 15%-20% is observed for fields dpnec fteipdne~ trbtdt t nutvof 20-30 Oe. term which is proportional to thu differential circumferential

permeability.

IV. IMPEDANCE OF A MAGNETIC WIRE
B. High frequency case

In this section we consider the field dependence of the
complex impedance of a magnetic conductor. All the results
are given for a wire with a circular domain structure since at dence of Z on the field becomes more essential. In the case of

present the main experimental data have been obtained in thin wires with homogeneous magnetization changing ln-

such materials. We employ Gaussian units. early with an ac magnetizing field, the impedance can be
calculated exactly for any frequency, i.e., without neglecting

A. Low frequency case the skin effect: 16

Let us consider a wire in which an ac current Z=-(jw/c2)Le+RkaJo(ka)12J1 (ka),
I=Io exp(-jcot) is flowing. The current generates a circular (4)
magnetic field H~p which magnetizes the wire in the circular k=(1 +j)/5m, 8m= c/ 2iwootz,
direction. This circular magnetization affects the voltage where Le= 21 ln(l/a) is the external part of the self induc-
across the wire ends. At low frequencies, when the skin ef- tance of the wire, (m is the penetration depth in a magnetic
fect is negligible, it is simply written as media with the linear permeability P,,, o- is the conductivity,

V=RI+ (E,)l. (1) and J0 , J, are Bessel functions. In the case of a strong skin
effect a/Sm>1, the high frequency expansion of Eq. (4)
gives

Fe4Co .Mo2Si B (. r.o . 1. Z=R(a/28m )-jw [Le+L,(2m /a)]1c2 . (5)

thickness 10,m ( It follows from Eq.,(5) that at high frequencies (but Le can
,200 - f = 6Mlz - be still neglected) ZOc(to P)t I2 since the penetration depth

. [- in msgnetic materials depends on permeability as
t3,n &/iL/2 [(5=c/(27rwoo)t / 2 is a nonmagnetic penetration
depth] and the internal inductance is proportional to A,.
Thus, in the high frcquency region, when the skin effect can

1not be ignored, the total impedance of a magnetic wire is
[I [0e] proportional to the root of the circumferential permeability.

-20 -10 0 10 20 This simple consideration already gives the idea of the
MI effect and is helpful for the understanding of the experi-

FIG 7 Magneto-impedance effect in Fe4Co5 7Mo2 S 1 5 B 0 amorphous rib- mental data described in Sec. III. However, for a quantitative
bons of 10 Am thickness. comparison we have to consider the dynamic character of the
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. where wrl is a characteristic relaxation frequency, X, are
such that J,(X,) = 0. The series in Eq. (7) is rapidly converg-

0. 4 ing and is equal to 0.053 for d> a/3.8. From Eqs. (6) and

2 0608(7) it follows thtat if the initial permeability I.L, is a function
of the magnetic field, the parameter 4, will also sensitively
depend on the field while to<ol. In the limit to>w, the
effective permeability tends to be it,,=jc2/(0.97radw) and

0 (a) 0 004 0 008 W= (a/) 2 is independent of pz, and, hence, of the field.

It should be noted that the eddy current losses in the case
h= .8 under consideration prove to be about 3 times lower than that

.0.4 h.8 for a bar domain structure. 20 Due to this the permeability
maintains its low frequency value till higher frequencies and

71the condition * = c2 /2a 2 o.< (O<rel is easier satisfied,
in the case of a wire with circular domains.

(b) 0 o0 0 008 w=(a/6)2 V. MAGNETO-IMPEDANCE CHARACTERISTICS

FIG. 9. Frequency depndence of the impedance [1ZL/R in (a), and AZ/Z To describe quantitatively the magneto-impedance effect
= 1 - 1 z)/Z(0)I ,n (b)] with h=HCXIIJK as a parameter. The calculation negative magnetostrictive amorphous wires we will use
was done' ith the theoretical dependence it(H¢) shown in Fig. 2 by curve expression (4) which is valid for any frequency together with
3, /.,(He,=,)= 104, d/a =1/3, 1/o= 130 4.1cm the frequency dependent magnetic permeability defined by

Eqs. (6) and (7). For the initial permeability entering Eq. (6)
we will use the result of Ref. 9 shown in Fig. 2. We can

magnetization process. In the case of a wire with circular assume that those field dependencies are valid for the linear-

domains, while HX<HK, the main contribution to the circu- ized permeability as well.

lar magnetization arises from the domain wall motio, which First, let us investigate a high frequency (a/m> 1) ex-

generates local eddy currents. In Eq. (4) we ignored these pansions of the impedance, substituting the complex perme-

microscopic currents. However, they are known to result in ability in Eq. (5),

the excess losses 7 and damped domain wall movement. The Z=R(a/2,5)( Rj fl AL)&)Le/c2,

exact calculation of the total current distribution inside the
wire (due to the outer shape and domain wall displacements) A R = ILI + i, i.L, = I Aj - All8

cannot be done analytically. This problem can be considered It follows from Eq. (8) that at high frequencies such that
in the effective medium approximation 9 in which the mi- *< both the resistive and inductive components of
croscopic eddy currents i., are averaged on the domain wall
scale. Then classical expression (4) for the impedance can be depend on the permeability and contribute to the depen-

still used but with the effective permeability 4, incorporat- and tends to be zero, so the wire behaves as a resistive ele-

ing im, and substituting for #i. ment (see experimental wave forms in Fig. 6). However, un-

The effective magnetic permeability depends on a con- der this condition the dependence of Z on He disappears

crete type of the domain structure. The calculation of i, can since the ermeabilit becomes indeendent of the field.

be done by considering that the wall motion generating the the freuency dependen t of the fie s-

eddy current field Hm occurs under the influence of the av- frequency dependence of the impedance in the pres-

eraedfild(H) which includes some external field Ho and ence of the external field is shown in Fig. 9. We Lse the
eraged field H Thn, i th e een field n reduced frequency w=(a/,')2. The reduced external field
the field Hm,. Then, if the eddy current field is known, we h =Hex/HK is choseni to be h < 1 since we are concerned

have the self-consistent condition to calculate
0 0  H with the permeability associated with domain wall displace-A,p : gto= (A,(HO+ Hm,)). The analytical solution for the ment. Figure 9(a) shows the module of the impedance 1z1 as

eddy current field distribution is known for some simple do- mentigr 9a w s The modle f the mpednce ocI as
main structures as in the case of a sheath with periodical bar a function of w. The considerable field dependence occurs in
domains.20 Recently an analytical result has been obtained some frequency range 1< w#p<K w,/w' where the skin ef-

for a wire with circular domains around it with a periodic fect is suitable but the magnetic permeability Ap still hasfor wie wth ircuar omans roud itwit a eridic relatively high values. As a result, the relative change in the
spacing 2d, as shown in Fig. 8. In this case, which is a prime reae al/.= a result, th e en te

interest here, the effective permeability can be written in the impedance AZIZ= 1 IZ(Hex)IZ(0)I by the external field

formlO has a maximum which achieves 50% at h = 0.8 as shown in
Fig. 9(b). Such impedance behavior is consistent with the

A , LLzI(1 -jWoret), (6) experimental results. In Fig. 10 the MI ratio hZ/Z is com-
pared with the experimental data obtained on amorphous

toel= c2/167rg,,uadE g,, (7) wires of different diameters, showing a satisfactory agree-
n ment. In accordance with the skin effect, the maximum of

AZ/Z shifts to lower fre 4uencies for a larger diameter wire.
g5 =f fxJ(x)dx coth(da)/ (X,), In Fig. 11 the field dependence of AZ/Z is shown for

J O / some frequencies. The plot is shown symmetrically since the
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FIG. 10. Experimental and calcuk.,ed frequency dependencies of AZ/Z at
Hx=10 Oc for a 124 pAm diameter as-cast wire [/<,(H,=0)=9800] and a .. it H [0e]
30 pm diameter tension annealed wire [/,(H = 0)=13 000]. The data for a 0 ... ,I......,_L
5 Am diameter wire obtained by etching are shown for a comparison. -10 0 10

FIG. 12. Experiment.' and calculated data on the field dependence of AZ/Z
for a 30 pm diameter tension annealed wire.

static permeability does not exhibit hysteresis with respect to
h. Here the case of h > 1 is considered as well. At such fields, the skin effect is strong, the impedance is subject to the
a wire is longitudinally magnetized and the circumferential then d istron h e depen s o the
permeability is associated with only the magnetization rota- current distribution which sensitively depends on the trans-
tion. In the frequency range under consideration it can be verse magnetic properties. The most sensitive magneto-
assumed to be frequency independent. The MI ratio rapidly impedance effect can be expected in soft magnetic materials
increases at fields lower than the anisotropy field HK (h < 1), with domain walls perpendicular to the current and external
and it increases little at fields higher than HK (h> 1). Such field direction. In this case the change in Z of the order of
behavior reflects the field dependence of the static permeabil- 50% can be reached with fields of the order of the anisotropy
ity that was used for the impedance calculation (curve 3 in field. This configuration is realized in negative magnetostric-
Fig. 2). In Fig. 12 the experimental and calculated curves are tive amorphous wires having a circular domain structure.
shown for a 30 Am diameter tension annealed wire, showing
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Very large magneto-impedance in amorphous soft ferromagnetic wires
(invited)

K. V. Rao, F. B. Humphrey,a) and J. L. Costa-Kramer
Department of Condensed Matter Physics, Royal institute of Technology, Stockholm, Sweden
Changes in the impedance, -600%/Oe, at axial fields less than 10 e nave been observed in the

presence of a 90 kHz, few mA current through a soft, nearly zero magnetostrictive wire. In this 125
Am diameter CoFeSiB amorphous wire we observe a total change of 160% at the maxima of the
impedance in dc fields less than 2 Qe. A systematic study of the role of induced anisotropy in the
axial, circumferential, and helical directions on the magneto-impedance shows that the largest effect
is seen in the wire annealed to obtain circumferential easy axis using a 15 mA ac current passing
through it. Both the axial hysteresis loops and the observed I-V characteristics reflect the induced
anisotropies. The observed dependence of the inductance change on the type of the anisotropy
induced in these wires can be modeled in terms of an interplay between the induced anisotropy,
reversing ac field, and the axial dc field.

I. INTRODUCTION annealed with only the ac current to induce a circumferential

Recently, there has been considerable interest in the anisotropy. The third, was annealed using a dc current in the

giant-magneto-resistive (GMR), phenomena observed in a presence of an axial dc field of such a value as to create a 45'

wide variety of magnetic materials such as multilayers, helix at the wire surface.
granular, and other heterogeneous structures. For device ap- The axial hysteresis loops of the wires were measured
plications a large change in GMR per Oe at room tempera- with a conventional induction technique hysteresis loop
ptios and lwextnare c gel i oR pneret rtracer. It uses a primary coil 27 cm long, 3 cm diameter, with
ture and low external fields is of interest.

a field to current constant of 22.90Oe/A. A 31 Hz sinusoidal
In this paper we elucidate the role of induced anisotro-

pies to explain the large changes in the magneto-impedance current is fed to the primary, the voltage across a resistor

observed' in a nearly zero magnetostrictive wire at external connected in series with the primary coil fed to the X channel
fields as low as 1 Oe. Amorphous wires, produced by in of an oscilloscope. The voltage induced in a 1000 turn 0.8

2iject cm long secondary, properly compensated for the applied
ing a melt through a continuously moving fluid,develop a field, is integrated and displayed in the Y channel of the
unique microstructure because of the axial direction in which oscilloscope where the longitudinal hysteresis loops are
it is cast and the homogeneous radial rapid cooling process monitored.
during solidification. 3 Such transition metal based amor- theVw

phous wires are found to possess unique soft magnetic prop-

erties which are already used in applications as sensors,4 In a an ac current through the wire and a resistor connected in
Co-Fe-Si-B amorphous wire with the absence of crystalline series. We use an oscilloscope to visualize the voltage acrossanisotropy it is now possible t teailor a nearly zero magne- 35 cm of the amorphous wire against the voltage across the

tostrictive (sn<10 -9) wire in which we can induce axial, resistor. The current through the wire creates a circumfe-en-
tostictve (~< 0~)wirein hichwe an nduc axal, tial field of about 0.031 Oe per mA at the surface. An FF1T

circumferential, or helical anisotropies with practically no

dispersion and study the response of such a system to exter- spectrum analyzer, model SR760 from Stanford Research

nal fields. The magne o-inductive properties found in such Systems, was used to measure the different spectral compo-

tailcred wires are promising for developing novel low field nents of the magneto-impedance. In this work we preseat the

sensors. amplitude of the first harmon., of the voltage as a function of
the axial field for the above mentioned wires.

II. EXPERIMENT III. RESULTS AND DISCUSSION

In order to study in depth the role of the type of induceJ In Fig. 1 the longitudinal hysteresis loops for the amor-
anisotropy we have specially prepared the amorphous wnes phous wires as-quenched, and annealed under different con-
in a well defined magnetic state with axial, circumferential, ditions are displayed. The saturation magnetization value for
and helical anisotropies using the following procedure: four the wire i6 f,,ind to be about 5700 G. The as-quenched wire
45 cm long, 125 Am diameter wires of nominal compo:ion [Fig. 1(A)] reaches magnetic saturation at a field of about 0.5
(Co94Fe6)72 5Sit 2 5B15, were used. Three of these were an- Oe with MrIMs-0.61. The axial anisotropy wire [Fig.
nealed in air using a current of 350 mA for 30 min. During 1(B)] clearly displays a,; axi:1 -as) direction of the magne-
this anneal, the field direction on each wire was carefully tization (M,IM, - 1) with H, of about 0.035 Oe. The wire
controlled so that a well defined induced magnetic aniso with circumferential anisotropy [rig. I(C)] exhibits a hyster-
ropy would develop. One wire was annealed in the presence etic l-op typical when a magnetic field is applied along a
of an axial dc field to obtain an axial anisotropy. Another was hard axis direction (MIMs-0) with Hk of about 1.3 Oe.

The wire with induced helicl anisotropy rFig. I(D)] displays
'Visiotng from Boston University a loop with an intermediate behavior for which
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As Quenched Mire ArualAnmolropv Wire wards, to an axial orientation at the center of the wire, we
(a) IH= = Ce -------- (b) estimate a theoretical average angle to be 30.70, which is

quite close to the measured value of 32'. This wire axially

saturates at an external field of about 1.5 Oe.
The frequency dependence of the I-V characteristics at

zero applied axial magnetic field for the same wire is shown
t ..0 7 4oniedde_ in Fig. 2. On the vertical axis we display the voltage across

o 4 0 - 35 cm of wire and, on the horizontal axis, the voltage across
Circumferental Anisotrop Wire Helical Anisotropy Wire

(d) a resistor in series with the wire which is proportional to the
( 1=00 oM= .22 OeF current amplitude value. As observed, at low frequencies in

all cases the resistive (linear and reversible) component of

4 ; I the impedance dominates. The slope of this linear part is
"- related to the dc resistance of the wire (about 35 il). As the

470 .o.,., 470 d.dv frequency of the ac current is increased, the inductive com-
o it,, ponent of the impedance develops. Notice that the I-V loop

closes at the current amplitude which saturates the sample
along the circumferential direction, proportional to the cir-

FIG. 1. Longitudinal hysteresis loops for (CoFe) 72 5S]1 2 5BI5 wire in the cumferential anisotropy field. Accordingly, the area under the
(A) as-qu.nhed, and current annealed under different conditions for in- inductive peak should be proportional to the frequency of the
duced (B) axi;' anisotropy, (C) circumferential anisotropy, and (D) helical
anisotropy. excitation and the amount of circumferential flux which is

being switched. The position of the maximum of the peak in
the inductive compotient provides us with the circumferential

MrIMs=0.8 5 w ,ich correspotids to an average orientation coercive field at which the maximum flux change takes
of the magnetization of 32' with respect to the axis. If we place.
assume a 450 orientation of the magnetization at the surface, As seen in Fig. 2(A), the as-quenched wire has a small
which decreases monotonically as we proceed radially in- inductive component of the impedance even for 100 Hz fre-

(a) AS.Ouenched Wire (b) Axial Anisotropy Wire

10 l 0 Hz !9 -0 I i IkHz

0 0 - 0

o-Vlmkd, o i0,15Nodv 0 br94o, 0 an CostA/d, -

I~

.i

0 - -0- 0-

0 1--ieAldw 0 1.Ai 0-- 1(hnA/d', 0i - iivA,

Mc Circumferential Anisotropy Wire (d) Helical Anisotropy Wire

7? 1 kill
tOO0ilL > I k~lz > 100 HL

0-0 0

0 - .i0A/d, 0 . id, 0 - OmAd' iiO

>10kill > 50 kHz > 10 kHz 5;50>

0i -'

F16. 2. frequency dependenice of the I-V' hardceristics for (Co4Fe6h2 5S1l 5Bj5 wirc in the (A) as-quenched, and current annealed under different conditions
for induced (B) axial anisotropy, (C) circumferential anisotropy, and (D) helical anisotropy.
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[ (a) As-Ouanched Wire (b) Axial Anisotropy Wire
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FIG. 3. Magneto- impedance mcasurcd with 3 mA at 10, 50, and 90 kHz for (Co 94F7c,)72 5Si12 sBj, wire in the (A) as-quenchied, and current annealed under
different conditions for induced (B) axial anisotropy, (C) circumferential anisotropy, and (D) helical anisotropy.

quency. On increasing the frequency of the current, the in- wires, when a 100 Oc axial field is applied, each of the
ductive component grows and is displaced toward higher curves collapse to a diagonal resistive line. The inductive
current values, indicating the displacement of the circumfer- component disappears, leaving pure resistive behavior. Con-
ential coercive field as we increase the frequency of the ex- sequently, the deviation from the resistive behavior at a given
citation. This is concomitant with a decrease of the circular frequency and amplitude of the current, provides a measure
susceptibility. For the induced axial anisotropy wire [Fig. of the magnitude of the impedance change from zero to satu-
2(B)] we do not observe a significant inductive component of ration.
the impedance at 100 Hz. In a similar fashion to the as- We now disctiss the evolution of the magneto-impedance
quenched wire, the inductive component increases as the cur- in the wire with a well tailored anisotropy. The actual field
rent frequency is increased. The wire with circumferential evolution of the voltage between the ends of the wire de-
anisotropy [Fig. 2(C)] displays the inductive bumps sepa- pends both on the amplitude of the ac current and on the
rated by a central linear and reversible part up to 50 kHz magnetic anisotropy. In. Fig. 3 the amplitude of the funda-
current frequency. This suggests the existence of a critical mental of the impedance as a function of the axial dc field is
circumferential switching field below which there is no sig- presented at three different frequencies (10, 50, and 90 kHz)
nificant circumferential flux change and accordingly no axial when a 3 mnA ac current is flowing through the wires with
inductive voltage. At a threshold the circumferential magne- different induced antsotropies. A 3 ni, current flowing
tization switches, as noticed by the appearance of the induc- through the wires creates a maximum circumferential field at
tive component of the voltage. Notice also that, as before, the the surface of about 0.1 Oe. This field will try to oscillate the
inductive component of the impedance displaces to higher magnetization circumferentially. The amount of flux change
current amplitude values on increasing the current frequency. (and accordingly the axial inductive voltage) will depend on
For the wire with induced helical anisotropy [Fig. 2(D)] we the magnitude and relative orientation of the anisotropy and
observe a mixture of the previous two behaviors, i.e., a dis- the applied ac field. It will also depend on the magnetic
placement of the inductive peaks plus a broadening of the softness of the material which in amorphous materials is pri-
I-V loop. The observed behavior could be viewed as a mix- manly determined by the magnitude and sign of the magne-
ture of the axial and circumferential I-V characteristics. tostriction. On applying an axial field, we modify the zero

The inductive component shown in the various wires of field domain structure tilting the average magnetization to-
Fig. 2 can be identified by using an axial field. In all the ward the axis, and, consequently, change the relative orien-
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tation of the average magnetization to the applied circ-,mfer- (a) 1 60 1

enia cMe..rmn current 3 nential field, resulting in the magneto-inductive ,oltage **,** Measuring current 10 ,A
changes. This voltage change will thus reflect the change of *__ kleasrn currenz/o5mA

circular susceptibility at the frequency of the excitation as we 1 20 2 -- - ,,Mximum. slope 657%/O

M- ...... ilope 6Ol':/0e

proce.d towards axial saturation, in the external field.
For the as-quenched wire [Fig. 3(A)] at 10 kHz we ob- .

serve a continuous decrease of the inductive voltage as a 2 "
function of the axial field, demonstrating partly decrease of
the circular susceptibility as we align the magretization axi-
ally. On increasing the current frequency the inductive volt- 04 ,
age first increases and then decreases This m;,y be caused by ., / ,-j_.

an increase in the average circular susceptibility at that fre- _-,
quency values as we align the magnetization axially. At high n 'to,
enough axial field values a pure resistiv,, behavior is ex-
pected, the magneto-impedance is then saiurated. (b)

The axial anisotropy wire [Fig. :(B)] displays the
magneto-impedance at the three selecteo frequencies. Below , i

1 Oe there is no significant chang.. of the magneto- ,11,
impedance. As the field increases f1 ,rther, the magneto-
impedance starts to decrease, demonst ating the reduction of o'
the amplitude of the circumferential flux oscillations created -i 0 (0
by the current's self-field.'1,, . .

In the case of the circumferential anisotropy wire, the
magnetization is oriented circumferentially in the demagne-
tized state. Below the circumferential critical switching field ..... c .. re..t 25 ,nA

I M__ ..... lopeth /O
there is no circumferential flux change [central part of the I-V ..... ..... . . .

characteristic, Fig. 2(C)]. However, the situation changes on 180
applying an ax'al field. When the applied axial field over- H We)

comes the effect of the circumferential anisotropy, the mag-
netization will rotate toward the axial direction. The circum- FIG. 4. Dependence of the magneto-impedance on the current amplitude at

ferential susceptibility is expected to increase. The magneto- 90 kliz for a (C094Fc 6)7 25Si, 2 5 1 5 wire with induced circumferential anisot-

impedance data for this wire [Fig. 3(C)] is consistent with ropy at (A) 3, 10, and 15 mA and (B) 25 and 60 mA.

this picture. A sharp rise in the inductive compone it of the
impedance at about 0.8 Oe, reaching a maximum value at
about 1 Oe is observed. On increasing the axial field further, fields. This can be understood in terms of the balance be-
the circular susceptibility decreases, eventually to zero re- tween the circumferential anisotropy, the applied axial dc
suiting in no inductive voltage. Notably, the maximum and circumferential ac fields. As the amplitude of the ac cir-
change in the impedance is 220% at 90 kHz, with a maxi- cumferential field is increased, the dc field required to tilt the
mum slope at field values between 0.8 and 1.1 Oe of about magnetization such that the ac circumferential field manages
300%/Oe! to set the magnetization to oscillate in the circumferential

The magaeto-impedance for the helical anisotropy wire direction is decreased. On increasing the current amphtude
[Fig. 3(D)] displays a behavior qualitatively similar to the further [as seen in Fig. 4(B)], a value is reached for which all

as-quenched wire with a lower axial ,,aturation field. At 10 the circumferential flux is oscillating at zero axial field.
kHz current frequency a continuous decrease of the voltage When this value is reached, the behavior of the magneto-
is observed as the axial dc field is raised, while at higher impcdance changes to a continuous decrease in amplitude as
frequencies the initial slope tends to be positive. The low the axial neld is increased as shown by the open circles
axial saturation field of the magneto-impedence might be (60 mA).
explained in terms of a smaller circumferential susceptibility,
as compared with the as-quenched wire case at the same
current value. The axial field required to stop the magnetiza- IV. CONCLUSIONS
tion oscillations in the circumferential direction is accord-
ingly smaller. Current annealing proves to be a powerful method to

The remarkable magneto-impedance behavior for the tailor magnetic responses, particularly the magneto-
wire with circumferential anisotropy, can be seen in more impedance, of amorphous soft ferromagnetic wires.
detail in Fig. 4. The relative change in voltage is seen as a The magneto-impedance effect has been studied in low
function of the axial field for different ac currents through magnetostrictive amorphous wires with different easy mag-
the wire at a constant frequency of 90 kHz as a parameter. netization axes. The observed current, frequency, and axial

As the amplitude of the ac current is increased [see Fig. field dependencies of the magneto-impedance support the
4(A)], the impedance threshold is displaced to lower axial view of an effect related to the soft magnetic properties of
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Sensitive field- and frequency-dependent impedance spectra of amorphous
FeCoSiB wire and ribbon (invited)

R. S. Beach and A. E. Berkowitza)
Center for Magnetic Recording Research, University of California, San Diego, La Jolla, Califo nta 92093

Conflicting reports of large magnetoresistive and magnetoinductive effects in amorphous FeCoSiB
wires and ribbons prompted the impedance measurements reported here. The spectra (0-<f-<3.2
MHz) were obtained at room temperature using a commercial impedance analyzer both as functions
of axial magnetic field (- 1 4 0<HA<1 40 Oe) and sense curent (1 <Ims-<60 mA). The phase shift
due to the test leads was carefully measured and subtracted from the raw data to resolve the spectra
into resistive R(f ) and reactive X(f ) components. We find for the Fe4.3Co68 2Si 12 5B15 wire (120
Am diameter) and ribbon (20 /.tm thick) that both R(f ) and X(f ) depend strongly on frequency
and magnetic field. For HA=O, each component increases monotonically with frequency, with
R(f=0) -1 fl/cm and X(f=0)=0. In high fields (HA=140 Oe), R(f) and X(f ) are nearly
frequency independent. The field-dependent response is sharply peaked about HA =0; the full width
at half maximum is FWHM-<20 Oe, typically. The change in R(f ) and X(f) between these two
extremes is extraordinarily large; 4.5 fl/cm at f=1 MHz is a typical value for the wire. The
sensitivity of the magnetoresistive response is 44% of the dc resistance per Oe for f= 1 MHz.
Qualitatively similar phenomena were observed for the Fe7.5Co6 7.5Si 15B10 ribbon, although the field
and frequency dependences of the spectra are less pronounced than for the wire. We discuss a model
which describes the spectra quantitatively, using classical electrodynamics.

I. INTRODUCTION very strong function of the frequency f of the drive current,
and secondly, that this strong frequency response can be vir-

In spite of the fact that amorphous ferromagnetic mate- tually eliminated by the application of a magnetic field HA of
rials have zero magnetocrystalline anisotropy, magnetic isot- the order of 10 Oe. Such amorphous materials have the po-
ropy has not been attained in the laboratory. The small, yet tential to be used as simple, extremely sensitive magnetic
finite coercivities, permeabilities less than simple theoretical field detectors.
predictions, and the unusual domain structures characteristic In our research, we have found that a sensitive magne-
of these materials demonstrate the presence of anisotropy toresistance R(f,HA) accompanies the previously observed 2

despite their amorphous microstructure. It is generally be- field-dependent reactance X(f ) of amorphous FeCoSiB
lieved that the anisotropy observed in amorphous ferromag- wires. At room temperature and for f '3 MHz, the net mag-
nets is predominantly due to magnetostriction. Magnetostric- netoresistance exceeds 600% of the dc wire resistance. This
tion anisotropy is governed by the alloy composition, which large response enables us to detect changes in the applied
determines the value of the magnetostricion coefficient X, field of less than 0.001 Oe. The impedance spectra of as-cast
and stress fields which result from the fabrication process. FeCoSiB ribbon have also been measured, and we observe
Amorphous ferromagnetic wires are produced by quenching field-dependent effects that are of the same order of magni-
a molten stream in water. This process results in wires with a tude, but somewhat smaller than those for wires. For the case
radially directed stress field and, consequently, anisotropy of wires, we are able to fit the spectra to a straightforward
fields that are either radial or circumferential, depending on model that is based on classical electrodynamics.
the sign of X.

Due to their potential uses in transformers and transduc-
ers, the magnetic properties of amorphous ferromagnets in ' EXPERIMENTAL
the frequency domain have been studied extensively. These
materials typically exhibit high permeabilities and low All of the data presented herein were obtained using a
losses, characteristics desirable for many high-frequency ap- Schlumberger 1260 impedance analyzer running in constant
plications. The permeability, in particular, is dependent upon current amplitude mode. The FeCoSiB ribbon and wire
the anisotropy field, the domain structure, and the magnitude samples were first cut to lengths of 3 cm and cleaned in a
and topology of the magnetic field acting on the material. solution of HCI and ZnCI. Two current leads were attached

Recent work by the authors,' by Mohri and co-workers, to the ends of the samples, and two voltage leads, 1.4 cm
and several others3- 5 has focused on ac electrical transport apart, were attached between these. All the connections were
phenomena in amorphous FeCoSiB alloys. These researchers made with Ag paint. The contact resistances were less than 1
have demonstrated firstly that the impedance Z(f )=R(f ) 0l. The samples were mounted inside a grounded chassis box
+ iX(f ) of certain amorphous wire and ribbon samples is a which was connected to the analyzer with four coaxial

cables. The cables were roughly 40 cm long and permitted

"Also at Department of Phymts, Uniersity of California, San Diego, La the samples to sit within a Helmholtz coil (diameter 30 cm),
Jolla, CA 92093. which produced a dc magnetic field -140 Oe<HA<140 Ge
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1.1 R0, o 4 R TABLE 1. The relative magnitudes and widths of the peaks in R and X for
Resstance ( eacta Fe7 5Co 676Si15 B1o ribbon, taken from Fig. 1. The resistance for f=0 is

Rd=0 8 fl/cm.

10 0 03 Frequency 10 kHz 100 kHz 1 MHz

SARR 0.4% 5.5% 23%
AXIR 1.1% 10.1% 46%

09 0.2 AHR 1.00e 1 80e 5.30e

AHx 3.50c 7 20e 25 Oe

08 0.1

drive current amplitude used in collecting these data was
rms=10 mA. The dc impedance (not shown) is flat on this

0.7 0.0 scale, and is purely real. For frequencies f other than zero,
-150 0 1SO .150 0 150 peaks in both the resistance R and reactance X appear, cen-

Field (Oe) tered about HA =0. Both the magnitudes and widths of the

peaks in R and X grow monotonically with frequency. For
FIG. 1. The impedance of an amorphous Fe75Co67 5Si 5Bo10 ribbon Z=R f= 1 MHz, the magnetoresi~tance ratio is
+iX vs magnetic field (-140<HA<140 Oe) for three sense current fre- (Rmax-Rsat)/Rsat= 2 3 %. The dc resistance Rdc=0.8 fl/cm is
quencies, f= 10 kHz, 100 kHz, and I MHz. The peak at HA =0 grows apparently equal to Rsat, the ac resistance in the limit of high
dramatically with increasing f. Note also the frequency dependence of the HA . The relative change in reactance for f= 1 MHz ispeak widths.H.ThreaiecaginratnefrflMzs

AX/Rsat=Xmax/Rsat=46%. We note that the widths of the
resistive and reactive responses are different. The full widths

along the lengths of the samples. The samples were aligned at half maximum of the resistance curves FWHM=2AHR
with their long axes (parallel to the current) normal to the are less than those for the reactance 2AH x for each value of
earth's magnetic field. All the data were collected at room f shown. The magnitudes of these peaks AR and AX, and
temperature. their widths AHR and AH x are given in Table I. Parameters

The measured impedance spectra Z(f,HA) were re- which serve to quantify the sensitivities of the resistive
solved into resistive R and reactive X components by sub- and reactive responses are (1IAHR)(AR/R) and

tracting the previously determined impedances of the instru- (I/AHx)(AX/R). For f=1 MHz, these are, respectively,
mentation and test leads from the raw data. This null 4.3'{/O and 1.8%/Oe. We observe relatively little response
correction amounted to approximately 10% of the measured in eitl,e,' R or X when HA is perpendicular to the current.
wire signal for f= 1 MHz. Frequency sweeps (100 Hz<f<3 Impedance spectra (0<f<3 MHz) in zero field and for
MHz) and current amplitude sweeps (0.5 mA<I1 ,,<60 mA) HA 

= 140 Oe are displayed in Fig. 2. The zero-field reactance
were controlled by computer. Field sweeps were performed exhibits negative curvature for the entire frequency range,
manually. The applied field had no direct observable effect and linearly approaches a value X=0 at f =0. On the con-
on the experimental apparatus. trary, the resistance displays positive curvature up to f= 1.5

MHz; for f> 1.5 MHz, the curvature of R(f ) is negative.
III. IMPEDANCE Z(f,HA) OF AMORPHOUS FeCoSIB Similar zero-field behavior, very much smaller in magnitude,RIBBON AND WIRE was previously observed6 for FeCoSiMoB ribbons.The spectra are rendered nearly completely flat by a 140
A. Ribbon Oe magnetic field, as shown in the Fig. 2. The resistance

In this paper we discuss the impedance s-ectra Z(f,HA)
obtained from FeCoSiB ribbon and wire samples under the [" _ ' '
influence of an axially applied magnetic field HA. We expect R H=0

that these materials are very soft ferromagnets, with dc co-
ercivities considerably less than 1 Oe, although this was con- 1o-

firmed only for the ribbon sample. H =1400

The 0.9-mm-wide by 20_3-#tm-thick Fe7 5Co67 5Si s15B1 1
ribbon was prepared by melt spinning by J. L. Walter of the C -
General Electric Research and Development Center. The 05 x....

amorphous structure of the ribbon was verified by x-ray dif-
fraction. The as-cast ribbon has a resistivity p= 145 p,, cm.
It exhibits only a small anisotropic magnetoresistance of H 14000

-0.1% at room temperature, and a small linear decrease of 00 0 . 1 2 3

R(HA) for fields ItA> 5 kOe. This benavior is typical of f (MHz)
ferromagnetic 3d metals and alloys. In Fig. 1 we show the
response of the ribbon impedance (in units of fl/cm ribbon) FIG 2. Impedance spectra for the amorphous Fe7 Co67TsSi 5 Bo ribbon for

zero applied field, and for an axially applied field of 140 Oe Close inspec-
to a magnetic field applied along the ribbon's length, at drive lion of the figure reveats an inflection point at f= 15 MHz The 140 Oe field

current frequencies of 10 kHz, 100 kHz, and 1 MHz. The suppresses the frequency responses almost completely
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FIG. 3. Impedance spectra of a FC4 3Co68 2Si125B1s wire for axially applied H (Oe)
magnetic fields HA =0, 3.5, 14, 35, and 140 Oe Solid lines connect points at
fixed HA FIG. 5. Data from Fig. 3 plotted vs the applied field (0<HA<140 Oe). (Data

for HA= 75 Oe were not included in Fig. 3 for clarity) We observe little
difference between these uata and those obtained by scanning HA with f

R(f ) has no visible slope for this field. One will note a fixed.

small positive slope in X(f,HA = 140 Oe), which is consistent
with the different widths of R(HA) and X(HA) found in the
field scans of Fig. 1. Note that AR is less than AX for all tive. This behavior is clearly evident in Fig. 4, where we
frequencies f<3 MHz. At a frequency of f=3.2 MHz, A / show Z(f ) for HA = 1.4 0e. At higher frequency, both R(f )
R=59% and AX/R=89%. and X(f ) increase as f 12. For HA=0, the inflection point

which separates the two regimes occurs for f=60 kHz. A
B. Wire HA =140 Oe applied field virtually flattens the resistive fre-

The nominally amorphous Fe4 3Co68.2Si, 2 5B1 5 wire quency response (R(f,HA=140 O0)=Rsat), and like the rib-

sample was fabricated by the technique of quenching in :o- bon, only a small positive slope remains in X(f ) for

tating water7 by the Unitika Corp. of Japan. We are gratetu HA = 140 Oe. This particularly simple form of Z(f ) at high

to R. Hasegawa for making it available to us. The wire has a field, for which R(f )=Rsat and X(f )-0, is easily ex-

120 Im diameter, and a resistivity p= 135 tf. cm. Imped- plained: when thu sample is saturated, the anomalous mag-

ance spectra obtained from this sample in various axially netic effects disappear, and we observe flat spectra (for

applied magnetic fields are displayed in ig. 3. These share 0<f<l MHz) typical of nonmagnetic materials.

many characteristics with the ribbon spectra, shown in Fig. Figure 5 shows data taken from Fig. 3 in the HA-Z plane

2. Both R(f ) and X(f ) increase monotonically with fre- (we also show additional points for HA =75 Oc). The lines

quency, and are driven to lower values by the axial field, but join data obtained at a fixed frequency. The data display a
the magnitudes of the responses are AR/R =370% and AX! pronounced increase in R and X as HA is reduced to zero.

R =350% for a frequency f= 1 MHz, an order of magnitude For all values of HA, both R and Y increase with increasing

larger than for the ribbon. Like the ribbon, X(f ) also exhib- frequency, and at high field tend to, teir respective dc limits.

its negative curvature and vanishes for f=0, but the curva- The widths of the curves also increase monotonically with
ture in R(f ) is predominantly negative for 0<f<l MHz frequency, as for the ribbon. We observe no hysteretic effects

(where that for the ribbon is positive). However, as f ap- associated with sweeping frequency at fixed magnetic field,

proaches zero, the second derivative of R(f ) becomes posi- rather than sweeping field at fixed frequency. Table II
displays AR/R, AX/R, and the widths AHR and AH x ob-
tained from the wire. For f=3.2 MHz, AX/R=470% and

_ AR/R=620%. For the wire, as well as the ribbon,
AHR<AHX. The sensitivities of the resistive and reactive

R responses for f= 1 MHz are extraordinarily high:
E 4- (I/AHR)(AR/R)=44%/Oe and (1/AHx)(AX/R)

= 16%/Ou.

X  '=TABLE It. Relative magnitudes and widths for the Fe4 3Co68 2SI1 5 B1 5 wire
sample taken from Fig 5. The resistance at f=0 is R,=I 2 fl/cm.00 02 04 06 o8 10

f(MHz) Frequency 10 kHz 100 kHz 1 MHz

FIG. 4. The impedance spectrum R(f) and X(f) for the ARIR 4% 80% 370%
Fe4 3CoWSi 125B 15 wire subjected to an axial magnetic field 1A=l.4 0e AXIR 21% 120% 350%
(the amplitude of the sense current is 10 mA rms) Note the inflection point AHR 1.5 Oe 1.9 Ge 8.5 Oe
in R(f ) for f-60 kliz The solid lines shown are a fit to Eq. (2) using two All, 2 7 Ge 8.3 Ge 21 5 e
parameters.
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[IV. MODEL FOR SPECTRA 8

Two characteristics common to the spectra of both wire 6

and ribbon are the negative curvatures of the reactances
X(f ) and the inflection points in the resistances R(f ); the 4 I
latter separates the low frequency behavior, dominated by 2
positive curvature, from that at high f, where the curves are
concave down. For the case of the wire, both R and X in- o_
crease with f 2 in the high f limit. Such features are charac- 0 25 so 75

teristic of t- impedance of nonmagnetic wires.8 However, Field (Oe)
for a wire of the same diameter and resistivity (120 Am an F135 p cm), these features should appear for f=10 MHz, FIG. 6 Field dependence of the fitting parameter #'(=,HA)

= + 4 rXo(HA) of Eq. (3). The points were obtained by fitting data from
not at the onset frequency f=15 kHz observed. Fig. 3 to Eq. (2) using Eqs. (1) and (3).

The magnetic response to the field produced by the drive
current is evidently the mechanism which gives rise to the
tremendous frequency dependences of the ribbon and wire magnetic response to the drive current (saturation of the cir-
impedances. (The effect of Joule heating on the spectra was cumferential magnetization being the most obvious nonlinear
previously found to be unimportant.') The domain structure 9  phenomenon not contained in the above), as well as a fre-
of amorphous FeCoSiB wire is determined by its negative quency dependent relaxation time. In its present form, the
magnetostriction coefficient \=- 10- 7 in combination with model describes the data extremely well, especially consid-
quenched-in radial tensile stress. The resulting magnetic easy ering the approximations we have made.
direction is circumferential (at least near the wire's surface). The permeability was so determined from the Z(f )
The domain structure is broken along the wire's length into shown in Fig. 3 for a variety of HA. Its value at zero fre-
alternate left- and right-handed circumferential domains. quency A,(f=0) (purely real) vs HA is shown in Fig. 6. The
Evidently, this magnetic structure is highly susceptible to the sharp decrease in A,(f=0,HA) for a relatively small increase
field of a current flowing in the wire. in HA parallels that in Z(f,HA). For HA = 140 Oe, pt,

We model the impedance spectra of the wire using Max- (f= 0 ,HA) is reduced from its value of 6805 at HA =0 by a
well's equations. The response to the field generated by the factor of 75. When the magnetization is forced to lie parallel
drive current is governed by the circumferential permeability, to the wire axis, the circumferential permeability approaches
denoted /.t. We assume that A0 does not depend on position. A0= 1 (Ref. 11 suggests a plausible mechanism for the field
This is a crude approximation; the core of the wire, very dependence of AO). We infer that, for a fixed frequency, the
probably, is longitudinally magnetized.9 Nevertheless, it is skin depth b grows roughly by a factor of 10 as HA increases
correct to first order. From Maxwell's equations we deduce to 140 Oe from zero, and that the wire resistance is subse-
that the skin depth for a wire with circumferential anisotropy quently diminished. The relaxation frequency 1/7 appiecia-
is bly affects the quality of the fit only for HA< 3 Oe. In this

range, 11,r increases sharply from 1/7=3.3 MHz for HA =0

- 1P- '-, (1) and rises to 1/r>40 MHz, beyond which frequency the ad-
dition of a damping term has a negligible effect for the fre-

from which follows 8  quency range fit (0<f<1 MHz). This behavior may possibly
be due to the increased importance of rotational processes for1 Jo(ka)

ZR+iX= RdCka JT(ka)' (2) higher HA, and more rapid relaxation.
' (We believe that the same mechanism is responsible for

where the J, are Bessel functions of the first kind, Rd, is the the impedance of the ribbon sample. Because the domain

f=0 resistance of the wire (per cm), a the wire radius, and structure is not known for this sample, we d,-cline to make a
quantitative comparison of the ribbon aqd wtre spectra. We

k=(1+)a may, however, compare the two frequencies for which R(f,
HA =0) exhibits an inflection point; their ratio is 25. Assum-

The data may be fit to Eq. (2), with /st a real constant.' Here ing that this is the frequency for which the skin depth is

we include the possibility that Ak is frequency dependent. equal to the thickness of the sample, we arrive at a ratio of

We assume that this arises from a damped magnetic re- effective permeabilities ,hich is of the order of one.

sponse, characterized phenomenologically by a relaxation
time 7-. The permeability t , = + A" is then given bv °  V. DRIVE CURRENT DEPENDENCE

4 7TXO ,, 4 7XoWT The frequency-dependent part of the resistance R - Rsat
T 1 ,+ " ' I=l+-- ' for HA=O is shown in Fig. 7 versus drive current amplitude0.5 mA<Irnis<60 mA (data taken from Ref. 1). Note that the

where u is the susceptibility for f=0 and w=2 urf. The solid ordinate is set on a logarithmic scale. The current amplitude
lines in Fig. 4 are a fit with two parameters, dependence of X is qualitatively similar.' The current scans
l+47rx0 =A,(f=0)=6074 and 1/r= 10.45 MHz. A rigorous (Ims increasing) were performed for fixed frequencies f= I
model of the impedance would include nonlinear terms in the kHz, 10 kHz, 100 kHz, and I MHz. For f= 1, 10, and 100
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10 sense current. We have been able to describe the effect in
I MHz wires quantitatively, using a phenomenological model based

on classical electrodynamics. The existence of qualitatively
E100 kHz similar spectra for amorphous FeCoSiB ribbon demonstrates

o' that the phenomenon is somewhat robust, and that it is not
dependent on a particular domain structure.

102 10kHz At high frequency, the resistance is sensitive to smaller
fields than the reactance. Why the widths AHR and AHx are

, 60 different, and why they increase with frequency are unan-00 30 60 swered questions at present (we note that the sensitivity in-
i M3 creases with f ). A possible explanation for the latter is that

the circumferential anisotropy K0 (and the resistivity) is de-

FIG. 7. Dependence of the magnetoresistance AR(f,I.,) on the amplitude pendent on position. Due to the quenching process, one ex-
of the drive current I... Note the peak in AR(fj,) for 1,,,<1 MHz, and pects this quantity to be greater near the wire surface. The
the decrease in AR(f,l,) for I,>10 mA at all f. The applied field is current runs closer to the surface at higher frequencies, and
HA=0. the effective anisotropy field thus increases with frequency

Currently, the most sensitive giant magnetoresistive

kHz, there are peaks evident in the data at Irms=4.0, 5.5, and (GMR) materials have (1/AHR)(AR/Rsat)<1%/Oe at room

8.0 mA, respectively. This maximum vanishes for f--1 MHz. temperature. The sensitivity of the amorphous wire discussed
Each data set also exhibits a gradual decrease for Irm>10 in this paper to an applied field is more than an order of

mA. The fields at the surface of the wire are H ,=2.5, 3.0, magnitude larger than this for f= 1 MHz. I is expected that

and 4.5 Oe at the peak positions. Since it is reasonable to further developments in this nascent field will increase the
expect that the wire magnetizes by domain wall motion at sensitivity substantially. There is vast technological potential
low f, we suggest that the peak in R(f,I,,) corresponds to in the phenomenon of magneto-impedance, and many scien-

the onset of domain wall motion, i.e., the circumferential tific questions still unanswered.

coercive force. The absence of a peak in R(f, I.) for f>1
MHz is possibly due to the dominance of rotational pro-
cesses at these relatively high frequencies. The decrease in R The authors would like to express their appreciation to
for Irms>10 mA may result from saturation of the circumfer- R. Hasegawa, F. E. Spada, and F. T. Parker for valuable
ential magnetization for a current-dependent fraction of the conversations and assistance with the experiment. This re-
cycle. Experiments are in progress that will test these specu- search was performed under an AlP grant administered by
lations by imaging the magnetization dynamics. the National Storage Industries Consortium (NSIC) and NSF

Grant No. DMR-90-10908.
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Magnetic and specific-heat studies of U 2T 2X compounds show a frequent occurrence of the y
enhancement in conjunction with the onset of antifer-omagnetic ordering. The largest value of 830
mJ/mol K2 was observed in U2Pt 2ln, which is nonmagnetic down to 1.2 K. Variations of electronic
structure are documented by optimized relativistic LCAO calculation.

I. INTRODUCTION Most of them were single phase. A several percent contami-
Magnetic and other electronic properties of light ac- nation was found in U2Pt2In (UPt) and in U~lr2 Sn and

tinides in intermetallic compounds are strongly affected by U2Ir2In (Ulr).
the hybridization of the 5f states with electronic states of Most of the compounds with Ni, Pd, and Pt display an-
ligands. In compounds with transition metals, the most sig- tiferromagnetic (AF) order at low temperatures. The only
nificant delocalizing effect comes from the 54-d hybridiza- exception is U2Pt2ln, which exhibits a strongly enhanced
tion, which is reduced with filling the d band. The reason susceptibility X at low temperatures (23X 10-8 m3/mol at 4.2
follows from electronic structure calculations, which show K-note that 1 mol f.u. contains 2 U atoms). No phase tran-
how the gradual filling of the d states leads to a reduced sition was indicated in the specific heat down to 1.2 K. The
overlap of the 5f states, forming a band pinned at EF, with X(T) dependence (Fig. 1) can, at high temperatures, be ap-
the d transition metal states, which are pushed down to proximated by a modified Curie-Weiss (MCW) [aw similar
higher binding energies. Thus irrespective of stoichiometry to the majority of compounds described here:
or crystal structure we can observe variations of the 5f elec-
tron magnetism, with a crossover from nonmagnetic to mag- X= CI(T- 0,) + Xo, (1)
netic ground state by the end of transition metal series. There
is a commo, belief that heavy fermion phenomena occur yielding for U2 Pt21n the parameters gzff=

2 .4  BIiU,

only with very narrow 5f bands, which do not order mag- Op=-106 K, and X0= 9 .7 Xl 0 s m3/mol. Below 100 K,
netically (or which show very small ordered moments). y(T) deviates from the MCW fit towards larger X values.
However, it remains an open question as to why the onset of The low-temperature data are contaminated by the UPt
magnetism is not accompanied by a significprit y enhance- impurity2 (which has spontaneous magnetization of 0.4 /B/U
ment in many cases. In other words, the heavy fermion cor- below T=25 K3), but the large susceptibility at 4.2 K was
pounds remain rather unique and it is unclear where to place confirmed by high-field magnetization measurements. The
them in the systematics of other uranium intermetallics. specific heat displays a pronounced upturn of CT vs T (Fig.

Here we describe results of investigations of the recently 2), which is insensitive to applied magnetic field of 5 "Idiscovered compounds of the U2T2X type,' which can con- Although the fit involving a T2 In T term accounts well for
tribute to heavy fermion research due to a systematic occur- the data only in a very limited temperature range (up to 5 K),
rence of y enhancement. The U and Np compounds of the it can be used to estimate the y value in the zero K limit,
2:2:1 stoichiometry exist with nearly all transition metals of "y=830 i.:J/mol K-.
the Fe. Co, and Ni column. X represents Sn or In. They all The highest ordering temperatures were observed in the
crystallize in the tetragonal U3Si, structure type with U-U two Pd compounds, U2Pd2Sn (TN=4 1 K) and U2Pd2 ln
distances in the range 3.45-3.8 A. (TN= 3 8 K). The susceptibility analysis in terms of Eq. (1)

yields smaller negative 0,p values (-30 and -32 K for Sn
11. EXPERIMENTAL RESULTS and In, respectively) thar, in other compounds from this se-

We studied polycrystalline samples prepared by arc ries. The relatively strong 5f localization is indicated by
melting stoichiometric amounts of the constituent elements. sizeable U magnetic moments (1.89 and 1.40 ,,, respec-
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tively) determined from neutron-diffraction experiments. Regarding other compounds, we have found magnetic

They show in both cases a noncollinear AF structure with ordering in U2Rh2Sn with TN=24 K. A weak magnetic en-
moments within the basal plane and oriented alGng directions tropy of 0.4XR In 2 is again indicative of a strongly itinerant t
of the [110] type. 4 Despite magnetic ordering, a pronounced 5f magnetism, but the y value is rather low (131
upturn in the CIT vs T dependence was found also for mJ/mol K2).
U2Pd2In, leading to y=393 mJ/mol K 2 (65 mJ/mol K2 is ob- Besides U2Pt2In, some other nonmagnetic compounds
tamed by extrapolation from paramagnetic range). No such exhibit spin-fluctuation features: U2Co2Sn, U2z 2In, and
upturn was found in U2Pd2Sn, but the linear coefficient of U2Ir 2Sn. They display y values ranging from 130 (U2Ir2Sn)
the specific heat was still high: y=203 mJ/mol K2. The 5f to 280 mJ/mol K2 (U2Rh2In) (a strong upturn in CIT is found
local-moment magnetism in the Pd compounds is corrobo- in U 2Co2 Sn and a weaker one in U2Rh2In). Finally, the pre-
rated by the magnetic entropy estimate (1 -2XR In 1). sumably most itinerant 5f states cause a weak itinerant para-

Unlike U2Pt2In, U2Pt2Sn is magnetically ordered magnetism in U2Co2In (y= 32 mJ/mol K2) and U2Ru2Sn (20
(TN= 15.5 K). A much smaller magnetic entropy (about 0.2 mJ/mol K2).
XR In 2) is suggestive of itinerant magnetism. y=334 Assessing variations of properties in the group of U2T2X
mJ/mol K2 was extracted from the low-temperature range, compounds, we can deduce the following trends: (i) The 5f
whereas 390 mJ/mol K2 can be obtained above TN. localization increases within each transition metal series to-

U2Ni 2In exhibits a similar behavior (TN=15 K). Mag- wards the right end of the periodic table. This is similar to
netic susceptibility analysis in terms of Eq. (1) yields findings in other groups of light actinide compounds. (ii) The
EUp=-80 K and 1.tel=2.0 /U. The low-temperature U2T2In compounds have a weaker tendency to magnetic or-
y=200 mJ/mol K 2 is substantially smaller than the high- dering than their U2T2Sn counterparts.
temperature value of 350 mJ/mol K 2. The magnetic entropy
is about 0.4XR In 2. III. ELECTRONIC STRUCTURE CALCULATIONS

U2Ni2Sn orders below TN= 25 K. In the paramagnetic
range, /Aeff can be described by Eq. (1) yielding /ierf= 2 .3  To follow electronic structure variations in the system ot

juB/U, Op=-110 K, and X0=l.8Xl0 - 8 m3/mol. We are U2T2In compounds, we performed calculations using the op-
aware that the presence of the Xo term can be an artifact due timized HLCAO5 method in a fully relativistic version. 6

to the averaging the anisotropic X values in polycrystal. 2.0

30 ,-., 1.8 a)
a) 1.6 UPtSn

',-4 .". U2Pt21n / -4# 1.4

0* 01.2 
UU2PtPt2In(do

40 4S0 Uz d In I- 0

0 0.8,",_000 "'.o.-, "*-UPd In . 0.6
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2 2> 01
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FIG. 2. C/T vs T plots of (a) U2Pt2X and (b) U2PdA" The dotted lines show
FIG 1 Temperature dependence of magnetic susceptibility of (a) UT 2In the Debye backgrovnc approximating the high-temperature specifi& heat.
and (b) U27 2Sn The dotted lines shown in some cases are the MCW fits For U2PtSn (full line) it is .,ufted down to fit to the low-temperature y.
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FIG. 4. Calculated total and orbital-projected density of states for U2PIn.FIG. 3. Calculated total density of states of U2T21n.

Self-consistency is treated by the Kohn-Sham density- Since the width of the covalence gap (>1 eV) exceeds

functional theory in the local-density approximation (LDA). the exchange splitting of elemental Co and Ni, any possible

The total densities of states (DOS) for U2T2ln (T-Co, magnetism should arise from 5f electrons only. Applying the

Ni, Rh, Pd, Pt) calculated fully relativistically are displayed LDA Stoner theory, we have obtained the Stoner product

in Fig. 3. The obtained spectra are characterized by a nearly IXN(EF)=0.6, 1.3, 2.0, 11.5, and 3.1 for U 2 Co2In, U2 Ni2 In,
free-electron background of s-, p-, and uranium 6d elec- U 2Rh 2In, U 2Pd 2In, and U2Pt 2In, respectively. Therefore the

uraniumobserved nonmagnetic ground state of U2Co 2In and magnetic
trons, which extends to about 0.6 Ry below EF. In all cases

bonding and antibonding band groups are well separated by a ground state of UNi2In and U 2Pd2 In are qualitatively con-

broad and deep minimum around EF. The orbital-projected sistent with our calculations. The nonmagnetic heavy ferm-

DOS for the 5f and T-d orbitals (see, e.g., U2Pt2 In shown in ton behavior of U2Rh2In and UPtIn cannot be described by
our LDA calculations, which lead to a Stoner instability.

Fig. 4) indicate that the bonding (antibonding) states are pre-

dominantly T-d(5f ). There is, however, an appreciable

amount of covalency-the 5f(T-d) contribution to the bond- ACKNOWLEDGMENTS
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Incommensurate antiferromagnetic phase in UNiGe

V. Sechovsk, L. Havela, and P. Svoboda
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K. Prokeg, H. Nakotte, and F. R. de Boer
Van der Waals-Zeeman Laboratory, University of Amsterdam, NL 1018XE Amsterdam, The Netherlands

H. Maletta
BENSC, Hahn-Meitner-Institut, D 14 109 Berlin, Germany

By specific-heat, magnetization, electrical resistivity, and neutron-diffraction measurements on a
single crystal we have confirmed that UNiGe orders antiferromagnetically below 50.5 K into an
incommensurate phase with q=(0,1/2,-1/2)±(0,8,b), 6-0.15. 8 decreases continuously with
decreasing temperature to -0.123 at 41.5 K, where the incommensurate phase vanishes in a
first-order phase transition and a commensurate antiferromagnetic structure with q=(0,1/2,1/2) sets
in and remains stable down to the lowest temperatures. If a magnetic field sufficient to induce a
metalmagnetic transition (1-5 T) is applied along the c axis, both antiferromagnetic phases are
transformed to an uncompensated AF phase with q=(0,1/3,1/3) yielding a nonzero magnetization
M- 1/3 XM s.The latter structure is destroyed and a complete alignment of U moments is achieved
in fields above 10 T. The strikingly different B-T diagrams observed for a magnetic field applied
along different crystallographic directions reflect strongly anisotropic exchange interactions.

I. INTRODUCTION performed extensive neutron-diffraction experiments. Re-
stilts and experimental details of bulk measurements were

UNiGe belongs to the isostructural group of the UTX published elsewhere,' 9 along with preliminary neutron data
compounds (T'=transition metal, X=p metal), which crys- indicating the existence of the incommensurate antiferro-
tallize in the orthorhombic TiNiSi-type structure. The magnetic phase (IAFP) below 50 K". In this paper we con-
nearest-neighbor uranium atoms in this structure form zigzag centrate on both the temperature and magnetic-field stability
chains along the a axis. The coordination of U atoms is of the IAFP in the complex magnetic phase diagram of
intimately connected with the anisotropy of bonding of 5f UNiGe.
orbitals, which has serious consequences for the symmetry of
the 5f-electron magnetism) Specifically, in UNiGe and II. RESULTS AND DISCUSSION
other isostructural UTX compounds, the easy-plane magne-
tocrystalline anisotropy with the hard-magnetization direc- The specific heat of UNiGe exhibits a sharp peak at 41.5
tion along the a axis is observed as a rule."12 This is manifest K and a weaker maximum around 50 K (see Fig. 1). The
in the low-temperature magnetization, which is small and first-order magnetic phase transition at 41.5 K is also clearly
linearly dependent on the magnetic field up to 35 T applied reflected in the magnetization and resistivity.2 ,9 Closer in-
along the a axis. For the other two field directions (along b spection of magnetization and electrical resistivity results,
and c) almost saturated magnetization M s due to aligned U however, also reveals around 50 K slight (but well noticeable
moments of 1.45 Ag, is attained above metalmagnetic
transitions.2 Note that the magnetization curves at 4.2 K dis- 1000 . . . . . . . . . .
play two metalmagnetic transitions at 17 and 25 T in the field UNiGe
applied along b (and at 3 and 10 T in Bjjc). In both field
geometries, the magnetization observed above the first tran- C4 sg t

sition amounts to approximately 1/3XM2.

For some time, UNiGe was believed to order magneti- o 600
cally around 42 K,2- 7 although some indications of another Debye background
transition around 50 K could be seen in the specific-heat data ,. 400
of Kawamata et al.. Moreover, controversial conclusions
about the magnetic structure at low temperatures could be , 200
found in the literature.6'8 This unsatisfactory situation moti-
vated us to perform an extensive study of a well-defined 0..
single crystal of UNiGe, which was governed by a Czochral- 0 20 40 60 80 100
ski technique in a tri-arc furnace at the University of Amster- T (K)
dam. Besides measurements of bulk properties (magnetiza-
tion, electrical resistivity, and specific heat) over wide
temperature and external magnetic-field intervals, we have FIG. 1. Temperature dependence of the specific heat of UNiGe
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FIG. 2 Magnetic phase diagram of UNiGe in B parallel to the c axis, as -0.1 0.0 0.1
determined from magnetization and neutron-diffraction measurements. (I)
incommensurate antiferromagnetic phase, q=(0,1/2,-1/2)-(0,8,b), (1I) t6Q/27r (A-')
commensurate antiferromagnetic phase, q=(0,1/2,1/2), (II) uncompensated
antiferromagnetic phase, q=±(0,1/3,1/3), (IV) phase with "ferromagneti-
cally" aligned U moments, and (V) paramagnetic phave. FIG. 3. Magnetic reflections in the vicinity of the 0, 3/2, -1.2 at (a) 20 K

and (b) 46 K

in dMIdT and apl/T) anomalies, which corroborate the con-
clusion about the magnetic origin of this phase transition. ied on E4 in Berlin. The results are displayed in Fig. 4 The

In order to obtain better knowledge of magnetic phases IAFP emerges just above 41.5 K. The characteristic reflec-
and transitions in UNiGe we performed neutron-diffraction tions 0, k12 ± 6, - 1/2 ± J reach a maximum intensity al-
experiments on the same single crystal at BENSC (on E2 and ready around 43 K and then diminish continuously with in-
E4) and LANSCE (on SCD). The obtained magnetic phase creasing temperature. The reflections are at the limit of de-
diagram shown in Fig. 2 contains essential information from tectability at 50 K, but some residual intensity can be seen in
studies in magnetic fields applied along the c axis. the background up to approximately 53 K. The parameter 3

varies from -0.123 at 41.5 to 0.15 at 50 K. The transition at
A. Zero magnetic field, T-41.5 K 41.5 K is apparently of the first-order type in contrast to the

All observed magnetic reflections can be indexed as h,k/ second-order transition around 50.5 K.
2,1/2 (with k, 1 odd), suggesting the AF structure with
q=(0,1/2,1/2) in agreement with Ref. 6. The U moments are C. 8B-6 T, Ejlc, T_-41.5 K
locked in the b-c plane. The temperature dependence of the
intensities of the magnetic reflections indicates that the U The first metalmagnetic transition exhibits a large
moment decreases slowly with increasing temperature." At hysteresis." The critical fields and the hysteresis (marked by
40 K, the ordered U moments retain about 90% of the low- the hatched region in Fig. 2) decrease with increasing tem-
temperature value. The magnetic intensities then decrease perature. When sweeping the field upwards, the 0,k/2,1/2
abruptly at the 41.5 K first-order phase transition, where the reflections disappear rapidly around the transition. On the
low-temperature phase vanishes.

B. Zero magnetic field, T-41.5 K 0. 16 60UNiGe (0 3/2 -1/2)( 6)

A crucial point of our research has been to indicate an 50
IAFP, which propagates within the b-c plane. For this pur- 0 15 50
pose experiments on the flat cone diffractometer E2 in Berlin 40
and the single-crystal diffractometer SCD with an area de- 0"-"
lector at Los Alamos were indispensable. Both types of ex- 3 0

periments provided compatible results confirming the exist-
ence of an IAFP with q=(0,1/2,-12)±(0,3,6). For 0 13 t

illustration, we display in Fig. 3 typical patterns recorded on 10o

SCD in Los Alamos at 20 and 46 K, in which the difference
between the respective magnetic states is manifest. Whereas 0.12 - -

at 20 K the 0, 3/2, -1/2 is characteristic for the commensu- 40 42 44 46 48 50

rate AF phase stable below 41.5 K, this reflection is absent at T (K)

46 K and instead two satellites shifted by ±(0,0.141,0.141)
indicate the presence of the IAFP. After identifying this FIG 4 Temperature dependene the integral intensity and the parameter S
phase, its stability and temperature evolution of S were stud- of the (0,1/2,-3/2)±(0,8,) reflection
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0.6 (a anisotropy can be employed. The experimental findings in
T=45K. UNiGe corroborate the empirical rules' relating the symme-

0.4 T 45K try of the bonding of the 5f orbitals in a particular structure
to the type of magnetocrystalline anisotropy. The strong

0.2 bonding axis (a axis in UNiGe and structure-related UTX
B:L c compounds) determines the hard-magnetization direction

0.0 I 1 _ _ _ 1 whereas the magnetic moments are locked perpendicular to
150 (b) the hard direction (in the b-c plane in UNiGe). The ex-

change interaction along the strong bonding axis (plane) is
-2100 4usually strong and ferromagnetic, whereas the considerably

weaker interaction(s) in thL. perpendicular direction(s) medi-
- 50 ate the coupling between the ferromagnetic chains (planes).

These interactions are frequently frustrated and a seonence of
01 .incommensurate and commensurate phases can be
0 1 2 3 4 5 6 observed 12 when temperature is decreased.

B (T)
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Magnetic susceptibility and elet konic specific heat of Anderson lattice
with finite f-band width
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We study an extension of the periodic Anderson model by considering finite f-band width. A
variational method recently developed, has been used to study the temperature dependence of the
average valence of magnetic susceptibility X, and electronic specific heat C, for different values of
the f-band width. As f-band width increases, the low-temperature peak in x, and C, becomes more
broad and shifts towards the high-temperature region.

I. INTRODUCTION Here, Ek is the f-band energy and other symbols have their
A class of certain lanthanide and actinide intermetallic usual meanings.

For simplicity, we assume that the form of the f band is
compounds, now known as heavy fermions, show a variety the same as that of the conduction band. The f band is rep-

of anomalous electronic and magnetic properties. 1- 4 At high resented by the expression

temperatures, there is a Curie-Weiss-like magnetic suscepti-

bility Xs. X can be fitted to (T-0)- where 0<0 and there
are large effective moments (>I.B). However, at low tem- Ek=ef+A 'k - (3)
peratures, xs shows T2 dependence and tends to a constant 2

value which for heavy-fermion systems is greatly enhanced
over the value expected for a normal metal. The data on the where A is a positive constant less than unity. Here W and

electronic specific heat C, also show interesting features. In A W are the band widths of conduction band and f band,
general C, varies linearly with temperature at very low tem- respertively. For A = 0, E = ef is the position of the f level.
perature, C,= yT, which is the behavior expected for a In the k space, the Anderson-Hamiltonian may be writ-
Fermi liquid. In the recent past, the periodic Anderson model ten as

(PAM)5 has been widely accepted as a model for understand-
ing the basic electronic and magnetic properties of mixed H E Ck C/k+ +
valence and heavy fermion materials. Since there is an over- k, k, ef+A ek- ) b
lap of 5-f orbitals (thereby giving rise to a finite f-band
width) in actinide materials, 6 we consider an extension of the U
PAM by considering finite f-band width. Recently, an exten- - Vk(Ckjbk,+ h.c.) + - I z nn,. (4)

sion to the Anderson model in which direct f-f hopping is kjr ]a

included has been studied by several authors.7- 9 This model Here we are considering strongly interacting (i.e.,
has been studied by several authors using the variational U---,) case. In this case the probability of f 2 configuration

10ho)- 14  Recetly case deelpe thi casariationaly onigraio
method.i5-20 Recently, we developed a variational is very small. The variational wave function which projects
method' 5 2 ° to study the ground state and thermodynamic the f2 configuration r,, may be written as (Panwar and
properties of PAM. We use this variational method here to Singh fb)
study the PAM including finite f-band width. In Sec. II we
give the basic formulation for the magnetic susceptibility and
electronic specific heat. In Sec. III we discuss our results. I) = H7 I +A ,( I - nfr_)b +Cko]F) (5)

kg"

11. BASIC FORMULATION when JF) = H-knkFc 10) is the Fermi sea of conduction

The orbitally nondegenerate periodic Anderson model electrons and Ak, the variational parameters. It can be seen
including finite bind width of f electrons is described by the that the resultant states are in the form of two quasiparticle
Hamiltonian bands; the lower (-) and upper (+) of quasiparticle spectra

are given by
C kCke, + I T,Jb ';b)g a Vjk(C+ b.grA~

k u Ik + lT ik AW PI]uE { (1 +APf) Ek+ EfPf- 2
U

h .c .) + Io " - , ( 1) If( A WP12

jc,~~-4 + \( l-APf)Ck- EfPf+--- +4VZT'
where c f

T (6)T= k EkeI k (R,-R 1 . (2)

k The Ak's are given by
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kf. 2 (b)

4 lEk(1 -APf)-.EfPf+ 2 ] 4VP f 80,P/

(7) 60

where , ,

P/=(1-nf-). 0.8 (a) 40

At finite temperature, the number of conduction electrons nf _
and f electrons are given by (taking the total number of 0 -- 20
electrons such that the Fermi level lies in the lower band)

f f,, f I 0 0 _ _(A[ -o27 "  
T 0.0 01 0.2 00 0.1 0.2(A T,) 2pf 1+ (A+ 2pf2 0- 01 0-k, IA A

(8)(Ako.)2 P ~ 2 f+ Ao. fk

n + (A= .I(ko'P f 1 +(Ako.)'Pi1 binding conduction band for different effective positions off level. Curve I

Here Fermi functions fj,. and fkj, are given by for e/=-0.4, curve If for e/=0.0 V is fixed on 0.25. (b) Variation of mag-
netic susceptibility x , [in units of (g,) 2] with A at T=0 K with tight-

1 binding conduction band for different effective positions of f level Curve I
fL=exp[f(E±-/p)] + 1 (9) for el=0.0, curve II for Ef=0.2. V are fixed on 0 25.

where p is the chemical potential and f3=l/kBT. width is AW=2 A. V is fixed on 0.25 eV. Figures 1(a) and
A. Magnetic susceptibility l(b) show the variation of average valence nJ and magnetic

In the presence of a static magnetic field B, the f level is susceptibility X(, with parameter A, respectively, at T=O K.
Ef-guTBB; Ef= if+A (Ek- W/2). The static magnetic sus- In Fig. l(a) curve I shows variation for the f-level position
ceptibility for the lower branch of quasiparticle spectra is e1=-0.4 and curve II for ef=0.0. Here we find a smooth
given by variation of n/ with A. We have also seen that for a constant

ao 1fvalue of A, n increases slowly with increasing temperature.
Xs=gU8 o , - 0-. (10)aB

Putting ni, 's from Eq. (8) one gets, after some algebra, the 120 ,
expression of susceptibility [in units of (gAB )2] at finite I
temperature' 6 in the paramagnetic region. 0

100

B. Electronic specific heat

At finite temperature, the ground state energy is given by 80

(E)= [ --Af,+E + 0 1E=~ [(k./~k. Eo-xfo] (11) 1
ka kk, hJGo-

The electronic specific heat C, is obtained by differen-
tiating energy (E) with respect to temperature T. The total 40

electronic specific heat gets the contribution from both the
lower as well as the upper quasiparticle bands. It is given by

=(E) a 20-
C dT dT a k a ) ] kuII I

(12) 00 100 200 300 400 500

T (K) -
III. RESULTS AND DISCUSSIONS

In these calculations, we have considered a tight-binding FIG. 2. Magnetic susceptibility A, [in units of (gAB) 2] as a function of
conduction band which is centered around zero energy with temperature for different A with tight-binding conduction band V=0 25 and

oc =0.0 Curve I for A =0 0, curve I1 for A =0 05, arid curve Ill for A =0 15conduction band width W= 2.0 eV. Tie total number of elec- Dashed part of curve I shows the divergence of , in the temperature rangetrons per site (nC+nf) has been taken to be 1.5. The f-band 10-50 K
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so0,0 (a) -0.4. Curve I shows variation for A =0.0, curve II for(a) A =0.05, and curve III for A =0.15. Here C,(T) increases

4000- linearly at low temperature, and has a maxima near Tmax=25
oK at A =0.0. As A increases, the maximum is less pro-

nounced and much broader and shifts towards higher tem-
3000- /perature region. Also as A increases, the maxima in CoIT at

low temperature becomes wider and is less pronounced and
Cv in some cases disappears. We have a more sharp peak in C,

2000 or CIT at low temperature as the f level goes down for a
constant value of A. This behavior of specific heat curves has
been the main characteristic of many mixed valence and
heavy fermion materials like NpSn 3

. 
23

From the above results of X5(T) and C,(T), one can
0 oconclude that by increasing the f-band width, we are making

0 100 200 300 4.00 500
T (KI - the "Fermi-liquid" nature of f electrons to be more pro-

nounced.
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Electrical resistivity and thermoelectric power of heavy fermions
and mixed-valence systems

Sunil Panwar and Ishwar Singh
Department of Physics, University of Roorkee, Roorkee 247667, India

Representing the heavy fermions and mixed-valence systems by the periodic Anderson model, we
have used the variational method to study the temperature dependence of electronic transport
properties of these systems. The electrical resistivity p(T) and thermoelectric power Q(T)
calculated show the features experimentally observed in these materials. In the low-temperature
region p(T) and Q(T) increase rapidly. Toward high-temperature region, Q(T) changes sign.

I. INTRODUCTION II. BASIC FORMULATION

The experimental results of electrical resistivity p(T) of The orbitally nondegenerate periodic Anderson model is

many heavy fermion systems (e.g., CeAI3 , CeCu2Si2 , described by the Hamiltonian

CeCu6 , UBe 3) at low temperatures show anomalous H=2 kCk+Ck+iff b+b,,-E Vk(c+b +h.c.)
behavior- 5 p(T) increases with increasing temperature in ko, + or bb, k ka

the very low-temperature region (known as the Fermi-liquid kg kr

region or coherence region), reaching a maximum and then U
decreasing slowly like In T (known as the Kondo region or 2 n (I)
independent-impurity region). The negative temperature co-
efficient (NTC) of the resistivity in the high-temperature re- where symbols have their usual meanings.
gime is usually interpreted as a manifestation of the Kondo A. Weak Interaction case
effect in a concentrated system. 2 The thermoelectric power
Q(T) also exhibits characteristic anomalies when compared In the weak-interaction case, where Coulomb interaction
to the thermoelectric power of usual metals. Q(T) is very U is small and all the three configurations f o, f 1, and f are
lareo the asermoeseric merifusals. ItT shows xim vy a energetically possible, the variational wave function has beenlarge in the case of these materials. It shows a maximum at a taken as in k space

relatively low temperature T*. In some heavy fermion sys-

tems like UPt3,6 Q(T) changes sign at temperatures T>T*. Iqo)=H(1 +Ak,b' Ckg)F), (2)
In the recent past it has been suggested that the low- k,

temperature coherent Fermi-liquid phase may very well be with IF) as the conduction-electron state and Ak the varia-
represented by the periodic Anderson model (PAM) where tional parameters. It can be easily seen that the resultant
one considers the coherent hybridization between conduction states are in the form of two quasiparticle bands; the lower
states and the f states on all N sites. 7- 1  branch of quasiparticle spectra is given by

Recently we developed a variational method to study the UnP'

ground-state and thermodynamic properties of PAM.11- 15 We Ek = 1/2 Ek+ IFl+ -- k- ef- -- +4V;
use this variational method here to study electrical resistivity 2(3)
and thermoelectric power of heavy fermion (HF) and mixed-
valence (MV) systems within PAM. The details of the varia- B. Strong interaction case
tional method may be found in Ref. 11. In the recent past, the
characteristic anomalies in p(T) and Q(T) have been de- In the high interaction case, where U is very large and

scribed by the frequency dependent relaxation time resulting the probability of f2 configuration is very small, the varia-

from quasiparticle-quasiparticle scattering. In Ref. 16, the tional wave function which projects the f 2 configuration out

frequency dependence of the self-energy contains this infor- may be written as

mation. We have not taken into account such lifetime effects
in our variational approach. In this work, we suggest that the 11Y) I= I[[ +Ak,,( 1 f ,,)b4,CkJ]FX. (4)

scattering mechanism is impurity scattering with a frequency ki

independent mean free path and we have taken into account For this case, the coiresponding expression of Ek is
only the energy dependence of different factors like density E m E 1
of states appearing in the expression of p(T) and Q (T). We Ek = [ ( Ei + EfPf) - ( EfPfY) + 4 V P]. (5)

have used the Mott's formula for the electrical conductivity
which takes the explicit energy dependence of the mean free C. Electrical resistivity

path. Below we give the basic formulation for electrical re- We are not interested here in the absolute value of resis-
sistivity an i~i thermoelectric power. In Sec. III we discuss uur ti,,ity and thermoelectric powker but onl) in the -ariation of
results. resistivity and thermoelectric power with temperature. In the
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low-temperature regime, we assume the resistivity is pro- D. Thermoelectric power
duced by the impurities in the system. Then we use the elec- The thermoelectric power Q(T) may be written in terms
trical conductivity formula given by Mott 17  of (E ) [17] in the following way

o-(T)=f & (EpdE-, (6) fdE_(-f/aET)(E_ -1_)&(E_)
)Ek k  k  Q(T)=Q° fdE- (- f/kE )(E-) k (9)

where &(Ek-) can be written as where

(E-)=o-[N(El )]2, (7) 1
Qo= -  (10)2zre2I 3  e

III. RESULTS AND DISCUSSIONS
The symbols in oro are given in Ref. 17. oo has been taken as

a constant in our calculations. fT is the Fermi function for In these calculations we have considered a tight-binding
the lower branch of the quasiparticle spectrum and NC(E-) conduction band which is centered around zero energy with a
is the density of (lower part of) perturbed conduction states. conduction-band width W=2.0 eV. The total number of elec-

(a)
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I t I
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(b) IIll (b)
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1.0
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FIG. 1. Electrical resistivity p as a iunction of temperature for the tight- FIG, 2. Variation of thermoelectric power Q with temperature for tight-
binding tonduction-band case (a) V=025, U=oc, curve I for ef=-0.6, binding conduction-band case (a V=025, U=o, curve I for e-=-06,
curve II for E= -04, and curve III for ef= -0.2. (b) V=5 25, E-= -0.6. (urve 11 for ef= -0.4, and curve III for Ef= -0 2. (b) V=0.25, Ff= -06,
cure I for U=c, curve It for U=I 0, and curve Ill for U=05 curve I for U=%, curve 11 for U=I 0, and curve III for U=05
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trons per site (nC+nf) has been taken to be 1.5. We have obtained within the same treatment by changing slightly only
calculated here the temperature dependence of p(T) for dif- one parameter like cf. (2) The relevant mechanism respon-
ferent effecti," positions off level cf and with finite as well sible for the temperature dependence of p(T) and Q(T) is
as infinite U. ; results are shown in Fig. 1. Fig. 1(a) shows the special type of dispersion curve of these systems, because
p(T) for ef= -0.6, -0.4, and -0.2 eV. We obtain the typical of which they have a very high quasiparticle density of
behavior in p(T) with a rapid increase -T 2 at low tempera- states. We have considered here the orbitally nondegenerate
tures, a maximum near Tmax=50 K, and a NTC for higher Anderson Hamiltonian. It explains much valence fluctuation
temperatures. As f level ef shifts downward with respect to and heavy fermion physics, at least qualitatively.
Fermi energy EF, p(T) increases more sharply in the low-T
regime; as a result, the peak in p(T) becomes even sharper
with a larger NTC. Figure 1(b) shows p(T) for different
interactions: U=0.5, 1.0, and -. Here when U is increased
the resistivity increases and he peak at low temperature gets 'G. R. Stewart, Rev. Mod. Phys. 56, 755 (1984).

sharpened. These resistivity results are in qualitative agree- 2 N. Grewe and F. Steglich, in Handbook on the Physics and Chemistry of
ment with experimental results for YbAgCu 4 (HF com- Rare Earths, edited by K. A. Gschneidner (North-Holland, Amsterdam,

16 It 1991), Vol. 14.pound) and CePd3 (MV compound).
6 It may be noted here 3P. Fulde, J. Keller, and G. Zwichnage, Solid State Phys. 41, 1 (1988).

that we have not considered the phonon contribution to re- 4U. Rauchschwalbe, Physica 147B, 1 (1987).

sistivity, which is appreciable toward the high temperatures. 5 
Theory of Heavy Fermions and Valence Fluctuations, edited by T. Kasuya

Corresponding results for the temperature dependence of and T. Saso (Springer, New York, 1985).

the thermoelectric power Q(T) are shown in Fig. 2. We oh- 6
A. D. E. Visser, A. Menovsky, and J. J. M. Franse, Physica 147B, 81
(1987).

serve the extremum in Q(T) approximately at the same tem- 7S. Doniach, Physica 91B, 231 (1977).

perature Tmax, where the resistivity has its maximum and this 8H J. Leder and Muhlschlegel, Z. Phys. B29, 341 (1978).
extremum in Q(T) is also present when p(T) does not have 9 K. Yamada and K. Yosida, Prog Theor. Phys 76, 621 (1986)
the maxima as in E= -0.2, in complete agreement with the ioK. Yamada, K Okada, and K. Yosida, Prog. Theor. Phys. 77, 1097 (1987).

'Its Panwar and I. Singh, Solid State Commun. 72, 711 (1989).
experimental findings. We obtain a change of the sign of 12s. Panwar and I. Singh, Phys. Status Solidi B 168, 583 (1991)

Q(T) for relatively high temperatures. Our Q(T) results 13S. Panwar and I. Singh, Solid State Commun. 85, 239 (1993).

match qualitatively with the experimental result of Visser 14S Panwar and I. Singh, Phys. Status Solidi B 175, 487 (1993)

et al.6 for the HF compound UPt3. 5S. Panwar, Ph.D. thesis, 199216 H. Schweitzer and G. Czycholl, Phys. Rev. Lett 67, 3724 (1991).
Our main conclusions are (1) Both types of resistivity 17 N. F. Mott, Metal.Insulator Transitions (Taylor and Francis, London,

behaviors (viz., with or without maxima at low T) can be 1974), p. 26.
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Understanding the great range of magnetic ordering behavior in correlated
f-electron systems

Q. G. Sheng and B. R. Cooper
Department of Physics, West Virginia University, Morgantown, West Virginia 26506-6315

The magnetic ordering behavior of correlated f-electron systems varies widely. With regard to the
value of the ordered moments, there are systems of saturated moment (e.g., CeSb), of moment
somewhat reduced from the saturated value (e.g., UTe), of very small moment (e.g., UPt3) and of no
moment at all (e.g., CeCu 2Si2). We show that such wide diversity in magnetic ordering is a
manifestation of the competition between (1) hybridization and exchange interaction and (2)
localization and itinerancy. By analyzing these effects, we develop a theory which organizes the
diverse magnetic behavior into a unified picture describable through one model Hamiltonian. An
important feature of this analysis is that we recognize and treat the effect of band-f Coulomb
exchange simultaneously with that of band-f hybridization. Rather than adopting the standard
analysis using the "Kondo resonance"--"Kondo compensation" concept, the development of this
theory offers a new approach to treat the correlated f-electron state. The prespnt theory naturally
leads to a nonmagnetic snglet "Kondo state" which is one of the possible states, along with other
magnetic states which the system could be in, when the conditions determining the state of the
system favor that choice. The f orbital notions and spin-orbital coupling are given full
consideration in the theory.

I. INTRODUCTION II. STEP 1
Consider a single isolated atom which has two orbitals:

For correlated f-electron systems, one interesting and an f orbital If) and a ligand orbital I1). Assume the following
not yet fully understood fact is that their magnetic ordering Hamiltonian for this atom:
behavior has wide diversity. On one hand, there are "Kondo
lattice" materials, in which the localized ordered moments Hatom= E61 /2/,r+ Efl fl f,7+ UfIt f ft f

are very small or vanishing; on the other hand, there are
materials having strong magnetic ordering with almost satu-
rated moments. Between the two extremes, there are a vari- +Vf (1 fa+h.c.)-Jj f' (1)
ety of materials with ordered magnetic moments ranging
from very small to very large, while their magnetic structures where cf and e are the energies of If) and 1), respectively;
also have rich complexities.1 Can such diverse f magnetism ft and I1, create an electron with spin (T in If) and It), re-
be understood on the basis of one unified picture? spectively; U is the f-f Coulomb repulsion; V is the hybrid-

There are a variety of approaches to treat the correlated ization between the two orbitals; and J is the exchange Cou-
f-electron systems. For most of these approaches, the foun- lomb interaction between f and ligand electrons. Suppose

dation of the theoretical framework is the concept of "Kondo El> Cf. Hamiltonian (1) is the Anderson Hamiltonian plus a

resonance"-"Kondo compensation," and there are a large J interaction. The inclusion of J leads to significant magnetic

s2  consequences, which have been shown by first-principle cal-
number of publications based on this line of thought. z In this culations for several materials, and will be further analyzed
work, we propose an alternative approach to treat the corre- later.
lated f-electron systems, which has nothing to do with the Consider the case that the atom has two electrons. Ne-
concept of Kondo resonance-Kondo compensation. This glect double occupancy of If) by assuming U--o. When
theory covers the diverse f magnetism, and it naturally leads V= 0 and.!= 0, the system has a fourfold degenerate ground
to the nonmagnetic singlet "Kondo state" as one of the pos- state, which, having one electron in If) and the other in I),
sible states, along with other magnetic states, which the sys- has an energy E0 = el+ e. The fourfold degenerate states
ten could be in, depending on what the conditions favor. It can be grouped into a spin singlet IJ(s=o) and a spin triplet
shows how the diversity in f magnetism rests on the funda- (t1s1= 1):
mental aspects of the f-electron systems, including the roles 1 2
of hyoridization versus exchange interaction, localization Iq)s=0)=-- W /1 -, 14 " , (2a)

versus itinerancy, and the f orbital motion.
We describe the theory in three steps: (1) for a single I(I A t )ftl0) ,

atom, considering only the spins of electrons; (2) also for a
single atom, including the f orbital motion; (3) forming a It)= 1 - (f *l!t+ftt) 1o); (2b)
crystal using atoms described by (1) and (2). N2
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lar momentum j of the system can be j=5/2t 1/2; and the
I ()sM==1 )= I- 1 ) /"S Ilexcited state IlFex) (Eex=2et) is the same as in Eq. (3).

The system has a singlet excited state, which, having two When V is turned on but J kept zero, the resulting
electrons in 11), has an energy E, =2e: 13X13 Hamiltonian matrix has the following form:

I)1 =t 1T1 10). (3) E V1  V2 V3 ... Vl

When V is turned on bt-t J is kept to zero, the system has V E0  9 0 ... 0
the following changes: (i) The singlet II)s= o) mixes slightly
with Ijx,), lowers its energy by AE=2V1(e1- e ), and be- V- 0 E0  0 ... 0

comes the actual ground state. (ii) The triplet 1I °'-  V* 0 0 E0  ... 0 ' (5)

does not mix with !1s=o) or IlDex); its energy remains un- . . "
changed and becomes a low-lying excited state. (iii) NCeX)

mixes slightly with l(I1s0), and raises its energy by V12  0 0 0 ... E0
AE=2V2/(e 1- Ef). where V, is V, multiplied by some coefficient. The ele-

The above picture contains the key elements of the whr m5V, uliiebysecofcen.Tel-ments of matrix (5) are all zero except those on the first row,
Kondo problem: at low temperatures (T< AE), the system is first column, and the diagonal. This leads to the following
bound in the nonmagnetic singlet state; as the temperature eigenequation:
rises, the triplet state becomes populated and the system de-
velops magnetic moments; at high temperatures (T> AE), [(Eo- X)(Ee, X) -6 V2](Eo- X) = 0, (6)
the singlet and triplet states are equally populated, and the f where
and ligand electrons can be seen as effectively decoupled.
The foregoing treatments and discussions involving V were
given by Fulde 4 and readers can find the details therein. V2 IV,12. (7)

On the other hand, when I is turned on but V is kept to =-3

zero, the splitting of the ground state is reversed. The ex- As a result, the system has: (i) an 11-fold state cIjD), which is
changc energy is +J for the singlet 1Fs=o) and -J for the purely Ivj), and has an ei.ergy E0; (ii) a singlet IDo), which
triplet ! Ps= ). Thus the ground state splits by AE=2J, and is ijv) dominant but mixes slightly with Il)), and has an
since J>u, the triplet instead of the singlet is the ground energy E0 - AE; (iii) a singlet which is 11CX) dominant but
state. Therefore J tends to destroy the Kondo state driven by mixes slightly with Ij v), and has an energy ECx+AE, which
V and maintains magnetic moments for the system. we simply denote as lF). These are similar to the spin-only

Ultimately, whether the system is in the nonmagnetic case: the 12-fold degenerate ground state splits intc an actual
Kondo state or a magnetic state depends on whether V .: J ground-state singlet iDn) and a low-lying excited state mul-
prevails. This opens the door for understanding the "Kondo- tiplet 14-)1), and lq ) is the only one of these states which
like" f phenomena and the non-Kondo magnetic f phenom- mixes with 10l,,) through V, while IP) is not affected by V.
ena by a single model Hamiltonian. AE=6V 2/(e,- e6) and the singlet 1()I) is

III. STEP 2 (l)o) - 1+ 6 "2 ]l12

We now do the same kind of analysis as in step 1, but - ef)2I

with the f orbital motion included. We show that the features V* -\6v
in step 1 are not fortuitous because of the neglect of the f 1 7 v)/+I'lt j0) (8)
orbital motion; instead, they are intrinsic to the f-electron 1_-3T 6 E--:f.
systems. The atomic Hamiltonian is By applying the condition that V , (- +)3 "'v,. one can

arem =  f1,1 +yf+ (V,,, fm lie.) verify that (DtJlJlDo)=0. Thus in l1())), an f j = 5/2 moment
+ V,,,Ifi,, uhc. and a ligand s= 1/2 spin result in a nonmagnetic singlet, the

(fl no" n (T Kondo state, ItV) is magnetic since ((Dl 1 I)j)0. We con-
-,l clude that the forming of the Kondo state can be regarded as

Sf, ,fI ,0 1(' (4) a consequence of the local correlations. In contrast, in the
.... ' theory of Kondo compensation it is not clear how an f

wticre in indicates the orbital state of If). We have dropped j = 5/2 moment can be fully "compensated" by conduction
U from Eq. (4) by excluding double occupancy of If) from electrons without the hardly reasonable consequencc of con-
our discussion. Considering that in a lattice the orbital mo- suming five conduction s= 1/2 spins.
tion of the ligand states are largely quenched by the crystal We now turn on J. Cne can verify that the J interqction
field, we assume I1) is an s wave. Then J is in independent does not change the 1(1)0) and I1 1) states ,esulting from the V
but Vm is not. 'We also include spin-orbit coupling in the interaction, but simply shifts these states by different
folio ,-g discussion by restricting the f electron to the amounts. As a result, the 11-fold degenerate I(Dj) splits:
J =5/2 states If,). Some levels move toward IP1)), and some do not. If J is large

When J=0 and V=0, the ground state Ij,vi) enough, the lowest level from ld1m) can cross over the
(E0 = e,+ Ej) is 12-fold degenerate, in which the total angu- V-induced gap AE and become the actual ground state, oth-
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erwise, j0) remains the actual ground state. Also similar to Ihu(k)) component. The local V and J interactions determine
the spin-only case, whether the nonmagnetic singlet oi the which component is lower, and how much it is lower; the
magnetic multiplet is the ground state depends on whether V nonlocal correlations determine how wide they are, and the
or J prevails. local and nonlocal correlations together determine how much

So far, we have seen that the key elements of step 1 they overlap. This opens a wide range of possibilities de-
remain when f orbital motion is included. A new aspect also pending on by what proportion the two components are oc-
emerges with the inclusion of f orbital motion. Unlike the cupied, and such wide possibilities lead to a wide range of
spin-only case, INDo) and 101) are not eigenstates of the total magnetic behaviors. Three such possibilities are: (a) IT0(k))
moment j,. This causes the system to respond to a magnetic is occupied but Ih 1u(k)) is empty, which leads to a nonmag-
field (external or internal) with complicated magnetic con- netic Kondo state; (b) I1o(k)) and I"P(k)) both are partially
figurations. Thus a crystal formed by such atoms, if being occupied, which leads to reduced moments; (c) 14Pl(k)) is
magnetic, can have complicated magnetic structures. In con- occupied but I'P0(k)) is empty, which leads to strong magne-
trast, the spin-only model can only have simple magnetic tism.
structures. The above possibilities correspond to the case when the

f population is close to 1. If we include the wide band
IV. STEP 3 Ihuex(k)) into our discussion, it also opens the possibilities of

We now construct a crystal using atoms described by reduced f population: the more IT,'(k)) is populated, the less
steps 1 and 2. We call the interactions within an atom, which the f population the system has.
are represented by atomic Hamiltonians (I) and (4) and lead From the description above, we see that this theoryto atomic states Il0), Fs(, and I(4), local correlations. We opens the door to understanding diverse f magnetism by ad-call the overlaps between electronic wave functions from dif- dressing the fundamental aspects of the correlated f-electronferent atoms, together with the interactions between elec- systems, such as hybridization versus exchange interaction,trons from different atoms, nonlocal correlations. The nonlo- localization versus itinerdncy, and Kondo state versus mag-cal correlations, by driving the system toward itinerancy, netized state. As for the Kondo state, it comes from a newtend to suppress the local effects, while the local correlations approach which is completely different, fundamentally, thantend to preserve the local effects, and to suppress the itiner- the Kondo resonance-Kondo compensation theory. In thisancy. theory, the alternative possibility of the Kondo state and theWe maintain that, for a large number of materials, the magnetic states appears naturally as a consequence of localsuppression of the local effects by the nonlocal correlations correlations.is small. In other words, the atomic states o Iri), and More work is needed to see if the approach proposedisx) resulting from the local correlations will be sustained to here can be developed into a comprehensive theory of corre-a large extent, while being dressed by the onset of nonlocal lated f-electron systems. (We also point out that the part ofcorargelation Basedhis premse, we tae oet of, n ad the theory described in step 3 is only a preliminary illustra-correlations. Based on this premise, we take I(D0), I(D), and i .an a moe lb rte nly s wll epu ih d es -
I(.x) as the starting states, and adiabatically turn on the non- tion. and a more elaborate analysis will be published else-
local correlations. The result is the self-banding of these where.) To reach this goal, more aspects need to be ad-
atomic states, which leads to density spectra IPo(k)), dressed, such as: the spatial and time distribution of electrons
111 1(k)), and IJIPx(k)), which are associated with (), )1(, in g P0(k)) and Ih11(k)), magnetic excitations due to electronic
and (Fex), respectively, scattering between I ron(k)) and ITk)), and effective mass

Such spectra are of two-electron representation, since and susceptibility of electrons in IhIo(k)) or j1'1 (k)).
I DO), I' j), and I:Fx) are two-electron states. The effects of
local correlations are completely built into the two-electron ACKNOWLEDGMENT
wave function, thus completely represented by the two-
electron spectra. If we choose single-electron states as bases This research is supported through the National Science
to form a spectr," -, the local correlation effects cannot be Foundation under Grant No. DMR91-20333.
represented in th, ectrum so directly and completely.

I'Pex(k)) forms a wide band, since I4b.,,x) is a product of B R. Cooper, R Siemann, D. Yang, P. Thayamballi, and A. Banerjea, in
two 1)s, which are spatially extended. J'I'0(k)) forms a nar- landbook on the Physics and Chemistry ofActintdes, edited by A. J.
row band, since I(0) is a product of one If) and one I), and Freeman and G. H. Lander (North-Holland, Amsterdam, 1985), Vol 2,
If) is spatially very small. 1P1j(k)) also forms a narrow band. Chap 6, pp. 435-500
We neglect the mixing between Ipo(k)), I'PI(k)), and 2The number of publications in this area is huge. We refer to two publica-

tions which gave an overview of this area: J. M Lawrence and D LIPhj(k)), since it will not change our discussion. We can also Mills, Comments Cond Mat. Phys. 15, 163 (1991), A. C. Hewson The
see that the Fermi level is always in the vicinity of narrow Kondo Problem to lleaiy Fertnions (Cambiidge University, Cambridge,
peaks from I',o(k)) and ITP(k)) by simple counting of the 1993)
electron occupation. 3Q G Sheng and B. R Cooper, J. Appl Phys. 69, 5472 (1990); J. App)

Phys. 70, 6083 11991); Phys. Rev B 50, 1965 (1994)We now have a two-component spectrum near the Fermi 4 P Fulde, Eleatron Corretatoi in Molet iles and Solids (Springer, Berlin,level: a nonmagnetic fP10(k)) component and a magnetic 1991), p. 268.
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Discovery of T=2/9 lock-in in holmium
D. A. Tindall and C. P. Adams
Department of Physics, Dalhousie University, Halifax, Nova Scotia, Canada B3H 3J5

M. 0. Steinitz
Department of Physics, St. Francis Xavier University, Antigonish, Nova Scotia, Canada B2G 1CO

T. M. Holden
Neutron and Condensed Matter Science, AECL-Research, Chalk River, Ontario, Canada KOJ IJO

The complex magnetic behavior of holmium is a well-established experimental fact and has been
studied by a variety of experimental techniques, including magnetization, x-ray diffraction, thermal
expansion, and heat capacity. Our recent studies have focused on using neutron diffraction to study
the temperature and field dependence of the helimagnetic structure. The pitch of the helix is
described by ; the spiral wave vector. 7 usually varies smoothly with temperature but tends to lock
in at various values that are commensurate with the lattice when a field is applied. These lock-ins
provide clues to the nature of the different magnetic phases and, up to now, all the lock-ins have
corresponded to features of the magnetic phase diagram obtained from magnetization
measurements. However, recent experiments have revealed a previously unobserved lock-in at
7-=2/9 rlu in a 1.4 T b-axis field. It shares the same general features of other lock-ins except that it
does not correspond to any feature of the magnetic phase diagram.

Neutron diffraction has been particularly useful in deter- 2% variation in the field over the sample volume. The cry-
mination of the magnetic structure and the nature of the or- ostat allows a range of temperatures from 4.2 K to room
dering of magnetic substances. Holmium is one of the mate- temperature, fields up to 3 T, and 350' access for the neutron
rials that has been frequently studied in this way.1- 4 For our beam. The sample was mounted so that we could observe the
part, we have used neutron diffraction to study holmium and (hO 1) reflections. A platinum resistan.e thermometer was
its intricate magnetic phase diagram, 5- 9 and used the results used to control the temperature of the sample and a cmt on
to supplement the information yielded by the various other glass thermometer used to read the temperature. The ther-
experimental techniques. to-19 One phenomenon which has mometers were mounted in the copper base to which the

6-11been extensively investigated, using neutron diffraction, is sample mount was also connected. The temperatures were
the lock-in behavior of the spiral wave vector r. high enough, and the field was !ow enough, that magnetore-

We have found lock-ins in holmium for magnetic field- sistance effects on the thermometers were negligible.
applied in different directions: specifically at r= 1/4 and 1/5 Holmium in its antiferromagnetic state (between 20 and
rlu (reciprocal lattice units) in a 3 T c-axis field. 5- 7 r= 1/6 rlu 132 K in zero applied magnetic field) has a helimagnetic
is the "original" lock-in which occurs in zero field below the structure with 'he moments in the basal planes ferromagneti-
Curie temperature (T,=20 K).' More recently, we have ob- cally aligned, b, t with the direction of alignment in the plane
served lock-ins at r= 1/4 and 5/18 for b-axis fields of 1.4 and changing in angte as one moves from plane to plane along
3 T.8'" In this paper we report our most recent studies, which the c axis. The pitch of the helix is given by the spiral wave
have revealed a previously unobserved lock-in at r=2/9 rlu vector T, which represents the periodicity in reciprocal space
which occurs at 75 K (iii a 1.4 T b-axis magnetic field). The (for example, if the helix has a period of four lattice con-
discovery of this lock-in is of particular interest for two rea- !ants, then 7-- 1/4 rlu). The effect of the magnetic structure
sons. First of all, r=2/9 is part of a series of commensurate on the neutron-diffraction pattern is to produce magnetic sat-
values arising from a simple spin-slip model.2 '2 ' Seconu, ellite peaks offset by 7 from the nuclear peaks in reciprocal
while all of the previously observed lock-ins correspond to space, for instance at (10±r). Since the magnetic cross sec-
features of the magnetic phase diagram seen in magnetiza- tion and the nuclear cross section are comparable under our
tion measurements," this is not the case for the r=2/9 lock- experimental conditions, the primary peak and its satellites
in. Given the previous correspondence between lock-ins and are roughly of the same, relatively large, intensity. We mea-
phase transitions, this raises the question of why this lock-in sured T by scanning in the c* direction, through both the
was not observed in magnetization measurements, satellite and the corresponding nuclear peak, carefully mea-

Measurements were made on the N5 triple-axis spec- suring their positions (determined using a Gaussian fit), and
trometer at the Chalk River Laboratories of AECL-Research then obtaining the difference. In zero field r decreases
in Chalk River, Ontario. The scattering experiments were smoothly, from a value of 5/18 (0.2778) rlu at the Nfiel tem-
done elastically at an incident neutron energy of 8.23 THz, perature (TN = 132 K), to 1/6 rlu at the Curie temperature.
corresponding to a wavelength of 0.155 nm. The holmium However, in the presence of an applied magnetic field, we
sample was a high-purity single crystal roughly 2X 1 × I cm, have found that T becomes locked in, causing the -r versus
provided by Pechan and Stassis' and used in our previous temperature cur, to flatten out at certain values of Tthat are
neutron studies. The sample was mounted in the M2 commensurate with the lattice. As a locked-in region is en-
cry ostat, -2 2 which pro,,ided a horizontal field with less than a tered in a temperature sweep, there is also a distinct anomaly
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FIG 1. " vs temperature in a 1.4 T b-axis field showing the 2/9 lock-in FIG. 2. (107) intensity vs temperature for the same runs as in Fig. 1 Notice
highlighted by the dashed line. Initial coarse runs are shown by *, and the the sharp anomaly in the lock-in region which has been present for all
finer temperature runs shown by U lock-ins observed so far.

in the intensity of the magnetic satellite. The occurrence of zero field, one finds that this curve is associated with 7"1/5

this anomaly is not understood, but it is very useful for iden- and not 2/9 rlu. It thus appears that a branch of the phase

tifying the lock-ins. The absolute error in r is estimated to be diagram has been missed in the magnetization measure-

±0.0010 rlu and relative error between the scans better than ments. On looking at the magnetization measurements of

±0.0001 rlu. The absolute error in r arises from uncertainty Willis et al., 3 it is seen that some of the magnetization

in the lattice parameters which are needed to measure dis- anomalies are quite subtle and it is, perhaps, not too surpris-

tances in reciprocal space. Unfortunately, data for the ther- ing that one might have been missed.

mal expansion of holmium in the presence of a 1.4 T field are As well as the previously undiscovered 2/9 lock-in, we

not available and, given the large magnetostriction of hol- have also observed lock-ins at 1/4 and 5/18 rlu for the 1.4 T

mium, it is unlikely that the use of zero-field thermal- b-axis field. We have previously reported the 5/18 lock-in• 2" 3

expansion data in this region would give the lattice param- and compared it to the 5/18 lock-in for a 3 T b-axis field. In

eters to sufficient accuracy. The relative error arises from the that paper we mentioned that the width of the 5/18 lock-in

counting statistics and least-squares-fitting procedure. appeared to vary as the square of the field, but this is not the

In Fig. 1 we show a plot of r versus temperature for a case for the 1/4 lock-in. In Fig. 3 we show the 1/4 lock-in for

1.4 T b-axis field. This plot clearly shows the lock-in at a 1.4 T b-axis field, drawn to the same scale as Fig. I of our
which T is 0.2215±0.0010 rlu, corresponding to r=2/9 rlu, previous work.9 Using the intensity anomaly to characterize
at a temperature of 75 K. Despite the fairly modest field the widths, we obtain a ratio of widths, (2.2 K/O 8 K)=2.8

value, the lock-in is prominent and has a width of roughly compared with (3 T/1.4 T)2=4.6, so our simple generaliza-

1.5 K for the flattened region, very similar to the widths of tion does not apply here. This may have to do with the twist-

the lock-ins at much higher field values. Figure 1 also shows ing of the phase diagram that occurs in this region compared
the reproducibility from run to run. There are two runs
shown: one at a coarse temperature step of 0.5 K and another
finer run at 0.25 K between the scans. The two plots are i 4,

almost identical. A lock-in at 2/9 rlu is not altogether unex-
pected since it is one of the commensurate values that arises " ? .
out of a simple spin-slip analysis. Although the spin-slip T

model was devised as a description of low-temperature phe- - 1

nomena (below 70 K), and is based on the detection of low- I 00
temperature phenomena (below 70 K), and is based on the .

detection of 5rand 7"peaks,'- there may be some basis for •
its use in high-field situations where extra stabilizing effects "
may be present. The associated intensity anomaly is shown
in Fig. 2. It is often useful to use the peaks in intensity to " 1 1

characterize the width of the lock-in, since they are sharply AT (K)

defined compared to the edges of the lock-in region on the r
vs T plot. If we examine this region of the magnetic phase FIG. 3. 7'vs the difference in temperature (AT) away from 99.6 K, in a 1.4

diagram, obtained from magnetization measurements, 13 we T b-axis field is shown by 0 The 1/4 lock-in is much less prominent than
in a 3 T field, and probably would have been overlooked if not for the

find that this point falls below the closest coexistence curve intensity anomaly The ratio of the tIOr) intensity to that of the (100) nuclearby 0.4 T. In addition, if one follows this coexistence curve to peak is shown by X.
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R2Fe14B Hard Magnets and Applications A. Kim, Chairman

Die-upset Nd-Fe-Co-B magnets from blends of dissimilar ribbons
C. D. Fuerst and E. G. Brewer
Physics Department, GM Research and Development Center, 30500 Mound Road, Warren,
Michigan 48090-9055

We prepared die-upset Nd-Fe-Co-B magnets from melt-spun ribbon powders which were a series of
blends of two ribbon alloys. One alloy was always ternary Nd-Fe-B (no cobalt), and in the other
cobalt replaced up to half of the iron. Differential scanning calorimeter measurements revealed that
during hot working, the cobalt diffused across ribbon boundaries, effectively redistributing the
transition metal concentration throughout the magnet. Instead of anomalies indicating the Curie
temperatures of the two original ribbon compositions, we found a single transition consistent with
the average cobalt concentration in the magnet. However, the transition was broader than expected,
suggesting that the homogenization was incomplete. These results are new evidence of massive
diffusion occurring between ribbons, changing the microstructure and facilitating the deformation of
the otherwise rigid 2-14-1 magnet.

I. INTRODUCTION change in slope at Tc. This effect is very similar to that
observed in thermal expansion measurements near Tc . 11-16

Hot deformation, or die upsetting, was first presented as
a viable process for greatly enhancing (>60%) the rema- II. EXPERIMENTAL DETAILS
nence of magnets produced from melt-spun Nd-Fe-B rib-
bons, by Lee et al. in the early 1980s. ' 2 Mishra and Lee3  We used our standard sample preparation techniques
have described the microstructure of die-upset magnets as which have been extensively described elsewhere."" The
platelet-shaped grains (50-100 nm thick and 200-600 nm in melt-spun ribbons were crushed to less than 60 mesh and

diameter) where the short dimension corresponds to the c sieved to remove fine particles (less than 270 mesh). The

axis of the tetragonal Nd2Fe14B crystalline 4 phase. The de- composition of the ribbons was -14 at. % neodymium, 6
at. % boron, and the remainder transition metal

formation process not only encourages anisotropic grain TM (Fe Co), where 0 mrx as0.5.

growth, but also causes the alignment of the grains with the

c axis along the press direction (perpendicular to the flow of Ribbon blends were prepared by mixing cobalt-free

material). Optimizing alignment while maintaining sufficient (x0=0) ribbons with cobalt-containing ribbons (xI >0). The

coercivity has resulted in extremely high-energy products, average cobalt concentration (Xavg) depended on the weight
oearclvy has resu in xrmelt-spun 2 gne pr56 ratios (1-w and w) of the ribbons and can be approximatednearly 50 MGOe, in melt-spun 2-14-1 magnets. 5'  as Xavg=(-w)xo+ wxI or Xa. gwx] since x0=0. At the

The success of die upsetting depends on a fine-grained ex , w = 0a w = 1, the powdesic e of A the

microstructure in the starting material. Suitable grain sizes extremes, w =0 and w = 1, the powders consisted of a single

can be easily obtained by melt spinning at moderate quench spectiely.

conditions. 57 It has also been demonstrated that mechani- spectively.
The blends of ribbon powders were hot pressed to pro-

cally alloyed 8 and hydrogen, decomposition, desorption, and duce fully dense precursors (about 16 g). Subsequent die
recombination (HDDR) 9"0 materials can be used as precur- upsetting reduced sample heights by just over 50%. Mag-
suiN tor die-upset magnets. During die upsetting there is a netic properties were measured with a hysteresis graph after
burst of grain growth at high temperatures (1000-1100 K), premagnetizing in a pulsed magnetic field (100 KOe). The
creating a coarser-grained structure within a relatively short remanences (Br) for magnets with moderate cobalt levels
period of time (-1 min). Material is diffusing between re- (xg_<0.2) were in the range 12-12.5 kG; the coercivities
gions as smaller grains vanish and are replaced by the new (H,,) were slightly more variable, 7-10 kOe. At higher co-
larger platelet-shaped grains. The diffusion momentarily bait concentrations (0.2<xavg< 0.25) the remanences tended
softens the matrix, permitting the deformation which in turn to be lower, B- l kG with no commensurate change in
leads to the crystallographic alignment of the microstructure. coerciviLy. In general, the reduced energy products,
Once the new microstructure stabilizes, the matrix becomes (BH),axl(BrI2)2 , were in the range 0.9-0.95. Above
essentially rigid and further die upsetting is impossible. xavg-0.3, the coercivities dropped off considerably.

In this paper, we have used differential hcanning calo- A high-speed diamond saw was used to cut small (2
rimeter (DSC) measurements of the Curie tempeiature (Tc) X3X3 mm3) samples weighing about 135 mg for the differ-
to characterize the extent of iron and cobalt diffusion within ential scanning calorimeter (DSC) measurements. We used a
the die-upset magnet. These measurements are sensitive to Perkin-Elmer model System-7 DSC with a temperature scan
the specific heat of the material which experiences an abrupt rate of 25 K per minute and a 25 ml per minute flow of argon
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FIG. 2. DSC measurements on two die-upset magnets, both produced from
a blend of equal weight fractions (w =0 5) of two ribbon alloys, one cobalt-

I , I , I , ! , free (xo=0) and the other cobalt containing (x1 =0.2). Ile upper curve was
400 500 600 700 800 typical for magnets made from as-crushed coarse powder, less than 60 mesh

Temperature (K) (<250/.tm) and greater than 270 mesh (>53 Arm). The lower curve was
obtained from a magnet made from powder ground to finer than 325 mesh
(<45/mn). ICe exothermic heat flow is upward.

FIG. 1. DSC measurements of nine die-upset magnets produced by combin-
ing different weight fractions, 1-w and w, of two ribbon alloys, xo=0 and
x =0.2. For clarity, the measurements have been displaced vertcally with particles within a given volume. The result can be seen in
the single-alloy magnets at the top (w=0) and bottom (w=l). The exother-
mic heat flow is upward. Fig. 2, which shows DSC measurements from two magnets

with identical overall compositions, one produced from our
standard (coarse) powder and the other with powder ground

gas. The DSC data have been adjusted to level the overall to less than 270 mesh (fine powder). The fine powder pro-
slope and were plotted in the figures with the exothermic duced a sharper transition, consistent with less statistical
direction of heat flow upward. variation and more uniform cobalt distribution.

Figure 3 shows DSC measurements for a series of mag-

111. RESULTS AND DISCUSSION nets containing half cobalt-free ribbons and half cobalt-

The DSC measurements labeled w = 0 and w = I in Fig. I
are characteristic of magnets from single-ribbon alloys. Ir""
There is a relatively sharp minimum in each curve corre- 'o0
sponding to T,. Both transitions occurred at temperatures -------
appropriate for their respective cobalt content, Tc=588 K for
the xo=0 cobalt-free alloy (w=0) and T,=757 K for the " X,.o 10x 0.2 cobalt-containing alloy (wC) 8,19 However, wheno

die-upset magnets were made from mixtures of these two x,. 15

ribbon alloys (0<w<l), there was no evidence of either of S x,-0 20these transitions in the DSC measurements. Instead, the mea- C E,o25

surements revealed a single minimum or transition centered E
on the T c expected for an alloy with a cobalt level equal to D

Xfvgo Clearly the diffusion of iron and cobalt within the ma- up cuo 35was
trix is sufficient to create a material with nearly uniform ts rO m an

Ucobalt distribution. This requires more than intergranular dif- o om p e
fusion; rather, material transport is necessary over distances xo h i45
encompassing two or more ribbon particles. t aa w,,l 50

It is also cleart from Fig. 1 that the homogenization of the

composition was incomplete, because rather than sharp tran- , , ,
sitions similar to the end points (w=0 and w= 1), the blends 400 5 0 600 700 800
produced broadened transitions, suggesting that small varia- Temperature (K)
tions in cobalt concentrations between regions persisted. The
greatest broadening occurred in the range 0.4ll0.8, just FIG. 3. DSC measurements of ten die-upset magnets, nine of which were
where one would expect the greatest statistical variation in produced by combining equal weight fractons (w=0.5) of cobalt-free rib-

bon alloys x=0) and ounfcontaining ribbon alloys (x1>0). The tenththe average composition. The variation can be reduced by magnet 3top) contained no cobalt oxo=xr=0). The exothermic heat flow is

grinding the ribbon powders, which increases the number of upward.
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alloy magnets, the anomaly associated with T, was consid-
erably broader for magnets produced from blends of cobalt-

7 blended magnet free ribbons and cobalt-containing ribbons. When blending
Sw=0. & two ribbon powders, the broadest transitions were seen with

nearly equal weight fractions. Since the broadening is con-
trolled by regional variations in composition, the effect can

E be maximized by using coarse powers and selecting powders
with large compositional differences, xl>xo . Despite the
broadening, the transition temperatures indicate that massive

e oadiffusion across ribbon boundaries has significantly homog-CO single-ribbon alloy

W-1 o & xt.0 1 enized the composition of the magnet. A more controlled
study of particle size could reveal more precisely the diffu-

Ision distances involved.
400 500 600 700 800
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Evidence for reversal by nucleation in RE-Fe-B die-upset magnets
L. Henderson Lewis, Y. Zhu, and D. 0. Welch
Department of Applied Science, Brookhaven National Laboratory, Upton, New York 11973

Electron microscopy and initial magnetization studies at elevated temperatures were performed on
two die-upset rare-earth magnets with bulk compositions Ndl 3 75Fe80 25B 6 and Pr13.75Fe80 25B 6.In
both compositions the intergranular phase is amorphous and occurs primarily on those surfaces
parallel to the tetragonal 2-14-1 phase c axis. The intergranular phase is enriched in iron relative to
the bulk grain, with an average width of 8-12 A in the Nd-based magnet and 15-20 A in the
Pr-based magnet. The initial magnetization curves and the dependence of the coercivity upon
maximum magnetizing field both increase linearly with a common slope and then saturate,
consistent with nucleation-dominated behavior. These results suggest that the dominant reversal
mechanism in these magnets is nucleation of reversed domains in the iron-rich intergranular region
of reduced anisotropy.

I. INTRODUCTION with bulk compositions Ndt 3 75Fe80.25B 6 and Pr13.75Fe80 .25B 6 ,

Not only are magnets based on the RE2Fe14B tetragonal obtained from the General Motors Research and Develop-
ment Center. The magnets were manufactured by standardintermetallic compounds more economical to manufacture mn etr h ant eemnfcue ysadrhnther rare-earth-bsmred magnic o mnds uftuhe hot-deformation processing: 12 overquenched melt-spun rib-than other rare-earth-based m agnetic com pounds, but they b n e e h t p e s d a 5 C a d t e u t e e o m d apossss mprssie enrgyprouct whch sgniicatlyex- bons were hot pressed at 750 °C and then further deformed atpossess im pressive energy products w hich signifi cantly ex- 80 T to p d u e ri n d d e - s t m a e s. A ii n l

ceed those of prior-existing magnets.' However, a major 800 *C to produce oriented die-upset magnets. Additionaldrawback of this class of magnets is their high-temperature processing details are contained in Refs. 13 and 14.
drawackof his las ofmagets s teirhightemeraure The analytical electron microscopy was performed on

coefficient of coercivity, which causes the coercivity to fall the anlal eletrn micosopydas peformed
steadily to unacceptably low values for temperatues much granu ar p th ound are o deo
above 400 K. One method to compensate for this behavior is grains using both a VG Instruments HB-501 and a JEOL
to increase the coercivity of the magnet 2 so that it more 2000FX transmission electron microscope. The samples

closely approaches its theoretical maximum value, the an- were thinned with mechanical dimpling followed by argon-

isotropy field (2KIIMS), which is around 90 kOe for ion milling at room temperature. Over 30 unique grain-

Nd 2Fe,4 B at room temperature. 3 Such directed engineering boundary regions were examined in the Pr-based sample

would be greatly facilitated by the identification of the domi- while 10 were examined in the Nd-based sample.

nant mechanism of magnetization reversal in these magnets. The initial magnetization curves and the dependence of

It is generally agreed upon in the literature that sintered the coercivity upon maximum magnetizing field at elevated

2-14-1 magnets attain their coercivity by the nucleation or temperatures were investigated in the range 350 K-<T-<425
reversed domains 4 In constrast, the limiting mechanism K in applied fields up to 20 kG using a superconductingwhich controls magnetic reversal in the RE2Fe 4B die-upset quantum interference device (SQUID) magnetometer manu-whichcontrolsmagnets produc b eal nc mthod rem isoen factured by Quantum Design. Each sample was machinedm agnets produced by m elt-quench m ethods rem ains a na open d w o t e a p o i a e d m n i n . m X 1 3 m .
question. Some researchers believe that strong pinnig of dontthaprxmedinsns13mX.3m20quesion Soe rsearher beiev tht stongpini~i of mm and was subsequently sealed in a quartz capillary tube of
domain walls by a nonmagnetic intergranular phase deter-
mines the coercivity in these magnets. 5,6 However, other 2 mm (i.d.) X 3 mm (o.d.) to avoid the possibility of oxidation

studies comparing sintered and melt-spun magnets have con- during measurement. Prior to each minor loop measurement

cluded that the nucleation mechaiiis;n is dominant in both the magnets were thermally demagnetized by heating to 300

die-upset and sintered magnets, and recent data obtained above their nominal 2-14-1 Curie temperatures and then

from magnetic viscosity measurements 10 performed on melt- cooled in zero field to the measuring temperature. The result-

quenched magnets support this claim, ant hysteresis loops were corrected for demagnetization us-

In order to identify definitively and understand the rever- ing the equationis

sal mechanism operative in the 2-14-1-based die-upset mag- Hacemag=47rMsX(2/7r)Xarcsin(1/1 +q), (1)
nets, it is necessary to investigate simultaneously the micro- where q is the dimensional ratio. T h demag was corrected fur-
structural and the magnetic properties." We present heresomemicostuctralmicocopostioal, nd nital ag- ther a constant multiplicative factor of 0.815, obtained fromsome microstructural, microcompositional, and initial mag- amesrenoflwcrivtnck.

netization evidence which suggests that the dominant rever-

sal mechanism in these magnets is the nucleation of reversed
domains. III. RESULTS
11. EXPERIMENTAL PROCEDURES The microstructures of both the Nd-based and the Pr-

based die-upset magnets are very similar. As described in

Both high-resolution analytical transmission electron mi- previous publications 16- the materials are highly aniso-
croscopy (TEM) and magnetic measurements were per- tropic, consisting mostly of platelet-shaped grains of the
formed on two (2-14-1)-based die-upset rare-earth magnets, 2-14-1 phase stacked parallel to their c axes and separated
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FIG. 1. Iron concentration for Pr13 75Feso 25B6 as a function of distance from FIG. 3. Initial magnetization curves for die-upset Pr13 75Fc80 25B6 at various
grain boundary. temperatures.

from one another by a thin intergranular phase. The average Pr-Fe-B. The results for Nd-Fe-B look very similar. Figure 3
dimensions of the deformed grains are 600 nm±150 nm in shows the initial magnetization curves at various tempera-
length by 150 nm±75 nm in width. A certain fraction of the tures. The initial curves of both samples show a steep
grains are larger and equiaxed; these contain a speckling of temperature-independent rise in the magnetization, followed
precipitates in the grain interior which was not found in the by an approach to saturation that is temperature dependent.
more deformed grains. Mishra18 estimated this fraction of Figure 4 illustrates the development of the coercivity in
larger grains to be around 15%. During our studies it was Pr-Fe-B with maximum applied field. As was the case with
found that the intergranular phase is amorphous and its pres- the initial magnetization curves, the coercivities initially de-
ence is dependent upon the nature of the grain boundary in velop rapidly and level out to a constant, temperature-
question: there appears to be no intergranular phase in (001) dependent value.
twist boundaries parallel to the tetragonal basal plane. The
average width of the intergranular phase is 8-12 A in the
Nd-based magnet and 15-20 A in the Pr-based magnet. The IV. DISCUSSION
high-resolution analytical electron microscope studies re- Structurally, nucleation may be controlled by small num-
ported here show that, for both the Nd-based and the Pr- bers of relatively large defects whereas pinning requires a
based compositions, the intergrariular phase is enriched in regular distribution of defects, such as fine precipitates, to be
iron relative to the bulk grain composition. Figure 1 illus- present in the material.19'20 For efficient pinning it is desired
trates the iron concentration profile in Pr-Fe-B upon traveling that the magnetic properties of the two phases constituting
from one grain to another across the intergranular phase; it is the material be very different.t The microstructure of these
to be noted that the iron concentration in the bulk grain is magnets more closely matches that of a material character-
near 80%. Figure 2 gives a histogram of the relative ratio of ized by nucleation reversal because the deformed grains,
iron to praseodymium in the grain-boundary region versus which comprise -85% ',f the sample, are largely free of
that in the grain interior for a sampling of 30 grain bound- precipitates.
aries. The trends for iron in the Nd-based sample were found The high-resolution microcompositional analyses re-
to be very similar to those shown here for the Pr-based ported here clearly show an enrichment of iron in the grain-
sample, boundary region relative to the grain itself, for a sampling of

The magnetic data are illustrated in Figs. 3 and 4 for

Coerclvily of Die.Upset Pr,,, Feo 25B,Die-Upset Pr13 so 25B6 4000 . . . . . . .
10- --- -

3500
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Co 250D
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FIG 2. Histogram depicting Fe/Pr ratio for the grain-boundary phase vs the
grain interior. FIG. 4. Coercivity vs maximum applied field for die-upset Pr1 3 75 Fe 25 6
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30 grain boundaries. Additionally, this grain-boundary phase have in the former manner at elevated temperatures. The
is not found to evenly wet all surfaces of the 2-14-1 main common slope of the H, vs Ha curve implies that these
phase particles, but rather is found mainly on those bound- nucleation sites are struciural features, but are thermally sen-
aries parallel to the c axis. These results differ considerably sitive.
from those of Mishra,18 obtained by lower-resolution meth-
ods, who reported a grain-boundary phase with a composi- V. CONCLUSIONS
tion close to the eutectic phase Nd70 Fe30 (or Pr70Fe30) and Evidence is presented which strongly suggests that the
which coats each grain uniformly. We do not doubt that a development of coercivity at elevated temperatures in die-phase with a composition close to Nd 70Fe30 does exist in upset RE2FejB magnets is probably dominated by the nucle-
these materials, especially since the excess rare-earth present ation of reversed domains. It is likely that these reversed
in these magnets must be present somewhere in the micro- domains nucleate at reduced-anisotropy sites residing within
structure. However, the exact distribution within the micro- the iron-rich grain-boundary phase, observed using high-
structure of rare-earth-rich and iron-rich grain boundaries, as resolution analytical TEM. However, the origin of the ter-
well as intragranular phases, remains to be determinind. perature dependence of the coercivity, which was attributed

The presence of excess iron in the grain-boundary phase by Pinkerton and Fuerst5'6 to strong pinning, still remains to
has several important consequences with regards to inter- be clarified.
grain interactions. One result is that the grains are most prob- The above conclusions suggest methods to improve the
ably exchange coupled as well astemperature coefficient of coercivity in die-upset RE 2Fe 4B
The micromagnetic origins of the coercivity in fine-grained magnets. An ideal microstructure for a nucleation- o e-e mag-
material strongly depend upon the type of coupling between
the grains. Recent numeric micromagnetic calculations 21 of net consists of grains of a magnetically hard phase that arethe rais. ecet nueri miromgneic clcuatins~ of exchange isolated from one another.'1 Therefore, segregation
nucleation fields of 2D magnetic structures demonstrate that ofcnongeicatom ote ano ndr phasegviatmet

if grains have direct exchange interactions, the entire sample of nonmagnetic atoms to the grain-boundary phase via met-
can easily demagnetize after reversal of one grain. allurgical manipulation would produce higher-coercivity

magnets. In fact, preliminary work along those lines has been
The presence of a ferrous intergranular phase, which done by Fuerst and Brewer 23 in which an increase of coer-

may well be magnetic, also allows for the existence of lower- civity was observed in die-upset Nd-Fe-B magnets upon in-
anisotropy sites for reverse magnetization nucleation while at troduction of noble-metal elements to the melt-spun ribbons.
the same time it may reduce the probability of domain wall
pinning at the intergranular phase. As is stated by ACKNOWLEDGMENTS
Livingston,' pinning is a necessary requirement, even in
nucleation-controlled magnets, to avoid catastrophic reversal We are grateful to C. D. Fuerst for providing us with
originating at low-coercivity regions. In these magnets a samples and for helpful discussions. This research was spon-
likely place for pinning to occur is at the larger RE-rich sored by U.S. DOE Laboratory Directed Research and De-
nonmagnetic pockets found along some of the grain bound- velopment Program, "'ontract No. DE-AC02-76CH00016.
aries and at grain-boundary triple points.
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[Microstructure and magnetic properties of mechanically alloyed
anisotropic Nd-Fe-B

*J. Wecker, H. Cerva, C. Kuhrt, K. Schnitzke, and L. Schultza)
Siemens AG, Research Laboratories, Erlangen and Munich, Germany

Mechanically alloyed Nd-Fe-B powders with additions of Dy, Co, and Ga were hot compacted to
magnetically isotropic materials and then deformed by die upsetting to obtain anisotropic magnets.
Magnets can be processed either with a medium coercivity H,, of 7.8 kA/cm but with a high-energy
product (BH)max of 330 kJ/m 3 or with a coercivity of 21.2 kA/cm and a lower (BH)max of 192
kJ/m 3. Plane-view transmission electron microscopy (TEM) pictures show nearly equiaxed
Nd 2Fe14B grains. In cross section, the grains display the typical platelet form known from MQ
3-type magnets with a length of about 300 nm and a height of 100 nm. Characteristic for
mechanically alloyed materials are up to 500 nm large globular NdOx particles distributed regularly
throughout the microstructure which inhibit the anisotropic grain growth. In addition 5-20 nm small
NdO, precipitates are found within some Nd2Fel 4B grains. X-ray diffraction studies also indicate
that the degree of texturing after die upsetting is smaller for mechanically alloyed than for melt-spun
materials. High-resolution TEM experiments did not show any grain boundary phase usually found
in melt-spun materials; however, this needs to be confirmed.

I. INTRODUCTION and ion milled and were examined in a transmission electron

The small grain sizes of rapidly quenched or mechani- microscope (JEOL 2000 FX). Chemical microanalysis was

cally alloyed Nd-Fe-B prohibit the preparation of anisotrepic done by energy dispersive x-ray analysis (EDX).

magnets by an alignment of the respective powders in an
external magnetic field. Anisotropy can be induced by hot III. RESULTS
compaction of the ribbcs or powders to fully dense isotro- A. Magnetic properties
pic magnets followed by hot deformation. 1 2 From transmis-
sion electron microscopy (TEM) analysis of melt-spun Mag- As for sintered or melt-spun Nd-Fe-B, the properties of
nequench (MQ)-type magnets it was concluded that the mechanically alloyed magnets can be tailored to the desired
alignment proceeds by a combination of grain boundary slid- needs by a proper choice of alloying additions. Figure 1
ing and grain boundary migration. 3 For mechanically alloyed shows the demagnetization curve of a magnet with a rema-
materials a detailed investigation of the microstructure and nence Jr of 1.32 T and thus with a high-energy product
its correlation to the magnetic properties remained to be (BH)nax of 333 kJ/m 3. Because of the low rare-earth con-
done. First preliminary experiments already showed the pres- tent, the coercivity H,, is rather low. Hc, can be increased by
ence of Nd oxides in both the isotropic and the die-upset nearly a factor of 3 by the partial substitution of Nd by Dy
samples. 4  via an increase of the anisotropy field. However, because of

II. EXPERIMENTAL

Mechanically alloyed Nd-Fe-B powders were prepared i I

by high-energy ball milling in a planetary ball mill or in an
attritor with typical batch sizes of 30 or 300 g (milling time (a)
48 h). For comparison we also prepared rapidly quenched
ribbons by conventional melt spinning. The compositions of ' 10
the different samples are given below. The as-milled powders.
or the as-quenched ribbons were hot compacted to cylindri- U%-W

cal magnets (diameter d=10 mm, height h=10 mm) fol- 0

lowed by a die-upset process. For both processes the tem- "05

peratures were between 720 and 750 'C for mechanically

alloyed powders and at 690 0C for the melt-spun ribbon,
with a deformation ratio ho/h of 4 (ho and h being the
heights of the magnets before and after deformation). Mag- CI

netic measurements were done in a vibrating sample magne- I ,
tometer after magnetizing the samples in a field of 50 kA/cm. -20 -10 0
For TEM analysis, the cylinders were sliced parallel and per- magnetic field (kA/cm)
pendicular to the press ."irection. The samples were ground

FIG. 1. Demagnetization curves of two amsotropic mechanically alloyed
magnets with compositions of Nd15 5Fe72Co6Ga 0o 5B6 (curve a) and of

aInstltute for Solid State and Materials Research, Dresden, Germany Nd 14DY3FeCo7 5Ga0 7 1 7 5 (curve b).
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TABLE I. Coercivity, H, remanence, J,, rcmanence ratio, R =J11J', and

energy product, (BH),.,., of die-upset magnets with different Nd concen-
trations

H, (kA/cm) J, (T) R (BH)m. (kJ/m3)

Ndl3 Fe73Co6Gao5 B7 3.6 0.87 1.3 97

Ndl 4 5Fe72Co6Gao 5B7  7.7 1.30 4.8 313

Nd1 5 5Fe7 1C06Gao 5B7  8.8 1.27 4.0 311
Nd16 5Fe7oCo 6Gao 5B7  9.8 1.19 28 265

Ndl4Fe7 l.aCosGao6B 6a 7.1 1.36 4.3 350

'Melt-spun material.

the antiferromagnetic coupling of the Dy to the transition
metal sublattice the remanence decreases (Fig. 1). The simul-
taneous addition of Co improves the temperature dependence
of the magnetic properties and guarantees a coercivity of 9.0 FIG. 3 Cross-section bright-field TEM image of die-upset
kA/cm even at 150 *C necessary, e.g., for the substitution of Nd 14Dy3Fe62Co14Ga0 75B6 2S. The large oxide grain marked by the arrow

Sm-Co magnets in electromotors. inhibits the growth of Nd2Fe14B to the typical platelet shape seen in Fig. 1.

For mechanically alloyed Nd-Fe-B, the texturing of fully
dense magnets by die upsetting is only possible above a rare- (Fig. 2). The flat surfaces of the grains are normal to the
earth concentration of 14 at %. Below this criticAl value press direction and to the c axis of the tetragonal unit cell. In
hardly any anisotropy develops and Jr remains low (Table I). plane view, the grains are nearly equiaxed. Characteristic for
Above, one obtains energy products greater than 300 kJ/m 3  mechanically alloyed magnets are up to 500 nm large Nd-
and H., increases with the Nd content in the same way as for oxide particles distributed regularly throughout the micro-
MQ magnets. 5 The ratio, R=JII/JiL, of the remanences mea- structure which were already observed previously.4 EDX
sured parallel and perpendicular to the press direction is a analysis proves that the main metallic constituents of these
measure of the degree of texturing and shows values above oxides are Nd and Dy. The particles show a sponge-like con-
4. For higher Nd concentrations (BH)max decreases probably trast and their diffraction patterns can be assigned to cubic
because of nonmagnetic impurity phases. The magnet pre- NdO and Nd 20 3. A characteristic feature is the fact that in
pared for comparison from melt-spun ribbons with a Nd con- their vicinity the growth of the (D grains -) flat platelets is
centration of 14 at % but with a slightly different concentra- iiihibited as can be seen in Fig. 3 where the oxide particle in
tion of the remaining elements had a (BH) iax of 350 kJ/m the center is marked by an arrow. Besides these intergrain
(Table I). oxides we also frequently observe 5-20 nm small precipi-

tates within Nd 2Fet 4B (see arrows in Fig. 2) which by EDX
B. Microstructure analysis are identified as oxides. Such intragrain oxides were

Cross-sectional TEM images which were taken parallel also observed in sintered magnets and are probably hexago-

to the press direction show the typical platelet form of the nal Nd203, 6 We have not observed the metallic intergranular

Nd2Fe14B ((D) grains known from MQ-type magnets3 with a phase found in MQ-3 magnets3 (Fig. 4). Instead the grain

length and a height of about 300 and 100 nm, respectively boundary appears to be free of a minority phase and the
lattice planes of neighboring (1 grains directly meet at the
grain boundary.

~200nm -

FIG 2 Cross-section bright-field TEM image of die-upset
Nd 155Dy. 5:Fe5Co10Ga 0 75B6  The arrws mark oxide inclusions in FIG 4. High-resolution image showing the grain boundary between

Nd 2F 14Bl grains NdzFe, 4 3 grains in die-upset Nd 155Dy 2 5Fe63Co10Ga 0 75B6 25
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The observation of no grain boundary phase in the TEM
,,o 'experiments does not unambiguously prove that there is no

Nd-rich phase at all because of only too few analyses we did.
Also, the micrograph may have been taken from a part of the
grain boundary which is not decorated by the Nd-rich phase.

<D However, grain boundary phases were previously detected in

-. ) ( , the isotropic compacted magnets.4
'4 The bimodal size distribution of oxide particles, i.e.,

large intergrain oxides and small pa.c!c. within the
~Nd2FeI4B were also observed in high-strength NiAl-based

alloys and seem to be characteristic of mechanically alloyed
materials. 8 So far, it is not clear to what extent the lack of
texturing in the vicinity of large oxide particles (cf. Fig 3) is
a direct consequence of their presence which prevents grain
growth. Or if it results from the local absence of the Nd-rich

bphase which accelerates diffusional mass transport because it
Sis liquid at the deformation temperatures. But both factors do

400 6 80 reduce the remanence and thus the energy product as can be
seen by comparing the mechanically alloyed and the melt-
spun samples (Table I). Since the occurrence of oxides at

FIG. 5. X-ray diffraction pattern of die-upset mechanically alloyed Nd-FC-B least under practical conditions can never be prevented in
(curve a) compared to melt-spun materials (curve b). powder metallurgy the energy product of mechanically al-

loyed magnets will always be somewhat lower than for re-

The texturing during die upsetting becomes also evident spective MQ-type materials whereas the coercivities do not

in x-ray diffraction patterns taken in 0/20 geometry which show any significant difference. For the latter magnets a

show prominent (001) peaks (Fig. 5) indicative of an align- (BH)nax of 335 kJ/n-3 was obtained with an even lower Nd

ment of the c direction normal to the surface of the magnet. concentration of 13.7 at % and a comparable deformation

Compared to the MQ-type magnet, however, the intensity of ratio.5 Some improvement of the texturing of mechanically
the (105) line is higher [Fig. 5(b)], hinting to a smaller de- allcyed magnets may be possible by trying to introduce a

gree of orientation in the mechanically alloyed material, low melting grain boundary phase artificially. For example,
small amounts of diffusion alloyed Zn additives were shown

IV. DISCUSSION to increase not only the coercivity of die-upset MO magnets
but also the remanence.9

Mechanical alloying like conventional sintering is a

powder metallurgical technique to prepare high performance
permanent magnets. Therefore, the presence of oxides in the ACKNOWLEDGMENTS
microstructure is not unexpected. Indeed, by chemical analy- The authors gratefully acknowledge valuable discussions
sis we detect an oxygen content of up to 0.5 wt % in the final with W. Rodewald and technical assistance by F. Korner and
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gen contamination is introduced to about 0.2 wt % with the program of the European Union.
starting powders and the rest coming from the uptake during
processing. Since the oxygen forms rare-earth oxides, the
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21, 1958 (1985)
to be necessary for texturing via the anisotropic grain 2
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growth3 should be reduced. This explains why we do not (1989).

observe a crystallographic alignment for too low Nd concen- 3R K. Mishra, J. later Eng. 11, 87 (1989).
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pletely reacted to Nd oxides in contrast to the samples pre- 5C. D. Fuerst and E. G. Brewer, J. Appl. Phys. 73, 5751 (1993).
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Preparation and transmission electron microscope investigation of sintered
Nd15.4Fe75.7B6.7Cu 1.3Nb0.9 magnets

Johannes Bernardi and Josef Fidler
Institute of Applied and Technical Physics, T U. Vienna, Wiedner Hauptstrasse 8-10,
A-1040 Vienna, Austria

Sintered magnets were prepared from jet-milled and hydrogen-decrepitated jet-milled
Nd-Fe-B:(Cu,Nb) powder. The HD process started after heating the cast material up to 200 'C. A
single-step annealing treatment at 525 'C improved the magnetic properties of all samples. Magnets
prepared from the jet-milled powder required a short time sintering (<60 min) to obtain optimum
coercivity but had poor density. Magnets prepared from the HD powder showed a higher remanence
and energy density product but a slightly smaller coercivity than the magnet- prepared from the
jet- milled powder. The sintered and annealed magnets contain a multiphase microstructure. Nb was
found as small precipitates within the hard magnetic grains and as intergranular boride phase. The
addition of Cu lowers the melting point of the liquid phase during sintering and leads !o the
formation of an orthorhombic NdCu phase that is partly replacing the Nd-rich intergranular phases.
The intergranular &phase Nd 6Fel 3CU was found regularly in the annealed samples. Nd2 Fe 7 was not
detected in the investigated samples.

i. INTRODUCTION III. RESULTS

The magnetic properties of Nd 2Fe1 4B magnets can be A. Magn *ic properties
imoroved by the substitution of expensive Dy and Co and/or The magnets produced from powder A weie sintered be-
by the addition of two types of dopant elements that influ- tween 1080 and 1120 'C. The density of the samples and the
ence the microstructure in a similar way.' Type I dopants remanence increased with increasing sintering temperature
(M1 =AI, Cu, Zn, Ga, Ge, Sn) form biinary M1-Nd or ter- while the coercivity increased for the samples sintered for
nary MI-Fe-Nd compounds, while type 1I dopants (M2 =Ti, short times (40-60 min) at lower temperatures. A single-step
V, Nb, Mo, W) forni M2-13 or M2-Fe-B borides. In a previ- annealing treatment at 525 'C improved the magnetic prop-
ous investigation we showed that the addition of Ga and Nb erties. The magnet with the highest coercive field was sin-
leads to good magnetic properties. 2 Small amounts of Cu tered at 1080 'C for 40 min and annealed at 525 'C. That
improved the workability of hot worked magnets 3 and led to sample showed a coercive field of 910 kA/m and a rema-
the formation of new intergranular phases like NdCu.4 The nence of 1.14 T, but had a poor density (<7 g/cm').
purpose of this work was to study the microstructure and the The magnets produced from the [HD powder B were sin-
magnetic properties of a Dy and Co-free magnet containing a tered between 1040 and 1090 'C. Good magnetic properties
type I (Cu) and a type II (Nb) dopant. were achieved after a single-step annealing treatment at

525 °C (Fig. 1). At comparable sintering temperatures the

II. EXPERIMENT HD magnets showed a higher remanence and energy product
but i slightly reduced coercivity than the magnets produced

The alloy with the nominal composition from powder A.
Nd 15 4Fe75 7B6 7Cu1 3Nb0 9 was supplied by Tre~bacher
Chemische Werke. Magnets were prepared by the powder-
metallurgical sintering process from jet-milled powder (A)
and from hydrogen decrepitated (HD) and jet-milled powder 1
(B). The average diameter of powder A was 2.9 and 1.75 A.m
of powder B, respectively (determined by FSSS). An initial 0o

temperature 9f 200 'C was necessary to start the HD process 1000 250 . -

at +1 bar H2 pressure. Green compacts were pressed at 200 E 900
MPa transverse to the direction of the aligning field of 1.25 ( -.T. Sintering was done at temperatures from 1040 to 1120 ' C  800"-

for different times followed by a single-step annealing treat- 700 t
ment. The magnetic properties were determined with a hys- -50 _

teresigraph at room temperature. The microstructure of the
magnets was investigated by means of analytical transmis- 500 . . .. 0. 0 lOO
sion electron m icroscopy in a JEO L 200CX m icroscope fit- Sitein Temperature
ted with two energy dispersive x-ray detect3i i, a high take- sntering Temperature
off angle Si detector at' a low take-off angle Ge detector for FtG t Magnetic properties of the sntered and annealed

light element analysis. Electron transparent samples were Ndl 4Fc7 7B67CuI ;Nbf,9 magnets produced from the tiD powder All

produced by grinding and following ion-beam thinning. samples were sintered for t h and annealed at 525 'C.
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TABLE I. Phases found in the sintered and annealed
Nd15 4Fe75 7B6 

7CuI 3Nb 9 magnet. 1, K.

Phase Composition Structure " d U

0 Nd2Fe1 4B with Cu substitutionr Tetragonal J

pk Nb containing precipitates within ' Hexagonal NbFeB
27 Intergranular Nd,+ Fe4B4  Tetragonal
iB Intergranular NbFeB Hexagonal NbFeB
n1 Intergranular Nd rich (+Fe) fcc
n2 lntergranular Nd rich hcp
cu Intergranular NdCu Orthorhombic
5 Nd6Fe1 3Cu Tetragonal
no Nd20 3 impurities Rhombohedral

B. Microstructure of the magnets ' 0n

A magnet from set A, sintered at 1080 'C for 40 min and
annealed at 525 C, was chosen for the transmission electron
microscop( (TEM) investigation. The phases detected in that FIG. 3. Micrograph of the intergranular boride phases Nd ,Fe4B4 (rj) and
magnet are summarized in Table I. The magnet contained a NbFeB (iB) with the corresponding x-ray spectra besides a hard magnetic

multiphase microstructure consisting of the hard magnetic grain 4.

phase (0), two types of boride phases (y and iB), several
Nd-rich intergranular phases, and the &-phase Nd 6Fe13Cu. S-phase Nd 6Fe1 3Cu that is in equilibrium with Nd and NdCu

Like in the case of the Ga- and Nb-doped magnets, 2 the in the ternary Nd-Fe-Ct phase diagram6 was found quite
hard magnetic Nd2 Fe14B phase (0) was found with a high regularly as a separate grain with a size up to several microns
amount of spherical NbFeB precipitates p'k with a diameter in the Nd1 5 4Fe 75 7B6 7 CU1 3Nb0 9 magnet (Fig. 5). Nd 2Fe17
up to 50 nm as shown in Fig. 2. But some 0 grains did not~was not detected in the investigated sample.
show any precipitates. Intergranular boride phases occurred
as grains with a diameter up to several microns as hexagonal IV. DISCUSSION
NbFeB (iB) and as tetragonal Ndj+,Fe4B4(7y). Both inter-
granular boride phases usually contained a high density of Ternary Nd-Fe-B magnets have a poor temperature sta-
crystal defects (Fig. 3). Nd-rich intergranular phases were bility and bad corrosion resistance. To overcome these prob-
found with fcc (n 1) or hcp (n2) crystal structure. The fcc lems, Dy and Co are widely added to magnets. The addition
phase (n 1) usually contained some Fe or oxygen as in Ref. of dopants helps to produce magnets with good magnetic
5. In addition an intergranular orthorhombic NdCu phase properties without the expensive heavy rare-earth element
(cu) was partly replacing the Nd-rich phases (nl) and (n2). Dy and without Co. From the ternary Nd-Fe-Mi phase dia-
Figure 4 shows the NdCu phase besides a Nd-rich phase and grams it is clear that type I dopants like Cu, Al, or Ga lower
a hard magnetic grain with the corresponding x-ray spectra. the melting temperature of the liquid phase during sintering.
Nd20 3 was found as an impurity phase. The tetragonal On the other hand, the wettability of the liquid phase is dif-

ferent for Cu, Al, and Ga, respectively. Improved wettability
of te liquid phase leads to a better decoupling of the hard

'A 1lp"L l

FIG 4. NdCu phase (cu) and a Nd-rich phase (n) besides a hard magnetic
FIG 2. Micrograph of the hard magnetic phase 0 containing a high amount graii (0) The NdCu phase is partly replacing the Nd-ich intergranular
of spherical NbFeB preciritates pp phases.
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netic phase 7 and forms NbFeB precipitates within the
R K., Nd2Fe14B phase as well as intergranular NbFeB grains that

also help to decouple the hard magnetic grains.
Compared to ternary Nd-Fe-B magnets, where the HD

process allows a lowering of the sintering temperature, 8 the
sintering temperature of the HD-processed Cu- and Nb-
doped powder could not be reduced to obtain high coercive
fields. This explains why wettability is not improved by Cu
addition. For a given sintering temperature the remanence

... and the energy density product of the HD magnets was larger
than that of the magnets prepared by the standard jet-milling

loonm process. The main advantage of Nd-Fe-B:Cu magnets is the
improved corrosion resistance compared with Nd-Fe-B mag-
nets. Nb-addition suppresses the formation of a-Fe.

FIG. 5. Micrograph of a Nd 6Fe 13Cu grain (8 phase) with the corresponding
x-ray spectrum. This phase is found quite regularly in the
Nd15 4 Fe7 5 7 B6 7 CUI 3 Nbo 9 magnet ACKNOWLEDGMENTS
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Fe-Nd-C-based ingot permanent magnets by solid-state transformation
M. Leonowicz, H. A. Daviesa) and S. Wojciechowski
Department of Materials Science and Engineering, Warsaw University of Technology, Narbutta 85,
02-524 Warszawa, Poland

'he effects of composition, annealing temperature, and annealing time on the magnetic properties
and microstructure of Fe66M2Nd20C9 5B0 5 (M=Ga,Nb,Cu,Al) ingot magnets are presented. It has
been found that the magnitude of the hard magnetic properties, which evolve during the solid-state
transformation Fe17Nd 2C, to Fel 4Nd 2C, depends on the additive elements. These additions which
decrease the melting temperature of the intergranular phase accelerate the tiansformation process
and those which increase this temperature retard the transformation. Coercivities up to 880 kA/m
combined with a remanence 0.58 T were produced in alloy ingots with Cu. The initial grain size was
found to be crucial in producing good magnetic p:operties and coercivities as high as 980 kA/m
were achievea for Fe-Nd-C-B alloy magnets hot pressed from microcrystalline melt spun ribbon. A
modest increae of remanence (-0.7 T) was achieved by die-upset forging of ingot alloys.

I. INTRODUCTION using scanning electron and optical microscopy. The Curie

The principal routes for the production of RE-Fe-B per- temperature and the melting point of the grain boundary

manent magnets are those based on liquid phase sintering, l  phase were evaluated in a Perkin-Elmer DSC-2 scanning

or on melt spinning, 2 followed by resin bonding or hot work- 1-diorimeter.

ing the crushed ribbon. 2 Both technologies are based on III RESULTS AND DISCUSSION
powder processing. However, there are two systems for
which useful coercivities can be obtained in the cast state. The effects of annealing temperature on the magnetic
Fe-Pr-B ingot magnets exhibit coercivities up to 1000 kA/m properties of the Fe68Nd 2oC9 5B0 5 alloy are shown in Fig. 1.
and partly columnar alloys show remanences of -0.7 T.3 4  The alloy was annealed for a constant time of 5 h. The
The second system is based on the Fe, 4NdzC compound.' - 8 Fe14Nd 2C compound first appeared at 800 'C but due to only
Its structure and intrinsic magnetic properties are broadly partial transformation at this temperature, the remanence (Jr)
comparable with those of Fel 4 Nd2 B.5 The possibility of pro- was relatively low. Both Jr and coercivity (sH,) achieved
ducing cast magnets is attractive due to the simplicity of the
processing, low cost, and the ability to manufacture net 1000 Fe-Nd-C.B

shape products without the need for handling powders or
ribbon. The Fe-Nd-C system is interesting also because the 900
Fe, 4Nd2 C compound forms by a solid-state peritectoid reac-
tion, which occurs below 900 C.6 Small addition (0.05%) of m. sp.
boron accelerates the nucleation rate of the Fel 4Nd2C phase, 800
increases the transformation temperature (-1050 'C); and
reduces the annealing time.7  700 - 1.0

In this study the possibility of achieving useful coercivi- -

ties in the Fe-M-Nd-C-B (M=Cu,Ga,Nb,AI) ingot magnets, 600 -ingot
within a relatively short annealing time of a few hours was
investigated and the temperature-microstructure relations 500 0.8
were analyzed.

II. EXPERIMENTAL PROCEDURE 400 -

J, 0.6
The Fe,6M,Nd2 C95B 5 (M = Ga,Nb,Cu,AI) alloys were

made by induction melting the pure elements under an argon 300

atmosphere. The ingot magnets were prepared by annealing
the ingots in evacuated silica tubes. The Fe68Nd 2oC9B 0 5  200 -int0
alloy was also prepared in ribbon form by melt spinning in 0
an argon atmosphere and the crushed ribbon was subse- 100
quently hot pressed at 700 'C in argon. The magnetic prop- s0 D
erties were measured using an Oxford VSM with maximum 15 .......

0 , -- -- .. .0.2
applied field of 5 T. Phase identification was performed by 700 800 900 1000 1,100

x-ray diffraction. Microstructural observations were made Temperature [°C]

FIG. I Magnetic properties for Fe68NdZ0C95 B05 ingot and melt spun
Department ul Engineering Material,, University of Sheffield, Sheffield (m sp ) ribbon allo~s annealed at different temperatures for 5 h Mean grain
St 4DU, United Kingdom size for the ingot alloy is also shown.
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FIG 2. SEM micrographs for Fe6Nd2oC9 5 Bo. ingots: as-cast (OHe=7 kA/I
in), and annealed for 5 h at 800 C (jHt=380 kA/m), 900 C (jHc=630 FIG 3 Magnetic properties and mean grai size for Fe6Cu 2Nd20C. Bo5
kA/m), and 1050 C (jH,=9 3 kA/m). Backscattered electrons images ingot magnets after annealing at 850 C for different times.

maxima at 900 'C and the shape of the demagnetization cast alloy was magnetically very soft but jH, of 880 kA/m
curve for this sample indicated that the material consisted was developed after annealing for 5 h at 850 °C (Fig. 3).
largely of the Fel 4Nd2C phase. Samples annealed at 1050 'C Significant coercivity appeared after a relatively short an-
appeared to contain much soft magnetic phase and this tern- nealing time of 0.5 h. The reaction was completed after about
perature seemed to be close to the point of equilibrium co- 4 h annealing. For the longer annealing times at 850 'C a
existence of the Fe 14Nd2C and FeI7Nd2Cx phases. The mean decrease of coercivity was observed though J, was almost
grain size (Dg) for the cast ingot alloy was inversely propor- unchanged at a level of 0.58 T. X-ray diffraction analysis for
tional to the amount of Fe14Nd2C phase and showed a mini- this alloy showed patterns typical of the Fel 7NdC, and
mum of -10 um for the sample annealed at 900 'C. The Fe14Nd 2C structures for the as-cast and annealed (70 h at
coercivity of the magnets correlated closely with the grain 850 'C) samples, respectively. The microstructure observa-
size. Samples having a much smaller grain size (-50 Am) tions showed a decreasing grain size from -20 /m for the
produced by hot pressing of rapidly solidified ribbon exhib- specimen annealed for 0.5 h to -- 10 Am for the fully trans-
ited jH, up to 300 kA/m higher than the ingot magnets of the formed material.
same composition. Partial substitution for iron was made in a series of al-

Fe-Nd-C-B alloys crystallized from the melt formed a loys Fe66M 2Nd2oC9 5B0 5 with M=Ga,Nb,Cu,A1. These ele-
fine dendritic microstructure. These elongdted grains became ments M were known to increase the coercivity of tile Fe-
equiaxed during annealing, firstly as Fet 7Nd 2C* (- 15 Am), Nd-B type magnets, mostly by changing the properties of the
then reducing their size to - 10 Am, on decomposition to boundary phases.? The magnetic properties of substituted al-
Fe14Nd 2C. Long time annealing (70 h) at 850 'C did not loys are shown in Table I. The ternary and Cu-containing
result in coarsening of the microstructure. In contrast, the alloys exhibited high jH, after very short annealing times,
alloys annealed at 1050 'C were transformed by a small pro- starting from 1 h, within the temperature range 850-
portion only so that the final structure consisted of large 1000 C. Somewhat longer times were required for the Ga-
grains (-30 Am) of mostly Fe17NdC, phase (Fig. 2). containing alloy whereas the alloys with Nb and Al addi-

The effect of annealing time on the magnetic properties tions, even after long time annealing (five days), were only
was investigated for the FeCu2NdoC 5B. 5 alloy. The as- partially transformed and showed considerable proportions

TABLE I Magnetic properties for Fe~1,NdNC9 5Bo 5 (M=Ga,Nb,Cu,AI) ingot alloys annealed at 900 C.

jAc (Blt),,, Annealing
Composition (kA/m) (T) (kJ/m 3 ) time

Fe6Nd2OC. 5B0 5 630 058 50 5h
Fe6NdoC95 B A 5 melt spun 980 0.65 66 5 h
Fe(kCu2Nd2oC) 5BO 5  880 0.58 51 5 h
Fe6GaNdoC, 5Bo 5 620 0.56 48 5 h
FeNbNd2oC9 5B(,, 550 0.55 40 5 days
Fe5ANd 2oC,,B o), 420 055 37 5 days
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TABLE II. Curie temperatures T, and melting temperatures of the boundary 0.8

phases Te for as-cast and annealed Fe/M 2Nd20C9 5B0 5 (M =Ga,Nb,Cu,AI) Fe-Nd.GaC-B j
alloys. D e-Up t 0

_____________________________________________•_0.6

Composition Treatment T (°C) Te (0 C)

Fe68Nd2C 9 5B0 5  as-cast 707 0.4
annealed 311 707 Cs

Fe66Cu2 Nd 20 C9 5B0 5  as-cast 587, 639 -,

annealed 312 523, 575 0.2

Fe66Ga 2Nd2oC 9 5Be 5 as-cast 702
annealed 312 637

Fe66Nb 2Nd2oC 95 B0 5  as-cast "" 717 0.0

annealed 312 717
Fe66A2Nd,0 C95B0 5  as-cast ... >727

annealed 312 >727 700 600 500 400 300 200 100 0

-H [kA/mi

of a soft magnetic phase. Results of the DSC analysis, pre- FIG. 4. Cast and die-upset forged Fe66Ga 2Nd,0 C9 53 5 alloys.

sented in Table II, showed no change of the Curie tempera-
ture which suggested that no substantial amounts of the ad-
ditives entered the Fe14Nd 2C phase. However, quite large of Fe-Nd-C-B type ingot alloys. The useful annealing tem-
differences in the melting points of the boundary phase were peratures were in the range 800-1000 °C. Annealing times
found. The multiphase grain boundaries melt in several of a few hours was found to be sufficient to achieve complete
stages which, due to the equipment limitations, we were able transformation for Fe68Nd2oC9 5B0 . and for Cu, and Ga-
to measure only up to 727 °C. The lowest melting point was added alloys. However, only small volume fractions of
exhibited by the Cu-containing alloy which, on the DSC Fe14Nd 2C were obtained for Nb- and Al-containing alloys.
trace, showed a small primary melting peak at 523 'C and a The kinetics of the peritectoid transformation were found to
large melting effect starting at 575 'C. This alloy had the be affected by the melting temperature of the intergranular
best magneic properties in the ingot state which moreover phases. The elements which lower this temperature are con-
were developed within a short annealing time. sidered to act as an aid to the process by increasing diffusiv-

It has not been possible in the present study to establish ity across the phase boundary and the elements that increase
whether the other alloys exhibit multistage melting because melting point can inhibit the process and effectively stabilize
their incipient melting temperatures. The Al-containing alloy the Fe1 7Nd 2Cx phase. The optimally annealed alloys had
did not show a melting effect up to 727 'C. The two alloys mean grain sizes of -10 Aem and their coercivity showed
having the highest melting temperatures of the intergranular strong dependence on the initial microstructure before the
phases, i.e., containing Nb and Al, did not transform com- heat treatment. Some increase of the remanence (-0.7 T)
pletely to the Fet 4Nd 2C phase even after a very long anneal- was achieved after die-upset forging of cast alloys.
ing time within the whole temperature range 800-1000 *C.
Thus, it seems plausible that the properties of the intergranu-
lar liquid phase affects the kinetics of the peritectoid trans- ACKNOWLEDGMENTS
formation, either acting as an aid to the process by increasing Financial support from the Polish National Committee
diffusivity across the phase boundary or retarding the diffu- for Scientific Research and from the British Council is grate-
sion and stabilizing the Fe17Nd2Cx phase. fully acknowledged.
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- Generation of highly uniform fields with permanent magnets (invited)

M. G. Abele
New York University School of Medicine, New York, New York 10016

A review of a design methodology of permanent magnets composed of magnetic materials with

quasilinear demagnetization characteristics is presented. The paper focuses on the design of efficient

permanent magnets for applications that require strong and highly uniform fields. The compensation

of the field distortion caused by design constraints and fabrication tolerances is one of the aspects
of magnet design discussed in this paper. A design procedure based on active filter structures that
restore a required degree of field uniformity is reviewed.

I. INTRODUCTION linear theory of the design of permanent magnets that rel-
egates the nonlinear effects to a perturbation of basic linear

The evolution of the design of permanent magnets in solutions. 7-9

recent years has been prompted by the development of high- The design of a magnet is the classical inverse problem
energy product rare-earth magnetic materials. The character-enery poduc rae-erth agnticmateial. Te chracer- where once the field is assigned within a region of interest,

istics of these alloys, and, in particular, their high intrinsic the ie s ind he cf ration of te et
coerivefore, ave xtededtheuseof prmaentmagets the designer must find the configuration of the magnetic

coercive force, have extended the use of permanent magnets structure capable of generating such a field. On one hand, the
to a number of applications. Compared to electromagnets, designer faces the problem of the indeterminacy of the solu-
permanent magnets have the obvious advantage of requiring tion of the inverse problem. On the other hand, the indeter-
no external power supply and no maintenance cost. Their minacy makes it possible to satisfy specific requirements by
basic disadvantages are the high cost of the magnetic mate-
rial, the technological problems of achieving any desired dis- ctursin re to atisf specicegnriemets.

tribtio ofmagntiztio, ad th dificlt oeraion of structures, in order to satisfy specific design requirements.
tribution of magnetization, and the difficult operations of Oneafldisrbtoispcfedwhnagvnr-

preprin an asembing he agnticbloks.Once a field distribution is specified within a given re-
preparing and assembling the magnetic blocks. gion, it is always possible to generate such a field with a

The oststrkingproert of oden rre-erthmatri- magnetic structure that encloses the assigned region. As an

als is their quasilinear demagnetization characteristics. This eampe, cre thenprobem of gnerating at
proert ha le totheintodutio ofnewdesgn p- example, corsider the problem of generating a two-

property has led to the introduction of new design ap- dimensional periodic .eld with a period 4z o along the z co-
proaches that depart drastically from the traditional magnet ordinate of a prismatic cavity of rectangular cross section of
designs where only approximate numerical solutions are pos- dimensions 2x1, 2y I . The field is independent of the x coor-
sible due to the highly nonlinear characteristics of older mag- dinate and on the plane y =0 is oriented in a direction per-

netic alloys.' Exact mathematic solutions of the field gener- pendicular to the plane, as indicated in the schematic of

ated by the new material have resulted in novel magnetic Fi. 1.

structures that differ from traditional magnetic circuits both Fig. 1.

in terms of geometry and field properties as well. 2-4  The scalar potential within the prismatic cavity is

At present, the most significant application of large per- H0

manent magnets is found in nuclear magnetic resonance im- T= -sinh ky cos kz, (1)
aging in medicine, where the size of a magnet is dictated by where k = 7rI2z0 and H0 is the amplitude of the field intensity
the dimensions of the human body and the field strength is whe k= pland Hqi (he deof the field n
selected on the basis of imaging requirements. Superconduc- on the y=0 plane. Equation (1) describes the field of an
tive magnets still have the lion's share of the medical field undulator°A structure that generates the periodic field with-
and their technology is constantly improving in terms of size,
self-shielding property, and reduction of maintenance of the
cryogenic equipment. On the other hand, the advantages of
permanent magnets justify the current efforts to reduce their .o
cost, weight, and size. At present, the main application of
permanent magnets is found in the low to medium field
strength.5 Two major challenges face the designer: genera-
tion of high fields of the order of the remanence within ac-
ceptable limits of size and weight, and reduction of the com- --

plexity of the problem of compensation of field distortions -2zo -

due to practical design constraints and magnetization 0 o -.

tolerances.6  / .2z- 2x,

II. BASIC MAGNETIC STRUCTURES

The quasilinear demagnetization characteristics of mod-
ern magnetic materials is the basis of the development of a FIG 1. Periodic two-dimensional field.
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A y each point common to n interfaces between polyhedrons the
remanences and the orientations of the interfaces satisfy the
condition

I 1'hhX(Jh_- Jh)=0, (3)
h=I

2Y2 2y,-- where plh is a unit vector perpendicular to the hth interface
.. _10 X between polyhedrons of remanences Jh- 1, Jh, oriented from

the medium of remanence Jh -Ito the medium of remanence

Jh, and rh is a unit vector in the plane of the hth interface,
perpendicular to the line common to the n interfaces and
pointing away from the hth interface.

The magnetic structures that satisfy condition (3) can be

2 x2. classified in several categories characterized by different
properties: yoked magnets where the flux of the induction

FIG. 2. Cross section of undulator. generated by the magnet closes through an external yoke of
high permeability material, yokeless magnets where the flux
is confined within the same structure of the magnetic mate-

out introducing harmonics is shown in Fig. 2, where the rial without the need of an external yoke, and hybrid magnets

magnetic material is distributed between the cavity and an combining both yoked and yokeless structures that optimize

external rectangular boundary of dimensions 2X2 , 2Y2.  the magnet efficiency for a particular geometry and field in-

The two sides of the external boundary perpendiculat to tensity within the magnet cavity.

the y axis interface with a high magnetic permeability mate- A fourth category includes magnets that take full advan-

rial that closes the flux of the magnetic induction. The flux tage of linear demagnetization characteristics with small val-

does not cross the sides perpendicular to the x axis. These ues of the magnetic susceptibility. In the ideal limit of zero

two sides are also equipotential and, as a consequence, they susceptibility, the magnetic material is perfectly transparent

interface with external nonmagnetic media. In the first quad- to the field generated by other sources. Thus the field within

rant the components of the remanence of the magnetic ma- the region of interest can be increased by superimposing the

terial are field generated by independent magnets. In the particular
case of yokeless magnets, this is achieved by a multiplicity

sinh ky, kz of magnets inserted one inside each other around the region
sinh k(y 2 - y )

c  of interest.

An example of yoked magnet is presented in Fig. 3(a),
Xli . s J,=0 which shows a section of a two-dimensional magnet de-

"-ih c signed to generate a uniform field inside a prismatic cavity of

(2) rectangular cross section. The heavy line in the schematic of

-, ) sinh ky-y 1sinh k(y2-y)cos kz, Fig. 3(a) represents the external yoke. A characteristic feature
k(X2 -X 1 ) Sinh ky 2 Y) of such a magnet is the presence of the nonmagnetic regions

sinh ky 2  X X between the blocks of magnetized material. The flux of the

J 3 y= -soHO. -cos kz. induction in these regions does not circulate within the cavity
J2y Xosinh and is the equivalent of the fringe field in a traditional mag-

Equation (2) shows that both magnitude and orientation of net.
the remanence are a function of position. In general, a non- Figure 3(b) shows an example of yokeless magnet that is
uniform field requires a nonuniform distribution of magneti- characterized by a combination of an internal structure that
zation in the magnetic structure; this could be very difficult, interfaces with the cavity and an external structure designed
if not impossible, to implement in practice. Thus even if an to confine the field. 'ne magnet of Fig. 3(b) is also designed
exact solution is found, the design and fabrication of a mag- around a prismatic cavity of rectangular cross section. In
netic structure would have to be an approximation of the general the basic difference between yoked and yokeless
theoretical model. An exception is found in the generation of structures is that a yokeless magnet requires a larger amount
a uniform field in which case the exact solution of the design of magnetic material to perform the double function of gen-
problem yields structures of uniformly magnetized polyhe- erating and confining the field. An important property of a
drons that can be fabricated from standard blocks of mag- two-dimensional yokeless magnet is that its geometry is in-
netic material. dependent of the orientation of the field within the cavity.7

The existence of a design solution with uniformly mag- An example of hybrid magnet designed around the same
netized polyhedrons is based on a condition that relates the cavity of Figs. 3(a) and 3(b) is shown in Fig. 3(c); it com-
geometry of the polyhedrons that compose the magnetic bines a yoked component of magnetic material with yokeless
structure and the uniform remanence J of each polyhedron. 7  structures of triangular cross section where the magnetic in-
A uniform field is found in each polyhedron if and only if at duction is zero. As a consequence, the total flux of the mag-
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FIG. 4. Figure of merit of three magnets with the same cavity geometry.

-' If the same magnetic material is used in all the compo-
nents of a magnetic structure designed to generate a uniform

Y field intensity H o within the cavity, one can define the pa-
rameters

i0  V1!1K=',o 0 °° M=K 2 -(4)

where J0 is the remanence and . is the magnetic permeabil-
ity of a vacuum. M is the figure of merit of the magnet and
V,, V,, are the volumes of the cavity and of the magnetic
material, respectively. Figure 4 shows the plotting of the fig-

/ xure of merit of the three magnetic structures of Fig. 3 versus
'Zl K for the dimensions of the cavity cross section 2x 0=4y0 .

The hybrid structure exhibits the highest value of M, and the
0 yokeless the lowest. M attains its maximum in the range

0.5<K<0.6 for the three magnets, and it decreases to zero as
the field within the cavity approaches the value of the rema-
nence. This is due to the fact that as the field increases, the
outside layer of magnetic material becomes less and less ef-

-- ficient in contributing to the field within the cavity.
By virtue of Eqs. (4) and Fig. 4, the volume of the mag-

-/ netic material diverges at K=1, and, as a consequence, the
structures of Fig. 3 cannot generate a field equal or larger
than the remanence. The upper limit K=1 is removed by
multilayer structures, like the schematic of Fig. 5 which

(C) shows a number m of concentric yokeless magnets around a
0 regular polygonal cavity of n sides. If m is the number of

_, layers, the values of K and M of the structure of Fig. 5 are
Z K 2

-Ilt / K=m 1-cos,- M= T (5)Cos-2m Trl/n) - I"

- .oEven if a structure like Fig. 5 makes it possible to gen-
erate values K> 1, the optimum design condition is achieved

FIG, 3. Examples of two-dimensional magnets with the same internal p for large values of it and a large number of layers at K-0.8
matic cavity: (a) yoked, (b) yokeless, (c) hybrid, and M-'0.16. An example of multilayer structure is the two

layer, two-dimensional magnet with a square cross-section
cavity shown in Fig. 6 where the internal layer generates a

netic induction flows through the cavity and closes through field corresponding to K=0.51. The total value of K of this
the yoke. In Fig. 3(c) the heavy line that represents the yoke magnet is K-0.79 and its figure of merit is M-0.13.
can be closed without interfacing with the components of The optimum design of a multilayered magnet is a struc-
triangular cross section and no field is found in the region ture of hybrid layers that combines materials with different
between these components and the yoke. One observes that rem.nences. Specifically, the t6,re of merit attains its maxi-
Fig. 2 is another example of hybrid structure. mum in multilayered structures where the highest value of
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FIG. 5. Multilayer structures. FIG 7. Ins.rtion of hgh magnetic prmeabihty plates

the remanence is used for the internal layer and the rema- would lead to extremely large values of 2z0. In this case, the
nence of the other layers decrease with the distance of each compensation of the field distortion becomes the most criti-
layer from the cavity. The absolute maximum value of the cal problem that faces the designer in order to keep magnet
figure of merit is 0.25 regardless of geometry and distribu- dimensions and cost within practical limits.
tion of magnetization. 1' The field distortion results not only from the opening of

the magnet cavity but also from the fabrication tolerances,
and in particular from the magnetization tolerance of the

ll OPE MAGNETS..

FIG. 5.E MAGNETS stmagnetic materials. The magnitude of the remanence may

A magnet cavity has to be closed to achieve a perfectly vary by a few percent and the orientation of the remanence

uniform field. In practice a magnet must be open to access may vary by a few degrees. While the effects of the magnet

the region of interest. For instance, a magnet may be a sec- opening may be corrected in the design phase, the compen-
tion of length 2zo of one of the structures illustrated in Fig. 3 sation of fabrication and magnetization tolerances must be
open at both ends. The distortion of the field due to the accomplished in the shimming of the assembled magnet.
opening reduces the region of the cavity where an acceptable However, the same logic followed in the design phase can be
degree of uniformity is found. In applications requiring a applied to derive the shimming procedure from the field

moderate field uniformity a simple solution is the choice of a m

A manetcaviy hs t be losd toacheveapefecly arbfe e re n t andsembl eatne fthema

sufficiently large dimension 2z , of the order of several times Because of the quaslinearity of the magnetized material,
the dimension of the region of interest. However, in applica- open ation oreted in the design phase

tions like NMR imaging in medicine, where the uniformity can b e amli by design pensati n e

hasetore of thenorderformity bte thandInthis appli s ro to be added to the main structure of the magnet. A number of

solutions can be adopted involving magnetic materials as

well as ferromagnetic components. 7 The quantitative deriva-
tion of these solutions can be obtained by expressing the
field distortion in terms of the spectrum of its spatial har-
monics. Consider the type of magnets where the interface
between cavity and magnetic material includes two parallel
planes perpendicular to the magnetic field in the cavity. The
region of the expansion in the spatial harmonics can be a

cylinder of radius r0 containing the region of interest, with
its axis parallel to the field, and closed by two thin plates of

te high magnetic permeability material inserted at the two in-

terfaces perpendicular to the field as indicated in the sche-
matic of Fig. 7. The plates must be sufficiently thin in order
not to affect the figure of merit of the magnet.

The two plates in Fig. 7 act as magnetic mirrors of the
field inside the cavity and at the same time they are an ef-
fective filter of the high spatial frequency components of the

FIG. 6 Two-layer yokeless magnet field distortion generated by the magnetization tolerances. 12
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Within the region of the cylinder between the plates, the Ix
scalar potential of the field is_

n=¢0y , /4/ , i

Yo mn Yo47 ' 2

X(amn cos m if+bm,n sin m p)sin nT)r , (6)Yo 5-1-;

where (Do is a constant; r, ip, y are the cylindrical coordi- - 1) -
nates, am,n, bn,n are the amplitudes of the harmonics, and Im

is the modified Bessel function 6 8

=7
rn 7

Sm n o i-mJm inlr (7) /

If H o is the uniform field intensity within the magnet cavity,
the quantity

FIG. 8. Schematic of filter composed of eight elements inserted in each high

1 (8) permeability plate.

Yo

represents the loss of the field intensity within the region of monics of order m of the spectrum of the field of the magnet.
interest. Usually this loss can be tolerated and the compen- Thus the maximum value of m of the harmonics to be com-
sation procedure can be confined to the correction of the pensated determines the minimum number of the elements of
nonuniformity expressed by the summation on the right-hand the filter. The potential of each element determines the
side of Eq. (6). As a consequence the amount of magnetic amount and magnetization of the material to be inserted in
material necessary to perform the compensation reduces to the element. Because of the linearity of the relationship be-
only a fraction of the total material of the magnet. tween potential of each element of the filter and its filling,

the compensation of the distortion is achieved by the addi-
IV. COMPENSATION OF FIELD DISTORTION tion of the amount of material required by each harmonic.

The elements of the filter on the plate of Fig. 8 alone are

Once the distortion of the field is defined by its spec- one part of the entire filter designed to compensate any har-
trum, the compensation can be performed by means of a monic of indices mn,n. To generate a spectrum containing a
filter structure located outside the cylindrical surface; this is specified number of n harmonics, the filter structure must
designed to eliminate the dominant harmonics a,, bm.n up contain also elements distributed in a number of additional
to the point where the residue of the harmonics expansion is rings on the main plates as well as in the region between the
within an acceptable value. An essential part of the filter is a plates. Obviously the complete filter structure cannot inter-
structure that allows the control of the potential of the sur- fere with the access to the region of interest. Therefore the
face of the two high permeability plates in Fig. 7 outside the filter elements distributed between the plates must occupy
cylindrical region selected for the expansion. This is accom- only a part of the full circle, as indicated in the schematic of
plished in each plate by means of elements of magnetized Fig. 9, which shows filter elements located on the y=0
material sandwiched between the main body of the plate and plane.
a number of magnetically insulated high permeability plates A typical spectrum of the harmonics of the field distor-
that interface with the cavity.13 If the dimensions of the in- tion is shown in Table I which corresponds to a rectangular
sulated plates are large compared to the thickness of the
sandwiches, the scalar potential of each insulated plate rela-
tive to the main plate is a linear function of the amount of
magnetic material magnetized in the direction perpendicular
to the plate and is independent of the position of the material
in the space between the insulated plate and the main plate. -

Consequently, the effect of each sandwich on the field within
the cavity is controlled by the mechanical precision of fabri-
cation of the plates and by the amount of material of each (
sandwich. This structure leads itself to a mechanical tuning0
of the filter both in the construction of the magnet as well as
in its final shimming. € ' - )

A schematic of filter structures inserted in each plate is
shown in Fig. 8 where individual elements of the filter struc-
ture are arranged on a circular pattern. The distribution of
potential of the elements of the filter is computed to generate
harmonics equal in amplitude and opposite sign of the har- FIG 9 Filter struoture with elements distributed on the -0 plane
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TABLE I. Typical spectrum of harmonics in a yoked magnet. use of the filter to the correction of the effects of magnetic
and fabrication tolerances. The final shimming of a magnet

In n a,,, n zra.,,(n irr/yo) can be performed by extracting the harmonics from the mea-

0 1 1.5 x 10-4  1.3 X 10 - surement of the field in the fully assembled magnet and by
0 2 _10

-6  
_10-4 correcting the potential of each element of the filter either by

2 1 6.5 X 10-  1.8 X 10-  inserting additional magnetic material or by changing the
2 2 _10

- 7  -10
- 6

4 1 4.2 10
-4  

1.0 X 10
-4  orientation of the material inside each element.

4 2 210-6  10 4-

V. CONCLUDING REMARKS

The new design approaches are already being adopted
for the commercial development of permanent magnets and

prismatic cavity open on opposite sides, with cavity dimen- the application of permanent magnet technology to the field
sions 2 zo=2xo= 4Yo. The values of the amplitude of the liar- of medical imaging is expanding. In the low-field range, a
monics listed in Table I correspond to a yoked structure de- remarkably compact 0.2 T ferrite magnet has been success-
signed for K=0.5 with the two main plates inserted in the fully development by Esaote Biomedica of Italy. In the me-
cavity. Because of symmetry, all amplitudes bin,,, are zero dium field range, Sumitomo Special Metals of Japan, which
and the spectrum reduces to the harmonics of even order in. has pioneered the use of permanent magnets in medical im-
If the required degree of uniformity is such that harmonics aging, has recently developed a powerful 0.45 T Nd.Fe.B
with values am,n<10-6 can be disregarded, only harmonics magnet designed for whole body imaging.
of order n=l, with the exception of the harmonics (m =0, As new higher-energy product materials are being
n=2), (m=4, n=2), constitute the spectrum that must be developed,' 4 smaller and more efficient magnetic structures
compensated. Thus in this particular case, the filter structure can be designed. With an expanding range of applications,
can be implemented following the schematic of Fig. 9. Table the cost of these new materials is bound to decline steadily,
II lists the values of the three elements numbered in the and as the cost per unit energy decreases, more powerful
schematic of the filter structure shown in Fig. 8 that cancel magnets are becoming a viable solution in large scale appli-
the harmonics (in =0, n =1), (m=2, n =1), (in=4, n =1). By cations requiring field energies of the order of 105 Jim 3 or
symmetry, the potential of the other elements are larger.
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Fabrication of multipolar magnetic field sources
H. A. Leupold and G. F. McLane
U. S. Army Research Laboratory, Fort Monmouth, New Jersey 07703

The emergence of high-energy-product permanent magnets has made possible the generation of
extraordinarily high magnetic fields in the internal working spaces of relatively small structures. The
widespread use of such structures has been hampered by the variety and complexity of their
magnetic components and the concomitant difficulty and expense of manufacture. This paper
describes approaches to fabrication and assembly that should significantly ease both fabricational
and economic problems. Examples of these approaches are given for the production of cylindrical
multipolar sources (magic rings, quadrupolar electron beam guides) and spherical dipolar sources
(magic spheres).

I. INTRODUCTION of cylindrical segments is needed to form the desired magic

The high-energy-product permanent magnet materials ring [Fig. 2(a)].3 Alternatively each segment can be rotated

afford shell-like structures that produce in their internal 1800 about its local radius to obtain the same results [Fig.

chambers fields that are much higher than those obtainable 2(b)]. Either procedure obviates the necessity of multiple

from the conventional structures that can be made of the magnetizations on many different cylindrical segments.

older materials such as the alnicos. Unfortunately for many
such structures the required distributions of the magnetiza- 11h MULTIPOLAR RINGS
tion are complex and require components with many differ-
ent magnetic orientations. This augments the difficulty and A similar procedure may be used to form rings and cyl-
expense of the manufacture. inders of higher order polarity. Of these probably the most

Two particularly useful configurations are the so-called useful is the quadrupole, which is extensively employed in
magic rings (really cylindrical shells) and magic spheres." 2  the focusing of charged particle beams.' A typical arrange-
In the cylinder, the magnetization is uniform in magnitude, ment is that of Fig. 3 which shows that the magnetic orien-
has no z component, and varies in direction y with the azi- tation goes as y=40. Because the orientation changes twice
muthal angle as y= 2 0 [see Fig. l(a)]. If a circular section of as fast with (k as in the dipolar structure, it follows that the
such a cylinder is rotated about its polar axis, its locus forms orientation increment between adjacent segments of given
a spherical shell or magic sphere like that shown in Fig. 1(b). size is twice as great while twice as many segments of a

The cylinders ard spheres produce in their internal given orientation are needed. For example, the initial uni-
chambers uniform fields of Hc=Br ln(ro/r,) and form magnetization of a cylinder yields only one radially
Hs= (4 /3)Br lnkro/r , ), respectively. Here Br, ro, r, are the oriented segment that points inward while for a quadrupole,
magnetic remanence and outer and inner radius, respectively, two such are needed. This problem can be solved by the
These formulas show that fields of any magnitude are pos- magnetization of two cylinders and then the procedure of
sible for either structure if the ratio ro/r, is made large Fig. 4 to form two slightly different segmented approxima-
enough. However, the field's logarithmic dependence on tions to ideal quadrupolar cylinders.
outer radius results in prohibitive bulks for fields much in
excess of 20 kOe in the cylinder and about 27 kOe for the
sphere. Within these limits, however, performance is quite
impressive. A sphere of 8 cm diameter produces 20 kOe in a
cavity of 2.5 cm diameter with a material of Br equal to
12 kG.

I1. ASSEMBLY OF A MAGIC RING AIn practice the continuous magnetic structure of rings

and spheres is approximated by an array of segments each of
uniform magnetization within its boundaries which changes
abruptly upon passage to a neighboring segment (Fig. 1).
Therefore many different orientations are needed in the
magic ring and, it would seem, many different operations to
produce them. These operations can be reduced to one by the I B
following considerations.

If a cylindrical tube is aligned and uniformly magnetized
perpendicularly to its principal axis one notes that every pos-
sible orientation of the magnetization relative to the local FIG I Permanent magnet structures with segmented approximations (A)
radius is represented. Therefore, only a simple rearrangement magic ring, (B) magic sphere
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FIG. 2. Assembly of a magic ring by (A) rearrangement of segments after

uniform magnetization, (B) rotation of segments about local axes after mag-

netization.

Alternatively a ring could be segmented before magne- c c

tization with every other piece elevated above the original
stack, revolved 27r/n about the original axis and stacked as B B
shown in -?ig. 5. The stack would then be uniformly magne- A4 '
tized with the correct number of each type of required seg- 'M

ment. After a ir rotation of each segment about its local
radius and an angular contraction of the gapped stack into a
half cylinder with two identical semidisc layers, the said lay-
ers are appropriately joined at their equatorial planes as il-
lustrated in Fig. 5.

Similar procedures are used to form multipolar rings of FIG 4 formation of two quadrupole sources from two dipole sources (A)
higher order. In general n/2 stack layers of /n segments Start with two dipolar structures. (B) Separate every other segment from

adjacent segments to form two new structures for each original structure
each are ustd, where n is the desired multipolar order and mn (C) Compress structures B ii direction of circular arrows to form structures

is the total number of segments needed to attain the required C. (D) Assemble structures C to form structures D

structural fineness.

IV. MAGIC SPHERES

A magic sphere is "nade from magic ring slices that have
been beveled to form the melon-slice shapes of Fig. 6. These
are then assembled, tangerine-like, into the required magic
sphere. Unfortunately this involves the possible, but incon- .

venient, step of machining a magnetized ring. Unfortunately
the uniform magnetization of a spherical segment and its
subsequent rotation about the local radius does not work with

A B C D

FIG 5 Conversion of aii uniiiagnetized ring into a quadrupolar ring.

A B C

FIG 3 Cylindrical quadrupolar cross section FIG 6 i~abrication of a magic sphere by a beveling of magic rings
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where the larger should be and vice versa. This difficulty can
t be avoided by a rotation of the segment prior to magnetiza-

I + + tion as in Fig. 7. After magnetization the segments are ro-
.2' + itated back into their initial positions with the correct mag-

4 3 2 netic orientations.
5 46 + V. SUMMARY

6 7 6 , 6

t . 8Multipolar cylinders and dipolar spheres can all be mag-
Inetically oriented in a single uniform magnetization. In the

A B t C case of the sphere this can be done either before or after the
necessary mchining. The machining for the sphere can be
minimized to a single bevelling operation on magic ring seg-

FIG 7. Manufacture of a magic sphere without the machining of maglie-

tized segments (Al rotation of segments, (B) magnetic field applied, (C) ments instead of the cutting of many compound angles on a
rotation of segments back to inital positions. multiplicity of different spherical segments.

the sphere as with the ring. The lengths of the areas that K. Halbach, Proceedings of the 8th International Workshop on Rare-Earth
Cobalt Magnets, University of Dayton, Dayton, OH, 1985, p. 123

subtend the width of a segment on the spherical surface de- 2H. A. Leupold and E. Potenziam, IEEE Trans. Magn. MAG-23, 3628
pend on the polar angle. This results in a mismatch when the (1987).

required rotation about the local radius leaves the shorter arc 3H A Leupold, Mater Res Soc Symp Proc. 96, 279 (1987).
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Kinetic studies on solid-HDDR processes in Nd-Fe-B-type alloys
0. Gutfleisch, M. Verdier, and I. R. Harris
School of Metallurgy and Materials Science, University of Birmingham, Birmingham B15 2T,
United Kingdom

The kinetics of solid-HDDR (hydrogenation, disproportionation, desorption, recombination)
processing of Nd-Fe-B-type alloys have been characterized by means of in situ electrical resistivity
measurements and hydrogen absorption and desorption studies on nondecrepitated samples. The
fundamental differences in reaction rate and mechanism between a Nd 6Fe76B8 as-cast and a
homogenized stoichiometric Nd2Fe14B alloy at T=800 'C and p(H2)=0.7 bar are reported. The
disproportionation and recombination rates were found to be significantly lower in the
stoichiometric alloy, particularly in the case of the latter. The onset of the disproportionation and
recombination reaction in Nd16Fe76B8 in a temperature range of T=780-880 'C under hydrogen
atmosphere was investigated and these reactions were found to depend critically on the pressure.
Low-temperature recombination at T=620 'C was studied by the development of the Curie-point
resistance anomaly of the Nd 2Fe14B matrix phase. It has been shown that the amount of reformed
Nd2Fe14B matrix phase during recombination can be monitored by this method.

I. INTRODUCTION material. The microstructure of the Nd16Fe76B8 alloy is typi-
cal of "Neomax"-type alloys with this composition,8

The hydrogenation, dispioportionation, desorption, re-

combination (HDDR) process has been reported as a method whereas the stoichiometric alloy is virtually free of Nd-rich

of producing highly coercive Nd-Fe-B-based powder via a phase.

hydrogen-induced structural change; this powder can be used The overall HDDR kinetics of the two alloys were in-

for the production of Nd-Fe-B-type hot pressed and bonded vestigated at T=800 'C and p(H2)=0.7 bar. The electrical

magnets (see, for example, Refs. 1 and 2). Heating under a resistivity and hydrogen absorption and desorption pressures
were recorded in order to monitor the disproportionation and

hydrogen atmosphere results in the decrepitation of the ingot reco in reto Initon af disproportion -

which is described as the HD process. 3 The disproportion- recombination reactions. In addition, a fully disproportion-

ation reaction occurs at elevated temperatures and results in ated Nd16Fe76B8 alloy was heated from 700 to 1000 'C under
the formation of an intimate mixture of a-Fe, Nd-hydride, various hydrogen pressures to provide futher information

the ormtio ofan ntiatemixtre f aFeNd-ydrde, about the contributions of the different constituents in the
and FeB. On desorbing the hydrogen, the different constitu-
ents recombine to form the thermodynamically stable disproportionated mixture to the overall electrical resistivity.Ne B phasmbine. toforthe main moucrally tureo e In order to investigate the onset of the disproportionation andN d 2F e 4B p hase. T he m ain m icrostructu ral feature of the r c m i a i n r a t o s o d 6 e 6 8 a l y u d r h d oHDDRproess s te coverionof te carsegraned recombination reactions of a Nd16Fe76B8 alloy under hydro-
Nd2Fe1 4B phase into a material with submicron grain size. gen, the pressure was varied at different isotherms between

Td hse into a disproportionation and recombination T=780 and 880 'C. The resistivity of Nd 2Fel 4BH, or
The kinetics of the dipootoainadrcmiain NdH-2, a-Fe, and Fe,1B as a function of hydrogen contentreactions, which depend on alloy composition, initial micro-

structure, temperature, and hydrogen pressure, -,an be moni- was recorded. Rapid changes in resistivity were interpreted
tored by means of in situ electrical resistivity measurements as the onset of the disproportionation or recombinationreactions. 4 5 Controlled recombination at T=620 °C was
of the nondecrepitated material by introducing the hydrogen
at elevated temperatures (T-800 °C). 4,'s This type of reaction achieved by monitoring the hydrogen desorption behavior
ca ee red tpas sl-HDDR. this ate of re- and the development of the Curie-point resistance anomaly
can be referred to as solid-HDDR. In this article it is re of the reformed Nd2Fel 4B matrix phase. At this temperature,
ported how in situ electrical resistivity measurements during
solid-HDDR processing can be employed to study the differ-

ences in kinetics and reaction mechanisms in Nd-Fe-B-type is avoided and hence melting of the grain boundary material

alloys with and without the presence of Nd-rich grain bound- is also avoided. The observed changes in resistivity will be

ary material. Other factors such as hydrogen pressure and the derived entirely from transformations within the matrix

absence of grain boundary melting are also examined, phase. The disproportionated material was then cooled under
hydrogen to room temperature and reheated to T=620 'C

II. EXPERIMENT under vacuum to desorb for 2 h and cooled again, this cycle
was repeated until the material was fully recombined.

The in sitt electrical resistivity measurement employed
is based on the standard four-probe method and can be used Ill. RESULTS AND DISCUSSIONS
up to 1000 C under vacuum or hydrogen atmosphere. De-
tailed procedures have been given elsewiere. 5 Materials un- A. Comparison of HDDR kinetics between a Nd-rch
der investigation were as-cast Nd16Fe76B8 and stoichiometric
Nd 2Fe14B alloy which was homogenized at 1060 'C for 264 A schematic diagram for a complete HDDR experiment
h1 under vacuum. 7 After homogenization, a small area frac- monitored by measuring the electrical resistivity has been
tion of -2% free Fe dendrites was found to be present in the reported previously.5 Resistivity, hydrogen absorption and
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FIG. 1. Isothermal part of the electrical resistivity vs time monitoring the FIG. 2. Hydrogen absorption and desorption behavior during disproportion-
S-HDDR process at T=800 C and p(H2)=0.7 bar for an as-cast ation and recombination of a Nd1 6Fe76B8 as-cast (solid line) and a stoichio-
Nd16Fe76i38 (solid line) and a stoichiometric Nd2Fe14B alloy (dashed line); metric Nd2Fe14B alloy (dashed line) at T=800 C and p(H2 )=0.7 bar.
hydrogen introduction at t=0 min and vacuum at t=75 min. Inset shows the
initial variations in more detail.

stoichiometric Nd 2Fe14B alloy can be attributed to the ab-
sence of Nd-rich phase in this material.t °

These studies could indicate that the I', ....n grain
desorption pressures, and temperature are recorded. During boundary phase has a significant influence on the kinetics of
heating and cooling the magnetic and phase transitions are the HDDR reactions. It was reported earlier6 that the hydro-
delineated. The rapid decrease in resistivity after the intro- gen diffuses either in the hydrided Nd-rich phase or at the
duction of hydrogen at elevated temperatures corresponds to interface between this phase and the matrix phase. It was
the disproportionation process and can be attributed mainly shown6 that the disproportionation reaction begins at the
to the formation of free iron. Another contribution arises Nd-rich/Nd 2Fe14B boundaries and proceeds towards the cen-
from the formation of the Nd-hydride. On evacuating the ter of the original grains. For the stoichiometric Nd2Fe14B
system, the NdH 2 _., phase desorbs and the sudden decrease alloy no such fast transport paths exist, which could explain
in resistivity can be attributed to the dissociation of Nd- the lower reaction rates in this material. A reverse mecha-
hydride into Nd which subsequently recombines with the nism can be assumed for the desorption of hydrogen during
other constituents resulting in an increase in resistivity, the recombination reaction. However, it is interesting to note

Figure 1 shows the isothermal part of the electrical re- that, in particular, the latter process is much slower in the
sistivity versus time, which delineates the S-HDDR process Nd 2FeIdB alloy, which could indicate that the Nd-rich grain
at T=800 "C and p(H2)=0.7 bar for the Nd 16Fe 76B8 as-cast boundary phase plays an additional role in the recombination
and the stoicl iometric Nd2Fe 14B alloy. It can be seen that the process.
disproportionation and recombination reaction rates are
higher for the Ndt 6Fe76B8 alloy. Shortly after the introduc- B. Onset of disproportionation and recombination in
tion of hydrogen, a small maximum (see inset in Fig. 1) in the as-cast Nd16Fe,8B8

resistivity curve of the Ndl 6Fe 76B8 alloy can be observed, Figure 3 shows the electrical resistivity and the hydrogen
and this can be related to the rapid hydrogenation of the desorpion behavior of a disproportionatea Ndl 2, a-Fe,
Nd-rich grain boundary resulting in the formation of FeB mixture between T=750 and 1000 C under an initial
NdH 2 .. Further studies, which will be published elsewhere, pessure etwema T he as uneve alhaveshon tat te hdroenaton f te grin ounary pressure of p(H2)=35 mbar. The measurements revealed the
have shown that the hydrogenation of the grain boundary Cui-onrestceamlyfaFetT705Cad
phase results in the solidification of this phase, which has its
melting point at T=650 °C.8 For the stoichiometric alloy no
such maximum is observed, consistent with the absence of
the Nd-rich grain boundary phase in this alloy. Microstruc- 400 - - 90

tural characterization 6 has shown that the material is fully 380 8038080

disproportionated when a constant, equilibrium resistivity is T(. Fe) / .
attained and the same applies for the recombination reaction. 3 6 / 70

The resistivity data indicate that the Ndl6 Fe76B8 alloy is fully 6 3

disproportionated after 19±2 min of exposure to hydrogen at • 340 8oC r y

p(H2)=0.7 bar and fully recombined after 20±2 min of de- 320- / 8pressure

sorption at T=800 'C. The corresponding times for the stoi- V 40
'

chiometric Nd 2Fe14B alloy are 29±2 and 71±2 min, respec- 300 --------- 30

tively (for tdentical sample thicknesses of t=0.8 mm). Thus, 700 750 800 850 900 950 1000
both reactions are much slower for the stoichiometric alloy. temperature (-c]

These changes in resistivity correspond to the hydrogen ab- FIG. 3 Electrical resistivity and hydrogen desorption behavior between

sorption and desorption pressure behaviors shown in Fig. 2. T=750 and 1000 C under an initial pressure of p(H2)=35 mbar of a dis-

The slightly smaller quantity of hydrogen absorbed in the proportionated Ndt_2, a-Fe, FeB mixture
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Nd2Fel 4B matrix phase can be estimated, because the ob-
-served changes are due entirely to transformations in the ma-

n 0 5 Utrix phase. After 18 h at T=620 'C, no further changes occur

" o-- * and therefore it can be assumed that the material is fullyS recombined. The pattern in the overall resistivity behavior is
a 05

similar to that of a stoichiometric alloy at T=800 'C. The
-_ 2 1,, development of the magnetic properties and the microstruc-

-15 -- ,-,oh tural changes during the different stages of recombination
0L_ . will be reported elsewhere.13

250 300 350 400
temPera1= [°Cl IV. CONCLUSIONS

The fundamental differences in HDDR-reaction kinetics
FIG. 4. Ratio of [p(T)-p(2 5 0 °C)/[p(400 'C)-p(250 °C)] vs temperature and mechanisms between a Nd16Fe76B8 as-cast and a homog-
monitoring the development of the Curie point of an as-cast Nd 6Fe76B8 enized stoichiometric Nd2Fe14B alloy at T=800 'C and
alloy for different stages of recombination at T=620 C. p(H2)=0.7 bar have been characterized by means of in situ

electrical resistivity measurements and hydrogen sorption

a major desorption at T=810±5 'C causing another change studies on nondecrepitated samples. The absence of the Nd-

in slope in the resistivity curve. This event can be interpreted rich grain boundary phase in the stoichiometric alloy causes

as recombination under a hydrogen atmosphere. It was ob- the disproportionation and recombination rates to be signifi-

served that, the higher the pressure, the higher the tempera- cantly lower. The Nd-rich phase not only acts as a transport

ture for the desorption event. The pressure changes at higher path for the hydrogen, but effects in particular the
temperatures can be attributed to the desorption of the Nd- desorption/recombination reaction. The onset of the dispro-

rich grain boundary phase (to be published) and this corre- portionation and recombination reactions under hydrogen at-

sponds with a fall in the resistivity. mosphere in a temperature range of T=780-880 'C depend

Starting from a recomb ned material, the hydrogen pres- critically on the hydrogen pressure. Desorption at T=620 'C
sure was increased step by step and the "equilibrium" resis- revealed the different stages during re-formation of the

tivity was measured at different isotherms. It was found that, Nd2Fe, 4B matrix phase. At this temperature the recombina-

at T=880 'C, for example, the 2-14-1-hydride shows a tion process is a solid-solid reaction.
Sieverts'-type behavior before the sharp onset of the dispro-
portionation reaction at p(M2)=0.46 bar. These studies indi- ACKNOWLEDGMENTS
cate that the start of the disproportionation and recombina- Thanks are due to the SERC and the European Commis-
tion reactions depend critically on the stability of NdH,, sion for support of the general research program of which the
whicL. is determined by hydrogen pressure and processing work forms part and for the provision of an EC-fellowship
temperature. A hysteresis effect" for the NdH2 was found as (OG).
the data for the onset of disproportionation and recombina-
tion were derived from absorption and desorption isotherms, I R Harris, Proceedings of the 12th International Workshop on Rare

respecti ely. These results are in agreement with work by Earth Magnets and their Applications, Canberra, Australia, 1992, p 347
Takeshia and Nakayama 12 who reported, on the basis of 2T "lakeshita and R. Nakayama, Proceedings of the 12th International

Workshop on Rare-Earti Magnets and their Applications, Canberra, Aus-
x-ray diffraction measurements, that the disproportionated tralia, 1992, p 670

mixture will recombine above 1000 'C under a hydrogen 3P. J. McGumess, E J. Devlin, I R. Harris, E Ro/endaal, and J Ormerod,
J Mater. Sci 24, 2541 (1989).pressure of bar. 40. Gutfleisch, M Verdier, and I R larris, J Alloys Comp 196, L19
(1993).

C. Low-temperature recombination in as-cast 'O. Gutfleisch, M Verdict, 1. R. Harris, and A. E Ray, IEEE Trans Magn
Nd16Fe76B8  MAG-29, 2872 (1993).

BO Gutfleisch, N Martinez, M. Verdier, and 1. R. larns, J. Alloys Coip.
At conventional IIDDR-processing temperatures (750- 2'14, L21 (1994).

850 'C) it can be assumed that the Nd-rich grain boundaty 7X> ' Zhang, PhD thesis, University of Birmingham, UK, 1991
pP. J McGuiess, X J Zhang, and I R Harris, J. Less-Common Metals

phase will remelt after the hydrogen is fully desorbed, 158,359 (1990).
whereas at T=620 'C the microstructural changes will occur "G Schneider, E T Ilenig, G Petzow, and 11 1t Stadelmaier, Z Metallkd.

in a solid-solid reaction as the Nd-rich grain boundary phase 77, 755 (1986).

remains in the solhd. hydrided state. Figure 4 shows the de- 'P J. McGuiness, I R Htarris, U D Scholz, and 11 Nagel, Z. Phys Chemg Neue Folge 163, 687 (1989)
vlopment of the Curie-point anomaly by evaluating the re- 1 K 11. J Buschow, P C. P. Bouten, and A R Miedema, Rep. Prog Phys

sistivity data during the heating stage of the cycling proce- 45, 937 (1982)

dure described in part I1. The ratio [p(T)-p(250 C)y "r Takeshita and R Nakayama, Proceedings of the lth International
[p(400 'C)-p(250 'C)] is plotted over the temperature range Workshop on Rare-Earth Magnets and their Applications, Pittsburgh,

1990, p 49
of T=250-400 °C. At T=620 'C, the different stages during "'N Martinez, D G. R Jonis, 0. Gutfleisch, D Lavielle, D. Pere, and I R
recombination can be monitored and the amount of reformed tarris. to be presented at INTERMAG-MMM 1994.

6258 J Appl Phys, Vol 76, No 10, 15 November 1994 Gutfleisch, Verdier, and Harris



Study of desorbed hydrogen-decrepitated anisotropic Nd-Fe-B powder
using x-ray diffraction

G. R Meisner
Physics Department, GM NAO Research and Development Center, Warren, Michigan 48090-9055

V. Panchanathan
GM Magnequench, Anderson, Indiana 46013

The intrinsic magnetic coercivity (H,,) of Nd-Fe-B-based permanent magnet material is profoundly
affected by hydrogen absorbed during the hydrogen decrepitation (HD) process for producing
anisotropic powders from bulk anisotropic hot-deformed MAGNEQUENCH (MQ) magnets.
Hydrogen (H) content and x-ray diffraction measurements clarify the effects of H and desorption
temperature (Td) on the intrinsic magnetic anisotropy (IMA) of the Nd 2Fel 4B-type phase and the
nature of the intergranular phases, both of which are crucial for high He,. The Nd-rich intergranular
phase disproportionates during HD, initially forming a microcrystalline Nd-hydride phase, possibly

Nd2H5 . For Td-_ 2 20 °C, H remains in the Nd2FeI 4B-type phase, severely degrading the IMA, which
causes a low HO,. For 220 °C <Td-_250 'C, enough H desorbs from the Nd 2Fel 4B-type phase and
the IMA recovers its large prehydrided value, and the microstructure supports a high Hc,< 10 kOe
in spite of the H disproportionated intergranular phase. Only for Td> 2 50 'C is He, degraded by the
microstructure, corresponding to further H desorption and the microcrystalline Nd-hydride phase
becoming wellcryst, lized NdH2 .The NdH 2 phase decomposes with continued H desorption and at
Td> 5 8 0 °C recombines to re-form the Nd-rich intergranular phase of prehydrided MQ material. H
is completely desorbed above 580 'C and H,,> 11 kOe, nearly that of the prehydrided MQ magnets.

Anisotropic p(,rmanent magnet powder is of consider- anisotropic powders as a function of desorption temperature
able importance in high performance bonded magnet produc- (Ta).

tion. The Nd 2Fet 4B-type phase 1 2 of Nd-Fe-B-based magnets The Nd-Fe-B-based material for this study was
has a very large intrinsic magnetic anisotropy 3 (IMA) that H-containing powder of HD' 9 MQ3-E alloy.20 Direct chemi-
orients the magnetic moments uniaxially in the tetragonal cal analysis 2 1 yielded the H content in HD MQ3 powder as a
lattice, and such magnets potentially have a very large bulk function of T,1. These results along with the curve for H1 ,18

magnetic anisotropy. Melt-spun Nd-Fe-B ribbons are easily are shown in Fig. I where four Td regions are quite apparent.

crushed into powder and used in bonded magnets directly but X-ray diffraction spectra,22 Fig. 2, correspond to the

are nearly isotropic, consisting of randomly oriented Nd2Fe, 4B-type major phase plus a few diffraction peaks

crystallites.4 5  Hot-pressing ribbons followed by hot- from minor phases. For Td-: 2 4 0 'C, Figs. 2(a)-2(c), the

deformation results in substantial crystallite alignment 6 7  peaks for the Nd 2Fet 4B-type phase are slightly broadened

without degrading the high intrinsic magnetic coercivity and shifted to lower angles. The shift is considerably less

(He,), yielding highly anisotropic permanent magnets. Fabri- than for the fully hydrided state, Fig. 3(a), but quite evident

cation of hot-deformed magnets with specific shapes and from the position of the (301) peak. A small amount of H

alignment directions while achieving grain alignment evidently remains in the Nd 2Fe14B-type phase until

throughout, however, is difficult. Powders produced from T,1=240 °C.
hot-deformed Nd-Fe-B-based magnets remain anisotropic,
and bonded magnets using such powder can be made highly
anisotropic by aligning the powder grains in an applied mag-
netic field during the bonding process 5  0.1 12

Powders of Nd-Fe-B-based material can be mechanically 1011008 .l
ground, 8- " a difficult process 15 that degrades He, of the 2
smallest powder grains, 2 and the mi.netic properties of the IV 8 000o6
powder are not consistent from lot to lot.16 An alternate 6

method is hydrogen decrepitation (HD)' 3 ' 5 where hydrogen 00.04

(H) absorbing interstitially in the NdFet 4B-type phase U

causes spontaneous pulverization. Incorporation of H into 2

the NdzFe, 4B-type lattice, however, dramatically reduces the IV__0

IMA' 7 which in tura greatly degrades H,. Desorption of H 0 200 400 600 800

after H4D is therefore necessary to recover high performance Desorption Temperature (C)

magnetic properties. In previous work, 18 we studied H de-
sorption and magnetic properties of I-ID hot-deformed Nd- FtG. t Hiydrogen content and magnetic coercivly ttI, vs desorption tern-
Fe-B-bonaed (Mmagnets. Inoprtis paper weret chemi- perature Ta foi Yid MQ3 powder Vertical dashed tines delineate four re-
Fe-B-based (MQ3) magnets. In this paper we present chemi- gions of desorption temperature, %ertical arrows indiLate 11 contents greater

cal analysis and x-ray diffraction measurements on HD MQ3 than 0 1 t %. and solid lines are guides for the eye
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----- - samples, the 32.80 peak is a broad shoulder and has low

WN 
intensity at low Td values, Figs. 2(a)-2(d). It becomes a true

S(n) peak at 280 'C, Fig. 2(e), grows in intensity and sharpens,
Lf) Figs. 2(0-2(j), until 580 *C where it disappears, Figs. 2(k)-

A 121 V' 2(n). This dependence on T d of the intensity and shape of

.(e)l () this mino. phase peak at 32.8' correlates very well with H
So content and He1, Fig. 1. This minor phase peak corresponds

to a binary Nd-hydride phase and is evidence that H dispro-

S. ) 0). portionation during HD occurs for some part of the sample.
D (A Nd-rich alloy approximating the intergranular phase in

V MQ materials, Nd72Fe28, was induction melted and then
(a) h) hydrided.24 The spectra for this alloy after hydriding and

30 32 34 36 38 30 32 34 36 38 40 after desorbing at 240 and 520 0C consist of Nd-hydride and

Angle (two theta) iron peaks, confirming H disproportionation of this alloy.

The Nd-hydride peaks for the fully hydrided Nd 72Fe28 phase

FIG. 2. X-ray diffraction spectra for HD MQ3 powders desorbed at (a) are broad and have low intensity, but as H is removed at

200 C, (b) 220 °C, (c) 240 *C, (d) 250 *C, (e) 280 *C, (f) 350 *C, (g) higher Td, the peaks increase in intensity and move slightly

400 °C, (h) 475 °C, (i) 520 °C, (j) 550 °C, (k) 580 °C, (I) 620 C, (in) to lower diffraction angles, Fig. 3(c). Although the Nd-
660 C, and (n) 720 C. The vertical line at 36.55* indicates the (301) peak hydride peaks increase their intensity by a factor of -7.5
of the Nd2Fe1 4B-type phase and at 35.20 indicates the (111) peak of NdN. compared to the fully hydrided state, the iron peak (not

shown) remains at a very low intensity, approximately that of

The minor phase peaks are obvious from a comparison the peak at -38.1' for fully hydrided Nd72Fe28Hx. H dispro-

of the observed spectra, Fig. 2, with a calculation for unhy- portionation of the Nd2Fet 4B-type phase, however, results in

drided Nd 2Fe14B, Fig. 3(b). The peak near 35.2', which in- a very high intensity iron peak.23 Because iron peaks are not

creases in intensity monotonically with Td, is the (111) peak observed in the spectra for any of the desorbed samples, we

of NdN due to a small amount of nitrogen contamination, conclude the Nd-hydride phase in HD MQ3 desorbed pow-

and this has been observed previously in heat-treated Nd-Fe- der is a disproportionation product of the Nd-rich intergranu-

B-based materials. 23 Another minor phase peak occurs near lar phase and not of the Nd 2Fe1 4B-type phase.

32.80. In the fully hydrided material, Fig. 3(a), the (220) The coernivity of He, of MQ3 materials arises from both

peak of the Nd 2Fel 4B-type phase shifts from -33.3* to the large IMA of the Nd 2Fe14B-type phase that provides ri-

--33.00 and obscures this minor phase peak. In the desorbed gidity to the underlying magnetism, and a suitable micro-

structure involving grain boundaries and intergranular phases

that provide effective pinning sites for magnetic domain

Fully M3walls. 25 The independent effects of H on these two condi-

Ftions for large Hc, cause the dramatic H ,, behavior of HD

MQ3 powder as a function of Td shown in Fig. 1. In the HD

process 19 the Nd 2Fel4B-type phase and the Nd-rich inter-

granular phase absorb a considerable amount of H. The H

Nd 2 Fe ,14 Bcontent can be estimated from the total rare-earth (RE)

content20 to be 0.43 wt % for a molar concentration RE:H
C ?
D F =1:2 (i.e., corresponding to REFet 4BHx with x=4). Con-e :(b)

versely, with no H in the Nd2Fe 4B-type phase and assuming

.2 Ndl72FO28 that the intergranular phase disproportionates into REH, the

H content estimated from the amount of RE exceeding
Desobeod 526'C RE 2Fet4B stoichiometry in the MQ3 alloy is 0.074 wt %.

0Thus, the measured H content of 0.055 wt %, region 11 of

esorbed 246C Fig. 1, is consistent with all the H desorbed from the

Nd2Fet4B-type phase and the residual H only in the inter-

granular phase. The profound degrading effect of H on Hc,

Fully Hydnde (C) via the IMA of the Nd 2Fel 4B-type phase is therefore limited

,to low TC, region I, and this result agrees with our previous

30 32 34 36 38 40 conclusions based on first quadrant magnetization data for

Angle (two theta) these materials.
26

The nature of t'e hydrided intergranular phase also has a

profound effect on He,. The intergranular phase H dispropor-
FIG 3. X-ray diffraction spectra for (a) fully hydrided ID MQ3 powder tionates during HD and only degrades H,, slightly for
(not desorbed), (b) the Nd2Fel 4B-type phase (calculation) where (hkl)'s are
the Miller indices of the diffraction peaks, and (c) It disproportionated Td< 2 8 0 'C, regions I and II. The low H,1 in region I is due

Nd72Fe2' fully hydrided, desorbed at 240 C, and desorbed at 520 C only to the low IMA of the hydrided Nd 2Fel 4B-type phase.
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conclude that H disproportionation desorption and recombi- agrees well with observed magnietic properties See F E Pinkerton and C

nation of the intergranular phase cause a nonrecoverable de- D Fuerst, J. Appl. Phys. 67, 4753 (1990); F E Pinkerton and C. D.
in domain wall pinning stength of the intergranular Fuerst, J Magn. Magn. Mater. 89, 139 (1990); and F. E. Pinkerton and C.

crease iD. Fuerst, J. Appl. Phys. 69, 5817 (1991).

phase relative to prehydrided MQ3 magnets. Also, the NdN 2
6Absorbed H1 in the Nd,Fe14B-type phase allows a higher degree of mag

contamination indicates a nonrecoverable decomposition of netiL saturation for randomly oriented powkdcrs in moderate applied mag-

the Nd-rich intergranular phase has occurred and is presum- netic fields compared to prehydrided material and samples desorbed above
- 220 'C See Ref 17

ably detrimental to H,. Finally, the drop in Hc, at 800 C in 27P Knappe, t Muller, and H. W. Mayer, J Less-Common Metals 95, 323

region IV of Fig. I is undoubtedly due to the detrimental (1983)

effects of annealing and grain growth on the microstiucture 2"J E Bonnet and J. N. Daou, J Appl Phys 48, 964 (1977).

of MQ3 material generally. 29R. K Mishra, E G. Brewer, and R W. Lee, J. Appl. Phys 63, 3528
(1988).We thank Dr. Raja K. Mishra and Earl G. Brewer for 'V. Par.chanathan, U. S Patent No 4 900 374 (13 Febiuary 1990).

useful discussions, Charles B. Murphy and Daniel J. Van 31 E. G. Brewer, U S Patent No 4 966 633 (30 October 1990)
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The electrochemical hydrogenation of NdFeB sintered alloys
Kuo En Chang and Garry W. Warren
Department of Metallurgical and Materials Engineering, The University of Alabama, P0. Box 870202,
Tuscaloosa, Alabama 35487

The absorption of hydrogen by NdFeB alloys in aqueous solution has been investigated using dc

electrochemical methods and x-ray diffraction. Immersion of the NdFeB alloy in 0.1 M H 2SO 4

results in the formation of the Nd 2Fe1 4BH 2.7 hydride phase as indicated by x-ray diffraction analysis.

The hydrogen entering the NdFeB lattice is believed to result from the preferential acid dissolution

or etching of the Nd-rich phase. The hydrogen absorption and desorption behavior of sintered

NdFeB alloys, (NdDy)15Fe78 3A0 7B6 and (NdDy) 5Fe67Co5V4A 2B7, have been compared with that

of a LaNi5 alloy utilizing an electrochemical technique. LaNi5 is capable of absorbing extremely
high quantities of hydrogen as a metal hydride. The level of hydrogen absorbed by the three alloys
was compared by "charging" electrodes of each alloy in 6 M KOH at a constant cathodic current,

followed by a constant anodic "discharge" current. An arrest in the resulting potential versus time
curve during discharge indicates the oxidation of the hydride, i.e., of absorbed hydrogen, formed
during the cathodic charging process. Results indicate that both NdFeB alloys absorb hydrogen in
aqueous solution. Similar experiments performed on a set of samples with varying total rare-earth
(TRE) content showed that the amount of hydrogen absorbed is proportional to TRE content. Anodic
potentiodynamic polarization after charging shows that the corrosion rate increases as the level of
absorbed hydrogen increases.

I. INTRODUCTION where x represents the number of hydrogen atoms absorbed
by the alloy and MHx is the hydride phase of the alloy. A plot

The magnetic properties of NdFeB and similar alloys are of the potential versus time during discharge shows an arrest
significantly affected by the hydrogen absorption of the (a region of constant potential) characteristic of materials

NdFe 4B phase. 1- 3 Therefore an understanding of the hy- which absorb hydrogen and which represents the oxidation
drogen absorption behavior of NdFeB materials is important. of the hydride. The charge passed during this arrest is a mea-
Cast NdFeB alloy can absorb significant amounts of hydro- sure of the hydrogen absorbed. 12

gen relatively easily at room temperature even at hydrogen This technique has been used to examine the tendency of

pressures as low as I bar.4 The reactive nature of the NdFeB NdFeB alloys to absorb hydrogen from aqueous solution, to
alloy with respect to hydrogen has also been attributed to the compare NdFeB with the known behavior of LaNi5 , and to

presence of the neodymium-rich phase at the grain bound- examine its potential effect on the corrosion behavior of
aries, and the amount of hydrogen absorbed by the NdFeB NdFeB. Results presented here show that the corrosion
alloys increases with rare-earth content. 5 It has also been mechanism of NdFeB must involve hydrogen and that ab-

suggested that the poor corrosion resistance of the sintered sorbed hydrogen has a detrimental effect on corrosion resis-
NdFeB alloys is due, at least in part, to the presence of the tance.
Nd-rich phase.6' 7 However, until now a correlation between
hydrogen absorption and corrosion behavior of the sintered
NdFeB alloys has not been demonstrated. II. EXPERIMENTAL MATERIALS AND TECHNIQUES

The preferential dissolution of the Nd-rich phase in the Four types of materials were utilized in this investiga-
grain boundaries in acidic solutions, due to its lower electro- tion, as follows: (I) (NdDy) 1 Fe78 3A 0oTB 6, in both powder

chemical potential with respect to the NdFe14B phase, re- and sintered form, subsequently referred to as NdFeB alloy,
sults in the simultaneous evolution of hydrogen. Results pre- (2) (NdDy) 5 Fe67Co5 V4A2 B7 in both powder and sintered
sented in this work suggest that part of this hydrogen is form, subsequently referred to as NdFeB-Co-V alloy, (3) cast
absorbed by the NdFe14B matrix, producing a lattice expan- LaNi5 , containing about 0.14 wt % of a catalyst, and (4) a set
sion of the NdFej 4B unit cell which can be measured by of four sintered NdFeB alloys, similar to those in (1), but
x-ray diffraction analysis.8  with varying total rare-earth (TRE) content (29, 31, 33, and

Hydiogen absorption of similar rare-earth materials, e.g 37 wt %). All samples were -upplied by Rhone Poulenc Ba-

chei 5 ,cal have been widely examined using an electro- sic Chemicals Co. A Rigaku D/Max-2BX x-ray diffracto-

chemical chaige/disharge technique. The method involves meter with Cu K, radiation was used for structure deteimi-

the application of a constant (galvanostatic) cathodic current nations of NdFeB powders before and after etching in 0.1 M

resulting idt hydrogen evolution, a portion of which forms a H2S0 4. A Nikon optical microscope with image analysis sys-

metal hydride. Stored hydrogen can then be removed by re- tem was used for microstructural observations. dc electro-
versing the current flow. This reaction can be represented by chemical techniques were performed using an EG&G model

the redox equation 273A potentiostat, and a three electrode glass cell. Working

electrodes were prepared using samples of the sintered or
M+xH20+xe MH + xOl-, cast materials described above. The reference electrode was
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FIG 1. X-ray diffraction patterns for (NdDy) 5 Fe78 3A10 7B6 powders before
and after etching in 0.1 M H2SO 4  FIG. 2 Galvanostauc charge/discharge data for NdFcB, NdFcB-Co-V, and

LaNi 5 alloys in 6 M KOH.

saturated calomel, and the counterelectrode was ?t. The 6 M Oesterreicher.13 Based on these results the hydride phase
KOH electrolyte was purged with nitrogen for at least 1 h formed after etching in 0.1 M H2S0 4 is close to
prior to each experiment. The working electrode was pol- Nd 2Fet 4BH,.7"
ished to 600 grit, rinsed, dried, immersed in the electrolyte,
and the open circuit or rest potential allowed to equilibrate B. Electrochemical absorption/desorption of
for at least 1 h. Current densities were obtained by dividing hydrogen
measured current by the geometric cross-sectional area. The relationship between the charge/discharge process

for the sintered NdFeB and LaNi5 alloys was compared using
911. RESULTS the galvanostatic charge/discharge technique. Samples were

A. Hydrogen absorption from aqueous solution charged for 5 h at a constant cathodic current of -0.5 mA,
immediately followed within 30 s by the application of a 0.5

Upon immersion of the NdFeB alloy powder (38-53 /m t1A constant anodic current until the sample was fully dis-
diameter) in 0.1 M sulfuric acid solution, gas evolution was charged as indicated by an increase in potential to about 0.45
observed to occur. After filtering, the powders were thor- V. Additional cycles were obtained by repeating the process.
oughly rinsed with distilled water, and dried in a dessicator Experimental results for the first cycle of the NdFeB,
for 24 h. Dry powders were then pressed into pellets for NdFeB-Co-V, and ".aNi 5 alloys are shown in Fig. 2. The
x-ray diffraction analysis. Figure 1 shows x-ray diffraction lengthy arrest in potential of the LaNi5 alloy at - 1.0 V is
data of NdFeB alloy powders after immersion in H2S0 4 for 1 characteristic of the discharge ot stored hydrogen and is the
and 10 min. For comparison, patterns are also included for basis for the proposed use of this material in metal hydride
as-received powder and NdFe14B. As can be seen, the pat- batteries.14 By comparison, the NdFeB and NdFeB-Co-V al-
terns are similar but show a distinct shift toward smaller loys also sow evidence of hydrogen absorption, though to a
diffraction angles as etching time increases This shift reveals lesser degree than LaNi5 in this measurement.
that the overall tetragonal structure of the NdFeB is retained
but with measurably larger lattice parameters. Lattice con- C. Effect of total rare-earth content
stants were calculated from the x-ray data and are presented Since previous researchers have shown that hydrogen
in Table I. Results indicate that the amount of hydrogen ab- s incresesearhes have swn a on
sorbed by the NdFeB powder increases in the first minute, absorption increases with TRE and have suggested a con-
rapidly achieving "saturation" and relatively constant a- and nection between TRE and corrosion resistance,6 this effect

c-axis lattice parameters. The changes in total volume during has also been investigated. Results of the microstructural ex-

the etching process for as-received and hydrided NdFeB al- amination and image analysis of a set of samples with vary-

loys are in good agreement with those reported by

TABLE It. The volume fraction and the average grain size of the Nd 2 Fe14 B
phase for sintered NdFeB alloys vith varying TRE.

TABLE I CrystalographIL data tor Ndl-eB alloys and their hydrids.

TRE TRE Vol. fraction of the Avg of grain size of
Compounds a (A) C (A) V (A3 ) AV/V (%) (wt %) (at. %) NdFc14 B phase the NdFe 4t4B phase

(NdDy) 5 Fe78 3A107B 6  8.80 1229 951 290 129 0.83 25 0-9.5 ro

(NdDy)IjFe 78 3Al0 7B6 l 894 12.39 990 4.1 31 0 140 079 19.5±5 8 um
NdFe 4B (Ref 13) 8.79 12 17 940 ... 33.0 152 0.77 18 5±5 8 Am
Nd2Fe14BI, 7 (Ref 13) 8.93 12 36 985 4.8 37.0 175 0.73 lI 8±4 8 Am
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FIG. 3. Potential vs time for sintered NdFeB (29 and 37 wt % TRE) during FIG. 4. Anodic polarization curves for sintered NdFeB (37 wt % TRE) in 6
anodic discharge (1 mA) in 6 M KOH with and without prior cathodic M KOH; scan rate=2 mV/s.
charging

ing TRE (29, 31, 33, and 37 wt %) after polishing to 0.05
Am and a 10 F etch in 10% nital are given in Table II. As on the change in lattice constants the level of hydrogen ab-

expected, the volame fraction of the Nd 2Fe14B phase de- sorbed corresponds fairly closely to an overall composition
creases with TRE, corresponding to an increase in the Nd- of Nd 2Fe14BH 2.7.
rich grain-boundary phase.5 A slight decrease in grain size of (2) This study clearly shows that the sintered NdFeB and

the Nd 2Fe14B matrix with increasing TRE was also observed. NdFeB-Co-V alloys both absorb hydrogen during the appli-

These samples were also subjected to a charge/discharge cation of a cathodic current. Furthermore, these results sug-
process. Charging was accomplished with a cathodic current gest that the amount of hydrogen absorbed increases with
of -1.0 mA for 30 min, followed by discharging with an increasing TRE as has been suggested by Scholz. 5

anodic current of 1.0 mA. The potential during discharge was (3) A comparison of anodic potentiodynamic polariza-
measured and results are shown in Fig. 3 for sintered NdFeB tion on samples before charging, after charging, and after
alloys with 29 and 37 wt % TRE, respectively. For compari- complete discharging shows that the corrosion resistance of

son data are also shown for the same samples but without the sintered NdFeB alloys is degraded upon absorbing and

prior cathodic charging. Interestingly, the samples without desorbing hydrogen.
cathodic charging show some evidence of a discharge pro-
cess, which likely indicates the presence of a small amount
of absorbed hydrogen even in the as-received state. Figure 3
also shows a clear increase in hydrogen absorption with in- 1 K. H. J. Buschow, in Ferromagnetic Materials, edited by E. P. Wohlfarth

creasing TRE. Over the range of TRE contents examined, the and K. H. J. Buschow (Elsevier Science, North Holland, Amsterdam,

increase in hydrogen absorbed is roughly linear with TRE. 1984), Vol 4, p. 109.
2F. Pourarian, M. 0 Huang, and W. E Wallace, J Less-Common Met. 120,

D. Effect of hydride formation on anodic polarization 63 (1986).
1J M. D Coey, A. Yaouanc, D. Fruchart, R Fruchart, and P L'll6ritier, J

Anodic potentiodynamic polarization curves were also Less-Common Met. 131, 419 (1987).

measured for the four alloys with varying TRE before and 41. R. Harris and P. J. McGumess, in Proceedings of the Eleventh lnterna-
tional Workshop on Rare Earth Magnets and their Applications (Carnegie

immediately after the charge/discharge process. Results for Mellon University Press, Pittsburgh, PA, 1990), p. 29.

the 37 wt % TRE alloy are shown in Fig. 4; behavior of the 5 U. D. Scholz and H. Nagel, in Concerted European Action on Magnets,
other samples was generally the same. Three curves are edited by I V Mitchell (Elsevier Science, London, 1989), p 521

6 A. S. Kim and F. E Camp, J. Mater Eng. 13, 175 (1991).
shown in Fig. 4: (1) as-received, without charging or dis- 7HI Nakamura, A. Fukuno, and T. Yoneyama, in Proceedings of the Tenth

charging, (2) with charging only but without anodic dis- International Workshop on Rare Earth Magnets and their Appliations

charging, and (3) with charging and discharging. As can be (Society of Non-Traditional Technology, Tokyo, 1989), p 315

seen, after a complete charge/discharge cycle the observed 8B. Rupp, A. R. Resnik, D Shaltiel, and P Rogl, J Mater Sci 23, 2133
(1988).

current at low applied potentials is significantly higher than 9 J.1 J G. Willems, Philips J. Res. Suppl. 39, 1 (1984).

that of the as-received sample. This suggests that the corro- 'tC takura, T. Asaoka, H. Yoneyama, T Sakai, It. lshikawd, and K

sion resistance of the sintered NdFeB alloys is degraded Oguro, Nippon Kagaku Kaishi 1988. 1482 (1988).

upon absorbing and desorbing hydrogen. "J. H. N. van Vucht, F. A. Kutpers, and H C A. M. Bruning. Philips Res
Rep 25, 133 (19701

U iH. F Bittner and C. C. Badcock, J. Electrochem. Soc. 130, 193C (1983).
IV. CONCLUSIONS "K. Oesterreicher and H Oesterreicher, Phys Status Solidi A 85, K61

(1984)
(1) The (NdDy)15Fe78 3A10 7B6 powder has been shown 1

4 C twakura, Y. Kajiya, H. Yoneyama, T. Sakai, K. Oguro, and H Ishlkawa,

to absorb hydrogen upon exposure to 0.1 M IH2SO 4. Based J. Electrochem. Soc 136, 1351 (1989).
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Relation of remanence and coercivity of Nd,(Dy)-Fe,(Co)-B sintered
permanent magnets to crystallite orientation

A. S. Kim and F. E. Camp
Crucible Research Center, Pittsburgh, Pennsylvania 15205-1022

H. H. Stadelmaier
Department of Materials Science and Engineering, North Carolina State University, Raleigh,
North Carolina 27695-7907

For sintered permanent magnets based on Nd 2Fel4B having magnetically oriented crystallites, a
simple method of measuring the degree of alignment by x-ray diffraction is described, using the
inverse pole figure technique. The results are related to a distribution function for the easy axis
which is a direct measure of remanence. The fraction of the ideal [001] texture component in both
Nd-Fe-B and Nd,Dy-Fe,Co-B magnets is enhanced by doping with oxygen, resulting in a
measurable increase in remanence and improved loop squareness. The observed increase of the
intrinsic coercivity ,H, with better crystallite orientation is also discussed.

I. INTRODUCTION ticated analysis in which two reference directions are used.

The remanence in sintered permanent magnets based on They have also shown that calculated powder intensities are
the phase Nd2FelnB is maximized by aligning the powdered in good agreement with those measured on a random powder

sample of Nd-Fe-B, and our analysis will use the former.
particles of the magnet alloy in a magnetic field before press- 4

ing. While this results in a large fraction of crystallites with This method has been described by Tenaud et al and used

the easy axis in or near the field direction, the orientation is by Kawai et al.5 in connection with axial to conical spin

never perfect. The purpose of this study is twofold: (i) to reorientation in Nd-Fe-B. The technique has been known to

describe a simple method of measuring the degree of align- metallurgists for some time as the "inverse pole figure"method. 6'7 It uses a single reference direction (the axis of the
ment and relate it to the remanence and (ii) to report a anisotropic magnet), which is assumed to be the direction of

method of enhancing the fraction of the ideal [001] texture sctringavetor ih setsudy, the fraction of
component by doping with oxygen. In particular, it wil' be the scattering vector. In the present study, the fraction of
comonwatent bydopin the xygnencn picuar, it wced (001) in a direction tilted by a given angle from the scatter-
shown what improvement in the remanence can be expected ing vector is determined from the set of available (hkl) and
when the easy axis lies within a cone described by an orien- is vecto determine the se of availale hand

taton istibuionof gien nguar idt. Te efec of is used to determine the cause of remanence enhancement
tation distribution of a given angular width. The effect of resulting from the addition of oxygen under otherwise equal
orientation on the intrinsic coercivity , will also be dis- experimental conditions. It should be pointed out that the
cussed.

texture difference between specimens observed here can be
seen by visual inspection of a pair of diffraction patterns. The

II. TEXTURE goal is to make this observation more quantitative and, spe-

The methods of quantitatively assessing the crystal ori- cifically, to determine whether the improvement in rema-

entation in a sintered magnet are essentially twofold: (i) The nence can be accounted for by the sharpening of the texture.
As for the distribution function used in Sec. IV, it has notintensity of an x-ray reflection corresponding to the easy be ugse rvosybthsteavnaeo ah

axis, i.e., (001) for Nd-Fe-B magnets, is measured directly emi simpiity.

as the magnet axis is tilted out of the reference orientation,

the normal to the magnet surface. The angle at which the
intensity drops to 1/2 is a measure of the textural quality. A III. EXPERIMENT
way of doing this by using a pole figure device for full ori- Sintered magnets were prepared with two compositions,
entation has been described by Chang etaL1 A simpler modi- in wt %, 30.5Nd, 2.5Dy, 63.4Fe, 2.5Co, 1.1B (in at. %
fication of this technique utilizes the decoupled 0 scan for an 14.0Nd, 1.ODy, 75.4Fe, 2.8Co, 6.8B) referred to as A and B
(001) reflection and describes a line through a pole figure and 32.5Nd, 66.4Fe, 1.1B (14.9Nd, 78.4Nd, 6.7B), speci-
which is assumed to be that of a fiber texture. 2 Again, the mens C and D. Of each composition one batch (A and C)
width of tilt at half maximum is a measure of texture. (ii) A was prepared by conventional methods, employing rigid tool
specimen with the reflecting surface normal to the magnet compaction of the powder, and another batch (B and D) was
axis is subjected to a standard Bragg 20 scan. In an aniso- subjected to additional oxygen pickup during powder pro-
tropic magnet only reflections with low (h,k) and high (1), cessing prior to pressing. The final oxygen analyses of the
including (001), are observed. Then the orientation is de- magnets (in wt %) were: A (0.22), B (0.50), C (0.24), D
rived from the known angles between the observed (hki) (0.41). The method of adding oxygen was apparently not
and (001), or their poles, and the orientation distribution is critical to its effect on grain orientation and it could be in-
derived by comparing their intensities to the corresponding troduced during jet milling or following milling. The hyster-
intensities in a specimen with random orientation of the crs- esis loops were measured on a hysteresisgraph, indepen-
tallites. Meisner and Brewer 3 have performed a more sophis- dently at both laboratories. The x-ray diffraction patterns
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TABLE 1. Ratio J,/J, of remanence to saturation polarization for orientation 10
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were taken on a standard diffractometer (Cu Ka radiation). FIG. 1. Hypothetical and experimental distribution of tetragonal (001)

The specimen surface that waz " - endicular to the magnet poles.

axis was placed in the Bragg r,-. cting orientation to provide
a measure of the deviation from the ideal grain orientation.
No useful intensities are obtained unless the samples are
metallographically polished to remove the surface layer dis- range 0-- 0--r/2, let this distribution be f(0). Then the num-
turbed by grinding (it is known that the 2-14-1 phase can ber of poles in a ring of width dO on the surface of a unit
undergo plastic deformation8 ). The intensities of the six sphere is 2af(0)sin OdO. The contribution of these poles to

prominent reflections were normalized to calculated intensi- the magnetization in the direction of the magnet axis is ob-

ties for a random orientation of the crystallites following the taed by multiplying with cos 0. It follows directly that the

procedure for obtaining inverse pole figures.6'7  ratio of remanence to saturation polarization for an assumed

IV. ORIENTATION AND REMANENCE square hysteresis loop must be

If the magnet were a single crystal, or had an ideal grain fg/2f( O)sin 0 cos OdO
orientation with the easy axis normal to the surface, the dif- fg/2f(O)sin OdO
fraction pattern would show only reflections (001) with even
values of 1, namely (004) and (006) in the range investigated
(Bragg 20--500). Because of the imperfect orientation, addi- where the denominator serves to normalize the expression to
tional reflections having low (h,k) and high I are observed a constant total number of poles iti the hemisphere. A useful
and permit the assessment of the preferred orientation. In a distribution function is cos'" 0 because for it the integrals
cylindrical magnet the crystal orientation represents a fiber have simple solutions so that the ratio Jr/Js takes on the
texture with the magnet axis as the fiber axis. For a given form (rn + 1)I(m + 2). It is immediately obvious that for
(hkl) the corresponding tetragonal c axis (001) lies on a in =0, JrIJ = 1/2 (familiar result for random orientation)
cone with half-angle 0, where 0 is now the colatitude in and for m--,, JIJ,= 1 (delta function, perfect orientation).
spherical polar coordinates. Therefore the observation of re- Table I gives some examples of JIJ, for various orientation
flections having high I that are aligned with the magnet axis distributions f(O) characterized by the cone angle at half
contain information on the distribution of the (001) poles. maximum (f= 1/2). It shows the improvement in remanence
This is necessarily so because in the tetragonal system there that can be expected from sharpening the orientation. For
exists one and only one off-axis (001) pole for every pole example, when the cone angle is decreased from 18' to 9.5',
(hkl) that is in line with the magnet axis. J,/Js increases by 4.6%. A corresponding set of plots of

The distribution of (001) poles can be modeled to de- f(O) =cos' 0 is shown in Fig. 1; the significance of the data
scribe the impact of misorientation on the remanence. In the points is discussed in the next section.

TABLE 11 Observed reflections with low (h,k) and high I showing (W) calculated intensities for a random
orientation, normalized to I/1o= 100 for the strongest reflection (140), () angles between (hkl) and (001)
poles, and (m) experimental intensities treated as inverse pole figure data

Intensities normalized to random orientation
Intensity Cone angle

hkl (random) 00 A B C D

004 9 0 100 1.00 1.00 1.00
124 89 37.8 0.11 0.04 0.17 010

015 50 155 075 0.49 087 0.71
115 25 214 031 0.20 0.46 0.34
006 25 0 100 100 100 1.00
116 8 181 0.41 019 0.85 059
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15 domain particle. The detailed model of Schrefl et al. 10 de-
12 - scribing the reduction of the nucleation field for reversed

9 domains at the grain boundaries of Nd2Fe 14B also predicts
25_ 6 A this orientation effect for coercivity. The crossing of the
_ 3 magnetization curves C and D in Fig. 2 is contrary to this

behavior so that the curve with dhe higher remanence and the
r 12 7 better alignment now has the lower intrinsic coercivity. Un-
0 'like the pair A and B, magnets C and D apparently have an

6 orientation dependence of the critical field for magnetization
0 .reversal that does not decrease with the loss of alignment. It

-24 -16 -8 0 8 16 24 has to be conceded that the influence of oxygen on coercivity

FIELD [kOe] may well be a more complex one and simply results from
changes in the "grain boundary phase," which is known to

FIG. 2 Hysteresis loops of undopcd (A and C) and oxygen-doped (B and D) be fcc rather than hexagonal in many magnets, an effect that
sintered magnets. has long been attributed to the oxygen impurity, see e.g.,

Yang et al. 1

V. EXPERIMENTAL RESULTS VII. CONCLUSIONS

The intensities as processed for an inverse pole figure It has been shown that by using a simple powder diffrac-
are proportional to the volume fraction of grains with (hkl) tometer technique, information on grain alignment in sin-
poles in the direction of the magnet axis and, conversely, to tered magnets can be obtained without resorting to a full pole
the volume fraction of (001) poles in a direction tilted away figure determination. The trend of permanent magnet prop-
from the axis by 0. Therefore they can be plotted directly erties found in the Co-, Dy-containing magnets is already
over the distributions of Fig. 1. Table II shows the angle 0 by present in Stoner-Wohlfarth theory for single-domain par-
which the easy axis [001] is tilted against the magnet axis for ticles. For it the remanence goes with J, cos 0, and both
a given (hkl). It is derived from tg 2O=(c.'a) 2(h2 +k 2)/12, remanence and coercivity decrease together when the orien-
and obviously the higher the (h,k) and the lower the 1, the tation deviates from 0=0. Therefore it is plausible that the
larger 0 will be. Table II also contains information on the remanence enhancement resulting from the oxygen treatment
four test specimens A, B, C, D: calculated intensities for a is an orientation effect, and the x-ray diffraction data support
powder pattern) with a random orientation of the crystallites this interpretation. To what should the observed ability of the
and inverse pole figure intensities normalized by setting a oxygen-treated magnets to show improved orientation be at-
weighted average intensity of (004) and (006) equal to 1. The tributed? This can only be speculated, but it appears to be
reduction in the non-(001) reflections by going from A to B based on the ability of the powder particles to better maiatain
and from C to D is evident. It is also seen that the particle their magnetic orientation in the pressing operation. This
alignment in the Co-, Dy-containing magnets A and B is might be loosely described as a reduction in friction between
superior to that in the simpler ternaries. The reduced inten- the particles that results from the oxygen treatment of the
sities in Table II represent a distribution for which the data powder. It is remarkable that the ability of the powders .o
points are plotted in Fig. 1. It is obvious from Fig. 1 that the retain their orientation during pressing is so sensitive to alloy
experimental data show considerable scatter and do not fol- chemistry, as seen not only in the effect of oxygen doping
low the cosm 0 distribution closely (nor do they fit a Gauss- but also in the difference between the alloys containing Co
ian distribution function) but tend to have steeper flanks. and Dy and the simpler ternary alloys.
Nevertheless, the trend is clear: untreated specimens A and C
have a broader orientation distribution than the correspond- 2S Z Zhou, Y. X Zhou, and C D. Graham, Jr., J Appl hys. 63, 3534
ing oxygen-treated specimens B and D. Fitting the data to the (1988).

curves allows a rough estimate of the expected improvement 1G. P Meisner and E. G. Bre\.cr, J. Appl Phys 72, 2659 (1992).

in remanence A-B and C--D, namely, 3.6% and 3.9%, re- 4 P Tenaud, A Chamberbord, and F Vanom, Solid State Commun. 63, 303
(1987)

spectively. The corresponding experimental increments are 5,r Kawai, B. M. Ma, S G Sankar, and W E Wallace, J Appl Phys. 67,

4.2% and 4.7%. Supporting magnetization curves are shown 4610 (1990)
in Fig. 2. The improvement in loop squareness in the 'L. K. Jetter, C J Mcltargue, and R 0. Williams, J Appi. Phys 27, 368

oxygen-doped magnets B and D is evident. (1956).
7 B. D. Cullity, Elements of X-ray Diffraction (Addison-Wesley, Reading,

MA, 1978), p 319
VI. COERCIVITY 8H 1. Stadelinaier and N C Liu, Mater Lett. 4, 304 (1986)

9 W. Wong-Ng, H. McMurdie, B Paretzkin, C Hubbard, and A Dragoo,
The coercivity is also affected by the oxygen tlieatment JCPDS Card No 39-473, tnt Center for Diffraction Data, Swarthmore,

that causes the sharpening of the orientation. In the Co-, PA, 1989
Dy-containing specimens A and B, one sees a concomitant 10T Schrefl, H1 F Schmidts, J Fidler, and 11 Kronmuller, J Appl Phys 73,

6510 (1973)
increase in ,H, that is intuitively plausible from the orienta- 11J -p Yang, S 11. Pi, Y P. Kim, and Y G Kim. J Magn Magn. Mater 110,
tion effect in the Stoner-Wohlfarth theory for a single- L261 (1992)
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Comparison of magnetic methods for the determination of texture
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The singular point detection (SPD) technique as well as a least-mean-square procedure of ftting trial
texture functions to demagnetization curves (DMC) were applied in order to determine the
orientation density of the tetragonal axes of the NdFe14B crystallites in sintered Nd-Fe-B magnets
with different degrees of grain alignment. Both methods are less complicated than calculating the
texture function from x-ray-diffraction data. The orientation densities obtained by both methods
agree fairly. Analytically, they can be described as a Gaussian or a sum of cosine-power functions
of the angle between the local tetragonal axis and the texture axis. This agreement is a test for the
DMC method which can also be used for materials showing much larger anisotropy fields than the
maximum available measuring field. The SPD and DMC methods can also be applied to measure the
temperature dependence of the anisotropy field HA of the magnetic main phase in noncompletely
textured polycrystalline materials. By means of the DMC method additionally the spontaneous
polarization J, as well as the anisotropy constants K, and K 2 can be determined. As expected, the
values of HA of our sintered Nd-Fe-B samples, measured up to 140 'C, are nearly independent of
the degree of texture and are in agreement with those reported in literature. This confirms that SPD
as well as DMC can be used to measure intrinsic magnetic properties for materials which can hardly
be prepared as single crystals, such as interstitial compounds made by gas-solid reactions.

I. INTRODUCTION f(a)-exp(- a2/2 r2), 0 _ r <c o  (2)

In typical modern permanent magnet materials such as
sintered Nd-Fe-B the magnetic main phase is crystallo- was fitted to major demagnetization curves in the first quad-
graphically uniaxial and the crystal c axis is a magnetically rant of the i-H plane, where H is the applied field corrected
easy one. The orientation density of the easy axis is rotation- for demagnetization effects. Additionally, this fitting proce-

ally symmetric in a good approximation and can be de- dure yields the anisotropy constants K,, K, and the sponta-

scribed by a texture function f(a), normalized by neous polarization J, (if the volume fraction of the main
phase is known) and works even for measuring fields H con-

/2 siderably smaller than HA =(2K, +4K 2 )IJ . It was success-
da sin af)1,(1 fully applied to bonded Sm 2FeiTNi' 6 and sintered Nd-Fe-B. 7
da sin a(a)= 1, I fulapletobne mF7N ,dsier d

Jo Fitting parameters such as o' from Eq. (2) are texture

where a is the angle between the local easy axis and the parameters summarizing the information included in f(a).

texture axis.1 The classical procedure to calculate f(a) from
an adequate set of x-ray-diffraction data2 is expensive. Alter-
native methods, based on magnetic measurements, have been 0.6 0.3

reported. 13' 4 The angular dependence of remanence induc-
tion B, can be used, as described in Ref. 1, if B, is controlled
by rotational demagnetization processes only. Unfortunately, "-. 0.4 0.2 -,
the remanence of nucleation controlled materials such as sin- fici) G(Y)

tered Nd-Fe-B or Zn-bonded Sm2Fe17 N3 is affected by the
presence of domains in the grains of the sample surface. This 7
difficulty is avoided by the singular point detection (SPD) 0.2 0.1 f.D"

technique 5 which was applied to texture analysis in Ref. 3. In .-

fact, by this method one detects a sharp peak in the second
derivative d2.I/dH 2 of the polarization J versus the applied 0.0- 30 60 90.

magnetic field H, exactly located at the anisotropy field HA. angle oe, y (deg.)
The amplitude of the peak is piiportional to the volume
fraction of crystallites oriented with their easy axes perpen- 1,1G 1 SPD peak amplitude Gty) of the suitered Nd1 6,Fc78T,, sample A2 ano

dicular to H. In Ref. 4 the width (r. of a Gaussian density, its fitted texture function fa)= 034+0 34 cos- a+0.22 cos2 a
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FIG. 2. Demagnetization curves of t' e sintered Ndl 6Fe 78B6 samples AI-A4 temperature values obtained from SPD data
with different degrees of texture, measured at T=20 'C, parallel (11) and
perpendicular (1) to the texture axis The solid lines are fitted demagnetiza-
tion curves based on the trial texture function from Eq. (2) tomatic measurement of the amplitude of the SPD peak. The

adopted criterion is to measure the difference in the slope of

The definition of a texture parameter may also be inuepen- d2JdH
2 at the two inflection points located at both sides of

dent of the special type of f(a), as in the case of the standard the peak. The applied field H forms an angle y with the

deviation a, which is given by texture axis z and is in the x-z plane. The SPD peak ampli-

tude G(y) is proportional to the volume fraction of crystal-

__ {'/2 lites having their c axes in a plane perpendicular to H. If

U.2 eA= a da sin a f(a)a2 . (3) denotes the azimuth of the c axis with respect to x-z plane,
JO we have cos a=cos (! sin y and

il. EXPERIMENTAL AND THEORETICAL METHODS G()= 2/TJT d , F(cos 0 sin y), (4)

Sintered Ndl 6Fe78B6 magnets were prepared in the usual
powd -ietallurgical way.7 To obtain four samples Al-A4 where Ficos a)=f(a) is the texture function from Eq. (1).
with c icrent degrees of texture, various values of the mag- The integral equation (4) was numerically solved by fit-
netic field were used during the compacting process. Mag- ting the power series
netic properties from room temperature tip to 140 'C were
measu,'ed by a vibrating-sample magnetometer with applied F(cos a) = b, cos 2", a (5)
fields up to 8 T.

The S?D measurements were performed as described in to measured values of G(y), where a small number of terms
Ret. 3. A computer program has been developed for the au- turns out to be sufficient.

Trial demagnetization curves were computed taking into
consideration only coherent rotational processes based on an-
isotropy constants up to K,, neglecting the internal magnetic

SPD

c 20 A4 DMC

.2

ci A4
0 A3 1.2A2

Z~ - 0 Al6 0 .

010 A30,E

.N

F ~0.4
0 A 2 .

0 - 2

030 60 90 0Angle a (deg.) 0 20 60 100 140

Temperature T (0C)

FIG 3 Texture functions fo samphiI A2, A3, and A4 SPD f(a) bo
- b, cos" a + t. cos'- a fitted :o SPD data DMC f(a) FIG 5 Temperature dependence of 'he anisotropy constants K, and K2 of
-exp(-ct/2o,) itted to the curves of Fig 2 ,,amples Al-A4, calculated from fitted demagnetization curves
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stray fields, using the trial texture function of Eq. (2). Then TABLE I. Texture parameter o [from Eq. (3)] fitted to SPD and DMC

the calculated J vs H curves, depending on trial values of measurements In the case of SFD data Eq (4) was approximately solved

o'g, Js, K, and K 2, were fitted by a least-mean-square fit to using the series expansion (5) as well as the Gaussian (2).

the experimental curves, measured above 1.ol = 1.5 T in or- SPD SPD DMC

der to avoid domain-wall processes. Three criteria were used 1b, cos2", a Gaussian Gaussian
to test the applicability of the trial function: (i) the remaining Sample (deg) (deg) (deg)

variance of the numerical fit should be sufficiently small, (ii) Ideally

the texture parameter must not depend on temperature, and isotropic 61 2

(iii) the fitted values of K 1, K2, J, must not depend on the Al -61 -61 60.7

degree of easy-axis alignment. Finally, the fitted texture A2 45 8 475 45 4

function as well as the obtained anisotropy field HA were A3 27.8 28 6 29 2

compared with those determined by the SPD method. A4 157 15.8 18.6
Ideally

textured 0.0

III. RESULTS AND DISCUSSION

In Fig. 1 the angular dependence of the measured peak analysis the influence of internal magnetostatic fields has not

amplitude G(y) of the little textured sample A2 and the cor- yet been systematically investigated.

responding fitted texture function f(a) are shown as a typical Thc DMC rcsults of the anisotropy constants K, and K2
resaplondg tdetermined from differently textured samples yield suffi-
example for the SPD analysis.I

The Gaussian texture function (2) yields a very good fit ciently small variations for all investigated temperatures
for the demagnetization curves (DMCs) of our samples Al- (Fig. 5). The temperature dependence of K, and K2 is in

A4, measured perpendicularly and parallel to the texture axis good agreement with the data from Ref. 9. The room-

(see Fig. 2). A typical value of the residual variance of the temperature value of HA is comparable to that presented in

numerical calculation is 10-7 T2. Ref. 10 for a single crystal, but K2=0 at T=293 K was

The texture functions obtained from demagnetization obtained there.

curves are fairly similar to those calculated from SPD data, In summary, DMC as well as SPD analysis yield fairly

as shown in Fig. 3. This is an encouraging result because correct data on texture and intrinsic magnetic properties be-

very different experimental procedures are used. Due to the cause both techniques are based on reversible rotation of the

normalization factor sin a in Eqs. (1) and (3), the deviations local magnetic polarization. Contrary to other elementary

of f(a) at a-0 in Fig. 3 have only a small weight for physi- magnetization processes, reversible rotation is not very sen-

cal quantities. sitive to chemical and topological details in the nanometer

As a consequence of this result, the values of standard rang., of microstructure.

deviation or summarized in Table I do not much depend on
the type of the applied measuring procedure. 1S. Shtrikman and D Treves, J Appl. Phys. 31, 58S (1960).

Figure 4 presents the tempe'ature dependence of the an- 2D. Givord, A. Lienard, R Perrier de ]a Bathie, P. Tenaud, and T. Viadieu,
f Phys Paris Colloq 46, C6-313 (1985).

isotropy field H A and the standard deviation o, both obtained 5G. Asti, F Bo!zoni. and L. Pareti, J. Magn Magn. Mater. 83, 270 (1990).

from demagnetization curves, as weli as the corresponding 4 M. Katter, J Wecker, C. Kuhrt, L. Schultz, and R. Grossinger, J Magn.

room-temperature values calculated from SPD Jata. For all Magn Mater 117, 419 (1992).

the samples, o- shows a small temperature dependence as G Ai and S. Rinaldi, J Appl Phys 45, 3600 (1974)
'K.-l . Muller, D. Eckert, R A P Wendhausen, A. llandstei:, S. Wirth, and

expected for a correct texture parameter. The small differ- M. Wolf, IEEE Trans Magn. MAG-30, 586 1994;
ence in the values of HA obtained from SPD and DMC mea- 7 D Eckert, A. Ilandsein, K -1- Muller, R Grostnger, and M Kattler,

surements, respectively, may be due to the magrietostatic in- Proceedings of the 12th International Workshop on RE Magnets and their

teraction between the NdFel 4B particles, which was Applications, Canberra, 1992, p 180
8 G Asti, F Bolzoit, and R Cabassi, J. Appl. Phys 73, 323 (1993).

neglected in this study. The effect of this interaction on SPD 'K -D. Durst and lH. Kronmuller, J Magn Magn Mater. 59, 86 (1986)
measurements was considered in Ref. 8. In the case of DMC ")F Bolzorn, 0 Moze, and L Pareti, J. Appl Phys. 62, 615 (1987).
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Magnetic-field orientation and coercivity

Brandon Edwards
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Massachusetts 02139

The relationship between the coercive force and the angle of the applied field of an infinite magnetic
medium containing a planar defect have been analyzed. A domain-wall pinning dominated
coercivity was assumed and the spatial dependence of the magnetization in the direction normal to
the plane of the defect was taken into account. The results show that the coercivity must be about
two orders of magnitude smaller than the anisotropy field for the inverse cosine curve to be a good
approximation. Some of the results with experimental work on Fe77Nd 5Bs are compared. In
addition, the existence of a decrease in the domain-wall pinning coercivity as a function of the angle
between the applied magnetic field and the anisotropy for certain ranges of parameters-a behavior
previously thought to have only occurred in the angular dependence of a nucleation dominated
coercivity-is shown.

A central issue in the study of permanent magnets such ing the host magnetic material containing a defect lying
as NdFeB and SmCo has been the understanding of the mag- within the region x= -D/2 to x=D/2. The host matrix has
netic reversal mechanism at the coercive field H, 1,2 uniform magnetization M l , first-order anisotropy constant

An important aspect of this problem is the angular de- KI, and first-order exchange energy constant AI. The im-
pendence of the coercive field. The angular dependence in pediment has entirely independent magnetic properties K 2 ,
sintered RFeB magnets has been measured by the group at M 2 , and A 2 . The easy axis of magnetization is in the direc-
CNRS in Grenoble.3 They find that for H, = 10 kOe at room tion of the z axis and an external magnetic field H is being
temperature the increase of H, with On, the angle of the applied at an angle Oj as measured from the z axis in the y-z
applied field with respect to the easy direction of magnetiza- plane. The orientation of a given dipole in the array is taken
tion, corresponds ipproximately to a 1/cos(Ot) relationship, as the angle 0 measured from the z axis in the y-z plane. We
a theoretical derivation of which had been carried out in a assume a one dimensional spatial dependence for the angle

previous paper.4 For H,- 17 kOe, there is a reduced increase 0. The orientations of the end dipoles are fixed with 0=0 ° at

in H, with O1. Finally, a decrease in H, as Ot increases x= - - and 0=180' at x=-, signifying the presence of a

occurs at small 6,H values in PrFeB magnets. The authors of Bloch wall along the array. We wish to find the value, H,, of

Ref. 3 state that they are unable to understand the last result the external magnetic field for which the wall can no longer

on the basis of either coherent rotation or domain-wall be held by the impediment and thus magnetic reversal of the

propagation, entire medium occurs. This model has already been dis-

Results by both Sakuma et al.5 and Kronmuller et al.6  cussed for the case in which the external magnetic field is

indicate that there exists ranges of magnetic parameter values applied in the same direction as the easy axis of magnetiza-

wherein coercivity limited by the nucleation of domain walls tion (O=0O). 7,8

shows deviations from the l/cos(0) or inverse cosine angu- The totd energy for the ith region (= 1,2,3) is given by

lar dependence, but it is generally accepted that coercivity lO2
limited by domain-wall pinning follows the inverse cosine E,= K, sin2(O)-HM, cos(O- Ot)+A, ( I dx.
relation, thus yielding insight into the mechanism of mag- TICd
netic reversal through analyzing the angular dependence of (I)
the coercivity of different materials. We shall show that this
is not so, that there also exist strong deviations from the Minimizing the energy in the three regions using the
inverse cosine relation when domain-wall pinning is the boundary conditions that 0=0' and 180' at x = - x and x,
mechanism limiting magnetization reversal, respectively, and that A,(dOldx) is continuous at x=-D/2

In 1990, Sakuma et al.15 presented theoretical deriva- and D/2, we get Eq. (2) where 77 is given by Eq. (3):
tions of the coercivity as a function of the angle of the ap-
plied field for the case of a domain-wall nucleation domi- cos(O1

nated coercivity in a material containing a defect. Their W= (sin 0)- '[sin'(0)- ,FE- cos(0- Ot)
methods, first introduced by Friedberg and Paul,7 took into J COS(0,2
account the spatial dependence of the magnetization. + 77]- "'d cos(0), (2)

In this paper, we derive the angular dependence ef the
coercive force tor domain-wal pinning. We also take into 7=(E- 1)sin 2(0)-lE'(1 -F)cos(O,- Oll)
account the spatial dependence of the magnetization.

L t us consider an airay ot r..agnetic dipoles represent- + hE- cos(N O). (3)
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FIG 1. Ratio of thle normalized coercive forces h,(OH)/hC(O) as a function FIG 2 Same as Fig 1 with the normalized defect width W=2. Curve (1) is
of the angle of the external field wvith respect to the anisotropy axes 0n, for for E'=F=0 l, curve (2) is for E'=F=.05, and curve (3) is for E=F
a constant normalized defect width W1=2 and constant ratio F =0.8 Curve =0.025.
(I) is for E =0.4. curve (2) is for E=0.5, and curve (3) is for E =0 6 Curve
(4) shtows the I/cos(OH) angular dependence generally accepted to be char-
acterist"c of a domain-wail pinning dominated coercivity The solid circles
are measurements on the angular dependence of Fe77Nd15 Bs (see Ref. 6) normahtzed defect width I' and ratio F are held constant at

values 2 and 0.8, respectively. The ratio E ranges from 0.4 to
The relationship between the quantities 01 and 02 (the orien- 0.6, corresponding to a large change in the magnetic param-
tation of the dipoles at x = - id D/2, respectively), are eesA n/rK costebudre =-1 n
given by x=D/2. We have included for comparison the normalized

(1 - - ) si 2( 2) hE (1 F~co( 0 0)angular dependence he( OH)lhc~(O) = l/cos(01 ), generally ac-
(1-Ei) sn2(0)+h-l(1F~co(02-0H)cepted as the angular dependence curve characteristic ofa

+hIE- cos( 0,) + y= 0, (4) domain-wall pinning dominated coercivity. We notice that
our curves deviate significantly from the inverse cosine

along with the condition cos(01)>cos(02), curve for this range of E and value of F and W with the
Here we have also introduced the dimensionless param- dcviation decreasing as E approaches unity. Also included in

eters E, F,. Ii, and W: this figure are measurements of the normalized angular de-

A2K 2  A2M-, JHM D pendencc of the coercive force for Fe77Nd15B8 done byE -- F=--, JI= - W=-B Kronmuller et a. 6

K1  S In Fig. 2, the ratios E and F take on very small values
used in Ref. 8, where D is the actual width of the defect and ranging from 0.025 to 0.1 and the normalized defect width W
3=(A-,/Kz)" is the domain-wall half-width within the defect is again held constant at the value of 2. This range for E and
region. F corresponds to differences within the material parameters

Given a value for the normalized external field ht and A,, K,, and M, between the host matrix and the defect
Oct, there is a set of 0 's for which a 0, in (01 ,1800) satisfy- region of up to two orders of magnitude. For these small
ing Eq. (4) will exist and W(0Oi,0,)< , where W(O 0 z)0 is values of E and F, we see a very pronounced decrease in
deterined by Eq. (2). This gives rise to a set {Wi,} of hc(O0,)/hc(O) as O0t increases from zero. Physically, the cx-
normalized defect widths. These are values of W for which ternal field required to drive thle domain wall across the de-
there exists a static domain-wall solution that satisfies the feet is decreased when applied in directions deviating from
gveti boundary condition. I particular, 0-x)=o0 and 0(x) the anisotropy axes, with the minimum required field occur-
= 1800 are satisfied and thus a domain wall is still present, ring at 0H-5 ° Note that for E=F=0.025, applying the
Thus, for all widths 14'" in {WL1}, the field ht is insufficient to external magnetic field at 550 with respect to the anisotropy
drive the wall over the defect. axes will reduce the coercive force by approximately one

The minimum W4. of the set {Wot1} coiresponds to the half that required to demagnetize the material with a field
critical width at which ht is sufficient to drive the wall over parallel to the anisotropy axes.
the defect region and magnetic reversal begins. As one The last figure, Fig. 3, plots hz vs W rather than,
x ,ould suspect, it was found that W increases as a function hc(O,,)/hc(O) vs Ott. We do this for the values of Oxt ranging
of Ii. Thus an field smaller than Ii would be insufficient to from 50 to 80 °. The ratios E and F are held constant at 0.5
dri,,e the wall across a defect of width Wc(ht) as cont~asted and 0.75, respectively. Notice that for a given value of Oct
to a field greater than Ii. Therefore ht, =Ii is the coercive when 1W is greater than approximately 1.5, there are essen-
torce correspondling to the given defect width Wc(h). tially no further changes in tt .

Figure 1 shows the ratio of the normalized coercive In Fig. 1 as well as in subsequent work we see that as E
for .es ht (0,t) and h (0) ,,ersus the angle ut deviation 0,, of and F approach 1, thle angular dependence approaches the
the externiti field x, ith respect to the anisotropy axes. The inverse cosine relation. Physicadll, the parameters E and F
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08 We have found that little or no dip is seen in the angular

_ . dependence when either E or F has value close to unity. It
; ..-o appears that both E and F must be small together in order for

Z (2a significant dip to be present. This suggests that the ex-
/ (2._change energy, present in both of the parameters E and F,

_C 0 / takes on a dominant role in the cause of this dip.
,/ -, (It has been shown by Friedberg and Paul7 that as W

Sd/ 0o-
'  

(4) approaches zero, the value of HC(O)/HA approaches zero.

0 7 5 1& Therefore we would expect that for small values of W, the

0 -ever, the "critical width" above which the aogular depen-

1 2 dence significantly deviates from l/cos(0,,) will depend on
W the values of A 2/A 1, H21H1 , and M 21M I. In particular, we

have found that if A 2/AI decreases from 0.75 to 0.03 (a
factor of 25), this critical width is reduced by one order of

FIG. 3 Normalized coercive force h, as a function of the normalized defect magnitude. Calculations along these lines suggest that it is
width W for the values E =0.5 and F=0.75. Curve (1) is for 01,=80, curve necessary for H, to be approximately two orders of magni-
(2) is for 0H=65° , curve (3) is for 

0H= 3 5 ° , 
and curve (4) is for O=5'. nessar for H A to be approxima-tude smaller than HA for 1/cos(On) to be a good approxima-

tion for the angular dependence.

approach 1 when the changes in the magnetic parameters A, The normalized angular dependence of the coercvity
M,, and K, between the host material and defect become measured as a function of the applied field angle fornegligible. This is the basic ctrion for the fcos(OH) angu- Fe 77Nds1B8

6 has been included in Fig. 2 for comparison withngla iependen to tkoI the aasiccriterona s fof the ormalized our theoretical curves. As will be noticed, the fit of this datalar dependence to take over. In the analysis of the normalized
coercive force for 0=0° done by Friedberg and Paul, 7 it to our curves leaves something to be desired, as was the casecoerciv force data 01as0 domnee by Frieber andrtia Paulk. 6

was shown that as E and F converge to 1, Hc(O)IHA goes to when this data was compared to other theoretical work.

zero. Therefore the criterion mentioned above is similar to There needs to be more experimental work.

the arguments made in previous works for the occurrence of The nucleation dominated angular dependence curves
a llcos(0,,) curve for values Hc HA 4.6,9 derived in Ref. 5 as well as the pinning dominated curves inWe find that a change in A between the host and defect this paper show a decrease in h as a function of 0H formaterial, causing a decrease in both E and F, produces the certain parameter values. Although for given values of E, F,greatest deviation from the tnverse cosine curve while a and W, the model in Ref. 5 and our model may give entirelycgreatest deiatin n frm cu inga erse osi ane, rouesi a different looking curves; as a whole one cannot look at anch ange in K ,, cau sing a d ecrease in E alo n e, p ro d u ces a a g l r d p n e c u v o d t r i e t e c e c v o cslightly smaller deviation, and finally, the smallest deviation angular dependence curve to determine the coercive force
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ing the appearance of the inverse cosine angular dependence. dependence curves derived from other model s well. 6'9
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011=0 by Paul.8 We see now that it is exhibited at values of dence curve with theory.
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as 0,, increases. Indeed, not only is the increase with Oi Villas-Boas, J Appl Phys 69, 5492 (1991).
shown in our model not as great as that predicted by the 4

D. Givord. P. Tenaud, and T. Viadieu, J Magn Magn Mater 72, 247

inverse cosine curve, but for small E and F (<0.5 if W- 2) (1988).
A. Sakuma, S. Tanigawa, and M Tokunaga, J Magn. Magn Mater 84, 52h actually decreases as 0, increases from 00. Physically, (1990).

this means that for these values of the parameters E, F, and 6 11 Kroumuller, K D Durst, an( G. Martek, J Mag Magn Mater. 69

W it is easier in general to demagnetize the material by ap- !49 (1987)

plying the external field in directions other than along the 7R. Friedberg and D I. Paul, Phys Rev, Lett 34, 1234 (1975)
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Magnetic Multilayer-Coupling I R. Beach, Chairman t{
Magnetic structures and interactions in Ho/Y, Ho/Lu, and Ho/Er superlattices
(invited)

R. A. Cowley, D. F. McMorrow,a) A. Simpson, D. Jehan, P. Swaddling, R. C. C. Ward,
and M. R. Wells
Oxford Physics, Clarendon Laboratory, University of Oxford, Parks Rd., Oxford OXI 3PU, United Kingdom

Ho/Y and Ho/Er superlattices have been grown by molecular-beam epitaxy using a Balzers UMS
630 instrument. The superlattices were grown on a sapphire substrate with an Nb buffer and Y seed
layer. X-ray-diffraction techniques were used to characterize the crystallographic structure and
neutron-diffraction techniques to determine the magnetic structures. The results for the Ho/Y
systems were consistent with long-range order being formed coherently through the whole

superlattice. The moments in the Ho layers were aligned in the basal plane and most of the structures
could be described by helical structures with a turn angle between holmium planes of TH and
between nonmagnetic Y planes Ty. 1 y is found to be largely independent of temperature or
superlattice, while TI decreases with decreasing temperatures and at low temperatures takes a
commensurate value, so as to take advantage of the basal plane anisotropy. The results for the Ho/Er
superlattices differ because the Er has a magnetic moment and the anisotropy favors alignment
along the c axis. Between the ordering temperature of bulk Ho and bulk Er, the results are similar
to those of the HolY superlattices. The ordering propagates through the Er layers but the Er
moments are not ordered. At lower temperatures the Er moments order in a cycloidal (a/c) structure
with the basal plane components having fairly long-range coherence with the Ho moments, but the
c-axis components having no coherence from one Er layer to the next.

I. INTRODUCTION seed layer before the superlattice and capped by a 300 A Y

layer to prevent oxidation of the magnetic material. The
Rare-earth superlattices show a number of novel and in- chemical and crystallographic quality of the superlattice is

teresting properties as has been reviewed by Majkrzak et al.I then determined using x-ray diffraction. Typically the super-
We have extended this work particularly to the superlattices lattices have a mosaic spread of 0.160, a chemical coherence
containing Ho, and have studied superlattices of Hlo with the length of about 2200 A, and an interface width of about 5
nonmagnetic elements y 2 and Lu,3 and also Ho and the mag- atomic planes.
netic element Er. Bulk Ho orders magnetically below 132 K The magnetic structures were determined by neutron-
into a helical magnetic phase in which the moments align scattering techniques using triple axis spectrometers at the
ferromagnetically in each basal plane but rotate from one DR3 reactor of the Ris6 National Laboratory. Typically, 5
plane to the next by an angle 11 which decreases on de- meV incident neutrons were selected with a pyrolytic graph-
creasing temperature from 520 at the TN to an average of 30' ite monochrometer, and second-order contaminant neutrons
below 18 K, when the moments also tip out of the basal were suppressed with a cooled Be filter. A pyrolytic graphite
plane to form a cone phase. One of the interesting aspects of analyzer was used to ensure that only elastically scattered

Ho is the existence of a series of long period commensurate neutrons were detected. The collimation was typically from
spin-slip structures, 4 due to the basal plane anisotropy. Our reactor to detector 60'-30'-30'-120' and gave a resolu-
choice of F-o superlattices was therefoie made to see if Ho/Y tion in the scattering plane of 0.01 A,- 1. The samples, whose
superlattices behaved similarly to the Dy/Y superlattices pre- growth direction is always perpendicular to the c axis, were
viously studied, to determine the effect of the basal plane aligned with the (hol) plane in the scattering plane and
anisotropy on the magnetic structures, and to determine the mounted in a variable-temperature cryostat so that the tem-
structures of the Ho/Er superlattices in which the Ho and Er perature could be controlled to 0.1 K. The scattered intensity
have competing anisotropies. was determined as the wave-vector transfer was scanned

The superlattices were grown by molecular-beam epi- along the (001) and (101) directions. The former provides
taxy in Oxford using a Balzers UMS 630 facility. The tech- information about the basal plane ordering of the magnetic
nique followed was developed by Kwo et al.5 and has been moments, while the latter gives intensities dependent on both
described in detail.2 The superlattices are grown on a sap- the basal plane and c-axis moments.
phire substrate with a 500 A Nb buffer layer and a 1000 A Y

II. RESULTS FOR HO/Y SUPERL\TTICES

nPrinanent address. Physics Dept, Danish AEK, Ris6, Roskilde, DK 4000 The results for ti(, Ho/Y superlattices have been
t)ennark published 2 and so the results will only be briefly summarized
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FIG 1. The neutron-scattering intensity (Ref. 2) observed from a 0 10 20 30 40 50
(Ho 40 Y1 5)50 superlattice along (001) at a series of temperatures at intervals Lattice planes of Ho
of 10 K from 130 to 10 K. The nuclear (002) scattering is temperature
independent and the magnetic scattering grows with decreasing temperature.
Note that even at 120 K, the magnetic scattering is two peaks showing FIG. 3 The turn angle (Ref 2) Tn for Ho in various superlattices showing
long-range coherence. that at least for thick superlattices, 'H is largely independent of the Y

thickness and that 'PH is close to a commensurate spin-slip value The solid
line is a guide to the eye, and the errors arc about the symbol size

here. The neutron scattering as a function of temperature
from the Ho4 0Y15 superlattice is shown in Fig. 1 and shows while the block lengths and interface thicknesses were taken
the growth of the magnetic scattering with decreasing tem- from the x-ray results.
perature. The magnetic scattering at every temperature shows The model gave a good description of the results and the
several separate peaks showing that the ordering is always parameters for the Ho40Y15 sample are shown in Fig. 2. The

coherent through the nonmagnetic Y blocks. In this respect turn angle Ty is independent of temperature and was in-
the result is similar to that found for the Dy/Y system. deed found to be the same and constant for all the Ho/Y

A more detailed description requires a model. We have superlattices. The Ho turn angle IV, was found to decrease
used a model in which there is a turn angle between the with decreasing temperature but less markedly than for a
magnetic moment direction on successive Ho planes 11n, pure Ho film or bulk Ho. Presumably the decrease with de-
and one bet-een successive Y planes TPy, and moments on creasing temperature arises largely from the effect of the
both the Ho and Y planes. The fits showed that the data were ordering on the turn angle 6 as in bulk Ho, while the differ-
consistent with no moment on the Y planes, and the same Ho ence between the behavior of bulk Ho and the Ho superlat-
block lengths and interface widths as tile crystallographic fits tices is due at least in part to the clamped lattice parameters
to the x-ray data. Consequently, in the final fits, only ",I*u ,  and consequent strain of the Ho in the superlattice, as found
'Iy, and the moment on the Ho planes were allowed to vary in Dy/Y superlattices.'

The low-temperature Ho turn angles for several Ho/Y
superlattices are shown in Fig. 3, and are largely independent
of the Y block thickness and increase steadily with decreas-
ing Ho block thickness. The samples with more than eight

V) Ho planes, for which interdiffusion is not too severe, all have
25D 55 .'.''''-r-- ... '' ' " l, close to the turn angle for a commensurate spin-slip

- * structure, 40', 42 90, 450, and 48'. These spin-slip structuies
50 A "also show higher harmonics of the magnetic satellites, but

Q,) interestingly these did not show the separate peaks of the
,--; 45 amain magnetic satellites, only a single broad peak, whose

, awidth was consistent with the scattering from an isolated Ho
Qblock. The conclusion is that, while the primary magnetic

00" satellites show coherence in phase and chirality through the
35 0nonmagnetic Y blocks, the extra spin-slip features of the

structures are not coherent from one magnetic block to the30
t30 next.

Similar measurements 3 have been made for the 1o/Lu
0 20 40 60 80 100 120 system. The basic results are very similar to those obtained

- Temperature (K) for the Ho/Y system except for:

(1) The Lu turn angle 4L is 40' and possibly varies moreFIG 2. Th1e temiperature dependence (Ref. 2) of the turn angles '1',(, q~ from system to system than that of X f,.
tO) for the flo4oYs superlattice. Also shown is 11 ( 0) for an epitaxiall)
grown Ho film and for bulk Ho (solid line) The errors of the fitting are (2) The turn angles for API, are less than those of bulk Ho at
showi by th- point size tile same temperature.
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FIG. 4. The temperature dependence of the coherence length for the basal 0 70 0 80 0 90 1 00
plane ordering of Ho/Er superlattices. The data were obtained from the Wave-vector Transfer
scattering along (001) and have been corrected for the resolution effects

(Ref 10).

FIG. 5. The scattering (Ref. 10) observed for a scan along (101) for the
Ho20Er22 system at 8 K. The fit is to a series of Gaussian peaks, the narrow

(3) A basal plane ferromagnetic phase with APHn=0 was ob- peaks arise from the basal plane ordering and the broad peak from the

tained at low temperatures below 30 K in samples such longitudinal ordering. The latter peak gives a correlation length of about the
thickness of a single Er layer.

as Ho 2oLu 5 , and successive Ho blocks then ordered par-

allel or antiparallel, dependent on the number of Ho lay-
ers. This structure does not occur in bulk Ho and prob- in Fig. 5. Fits to Gaussian peaks show that the widths of the

ably results from the strain of the Ho in Ho/Lu sharp components increase in the same way with decreasing
superlattices as shown for Dy/Lu superlattices. 7  temperatures as the peaks observed along (001), while the

broad peak has a width corresponding to scattering from a

III. RESULTS OF Ho/Er SUPERLATTICES single Er block and a position to a turn angle similar to that
of bulk Er at the same temperature, see Fig. 6.

The Ho/Er superlattices are of interest because the A model which accounts for this behavior assumes that

crystal field anisotropy for Er favors alignment of the mag- the Ho moments align in a basal plane helix, while the Er

netic moments along the c axis. Bulk Er has a longitudinally moments align in an a/c cycloid with the basal plane com-

modulated structure below TN=84 K, which on cooling be- ponents of the cycloid coherent with the Ho moments, but

low 52 K becomes 1 cycloidal phase 8 with the moments the sense of rotation of the cycloid is randomly clockwise or

largely confined to the a/c plane above 18 K and a cone anticlockwise, destroying any coherence of the c-axis mo-
phase below 18 K. Thus, between 84 and 20 K, the crystal

fields in Er and Ho favor alignment in different directions.
We have studied several different Ho/Er superlattices. At

high temperatures, above the ordering temperature of bulk 0 30

Er, the results are qualiatively similar to those of the Ho/Y - o
/ 50'

systems. There is a long-range coherent basal plane helical -
structure, and fits suggest that there is a negligible moment

associated with the Er atoms and that the turn angle in the Er 0 0 25 - 0

is 51±+-1 o. The turn angle associated with the Ho is similar to .2®
that of bulk Ho. This result shows that the long-range basal 0 40

plane order propagates through the Er layers even without >
simultaneously ordering the Er moments. The magnetic co- Q) 020 - 35

herence length of the structure is many superlattice periods >

-600 A. Similar results 9 have been found in Dy/Er superlat- 30

tices above 85 K.
On cooling below the erbium transition temperature tile 0 15 o 4

0 20 40 60 80 100
scattering changes. First, the width of the peaks along (001)
increased, showing that the correlation length associated Temperature (K)

with the basal plane structure decreases; see Fig. 4. Second, FIG 6 The turn angles WT and WV for the holmium and erbium moments

the scattering along (101) consisted of sharp peaks, presum- (froin the broad longitudinal peak) The Ito values are the filled symbols and
solid line for the bulk while the Er values are the dashed line and open

ably associated with the basal plane structure and, in addi- symbols The symbols correspond to HozoEr22 (.), Ho,Er20 (*), aia

tion, a broad peak, as shown for the Ho2!Er22 sample at 8 K llo,;Erlo, (0)
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ments between the different Er layers. This model is clearly largely independent of the Y layer thickness.2 They are con-
consistent only if the Ho and Er turn angles have values such sistently higher than those of the Ho/Y alloys with the same
that the different structures match up at the boundaries of the average composition. Finally, when the Ho/Lu superlattices 3

layers. Full details of the models will be published or the Gd/Y or Dy/Y superlattices1 order into basal plane

elsewhere. 10  ferromagnetic layers, the ordering through the Lu layers
The lack of the long-range coherence, particularly for changes from propagation of a helical ordering to an order-

the c-axis, was surprising because long-range coherence has ing which is either ferromagnetic or antiferromagnetic. This
been observed in the Er/Y system. 1l  change in ti.e effect of the Y layers is inconsistent with the

simple RKKY interaction, and not convincingly explained by
IV. SUMMARY AND DISCUSSION existing calculations. 12

The magnetic structures of Ho/Y, Ho/Lu, and Ho/Er su- The results for the Ho/Er system are also not readily

perlattices have been determined using neutron-scattering understood. How does the order propagate through the Er

techniques. The results for Ho/Y and Ho/Lu superlattices are layers above TN for Er without producing ordering in the Er

qualitatively similar to those of Dy/Y and other superlattices, layers? Once the Er moments begin to order, it is difficult to

in that long-range coherent magnetic structures are produced understand why the coherence length of the basal plane or-

in which the order propagates through the nonmagnetic lay- dering decreases, or why there is no propagation of the lon-

ers. As for Dy/Y and Dy/Lu superlattices, 1' 7 the strain in the gitudinal ordering through the Ho layers, as would be ex-

Ho/Y layers means that the Ho turn angle is larger than in pected if the interaction had the simpie Si . form.
bulk Ho, while in the Ho/Lu layers it is smaller. The basal One possible explanation of the results is to consider the

plane anisotropy leads, at low temperatures, to spin-slip band structure of the magnetically ordered structure, when

commensurate structures within each Ho layer, but there is the electrons at the new superzone gaps must have
conduction-band spin-wave tunctions associated with the na-

no coherence of the spin-slip aspects of the structure from lueothmanicrdig.6Tstenedsoaln-
one layer to ti.- next. In the case of the Ho/Lu superlattices, ture of the magnetic ordering.6 This then leads to a long-
there is a new phase in which the Ho forms basal plane range interaction only if the metals have similar band struc-
ferromagnetic layers which are oriented either ferromagneti- tures and for only the spin ordering which forms the initial
cally or antiferromagnetically with neighboring layers. spin-density wave. We intend exploring this model else-

The Ho/Er structures are more complicated because the
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Epitaxial ferromagnetic MnAs thin films grown by molecular-beam epitaxy
on GaAs: Structure and magnetic properties

M. Tanakaa) and J. P. Harbison
Bellcore, 331 Newman Springs Road, Red Bank, New Jersey 07701

M. C. Park, Y. S. Park, T. Shin, and G. M. Rothberg
Department of Materials Sciences and Engineering, Stevens Institute of Technology, Hoboken,
New Jersey 07030

We have studied structural and magnetic properties of epitaxial MnAs thin films with various
thicknesses (L = 1.0-200 nm) on GaAs substrates. The MnAs thin films were grown at 200-250 'C
on an As-rich disordered c(4X4) (001) GaAs surface by molecular-beam epitaxy (MBE). The
growth direction of the MnAs was found to be along the [1100] axis of the hexagonal unit cell.
X-ray spectra of the MnAs at room temperature have two peaks, indicating that the present
MBE-grown MnAs films consist of the hexagonal ferromagnetic phase and orthorhombic
paramagnetic phase. Magnetization measurements revealed that the MnAs thin films have perfectly
square hysteresis characteristics with relatively high remnant magnetization Mr= 3 00-5 67 emu/cm 3

and low coercive field K,=65-926 Oe, compared with those of epitaxial MnGa and MnAI thin
films reported previously.

Epitaxial ferromagnetic thin films grown directly on temperature of the ferromagnetic aMnAs is 40 'C, slightly
semiconductors have generated much interest, since (1) high above room temperature. The crystal structure of the aMnAs
structural quality and submicrometer uniformity is expected is hexagonal of NiAs type, with lattice constants of
in epitaxial monocrystalline thin films, leading to high reli- a = 0.3725 nm and c=0.5713 nim, as shown in Fig. 1. At the
ability in small scale devices and (2) such heteroepitaxy of stoichiometric composition, this ferromagnetic MnAs phase
dissimilar materials can lead to a new class of device appli- extends up to 40 'C, and paramagnetic f3MnAs of a MnP-
cations having properties both of ferromagnetic materials type orthorhombic structure (with lattice constants of
and of semiconductors.' Among a number of material a =0.366 nm, b=0.636 nm, and c=0.572 nm) and paramag-
choices, using III-V compound semiconductors like GaAs as netic yMnAs of a NiAs-type hexagonal structure exist at
a substrate allows the coupling of magnetism with high- 40-125 C and above 125 'C, respectively.
speed semiconductor electronics/photonics, offering a wide The MBE growth was performed in a conventional IIl-V
range of possibilities for the fabrication of new hybrid MBE machine (Riber 2300) with a Mn effusion cell. After
magnetic-semiconductor devices. However, none of the el- growing a 100 nm thick undoped GaAs buffer layer on a
emental metals can meet the following stringent require- (001) GaAs substrate at 5"0 'C, the substrate temperature T,
ments: the ferromagnetic metals must grow epitaxially on was cooled to -200 'C, watching the reflection high-energy
GaAs, must be thermodynamically stable with no reaction electron-diffraction (RHEED) patterns. During the cooling
with GaAs, and must be morphologically stable on GaAs. 2  process, the surface reconstruction of the GaAs changed

We have found that some metallic compounds can sat- from (2x4) to c(4x4) in the RHEED. When the As, flux
isfy these requirements. -6 Ferromagnetic tetragonal MnAI3'4

and MnGa,5'6 Mn-based metallic compounds having com-
mon Ill-column atoms with AlAs and GaAs, have been
grown by molecular-beam epitaxy (MBE) oni GaAs sub- Hexagonal MnAs Unit Cell

strates. Furthermore, very recently, we have successfully pootI
grown another ferromagnetic metallic compound, MnAs, by = , 725A

MBE on GaAs substrates.7 This magnetic binary compound /
based on arsenic is more compatible with conventional III-V
MBE. Though we have reported the initial results on the t
MBE growth on MnAs thin films on GaAs, 7 no detailed and 57 3A

systematic studies have been done on the MnAs/GaAs sys- 11- -

tem. In this paper, we present structural and magnetic prop-

eities of the epitaxial MnAs with various thicknesses (L
1.0-200 nm) grown on (001) GaAs stbstrates. Growth direction

In the bulk Mn-As system, MnAs at the stoichiometric
composition (Mn5oAs5 0) has a thermodynamically stable fer-
romagnetic phase (a phase) at room temperature. 8 The Curie o 452A

FIG I The crystal structure of the ferromagnetic MnAs is hexagonal of
"Present address Department of Electrical Engineering. Uriversity of To- NiAs type, with lattiLe constants of a =0 3725 nm and c =0 5713 nm The

kyo, 7-3-1 longo, Bunkyo-ku, Tokyo 113, Japan growth direction is also shown in the figurc
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FIG 3. M-H characteristics of a 50 nm-thick MnAs at room temperature
(20 °C), when the magnetic field was applied along the [1120] axis of MnAs

_(/4110] GaAs). Almost perfectly square hysteresis characteristics are seen.
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various azimuths during the growth. The RHEED measure-

FIG 2. X-ray spectrum of a MBE-grown 50 nm thick MnAs film along the ments showed that the in-plane lattice constants are very

direction perpendicular to the substrate, measured at room temperature close to those of hexagonal aMnAs, and the epitaxial rela-
(20 c). tionship was found to be [iH20] [0001] MnAs//[llOI[ilO]

GaAs.
We have performed magnetization measurements on the

was supplied to the c(4x4) GaAs surface for a few minutes MnAs thin films, with the thicknesses ranging from 1 to 200
at 200 'C, the surface reconstruction changed from c(4X4) nm, at room temperature using vibrating sample magnetom-
to disordered c(4X4) surface [d(4 X4)], where the half or- etry. All the MnAs films have strong magnetic anisotropy,
der streaks in the RHEED are weakened, indicating disorder and the easy magnetization axis was found to be in plane,
caused by the accumulation of extra As atoms.9 Then the Mn along the [1120] axis of the hexagonal lattice of MnAs,
shutter was opened to grow MnAs thin films with various which is parallel to the [110] axis of GaAs. Almost perfectly
thicknesses (L = 1.0-200 nm) on the d(4x4) GaAs surface at square hysteresis characteristics were seen as shown in Fig.
200-250 'C with a growth rate of -50 nm/h. The As/Mn 3, which is taken from the 50 nm thick MnAs, when the
ratio was set at 2.0-5.0. Under these growth conditions, the magnetic field was applied along the [i20] axis of MnAs
growth rate of MnAs is determined only by the Mn flux as in (//[1l0]GaAs), whereas almost no hysteresis was observed
the growth of GaAs and related III-V semiconductors. when the field is applied along the [0001] (c axis) of MnAs

Figure 2 shows an x-ray spectrum of a 50 nm thick (//[ 10]GaAs) or perpendicular to the film plawie. This indi-
MnAs along the direction perpendicular to the substrate, cates that the MBE-grown MnAs thin films have strong mag-
measured at room temperature (20 °C). Similar x-ray results netic anisotropy. We find this to be true for all thicknesses
were obtained for all the other MnAs thin films grown under studied (1.0-200 nm). The values of remnant magnetization
the same growth procedure and conditions. A huge peak at M, and coercive field H, of the 50 nm MnAs are 567
31.6' is the (002) reflection of the GaAs substrate. The other emu/cm 3 and 396 Oc, respectively, as shown in Fig. 3. This
two peaks around 28' are from the MnAs thin film. The Mr value is slightly lower than that of bulk MnAs (60)-700
stronger peak shows a lattice spacing of d=0.321 rim, cor- emu/cm 3), but much higher than the best values (225-270
responding to the (1100) reflection of hexagonal aMnAs. emu/cm 3) we have obtained for MBE-grown MnGa5 and
This indicates that the growth direction of the ferromagnetic MnAIl ° thin films. The H. value of the MnAs is much lower
MnAs is along the [I100] (see Fig. 1). A minor peak is also than that (1.1-5.0 kOe) of the MnGa and MnAI. The high
seen at the shoulder of the major peak, showing a lattice M, and low He with perfect squareness in the hysteresis
spacing of 0.317 nm, which corresponds to the (020) reflec- characteristics are very attractive for future device applica-
tion of the orthorhombic /3MnAs. In bulk MnAs, the tions including magnetic digital memory.
hexagonal-orthorhombic transition is known to occur at the Figure 4 shows the thickness dependence of the room-
Curie temperature (T,=40 'C) through very slight lattice temperature (20 °C) magnetic properties, saturation magneti-
distortions, since the two structures are very similar. In the zation M, and coercive field H c of the epitaxial MnAs thin
present MBE-grown MnAs films, the paramagnetic 83MnAs films on GaAs. The thickness dependence of the M, is pecu-
coexists with ferromagnetic aMnAs at room temperature liar, having its maximum value at a thickness of 50 nm. The
(20 °C), though the major part of the film is the a phase. The decrease of M, when the thickness is greater than 50 nm
reason for the existence of the 6 phase below T, is unclear, could be related to the increase of surface roughness and
but its formation might be the way MnAs relaxes the strains deterioration of the epitaxial quality, as observed in the
caused by the misfit to the GaAs substrate. RHEED. The value of H, increases from 65 Oe at 1 nm to

To investigate the epitaxial relationship in the present 926 Oe at 10 nm, taking the maximum value, and then de-
MnAs/GaAs system, RHEED patterns were observed along creases again to 108 Oe at 200 nm. Some very thin films of
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Co/CoAl magnetic superlattices on GaAs
J. De Boeck, C. Bruynseraede, H. Bender, A. Van Esch,a) W. Van Roy, and G. Borghs
IMEC, 75 Kapeldreef, B3001 Leuven, Belgium

Co/CoAl multilayers are grown by molecular beam epitaxy on AIAs/GaAs (001). CoAl is used as
a template for the epitaxy of Co. From RHEED and lattice matching considerations bcc Co is
expected, but thicker Co layers are probably fcc with stacking faults. The crystallographic structure
of the Co layers is unclear at present. Room-temperature magnetization and magnetoresistance data
are presented. Co/CoAl multilayers with various CoAl thickness al! show in-plane magnetic
anisotropies along (110). Uniaxial anisotropy along (110) is found to increase with increasing
thickness of the CoAl layers in the multilayers. The magnetoresistive effect as a function of the
orientation of the current path and the applied field is ascribed to domain-wall effects and internal
Lorentz magnetoresistance.

I. INTRODUCTION high-temperature cell is used with either a BeO or A120 3

crucible. For the III-V growth, standard K cells and an EPI
Metal epitaxy on semiconductors has received great in- valved As-cracker source are employed.

terest over the past years, motivated by the need for stable The structure of the samples is characterized using trans-
ohmic contacts and Schottky barriers for submicrometer de- mission electron microscopy (TEM) and the magnetic prop-
vice structures and buried metal layers for novel devices. erties are studied using an alternating gradient field magne-
Recently, progress has been made in epitaxy of ferromag- tometer (AGFM 2900, Princeton Meas. Corp.) in addition to
netic metal thin films on III-V's such as elemental Fe2 and magnetoresistance measurements.
Co3'4 and Mn-III compounds such as MnAI, 5 MnGa6 on
GaAs. The combination of ferromagnetic thin films and
semiconductor heterostructures is expected to lead to novel I1. RESULTS AND DISCUSSION
device concepts. Epitaxy of elemental metals on III-V is a
problem because single-variant epitaxy, morphological Prior to the metal epitaxy, a GaAs buffer is grown on the
smoothness, and thermodynamical stability are never simul- GaAs (001) undoped substrates. On top of the GaAs buffer
taneously achieved. Fe and Co are known to react with the an AlAs layer of 10 nm is grown, the thickness of which is
semiconductor at relatively low temperatures and buried thin controlled using RHEED oscillations. The substrate is sub-
films coalesce upon regrowth. Intermetallic phases, however, sequently cooled to about 150 'C while the As background
are more suitable as candidates for stable metal ep'"ixy on pressure is reduced by shutting the As valve and reducing the
semiconductors and a lot of effort has been invested in the temperature in the cracking zone to about 300 'C. At that
study of transition-metal aluminides (TMAI) such as NiAl time the Co cell temperature is increased to the operating
and CoAl.7'8 The lattice parameter of, e.g., CoAl (a0 =0.2861 point. Co and Al beam equivalent pressures are equalized for
nm) is close to half the lattice parameter of GaAs and to that CoAl growth using a Bayard-Alpert gauge. The background
of bcc Co (a0=0.2819 nm), while the large fraction of pressure was reduced below 3X 10- ) Torr.
group-Ill elements reduces the reactivity at the metal/Ill-V For the CoAl template, we have adopted the growth se-
interface. Furthermore, the use of TM aluminides as tem- quence as described 8 by Tanaka et al. Upon the AlAs (001)
plates and interlayers in magnetic superlattices has shown to c(4 X 4) reconstructed surface, a ML of Co is deposited, fol-
be successful in ferromagnetic/metallic thin-film heterostruc- lowed by CoAl codeposition. Although CoAl can be grown
tures such as MnAI/NiAI on AlAs/GaAs.9 In this work we at 350 'C on AlAs, the lower substrate temperature (150 °C)
study the use of CoAl as a template for Co epitaxy on GaAs is chosen in an attempt to 3tabilize Co ,bC.e. 4 1n this paper
and as interlayer in a magnetic Co/CoAl multilayer and we report on a set of samples with a heterostructure of
present data on the magnetic properties of multilayers with 10X(6 A Co/I A CoAl) with 2.5 A<t< 15 A. The Co thick-
varying CoAl thicknesses. nesses are estimated from CoAl RHEED oscillations and as-

suming ao(Co)=0.2819 nm. All samples are terminated by a
CoAl layer.

The growth of the heterostructure is monitored using
II. EXPERIMENT RHEED. The intensity of the RHEED specular spot de-

creases during cobalt deposition at 150 'C on the AlAs
The samples were grown using a Riber 2300 molecular- buffer. Upon deposition of the CoAl layer, the intensity re

beam epitaxy system equipped with a 10 keV electron gun covers and clear oscillations are visible. CoAl adopts the
for reflection high-eneigy electron-diffraction (RHEED) ob- structure of the ordered variant of the bcc CsCI (ao=0.2861
servations during growth. For the evaporation of Co an EPI nm). Initially, the RHEED streaks are relatively broad, sug-

gesting that initial roughness is present, probably due to in-
ITltV-Catholic University Leuven. Cclcstincnlain 200D, B3001 Leuven, teraction of the Co with the As present on the AlAs c(4 x 4)
Belgium surface. The RHEED patterns demonstrate the desirable ep-
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FIG. 2. AGFM magnetization measurements (300 K) for 10×{Co (6 A)i
CoAl (t A)] along the different crystallographic directions. (a), (c), and (e)
[ho0] (full line) (b), (d), and (f), [110], and (d) and (e) (100) (dottcd line).

FIG. 1. RHEED images of (a)-(c) Co and (d)-(f) CoAl layers, forming the The CoAl thickness t s varied: 5 (No 1), 10 (No. 2). and 15 A (No 3).
last period of a (6 A Co/5 A CoAI)Xl0 niultdlayer on AIAs/GaAs. The
images are taken along different azimuths" (a) and (d) (100), (b) and (e)
(110), and (c) and (f) (110). Thle samples with 5 A CoAl spacers [Figs. 2(a) and 2(b),

No. 1] exhibit a steplike M-H behavior with very little rema-
nence in all directions. A difference between the two or-
thogonal (110) directions is visible. One of these directions

itaxal elaion(001[11] C~l~(00)[11]Als. oththe has a saturation field which is a factor of 3 larger (Hs[1 10]
interface roughness and the epitaxial relation are confirmed =120 Oe, 9.55 kA/m) compared to the orthogonal [110].
by TEM. With increasing thickness of the CoAl spacers {No. 2:10 A

A first Co layer was subsequently i, eposited on the CoAl [(c),(d)] and No. 3:15 A [(e),(f)]}, the uniaxial anisotropy
template while rotating the sample holder for optimum uni- bcmstoepoone.Termnneo h 10 i
formity, until completion of the heterostructurc. The rest of rcinicesst ery10 M= s o ol1
the structure is fabricated by keeping the Co cell open and A , while a steplike hysteresis with small remanence is ob-
shutting the Al periodically. The deposition times for each

laye ar intherane o 3090 s Th RH3EDimaes ur- served in the orthogonal direction. The (100) directions rep-

ing growth of all multilayer samples are indicative of epitaxy rentahdmgeicxsofh.tinilaslutaedb
in a cubic phase for both the Co and CoAl layers. Figure 1
shows a set of RHEED pictures taken from Co [Figs. l(a)-
1(c)] and CoAl [Figs. l(d)-l(f)], forming tne last period of a ' I~ ,,]- ,I'' '

10-

10×(6 A Co/5 A CoAl) multilayer. ,o-(a) CoAl -(b) CoAl '

The crystallographic structure of the Co layers is pres- 05

ently still unclear. Given the close lattice match to CoAl and o
the RHEED data suggesting cube-on-cube epitaxy, one
would expect the bcc Co phase to appear. Preliminary 05 /vn -
NMR' ° data on muitilayer samples with thicker Co ( 9 A) .10

layers where RHEED showed additional spots around the Ig Io -
central streak for Co suggest that the Co structure is fcc with()COd)C
stacking faults, which is surprising given the lattice constant 05s

of fcc Co (ao=0.3545 nm) which does not correspond 0

closely to CoAl (misfit, 24%). A more detailed structural
investigation is tunder way. -05

Figures 2(a)-2(f) show the results of the room- .o .JI
tetmperature in-plane magnetization measurements (M0Ms) o2 0 100 00 10
as a function of crystallographic direction, for samples with Field (kOe) Field (Oe)

different CoAl spacer thicknesses. For all the samples we FG3AlMma:titonndurnns 0K)ndfra)nd()0

FIG. 2. AGF"M magnetization measurements (300 K)an for IOa) and6()/

find an anisotropy in the plane. The saturation magnetization A CoAl and alon dnd to) 36 y Co along (a) and ic) [i0] and (b) and (d)

(Ms) typically ranges between 650 and 700 emu/cc. [ ll0]
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0.4 .resistance of the film does not change appreciably around

03- H=0. For the measurements repeated at 77 K identical re-
suits were observed. This resistance behavior is attributed to

02 - a combined effect of domain wall and carrier interaction and
Lorentz magnetoresistance. 13 In the case of resistance de-

0 1(a) (b) crease, the internal Lorentz magnetoresistance is removed at

o o ,______saturation. In the case of resistance increase, a larger Lorentz
Ir ° I ' action is present at saturation. The influence of the domain

03 - (wall) structure on the resistance can be important, but the
0actual domain configuration is unknown at present.

02

01 Y(c) - (d) IV. SUMMARY

00 01 The epitaxial growth of Co/CoAl multilayers on AlAs/
.0 o 0 00 s o0 o J . 00 05 GaAs is described, using CoAl as a template for cobalt epi-

Field (kOe) Field (kOe) taxy. The crystallographic structure of the Co layers is un-
clear at present. From RHEED and lattice matching

FIG. 4. Room-temperature nragnctoresistance data from two CoiCoAl mul- considerations bec Co is expected but thicker Co layers are

tilayers [(a) and (b), No. 1 and (c) and (d), No. 2; see text and Fig. 2] with probably fcc. Co/CoAl multilayers with various CoAl thick-
different CoAl thicknesses. In all cases the applied magnetic field (H) is ness all show in-plane magnetic anisotropies along (110).
orthogonal to the easy axis ([1i0]), and either (a) dnd (c) orthogonal or (b) Magnetoresistive effects at low fields are ascribed to domain-
and (d) parallel to the current direction, wall effects and internal Lorentz magnetoresistance.
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Investigations of the interplay between crystalline and magnetic ordering
in Fe3O4/NiO superlattices

D. M. Lind, J. A. Borchers,a) R. W. Erwin,a) J. F. Anknerb) E. Lochner, K. A. Shaw,
R. C. DiBari, W. Portwine, P. Stoyonov, and S. D. Berry
Department of Physics, Center for Materials Research and Technology (MARTECH) and the National High
Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32306-3016

Using SQUID magnetometry and both x-ray- and neutron-diffraction techniques, we have studied
the structural and magnetic ordering of a series of Fe3O4/NiO superlattices grown by MBE. X-ray
diffraction reveals that the superlattices are coherent, single phase crystals with narrow interfaces.
Symmetry differences between the Fe30 4 spinel and NiO rocksalt structures lead to interfacial
stacking faults, manifested in some diffraction intensities. Analysis of the neutron-diffraction spectra
show that the NiO antiferromagnetic ordering is coherent through several superlattice bilayers,
while the Fe30 4 magnetic ordering is confined to individual interlayers by stacking faults in all
superlattices but those with thinnest (<-10 A) NiO interlayers. Neutron diffraction and SQUID
magnetometry have been used to study the Fe30 4 Verwey phase transition in thin-layered
superlattices. The charge ordering in superlattices such as [Fe30 4 (75 A)jNiO (9 A)]500, below the
Verwey transition, directly observable in (4, 0, 1/2) neutron intensities, indicates a shift to higher
temperature of the charge ordering transition from the bulk Fe30 4 Tvrwy at 123 K. We also describe
ongoing efforts to extract the moment distribution in these superlattices from field dependent
high-angle neutron diffraction.

I. INTRODUCTION the tact that the peaks do not broaden with increasing Q is a
in function of the high repeat regularity of the superlattices. TheWe report recent studies of the magnetic ordering in growth mode and structure of these films has been studied

multilayers composed of iron oxide and nickel oxide. The

iron oxide is prepared in the magnetite spinel (Fe304) phase using x-ray, neutron, and in situ electron diffraction, with
which orders ferromagnetically, and the nickel oxide in its supportive work done using electron microscopy.-3 We re-rocksalt-structured cubic phase which orders antiferromag- port briefly the characterization of our films with these meth-

netically. Both of these materials order magnetically with ods, and then address the present work.
X-ray and neutron diffraction indicate that individualsl~ort-range coupling, allowing us to study effects due to the layers down to 8.5 A thick grow single crystalline, with the

local interfacial magnetic coupling and interfacial-driven
strain. Studies of the structural and magnetic ordering of in-plane lattice spacing expanded to align in registry with the
these layered materials have been performed by combining MgO srbstrate lattice. This is accompanied by a small layer-

SQUID magnetometry with neutron- and x-ray-diffraction thickness-dependent tetragonal lattice distortion due to the

techniques.

[Fe30 4(75A)1NiO(9A)]50o
II. CRYSTAL GROWTH AND CHARACTERIZATION I I I I I -_ , /

For this work oriented single-crystalline thin films of a) (40 X-ray
NiO and Fe304, and superlattice structures composed of
these two materials, have been grown on polished (100)- -

oriented MgO substrates using oxygen plasma-assisted o
molecilar-beam epitaxy.1 NiO, MgO, and Fe30 4 , each cubic
crystalline structures, exhibit good pseudomorphic growth on
each other due to the small lattice mismatch (0.3%-0.9%) U b) (222) Neutron

among the cubic rocksalt structure of NiO and MgO and the 4-

half spacing of the cubic spinel Fe30 4 structure. These
single-crystal structures have excellent repeat regularity and , ,
high crystalline coherence. The high degree of superlattice -08 -04 00 +04 +08

coherence is observable in data taken for x-ray (400) and Q (-')
neutron (222) peaks, in Fig. 1, for scans along the crystal
growth direction for a [Fe304(75 A)jNiO(9 A)]500 superlat- FIG. 1 (a) Room-temperature x-ray-diffraction scan through the (400) re-

tice. The sharpness of the interfacial structures formed is flection for the [Fe3 0 4(75 A)ANiO(9 A)1500 superlattice as a function of the

indicated by the large number of superiattice sidebands, and the wave vector Q. along the crystal growth direction, with the Q vector
indexed relative to the position of the central Bragg peak. (b) Neutron-
diffraction scan at 80 K through the (222) peak of the same sample. The

'Reactor Radiation Division, NIST, Gaithersburg, MD 20899 central Bragg reflection is partially obscured by scattering from the MgO
b)MURR, University of Missouri, Columbia, MO 65211. substrate, which is indicated by a dashed line
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S(bin the (111) and (022) neutron reflections, comprised in part
(a) ( from the magnetic scattering from the individual Fe3 0 4 and

zero field 5 Tesla NiO layers. These changes suggest that the spins reorient
=, 0 j L(remnance) with respect to the applied field direction in a manner con-

S_ .sistent with bulk results. Figure 2 shows intensity profiles
- . Along (100] for the (111) reflection from a [Fe30 4 (33

----- -- A)INiO (67 A)] 300 superlattice (a) at zero applied field (in

0.65 0.70 075 0 80 0 850.65 0.70 0.75 080 085 remnance) and (b) at 5 T.
Q(x) Q(x) Because of the short-range magnetic ordering of the

Fe30 4 layers and the long-range ordering of the NiO layers
FIG. 2. Intensity profiles for (111) neutron reflection along [100] from a within the superlattices, the (111) neutron reflection intensity
[Fe3O4(33 A)lNiO(67 A)]300 superlattice at 30 K (a) at zero field (in rem- can be separated into two overlapping profiles, one short and
nance) and (b) at 5 T applied field. The dashed line is the Gaussian fit to the broad, and the other tall and narrow.3 The former has a large
intensity of the broad (Fe3O4) component, and the solid line is the sum of
the two (NiO and Fe30 4) Gaussian fits. Note the trends in the broad (Fe30 4), contribution from the Fe30 4 ferrimagnetic ordering, and the
and narrow (NiO) components with field. latter is due entirely to NiO antiferromagnetic ordering. In

the superlattices, the NiO peak intensity decreases, and the
epitaxial and interfacial lattice mismatches. 2 The crystalline Fe304 intensity increases, with increasing applied field.

coherence of the layered structures are long range (>1500 These changes in intensity may indicate an in-field low-

A),1,2 although coherence of the Fe30 4 layers across inter- energy state for the NiO layers with moments aligned per-

vening NiO interlayers (of thickness _-15 A) is limited by pendicular to the applied field (and probe direction), while in

interfacial stacking faults. Although the underlying oxygen the Fe3O4 layer moments align parallel to the applied field.

sublattice in the NiO and Fe304 structures is continuous Neutron scattering also indicates that the saturation fields for

across the interfaces, alignment of Fe tetrahedral sites in these samples are larger than in bulk. In addition, in the
Fe30 4 is not uniquely defined with respect to that oxygen superlattice spectra, Fe 30 4 neutron linewidths show no
sublattice, and thus there is not a unique alignment of Fe30 4  change with field, but the NiO peak shows a small but con-
unit cells across the intervening NiO spacer layers. The ac- sistent broadening trend with increasing field. This broaden-
companying reduction in Fe30 4 coherence has been ing indicates a reduction of NiO coherence length and do-
modeled 3 using a Hendricks-Te'ler description of the stack- main size with increasing field. An equivalent broadening of
ing faults. 4  neutron reflections with increasing field is not seen in either

bulk or single-thin-film NiO samples.
III. NEUTRON DIFFRACTION Another sequence of studies we performed dealt with the

influence of superlattice layering on the Verwey transitionNeutron diffraction indicates that the NiO orders antifer- manifested in the iron oxide layers. The interlayer coupling

romagnetically in alternating (111) planes with a magnetic and strain f the superlattice structure affects temperature

coherence that extends over several superlattice bilayers, and and form o the e3perwe trastion a ma e
thatcoulingto djacnt e30 layrs ith hiher and form of the Fe304 Verwey transition, a magnetic, con-

that coupling to adjacent Fe304 layers with a higher ductivity, and structure] transformation that accompanies a
(T=858 K) ordering temperature causes an enhancement in
the NiO N~el temperature above bulk TN (520 K) in thin- charge ordering of the Fe 3 and Fe 2 ions in magnetite. The
layered sdperlattices. 2'3 The Fe30 4 magnetic coherence is Fe30 4 Verwey transition in the bulk (-123 K) is highly sen-

limited to individual layers in all superlattices but those with sitive both to the exact stoichiometry of the iron oxide and to

the thinnest NiO interlayers by the structural stacking faults. the presence of strain, and is accompanied by a lattice dis-

The nature of this extended coherence in thinnest NiO- tortion to an orthorhombic structure, a large step downward

layered superlattices is not entirely understood. Although the in electron conductivity, and a shift in magnetic anisotropy,

highest temperature accessible with those studies (675 K) is as the sample is lowered below the ordering temperature in
far below the Fe30 4 Curie Temperature in the films, the re- the iron spinel materials.
suits indicated that the NiO ordering enhancement is consis- Recently, Aragon et al.5 have used neutron-diffraction
tent with a mean field-type model that includes strong mag- techniques to investigate the Verwey transition in bulk
netic coupling across the interfaces. 3  Fe30 4 , on single-crystalline samples of about 1 cm3 volume.

In the present work, one of our studies focused on the One sample in their study was prepared with exact Fe304
magnetic ordering of layered Fe 30 4 and NiO structures as a stoichiometry, while another was deficient in iron (Fe 3 _O 4
function of applied field between 0 and 5 T. The studies were with 6=0.006). The charge ordering was manifested by the
performed on BT-9, a triple-axis spectrometer at the National presence of reflections which appear below the Verwey tran-
Institute of Standards and Technology reactor. During the sition (T-123 K) at the (4n, 0, 1/2) positions. The line
experiments, the superlattices and thin films were aligned shapes and temperature dependence of these peaks were used
with the surface normal [400] and one of the [022] in-plane to study the nature of the charge ordering of the below-
axes in the scattering plane to allow access to the (222), Verwey state. The charge ordering present below the transi-
(111), and (022) reflections. The normal to the scattering tion temperature loses its long-range coherence due to lack
plane (the [02] direction) is chosen to be the externally of available charge in the nonstoichiometric sample, as evi-
applied field direction. We find changes with increasing field denced by a broadening of the peak line shape, and a smear-
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Oe) of the moment in the film, a technique for probing the
' I Verwey transition first employed by Weiss and Forrer.7 This

.6 method also gives a transition temperature for the superlat-IF'eaO475/ i~t(9] l' supelate* } }transition temperature due to nonstoiciometric samples nas
tice increased to about 128 K. Since only a depression of the

superlailice trniintmeaur u onntihimti ape a

o (4, 0, 1/2) been previously obsern i, either by Aragon et al.5 or in ear-
0" 60 "o 1 120 W, , lier work by Honig and co-workers,8 we feel it is likely that

/ Temperature (K) the increase seen here is due to the strain in the superlattice,

• oan effect which is being studied further.6 For other superlat-
tice samples, the ordering due to the Verwey transition with

V/ increasing NiO layer thickness is found to be entirely sup-
pressed by the superlattice structure, and may be further evi-
dence of increasing strain in the Fe30 4 layers.

10 030 .00 9 290 We conclude that neutron diffraction, when supported by
050 30 305 QxA.'.other complementary techniques, shows strong evidence for

the influence of interfacial coupling and strain on the mag-
netic and structural ordering of layered iron oxide and nickel

FIG. 3. Two-dimensional plot of the intensity for neutron reflection around oxide heterostructures. The magnetic-field response of the
the (4, 0, 1/2) peak at 80 K for scattering from a [Fe30 4(75 A) jNiO(9 A)]5o ordering shows modifications from bulklike behavior influ-
superlattice. The reflection is partially obscured by a ridge of intensity due
to the (400) reflection from the MgO substrate, and appears as a shoulder on enced by interfacial coupling. Also, the Verwey transition,
the edge of the ridge (shaded area). Inset: Temperature dependence of the (4, clearly associated with both structural and magnetic ordering
0, 1/2) reflection. The total intensity decays to the ridge background inten- effects, is shifted to higher temperature in the thin NiO-
sity (dashed line), indicating the extinction of the reflection peak intensity layered superlattice, and entirely suppressed in thicker NiO-
by 127 K layered samples.
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Epitaxial Y3Fe5O12(YIG)/Bi 3Fe5O12(BIG) and YIG/Eu 1Bi2Fe5O12(EBIG) heterostructures have
been grown on [111] oriented single-crystalline gadolinium-gallium-garnet substrates by pulsed
laser deposition. The effects of the layer thickness ratios on the composition, microstructure, and
magnetic properties of the films have been studiet employing x-ray diffract;on, Rutherford
backscattering spectroscopy, vibration sample magnetometry, and Kerr magnetometry. All films
under investigation are single crystalline, in the [111] orientation. The multilayered heterostructures
displayed superior magnetic properties in comparison to their single crystalline monolayer
counterparts, deposited at the -ame conditions. The YIG/BIG heterostructures indicate increased
in-plane saturation magnetic moments, approaching the maximum saturation value in bulk YIG. The
YIG/EBIG heterostructures show a definite reorientation of the magnetic moment in the
out-of-plane direction, a new set of increased saturation magnetization values that go even above
that recorded for the bulk YIG, as well as an increase in coercivity.

The magneto-optical rewritable media embody the com- of these systems offer attractive features, while displaying a
bination between the relatively infinite writing capability of a series of disadvantages.
magnetic material with the mechanical system stability of an The rare-earth iron garnets have the highest magneto-
optical reading device and the high recording density of an optical response in the green blue range, display an unsur-
optical medium. However, this imposes new constraints on passed corrosion resistance, and the rather loose structure,
the properties of these novel materials, as well as raising new while extremely complicated, is capable of accommodating a
challenges from a mater;als science point of view. Such re- large variety of ionic species. Furthermore, the position of
quirements as perpendicular magnetic anisotropy, large mag- the ions in the structure, being solely detei mined by the ionic
netic coercivity, stable material structure, good corrosion re- radius, is completely unambiguovs (such as in the spinel
sistance, low medium noise, fairly low Curie temperatures, structure). Among the disadvantages, one can cite the high
and high magneto-optical effects are just a few in a large list. deposition temperature of the gar-aet phase and the relatively
The launch of the first generation of commercially viable low signal-to-noise of the polycrystalline garnet films.
rewritable magneto-optical devices has already increased the A large variety of chemical species may be substituted in

storage capacity of the 3.5 in. disk format by an order of the garnet lattice, resulting in different magnetic an'

magnitude, compared to magnetic floppies. Yet this first gen- magneto-optical properties. Because the garnet structure con-
eration of magne o-optical media is operating in the long- tains four sublattices, of which the oxygen sublattice is com-w ert o faed r-optical e is opecrumtinrinsthe l- mon to all garnets, an epitaxial deposition of layers of gar-
wavelength (infrared) range of the spectrum, intrinsically nets with different compositions can easily be achieved.
implementing a density limit on the read information (since We have grown by pulsed laser deposition (PLD) a se-
the physical size of the data unit is diffraction limited by the ries of thin-film superlattice heterostructures of rare-earth
wavelength of the reading radiation). The operation of the iron garnets, on [111] oriented single crystalline paramae-
present media in a lower wavelength regime (such as green netic gadolinium-gallium-garnet (GGG) substrates. Layers
or even blue radiation) is made impractical by the low with the following sto-chiometries were grown:
magneto-optical effect response of the material. Hence new Y3Fe5O12(YIG), Bi3Fe5O12(BIG), and EuBi 2FesOi2(EBIG).
materials are being considered for the next generation of A 248 nm KrF excimer laser, with an energy density of 3.3
magneto-optical storage media. J/cm2 and a frequency of 10 Hz, was used for film deposi-

Three material systems are considered the front runners tions. The depositions were carried out in 02 ambient at pres-
on the list of new potential candidates for magneto-optical sures between 100 and 700 mTorr, and temperatures were
applications: the rare-earth transitional metal alloys, the between 500 and 800 'C for all single layer structures. The
Co/Pt multilayers, and the ferrimagnetic iron garnets. Each multilayer films were all grown at 600 'C for reasons out-
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FIG. 1. Typical two layer YIG/BIG heterostructure with the corresponding
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lined elsewhere) All films were cooled at an average 10 °C/
min, in an 02 ambient with a pressure of 1 atm.

Figure 1 shows a typical two layer Y!G/BIG heterostruc- -iso
ture with the corresponding unit cell. For simplicity, only the
positive ions positions are shown. Note that in going from
the YIG layer to the BIG layer, the composition changes .200 I 400-400 .2(0) 0 2oo0o

solely by sibstituting Bi3+ ions in all Y3+ positions, without Apphed Field (Oc)
changing the unit-cell symmetry from one film to another.

Before growing thin-film heterostructures, we had to
calibrate the laser system and optimize the different garnet FIG. 2. The three hysteresis loops for tn-plane (VSM) measurements.

structures' deposition conditions. As part of the initial cali-
bration experiments we tried to replicate the results of a simi-
lar study on epitaxial growth of YIG on single crystalline talline YIG films grown at 800 0C on GGG substrates. Hence
GGG by PLD announced previously in the literature. 2 In we carried all our depositions at 100 mTorr ambient pressure.
their report, Dorsey et al. indicated that the variation of The x-ray 0-20 measurements were made normal to the
deposition ambient oxygen pressure affected the anisotropy film surface. As indicated elsewhere,3 the x-ray spectra con-
direction, such that a low oxygen pressure growth generated sistently contained only two peaks: the [444] peak of the
an in-plane magnetic anisotropy while a high-pressure depo- garnet film phase and the [444] peak of thz garnet substrate
sition led to an it-of-plane anisotropy. We have deposited phase. The conclusion of these experiments is that, even if
single crystalline single layers of YIG on GGG, at 800 'C, the films are polycrystalline, all the grains are oriented such
and at ambient pressures of 100, 200, and 700 mTorr, respec- that the [111] direction is normal to the film surface.
tively. Figure 2 shows the three hysteresis loops for in-plane It was noted that the saturation magnetizations of the
(VSM) measurements (made by applying a magnetic field multilayer heterostructures do not follow the rule of mixtures
parallel to the surface of the film). A close study of the figure using as limits the bulk values (of the single layers grown at
reveals that while the saturation magnetization of the low- the same temperature), but rather using as the upper limit the
pressure specimen (100 mTorr) is the lowest of the three, its bulk value for YIG grown at 800 'C. A close study of the
hysteresis loop displays the most squareness. The saturation x-ray-diffraction pattern also shows that the out-of-plane lat-
magnetization values of the three films do not show a sys- tice parameter of the YIG layers varies with the YIG content
tematic variation wilh pressure. Dorsey et al. hinted that the of the 600 °C heterostructures, approac;,ing the lattice pa-
reduction of the in-plane magnetization loop squaieness rameter of the YIG monolayer deposited at 800 'C, not of the
could be associated with a change in anisotropy direction as one grown at 600 *C)
a function of deposition ambient pressure. The YIG/BIG series, while generating some very en-

Figure 3 shows the results of the out-of-plane VSM mea- couraging results, could not be consid-red as potential mate-
surement of the three variable deposition pressure samples. rials for magneto-optical applications, since the anisotropies
The comparison of these hysteresis loops with the ones in of all of the samples were in plane.
Fig. 2 indicate that for all three specimens the anisotropy is The role played Ly partial substitution of the ions occu-
in plane. Although the 700 mTorr film displays a relative pying the dodecahedr-I sublattice of the garnet structure with
squareness of the loop, the low saturation values and the high rare-earth atoms has been widely investigated.45 Of the rare
applied field required to achieve an out-of-plane saturation earths, Sm, Eu, and Tb are known to give high positive K,,
suggest that the increased 02 pressure d-;iung deposition is values in substituted garnets R3 -,BiFe50l 2, while Y, Gd,
negatively affecting the magnetic behavior of the single crys- and Dy generate small K, values. We have attempted to sub-
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.201 -1o .o .1e 1 1o 1oo 10 1o A magneto-optical hysteresis loop of a thin-film super-
-200 -100 -000-50 0 50 100 100 000 lattice which has a ratio of EBIG to YIG layer thicknesses of

Applied Feld(0) 3:1 showed the best Kerr ettect response in the series. The

maximum rotation angle measured is 13 250 deg/cm, while
FIG. 3. The results of the out-of-plane VSM measurement of the three the coercivity is 1.10 kOe. The values measured for coerciv-
variable deposition pressure samples. ity during the Kerr rotation analysis are usually larger than

those measured by VSM. This can be explained by the highly
localized interaction with the specimen of tte Kerr measure-

stitute one Eu3+ ion/formula unit, and deposited a new het- ment and by the averaging character of the; 'VSM analysis.
erostructure series by growing alternating YJG and EBIG The exact effect of Eu addition on the magnetic and
single crystalline layeis. magneto-optical properties of the YIG/EBIG series are not

The immediate effect of repla. ilg one third of the Bi completely understood at the present time. In contrast to the
ions in the BIG structure by Eu ions is the change in anisot- YIG/BIG series, the x ray of the YIG/EBIG ser;"s did not
ropy direction of the EBIG films, of similar thickness, from show any kind of structural fluctuation as a result of thick-
in plane to out of plane. The addition of Eu also seems to ness modifications in the constituent layers. The tendency of
increase the coeicive field. the EBIG rich heterostructures to have high coercivities and

Figure 4 shows a comparison of out-of-plane hy steresis a distinct out-of-plane anisotropy can be linked to the Eu
loops of four multilayer EBIG/YIG films. Similar to the substitution. However, further detailed meisurements of new
YIG/BIG series, the overlaying of YIG and EBIG monolay- films must be carried out before we can conclusively decide
ers produces increased saturation values. The increments ap- if the observed effects are due solely to the Eu addition, to an
pear to linearly ffi.,ow the content of YIG. The highest satu- increased stress in the film structure, or to a combination of
ration value is acitioved for a ratio of 5:1 between the YIG factors.
layers and the ELIG layers thicknesses, while the lowest Part of this work was supported by the Director, Office
saturation magnetization is achieved for the film containing of Energy Research, Office of Basic Energy Sciences, Mate-
excess EBIG in a ratio of 3:1 to YIG. Note that while the rials Science Division of the United States Department of
value of the saturation goes u^ with the YIG content, the Energy under Contract No. DE AC03-76SF000098.
squareness of the hysteresis loops is also reduced, indicating
an apparent change in the magnetic anisotropy direction
from out of plane to in plane. This is consistent with the total B. M. Simion, R Ramesh, V. G. Keramidas, R. L. Pfeffer, and G Thomas

composition of the film, which approaches the YIG single (unpublished)co doition. In contrst, thchapproacontainingIGexc2P. C. Dorsey, S. E. Bushell, R. G. Seed, and C. Vittoria, J. Appl. Phys. 74,
layer condition. In contrast, the filt containing excess 1242 (1993).
EBIG show decreasing saturation magnetization with the in- 3 B. M. Simion, R. Ramesh, V. G. Keramidas, R L Pfeffer, G Thomas, and

creased EBIG content, as they approach the EBIG single E. Marinero, in Epitaxial Oxide Thin Films, edited by D. K. Fork, J. M.

layer condition. At the same time, the films containin'g excess Phillips, R. Ramesh, and R. ff. Wolf (Materials Restrch Society, Pitts-
EBlave displaye ieased imethe ales cnini eburgh, 1994), pp. 67-72.
EBIG have displayed increased corcivity values in compari- 4S. Geller, Z. Kristallogr 125, 1 (1967).
son to the specimens with large YIG content. 5 P Hansen, C. P. Klages, and K. Witter, J. Appl. Phys 63, 2058 (1988).
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Mn-VI/II-VI superlattices belong to the family of artificial multilayered structures composed from
zinc-blende II-VI semiconducting compounds and Mn chalcogenides using MBE and ALE. While
all naturally existing crystals of MnTe have the NiAs (hexagonal) structure, the zinc-blende form is
a fcc Heisenberg antiferromagnet with dominant nearest neighbor interactions. The magnetic
properties of such frustrated systems are strongly influenced by lattice mismatch strain. For
example, tensile strain produces an incommensurate helical antiferromagnetic phase with an
in-plane axis.1 The strain and therefore helical period increases with thickness of CdTe, but in the
presently studied samples is weak enough to allow investigation of the onset of incommensurate
helical effects. In previously studied MBE-grown Mn-VI/Zn-VI systems, '

2 the nonmagnetic spacers
were too thick to allow interlayer coupling. We report neutron diffraction studies of new MnTe/CdTe
superlattices prepared by ALE with extremely thin CdTe spacers (from 2 to 6 monolayers). The
results indicate the formation of spin helices, consistent with the tensile nature of strain in the MnTe
layers. In addition, the widths of the AF diffraction peaks and the presence of satellite peaks clearly
indicate that the magnetic interactions propagate through the CdTe spacers, introducing coherence
betweeai the helices in different MnTe layers. The nature of the interaction responsible for this
transfer is not yet clearly understood. Some possible mechanisms are discussed.

Supported in part by NSF Grant. No. DMR 9121353.

'T. M. Gicbultowicz et al., Phys. R.v. B 46, 12076 (1992).
2T M. Giebultowicz et aL, Phys. Rev. B 48, 12817 (1993).
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We report neutron diffraction studies of magnetic correlations in MBE-grown (111) EuTe/PbTe
multilayers. Bulk EuTe is a type-il fcc antiferromagnet. This structure consists of ferromagnetic
(FM) sheets of spins on (111)-type planes which are coupled antiferromagnetically to one another.
In EuTe/PbTe the lattice mismatch strain selects an arrangement of the FM sheets parallel to the
multilayer plane. Thus, in the case of an odd number of EuTe monlayers, there should be a nonzero
magnetic moment-in other words, such superlattices are expected to behave as ferrimagnets, not
anitferromagnets. This has been confirmed by recent SQUID studies.' As suggested by the above
model, the dipolar fields arising from the lack of total moment compensation may introduce
interlayer magnetic coupling, even though in this system there are no carriers that can transfer
magnetic interactions across the nonmagnetic spacers through the RKKY mechanism, which is
usually the case in coupled magnetic multilayered systems. Our experiments have indeed revealed
clear magnetic superlattice peak patterns in several samples. The results of measurements in high
external fields (up to 6 T) bring further support for the dipolar nature of the observed interlayer
coupling. However, in some contrast to the expected scenario, the most pronounced coupling effects
were seen in the case of an even number of monolayers. Possible explanations of this fact (e.g.,
higher-order terms in dipolar fields, or structural imperfections) are discussed.

Supported in part by NSF Grant No. DMR 9121353.

'J. Chen, Z. Wang, M. Dresselhaus, G. Dresselhaus, G. Springholz, and G.
Bauer (in press).
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We present heat capacity and magnetic measurements of antiferromagnetic (AFM) CoO/Ni 0.5Coo 50
superlattices grown by reactive sputtering. X-ray data verify the structure and the high quality of the
superlattice. Neutron-diffraction studies of similar superlattices have shown AFM ordering through
several bilayers despite the short-range nature of the spin interaction in the constituent materials.1

We have recently developed a unique thin film microcalorimeter capable of measuring thin films
from 1.5 K to well above room temperature, 2 permitting specific heat measurements on these
superlattices for the first time. Magnetic measurements were made by coupling the superlattices to
a 30 nm Ni 81Fe19 overlayer and measuring the temperature dependence of the exchange anisotropy
field. We examine the effect of exchange coupling at the interfaces by varying the thickness of the
bilayers and their constituents. When the layers of the CoO/Ni0.5 Coo.50 superlattice are thin, we
observe a single broad heat capacity peak at a temperature between the Niel temperatures of bulk
CoO and Nio.5Coo.50. This peak is at a temperature that corresponds to the superlattice magnetic
blocking temperature, the temperature at which the exchange field goes to zero. For thicker layers,
we observe the disappearance of the superlattice peak, and the emergence of two broad peaks close
to the individual N~el temperatures of CoO and Ni0 5Co.50, We compare the temperature
dependence of the specific heat of the superlattices to various models.

Work was supported by NSF Grant Nos. 88-10374 and DMR-90-10908.

1J. A. Borchers, M J. Carey, R. W. Erwin, C. F Majkrzak, and A. E.
Berkowitz, Phys. Rev Lett. 70, 1878 (1993).

2 D. W. Delinger, E. N. Abarra, K. Allen, P. W. Rooney, M. T. Messer, S. K.
Watson, and F. Hellman, Rev. Sci. Instrum. 65, 946 (1994).
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FExchange coupling, interface structure, and perpendicular magnetic
anisotropy in Tb/Fe multilayers (abstract)

J. Tappert, J. Jungermann, B. Scholz, R. A. Brand,
and W. Keune
Laboratorium fir Angewandte Physik, Universitiit Duisburg, D 47048 Duisburg, Germany

Tb/Fe multilayer films are known to show perpendicular magnetic anisotropy (PMA), which is
interesting for potential applications in magneto-optical data storage. We demonstrate by using 57Fe
M6ssbauer probe layers and x-ray diffraction that part of the Tb-deposited-on-Fe (TIb/Fe) interface
remains chemically sharp and crystalline bcc Fe. This part is associated with an unexpectedly strong
antiferromagnetic exchange coupling of the Fe to the Th layers. We find by using both conventional
and circularly polarized radiation that part of the interface and core bcc Fe but none of the
amorphous Fe is strongly coupled to Tb. This behavior is qualitatively explained by a structural
model including regions with a sharp Tb/bcc-Fe interface, where PMA originates from Tb ions that
experience the broken symmetry of the crystal electric field at the interface. The extrapolated isomer
shift at T=O K of the amorphous phase located at the Fe-deposited-on-Tb (Fe/Tb) interface was
found to be different from that of the amorphous phase located at the Tb/Fe interface, suggesting a
different amorphous structure at both interfaces.
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Interfacial contributions to magnetic anisotropy in metal/semiconductor
systems (abstract)

B. T. Jonker, H. Abad, and J. J. Krebs
Naval Research Laboratory, Washington, D.C. 20375-5343

It has been empirically established that the net anisotropy exhibited by even a simple metal epitaxial
film is strongly effected by the interactions at the metal/semiconductor interface, although the
mechanisms have not been systematically addressed and remain an open issue. An Fe(001) film, for
example, is expected to exhibit a four fold symmetry in the in-plane magnetic anisotropy, consistent
with the crystalline surface symmetry. Such films grown on a bulk GaAs(001) surface, however,
exhibit a significant uniaxial anisotropy (twofold symmetry). It has been speculated that this
uniaxial anisotropy arises from the strongly directional bonds of the substrate surface, based on a
model that assumes a bulk-terminated, unreconstructed zinc-blende (001) surface.! This model fails
to explain, however, the nearly ideal fourfold symmetry observed for simila" Fe(001) films on the
ZnSe(001) surface,2 which has an identical crystalline structure as GaAs and differs in lattice
constant by only 0.25%. We propose here a conceptual model to account for these pronounced
differences, which describes how contributions to the net magnetic anisotropy arise from the
formation of the interface and early stages of the metal film growth. We suggest that these
contributions originate in the initial metal adsorption sites and subsequent bond or site filling, and
are strongly dependent on the semiconductor surface reconstruction. We compare this model with
results for Fe growth on several surface reconstructions.

This work was supported by (he Office of Naval Research.

1J. J. Krebs. B. T. Jonker, and G. A. Prinz, J. Appl. Phys. 61, 2596 (1987).
2 B. T. Jonker, J. J. Krebs, G. A. Prinz, and S. B. Qadri, J. Cryst. Growth 81,

524 (1987); J. Appl. Phys. 61, 3744 (1987).
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The magnetization densiy profile of a grain boundary in nickel (invited)
M. R. Fitzsimmons
Manuel Lujan Jr., Neutron Scattering Center, Los Alamos National Laboratory, Los Alamos,
New Mexico 87545

A. R611
Sektion Physik der Universitiit Munchen, Miinchen, Germany

E. Burkel
"riedrich-Alexander Universitat, Erlangen-Niirnberg, Germany

K. E. Sikafus and M. A. Nastasi
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

G. S. Smith and R. Pynn
Manuel Lujan Jr., Neutron Scattering Center, Los Alamos National Laboratory, Los Alamos,
New Mexico 87545

We report the measured atomic and magnetization densities of a nickel twist grain boundary
averaged over its lateral dimensions as a function of distance from the interface plane. The presence
of a reconstructed interface region (the grain boundary) sandwiched between two single-crystal
nickel films that were hot-pressed together was confirmed with grazing incidence x-ray diffraction.
From reflection data taken using unpolarized neutrons, the atomic density profile of the grain
boundary was determined to be (85t5)% of the bulk density when averaged over twice the
grain-boundary width of (8± 1) nm. Using this information in conjunction with the reflectivity data
taken from the nickel sample with polarized neutrons reflection, the magnetic moment of a nickel
atom was found to be between 18% and 52% larger in the twist grain boundary than in the bulk. The
enhancement of the magnetic moment at the grain boundary is believed to result from the reduced
atomic density of the interface region. Owing to this reduction in density, the magnetization density
of the nickel interface is only somewhat enhanced, about 10%, compared to that of bulk nickel.

I. INTRODUCTION fault. Schaefer 7 has deduced from magnetometry measure-
ments of consolidated ultrafined-grained nickel that the mag-

Interesting magnetic behavior with great technological netic moment of nickel in the interfacial regions is reduced
potential has been observed in a number of materials, par- compared to bulk nickel. In the present work, we report an
ticularly those containing a large fraction of internal inter- enhancement in the magnetic moment of nickel atoms in a
faces. For example, interfaces play an important role in the planar grain boundary that we believe to be related to its
giant magnetoresistance' and magnetic anisotropy 2 of some reduced atomic density.
nanocrystalline and multilayered systems that may be used in
future recording media or in magnetic reading and writing II. FABRICATION OF THE NICKEL TWIST GRAIN
heads. The magnetocrystalline anisotropy of grain bound- BOUNDARY
aries may determine whether a material is magnetically
hard3-making a good permanent magnet, or soft4 -making A. Bicrystal sample preparation
a good transformer core. The grain boundary was manufactured by hot-pressing

Considerable emphasis has been placed or. studies of two thin single-crystal films of nickel to form a nickel bi-
interfacial magnetism using calculational methods. In one crystal. An electron-beam evaporator was used to deposit
calculation, Tersoff and Fal.cov 5 report a 34% enhancement nickel [Ni(l) in Fig. 1] onto the polished surface of a
in the magnetization of the (001) nickel surface compared to (0O1)MgO substrate heated to 825 K in a vacuum chamber
the bulk. The enhancement is a consequence of a narrowing with a base pressure of 10- 5 Pa.8 A second deposition of a
of the d-orbital density of states and a dehybridization of the mixture of naturally occurring nickel and 62

1,i was made
sp-d bands of nickel. These effects are attributed to the re- onto a cleaved (CO1)NaCl single-crystal substrate. 9 The mass
duced coordination of a nickel atc... at a (001) surface. Re- fractions of the natural nickel and 62Ni used in the second
cently, Chrzan ct al.6 have calculated a reduction in the mag- deposition were chosen so that the average scattering length
netization of a {111} stacking fault in nickel of about 2% density of the nickel mixture was close to zero. By making
compared to the bulk. They attribute the reduction to a the second film [Ni(2) in Fig. 1] nearly transparent to neu-
broadening of band states caused by the close proximity of trons, the neutron reflectivity of the grain boundary was en-
atoms in the [111] direction in the region of the stacking hanced. During the second deposition, the NaCl crystal was
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FIG. 1. Schematic diagram showing radiation incident on the nickel bicrys- 28 [degrees]

tat at an angle of ar,, and reflected from the sample by cx," The rotation of
the samplc about its surface normal is w, and the rotation of the detector 1.5, , , , ,
about the surface normal is 26. The crystal labeled as Ni(1) was grown on a (b)
MgO single-crystal substrate. The [001] edge of this crystal is misoriented l
by 0 = 19.70 relative to that of the lower nickel crystal Ni(2), which was
grown on a NaCI substrate. 1 0

heated to 600 K, and a potential of + 1 kV was applied to the *.
substrate relative to the vacuum chamber. After deposition, • *0
the two nickel films, with lateral dimensions of 3 cm by 3 [degrees)

cm, were placed face to face in a pressure cage such that the rt oO 1.5
[100] edges of the films formed a twist angle of t= 19.70 in
the (001) plane. The twist angle for a N37 twist grain _(b)

boundary, in which the positions of 1 in every 37 atoms 20 42. 43. 43. 44. 44. 45. 455 4.
coincide when projected onto the interface plane, is 18.90. [degrees]
The small difference between the twist angles of the sample nickelcrystal_______whichwas
and that of a =37 boundary suggests that the boundary
studied here is likely to have a special geometry with a high (ct

degree of symmetry, i.e., one with a relatively small unit cell.After heating the substrates to 333AK, carbon monoxide 15

was introduced into the oven at a pressure of 1 atm for 20 '
min. During this time, the native oxide on the nickel films 0
was reduced into nickel carbonyl (the Mond process).2.0

Next, the carbon-monoxide and nickel-carbonyl gases were 0
evacuated, restoring the base pressure of the oven (10-s Pa),
and the bicrystal sintered at 773 K for 3 h. After cooling to 50

room temperature in vacuum, the sample was removed from
the pressure cage, and placed in water to dissolve the NaCI
substrate. The resulting sample consisted of a grain boundary O 2

0

sandwiched between the two nickel crystals on the MgO sub- aof/ I f
strate (see Fig. 1).

FIG. 2. The x-ray intensity measured under conditions of grazing incidence
and integrated over departure angle is shown as a function of (a) scatter-

B. X-ay-diffracton measurements of the bicrystal ing angle 20, when the sample was optimized to excite a Bragg reflection
and grain oundary from the grain boundary, and (b) sample orientation , when the detector

was positioned at the intensity maximum in 28. (c) The x-ray intensity
X-b ra raction measurements were made under condi- measured as a function of a normalized to the critical angle a for nickel

tions of grazing incidence, using the HASYLAB synchrotron and the radiation used, when 28 and co were optimized to produce a maxi-

in Hmbug, ermnyin rde tochaactriz th qulit of mum of diffracted radiation. The smoothly varying profile beyond al/atc1in 2. The xn izis characteristic of a thin interfaieal region.
the bicrystal and grain boundaryanl The mosaic spread of the
nickel film on its MgO substrate was 1.30, while that of the
upper film, which was grown on NaCi, was 0.30. Transmis- tamed voids. No modulation of the diffuse scattering with
sion electron microscopy of the latter film showed it to be departure angle (a1 in Fig. 1) was observed, suggesting that
relatively free of microtwins. The diffuse scattering of x rays the bicrystal interface was free of voids. i

reflected from the bicrystal was observed in order to deter- A plot of the x-ray intensity integrated over the length of

mine whether the interface between the two nickel films con- the position sensitive detector, i.e., af, as a function of scat-
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0 [00.. Ill. EXPERIMENTAL RESULTS AND DISCUSSION

A. The atomic density profile of the nickel grain

FIG. 3. The unpolarized-neutron reflectivitics of the nickel films on (a) boundary
NaCI (C) and (b) MgO (C) substrates, and (c) the nickel bicrystal (0). The The reflectivities of two nickel films, which were grown
solid lines for (a) and (b) were calculated from the scattering length density
profiles shown in Fig. 4. The solid line for (c) was calculated using the under conditio. i identical to those used to make the bicrystal
atomic density profile of the grain boundary shown in Fig. 5(a). The but on different NaCI and MgO substrates, were obtained
polarized-neutron reflectivities for the R_ (0) and R, (0) cross sections with unpolarized neutrons at the Manuel Lujan Jr. Neutron
are shown in (d) and (e). The dashed lines were calculated using a magnetic Scattering Center (LANSCE).14 These reflectivity curves are
moment for nickel that was constant throughout the bicrystal. The solid lines
were calculated using an enhanced magnetic moment [Fig. 5(b)] at the grain shown in Figs. 3(a) and 3(b) (open symbols) as a function of
boundary. scattering vector magnitude, Q = 4 ir sin(a,)/X, where \ is

the wavelength of the radiation (determined using the ttme-
of-flight technique), and a, is the angle of incidence of the
radiation onto the sample surface. The scattering length den-
sity profiles /3(z), deduced as a function of depth into the

tering angle 20 (see Fig. 1), w hen the sam ple w as oriented to ic e films from th e efle ctivt d t a e h in F g 4
excie agrai-bonday relecion(onecorespndin tothe nickel films from the eflectivity data, are shown in Fig. 4.

excite a grain-boundary reflection (one corresponding to the The solid curves in Figs. 3(a) and 3(b) were calculated from
12,12,0 reflection indexed in the coordinate system of a the density profiles using the Parratt formalism. 15 From the
.=37 grain boundary) is shown in Fig. 2(a). A plot of the fit to the nickel-MgO data, and using the published scattering
intensity measured as a function rotation angle about the length for natural nickel (10.3X10 - 5 At6), the average
normal to the sample surface, ao (see Fig. 1), when the de- atomic (number) density of the nickel film,
tector is positioned at the intensity maximum in Fig. 2(a) is n0=0.0895±0.0005 A-3, was deduced. This density is
shown in Fig. 2(b). These measurements demonstrate that somewhat less than the density of bulk nickel, 0.0913 A- 3.
Bragg reflection is well localized within the reciprocal-lattice Similar reductions in the densities of thin films compared to
plane corresponding to the projection of atom positions onto their bulk counterparts have been observed in other metal
the interface plane of the bicrystal. When the detector posi- systems.l11t 7 Using the value of n0 , the neutron-scattering

tion and sample orientation were optimized to produce a length of the null scattering 62Ni-nickel mixture was deduced

maximum of intensity at the position corresponding to the to be (4.8±0.5)X10- 6 A (more than 20X smaller than that
of natural nickel) from the fit to the nickel-NaCI data. This12,12,0 grain-boundary reflection, the rodlike intensity pro- information is used later.

file shown in Fig. 2(c) was measured as a function of depar- The reflectivity of unpolarized neutrons from the nickel
ture angle a1 from the sample surface. The rodlike form is bicrystal is shown in Fig. 3(c). In determining the scattering
characteristic of scattering from spatially limited or thin re- length density profile of the nickel bicrystal, the air-nickel
constructed interfaces. The presence of the rodlike distribu- and nickel-MgO interfaces of this sample were assumed to
tion of intensity at the position of a grain-boundary reflec- be identical to those previously determined. This assumption
tion, and its absence in single-crystal films containing no is reasonable, since no significant differences between the
grain boundary, is evidence that the bicrystal interface had air-nickel and nickel-MgO interfaces of other similarly pre-
reconstructed during the sintering process to form a grain pared samples have been observed. The portions of the scat-
boundary.1 - 13  tering length density profile for the bicrystal that were per-
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0.10 resolution transmission electron microscopy. The large
i(C) __ Mdl:t00 .. I-I-;...Model 1 boundary widths, which seem to be typical of nickel, may be

0 Model 3 due to the ferromagnetic nature of the material. For example,

0 -the magnetic anisotropy of a grain boundary may influence
- . . and in turn be influenced by the atomic structure of the

0.06 . -- boundary. To date, the magnetic effects have been largely

ignored in theoretical calculations of grain-boundary struc-
V -tures, so theoretical calculations may be underestimating the

(b structural widths of grain boundaries in magnetic materials.

E "  B. The magnetization profile of the nickel grain
Q;l boundary

1.0 . The reflectivities of a nickel-MgO sample and the bic-
0.60 rystal were remeasured at LANSCE using neutrons with po-

larization states antiparallel and parallel to the 0.1 T mag-

(a) I netic field applied along the sample surface.2 ° The field

0.09-. strength is considerably larger than that needed to saturate
008thin iron films along their hard axes,21 so both nickel• o samples, whose saturation magnetizations are much less than08C s

o .07 iron, should have been fully saturated during the reflectivity
.6 measurements. Two reflection cross sections, R_ and R+ ,22

S0.0 7 corresponding to the two neutron polarization states (antipar-

0.05 I , I I allel and parallel), were measured for each sample. In the
-150 -100 -50 0 50 100 150 case rf the nickel-MgO sample, the difference in Q between

Distance trm Interface Plane Al the critical edges for the R - and R + reflectivity curves was

FIG. 5. (a) The atomic density of the grain boundary deduced as a function used to calculate the average magnetic moment of
of distance away from the interface plane from a fit of the bicrystal model /N,=(0. 7 -O.1) /UB for the sample. This value is in good
(described in the text) to the reflectivity data in Fig. 3(c). (b) The magnetic agreement with the literature value of 0.6 /tB for bulk
moment of nickel deduced as a function of distance from the interface plane nickel. 2 3

fo model 1 (solid curve), model 2 (dashed curve), and model 3 (0) de- Since the polarization state of the reflected radiation was
scribed in the text. (c) The magnetization density of the grain boundary
calculated for the three models. not determined in this study, the reflectivity cross sections

R - and R, may be contaminated by scattering processes
occurring within the sample that actively change the polar-

turbed to lit the data were those belonging to the overall ization state of the neutron radiation. These processes may
thicknesses of the two nickel films and the atomic density of occur in samples that are not fully saturated, or have a large
the grain-boundary region. The atomic density profile de- degree of magnetocrystalline anisotropy. 22 In the latter case,
duced for the grain boundary is shown in Fig. 5(a). The the magnetic moment deduced from R, and R_- would rep-
reflectivity curve calculated for this model is shown as the resent the component of the total moment in the direction of
solid curve in Fig. 3(c). The minimum density of the grain the applied magnetic field. Measurements of the polarization
boundary, occurring at the interface plane, is (60t6)% of the state of the reflected radiation, i.e., all four scaticring cross
film density. The full width F, where the density is halfway sections of the sample, are in progress at LANSCE.
between the minimum and bulk densities, is (8± 1) nm. The The R_ and R, cross sections for the nickel bicrystal
mean grain-boundary density, when averaged over twice its are shown as the open symbols in Figs. 3(d) and 3(e). The
width, is (85t5)% of no. dashed curves in this figure were calculated from a model

The mean density is similar to those calculated from that used the atomic density profile previously determined
atomic structures of gold grain boundaries, which have been for the bicrystal, the nuclear scattering lengths for each
deduced from quantitative x-ray-diffraction measure- nickel film, and the ,value of /Ni, to calculate the nuclear and
ments; 12, 3 however, the nickel boundary is considerably magnetic contributions to the scattering length density profile
broader than the gold boundaries. The boundary widths de- of the bicrystal. For Q>0.07 A-', no splitting is discernible
duced for the two gold grain boundaries are believed to be between the calculated profiles (dashed curves), when a clear
about 1 nm. t2,13 Since the twist angles of the two gold grain splitting is seen in the data. Since the large-Q region is most
boundaries (06=36.9 ° and 22.60) were larger than that of the sensitive to spatially limited features like the grain boundary,
nickel grain boundary (O= 19.7°), the nickel boundary is ex- poor agreement here suggests that the magnetic moments of
pected to be broader than the gold grain boundaries, although atoms in the grain boundary may be different from the bulk.
perhaps not as broad as observed. Interestingly, grain- The agreement between the calculated profiles and the
boundary widths in nanocrystalline nickel also appear to be data could be significantly improved when the magnetic mo-
quite large. Recently, Aus et al.18 have reported boundary ment, of nickel atoms in the grain boundary were made to be
widths of 5 nm deduced from magnetometry measuremunts, larger than AN,. By varying onl) the decay of the magnetic
while Valiev' 9 has measured widths of 10 nm using high- moment from a maximum at the interface plane (correspond-
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ing to an abscissa value of zero in Fig. 5) to /AN, at a position by the reduction of its atomic density to yield a magnetiza-
where the grain-boundary density equals no much better tion density that is only about 10% greater than the bulk.
agreement was obtained. This variation in magnetic moment
is shown by tWe solid line in Fig. 5(b) and is called model 1. IV. CONCLUDING REMARKS
The optimum value of (1.6±0.3) ItB at the interface plane We believe that reduction of atomic density and change
produced the solid curves in Figs. 3(d) and 3(e). When aver- in symmetry at a grain boundary will alter its density of
aged over twice the grain-boundary width, 217, the magnetic states (of d orbitals in nickel), leading to the observed en-
moments of nickel atoms in the interfacial region are about hancement in the magnetic moments of nickel atoms in the
(52± 12)% larger than the magnetic moment measured for grain boundary. In support of this hypothesis, we point out
the film. that Chrzan et al.6 have attributed a calculated reduction in

A second model (model 2), which represented the varia- the magnetic moments of nickel atoms at a {111} stacking
tion of the magnetic moment of nickel by a Gaussian func- fault to the close proximity of atoms near this interface. An-
tion centered at the interface plane, was also explored. In this other calculation has shown that the reduced coordination of
model the height and width of the Gaussian function were an ideal (100) nickel surface alters its density of states,
optimized to produce the dashed curves in Fig. 5. A peak which produces a 32% enhancement in the magnetic mo-
moment of (1.5±0.2) I-B was obtained. The full width at half ments of nickel atoms at the surface compared to the bulk.5

maximum in the profile of the magnetic moment was (3 ± 1) The trend in the two theoretical calculations is in agreement
nm. In this model the magnetic width of the grain boundary with our observations of an enhanced magnetic moment and
is considerably smaller than its structural width of (8± 1) nm. reduced atomic density of one particular nickel grain bound-
Theoretical calculations suggest that changes in symmetry, ary. Nickel grain boundaries with different twist angles and
coordination number, and density can alter the magnetic mo- crystallographic orientations will have different crystal struc-
ments of atoms. If these predictions are correct, then the tures, and so might have different magnetic structures. Com-
magnetic moments of the atoms closest to the interface plane parisons between these structures, measured with techniques
would be most affected by the change of atomic structure developed for this study, with calculations of theoreticians
that occurs at grain boundaries. In particular, the coordina- for a variety of grain boundaries will lead to a better under-
tion number of an atom would be expected to remain un- standing of interfacial magnetism, and its effects on the mac-
changed unless it were located quite closely to the interface roscopic magnetic properties of materials like multilayered
plane. If the magnetic moment of an atom is most affected by and nanophase systems which contain many interfaces.
its coordination number, rather than changes in atomic den- Interestingly, Schaefer 7 has reported a reduction in the
sity, then the magnetic width of a grain boundary might be magnetic moment of nickel at grain boundaries in samples
smaller than its structural width. composed of consolidated nickel crystallites with grain sizes

In a third model (model 3), the magnetic moment [(0) in of 10 nm. This conclusion was made based upon magnetiza-

Fig. 5(b)] for each step in the atomic density profile [Fig. tion measurements using a SQUID and vibration magneto-

5(a)] was perturbed independently to yield a good fit to the meter. The difference between the conclusion reached by

data. Even though the magnetic moments of nickel atoms Schaefer and that in the present study, where evidence for an

away from the grain boundary were no longer constrained to increase in the magnetic moment of nickel at a grain bound-

be AN,, as in the earlier model, the magnetic moments of ary was seen, may be due to several factors.
these atoms, nevertheless, tended toward this value. The op- .First, the magnetometry technique measures the magne-these asnevcmmertle tned traiboard va Te ws tization of the entire sample, and so does not specifically
timum magnetic moment at the grain-boundary plane was mesrthmanizioofnefcs.Iorxmpa

stil enancd [ vale o (14±02) B wa obaind] om- measure the magnetization of interfaces. If, for example, astill enhanced [a value of (1.4±+0.2) $B was obtained] comn- portion of the nanocrystalline sample were not magnetic

pared to the bulk, although the increase was not as large as when the ntir e sample was t g o magnetic
thatdedcedfromthepreiousmodls.when the entire sample was thought to be magnetic, then a

tAltdeued fomth preiousan modae of treduced magnetic moment would be calculated for the
All the models predict an enhancement of the magnetic sample, since its measured magnetization would not have

moment of nickel at the grain-boundary interface. When av- been as large as would have been the case had the entire
eraged over twice the grain-boundary width, we find en- sample been magnetic. We note that antiferromagnetic order
hancements in the magnetic moment of nickel ranging from is suppressed in 11 nm grains of chromium (to at least 20
a low of 18% for model 2 to a high of 52% for model 1. The K).24 If magnetic order can also be suppressed in ultrafine-
enhancement deduced from the best-fitting model, model 3, grained nickel, then a portion of the sample studied by
is (38±3)%. Since the magnetization density is the product Schaefer may not have been ferromagnetic, possibly result-
of magnetic moment and atomic density, which is reduced at ing in a diminished sample magnetization. Depending upon
the nickel grain boundary, the magnetization density of the the amount of material which was not ferromagnetic, a di-
interface is only sightly enhanced compared to the bulk. The minished magnetization might be measured for the entire
magnetization densities of the interfaces [Fig. 5(c)] calcu- sample even if the magnetic moment of nickel *:; generally
lated using models I and 3 are 20% and 10% greater than the increased in the grain boundaries.
bulk, respectively, when integrated over the grain-boundary Second, microstrain introduced into the nanocrystalline
region, while a small decrease of 6% is predicted from model sample during high-pressure compaction, which was not
2. In other words, the large enhancements in the magnetic likely to have been relieved at ambient temperature used dur-
moments of nickel at the grain boundary are mostly negated ing the compaction process, may affect the magnetic proper-
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ties of the material in a manner that may not have occurred controlled amounts of impurity solutes can be fabricated and
in the bicrystal sample. For example, strain is known to af- studied to determine how the magnetic properties of inter-
fect the magnetic anisotropy and magnetoelastic energies of faces change as impurity atoms segregate to the bicrystal
ferromagnets25 and the magnetic structure of coarse-grained interfaces.
chromium. 26 Considerable microstrain is usually found in
nanocrystalline metals24' 27 and is likely to be present in ACKNOWLEDGMENTS
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Magnetic and magnetocaloric properties of melt-spun GdxAg 1oox alloys
C. D. Fuerst, J. F. Herbst, and R. K. Mishra
Physics Department, General Motors NAO Research and Development Center, 30500 Mound Road, Warre,
Michigan 48090-9055

R. D. McMichael
National Institute of Standards and Technology, Gaithersburg, Maryland 20899

With the object of assessing their magnetocaloric properties, we have prepared Gd.,Agloo-, alloys
(x =50, 70, 75, 77.5, 80, 100) by melt spinning. The microstructures of the melt-spun ribbons were
investigated by x-ray diffraction and transmission electron microscopy. Data from field- and
temperature-dependent magnetization measurements were used to calculate the field-induced
entropy change AS. The Gd-only ribbons are characterized by a single AS peak near 280 K. For the
Gd.Ag1oO-x (70- <x80) materials AS contains another peak in the 100-120 K range which we
ascribe to an amorphous, ferromagnetic Gd-Ag component. We find melt-spun Gd50Ag5o ribbons to
consist primarily of crystalline GdAg (cubic CsCI structure), which is antiferromagnetic.

It is well known that the field-induced entropy change orientation along the [001] direction since the (002) and
AS of a magnetic material can be exploited as a basis for (004) reflections are of greater intensity than those calculated
solid-state refrigeration, with potential for application in the for an isotropic distribution [vertical bars in Fig. l(a)]. Se-
room-temperature range as well as at cryogenic lected area diffraction in the TEM confirms this interpreta-
temperatures. 1-3 Recent calculations 4'5 and experiments 6'7  tion. Figure 3(a) shows that the Gd ribbons consist of irregu-
have shown that materials containing nanometer-sized mag- lar grains approximately 0.5 tm in size and have some
netic regions can produce larger values of AS than conven- alignment along the [001] direction, which was normal to the
tional ferromagnets or paramagnets over certain intervals of surface of the quench wheel. In addition to [100]-oriented
temperature (T) and applied field (H). To maximize this hexagonal Gd crystallites, the x-ray diagram of the Gd8oAg 2o
effect, it is important that the magnetic phase have a large
intrinsic magnetization and, to minimize heating due to hys-
teresis, low magnetocrystalline anisotropy. Both of these de-
mands are satisfied by gadolinium. Furthermore, it is desir- ( (a)
able for the magnetic particles to be at least partially Gd

separated by nonmagnetic material to reduce magnetic inter- (vs30n/s)
actions between them.

With these considerations in mind we have investigated,
and here report, measurements of AS(T) for GdAg1oo x0
alloys which were prepared by the rapid solidification tech-

. Inique of melt spinning. We chose a rapid quenching method
with the objective of forming small magnetic particles or (b)
clusters, and the Gd-Ag system was selected since its equi- Gd80Ag2 0

librium phase diagram indicates that ferromagnetic Gd (Cu- (vs=20n/s)

rie temperature T,=293 K) and antiferromagnetic GdAg )
(Neel temperature T,-140 K) are essentially immiscible.

Ingots of Gd.Agioo-, (x=50, 70, 75, 77.5, 80) were
prepared by induction melting high-purity elemental con-
stituents. Each ingot was melt spun, again under argon, by -
ejecting molten alloy through an orifice (0.6 mm diameter) in (c)
a quartz crucible onto the surface of a chrome-plated copper Gd77 .5Ag22 .5

disk (25 cm diarreter). The quench rate was varied by chang- (vS=20nVs)

ing the surface velocity vs of the disk. A quench rate corre-
sponding to Vs =20 m/s was used for all the silver-containing
alloys, and vs=30 m/s was used to produce the Gd-only
material.

Ribbon microstructures were examined by both x-ray 20 30 40 50 60 70
powder diffraction and transmission electron microscopy 20 (deg)
(TEM). Figures 1 and 2 display Cu Ka x-ray diffractograms
for the x = 100, 80, 77.5 and x = 75, 70, 50 materials, respec- FIG. 1. Cu K x-ray powder-diffraction patterns of mclt- pun GdAgloo_,
tively. It is clear from Fig. l(a) that the Gd-only ribbons are ribbons. (a) Gd, the -vertical bars denote line positions and intensities for
comprised of hexagonal Gd grains with some preferential isotropic, hexagonal Gd metal. (b) Gd8Ag2 O (c) Gd77 5Ag22 .
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Gd75Ag25
(vS= 2Om/s)

Gd70Ag30
(vSw20nVs)

(C)

Gd50 Ag50

(vs=20m/s)

20 30 40 50 60 70 FIG. 3. TEM micrographs of melt-spun (a) Gd (G denotes a hexagonal Gd
grain and C indicates a cubic form of Gd situated at the grain boundaries)28 (deg) and (b) Gd 77 5Ag225 (regions labeled A are amorphous Gd.joAg5o; hexagonal

Gd particles are signified by G).

FIG .. 0, K. x-iay powder-diffraction patterns of melt-spun Gd.Ag 1oo-_,
ribboris. (a) Gd 7,jAg25. (b) Gd~oAg 3o1 . (c) Gd5OAg 5o; the vertical bars denote
line positions and intensities for isotropic, cubic GdAg.

ribbons [Fig. l(b)] also suggests an amorphous Gd-Ag com-
ponent. Ribbons melt spun from the eutectic composition
Gd 77.5Ag2., contain a substantial amorphous fraction, as Ingot... - GdAgj, Ribbons
shown by Fig. 1(c): the corresponding TEM micrograph of 250 ..... Gd Ingot
Fig. 3(b) reveals small (<100 A) Gd grains embedded in an -X100
amorphous matrix having an overall composition near
Gd5oAg 5o estimated by microchemical analysis. 200

From the x-ray pattern for the Gd75Ag25 ribbons, Fig.
2(a), we infer that the amorphous fraction is even larger than
that of the Gd 77.5Ag22.5 sample since the features are more 150
diffuse than those of Fig. 1(c). Some hexagonal Gd is still x=77.5"'

present and persists in the Gd70Ag30 ribbons as well [Fig. x=75
2(b)]; comparison of Figs. 2(a) and 2(t) indicates less amor- E
phous Gd-Ag phase in the Gd7oAg 3o ribbons. Similar to Fig. 100 x=70
3(b), TEM analysis of the Gd7oAg 3o ribbons again reveals Gd
grains interspersed in an amorphous matrix having a compo-
sition near Gd50Ag5O, in addition to a small amount of crys- 50 -
talline GdAg. No gadolinium component is apparent in the
x-ray diagram of melt-spun Gd5oAg5O, Fig. 2(c); the ribbons
are principally composed of fine-grained crystalline GdAg, x= ___ _ _"

whose reflections are illustrated by the vertical bars in Fig. 0 I I.,__.I_____ I
2(c). TEM of this material shows GdAg grains with an av- 0 1oo 200 300
erage diameter of -100 A. Temperature (K)

Magnetic moment versus temperature curves for the
melt-spun ribbons investigated here, as well as for a bulk Gd FIG. 4. Magnetic moment vs temperature for melt-spun GdAgjoo_ rib-
ingot sample, are displayed in Fig. 4; the measurements were bons (x=50, 70, 75, 77.5, 80, 100) and for a Gd ingot sample measured in
performed in a maximum applied field of 9 kOe, which was an applied magnetic field of 9 kOe.
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bons is amorphous, while Gd50Ag50 melt spun at the same
3.0 - GdAg,0 ., Ribbo.s Ingot quench rate (Vs=20 m/s) is crystalline. To satiffy one of our

original objectives it would have been preferable for the
.Gd Ingot former materials to contain crystalline GdAg [which would

be paramagnetic at T,(Gd)] to magnetically isolate the Gd
2.sparticles.* We calculated the field-induced entropy change AS from

2.0 -the magnetization data (measured as a function of both ap-
x=10 plied magnetic field H and temperature T) by making use of

--, the Mawell relation (dS/dH)T= (OM/aT)H, which implies

1.5 
__A=_____H') H,

v ! fH jM(H',T)]

_ s AS=o ,  (1)

10 x=77 x-8,,,,, Figure 5 displays AS vs T for the melt-spun 70-<x--100
=70 xribbons and for the Gd ingot sample. The Gd-only ribbon

x=8 x material features a single peak near 290 K which corre-
0.5sponds well with T, of bulk Gd, as comparison with the Gd

ingot curve in Fig. 5 demonstrates. The four other ribbon
curves in Fig. 5 exhibit two peaks. One is centered in the

0.0 - 100-120 K interval and is generated by the ferromagnetic,
0 100 200 300 amorphous Gd5oAg50 component; the variation of the maxi-

Temperature (K) mum with x is relatively small and is undoubtedly associated
with compositional variation in the amorphous fraction.

FIG. 5. Entropy change AS of melt-spun GdxAg 100 _ ribbons (x=70, 75, Most pronounced in the x=77.5 and x=80 ribbons, the sec-
77.5, 80, 100) and of a Gd ingot sample in a 9 kOe applied magnetic field. ond peak occurs at T-280 K and arises from the Gd con-

stituent; the -100 A particle size reduces T, somewhat from
the bulk value of 293 K.

sufficient to saturate the magnetization in each case. The Both AS structures for the 70--x--80 ribbons in Fig. 5
observed low-temperature moment for the Gd-only (x=100) are quite broad; the height of each is considerably smaller
ribbons, -215 emu/g (-6.1 AIGd), is 20% lower than the than that of the Gd-only ribbons, which is in turn somewhat
268 emu/g (7.55 AB/Gd) value for elemental gadolinium reduced from that of the Gd ingot. These results reinforce
metal, as comparison with the bulk Gd curve in Fig. 4 shows. earlier findings 4- 7 that a fine-particle morphology can mark-
The disparity is puzzling. Son-e of it can be attributed to edly modify the temperature distribution of AS. Figure 5
nonmagnetic contaminants such as oxides, but our TEM suggests that the x =70 and x=75 materials may be of inter
work indicates that secondary phases comprise no more than est for magnetic refrigeration in the 100 K regime. While the
5 vol % of the ribbons. We speculate, therefore, that particle x=77.5 and x=80 ribbons do contain small Gd particles,
size effects may also contribute to the moment reduction, further effort is required, at least in the Gd-Ag system, to
Gadolinium moments in the 5-7 AsB range have been re- separate them in a nonferromagnetic matrix. We intend to
ported in several amorphous binary alloys,8 and a moment of explore heat treatment as a possible means for converting the
only 3 AB/Gd has been observed in clusters containing fewer amorphous Gd50Ag50 component into antiferromagnetic
than 100 Gd atoms.9  GdAg while minimizing growth of the Gd grains.

For the Gd.,Ag 00_ ribbons with 70<x <80, the data of 1 U. V. Brown, J. Appl. Phys. 47, 3673 (1976).
Fig. 4 strongly suggest the presence of two ferromagnetic 2H. Oesterreicher and F. T. Parker, J. Appl. Phys. 55. 4334 (1984).

components, one with a Curie temperature in the vicinity of 3j. A. Barclay, Adv. Cryogen. Mater. 33, 719 (1988).

100 K and a second near the T,=293 K value for buk Gd 4R. D. McMichael, R. D. Shull, L. J. Swartzendruber, L. H. Bennett, and R.

met al. H ase on pr eard amoh ous T 293all o ys E. Watson, J. Magn. Magn. Mater. 111, 29 (1992).
metal. Hauser'° prepared amorphous Gd,,Ag100_. alloys in 5L. H. Bennett, R. D. McMichael, L. J. Swartzendruber, R. D. Shull, and R.
the 20-<x--100 interval by sputtering and found them to be E. Watson, J. Magn. Magn. Mater. 104-107, 1094 (1992).

ferromagnetic, with T, essentially linear in x with T,-100 K 6R. D. McMichael, J. J. Ritter, and R. D. Shull, J. Appl. Phys. 73, 6946
(1993).at x=50. We conclude, therefore, that the amoiphous com- 7 R. D. McMichael, R. D. Shull, L. H. Bennett, C D. Fuerst, and J. F.

ponent detected by x-ray diffraction and TEM in our Herbst, NanoStructured Mater. 2, 277 (1993).
70-<x-<80 melt-spun ribbons is ferromagnetic GdxAg 00_. 8 K. H. J. Buschow and N. M. Beekmans, in Rapidly Quenched Metals I1,

with x-50. Proceedings of the Third International Conference on Rapidly Quenched
Metals (The Metals Society, London, 1978), Vol. 2, p. 133; K H. J. Bus-

In contrast, the magnetization curve for the Gd5oAgso chow, Solid State Commun. 27, 275 (1978).
(20 m/s) ribbons in Fig. 4 mirrors the susceptibility versus 9 D. C. Douglass, J. P. Bucher, and L. A. Bloomfield, Phys. Rev. Lett. 68,
temperature curve reported by Walline and Wallace" for 1774 (1992).
crystalline, antiferromagnetic GdAg, consistent with our mi- 10J. J. Hauser, Phys. Rev. B 12, 5160 (1975).

1R. E. Walline and W. E. Wallace, J. Chem. Phys. 41, 3285 (1964). Thesecrostructural analyses of that material. It is quite surprising authors emphasize that the susceptibility behavior of GdAg below 200 Kthat the x-50 component of the Gd-richer 70--x-<80 rib- is anomalous.
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Nanocomposite Fe80(SiO2)20 films with thickness from 150 to 5000 A have been prepared by rf
magnetron sputtering from a composite target. The crystallites in the Fe80(SiO 2)20 films have a bcc
structure with the average size of 46-66 A which was determined by transmission electron
microscopy. As indicated by the thickness dependence of resistivity, the stacking and connectivity
of the crystallites depend on the thickness of the films. The magnetic properties also depend on the
microstructure which changes with the thickness of the films. The magnetic coercivity of the films
increases with the thickness of the film, reaches a maximum, and then decreases. The maximum
coercivity of 400 Qe at 300 K and 1200 Oe at 5 K was observed for a film with a thickness of about
700 A.

I. INTRODUCTION sion electron microscope (HRTEM) and electron diffraction.

Nanocomposite materials have the form of small crystal- The magnetization and the coercive force were measured us-

lites dispersed in a matrix which may be insulating or metal- ing a commercial alternating-gradient force magnetometer

lic. The magnetic properties of nanocomposite materials de- and a SQUID m-gnetometer. The resistivity was measured in

pend on the microstructure of the films which can be a standard four-point probe configuration.

controlled by either changing the size of crystallites and/or III. RESULTS AND DISCUSSION
the separation distance between the crystallites. It has been
shown that the crystallites size and the intercrystallite dis- The electron-diffraction pattern of the Fe80(SiO 2)20 films
tance of the nanocomposite Fe:SiO2 system can be system- with a thickness of 700 A is shown in Fig. 1. The electron-
atically changed by varying the Fe volume fraction. - 6 The
average crystallite size in the films for a fixed volume frac-
tion can also be varied by changing the substrate 100. 101

temperature. 7 For the films with lower metal volume fraction 90
the crystallites are isolated whereas for the films with higher 80

metal volume fraction the crystallites are well connected.8  
'a 0

For the Fe:SiO2 films with a Fe volume fraction near 50% 60

the crystallites begin to form a percolating network. As the 4 so1
b40, 112

thickness of the film is decreased, the number of crystallites 30

connecting together in the film-normal direction decreases 20 002 103 213

and a change in the electrical and magnetic properties is 10 202 114

expected. In this work we investigated the thickness depen- 222 1

dence of magnetic and electrical properties of the Fe:SiO 2

films.

II. EXPERIMENTAL PROCEDURE

The nanocomposite Fe:SiO2 films were prepared by rf
magnetron sputtering from a composite target. The sputtering
targets were prepared by sintering a mixture of pressed Fe
and SiO2 powders. The sputtering gas wvas 5 mTorr of Ar,
and the films were deposited on glass substrates at room
temperature. The films used in this study have a target com-
position of Fe80(SiO 2)20 (55 vol. % of Fe). The film thickness
ranged from 150 to 5000 A. The microstructure of the films FIG. I. Electron-diffraction pattern of FewoSiOz)z film with a thickness of
was studied by using a JEOL 2010 high-resolution transmis- 700 A.
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FIG. 2. HRTEM image for the Fco(SiO 2)20 film with a thickness of 700 A. 0 1000 2000 3000 4000 5000 6000
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diffraction pattern of I he films show a a-Fe structure with the FIG. 4. Magnetic coercivities measured at 300 and 5 K vs thickness foi the

(110), (200), (211), etc. rings present. The d spacing of the Feso(SiO2 )2o films.

(110) peak as deduced from x-ray diffraction is 2.03 A,
which is close to the lattice parameter of a-Fe. The electron- may be likely due to the change in stacking and connection
diffraction pattern of the film can be indexed to a-Fe and ma e l e to The cne i st an cetion
there is no evidence of contribution from any Fe oxide of the Fe crystallites. The inset of Fit. 3 shows the resisttvity
phases; this is also confirmed by M fssbauer spectroscopy .es sfl thicknese es f or 70 0 to 73 i .As the fit

versus film thickness for 700-4273 A thick films. As the film

The hyperfine field as calculated from the M6ssbauer spectra changes from 5.6X 10-2 to 1.8X I0-4 fj cm.
is 330 kOe, which is close to the value for a-Fe. The mor- The magnetic coercivity measured at,300 and 5 K of the
phology of the crystallites as revealed by the HRTEM image Fe80(SiO,) 20 films versus thickness is shown in Fig. 4. The
for the Fe80(SiO2)20 films with a thickness of 700 A is shown
in Fig. 2. The average particle size of the Fe crystallites is observed that as the film thickness increases the magnetic46-66 / A and the Fe crystallites are mostly isolated in an o sre ht a h im tik es icess te m g ei

amorphous SiO2 matrix. The Fe crystallites have a clear coercivity increases, goes through a maximum, and then de-
amorhou Si2 marix Th Fe rysalltes avea cear creases The maximum coercivity of about 400 Oe at 300Kboundary with the SiO2 matrix. The fringes on the crystal- and 1200 Oe at 5 K was obtained for a film with a thickness

lites represent the lattice spacing of Fe. of about 700 A. As the film thickness increases, the change
The thickness dependence of the resistivity for the in magnetic coercivity measured at 5 K is more pronounced

Fe8o(SiO2)20 films is shown in Fig. 3. It is seen that the in magnetic coercivity measured at K o
resistivity decreases as the film thickness increases and compared to the magnetic coercivity measured at 300 K for
above 700 A the resistivity decreases drastically, indicating Figure 5 shows the dependence of magnetic coercivity
that the films form a better connecting network of Fe crys- with temperature for Feo(SiO)2 films with different thick-
tallites. The plane view HRTEM image shows that the Fe
crystallites are isolated in the SiO 2 matrix, so the drastic nesses. The magnetic coercivity decreases as the temperature
change in resistivity for the films with thickness above 700 A
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ecrystallites Bnetwor 8  Abeles, in Applied Solid State Science, Advances in Material and De-

thick films. The magnetic coercivity for the Fe8o(SiO 2)20  vice Research, edited by R. Wolf (Academic, New York, 1976).
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Calculation of magnetic moments in H02C3 nanocrystals
S. A. Majetich,a) J. 0. Artman, and C. Tanaka
Department of Physics, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213-3890

M. E. McHenry
Department of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh, Pennsylvania
15213-3890

A general approach to the computation of effective magnetic moments in rare-earth carbides is
described, and details of this calculation for Ho3+ ions in Ho2C3 are presented. This calculation is
designed to explain the reduced magnetic moments, relative to free ion values, measured by dc
SQUID magnetometry for Ho2C3 nanocrystals. Crystal-field splittings of the rare-earth ion in a
particular symmetry site are determined by the operator equivalent method. Using the eigenvalues
and eigenfunctions of the crystal-field Hamiltonian, the effective magnetic moment is then
determined. For Ho3+ ions in Ho 2C3 , this method predicts a reduced magnetic w'oment, but the
degree of reduction depends on the energy-level splittings and, therefore, the temperature. This
magnetic moment is compared with previous experimental results, and the implications of the
formal carbon charge, screening, and temperature are discussed.

I. INTRODUCTION the energy levels of the rare-earth ions inside C60 molecules. 5

Carbon-coated gadolinium and holm~ura sesquicarbide Here we use this information to calculate the effective mag-

nanocrystals have been prepared in a carbon arc, and the netic moment per ion xeff for HoC 3.
details of their synthesis, structure, and measured magnetic
behavior have been reported previously. 1,2 The gadolinium III. ENERGY LEVELS AND EIGENSTATES OF Ho3 + IN
ions in Gd 2C 3 have an 8S7/2 electronic ground state which is Ho2C3
unaffected by the crystal field. However, the Ho3+ ions
found in Ho 2C3 do not show the free ior behavior. For a 3 Ho 3
electronic ground state, the predicted etfective moment, the Ho ions in positions of C3 site symmetry. To model theg[J(J+ 1)11/2u, is 10.61 the, but /eff 7 .5  B was found crystal field experienced by a Ho3+ ion in this solid, we

experimentally.2 Here we present the details of a crystal-field ncluded 11 neighboring carbon atoms and the 12 closest
calculation for Ho3+ iopv in Ho 2C3, aimed at understanding Ho neighbors (Fig. 1). The atomic positions were taken
the reduced magnetic moment, and in laying the groundwork from published x-ray and neutron data for bulklike Ho2C3for similar calculations for other rare-earth sesquicarbides, powder,6 and the only free parameter was the charge on thedicarbides, and rare-earth-containing fullerenes carbon atoms. In many carbide molecules 6 and solids,7 bond-ing occurs between the metal atom and q- dimer units, and
1. CRYSTAL-FIELD CALCULATIONS the formal charge varies with the material.7 Previous results

for Ho2C3 suggest that the holmium ions carry a 3+ charge,
The free ion energy levels are perturbed by a crystal and the carbon dimers have a reduced charge because they

field. The Hamiltonian for this perturbation, HcF, can be donate electrons to a conduction band.6 In our calculations
written in terms of operator equivalents, 0, the formal dimer charge was varied between 2- and 4-.

The calculated lattice sums y nm over the near-neighbnr Ho3+

HcH =  B'O', m <n. (1) ions shown in Fig. 1 contributed only about 10% of the total,
n,m showing that the carbon dimers dominate the crystal field of

The crystal-field intensity parameters, B', are given by the a holmium ion in Ho 2C3.
expression Since the holmium ions have C3 site symmetry, only

some of the operator equivalents contribute to the crystal-
'=[-IeI/a r1o](rn)OYnmNm. (2) field Hamiltonian:

Here (r') is the expectation value for the nth power of the HCF(C3)= B2 0 +B0 0 + B 0 0+B 30 3 +B 3 0 3 +B 601
f-electron radius and 0, is the Stevens' factor, both of which 2 4 4 664 4 66 6 6

are tabulated for various rare earth ions.3' 4 Nm is the coef- +B3 ,3 3B3  B3 6B6 06
ficient for the Tesseral harmonic Z', and Ynm is the lattice
sum over the neighboring ions, which have fixed positions Here Bn refers to the imaginary part of B3, and the crystal
and charges for a particular structure. The operator equiva- axes were chosen to minimize the contributions from the B,
lents OT are functions of J +, J_, Jz, and J. The eigenstates and B6, terms.
for the ion perturbed by the crystal field are generated from Using the free ion basis set, [JM), with J =8, the 17 X17

superpositions of free ion IJM) states. This method, re- matrix was diagonalized to determine the energy eigenvalues

viewed by Hutchings,3 has recently been used to calculate E, and the eigenfunctions 1l,):

'Author to whom correspondence should be addressed. *,) = aLMIJM). (4)
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12 nearest-neighbor carbide ions. in Table 1.

From group theory, the J= 8 electronic ground state for a free lowst prdoble tl a oail M = + and - states o a ll nx

Ho3+ ion should split into five ' 1 states and Six 2 2 states formal charget vaus thris signifiant population Fo ex-
when perturbed by a C3 crystal field. As shown in 'fable 1, the citedl stae a ue 00 r K.sgiiatpouaino x

formal calculation did indeed result in six doublets and five ctdsae t30K

singlet states. While the energy-level splittings varied with I.MGEI O ETO o+I 0C
the formal charge on the carbon dimcr, the relative ordering I.MGEI OETO o~I oC
was the same (Fig. 2), and the makeup of the energy eigen- In the limit of small HIT, the paramagnetic susceptibil-
states was not significantly affected. The lowest doublet con- ity is given by

TABLE 1. Ho2C3 eigenvectors for C 2

Eigenvector (energy)

I'Ii,=0.9881±8)+(±0.142-0.056l±5), [EI,2/k=0.00 K]
-W4 0.986I7±)+ (±0. 149-0.063i)I±4), 1E13,4/k =18.39 K]

I'Ps)=(-0.505-0.479)16)+(-0.117-,040)13)+O.002i1)+(-0.112-0.051t 1 -3)+0.6961-6), [ES/k=72.87 K]
I'l'6)0.69716)+ (0.109-0.049i)13)+(0.024-0.0l0i)10)+ (-0 l13+0.040i) - 3)+0.506--0.479i)1-6), [E6/k =72.96 K]
lW78)=- 0.0031±4)+(0.022±O 04i)1± 1)(:;0.l64-0.079i)lI;2)t0.9711I 5)+(0.142-0.056i)I;-8), [E7,g/k= 145.56 K]

+(-0 326-0 234i)I-4)+(0.006+0.Olt)I-5)+(-0.035+0.057i 1 -7), (E9 /k=217.00 K]
IP,)=(-0.0O1 +0.001)15)4(0.035-0.008i)12)+(-0 169-0.089)l-- 1)+0.9671-4)+(0.149-0.063,)I-7i), [El 0/k=217.0O K]
lP,,1 (-0.112-0.48)16)+0.68113)+(O.076-0.194i)0)+(0.501 +0 461i)1-3)+(0.115-I0.041i)1-6), [E1 1/k=275.36 K]
1'P32)=(0.112-0.047i)16)+(-0 464+0.503,)!3)/-; (-.169+0.073i)10)+0.6841-3)+(O.11o-o.050i)I-6), [E12/k =283.13 K]
P3 0.016-0.009i1)8)+(-0.165-0.076i)15)+(0.96212)+(0.181 -0.082i)1- 1)+(-0.011 -O.038i)-4)+(-0.004-0.003L)I-7), [E13/k=326 61 K]

1'P14)=(.003-0.003i)17)+(-0.011 +0.038i)14)+(0.001 +0.O0li)12)+ (-0.181 --0.082i)I1)+0.9621-2)+(0.165--0.076i)I-5)
+(-0.004-0.003i)I -8), [E1 4/k=326.61 K]

IP3 5)=(0.001 -0.001I)18)+(0.001+0.0023)15)+(-0.179-0085i)12)+0.9611- 1)+4(0.172-0.0823)I-4)+(0.006-0.014i1-7), [E,,/k=355.84 K]

f-(0.007-O.Olli)1-4)+(0.001 -0.025i1)-5)+(-0.001t)1-7)+(-0.001-0.001i)1-8), [E1 3 3 6 /,k=355.84 K]
11, 1-1) =(0.005 + .0191 16) +(- 0.177 -0.0851)13) +0.96010) +(0.177 - 0.085i)l -3) +(0.005 -0.019t)l -6), (E 17/k =365.73 K]

6308 J. AppI Phys., Vol. 76, No. 10, 15 November 1994 Majetich et at.



Earlier SQUID magnetometry measurements 2 yielded a
,o.0= temperature-averaged value of/ eft=7.5 AIB. There the data

were scaled as a function of HIT, and results from all tem-
a- peratures were fit simultaneously." 1 Experiments are under-

-way to study the degree of temperature dependence in order
to place limits on the carbon dimer charge. Refinements in

6the crystal-field calculations to incorporate screening of the
conduction electrons will also have an impact on the energy-

4. level splittings, 9nd tbej efore on the temperature dependence
of the magnetic moment.

u2-

V. CONCLUSIONS
o-4 o ,o ,0 Crystal-field calculations were performed to determine

Temperature (K) the ground-state energy-level splittings for Ho3 ions in
FIG. 3. Effective magnetic moment for Ho34 with a carbon dimer charge ot Ho 2C3 . The energy eigenstates wcrfe used to calculate the

-2.0 as a function of temperature, with assumptions concerning off- low-frequency paramagnetic susceptibility and the effective
diagonal elements as noted in the text. magnetic moment. In comparison with SQUID magnetom-

etry measurements, this calculation underestimates the re-

Xp,,= NA~g~~j+1)13T=NA2 1kT,(5) duction of the magnetic moment. However, information con-

Xpm=N~tg 2j(J+l)/3kT=NI2/3kT, (5) cerning important fitting parameters may be obtained by

for a free rare-earth ion with ground-state angular momen- detailed temperature-dependent measurements of luff.

tum J. Here a is the magnetic moment of the free ion. In the Note added in proof: A marked increase in the magnetic

full quantum-mechanical treatment,8 X depends on the statis- moment with increasing temperature has been observed ex-

tical averaging over the energy eigenstates. While there are perimentally, thought the error bars for fits of the high-

several contributions, 9 the effective magnetic moment deter- temperature data are quite large. When the data taken at dif-

mined from the magnetization curve measured with a ferent temperatures are scaled and fit as a group, the low-

SQUID magnetometer is related to the low-frequency term temperature contributions dominated in the determination
that .eff 7.5 $B.
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Kramers's rate theory, broken symmetries, and magnetization reversal
(invited)

Hans-Benjamin Braun
Department of Physics, Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada

The theory of thermally induced magnetization reversal in small particles is reviewed. The
conventional N~el-Brown theory for uniform magnetization reversal and its derivation from
Kramers's rate theory are first discussed. For sufficiently elongated particles, however, a nonuniform
energy barrier ("nucleus") has lower energy than the uniform barrier and thus yields a lower
coercivity. This coercivity reduction is shown to occur also for vanishing hard-axis anisotropy when
the nucleus breaks the rotational symmetr around the easy axis. The prefactor of the Arrhenius
factor is calculated for uniform and nonuniform barriers.

I. INTRODUCTION outside this central region is reversed. This obstructs the way

Recent years have witnessed tremendous progress in the down from the putative saddle point of curling symmetry by
an additional energy barrier of topological origin which inpreparation of magnetic particles on the scale of a few na- the case of a continuous magnetization distribution is evennometers. Such particles typically exhibit two degenerate infinitely high. This can only be avoided by breaking the

equilibrium directions of the magnetic moment which are

separated by an anisotropy barrier, rotational symmetry of the magnetization distribution at the
cylinder center. For small particle diameters, we are then ledergy, thermal fluctuations drive the magnetization from the to an effectively one-dimensional model5 that will be de-scribed below.

metastable state over the lowest-energy barrier into the adja- The purpose of this article is twofold. We start with a
cent anisotropy minimum. Recent experiments on a single
particle] or lithographically produced arrays2 of even smaller review of the theory of uniform magnetization reversal with

paricl 1 o lihogaphcaly podued rras 2 f een maler particular emphasis on the difference between the rotation-particles reveal a coercivity that is substantially smaller than ally smmetric case of a sinle eas-axis anisotrot 4 and
that predicted by standard theories of magnetization reversal. y y g y py

The most widely used theory is that by N6el 3 and the case of an additional hard-axis anisotropy.7'8 These re-
Brown.4 It is based on the picture that all spins within the sults have been derived by a variety of methods and unfor-grain are aligned an behave like a single large magnetic tunately no recent review exists in the literature. Therefore,moment. The switching rate out of the metastable state is Kramers's rate theory is presented in the Appendix in a formthen given by the Arrhenius factor expf-ES/kBT where the which can be readily extended to nonuniform situations orbarrier energy E is proportional to e total a".iotropy en- systems of interacting particles.barrirenergy E, thu s pr a to the t . eIn Sec. IV it is shown that in elongated particles a spa-ergy and thus to the particle volume. tially localized deviatio- ("nucleus") from the metastable

With increasing aspect ratio of the particle, this assump- state provides the lowest barrier. The same nucleus also ex-
tion of a uniform magnetization becomes questionable. A sta f
recent study 5 which includes the exchange interaction of ists for vanishing hard-axis anisotropy where it breaks the

magnetic moments along an idealized long particle with con- rotational symmetry. This symmetry breaking gives rise to a
stant cross section has indeed shown that the energy exhibits Goldstonc mode of zero energy which corresponds to an in-a saddle point corresponding to a localized deviation finitesimal rotation of the saddle-point structure around the

("nucleus") from the initial metastable state. This nucleus easy axis. By taking advantage of this symmetry, the statis-
can also be viewed as a soliton-antisoliton pair. 6  tical part of the prefactor is evaluated exactly for all valuescan lsobe iewd asa slitn-atisoito par.6 of the external field.

These exact results showed that several previous con-
cepts have to be thoruaghly revised: For sufficiently elon- II. MODEL
gated particles, the barrier energy is proportional to the
cross-sectional area of the particle rather than the particle Let us first consider an elongated particle of constant
volume. Second, the concept of an "activation volume" is cross section A. The energy of a one-dimensional (1D) mag-
misleading: Even if the nucleus represents an already re- netization configuration M(x,t) of constant magnitude
versed domain delimited by two domain walls [see Fig. IM=Mo is given byj I a/ A ( c 2 (9Y 2 (Oz 2

l(ii)], the barrier energy is not proportional to the volume of fL2 Adx22
the reversed domain but rather equals the total energ, of the E =, x dxl 7

delimiting domain walls. Third, it can be shown that the I t-0 " )

energy decreases monotonically from the saddle point until Kh 2Ke (2
the magnetization is reversed. This is in contrast to a saddle + oM  -- M-HextMxj (2.1)
point of assumed curling symmetry (where the radial com- 0 0
ponent of the magnetization vanishes). Such a constraint re- The particle length L is assumed to be considerably larger
quires the magnetization at the "backbone" in the cylinder than the domain-wall width VAI'Ke- For particle diameters of
center to remain in the initial state even if the magnetization the order of \/A/17e or smaller, transverse fluctuations are
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i) damping. For small values of the damping constant, the a
_dependence of the left-hand side (lhs) can be neglected.

_ The uniform configuration (0. = 7i, o 7T/2) antiparallel
N to the external field represents a metastable state while the

y state ( o=0, 00=ir/2) parallel to the external field is the
M z minimum of the energy (2.1). In the following we investigate

x x H ext the energy barriers that separat, these two states.

ii) z -/ Y z

~/~v 4>~III. UNIFORM MAGNETIZATION REVERSAL
If the dimensions of a magnetic grain are smaller than a

z domain-wall width, the exchange energy dominates over de-
2 ~magnetizing contributions. The individual atomic magnetic

FIG. 1. The nucleus (3.2) for nonuniform magnetization reversal at (i) large moments are aligned and the system can be described by a
external fields (h-1) and (ii) small external fields. For vanishing hard-axis uniform magnetization M=const. The energy of an arbi-
anisotropy, this configuration is degenerate with all configurations that arise trarily shaped particle of volume V is then given by
by a rotation around the easy axis. E=V[-Ke(sin2 0Ocos 2  /-1)+Kh cos 2 0

-HXtMo(sin 0 cos 0 + 1)]. (3.1)
suppressed and a ID treatment is justified. The first term in For O<h <1, the metastable state ('Pm , 0,,,) is then separated
the integrand of Eq. (2.1) is the exchange interaction be- from the stable state ('Pbo,0o) by two equivalent barriers de-
tween adjacent magnetic moments along the particle. The fined by
next two terms are effective easy and hard-axis anisotropies
of strengths K,,Kh>O, respectively. They incorporate both cos . 00° = - h,  

0( )= ir/2, (3.2)
crystalline and demagnetizing contributions.1 For example, which have the energy
for an infinitely long sample of circular cross section, we

have K, = Ke,cryst + trM2, Kh = Kh,cryst, where ke,cryst, ES°) = VKe( 1 - /1)'. (3.3)
kh,cryst are crystalline anisotropy constants. The last term in In the vicinity of the saddle point, the energy (3.1) can be
Eq. (2.1) describes the interaction with an external field H,,,ex ane d to s dde in the e n s 0(3. ) )
along the easy axis, which is conveniently expressed as p = 7r/2s- 0,

h=HextMo/2Ke. (2.2) EE 0 )+ V[_Ke(I -h)P 2 +Khp 2 ]. (3.4)

It is appropriate to use spherical coordinates, The 'p fluctuations are thus unstable while the out of easy-

M/Mo= (sin 0 cos 'P,sin 0 sin q,cos 0), plane fluctuations are stable. In the vicinity of the metastable

where 0= q(x,t) and 0= O(x,t). The energy (2.1) then takes state the energy becomes

the form E=V{Ke(1-h)p%+[Ke(1-h)+Kh]p M}, (3.5)

E=. '4L2 dxa [ + sin2 0" - + ) K h cos 2 0 where 'Pm' m are now the stable fluctuations away from the
-L/2 dX in dx metastable point, i.e., 'p,,,= -iT, p,,=7r/2- 0.

The uniform magnetization M obeys the equations of
K 2 0 cos 2 'P-I)- H,,Mo(sin 0 cos I+ 1motion (2.4) with ( replaced by the energy density E/V and

with the functional derivatives replaced by partial deriva-

(2.3) tives. The dynamics near the saddle point is obtained by
inserting Eq. (3.4) into Eq. (2.4). In particular we are inter-

which is measured relative to the metastable state antiparallel ested in the motion away from the saddle point, i.e.,
to the external field. The magnetization is assumed to obey
the Landau-Lifshitz-Gilbert equations [_p+(t),p+(t)]e' ( ,p (X +>0),

dM ) dM which obeys
= - YMIlleff+ MX 

MoT01 + a") T X+ p+ =-Khp + 0"e(1 - h2) +,,

with Hff= - MIb'M, which can be expressed as 3. 6

Mosi 0eb c~ g a 2ffMo (3.6)
(1+ (Y2 - t sin 00 do' ( 1 + a 2 ) "0 X p + K( 1 - th 2)o+ -aKhP+.

( 2 ) Mo 80 1 36 6 (2.4) Note that the Landau-Lifshitz equation (2.4) is not con-
(+a t sin = - -- b a -' sistent with the fluctuation-dissipation theorem since it lacks

random forces which result from the coupling to the heat
where 6=El. is the energy per area and /,5 denotes a bath. Without such random forces, the magnetization would
functional derivative. The terms containing a>O describe never be driven out of a metastable state. Such a term could
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K
be added as a random field 4 to the right-hand side (rhs) of (i) E, is proportional to the sample cross-sectional area
Eq. (2.4) to form a Langevin equation. However, it is only and the energy 8 AkA of two 1r Bloch walls. This is in
necessary to consider the stochastic dynamics near the saddle contrast to the uniform barrier energy (3.3) which is propor-
point, and we give a derivation of the corresponding tional to the volume. For sufficiently elongated particles, this
Fokker-Planck equation in the Appendix. leads to a lower coercivity than theories discussed in the

Using the result Eq. (All) of the Appendix, we obtain previous section.
for the switching rate7'8 out of the metastable state (ii) For small external fields (R --+), where the nucleus

(KeIKh)(1/-)±1 1/2 ( consists of a reversed domain delimited by two domain
F1h e , (3.7) walls, the barrier energy is twice the domain-wall energy.

IT This shows the invalidity of the "activation volume" concept
where we have included a factor of 2 due to the existence of which assumes that the barrier energy equals the total anisot-
the two equivalent saddle points (3.2). The escape ropy energy of the reversed domain.
frequency 7'8 follows from Eq. (3.6), (iii) The saddle point is connected to the stable state via

a path of decreasing energy. Consider the sequence of con-
k+- a[Kh+Ke(h2- 1)) figurations that arise from Eq. (4.1) if we fix 3 at the value

-+1 +aI + e coth Re but vary R between 0 and -c. The energy of

+ Va 2[Kh + Ke( 1 - h2)]2 + 4 KhKe( 1 - h2 )}. such configurations is

(3.8) E=8 xAJ(tanh R-R sech2 R0 ),
For weak hard-axis anisotropy, i.e., 83VKh<l and

Ke>Kh, the out of easy-plane fluctuations become large and which increases from 0 (for R =0) to Es at R =R o and then
the system behaves as if Kh=0. In this case, there is a de- decreases monotonically until the domain walls leave the
generate class of energy barriers which arise from the con- sample and the magnetization is reversed. The way down
figuration (3.2) by rotation around the easy axis. Equation from the saddle point is thus not obstructed by intermediate
(A12) then yields the switching rate3.4  saddle points. As mentioned in Sec. I, this latter problem can

a 2(Ke3/2 ( 1/2 arise for saddle points of curling symmetry.
1+= 2  Me (1+h)(1-h2e-S). We are now going to investigate the energy near the

(3.9) saddle point 0. Expanding Eq. (2.3) to second order in the

fluctuations 9(x)= O(x)- O,(x) and p(x) = 7r/2- 0(x)
Although Eq. (3.9) has been derived in the moderately around the saddle point, we obtain
damped regime, it is proportional to the damping constant a
which is a characteristic of underdamped theories. E=E---E+ J dx . +. dx pJ Pp, (4.3)

with the operators
IV. NONUNIFORM MAGNETIZATION REVERSAL X d2  +._ X 1

Let us now return to the case of an elongated particle as dx + 75V \,R , (4.4)
described in Sec. II. The metastable state (0m 'Om) along the d 2

sample and antiparallel to the external field is now separated WP=A- W7 + 5-2V+ -,R +K h  (4.5)
from the stable state ( 6Ps,90) by the nonuniform energy bar- X
rier (see Fig. 1), The potentials are defined by

tan cosh[(x-x°)/I] =2  (4.1) V.(6,R)= 1-2 sech 2( +R)-2 sech2( -R)
2 sinh R S '

where sech2 R = h and 6 = A coth R. 2 6R is the dis- t2 sech(e+R)sech( -R). (4.6)

tance between the soliton and antisoliton constituting the Two eigenfunctions of the eigenvalue problems
nucleus (see Fig. 1). We have restricted ourselves to one of ; Xn -E.X, are exactly known: the Goldstone
the two equivalent saddle points tos. The arbitrary position mode
x0 of the nucleus along the sample gives rise to a Goldstone s oc sech(x/8-R) - sech(x/,6+R)
mode of zero energy in the spin-wave spectrum. 46, solves X h
the Euler-Lagrange equations, of zero energy which corresponds to a translation of the

(A/K) d 2 dX2 + Sin 0 cos p+i sin 0=0, nucleus, and the ground state
-(A/Ke~d2sp/ds2+sin /,cos qSsh sin bS=0

with the boundary condition that 'P merges asymptotically xSP0sech(xS-R)+sech(x/S+R)
into the metastable state. The corresponding barrier energy is of energy E = Kh.Since the former eigenfunction has one

Es= 8 tanh R - R sech 2 R), (4.2) node and the latter eigenfunction represents the ground state

of ks,, there is exactly one eigenfunction with negative en-
where the first term is the deformation energy and the second ergy. This proves the instability of the nucleus. Inserting Eq.
term is the Zeeman energy of the nucleus. Equation (4.2) has (4.3) into the Landau-Lifshitz equations (2.4), we recognize
three important features as follows, that the decay mode of the nucleus
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[(p+(x,t),p + (x,t)] eX+t[ q+(x),p+(x)], particle diameter=100 aspect ratio=15: 1

with \+>0 obeys the following eigenvalue problem: 4-no----for

M0 nonuform
(1+ a 2 ) T X+'+=K- Pp+-atCp+ , Kh=+,/5 uniform

(4.7) M- 0 Ke KhlI5
(1+a'2) o h+ p + _W JdS + - at WPP + "."

2 y 210.,

For the derivation of the switching rate we refer to the 10
-
4

Appendix. For h-*i, Eq. (All) can be evaluated exactly11

and we obtain the switching rate

= 1 MVKe L ,I.AKe(l h) 7/4 e Es. external field HextM0/(2Ke)

M0 AIKh
(4.8) FIG. 2. Magnetization reversal rate for uniform and nonuniform reversal

This result is plotted in Fig. 2 which clearly illustrates the The dashed line is the approximation of "constant attempt frequency"

coercivity reduction compared to uniform reversal. For small r-(2vK,/Mo)exp(-I3E.

Kh, i.e., SA3AIKh < 1, this result is not valid and we De-1 s-1, T=300 K, Kh=Ke/5, and a=0.05. Note that the
have to investigate an energy density with vanishing hard- value of the prefactor considerably affects the value of the
axis anisotropy Kh=O. The energy (2.1) then exhibits rota- rate as is illustrated by the three curves for nonuniform re-
tional symmetry around the easy x axis. To account for this versal which all have the same Arrhenius factor.
symmetry, it is more convenient to measure the polar angle In view of recent experiments, one should keep in mind
from the external field, i.e., that the coercivity changes drastically 12 with the angle be-

tween the external field and the particle axis. A precise align-
M/Mo= (COS r, sin T cos w, sin r sin wo) ment of the particle with respect to the field is therefore

(see Fig. 1). rs(x) = 0,(x) solves the Euler-Lagrange equa- extremely important.
tions in these new parameters, but it is completely degener- Note that we have assumed a constant cross section of
ate with configurations that arise from Eq. (4.1) by a rotation the particle. If the particle cross section is not constant, non-
around the easy axis by an angle 0--&)s<21r (see Fig. 1): A uniform barriers at different x0 are no longer degenerate but
given saddle-point structure (7-, w,) thus breaks the rota- they form a distribution of energy barriers. A single particle
tional symmetry and there must be a corresponding (Gold- can therefore behave like an ensemble of many particles.
stone) mode of zero energy in the spin-wave spectrum which So far we have neglected effects that occur at the particle
corresponds to an infinitesimal rotation of the nucleus around ends. The present treatment, however, also allows a first es-
the easy axis. As is shown in the Appendix, this rotation is timate for nucleation occurring at the particle ends. Assum-
equivalent to the ground state XV of .A9P which acquires ing that the anisotropy persists to the very end of the particle
zero energy for Kh=O. The explicit knowledge of the rota- and that the magnetization obeys open boundary conditions
tional and the translational Goldstone mode allows the evalu- dMldx(±L12)=O, the nucleus (4.1) with xo= -L/2 re-
ation of the statistical prefactor for all values of h,n and we stricted to x>0 describes the nucleation of a domain wall at
obtain from the Appendix the sample end at x= -L/2. The corresponding barrier en-

X+ 64 yKe (1-h) 2  ergy is then half that of the nucleus E,/2. In a real sample,

1 + a M0 f. '5L - - e-# , (4.9) however, the demagnetizing energy will lead to a decrease of
i 0hthe easy-axis anisotropy from Ke = Ke,cryst + M o to Ke

where for a > 1, X,=aIE ' Inserted into Eq. (4.9), this vlaue = Ke,cryst at the sample end and thus lead to a modification of
for i+ also provides a good approximation of the switching this picture. Finally, it should be noted that this behavior
rate for a :1. The prefactor in Eq. (4.9) remains finite since could be investigated experimentally by artificially pinning
for small h,1 we have E' = - 2hKe and for h-l, the sample ends by, e.g., a high-coercivity material.
E '9= - 3(1 -h)Ke. ACKNOWLEDGMENTS
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We have presented magnetization reversal rates for uni- This work has been supported by the Swiss National Science
form and nonuniform magnetization reversal. It has been Foundation and by NSERC of Canada.
shown that for elongated particles, a spatially localized APPENDIX
nucleus gives rise to a lower coercivity than a uniform bar- In this appendix we construct a Fokker-Planck equation
rier. This is also valid for the case of a vanishing hard-axis for the magnetization dynamics and derive the corresponding
anisotropy as is illustrated in Fig. 2, where the switching rate switching rate. We focus on the moderately damped regime
is plotted as a function of the external field. The following and barriers which are high compared to the thermal energy
material parameters have been used: A =5X 10-7 erg/cm, kBT. Since the prefactor is of the order 1010 s-1, this condi-
Ke=TM=7 1 erg/cm3, Mo=480 Oe, y=1.5× 1 tion is satisfied even for large switching rates.
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The present formalism which is based on work by Kram- lowest energy between the metastable and the stable state.
ers and Langer"3 allows us to rederive the results of Ziircher7  The goal of calculating the switching rate out of the meta-
and Klik and Gunther 8 in a simple way. In addition, this stable state thus amounts to the evaluation of the total prob-
method can be readily extended to interacting particles and ability current of a stationary nonequilibrium distribution
nonuniform magnetization configurations5,1 through a surface near the saddle point.

To simplify notation, it is convenient to use dimension- Since we consider high barriers, the desired nonequilib-
less units defined by [x] = AKe, [EIV] = 2Ke, rium probability distribution p will thus approach an equilib-
[t] = (1 + a2)Mo/(2yKe). Introducing the vectors q = ( ,p), rium distribution in the vicinity of the metastable state while
h = (h,,,,hs) with h,, = h2-1, h = kh/ke, the energy (3.4) it has to vanish beyond the saddle point. Following Kramers,
near the saddle point reads E=EQs + 3 2 h ,. The equations the stationary nonequilibrium distribution is assumed to fac-

of motion linearized around the saddle point take the follow- torize as follows near the saddle point:

ing form: p = peqF(u), (A6)

awhere F depends on the single coordinate u = 1, Ui , (even
at - M1 h1 gfr(t), (Al) in the case of arbitrarily many degrees of freedom), with

coefficients U to be determined. Inserting Eq. (A6) with Eq.
whereM is a matrix with M = M22

= a, M12=-M 21=1. (AS) into Eq. (A3) and using dp/Ot=O we obtain
The unstable mode i,(t) = ek+lip+ with X+>0 [Eq. (3.6)] 2

thus obeys the equation , M h +1,U d MFU1AF-1 --+duip - MIU,U T, u=O0, WA)

ij du 63 d u

+ += - . Mojh j . (A2) where the above boundary conditions imply F(--o)=l, F(o)
i =0. The consistency of the ansatz requires this to be a dif-

Rather than investigating the stochastic trajectories 0,(t) that ferential equation in u alone, and thus

arise by adding noise terms to Eq. (Al) we now focus on the I
probability p(&,)II, doj, of finding the system in a phase- , M ,,U,= KU, - I M,JU,U= YK. (A8)
space volume element H1, di/, around the state 0,. The dy- 'J tI
namics of this probability distribution is then governed by First we note that E,,M,, U( J = aX,U2 and thus YK>O. To
the Fokker-Planck equation elucidate the meaning of K we remark that the first equation

ap aJ, in Eq. (A8) is solved by Uy=hO! and therefore
+I . = 0, (A3) K=-X+<0. The constant y will cancel in the final result.

at I dOJ1  Equation (A7) then takes the form
with the probability current -u dFldu + Y d2F/du2 =0 and the boundary conditions on

F are satisfied by the solution

J , - M, hj + p. (A4) F(u)= J du expl--- " (A9)

Note that due to the structure of M only the diagonal part Inserting Eqs. (A9) and (A6) into Eq. (A4) we obtain
contributes to the second term in Eq. (A4). Equation (A3) 1 dF
can be formally derived from a Langevin equation with J,=- Z MJUJPq du
Gaussian white noise, but it is more instructive to consider 3 , du
the following heuristic motivation: (i) The coefficient of 0, in The switching rate is then given by the total probability fluxEq. (A4) is constructed such that a(p,)Iat=(p,/Ot}. (The Tesicigrt ste ie ytettlpoaiiyfu
Expectation ve is dced s ta t (The o through a surface near the saddle point which we choose forexpectation value is defined as (f) = f 1,d O~fp); (ii) the co- convenience to be u =0,
efficient of the derivative is determined such that the equi-
librium distribution near the saddle point, F= fdS Uil,= f ( ) f di/,S(u)peq.

=0 S U,=X 21

pcq=Z -1 exp[ -3( e,°0 + 1 hV) , (AS) / (A10)

The equilibrium probability density thus has to be evaluated
is a static solution of Eq. (A3) with vanishing current, where near the saddle point where it is given by Eq. (AS). Using

=1GV and e°) =E(°)/ V. Z is the normalization with respect 6(u) =f(dql27r)exp(iqu) we perform first the integration
to the vicinity of the metastable state. over the stable directions and then over q. The coefficient of

Equation (A3) represents a continuity equation in phase the resulting final Gaussian integration over the unstable
space. The "leakage" of the system out of a certain region of mode is negative although the energy decreases along this
phase space, e.g., the vicinity of the metastable state, is thus unstable direction. This follows from Eq. (A8) which implies
given by the flux through the boundary of this region. Due to that X,U,/h, = fy<O. Since Peq is strongly peaked around
the Boltzmann factor exp(- /E), this flux will be maximal the metastable state, we can use a Gaussian approximation
around the saddle point which represents the connection of and obtain Z = H, x121r/3hm, where h,,,=l-h and
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hmp = 1-h +KhIKe are the coefficients in a quadratic expan- For nonuniform configurations, we obtain by an adapta-
sion of the energy (3.5). We thus finally obtain for the tion of the previous method11 the following expression of the
switching rate switching rate:

X+i \ (O 81IhI 2T4, det i.i det 3J3mP] e 9 s
2 7T+ I lhm i l' /2 e O (A ll) r = - + - ( --T / ( d et , I /2( d et .W p e - E ,

(A13)
where X, is the decay frequency of the nucleus and the re-
maining term is the ratio of the partition functions evaluated which is expressed in dimensionless units. Since there are

in Gaussian approximation at the saddle point and the meta- two degenerate saddle points ±0,, a factor of 2 has been

stable state respectively. In the derivation of Eq. (All) it has included in Eq. (A13). "det" denotes now the infinite prod-

been assumed that there is only one single saddle point. uct [see Eq. (All)] of the eigenvalues of the fluctuation op-

Since Eq. (3.2) defines two equivalent saddle points, Eq. erators and the prime denotes omission of the eigenvalue

(All) has to be multiplied by a factor of 2 to yield the result Es'=0. J_9em=- d2/dx 2 + 1 -h, . P=,W'"'n+Kh/Ke de-

(3.7). scribe fluctuations around the metastable state (4m , 0.) and

Note that the result (All) is completely general and can HZ = L VE/ 2 AXKe arises from the integration over the
be extended to other situations with artibrarily many degrees translational Goldstone mode XiP. In the limit h-l, Eq.
of freedom such as interacting particles and spatially nonuni- (A13) can be evaluated analytically 1' with the result (4.8).
form situations. For vanishing hard-axis anisotropy Kh=O, the result

We now focus on the situation of a vanishing hard-axis (A13) fails since the ground state of JWP acquires zero en-
anisotropy Kh=0. In this case, hsp=Kh/Ke becomes zero orgy and needs a special treatment in the derivation of the
and the formerly stable direction at the saddle point becomes rate formula: A rigid rotation around the easy axis by an
flat. There is now a completely degenerate class of saddle angle dw corresponds to the fluctuation dq(x)=0,
points which is conveniently expressed in terms of rand o dp(x)=sin 4ks(x)d&o. Since sin ,sXO:fP, we also have
as in Sec. IV. The saddle point is then given as in Eq. (3.2), dp(x) = xdPdpo, and the integration over the mode ampli-
cos A0O°7= -h, but as a consequence of the rotational symme- tude Po in the Gaussian integral in Eq. (AlO) can be ex-
try around the easy axis the azimuthal angle 0-o,°O)-<27r is prcsscd as

arbitrary. +_f2 ) 1/2 f2 "d
Since the previous treatment required the existence of a f dpo= - dx sinE ebs J do

stable direction at the saddle point, the derivation of the
switching rate now proceeds along somewhat different lines. = 4 ir(tanh R + R sech2 R,
The difficulty arises when we try to perform the integration
in Eq. (AlO) over the variable 0-=p which diverges since which replaces the factor 21r/f3, E that arises for
h =0. The infinite integration domain in Eq. (AlO) is, how- Kh O. This fact allows an analytic evaluation of the statis-only sensible if the Gaussian of the par- tical prefactor for all values of It. Using the exact results"
ever, olsesbeithGasanapproxiain othpa- for the fluctuation determinants, we obtain Eq. (4.9) aftertition function provides a sufficiently fast decay. Since this restati nt
integration is related to the rotational degeneracy, it is inad- reinstating units.
equate to use an infinite integration domain. It rather has to 'M. Lederman, D. R. Fredkin, R. O'Barr, S. Schultz, and M. Ozaki, J.

be replaced by a finite integration over the angle to0. Since Appl. Phys. 75, 6217 (1994).
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Magnetic propertie, of nanophase cobalt particles synthesized in inversed
micelles

J. P. Chen and C. M. Sorensen
Department of Physics, Kansas State University, Manhattan, Kansas 66506

K. J. Klabunde
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Cobalt particles were prepared with the microemulsion method in the binary system of DDAB
(didodecyldimethylammonium bromide)/toluene by reduction of CoC12 with NaBH4. The average
particle size of the as-prepared samples could be varied from 1.8 to 4.4 nm by controlling the
concentration of CoCI2 in the solution of DDAB in toluene. TEM studies showed that the particles
were quite uniform and well isolated. The particle sizes determined from magnetic data were
consistent with those measured by TEM. The coercivity of the particles at 10 K increased from 640
to 1250 Oe as particle size increased from 1.8 to 4.4 nm. The blocking temperature of the particles
increased from 19 to 50 K for the same size range, The saturation magnetization o-s at 2 K increased
with decreasing particle size. The value of o of the particles with average size of 1.8 nm was about
200 emu/g, which is 20% higher than the bulk value. This implies that the magnetic moment per
atom is enhanced in the nanoparticle system.

I. INTRODUCTION When we studied the dependence of the spontaneous

Nanoscale materils show novel properties that are often magnetization on temperature at low field for zero-field
significantly dcooled samples, we found that the particles were not pure

changes dienatin f m t , kd tonfndmenta I metallic cobalt when the mole ratio of water to DDAB was
changes in coordination, symmetry, and confinement. In muhlretano.Fire1swshedafrto

magnetic materials advantage has been taken, for a consid-

erable time, of the variation of magnetic properties of fine samples with the same preparation except the water content.

particles due to effects such as single domains, superpara- In sample A 60 /d of 5 M NaBH4, whereas in sample B 30

magnetism, and surface interaction. Only recently, however, jul of 10 M NaBH4, was added to 10 ml of 0.01 M CoCI2
have magnetic studies proceeded into the ultrasmall regions solution in DDABtoluene. Sample A shows two peaks in

where more fundamental changes will occur as the bulk Fig. 1, while its saturation magnetization was just 50% of

transforms to the atomic. In this work we describe the syn- that of sample B, which had only one peak in o, vs T plot.

thesis of nanoscale metallic cobalt particles using an in- The two peaks imply two magnetic phases in sample A. In

versed micelle synthesis method. A consistent set of size de- nonmicroemulsion systems we have shown3 how water
causes the borohydrate reduction to create Co2B whereas Co

pendent magnetic data are obtained, the most surprising of cae the o sydae on tate Cous w ere Co
which show an enhanced, relative to the bulk, magnetic mo- is r sa ihe Absencepof ater.th w interprtithe
ment per Co atom. resv,.,s for sample A to imply that both Co and Co2B particles

II. EXPERIMENTAL METHODS 1.0 -
$ ZFC,

Cobalt particles were prepared by the microemulsion 8 , -3
method in the binary system of DDAB/toluene.- 2 NaBH 4
was used to reduce CoC12 to produce Co particles. First 0.6 .
COC12 .6H 20 was dissolved in a deoxygenated 11 wt %
DDAB solution in toluene at concentrations of 0.005-0.02 0.4
M. The reagent was trapped in the empty micelles and ,
formed a blue transparent solution. Then a 10 M NaBH4  02 ,,-A
aqueous solution was added on the condition of Y vvv
[BH4]:[Co2+]=3:1 and stirred. It eventually turned from blue 0.0
to black and formed a stable colloid. The colloid was dried in 0 50 100 150 200 250 300

a glove bag with all the toluene evaporated and formed a T(K)
paste sample. The cobalt particles were uniformly distributed
in the DDAB matrix.

The x-ray spectrum of a paste sample showed only the FIG. 1. Temperature dependence of the spontaneous magnetization at
(111) peak of fcc cobalt. Since the concentration of cobalt in H=50 Oc for zero-field cooled samples A and B. In sample A 60 l of 5 M

the sample is about 0.6 wt %, the other weaker peaks were in NaBH 4 , whereas in sample B 30 Al of 10 M NaBH4 , was added to 0.01 M

t m a the noin COCI 2 solution in DDAB/toluene The peak at 20 K in both A and B is due
the noise. to Co; the peak at 60 K in A is due to Co2B.
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FIG. 4. Relation between the anisotropy constant and size of Co particles.
FIG. 2. TEM photograph of the cobalt particles with an average particle size
of 3.3 nm.

The magnetic properties were measured by a SQUID
magnetometer. All the particles were in the superparamag-

were produced. On the other hand, in sample B only Co is netic state at room temperature. The sample was cooled in
produced. There was, of course, water present in sample B. zero field to 2 K, and then magnetization was measured as a
But at low concentration (one H20 molecule per DDAB mol- function of temperature in a 50 Oe field to determine the
ecule in sample B) the water must be fixed by the hydro- blocking temperature. The relation between the blocking
philic part of the DDAB and unable to participate in the Co temperature and the particle size is shown in Fig. 3. The
reduction. We remark that Pileni et al.4 found the oxidation blocking temperature increased as particle size increased,
states of copper metallic clusters changed with the change of which is consistent with the behavior of fine particles.
water content in the micelles. The blocking temperature should roughly satisfy the re-

With the above results in mind, we controlled the ratio of lationship
[H20]:[DDAB] below 1.5 to make pure metallic cobalt. The KV
particle size was varied by changing the CoCI2 concentration TB 3 ' (1)
in the DDAB/toluene system from 0.005 to 0.02 M. We have
also tried to increase the particle size by increasing the reac- where K is the anisotropy constant, kB Boltzmann's constant,
tion temperature to 50 'C, but no obvious change was ob- and V the average volume of the particle. With the knowl-
served, edge of the blocking temperature and the particle size, we

calculated the anisotropy constant for the Co ,articles as
shown in Fig. 4. The calculated anisotropy is larger than the

III. RESULTS AND DISCUSSION bulk value of fcc cobalt (2.7x 106 erg/cm3)5'6 and increases
A TEM study was carried out to size the particles and with the decrease of particle size.

study their morphology. The particle diameter changed from At 10 K, all the samples were in the ferromagnetic state.
1.8 to 4.4 nm as the CoCI2 concentration increased from The coercivities of different samples are shown in Fig. 5. As
0.005 to 0.02 M. Figure 2 is a TEM picture of one sample particle size increased, the coercivity increased, which is the
with an average diameter of 3.3 nm. The particles are well behavior of single-domain particles caused by thermal ef-
separated and their sizes are narrowly distributed. fects.
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FIG. 3. The blocking temperature as a function of size for Co particles FIG. 5. Size dependence of coercivity of Co particles at 10 K

J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Chen et al. 6317



6.0 , 225 T 2

DA

4.5 210

3.0 195

A 
AD 180

1.5 , A

D 165
0.0 20, ,0,5, , , ' ' ' *5

15 20 25 30 35 40 45 50 15 20 25 30 35 40 45 50

Diameter (A) Diameter (A)

FIG. 6. Magnetic moment per particle determined from o-, and susceptibil- FIG. 8. Saturation magnetization of Co particles at T=2 K (bulk or,= 166
ity and for different samples at temperatures higher than T". emu/g).

166 emu/g.7 An enhancement of the magnetic moment per
atom in cobalt has been observed in free cobalt clusters8 and

Above the blocking temperature, the magnetic anisot- ultrathin Co/Ag(001) films, 9 and has been predicted by theo-
ropy energy barrier of the single-domain particles is over- retical calculations 10'" this is the first time that the enhance-
come by thermal energy and superparamagnetism occurs.
The magnetic moment per particle was calculated from the
susceptibility and saturation magnetization. The results are IV. CONCLUSIONS
shown in Fig. 6 as a function of the TEM determined size. We have successfully made cobalt fine particles with the

All the above results are consistent with the properties of size varying from 1.8 to 4.4 nm. The Co particles are single-
ultrafine particles. The saturation magnetization (os) of the domain particles and in superparamagnetic state at room
cobalt particles at 2 K (Fig. 7) showed surprising behavior, temperature. The anisotropy constants in our Co particles are
The particles were not saturated even at 5.5 T despite their larger than that of bulk material. An enhanced magnetic mo-
large moments. To obtain o-, we plotted (T vs 1/H and ex- ment per Co atom compared to the bulk was observed. This
trapolated to I1H-0. Figure 8 shows the relation between enhancement increases with decreasing size to be -20%
the saturation magnetization and the particle size. The mag- greater than bulk for 1.8 nm particles. This result is consis-
netizations are larger than the bulk value of cobalt and in- tent with theoretical calculations and experimental results in
crease with decreasing particle size. For the smallest par- free cobalt clusters.
tides, the saturation magnetization was about 200 emu/g,
about 20% larger than the bulk value of fcc cobalt, which is ACKNOWLEDGMENT
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Magnetic and structural properties of vapor-deposited Fe-Co alloy particles
S. Gangopadhyaya) Y. Yang, and G. C. Hadjipanayis
Department of Physics, University of Delaware, Newark, Delaware 19716

V. Papaefthymiou
University of loannina, 453 32 loannina, Greece

C. M. Sorensen
Department of Physics, Kansas State University, Manhattan, Kansas 66506

K. J. Klabunde
Department of Chemistry, Kansas State University, Manhattan, Kansas 66506

The structural and magnetic properties of two Fe-Co alloy particles with composition
Fe1 oO_..Cox(x=45,65) were studied using x-ray diffraction, x-ray photoelectron spectroscopy,
transmission electron microscopy, superconducting quantum interference device magnetometry, and
Mbssbauer spectroscopy. The particles were nearly spherical in shape with an average particle size
around 350 A. Particles formed long chains and showed a core/shell particle morphology. X-ray
diffraction and M6ssbauer studies showed the presence of bcc a-Fe-Co and CoFe204 phases with
the former as the majority phase in Fe55Co 45 and the latter the majority phase in Fe35Co 65 . The
room-temperature coercivities of both of these samples were much higher than those in Fe particles
with values exceeding 2.2 kOe. The Fe35Co65 sample showed a drastic temperature dependence of
coercivity from 1.5 kOe at 300 K to 15 kOe at 10 K. The structural and magnetic data suggest a
core/shell morphology with the surface oxide layer having a very important impact on both the
magnitude and temperature dependence of the coercivity of the whole particle.

Previous studies on Fe, Co, and Ni particles prepared by 1-2

gas evaporation have shown large coercive forces with val- .. XR f,,,

ues of 1050, 1200, and 100 Oe, respectively.' Transmission 7 ;-'oE

electron microscopy (TEM) and M6ssbauer studies indicated
a core-shell particle structure with a metallic core surrounded
by the corresponding oxide shell. Micromagnetic
calculations2 and experimental studies3 on passivated and ,unpassivated y-Fe20 3 particles have shown that the thickness o
and magnetic state of the oxide layer affects the switching A I

fields and hence the coercivity of the particle. In passivated o
Fe and Co particles the hysteresis behavior was found to be
strongly dependent on the amount of surface oxidation and.,_
the magnetic interaction at the core-shell interface was 00 o,

claimed to be responsible for the high coercivity.4 Previous 30 0 0 0 0 80 0
work 5 on Fe-Co alloy particles has shown coercivities ex- (a)
ceeding 2.5 kOe which are much higher than those of either
Fe or Co particles. A similar behavior has been observed on
elongated Fe-Co particles prepared by electrodeposition6 and "wo,
the high coercivity was attributed to the presence of a cobalt
ferrite oxide layer on the surface of the particle. i

In the present paper we try to understand the origin of 0

the high coercivity of Fe-Co alloy particle samples by com-
paring their structural, microstructural, and magnetic proper- 0 ,
ties. 0 W

Two Fe-Co alloy particle samples prepared by the gas o I
cvaporation method were obtained from Vacuum Metallurgi- A

cal Co., Japan.
The structure of the particles was determined by x-ray ° 2"

diffraction (XRD) and selected area diffraction (SAD) pat- 0 .1 a
terns. The particle size was determined by transmission elec- 0 , 0. 0.

tron microscopy (TEM) and their composition was deter- (b) 40 d0 o 00 0

)Current address. Center for MINT, University of Alabama,Tuscaloosa, AL FIG. 1. XRD patterns of the Fe-Co samples. (a) Fe35CO, (b) Fe55C 45

35847.
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FIG. 4. Zero-field-cooled (ZFC) and field-cooled (FC) hysteresis loop in an
Fe35Co9 sample.

The x-ray diffraction pattern of Fe55Co45 was dominated

by bcc Fe-Co, with few extremely weak and broadened
peaks corresponding to CoFe20 4 [Fig. l(a)], while the pat-

FIG. 2. Bright-field TEM micrographs of (a) Fe5 5Co45 and (b) Fe35Co6. tern of Fe35 Co65 showed strong and relatively broadened
peaks corresponding to CoFe 204 [Fig. 1(b)]. The asymmetric

broadening of the CoFe 20 4 peaks may be due to the small
mined by energy dispersive x-ray analysis (EDAX). X-ray grain size and the off-stoichiometric composition of
photoelectron spectroscopy (XPS) was used to probe and CoFe204 . The presence of an Fe/FeCo phase could not be
characterize the surface of the particles. The magnetic prop- detected unambiguously due to the overlap of its d spacing
erties were measured by both a vibrating sample magneto- with that of the asymmetric broadened peaks of the CoFe204
meter (VSM) and a superconducting quantum interference phase. Selected area diffraction (SAD) patterns agreed with
device (SQUID) magnetometer. M ssbauer spectroscopy the XRD results.
was also carried out to determine the type of the oxides Bright-field micrographs obtained for the two samples
present. revealed that the particles were about spherical in shape and

The two samples studied had a nominal composition formed a long chain-like structure. The average grain size of
Fe 0 uCos with x=45 and 65. EDAX measurements gave the two samples was about the same and -350 A (Fig. 2).
the x values of 43 and 64, respectively. The particles in the Fe35Co65 sample showed a very distinct

contrast between the inside core area and surface shell region
16 as shown in Fig. 2(b).

4 -0The magnetic properties of these samples were measured

S .oin the temperature range from 10 to 300 K. Fe35Co65 showed

12 - 0 FesCo4 5  an M, around 30 emu/g while in Fe55C0 45 M, was much

O O Fe35Co 6 5
10 - "2000C- -
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FIG 3. Temperature dependence of coercivity in the two Fe-Co samples. FIG. 5. XPS spectra of Fe55Co 45
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TABLE I. M6ssbauer parameters 8 is the isomer shift. AEQ is the quadru-

I rio 00 -pole splitting. H is the hyperfine field.

99.70 Sample 6(mm/s) AEQ(mm/s) H(kOe) AH(koe) % Phase

9S. U0 - Fe55Co45  0.40 0.02 504 20 28 (Fe,Co)304
0.14 -0.004 362 80 72 Fe-Co

Fe35Co, 0.37 0.018 506 15 A (Fe,Co)30499.10 0.51 -0.02 529 12 B

98.80 -

Mbssbauer spectra for Fe55Co45 showed a mixture of
Fe-Co alloy and cobalt ferrite while the spectrum of Fe35Co65939. so - showed only CoFe204 (Fig. 6). The ratio of Fe3+ at the A and

B site was 1.6:1 instead of 1:1, indicating an off-

se.00 - stoichiometric CoFe20 4 . The M6ssbauer parameters are
listed in Table I. The fact that no FeO has been observed with

.0o Mbssbauer indicates a small percentage of this oxide (<5%).
- This is different in XPS, where a thin FeO layer on the

so. 0 - surface can result in a corresponding peak in the spectrum.
, The XRD and Mbssbauer results on the Fe-Co alloy par-

97.so ticles indicated a core-shell particle morphology. In Fe55Co45/, ,i , l , i T i J, ,, ,, , it i the core is a bcc Fe-Co alloy while the shell consists of
-12 -10 -8 -6 -U -2 0 2 it 6 8 10 1 Fe-Co oxides with CoFe204 as the majority oxide. In

VELOCITY" Of/SEC)
FIG. 6. Mossbauer spectra of the two Fe-Co samples (a) Fe55Co45, (b) Fe35Co 65 the core/shell morphology is composed of stoichio-
Fe3 Co6.S  metric and off-stoichiometric CoFe 20 4, respectively.

Based on the present and our previous experiments with

higher, over 170 emu/g. Such a difference in the magnetiza- passivated Fe particles, 4 we believe that the CoFe20 4 oxide

tion of the two samples could be due to the presence of a layer plays an important role in the magnetic properties of
the particles. It results in a large surface-pinning force, whichlarge am ount Of C oFe20 4  in Fe35C o65 as com pared to i p d s t e r t t o f m g ei ai n n a h n e f c

Fe55Co45 , and to possible surface spin pinning in the former impedes the rotation of magnetization near the interface
because of a thicker cobalt ferrite shell. The decrease in M layer toward the direction of the external field, and thus it
with increasing T (10-300 K) was only about 5%. Tht -e- leads to the high coercivity and nonsaturation effects even at

manence was about 0.5 in both the samples. The temperature 55 kOe. The anisotropy constant K1 of CoFe 20 4 is much

dependence of coercivity for the two samples was quite dif- higher than that of Fe30 4 (the values are 2X 106 and

ferent, as shown in Fig. 3. The coercivity of the Fe35Co65  -1.1×105 erg/cm 3 at room temperature, respectively 7) and
sample was -1.5 kOe at 300 K and increased to 15 kOe at has a strong temperature dependence: K1 (0 K) is almost an

10 K (about 900% increase) while the coercivity of the order of magnitude higher than K1 (300 K).8 This large tem-

Fe55Co45 sample was 2.2 kOe at 300 K and increased slightly perature dependence of K1 explains the drastic temperature

to 2.7 kOe at 10 K (only 25% increase), dependence of the coercivity in Fe35Co65 .
Field-cooled hysteresis loops on both samples showed a This work has been supported by NSF-CHE-9013930.

shift to the left (Fig. 4) with the value of the shift much The Fe-Co alloy particle samples were supplied by Dr. M.

larger in the Fe35Co 65 sample (about 3 kOe in Fe35Co65 and Oda of Vacuum Metallurgical Co., Japan.

0.5 kOe in Fe55Co45 at 10 K). The shift in the field-cooled
(FC) loops (H.o 1=20 kOe) is believed to be the result of 's. Gangopadhyay, G. C. tadjipanayis, B Dale, C M. Sorensen, and K. J.
exchange interaction at the interface of a core-shell particle Klabunde, Nanostruct. Mater. 1, 77 (1992).

morphology. The larger amount of shift in Fe35Co65 is con- 2 M. E. Schabes, J. Appl. Phys. 67, 5149 (1990)

sistent with the presence of a thicker cobalt ferrite shell. 3 T. Miyahara and K. Kawakami, IEEE Trans. Magn. MAG-23, 2877
(1987).

XPS is a sensitive technique to detect the type of oxides 4S. Gangopadhyay, G. C. Hadjipanayis, S. I. Shah, C. M. Sorensen, K J.

on the surface of the particles. The presence of the Fe-Co Klabunde, V. Papaefthymiou, and A. Kostikas, J. Appl. Phys. 70, 5888

oxides was determined by deconvoluting the asymmetric ~(1991).
5 A. Tasaki, M. Oda, S. Kashu, and C. Hayashi, IEEE Trans. Magn. MAG-broadening of the higher-energy edge of the metallic Fe and 15, 1540 (1979).

Co peaks. Figure 5 shows the spectrum of Fe5 5Co45 around 6 R. B. Falk and G. D. Hooper, J. Appl. Phys. Suppl. 32, 190S (1961).
the binding energy of Fe. These data show clearly the pres- 7B. D. Cullity, Introducion to Magnetic Materials (Addison-Wesley,

ence of surface oxides in both samples. Because XPS probes Reading, 1972), p. 234.
tece surface oider, athin b lyroth s lesecse cn proest 8J. Kanamon, in Anisotropy and Magnetosiriction of Ferromagnetic and
the surface layer, a thin Fe-O layer on the suriace can result Antferromagnetic Materials, Magnettsm, edited by G. T. Rado and H
in a corresponding peak in the spectrum. Suhl (Academic, New York, 1963). p. 174.
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Extended x-ray-absorption fine-structure studies of heat-treated
fcc-Fe5oCu5o powders processed via high-energy ball milling

R Crespo and A. Hernando
Instituto de Magnetismo Aplicado, P0. Box 155, Las Rozas, 28230 Madrid, Spain

A. Garcia Escorial
CENIM-CSIC, Avenida, Gregoria del Amo 8, 28040 Madrid, Spain

K. M. Kemner and V. G. Harris
U.S. Naval Research Laboratory, Washington, DC 20375

The local structure and chemistry of a ferromagnetic fcc-FeSOCu50 solid solution obtained through
high-energy ball milling were measured before and after heat-treatment-induced decomposition
using extended x-ray-absorption fine-structure measurements. The decomposition is first evident
with the phase separation of a-Fe after a heat treatment at 523 K. Analysis of the residual fcc
component revealed that the Fe atoms were predominantly surrounded by other Fe atoms,
suggesting that the Fe has coalesced within the fcc structure. The Fe atoms within the fcc phase
likely exist in low-spin clusters which provide an expidliation for the reduced values of
low-temperature magnetization previously measured in annealed samples [P. Crespo et al., Phys.
Rev. B 48, 7134 (1993)].

Much research has been focused on the FexCu l -x sys- conversion electron mode after attempts to employ the trans-
tem since it was shown that the miscibility of Fe in fcc-Cu mission mode failed due to our inability to grind the powder
can be greatly enhanced, 0--x--0.6, through high-energy ball to the scale required for EXAFS measurements. In using the
milling. 1 4 In recent work,3'4 some of the authors have re- conversion electron technique we applied a generous amount
ported on the magnetic and structural properties of a ferro- of the powder over a still-wet coating of colloidal graphite
magnetic fcc-Fe50Cu50 solid solution processed using high- on a substrate of commercial grade Al foil. As per this tech-
energy ball milling. Their findings indicate anomalous nique, the absorption spectra was measured as normalized
magnetic behavior for heat-treated samples in the intermedi- sample current (see Ref. 5 for details of the operation and
ate stages of decomposition. Specifically, a significant de- performance of the cop,,er-io, electron cell used here).
crease of the low-temperature magnetization relative to the Following established EXAFS analysis procedures6 the
value measured for the as-milled sample was observed in fine structure extending from 20 to 600 eV above the absorp-
annealed samples where multiple phases are present. This tion edges were first normalized to the edge step height and
behavior cannot be accounted for by a nucleation and growth energy, then fitted with a cubic spline curve to remove a
decomposition where the alloy separates into pure fcc-Cu low-frequency background oscillation, and converted to pho-
and bcc-Fe components. Alternatively, these authors have toelectron wave-vector (k) space. These data were then Fou-
suggested a spinodal mechanism to describe the decomposi- rier transformed to radial coordinates in order to obtain direct
tion process. In an attempt to elucidate the decomposition information of the structure and atomic symmetry around the
mechanism in this material we have measured the average Fe and Cu sites. Quantitative information of the local struc-
local structure and chemistry around the Fe and Cu sites ture and chemistry around the Fe sites were obtained by fur-
before and after heat treatments using extended x-ray- ther fitting the near-neighbor peak of the Fourier-transformed
absorption fine-structure (EXAFS) measurements. EXAFS data with empirical and theoretical standards.

Powder samples, having a nominal composition of EXAFS data for the as-milled sample were fit using theoreti-
Fe50CuSO, were fabricated by high-energy ball milling Fe cal EXAFS spectra generated by the FEFF codes (ver. 3.11)
powder with Cu foil for a period of 400 h in a Fritsch vibrat- developed by Rehr and co-workers.7 Alternatively, the fitting
ing mill. X-ray-diffraction measurements of the milled pow- of data collected from annealed samples, where multiple
der revealed only Bragg peaks corresponding with a single phases were present, was performed using empirical stan-
fcc phase having a lattice parameter of 3.641 A. Samples of dards of bcc-Fe and fcc-FeCu (simulated using the Fe
the as-milled FeCu powders were annealed under flowing EXAFS collected from the as-milled sample). These empiri-
argon gas to temperatures ranging from 523 to 923 K at a cal standards were chosen because the x-ray-diffraction mea-
rate of 20 K/min and were then allowed to cool. Details of surements indicate that bcc-Fe precipitates from the solid
sample processing and characterization, including results of solution upon heat treatment. We assume that the remaining
x-ray-diffraction, M6ssbauer effect, and magnetization mea- fcc phase consists of both Fe and Cu atoms still in solution.
surements, have been reported in Ref. 4. All fits were performed in k-space using a least-squares-

A portion of the as-milled and annealed powders were fitting algorithm.
examined using the NRL materials analysis beamline, X23B, Information of the local structure and chemistry around
at the National Synchrotron Light Source (Brookhaven Na- the Fe and Cu sites is contained in the Fourier transform of
tional Laboratory, Upton, NY). The x-ray-absorption spectra their respective EXAFS data. These data for the as-milled
near the Fe and Cu K absorption edges were collected in sample are presented in Fig. 1 with similar data collected
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FIG. 1. Founer-transformed Fe and Cu EXAFS from the as-milled Fe5oCuso
sample. Similar data collected from a fcc-Cu standard arc shown for com- FIG. 2. Fourier-transformed Fe EXAFS data for the as-milled sample and
parison. All data were transformed using k2-weighting and k-ranges of 2.5- those samples annealed at T=523, 723, 823, and 923 K. All data were
12.5 A-'. Electron phase-shift corrections have not been included, therefore transformed using k2-weighting and k-ranges of 2.5-12.5 A-'. Electron
radial distances do not correspond directly with bond lengths. phase-shift corrections have not been included, therefore radial distances do

not correspond directly with bond lengths.

from a Cu foil used here to represent the fcc structure. Data
corresponding with the as-milled sample are shown to re- from an electronic interaction brought about by the filled
semble closely the fcc structure of the Cu standard in both d-band of Cu interacting with the unfilled d-band of Fe.
the relative amplitude and radial distance of Fourier peaks Figurz 2 depicts the Fourier-transformed Fe EXAFS data
appearing over the range of 1-5 A. Slight changes in relative for the as-milled and annealed samples illustrating the evo-
amplitude and distance of these Fourier peaks between the lution of local structure around the Fe site as a function of
milled sample data and the fcc Cu standard can be attributed heat-treatment temperature. All the data presented in Fig. 2
to the increased structural disorder of the milled powder and are shown on the same x and y axes without offset or nor-
the smaller diameter of the Fe atom, respectively. malization to allow for the direct comparison between

1ii,ting of the near-neighbor peak of the EXAFS data samples annealed at different temperatures. The as-milled
presented in Fig. 1 using FEFF generated EXAFS spectra in- sample and the sample annealed at 523 K have nearly iden-
dicates that the first coordination shell around both the Fe tical transform profiles, indicating that the local st ucture
and Cu atoms consists of a mixture of Fe and Cu atoms around the Fe atoms remains largely unchanged after this
which reflect a stoichiometry of Fe48Cu52, a result consistent low-temperature anneal. However, the data corresponding
within the uncertainty of the EXAFS fitting analysis with the with the sample annealed at 723 K displays significant
nominal composition of the starting powder mixture. This changes in the Fourier features appearing over the r range of
analysis establishes that atomic level mixing has occurred 3-5 A (uncorrected for electron phase shifts). This transform
around Fe and Cu sites due to the ball milling operation and illustrates features common to both bcc and fcc structures,
indeed an fcc solid solution exists. Attempts to include a bcc indicating that the Fe atoms exists in both phases after this
component to the fit resulted in a significant deterioration of heat treatment. Evidence for the bcc phase is seen in the
the least-squares-fitting parameter, as did attempts to simu- large peak appearing near 3.5 A which corresponds with the
late coherent fcc-Fe clusters within the Cu matrix. Further cube-diagonal unit-cell site and the body-centered site of the
details of this analysis will be presented elsewhere. adjacent cell. Anneals at still higher temperatures are seen to

Fitting of both the Fe and Cu EXAFS data found a further advance the chemical and phase separation: The
Cu-Fe(Fe--Cu) bond of 2.60±0.02 A, significantly larger Fourier-transformed data for samples annealed at 823 and
than the sum of the Goldsmidt radii (assuming a coordination 923 K closely match the bcc Fe transform presented in Fig. 2
of 12), 2.55 A. However, this result is consistent with x-ray- in both relative amplitude and radial distance of Fourier
diffraction measurements of the as-milled powder 2 which in- peaks.
dicate a larger lattice parameter for the solid solution, Information of the local chemical environment ai differ-
a0=3.641 A, than that of fcc Cu, a0 =3.b15 A. The Fe-Fe ent stages of decomposition would be very useful in provid-
and Cu-Cu bonds are measured to be 2.53±0.01 A. Taken ing insight to the nature of the decomposition mechanism
together, the resulting EXAFS lattice parameter, 3.627±0.02 and in turn assist in our understanding of the magnetic prop-
A, matches within the EXAFS fitting uncertainty to the value erties. However, because the photoelectron backscattering
obtained by XRD. The distorted bond distance of the Cu-Fe amplitudes of the Cu and Fe atoms are similar, it is difficult
correlation is apparently responsible for the distorted lattice to extract information of the local chemistry from a qualita-
measured by XRD. However, at this time we can only specu- tive inspection of the data presented in Fig. 2. To this end, we
late that the repulsion between the Fe and Cu atoms arises have performed a quantitative fitting analysis of the near-
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neighbor Fourier peak for all samples whose data appear in I
Fig. 2. Because the Fe atom may occupy more than one
inequivalent site in these partially decomposed samples, de- bcI

pending upon the nature of the decomposition and the an- 08 -- A- ffcc
nealing temperature, it is difficult to fit the EXAFS data us- , 7=K 

-

ing only FEFF generated EXAFS spectra. This difficulty 0 6 211(

arises from the increasing number of independent variables <
(used in fitting) corresponding with each inequivalent site.

Hence, we chose to fit these data using empirical standards 0.4 Z
of bcc-Fe and fcc-FeCu. Through this approach multiple in- <
equivalent Fe sites in the annealed samples are simplified to Phoxectron Wave Vector (A,)

two, those existing in bcc and fcc symmetries. This modeling 0.2 ..
does not take into account the variation in local chemistry
around the absorbing atom. It does, however, provide a 0 *1. . . . .
means of measuring the relative fraction of atom which oc- 200 300 400 500 600 700 800 900 1000
cupies those sites differentiated by symmetry made possible
by the differences in local atomic symmetry between the bcc Annealing Temperature (K)
and fcc structures.

The results of the fitting analysis of the annealed FIG. 3. Atomic fraction of Fe atoms occupying bcc and fec sites in heat-
samples are presented graphically in Fig. 3. The inset plot treated samples as a function of annealing temperature. Results were derived

from EXAFS fitting of the near-neighbor (NN) region of the Fourier-
illustrates the experimental Fourier-filtered Fe EXAFS data transformed data presented in Fig. 2 using empirical standards. The inset
of the near-neighbor region and the best-fit calculation for plot illustrates the experimental Fourier-filtered NN Fe EXAFS data for the

the sample annealed at 723 K. The as-milled sample and the sample Panealed at 723 K and the best-fit calculation. Error bars reflect a
100% increase in the least-squares-fitting parameter. The lines connecting
the data points are presented to illustrate the qualitative trend with annealing

fcc component to the near-neighbor environment of Fe. After temperature.
an anneal at 723 K, however, 30% of the sample exists in a
bcc phase with 70% remaining in the fcc phase. Anneals at residual fcc phase have coalesced within the Cu matrix dur-
823 and 923 K further advance the decomposition with a bcc ing the heat-treatment-induced decomposition. Furthermore,
atom fraction growing to 68% and 72%, respectively. The it is likely that these fcc clusters of Fe are sufficiently small
error bars presented in Fig. 3 represent a 100% increase in so as to exist in a low-spin state, thus providing an explana-
the goodness of fit parameter, indicating a significant dete- tion for the reduced magnetization at low temperatures re-
rioration relative to the best fit. The increase in error bar for ported in Refs. 3 and 4.
samples annealed at 823 and 923 K is attributed to the This work, in part, has been supported by the Spanish
gradual change in chemistry of the residual fcc phase with CICYT through Projects No. Mat. 92-0491 and No. Mat.
increasing annealing temperature. In these samples the em- 92-0404. A. Hernando acknowledges support of the BBV
r'zical fcc-FeCu standard becomes a poor simulation of the Foundation. The EXAFS measurements were carried out at
fcc component. the National Synchrotron Light Source (Brookhaven Na-

The observed magnetic behavior reported in Refs. 3 and tional Laboratory, Upton, NY), which is sponsored by the
4 cannot be explained by a simple nucleation of fcc-Cu and U.S. Department of Energy (Division of Material Science
bcc-Fe from the as-milled fcc solid solution. The decrease of and Division of Chemical Sciences of the Offi e of Basic
low-temperature magnetization (relative the value of the as- Energy Sciences). KMK acknowledges support from the Na-
milled powder) with the appearance of the bcc phase sug- tional Research Council-Naval Research Laboratory research
gests that a significant amount of Fe must exist in a low-spin associate program.
state, either as small clusters of fcc-Fe or dilute Fe in fcc-Cu.
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t' Structure analysis of coprecipitated ZnFe 20 4 by extended x-ray-absorption
fine structure

B. Jeyadevan, K. Tohji, and K. Nakatsuka
Department of Resources Engineering, Tohoku University, Aramaki, Aoba, Aoba-ku, Sendai 980, Japan

Though the anomalous antiferromagnetism of zinc ferrite was a subject of intensive studies in the
past, the unusually high magnetization of coprecipitated zinc ferrite at low temperatures has drawn
renewed interest among researchers. The local structures of zinc ferrites around Fe and Zn atoms are
measured using extended x-ray-absorption fine structure and the results are discussed in correlation
with their magnetic properties. The structure around the Zn atom was found to di"fer between zinc
ferrite produced by ceramic and coprecipitation techniques. The position of the second-nearest
neighbor of the Zn atom for coprecipitated zinc ferrite was shorter than tb, one produced by the
ceramic method. This suggests the possible occupation of the Zn atoms in the octahedral sites and
the cause for the unusually high magnetization in coprecipitated zinc ferrite. Furthermore, the
intensity of the peak is weak compared to the one produced by the ceramic method. This is thought
to be due to the deformation induced by the occupation of zinc ions in the octahedral sites, causing
a decrease in the structural periodicity.

I. INTRODUCTION slowly cooled to room temperature, and ground to powder
again.

Zinc ferrite (ZnFe20 4) is usually assumed to be a com- (b) Coprecipitation technique-The coprecipitated

pletely normal spinel with zinc ions exclusively occupied in
ZnFe20 4 was prepared by the method described in Ref. 4.the tetrahedral sites. This is described as an anomalous anti- (c) Coprecipitation followed by annealing-The copre-

ferromagnetic substance with a N6el temperature around 10 cipitated ZnFe2 b4 is calcined at 1373 K for 3 h, cooled

K. The magnetic behavior of ZnFe204 has drawn much in- slowly, and ground to powder in a grinder.

terest and has been a subject of intensive studies.' 2 To ex- The ferrt prepa r b t abovenmetr

plain the anomalous behaviors, it has been suggested that me x-ray dration. The lo strutr ws ay
smal amunt f F ios ocupytetahedal A) itesandthe ined by x-ray diffraction. The local structure was analyzed

small amount of Fe ions occupy tetrahedral (A) sites and the using EXAFS by measuring the absorption spectra at Fe and
Fe(A) ions and their 12 nearest neighbors at octahedral (B) Zn K-edges. The sample was mixed with polythelene and

sites form a cluster. Each of the Fe (B) spins is coupled with pl wede. The maetation ofth podtsere
the e () sinsby B iterctio whch s mch troger pellets were made. The magnetization of these products were

the Fe (A) spins by AB interaction which is much stronger also measured in a vibration sample magnetometer (VSM) inthan the BB interaction.3 These experiments have been car- the 5 K to room temperature range.

ried out on polycrystalline samples prepared by the ceramic

method. However, very recent research on ultrafine ZnFe204
prepared by the coprecipitation technique,4 with a defect-fret 111. RESULTS AND DISCUSSION
crystal structure, 5  has showed unusually higher A. Magnetization of ZnFe204
magnetization.6 Furthermore, the magnetization was found to
vary with particle size and takes a maximum around 8 nm The magnetization temperature curves of ZnFe 20 4 pre-
diameter. 7'8 In this paper, we report the results of structure pared by the methods described in the previous section was
analysis of coprecipitated ZnFe20 4 using extended x-ray- measured using VSM in the temperature range 5-293 K at 6
absorption fine structure (EXAFS), in sear:h of an answer to kOe are given in Fig. 1. As can be seen, the magnetization
the high magnetization observed in copecipitated ZnFe20 4. shows an increase with decreasing temperature and attains
This may solve the unresolved problem of scientific interest maximum around 20 K, in the case of ZnFeO 4 produced by
and provide clues to produce particles with high magnetiza- the ceramic method and coprecipitation followed by anneal-
tion. ing. But, in the case of coprecipitated ZnFe20 4, the magne-

tization continues to increase with decreasing temperature
and the increase at 6 K is about 16X that of the value at

II. EXPERIMENT room temperature. The x-ray-diffraction analysis confirmed
that ZnFe20 4 produced by all three methods crystallized inA. Sample preparation and characterization
the spinel structure and the cation distribution in the structure

The ZnFe20 4 samples were prepared by the following is believed to be the main cause for the differences in mag-
procedure: netic behavior among zinc ferrites prepared by different

(a) Ceramic method-The powders of ZnO and Fe2O3 of methods. The reason for higher magnetization has been sug-
chemical grade were mixed at a mole ratio of 1:1 in a me- gested to be due to high concentration of magnetic clusters in
chanical mixer. The mixture was calcined at 1373 K for 3 h coprecipitated zinc ferrite. Neutron-diffraction studies have
in oxidizing atmosphere and cooled slowly. Then the product revealed a high concentration of Fe ions in the A sites that
was ground in a mechanical grinder for 1 h. After, it was form clusters with the Fe atoms in the B sites. It also has
calcined again at 1373 K for 3 h in the oxidizing atmosphere, been reported that the ZnO:Fe2O3 ratio of coprecipitated
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FIG. 1. Magnetization temperature curves of ZnFe 2O4 produced by different
methods.

in the octahedral sites, the second-nearest peak is a result of

ZnFe2Q4 is the same as that of the one produced by the the scattering from Fe-Fe atoms and Fe-Zn atoms, where Zn
ceramic method, meaning that there is no density difference atoms are occupied exclusively in the A sites.
among the ferrite produced by different methods. Therefore Considering the peak intensities between ZnFe2Q4
the concentration increase of Fe ions in A sites would lead to samples, it could be seen that the peak intensity of coprecipi-
the occupation of zinc ions in the B sites. To find an expla- tated ZnFe204 is weak compared to the samples produced by
nation for the above differences, structure information of other methods. As far as the peak positions are concerned,
zinc ferrites is necessary. the distance between the central atom and the second-nearest

peak is marginally greater in the case of coprecipitated

B. EXAFS of ZnFe 20 4  ZnFe204.
EXAFS spectra of ZnFe 204 at the Zn K-edge were mea-

EXAFS is an ideal tool to investigate the local structure sured. Fourier transforms of the same are given in Fig. 3. The
of matter. The local structure information, such as inter- two intensive peaks in the Fourier transform are centered
atomic distances (in the case of spinel structure, this would around 1.5 and 3.1 A in the case of ZnFe20 4 produced by the
lead to the determination of the sites occupied by the atoms), ceramic method and coprecipitation followed by annealing,
coordination number, and the kind of surrounding atoms whereas, in the case of coprecipitated ZnFe20 4 , the peaks
around a selected x-ray absorbing atom could be studied. centered around 1.6 and 2.8 A and the intensity of the peak

The EXAFS spectra of ZnFe20 4 prepared by the meth- at 2.8 A was very weak compared the ones produced by
ods described in Sec. 11 at the Fe K-edge are measured and other methods.
the Fourier transform of the above spectra are given in Fig. The Fourier transform of the spectra at Fe and Zn
2. The two intensive peaks in the Fourier transform are cen- K-edges for ZnFe20 4 produced by ceramic and coprecipita-
tered around distances of 1.45 and 2.6 A. In the case of tion methods showed considerable difference in amplitude of
ZnFe20 4, if we assume the Fe atoms to occupy exclusively radial structure function. A similar observation was made by

Maeyama et al.9 for ZnFe20 4 of 56 and 5 nm diameters. The
,14 reduction in radial structure function, which is directly re-

1lated to the coordination number, was considered due to the
I F12 Fe--Fe/Zn Fe K-edge increase in the surface atomic layer for finer particles. The

10 ( , ,broadening of the metal-metal peak in the Zn K-edge has
been considered due to the amorphous state of the sample.

8 *,i In our study, if we consider the second-nearest peak in
the Fourier transform of the spectrum at the Zn K-edge in all

C 6J.three samples, it is clear that the peak of coprecipitated
(b) ZnFe204 has become broader and the peak maximum lies at

(a distance shorter than in the other two cases. The peak

2 " . broadening can be caused as a result of (a) the disordered
state of the sample and (b) scattering from atoms two differ-

0 1 2 3 4 6 ent distances; i.e., the peak is a result from the contribution
of two different peaks. If it is true that the zinc atoms occupy
only the A sites, it is not possible to get a response at shorter

FIG. 2. Fourier transforms of ZnFe204 prepared by (a) the ceramic method, atomic distance than that of ZnFe 20 4 produced by the ce-
(b) coprecipitation, and (c) coprecipitated and annealed, at the Fe K-edge. ramic method.
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sis of coprecipitated and coprecipitated and annealed zinc
ferrite. The best fit obtained for the second-nearest peak in IV. CONCLUSION
Fig. 3(a) gave a value of R=2.7%. The individual contribu- The results of EXAFS analysis on coprecipitated zinc
tion of the scattering from shells Zn(A)-Fe(B) and Zn(B)- ferrite have suggested that the zinc ions are occupied both in
Fe(B), are given in Fig. 4 and it can be seen that the scat- A and B sites. The resulted cation distribution is believed to
tering is contributed to almost only by shell Zn(A)-Fe(B). have caused the increase in magnetization, and the occupa-
But, in the case of coprecipitated zinc ferrite (fit R =2%), in tion of Zn ions in the B sites is believed to have led to the
addition to the contribution of Zn(A)-Fe(B) scattering, a deformation in erte that reduces the periodicity of
considerable contribution from Zn(B)-Fe(B) is also ob- the structure, causing a decrease in radial structure function
served and is shown in Fig. 5. Also, w he e coprecipitation amplitude.
followed by annealing sample was analyzed, it resembled

very much that produced by the ceramic method. 1 V. Konig, E. F. Bertaut, V. Gros, M. Mittnkov, and G. Choi, Solid State
This suggests that the shift aellaswnll-F the broadening of Commun. 8, 759 (1970).

2F. K. Lotgering, J. Phys. Chem. Solids 27, 139 (1966).the peak at a shorter distance is a result of the zinc atoms 3S. Ligenza, Phys. Status Solidn z, 75, 315 (1976).

occupying the octahedral sites, too. In coprecipitated zinc 4T. Sat, IEEE Trans. Magn. MAG6, 295 1970).
ferrite, this may be possible, as the cation distributions are in dT. Sato, K. Haneda, M. Seki, and T. lijima, Appl. Phys. A 50, 13 (1990).
a metastable state as they are produced at low temperature 6T. Sate, ausig a ecase in Proceedings of the Interna-

withn ashot prio oftim. I thy ae bougt t hiher tional Symposium on the Physics of Magnetic Materials (World Scientific,
withn ashor peiodof tme.If hey re rouht t hiher Singapore, 1987), p. 210.

temperature, stability is achieved and the Zn ions take the 7T. Sat, K. Haneda, T. onjma, and M Seki, Proceedings of the Sixth

most stable position in A sites. This is demonstrated in the 'nternational Conference on Ferrites, (unpublished), p. 984.
veruch tha prcipaed byd thnaled am eh. The 8T. Kamiyama, K. Haneda, T. Sato, S Ikeda, and H. Asano, Solid State

Thlts suggpetsptatte shif asel sams. The o g o Commun. 51, 563 (1992)

tion of the zinc atoms in the octahedra sites may have . Maeyama, T. Kawamura, H. Ishii, and T Sat, Applied Physics Meet-

caused some deformation which has reduced the periodicity ing, Japan, 1985 (unpubleshed), p. 368
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Magnetic anisotropy of small clusters and very thin transition-metal films
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The magnetic anisotropy of 3d-TM clusters is studied in the framework of a d-electron tight-binding
Hamiltonian including hopping, Coulomb, and spin-orbit interactions on the same electronic level.
Results for the magnetic anisotropy energy and spin-polarized DOS are given as a function of the
bond length for the Fe6 cluster. In particular it is shown that the MAE may be qualitatively related
to the projections of the orbital moment along the magnetization directions, and that the "in-plane"
anisotropy can be of the same order of magnitude as the "perpendicular" anisotropy. Using the same
Hamiltonian, the problem of the convergence of the magnetic anisotropy energy of very thin films
is revisited. By the choice of a basis which mixes spherical harmonics. it is shown that the irregular
oscillations of the MAE versus the band filling disappear. For Co(111) excellent stability of the
in-plane anisotropy as observed experimentally was found. Finally, the crystal-field effects are also
discussed.

I. INTRODUCTION systems 4 to include the spin-orbit interactions. This Hamil-

Considerable attention has been devoted during the last tonian includes hopping, Coulomb, and spin-orbit interac-

years to the study of the magnetic anisotropy of low- tions on the same footing and can be written as

dimensional systems. The number of papers presented during
this meeting attests to the vitality of the research on thin H- 2 taIj# (+)t a) ciacu j c+Hso (1)
metallic overlayers. For clusters experimental results show i*'
that the magnetic anisotropy plays an important role in the
observed relaxation of the cluster magnetic moments in an Her Oi(a) refers to the creation (annihilation) an
external field. 1,2 However, from a theoretical point of view, erator of an electron with spin o- at atomic site i in the orbital
very little on the magnetic anisotropy of clusters is known, a (axy,yz,zx,x 2 -y 2,3z 2- r2), and t, f to the hopping in-
contrary to the case of thin films. The purpose of this paper is tegrals between the orbitals a and 83 at sites i and j.
to propose an unified theoretical framework able to describe The Coulomb interaction Hc in the unrestricted
the magnetic anisotropy of clusters, i.e., of systems having a Hartree-Fock approximation is given by
finite number of inequivalent sites; the case of very thin film
can be seen as a particular simple situation. Hc =  666iuhlaa-Edc) (2)

The calculations are performed in the real space by using la"

a tight-binding Hubbard-type Hamiltonian. The magnetic an- where A e,=2aUaa'(v,'- V0) are the site and spin de-
isotropy energy (MAE) is the total-energy difference for two pendent d-level shift due to the redistribution of the spin-
different magnetization directions which can be chosen with- polarized electron density ( 'iaV= ,, ) v, ja(u)
out restrictions. For clusters we consider directions which do refers to the average d-electron occupation at site i and spin
not necessarily correspond to the symmetry axis of the clus- o and v0 the corresponding average d occupation in the

ter, which may result in Jahn-Teller instabilities. In analogy paramagnetic solution of the bulk. The correction due to

to magnetic thin films, we assume a perpendicular magneti- double counting is given by Ed, = (1/2 ) 1,,,Ia, U , VlaV, .3

zation direction as well as one or two in-plane directions. In Notice that the spin-quantization direction is taken to be par-
this way we can discuss not only the perpendicular but also allel to the magnetization direction (S). For the spin-orbit
the in-plane anisotropy. This is of considerable interest since interaction Hso the following single-particle, intraatomic ap-
so far very few quantitative results based on an electronic proximation is used:
theory are known about the importance of the latter.

Hso=- (L, .S,),,, , +,,. (3)
II. MAGNETIC ANISOTROPY OF SMALL CLUSTERS ,,'

In this work we extend a theoretical framework origi- Here (L,'S,)a,3,u., refers to the intraatomic matrix elements
nally developed to describe, without spin-orbit coupling, of L.S, which couple the up- and down-spin manifolds and
clusters 3 ana it is used with success to study low-dimensional which depend on the relative orientation between (S) and the
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cluster structure. The spin-polarized charge distribution, and y

in particular the spin moments, are determined self-
consistently by imposing the global charge-neutrality condi- -

tion Y,.~Vi.=Nnd .

The electronic energy E8 , from which the MAE is de- ,
rived, is calculated from

E&=iaf 6 ia()de-Ed, (4)

where 8 refers to the magnetization direction (e.g., b-x,y,z)
and P1,, to the local density of states (DOS). The MAE is
obtained from the change in the electronic energy E8 associ- Fe6
ated with a change in the orientation of the magnetization (S) 05 ... ...... ...

with fixed position of the ions. The DOS pa,(E) are com-
puted by using the recursion method. 5 A special care must be
taken in the self-consistent treatment of the Hamiltonian, in - -0

order to avoid any numerical incertitude.6 In the case of a E Fy -

free-standing pure transition-metal mono- or bilayer, all sites -0 5
are equivalent. For clusters it is no more the case and charge
transfers occurring. E I P

In these calculations we use parameters corresponding to "
Fe as given in Ref. 3 with a spin-orbit coupling constant

=0.05 eV.7 Since in the clusters the value of the bond -1.5 .
length d is somewhat uncertain, we have performed a sys-
tematical study in terms of d/dB, where dB is the bulk bond . .
length. .

In Fig. 1 the results obtained for the Fe6 cluster are re- E
ported. Other clusters have been studied.6 General trends I> 0.2

emerge. For all studied clusters the spin moment along the 7; >
magnetization direction depends very weakly on the direc- 0.1 -

tion of magnetization. Therefore only the results for perpen- Z
dicular magnetization are reported. Clearly it is found that 0 . .. . . '-.....

the variations of the MAE versus d/dR are related to varia-
tions of the spin moment and the resulting changes in the 2<S >

densities of states. However, no simple rule can be given to 2<S 2.8 >

explain these spin-flips. For very large values of d/dB, the 2* 2.6
magnetization is saturated as expected. Before the spin-flip, 2
the variation of the MAE and (Sz) are continuous functions 2.4

of d/dB. This is no longer the case when a spin-flip occurs. . 2.2
As seen in Fig. 1 this charge redistribution can even change
the sign of the MAE. For other FeN clusters, 6 many spin-flips 2

can be present. I.8 ... .. .... - .......
The in-plane anisotropy can be defined here as the dif- 0.85 0.9 0.95 1 1.05 1 .1

ference between E. and Ey. For Fe6 , this in-plane anisotropy (dB
is of the same order of magnitude as the perpendicular one. FIG. t The magnetic anisotropy energy per atom (meV), orbital moment,
Similar results have been found for other FeN clusters.6 The and spin moment of a Fe6 cluster as a function of the bond length did B
value of the MAE for this Fe cluster (around 1 meV per (dB=bulk bond length). The assumed cluster structure and the considered
atom) is of the same order of magnitude as the corresponding directions of magnetization are illustrated.

values for very thin films. For a small value of d/dB the
perpendicular orientation is more favorable, whereas for
d/dB larger than 0.95, it is more favorable to align the mag-
netization along the x direction. mentioned, the in-plane anisotropy is found to be important

Assuming that interactions between unlike spins can be (more than 0.5 meV for d/d B larger than 0.95). This result,
omitted, Bruno found within a second-order perturbation which could seem surprising in comparison with perfect 2D
theory that the MAE is proportional to the difference of the film, is consistent with the large difference observed for the
projection of the orbital moment along the two considered projection of the orbital moment along the x and y direc-
magnetization directions.7 Surprisingly, the MAE is found to tions. The origin of these values is related to the very small
follow qualitatively this simple law, especially for large val- size of the cluster (six atoms here). Similar behaviors have
ues of d/dB, where the spin moment is saturated. As already been observed for other FeN clusters.
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III. CONVERGENCE OF THE VERY THIN FILMS' 4.0 --

MAGNETIC ANISOTROPY ENERGY

Some calculations for thin films or multilayers indicate

that the MAE is very sensitive to band-structure details near . 20; "L

the Fermi level and the MAE versus the band filling presents . "'"

many oscillations.8 According to other works, these oscilla- , - N
tions are numerical artifacts.9 In any case it is clear that the W 00 / ,"

problems can be traced back to the energy-band crossing in ,, /

the Brillouin zone. Recently, we have studied the MAE for ,
transition-metal free-standing mono- and bilayers' ° by using <,
the tight-binding Hamiltonian used in this work. A formal .2 0 ",

analysis, based on the moments theory, indicates that the
MAE versus the band filling can be described by a "canoni-
cal" curve which crosses zero four times when the d-band 4' - -....... --- " - ---------------
occupation varies from 0 to 10.10 In fact, the MAE curves 50 70 dBdFlg90

vee a ies bireuar ostioIns whichnhavbeenre
were plagued by irregular oscillations which have been re- FIG. 2. Magnetic anisotropy energy per atom (meV) vs the d-band filling

lated to band crossings. Later, however, various tests on sys- for a (111) monolayer calculated in the M basis with 25 continued fraction

tems having little symmetry have suggested that this expla- levels. In the full (long dashed) line, the result for the exchange splitting of

nation is not valid. So we have reconsidered the problem. 2.9 (1.9) eV is given. The dashed line corresponds to the exchange splitting

In previous calculations we used, here as in the previous of 1.9 eV and nonzero crystal-field splitting of 0.4 eV. Negative values
correspor'i to the favorable perpendicular direction of the magnetization.section, a basis of spherical harmonics (the spatial parts are

eigenfunctions of the orbital moment operator without a
spin-orbit interaction). We shall denote this basis as non- tions. However, complete self-consistent calculations must
mixed (NM). Without spin-orbit coupling for strong ferro- be performed. Since a real-space method is used, this ap-
magnetism, the partial density of states corresponding to the proach should provide a way to determine from the elec-
minority-spin is identically zero in a large part of the tronic structure the preferred magnetization direction of ad-
majority-spin band energy region. However, when any spin- sorbed clusters. Work is under progress.
orbit interaction is considered, this partial density of states
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Structure and magnetic properties of Nd2Fe14B fine particles produced
by spark erosion (abstract)

H. Wan and A. E. Berkowitz
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California 92093-0401

At present Nd2Fe14B is the best permanent magnet because of its extremely high coercivity and
energy product. Optimum properties of Nd2Fe14B magnets can be attained by producing single
domain particles, and then aligning and compacting them. Due to the high reactivity of the Nd
constituent, it is challenging to produce and handle a large amount of fine particles of this material.
We have prepared fine particles of Nd2Fel4B by spark erosion with various dielectric media. Yield,
size, size distribution, structure, and magnetic properties are discussed. The Nd2Fe14B particles were
made by the shaker pot spark erosion method.1 Relaxation oscillators or a pulse generator were used
to power the spark erosion. Commercial Neomax 35 was employed as the primary material. The
dielectric media were liquid Ar, Ar gas, and hydrocarbons, which provided an oxygen free
environment. Structure and size were studied by TEM, SEM, and x-ray diffraction. Magnetic
properties were measured by VSM with temperatures in the range of 4.2-1200 K. The particles
produced in these three different dielectric media had different microstructures and crystal
structures. The particles made in Ar gas were pure Nd2Fe14B phase. The particles made in liquid Ar
were a mixture of amorphous and crystalline Nd2Fe14B, because the liquid Ar provided a much
higher quench rate than Ar gas, which produced some amorphous Nd2Fe14B. Upon annealing, the
amorphous particles became crystalline. The fine particles produced in hydrocarbons, such as
pentane and dodecane, had more complex mixed phases, since the rare earth reacted with the
hydrocarbons during the sparking process. The phases were NdC2, a-Fe, and amorphous and
crystalline Nd2Fe14B. The effects of power parameters, such as voltage and capacitance, on particle
size were investigated. Particle sizes from 20 nm to 50 Am were obtained. We concentrated on
Nd2Fel 4B fine particles made in liquid Ar and Ar gas. Particles were classified by centrifuging and
sizes were confirmed by TEM and x-ray diffraction. The size dependence of coercivity, anisotropy,
and magnetization of these Nd2Fe14B particles will be discussed.

'A. E. Berkowitz and J. L. Walter, J. Mater. Res. 2, 277 (1987).
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Thermal equilibrium noise with 1If spectrum in a ferromagnetic alloy:Anomalous temperature dependence

S. Vitale, A. Cavalleri, M. Cerdonio, A. Maraner, and G. A. Prodi
Department of Physics, University of Trento and Centro di Fisica degli Stati Aggregati ITC-CNR,
1-38050 Povo, Trento, Italy

We report on the magnetization noise in a soft ferromagnetic alloy for frequencies f<10 Hz,
temperatures T<4.2 K, and excitation field amplitudes <150 tA/m. The spectra agree, without any
adjustable parameter, with the fluctuation dissipation formula and the measured complex
susceptibility of the material. The spectra show a 1/f shape coming from a frequency-independent
imaginary susceptibility O. X is found to be proportional to T above -2.5 K but tends to be
independent of T below this value. After annealing the sample to relieve the internal stresses, XO is
found nearly temperature independent above -2.5 K and to shar-ply increase by decreasing the
temperature below that value. We discuss these findings in terms of the hopping of the
magnetization by activation or tunneling.

I. INTRODUCTION found to be temperature independent from 4.2 K down to
T- 100 mK. It is tempting to think that a temperature-

Thermal magnetic noise with 1/f power spectrum has independent X10 could occur if the hopping takes place by
been reported now in a variety of systems at low temperature some dissipative tunneling mechanism. 6 This interpretation
including soft ferromagnetic alloys,1 spin glasses, 2 and high would be favored if one could observe a crossover from the
T, superconductors.3 The noise originates from a frequency- observed temperature-independent regime to the
independent quasiequilibrium imaginary susceptibility O' temperature-dependent one due to thermal activation.
that produces, via the standard fluctuation dissipation for- In search of a material where such a crossover is dis-
mula, to a magnetization noise with spectrum played within the temperature range accessible by our
SM(o)=(2kBTIo)(VX'"o), with T,V, and w the tempera- method, we have studied the temperature dependence of O'
ture, the sample volume, and the angular frequency, respec- for a soft crystalline alloy that has already been reported 7 to
tively. show magnetic viscosity and the related thermal 1/f noise at

A frequency-independent imaginary susceptibility 4.2 K.
translates,' in the time domain, to a logarithmic relaxation of
the magnetization after a stepwise field excitation. This is a
close analogue of the phenomenon detected in relaxation ex-
periments, and often referred to as magnetic viscosity, where The sample studied is a strip wound toroid made of 68
instead the sample is driven far from equilibrium by large turns -f a -3-.m-thick ribbon of Ultraperm alloy. Ultraperm
field steps. Magnetic viscosity is attributed to the existence is a soft alloy of nominal composition Fe, 2Ni77Cu5Mo 4.
of a collection of simple exponential relaxations with distrib- Measurements have been performed both before and after
uted time constants 4 each one due to the escape of the mag- annealing the sample for 3 h at 950 'C in saturated atmo-
netization outside some local free energy minimum. If the sphere of hydrogen to relief stresses. The linear reversible
escape occurs by thermal activation, the logarithmic relax- relative permeability has been measured to be JtI= 180 10
ation rate is predicted4 to be proportional to T while any before the annealing and I/.iL=210+10 at 4.2 K after it.
nonthermal relaxation mechanism, like for instance quantum Complex susceptibility measurements have been per-
tunneling, would lead to a temperature-independent rate. formed as described in detail elsewhere.'' 8 Here we only

At equilibrium this picture should be rephrased in terms remind that they are based on the measurement of the con-
of the hopping of the system between nearby free energy plex self-inductance L = L'i - L" of a superconducting trans-
minima with distributed lifetimes. The dependence of O' on foner coupled to the sample on one side and to a commer-
the temperature is then related both the mechanism underly- cial rf superconducting quantum interference device
ing the hopping, whether thermal activation or not, and to the (SQUID) on the other hand.
energy differences A between the minima. If the lifetime of The ac field amplitudes used to measure the complex
each minimum is regulated by thermal activation and if A is susceptibility are always less than 150 /tA/m and the sample
in turn distributed from zero to a value much higher than behaves for such small signals as a linear device. 1' 7

kBT, then (see Sec. IV) ) ocT, again in analogy with relax- The data for the phase q'L of the transformer inductance
ation experiments. result from the subtraction of a proper blank measurement

This last prediction has recently been contradicted5 for obtained substituting the pick-up coil coupled to the sample
some amorphous ferromagnetic alloys where O' has been with a test coil with the same value of self-inductance. In the
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FIG. 1. Spectral noise density at the SQUID output for some different
temperatures. The continuous noisy lines arc the experimental spectral den-b) . Calculated
sities. The broken line is the SQUID background noise. The symbols repre- from iase
sent the noise calculated from Eq. (1) using the measured values of the 08 o Measured
complex susceptibility.

06

0.1 Hz/10 Hz frequency range the method achieves an accu- 04

racy for 4)L of _10 -3 deg, while the modulus ILI is mea-
sured with a -0.5% relative accuracy. These figures trans- 02

late, for the sample discussed here, to an accuracy of about i i
0.005 for )", apart from the uncertainty in the geometrical o - M -
conversion factor from inductance to susceptibility (see be- o , 2 3 4 5

low). T (K)

The data for L are converted to a complex susceptibility
X=X'- i V', using standard formulas for coils and trans- FIG. 2. The average imaginary susceptibility between 0.1 and 10 Hz x' as a
former cores. This conversion has a relative accuracy not function of the temperature. Closed symbols represent the values as directly

better than 10% but we stress that any inaccitracy in the measured. Open symbols are the values calculated from noise using fluctua-
tion dissipation formula. (a) Data for the sample before the annealing. The

conversion is of no consequence when calculating the ther- soli. line is a linear least-square fit to data above 2.5 K. (b) Data after the

mal noise. In fact the flux noise at the SQUID output S z.'nealing. The solid line is a linear least-square fit to data below 2.5 K.

depends on L as8

S =2kBT(M2 /1L12)(L "/1o)+So, (1)
both for the sample before the annealing [Fig. 2(a)] and for

where So is the SQUID background noise and M is the mu- the annealed one [Fig. 2(b)]. The values of V0' as calculated
tual inductance between the SQUID and the transformer. from the noise by inverting Eq. (1) are also reported in

The spectral densities S and So are measured by standard Fig. 2.
fast Fourier transform methods.', 5  Neither the data in Fig. 2(a) nor those in Fig. 2(b) can be

The sample temperature was regulated by lowering the fit to a single straight line in the whole temperature range
pressure above the liquid helium bath and was measured by explored, a chi square test of the linear best fit giving a
a calibrated germanium resistor, probability of random occurrence not larger than 10-6.

Above 2.5 K the data in Fig. 2(a) are well fitted to a
III. RESULTS simple proportionality law with a slope of 0.063±0.004 K-1.

In Fig. 1 the spectral noise density S2 in the presence of Below that temperature the data show a much reduced tem-

the sample is reported as a function of the frequency for perature dependence.

three different temperatures. Also, in Fig. 1 the measured In Fig. 2(b) the data above 2.5 K are nearly temperature

background noise So is shown. The noisy continuous lines independent while those below 2.5 K can be fit to a straightline with a marked negative slope of-0.38_±0.02 K -1.
are the measured spectral densities while the symbols repre- he loss far tn sl ine f requency rang
sent the noise predicted by using Eq. (1) and the measured The loss factor tan i5=)//X' in the frequency range
sentlte oise prd . ict by using eq.p(1)anthe msueda 0.1/10 Hz, is easily calculated from the above figures to be in
values of L and So. A fit to the experimental noise spectra thragtn -51X04fobthsml.
with a constant plus a power law gives always exponents in range tan S 5/10X 10- for both samples.
the range 1.00±0.03.

The imaginary susceptibility /' of the sample between IV. DISCUSSION
0.1 and 10 Hz is found to be frequency independent.

The mean imaginary susceptibility between 0.1 and 10 The good agreement between the noise calculated from
Hz X is reported as a function of the temperature in Fig. 2 Eq. (1) and the measured one shows 15'8 that the sample is
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acting as a linear device at thermal equilibrium. This is of no independent X' to a OocT above the crossover temperature
surprise as the applied field variation is less than a part in 105 T,. On the contrary, in the case of degenerate levels, the
of the coercive field of -10 A/m-0.10 Oe. same crossover would appear as a transition from a ,Oocl/T

If the susceptibility of the sample results from many low temperature branch to a temperature-independent I
contributions, 9 each one coming from an ordinary exponen- above Tc .

tial relaxation with time constant , X= .[1+ior']-1, a The data of Fig. 2 can be at least qualitatively explained
frequency-independent imaginary susceptibility is obtained if one assumes then that at Tc-2.5 K a crossover occurs
by assuming that ln(r) is uniformly distributed between two from a nonthermal to a thermal hopping regime of, e.g., a
values ln(rl) and ln(r 2) such that the angular frequency of the domain wall portion between two pinning sites; in addition
measurement &w is 1/Tf o<l</7 2 . In this case one has also to assume that the annealing procedure, by re-
Xk 1n'(7-10r2) [-ln(wTr')-i(r/2)] and ,O= i(TI/2) moving the internal stresses of the material, makes the dif-
[fr/ln(rl/r2)j. Notice that the loss factor is then ference of the pinning energies of the two sites much less
tan 5=-w[21n(cor1)]. Even assuming that rl-10 - 12 s, a than kBT.
lower limit to any magnetic relaxation process, one gets tan 8 It is tempting to compare the observed T,-'2.5 K to the
-0.06 at 0.1 Hz, a value much larger than the experimental one predicted by theoretical models for tunneling of domain
one. However the above one is still a reasonable model, pro- walls 6' 10'11 in the bulk. These models predict that
vided that only a fraction of the total susceptibility is con- Tc-(hg/kB)Be-l.3 K(Be/1 T) with g the gyromagnetic
tributed by the mentioned distributed relaxation mechanism. factor. Be is an effective magnetic field that can be, for in-

Let us now discuss the observed dependence of x' on T stance, the internal saturation field B, for high anisotropy
within the model that assumes a collection of independent materials or B,- vKAo, with K the anisotropy energy den-
two levels systems, with distributed lifetimes and level split- sity, for low anisotropy ones like that considered here. The
ting. The complex susceptibility of each system is observed crossover corresponds then to Be2 T, a field

I much larger than the value ,KAO0 0 .02 T typical of permal-

A - cosh(A/2knT) - 2 1+ (2) loys but still of the order of the internal saturation field of the
8kT '_Isample. To ascribe the observed crossover to the model

where m is the difference in magnetization between the two above one would then require the additive hypothesis that

levels. some local or surface anisotropy field could exceed by a
In Eq. (2) r is given by 7--+/ (1 + e -/kBT), where r+ large factor the average anisotropy of the material. We be-

is the mean lifetime of the upper energy level. This is given, lieve that a definitive explanation of the observations goes
for thermal activation, by T+ =,roeE/knT with E the height of beyond the purport of the present data.
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Experimental observation of magnetostochastic resonance
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We report an observation of magnetostochastic resonance (MSR) in bistable magnetic systems.
MSR manifests itself as a peak of a response of such a system to a periodic field as a function of
the noise strength. Bi-substituted ferrite-garnut films with uniaxial anisotropy were used as simple
examples of bistable systems. Noise was produced by (i) thermal fluctuations of an effective
magnetic field and (ii) externally applied "noiselike" magnetic fields. The position of the peak
depended dramatically on the magnitude of applied dc fields, so that dc fields of about 1 mOe in the
spatial scale of 10 Am were measured. MSR applications to various tunneling phenomena such as
tunneling of magnetization in small magnetic particles are discussed.

Recently, peculiarities of the response of a bistable mag- The experimental setup is shown in Fig. 1. To model the
netic system to a periodic magnetic field in the presence of phenomenon a thin easy-axis ferrite-garnet film, with high g
noise have been predicted.' Tt was shown that the signal-to- factor, was chosen as a bistable magnetic system. An addi-
noise ratio has a peak at some noise strength. This phenom- tional in-plane magnetic field Hin was used to lower the po-
enon was called magnetostochastic resonance (MSR) and tential barrier between minima and to remove domains out of
turned out to be an excellent tool for investigation of various the sample. A periodic field Hac was applied along the film's
tunneling phenomena. It enables us to evaluate basic tunnel- easy-axis z. The angle 0 between the net magnetization of
ing characteristics in case, e.g., of quantum magnetization the illuminated part of the film and the easy-axis z was cho-
tunneling and electron tunneling that depends upon magne- sen to be the generalized coordinate of the system. The
tization. Besides, MSR provides a new method for magnetic changes of the angle 0 were detected by means of the Fara-
field detection in the nanometer scale. day effect. The magneto-optical signal (MO signal) S is

To model the theory in a simple system we detect MSR given by S = KF cos 2[q' + a(M,/Mo)], where K is a con-
in a bistable ferrite-garnet film. In this article detailed de- stant that describes photodiode efficiency, F0 is the total light
scription of experimental procedures is given and applica- flux, p is an angle between the polarizer and the analyzer,
tions of the phenomenon to magnetic field measurements are MZ = Mo cos 0 is the z component of total magnetization
discussed. M0, and a is a Faraday rotation angle of the film. In the

Let us recall main features of the magnetostochastic performed experiments the condition aM/Mo<< p was satis-
theory. Uniform magnetization dynamics of a bistable system fled. It means that the MO signal was simply proportional to
is considered. An angle 0 between magnetization and the the studied magnetization signal, which was defined in the
easy axis is taken as the generalized coordinate of the sys- introduction as a change of the angle 0.
tem. The system is located in one of the minima in the ab- It follows from the equation that the MO signal does not
sence of noise. An application of a periodic magnetic field depend upon the size of the light spot on the film in the
Hac (the ac field) along the easy axis changes the potential absence of noise. However, thermally induced noiselike
energy of the system each half of a period as shown in Figs. magnetic fields depend upon the sample volume: the smaller
1(b) and 1(c). The change of the magnetization angle 0 will the volume, the bigger the strength of the effective fields
be referred to as a magnetization signal. In the absence of H, which influence the uniform magnetization dynamics.
noise this change is determined by the stiffness of the poten- It allowed us to register the film response to the ac field for
tial minimum in which the system is located. The presence of
noiselike magnetic fields of some origin results in magneti-
zation changes even in the absence of the ac field. These ;Hmn

changes are usually called noise.

In the presence of noiselike magnetic fields and the ac A 5

field the transitions between minima are possible. It means

that for one-half of a period the system will move over the 2 3M
barrier from the higher minimum to the deeper one and for aaC

the other half of the period the system will move back, if the
noise strength is sufficient enough. In this case the magneti- I 9

zation signal is determined by an "average" potential stiff-
ness and is much greater than that in the absence of noise. FIG. 1. The experimental installations: (1)-a laser, (2)-a polarizer, (3)-a
This leads to a peak in the signal-to-noise ratio at some noise lens, (4)-coils for magnetic fields production, (5)-a ferrite-garnet film,

(6)-an analyzer, (7)-a photodetector, (8)--a narrow bandwidth nanovolt-
strength.' meter, (9)-magnets.
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presence of the ac field of 0.7 Oe and frequency 3 kHz, both vs the distance
between the lens and the sample. FIG. 3. (a) The MSR curve and (b) the change in the MO signal in the

presence of the ac field due to application of the dc field of C 2 Oc. The
sample is the same as in Fig. 2.

various noise strengths by changing the size of the light spot
where magnetization changes were detected. For this a spe-
cial lens was used. Also, an external coil powered by ampli- position moved into the higher fluctuation strength region for
fled currents from a closed diode was used as a generator of a higher frequency of the ac field.
white noiselike magnetic fields Hext. The most interesting result was obtained when an addi-

The measurements were carried out in the following tional dc magnetic field Hd, was applied perpendicular to the
way. First, the amplitude of the ac field was set to zero, film, see Fig. 1. Such a field removes the degeneracy of the
Hac=0, and MO signals were measured by the photodetector minima of the magnetic potential and reduces the MO sig-
and the narrow bandwidth nanovoltmeter for various sizes of nals, which are measured in the presence of the ac field. The
the light spot on the sample. Then, the ac field was applied greatest MO signal in the presence of the ac field is observed
perpendicular to the film, see Fig. 1, and MO signals were when the total external field has only the in-plane component
measured in relation to the distance between the lens and the and the potential minima are degenerate. This fact was used
sample. The signal-to-noise ratio is the quotient of the MO to adjust the sample position between magnets, which were
signal in the presence of the ac field over the MO signal in exploited to produce the in-plane field Hn.
the absence of the ac field. Using measured signals, we cal- The changes of MO signals due to application of the dc
culated signals-to-noise ratios for different samples and field were studied for various noise strengths and for various
found MSR curves. Analogous procedures were used in case amplitudes of the dc field. In these experiments the ampli-
of externally applied noiselike magnetic fields. In this case tude of the ac field was chosen to be 0.2-1.0 Oe. Figure 3(b)
the noise strength was varied by a change of the amplifica- demonstrates this change for the dc field with an amplitude
tion gain of the noise generator. of 0.2 Oe as a function of the noise strength. The change of

In Fig. 2(a) typical MO signals in the absence of the ac MO signal in the presence of the ac field due to the dc mag-
field are plotted as a function of the distance between the netic field as a function of the amplitude of the dc field is
lens and the sample. The distance of 7.7 cm corresponds to shown in Fig. 4. The curves shown in Fig. 3(b) and in Fig. 4
the minimal light spot size of 5 Am. As an example, the are the same for both directions of the dc field. This fact was
curves are presented for the sample with composition also used to position the sample in the external magnetic
(LuBi) 3(FeGa)501 2 and parameters: the thickness-7 pm, field.
the anisotropy field-1200 Oe, the domain period-22 /m, It is interesting to note two important features of the
magnetization-70 G, the dimensionless Gilbert damping change of the MO signal in the presence of ac field due to the
constant-0.16. Figure 2(a) shows MO signals in the pres- dc fields. This change has linear dependence upon the am-
ence of the ac field having an amplitude 0.7 Oe and a fre- plitude of the dc field, see Fig. 4. In addition, the MO signals
quency 3 kHz. Using points from Figs. 2(a) and 2(b), the are very sensitive to the applied constant fields. For example,
signal-to-noise ratio can be calculated for various noise dc magnetic fields as small as 1 mOe were detected in our
strengths, which gave us the typical MSR curve shown in experiments. It means that MSR can be successfully used for
Fig. 3(a). Other films also demonstrated such dependence. sensor development.

MSR curves for the case of externally applied noiselike Let us consider results obtained in terms of the stochas-
magnetic fields were also detected. They have the same form tic theory2' 3 and its particular application to magnetization
as shown in Fig. 3. dynamics.' There are two important parameters which de-

The position of the stochastic resonance peak depends scribe resonance: the energy bairier and the Kramers time.
upon the frequency of the ac field. It was found that the peak The energy barrd., between the minima of the magnetic po-
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Mo=70 Oe, v=1.4XlOI- 1 cm 3, a=0.16, y=108 (Oes)- t ,ET=293 K for the peak of resonance curve shown in Fig. 3(a),
we find that AU<5.2x10- 3 ergs and vK,>21 Hz. The en-

o 1 ergy barrier and the Kramers transition rate in case of exter-
Io nal noiselike magnetic fields were AU<5.2X 10-11 ergs and

oD 1 VKr>10
- Hz. The effective magnetic field that coi-responds

I to the energy barrier Heff = (HaE2 )12 was Heff<10- 4  e for
00,- thermally induced magnetic fields and H.xt<l Oe for the
--- external noise. Since amplitudes of the periodic test fields
--6 were 0.03-0.7 0e, the resonance curves were detected in the
C nonlinear regime, which means that the ac field made one

V) minimum of the bistable potential disappear for each half of
0o2 the period. The small valae of Heff required to maintain the

in-plane field of the order of 1000 Oe with the accuracy
better than 0.2 Oe. For this, experimental installations were
mounted on a stabilized optical platform. To loosen the con-

C00 straint on the stability of the in-plane field, it is necessary to
c, o.66 ......0 '0 0.10 0.15 020 detect the magnetization response in smaller volumes than
S dc magnetic field, Oe those of our experiments. The promising way to solve the

problem is to detect magnetization by means of the Kerr
FIG. 4. The change of the MO signal in the presence of the ac filed due to effect instead of the Faraday effect. In this case the effective
application of the dc field as a function of the amplitude of the de field. The depth in which magnetization is detected can be as small as
lens position corresponds to the resonance peak. The sample is the same as
in Fig. 2. wavelength of the light. It allows one to reduce the detection

volume by a factor of 10. The best MSR application will be
the detection of magnetization tunneling in small magnetic

tential of an easy-axis ferromagnetic film in the presence of particles, since they inherently have small volumes.

an in-plane field Hin is given by AU = (HaMov e2/2), It should be noted that samples vibrations in the external

where Ha is the anisotropy field, v is the sample volume, and magnetic field and random magnetic fields, which contrib-

E= 1-H/Ha. The Kramers transition rate for the z compo- uted to the change of the in-plane field, lead to the change in

nent of magnetization in the effective potential' can be found basic resonance parameters (2), (3) and, hence, to the reduc-

as VKr = (a yeHa,/v2 7r) exp[ - (HaMov/2kBT)], where a is tion of the resonance peak. Mechanical vibrations and ran-

the dimensionless Gilbert damping constant, y is the gyro- dom fields, which result in the magnetic field perpendicular

magnetic ratio, kB is the Boltzmann constant, T is the tem- to the film, contributed to the independent upon volume

perature, and e is assumed to be small. (The definition of the magnetization noise.

anisotropy field differs in factor 2 in comparison with that of Finally, we would like to emphasize the important influ-

Ref. 1.) ence of the dc magnetic fields applied perpendicular to the

It is necessary to know the value of the in-plane field in film on the magnetization response to the , ield in the
order to calculate AU and vK,. The in-plane field was pro- presence of noise. Such a field removes the dtgeneracy of
odcer to uaet the energy minima, changes the system distribution in the
duced by two magnets (k 5 cm, 1800 G) mounted on mov-

able holders, whereas the sample was placed in the region of absence of the periodic test field, and changes the hopping

the maximum homogeneity of thc field. To evaluate the in- rates between the energy minima. Thus, the magnetization

plane field, the response to the periodic field has been used. response to the ac field depends upon the presence of small
This response has the peculiarity at the magnitude of the dc magnetic ficlds and noise. The theoretical treatment of the

in-plane field which is equal to the magnitude of the anisot- bistable system susceptibility to the dc field in the presence

ropy field. It was found that the difference between the in- of the ac field and noise is beyond the scope of the article.

plane field applied in resonance experiments and the anisot- The authors are indebted to Professor Ct udnovsky for

ropy field of the sample was smaller than 0.2-0.4 0e for sending copies of his papers and for helpful discussions. One

thermal "noise" magnetic fields, which was determined by author (A.N.G.) acknowledges the financial support of the

the accuracy of measurements of magnets positions and the Soros International Science Foundation, by Grant No.

magnitude of the in-plane field. Since the anisotropy fields of M8LOOO.

studied films were of the order of 1000 Oe, it means that
e= 1-HiJHa<4X O- 4 in our experiments. In case of exter-
nal noiselike magnetic fields e<3X 10- 2. 'A. N. Grigorenko, V. 1. Konov, and P. 1. Nikitin, JETP Let. 52, 593

(1990).It allows us to put bounds on the energy barriers and the 2B McNamara and K. Wiesenfeld, Phys. Rev. A 39, 4854 (1989).Kramers transition rates. Taking Ha= 1200 Oe, e=3 X10 - 4, 3R. F. Fox, Phys. Rev. A 39, 4148 (1989).
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An extensive analysis of ac magnetic susceptibility measurements of single-crystal gadolinium is
presented. The demagnetization-corrected c-axis data are analyzed on the basis of a power law of
the form xc =A t - Y where t is the reduced temperature above To. Our results yield effective values
of Tc =293.57 K and y= 1.327. The basal plane susceptibility is expressed as a parametric equation
in terms of the c-axis susceptibility x =B'+C'XY/V. The exponent y, which is related to the
critical exponent associated with the specific heat a as y = 1 - a, is determined by our analysis to be
y = 1.01(2). This gives a temperature scale associated with the anisotropy as tam, =2.0 X10 - 3. These
results are interpreted in the context of the effects of dipolar interactions in the critical region.

I. INTRODUCTION The c-axis susceptibility in the critical region is defined

The critical magnetic properties of gadolinium have re- for t-*0O by the power law of the form

cently been reported by several authors."' Although early Xc=At-, (1)
measurements on Gd 9- 12 led to certain ambiguities concern-
ing the proper universality class for this ferromagnet, recent where the reduced temperature t is defined in terms if the
studies using a variety of experimental techniques have pro- Curie temperature T, as
vided a consistent picture of the critical behavior which has a - T
firm foundation on modern theoretical predictions. This be- t- T (2)
havior has been shown to be complex and to be dominated in
the critical region by the presence of magnetic dipole-dipole In contrast to the c-axis susceptibility which diverges as T,
interactions. The recent analysis of basal plane ac suscepti- is approached from above, the basal plane susceptibility re-
bility by Stetter et al.s is contrary to this interpretation and mains finite and is described by
these authors have suggested the Gd exhibits three-
dimensional Ising behavior and that sample imperfections Xabi=Lb+CtY, (3)
limit the asymptotic critical behavior. It is the purpose of the where the exponent y is related to the critical exponent for
present investigation to consider the reasons for these appar-
ent inconsistencies, to provide a new analysis of experimen- the specific heat a by7

tal results and to interpret these data in the context of recent y = 1 - a. (4)
theoretical predictions in order to provide a consistent and
comprehensive understanding of the static critical magnetic The susceptibilities given in the above expressions are intrin-
behavior of gadolinium, sic quantities and are independent of sample geometry. The

actual measured susceptibilities are the demagnetization lim-
ited external quantities and are related to the intrinsic quan-

II. EXPERIMENTAL METHODS AND DATA ANALYSIS tities by the demagnetization factor N as, e.g.,

A single crystal of high purity gadolinium with a resis- 1 1
tivity ratio of p(295 K/p(4.2 K)= 156 was cut into the form -= -+N (5)
of a cube with an edge length 0.249±0.005 cm and the Xc,ext Xc,int

c-axis oriented along one of the cube edges. Further details and similarly for the basal plane susceptibility. Since, in our
of the sample preparation have been reported in Ref. 6. Mea- experimental measurements the sample geometry was cho-
surements of the ac susceptibility have been performed 6 7 for sen to be cubic, the demagnetization factors for the c-axis
two crystallographic orientations; with the c axis along the and the basal plane susceptibility were identical. Equation
applied ac field direction and with one of the basal plane (5) may be used in conjunction with Eqs. (1) and (3) to
axes along the field direction. express the extrinsic quantities as
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1 TABLE I. Fitted parameter values for the critical susceptibility of gado-
a0 . linium.

1.0 Parameter Value Uncertainty
--0 .

A 1728 1.0
, 0.8 / B 0.524 0.005

'tz N 3.84 0.02
0 . y 1.327 0.002

0.6 -- t=0.004 y 1.01 001
00 293.57 0.02
f~t=o .o00os

0.4 - 8-t=0.007
0

*--0.01 III. RESULTS AND DISCUSSION
0.2- Measured basal plane susceptibility as a function of c-

axis susceptibility measured at the same temperature is illus-
0.0 1.0 2.0 3.0 4.0 trated in Fig. 1. Parameters obtained from least-square fits to

Xc,ext (arbitrary units) Eqs. (1) and (8) are given in Table I along with uncertainties
based on a statistical analysis of the fits.

Although the use of a cubic sample in our studies results
FIG. 1. Measured basal plane susceptibility as a function of measured c-axis in a large demagnetization correction, it is precisely the use
susceptibility. Each point represents measurements of the susceptibility of this geometry which allows for a direct comparison of the
along the two directions at the same temperature. The reduced temperature
scale as obtained from a fit to T, for th., c-axis data is indicated in the figure. c-axis and basal plane behavior in the critical region without

the need to apply these corrections. Perhaps the ideal sample
geometry in this respect would be a sphere. However, the
likelihood of introducing additional defects during the ma-

XCxt=A - tY + N, (6) chining is an important consideration in the choice of a cubic
sample. The anisotropic nature of the critical behavior is

and readily apparent from our measurements for reduced tem-
peratures less than about 10-2 and this, in itself, provides

Xa, Ix=B+CtY+N. (7) evidence to support our choice of the model based on dipolar
interactions as described above for the analysis of these data.

In these expressions the coefficients A, B, and C and the A direct measurement of the importance of the dipolar inter-

exponents y and y are fitted parameters. While the Curie actions may be obtained on the basis of the above treatment.
temperature may be obtained by independent methods and A reduced temperature scale for the dipolar interactions is

the demagnetization factor may be estimated on the basis of expressed in terms of the coefficients in Eqs. (2) and (3) as7

geometric considerations, it is essential to determine the val- t anis= (B/A) t /Y (9)
ues of the parameters in Eqs. (6) and (7) in a consistent
manner. It is clear from the form of Eq. (7) that the values of Using the values of these parameterspas g aven cTable I, tams
B and N cannot be determined independently from the basal is found to be 2.2x 0 - . This corresponds to an actual tem-plane data. It should also be noted that since Ia1 1, then perature differettce between Tanis and T¢ of 0.65"L'0.l0 K.
y 1 and the value of C is highly correlated to the value of This is in good agreement with theoretical predictions 7,13,14
B +N. Because N is the same in Eqs. (6) and (7) it is pos- for the crossover temperature to anisotropic dipolar behaviorsible to combine these two expressions and to fit the c axis in this system; AT= Tans-Tc=0. 4 5 K, and previous investi-andbl placomne dtaese twoxssim neo s Solvi bthe exs gations involving an independent analysis of c-axis and basaland basal plane data simultaneously. Solving both expres- p a es s etblt aasions for t gives plane susceptibility data.

In a comparison of recent experimental studies of Gd it
- t ,NjY/", is essential to consider differences in sample quality and ge-

Xab Cx=B' + C-(8) ometry and their effects on measured magnetic properties. Of
particular relevance in this respect is the relationship of the
sample used in the recent study by Stetter et al.8 and that

where B' is given by B+N and C' may be expressed in used for our own investigation. Stetter et al.8 have used a
terms of C and A. This expression is valid for a given value 300 A film grown with the Gd basal plane parallel to the
of t and requires that experimental measurements for the c (110) surface of a tungsten substrate. It is clear from the
axis and basal plane orientations be made for the same values annealing studies reported by these authors that their as-
of temperature (as is the case for our measurements). This deposited films show magnetic behavior which is severely
expression allows B', y, and y to be determined in a consis- influenced by the presence of defects. Even after annealing at
tent manner for both the c axis and basal plane data without 870 K these authors base their data analysis on a model
the need to know Tc . Fitted values of these parameters may involving the existence of imperfections which cause a
then be used to obtait Tc from a fit to Eq. (1) for the c-axis spread in Curie temperatures of 1 K. No further improve-
data. ment it the sharpness of the transition was observed for
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higher temperature anneals. Stetter et al.8 have suggested The present analysis provides additional evidence for the
that the behavior which we attribute to dipolar effects may behavior described above and indicates that, by the proper
actually be the result of sample imperfections as they occur choice of sample geometry and measurement of data at
on a temperature scale comparable to the T, smearing ob- proper temperature intervals, meaningful results which dem-
served in the thin-film experiment. The following evidence onstrate the anisotropic dipolar character of gadolinium can
would seem to be against this interpretation for the following be obtained without the need for an independent knowledge
reasons: of the Curie temperature or the sample demagnetization

(1) The samples used in our studies and in those of Stet- factor.
ter et al.8 have been prepared by different methods and it
would be highly coincidental if the level and type of imper- ACKNOWLEDGMENT
fections in the two samples yielded precisely the same influ- This work was supported by grants from the Natural
ence on the magnetic properties. Sciences and Engineering Research Council of Canada.

(2) There is no evidence on the basis of our resistivity
studies of single-crystal Gd of any smearing of T, on a re-
duced temperature scale of about 1 4 (see Ref. 5), or in the 'A. R. Chowdhury, G. S. Collins, and C. Hohenemser, Phys. Rev. B 30,

6, Thi in t 6277 (1984).c-axis ac susceptibility data reported previously.6'7 This is 2 A. R. Chowdhury, C. S. Collins, and C. Hohenemser, Phys Rev. B 33,
also the case for other studies of the magnetic properties of 6231 (1986).
bulk Gd samples reported in the literature. 1- 4  3G. S. Collins, A. R. Chowdhury, and C. Hohenemser, Phys. Rev. B 33,

4747 (1986).Our own studies,6'7 as well as those of others, e.g., Ho- 4A. R. Chowdhury, G. S. Collins, and C. Hohenemser, Phys. Rev. B 33,

henemser and co-workers, 1- 4 indicate that the critical tem- 5070 (1986).

perature region of Gd exhibits complex crossover behavior 5 D. J. W. Geldart, K. De'Bell, J. Cook, and M. J. Laubitz, Phys. Rev. B 35,overan xpermenall obsrvale angeof edfced empra- 8876 (1987).
over an experimentally observable range of rediced tempera- 6 P. Hargraves, R. A. Dunlap, D J. W. Geldart, and S. P Ritcey, Phys. Rev.

tures and it is not likely that measured critical properties will B 38, 2862 (1988).
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Monte Carlo simulation of Ising models with dipole interaction
U. Nowak and A. Hucht
Theoretische Tieftemperaturphysik Universitat Duisburg, 47048 Duisburg, Germany

Recently, a new memory effect was found in the metamagnetic domain structure of the diluted Ising

antiferromagnet Fe.Mg1 -.,Cl2 by domain imaging with Faraday contrast. Essential for this effect is

the dipole interaction. We use a Monte Carlo method to simulate the low-temperature behavior of

diluted Ising antiferromagnets in an external magnetic field. The metamagnetic domain structure

occurring due to the dipole interaction is investigated by graphical representation. In the model

considered, the antiferromagnetic state is stable for an external magnetic field smaller than a lower

boundary B, 1 while for fields larger than an upper boundary B, 2 the system is in the saturated

paramagnetic phase, where the spins are ferromagnetically polarized. For magnetic fields in between
these two boundaries a mixed phase occurs consisting of ferromagnetic domains in an
antiferromagnetic background. The position of these ferromagnetic domains is stored in the system:
after a cycle in which the field is first removed and afterwards applied again the domains reappear
at their original positions. The reason for this effect can be found in the frozen antiferromagnetic
domain state which occurs after removing the field at those areas which have been ferromagnetic in
the mixed phase.

The three-dimensional Ising model with an antiferro- cooling the system in an external field from the paramagnetic
magnetic exchange interaction undergoes a first-order phase high-temperature phase or by decreasing the field corre-

transition from an antiferromagnetic to a paramagnetic satu- spondingly. The mechanisms which are responsible for the

rated phase for low temperatures during an increase of the hysteretic properties of the DAFF have been investigated

homogeneous external magnetic field. Because of demagne- experimentally, 5' 6 theoretically, 7 and in computer simu-

tizing field effects in experimental systems like FeCI2 there lations.8- n In the following, we will show that the under-

occurs a mixed phase for external fields Bc 1 <B< B, 2.
1 In standing of the hysteretic behavior of the DAFF is essential

theoretical considerations the existence of a mixed phase is for an understanding of the memory effect.

often neglected since dipole interactions have to be consid- The Hamiltonian of an Ising model with dipole interac-

ered in order to investigate the mixed phase. Especially in tion in units of the coupling constant reads

Monte Carlo simulations, the dipole interaction can hardly be
taken into account for lattices large enough to investigate H=E e ecr,-r,-B1 eo',

domain structures due to its long-range nature: for each spin (,")

flip the number of operations to calculate the change in en- -E, EJ7I,

ergy scales with the number of spins in the system. However, +d r J (1-3 cos2 0,J)

we used a specially adjusted algorithm to do these calcula- ,.J I

tions efficiently. The details of our method will be published where o, = t 1 are the spins and the e,=O,l represent the
elsewhere. dilution p = 5%. In the first sum (i,j) means all combinations

In this paper, we perform simulations in order to get a of spins which are nearest neighbors. The exchange interac-
deeper understanding of a new memory effect that was found tion favoring antiferromagnetic alignment of spins is set
recently in the mixed-phase domain structure of the diluted equal to one. The second sum represents the interaction with
Ising antiferromagnet Fe.Mg _Cl2 by domain imaging with the external magnetic field B. The third sum is over all com-
Faraday contrast. 2 The position and shape of paramagnetic binations of spins and d represents the strength of the dipole
saturated domains which grow within the antiferromagnetic interaction (d=0.5 in this case). r,, is the distance between
state while the field is increasing, is stored in the sense that two spins on sites i and j and 0 is the angle between the z
the domains reappear even after a cycle in which the field is axis (the direction of the external field) and the distance vec-

first removed and afterwards again applied. Essential for an tor r. In order to simplify the model we restrict ourselves to
investigation of this effect is obviously the dipole interaction, a two-dimensional system with open boundary conditions
since it is this long-range interaction which is responsible for representing one plane of the experimental system. As we
the occurrence of a mixed phase. will see the qualitative behavior of the experimental system

The diluted Ising antiferromagnet in an external mag- is well described by our model as far as the domain structure
netic field (DAFF) is an ideal system to study random field is concerned, which is responsible for the memory effect.

behavior theoretically as well as experimentally since it is We use an antiferromagnetic long-range ordered system
believed to be in the same universality class as the random as the initial spin configuration. The simulation is done at
field Ising model (RFIM). 3 A well-known feature of the very low temperature, T=0.1. The system builds up a
DAFF is the formation of a domain state with extremely long saturated-domain state for a field of B = 2.65 which is within

relaxation times (for an overview see Ref. 4). This domain the mixed phase, then we investigate the development of this

state is frozen even for zero field and it is obtained by either domain state during a field cycle to zero field, B = 0, and
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FIG. 1. Spin configuration and column magnetization of the simulated sys- FIG. 3. Spin configuration and column magnetization of the simulated sys-
tem as explained in the text: a metamagnetic domain configuration in the tem: the metamagnetic domain configuration after applying the field again.
mixed phase.

which have been paramagnetic saturated in the field now
then back to the mixed phase, B =2.65. The time that is consist of an antiferromagnetic domain structure correspond-
needed to equilibrate the system is a few hundreds of Monte ing to the domain state of a DAFF after field decreasing.
Carlo steps per spin. Why does this happen?

The system has a size of 190X50 (xXz), i.e., 190 col- In a field-decreasing procedure the antiferromagnetic-
umns and 50 rows. The figures show spin configurations of paramagnetic phase boundary is crossed in a direction from
the simulated system as well as the mean magnetization of the paramagnetic to the antiferromagnetic phase. In this case,
the columns of the system. The external magnetic field is due to the unconventional dynamics of the DAFF which fol-
aligned with the easy axis of the spins, the z direction. Each lows from random-field pinning, the system cannot develop a
site of the two-dimensional square lattice is represented by a long-range ordered state. Instead, it freezes in an antiferro-
square, the vacancies of the system are shown as black, up- magnetic domain state. This effect is the reason for the un-
spins as grey and downspins as white squares. The mixed conventional structure of the system after removing the ex-
phase (Fig. 1) consists of antiferromagnetic domains (check- ternal field. In regions of the system which have been
erboardlike) and paramagnetic saturated (ferromagnetic) do- paramagnetic saturated in the mixed phase, a frozen antifer-
mains (grey, "spinup"). In the latter domains the spins are romagnetic domain state develops while in the regions of the
aligned with the field. The domains have the form of stripes, system which have been antiferromagnetic nothing changes,
This follows directly from the nature of the dipole interaction the long-range order persists. The nonexponential dynamics
which favors those spins to order ferromagnetically which of antiferromagnetic domains in a DAFF after removing the
are on lattice sites placed along the direction of the easy axis external field has been investigated earlier (see Ref. 12; and
leading to the development of ferromagnetically ordered col- refercnces therein). The domains are frozen and remain prac-
umns. Also shown in the upper part of Fig. 1 is the column tically constant on time scales accessible for observation.
magnetization, i.e., the mean magnetization of each column Note that due to the existence of antiferromagnetic domains
of the system. This quantity corresponds to the Faraday con- and domain walls, respectively, there is a finite column mag-
trast that is observed in experiments. Since the domains are netization. This magnetization is small compared to the mag-
striped there is a sharp contrast between antiferromagnetic netization of a saturated domain but it is larger than the mag-
domains (magnetization-0) and paramagnetic saturated do- netization of an antiferromagnetic column which is also not
mains (magnetization- I/per spin). exactly zero due to fluctuations of the vacancy distribution in

Lowering the field to zero the saturated domains vanish our finite system.
(Fig. 2) and the magnetization decreases to nearly zero. After applying the magnetic field again, once more a
However, an accurate analysis of this zero-field spin configu- configuration of striped antiferromagnetic domains arises
ration shows that it is not completely antiferromagnetically (Fig. 3). Comparing this configuration with the original do-
long-range ordered. Instead, those regions of the system main configuration (Fig. 1) one finds that the original domain

configuration is nearly reproduced, at least in that sense that
paramagnetic saturated domains grow first at those places

--. . . . which have been paramagnetic saturated before. This is the
memory effect. Its origin is the antiferromagnetic domain
configuration of the system after removing the field (Fig. 2).
The regions which consist of an antiferromagnetic domain
state are less stable than the long-range ordered regions since

the first contain domain walls. These regions are the first in
which saturated domains during an increase of the external
field occur, restoring the original metamagnetic domain con-
figuration.

FIG. 2 Spin configuration and column magnetization of the simulated sys- This work was supported by the Deutsche Forschungs-
tem an antiferromagnetic domain configuration after removing the field. gemeinschaft through Sonderforschungsbereich 166.
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[ Magnetic phase diagrams of NdRu2Si2 and TbRu2Si 2 compounds
M. Salgueiro da Silva and J. B. Sousa
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B. Chevalier and J. Etourneau
Laboratoire Chimie du Solide-CNRS, Universit Bordea,,x I, France

Here we report a detailed study providing complete H-T phase diagrams for both NdRu2Si 2 and
TbRu2Si 2 intermetallic compounds, based on high resolution SQUID magnetization measurements,
in the temperature range 2-300 K and in applied magnetic fields up to 5 T, using c-axis
magnetically oriented powders. For NdRu2Si2, our results are in good agreement with recent
neutron diffraction work under applied magnetic fields, confirming the appearance of an
intermediate (temperature and field) ferrimagnetic phase responsible for the two-step metamagnetic
process observed in the temperature range 16-22.5 K. Our isofield magnetization curves provide
unambiguous evidence on the decomposition of this ferrimagnetic phase into ferromagnetic and
antiferromagnetic components. Furthermore, at low temperatures and low fields, we observe, in this
compound, the presence of thermal irreversibility effects. For TbRu 2Si2 , we present an experimental
account, on its H-T phase diagram, which shows striking differences with respect to that of
NdRu 2Si 2. In particular, the ferrimagnetic phase, which sets in at 50 K, persists down to the lowest
temperature. In addition, we observe reentrant ferrimagnetism in this compound (ferri-ferro-ferri)
under applied fields in the range 28-31 kO,.

I. INTRODUCTION FE component and [0.23, 0, 0], [0.23, 0.23, 0] AF modula-
tions has been observed at 4.2 K.3

The ternary intermetallic compounds NdRu2Si 2 and The aim of our present work was to determine the com-

TbRu2Si 2 crystallize in the tetragonal ThCr 2Si 2-type crystal plete magnetic phase diagram of both compounds through

structure, with magnetic moments only at the rare-earth sites. SQUID magnetizaiasrmenthesemeasurements

Due to their strong crystal field magnetic anisotropy, they SQUID magnetization measurements. These measurements

behave as uniaxial materials, with the moments always di- were performed in powder samples whose grains were mag-

rected along the tetragonal c axis. netically oriented. The original samples were prepared as

The first neutron diffraction measurements on these described in Ref. 1.

compounds, at zero magnetic field, have shown interesting A. NdRu 2Si 2
sequences of magnetic phases at low temperatures, specially Typical isothermal magnetization curves of NdRu2Si2,
in the case of NdRu 2Si2 .I are r ste se thatfor cels in the

At the Neel point, TN= 23.5 K, NdRu2Si 2 undergoes a are presented in Fig. 1. We see that for magnetic fields in the

second-order phase transition from the paramagnetic state range 5 kOe <H<8.5 kOe a FI phase stabilizes from 22.5 K

into a pure sinusoidal amplitude modulated phase, with down to 16 K, the temperature at which the zero-field AF

modulation vector [0.13, 0.13, 0]. As temperature decreases phase starts squaring-up.' Below 16 K, a single-step AF-FE

below approximately 16 K, the growth of higher-order har- magnetization process is observed. This suggests that the

monics takes place and the structure squares up, reducing its metamagnetic transition to the F1 phase is only possible
entropy. This process is completed at Tc-8 K, at which the when the nearly pure sinusoidal amplitude modulated struc-
system becomes partially ferromagnetic (FE), through a ture is the starting phase at zero field.
second-order phase transition. Below this temperature, the According to Ref. 2, this FI phase has a complex struc-
coexistence of both the FE and square-wave modulated ture consisting of a FE and two AF components, [0.13, 0.13,
phases was observed. 0] and [0.26, 0, 0]. Such decomposition of the FI phase is

At zero field, TbRu2Si2 orders below TN=55 K, through consistent with our isofield magnetization curves (see Fig.
a first-order phase transition, in a [0.23, 0, 0] modulated 2). Indeed, the usual AF cusplike behavior of the magnetiza-
phase which squares up at low temperatures. tion near TN persists for fields up to -8.5 kOe. Starting at

The application of a magnetic field along the tetragonal -5 kOe and up to -- 8.5 kOe, the shape of the isofield mag-
c axis induces the appearance of new phases through the netization curves can be viewed as a superposition of an AF
inversion of moments at those sites where the internal field is (cusplike) contribution which is partially masked by an in-
small. At intermediate fields, similar ferrimagnetic (FI) creasingly important FE one. Aoove -8.5 kOe, no AF be-
phases stabilize in both compounds. In NdRu2Si 2, a FI phase havior is seen to exist and the system behaves as a typical
consisting of a FE component and antiferromagnetic (AF) ferromagnet.
modulations [0.13, 0.13, 0] and [0.26, 0, 0] in the tempera- At low fields (H<1 kOe), as temperature decreases be-
ture range 16 K<T<23 K, for magnetic fields from 5.5 to 8 low 10 K, the magnetization increases in a FE-like way,
kOe, has been reported.2 In TbRu 2Si2 , a Fl structure with a reaching a maximum around 5 K. Besides, it shows thermal
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FIG 1. Isothermal magnetization curves of NdRuSi2 at several tempera-
tures. FIG. 3. H-T magnetic phase diagram of NdRu2Si 2.

irreversibility effects, such as the difference between the zero B. TbRu2 SI2
field cooled (ZFC) and field cooled (FC) measurements. A clear two-step metamagnetic process is observed,
Such magnetic behavior may be the result of the competition characterized by two critical fields, H,1 and H, 2, which per-
between FE and AF phases which were reported to coexist in sists from the lowest temperature up to about 50 K, i.e., in
this region.t  almost all the ordered temperature range (see Fig. 4). We

The magnetic phase diagram (Fig. 3) was completed also observed the existence of magnetic hysteresis above
with both isothermal and isofield results. We notice that the H,1 . At this field, the magnetization jumps to an intermediate
phase line separating the AF and Fl regions is not horizontal, FI plateau with approximately half the saturation moment,
as in Ref. 2. All other features of our phase diagram are in jumping again at H, 2 towards saturation. The intermediate
good agreement with Ref. 2. phase in the range HCI<H<Hc2 has been identified at 4.2 K
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FIG 2 Isofield magnetization curves of NdRu2S. at several apphed mag- FIG. 4. Isothermal magnetization curves of TbRu2Si2 at several tempera-
netic fields. tures.
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by neutron diffraction 3 as a complex two-dimensional modu- 11. CONCLUSION

lated structure with a FE component and AF modulations The H-T phase diagrams of NdRu 2Si 2 and TbRu2Si 2
[0.23, 0, 0], [0.23, 0.23, 0]. were obtained from SQUID magnetization measurements on

The observed regular increase of the magnetization be- powder samples.
low H,1, characteristic of the development of a FE compo- While in NdRu 2Si2, the high field FI phase exists only
nent, is attributed to the growing of higher-order harmonics for intermediate temperatures, in the case of TbRu2Si2 the F1
in the AF [0.23, 0, 0] structure as H approaches H, 1.3 The phase persists down to the lowest temperature and behaves
sudden enhancement of this FE component is made possible as a reentrant phase for 28 kOe<H<31 kOe.
only at H,1 where an additional [0.23, 0.23, 0] modulation A common feature of both diagrams lies in the fact that
sets in. the respective intermediate FI phases set in through the ap-

The obtained H-T phase diagram (see Fig. 5) is divided pearance of an additional AF modulation. In the resulting FI
into three main ordered regions: AF for H<Hcl and T<TN; structure, a larger number of magnetic moments is expected
FT resulting from the superposition of two-dimensional AF to detect a reduced exchange field and thus flip in a smaller
modulations and a FE component, for H, 1<H<H,2 and applied field .
T<50 K; FE for H>H,2. As shown in Fig. 5, this compound
exhibits reentrant ferrimagnetism (FI-FE-FI) under applied ACKNOWLEDGMENTS
fields in the range 28-31 kOe and the F1 phase is seen to
persist down to the lowest temperature. The isofield curves We acknowledge Dr. T. Shigeoka for kindly sending us a
near this field range also illustrate this phenomenon (see Fig. copy of his manuscript on the H-T phase diagram of
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after the initial cusplike AF behavior just below TN, the ported by the JNICT-CNRS and STRDA/C/CEN/522/92
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Study of critical properties of the Potts model by the modified variational

cumulant expansion method
N. G. Fazleeva) Hao Che, and J. L. Fry
Department of Physics, University of Texas at Arlington, Arlington, Texas 76019-0059

D. L. Lin

Department of Physics and Astronomy, State University of New York at Buffalo, Buffalo, New York 14260

The modified variational cumulant expansion (VCE) method valid for the whole temperature range
and for arbitrary fields is developed to study the critical properties of the general q-state Potts model
used to stimulate various magnetic systems. The series expansion is generated directly in terms of
the Potts Hamiltonian. The free energy and the internal energy are calculated up to the third-order
cumulant terms for the d-dimensional hypercubic q-state Potts model. The expression for the critical
temperature T, is derived in a closed form which allows to determine T, up to arbitrary order
cumulant terms. The modified VCE method eliminates the unphysical first-order phase transition at
the mean-field crtical point in the internal energy of the Potts model which plagues the conventional
VCE method.

As a generalization of the Ising model to more than two cumulants. The action for the system is defined as S= -HI
components, the Potts model has become a subject of intense kT. Our trial action So = -Ho/kT is chosen as follows
theoretical studies. In the absence of an exact solution for the q-1

general q-state Potts model, series expansions remain one of So= I 4(0., ,k) (2)
the most powerful tools in the theoretical studies of this k=O

model.' However, the critical behavior of the Potts model
has been studied by generating series expansions only in the where 6k=1+(q-1).s for k=0 and k=1-s for
limiting cases of low and high temperatures.' In this paper, a k = 1,2,...,q -1. Here s is the variational parameter which
modified variational cumulant expansion (VCE) method is serves as the order parameter of the system. The asymmetric
developed to study the critical properties of the general state 6, ( =0) is chosen to account for the symmetry break-
q-state Potts model in the whole temperature range. This ing below the critical temperature T,(H) (s---0). When
modified VCE expansion is generated directly in terms of the T> T,(H), symmetry should be retained, i.e., Gk=const, (k
Potts Hamiltonian. The expressions for the free energy and =0,1,2,...,q), which implies that s =0. The VCE of the free
the internal energy for the d-dimensional hypercubic q-state energy up to the order m can be expressed as2

Potts model are obtained up to the third-order cumulant
terms valid for the whole temperature range. A procedure is 1
developed to eliminate the unphysical first-order phase tran- Wm WO n! (3)

sition at the mean-field critical temperature for the correc-
tions higher than the first order, which plagues the VCE where Wo is the free energy of the corresponding trial system
method.2 This procedure is tested for the Potts model with +he symbol (...)c denotes the cumulant average of the
second- (q =2, d =2) and first- (q =4, d =3) order phase tran- L, .ed quantity over the Boltzmann weight exp(So). The
sitions. order parameter s is determined as a function of J/kT by

The Hamiltonian of the general Potts model can be ex- minimizing the first-order free energy with respect to s.
pressed as1  The free energy and the internal energy are calculated up

to the third order in the cumulant terms. The results of cal-
culations within the VCE method of the internal energy of

H= -J 8(o,,o) -H 5, (o,,0), (1) the Potts model with a second-order phase transition (q=2,
d= 2) are plotted in Fig. 1. It follows from Fig. 1 that the
first-order internal energy is continuous as it should be, while

where o 0,1,2,...,q-1 specifies the spin states at the site i, the second- and third-order internal energies have disconti-
i stands for the coupling constant, and H is the external nuities which occur at the mean-field critical point
field. In applying the VCE method2 one first introduces a [kTc(1)/J= 2]. As it follows from the comparison with the

trial Hamiltonian H(,) with variational parameters 1, and [T()J=2.A tflosfo h oprsnwt h
exact results, this is the unphysical phase transition which

expands the free energy of the Hamiltonian H of a real sys- plagues the VCE method. 2

tem as a series of cumulants averaged over exp(-HokT). The central issue for the VCE method is how to deter-

The first-order expression for the free energy is minimized to mine the variational parameters (s for the present case).

determine the variational parameters, which are then substi- Within the VCE method the value of the order parameter is
tuted back into the free energy expansion or higher-order calculated only to the first order.2 This is actually the pure

variational result which gives the mean-field results when the
' Permanent address Kazan State University, Kazan 420008, Russia. trial action is chosen in the mean-field form.3 Thus, the ex-
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FIG. 1. VCE results for internal energy vs temperature for the q=2 and FIG. 2. Modified VCE results for internal energy vs temperature for the
d=2 Potts model. The curves 1, 2, and 3 are the internal energy calculated q=2 and d=2 Potts model. Curves 1, 2, and 3 are the internal energy
up to first-, second-, and third-order cumulant terms, respectively. Curve 4 is calculated up to first-, second-, and third-order cumdlant terms, respectively.
the exact result. The exact result is curve 4.

The internal energy of the Potts model with the second-order
pansions with the order higher than one would carry the fea- (q =2, d = 2) phase transitions is recalculated by means of the
tures of the first-order expansion. This leads to the appear- modified VCE method up to the third order in the cumulant
ance of the unphysical phase transition at the mean-field terms and the resuls are plotted in Fig. 2. As it follows from
critical point. Fig. 2, the unphysical phase transition at the mean-field criti-

To eliminate the unphysical phase transition we use a cal point has been eliminated and the overall features have
procedure based on some conjectures for the location of the been much improved although the higher-order internal en-
true critical temperature T,(m) for the mth order VCE. From ergies still have discontinuities, which are shifted to T,(s,m)
the general symmetry consideration, the order parameter s and are strongly reduced. The results of calculations of the
should take value zero when T> Tc(m) for the mth oider internal energy of the Potts model with the first-order (q=4,
expansion. It is therefore reasonable to expect that the values
s =0 corresponds to the global extremum (not necessarily the
global minimum) of W,(T,s) for T>T,(m) and that s=0
remains to be the solution as temperature decreases until it 0.

reaches the critical temperature when this solution becomes
"unstable," and then s changes to anouwv solution which -0.5.

becomes "stable." These considerations lead to the follow- 2

ing two equations which determine the critical temperature -1-

T,(m) and critical order parameters, U/J I

Wm(Tc ,O)= Wm(T ,s) 3
S(4) -1.5S-

-s [W('s)] s=sc= 0'
-2-

with

52Wm(T,s) t 2Wm(T,s) -2.5

,5s2 s=O 8s2 S, -3

For systems with the second-order phase transition s,=O and 0.5 1 1.5 2 2.5

the equality (5) holds. The order parameter s(T,m) within kT/J
this approach is determined by

T> T,(m) FIG. 3. Modified VCE result for internal energy vs temperature for the q= 4

(6) and d=3 Potts model Curves 1, 2, and 3 are the internal energy calculatedup to first-, second-. and third-order cumulant terms, respectively.
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2 model with q varying from 3 to 20. The results of the calcu-
lation together with the exact ones are presented in Fig. 4. As
it follows from Fig. 4 the results of calculations converge to

1.6- the exact one, thus supporting our conjecture.
In summary, we have developed the modified VCE

method valid for the whole temperature range to study criti-
cal behavior of the general q-state Potts model. The free

1.2- •energy and the internal energy for the d-dimensional hyper-
J/kTC cubic q-state Potts model are calculated up to the third-order

/ / cumulant terms. It is shown that by analyzing the cumulant
0.8 / expansions the expression for the critical temperature T, is

exact derived in a closed form which allows to determine T, up to
- mean field arbitrary orders. It is found that the first-order cumulant term

0.4- ---- 3th order gives results which coincide with the mean-field results as
expected. The modified VCE method eliminates the unphysi-
cal first-order phase transition at the mean-field critical tem-

0___ ~perature in the internal energy of the Potts model which
0 4 8 12 16 20 plagues the conventional VCE method. Calculation of T, for

q q varying from 3 to 20 shows that the results obtained up to
the first- and third-order cumulant terms converge toward the

FIG. 4. Inverse of the critical temperature vs q for the d=2 Potts model, exact results.
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Phase transition in a system of interacting triads
H. T. Diep and D. Loison
Groupe de Physique Statistique, Universitg de Cergy-Pontoise 49, Avenue des Genottes, B.P 8428, 95806
Cergy-Ponto- :e Cedex, France

The present work is motivated by the controversy on the nature of the phase transition on the
Heisenberg stacked triangular antiferromagnet (STA). In particular, the renormalization group with
4-c expansion suggests a new universality class, while the renormalization group with 2+6
expansion using a nonlinear a- (NLS) model shows that the transition, if not mean-field tricritical or
first order, is of the known 0(4) universality class. In order to verify this conjecture, we study here
an equivalent system obtained from the STA by imposing the local rigidity as has been used in the
NLS model. The results show that none of the scenarios predicted by the NLS model is found. The
critical exponent v=0.48+0.05 is quite different from the original STA without local rigidity,
indicating that the local rigidity changes the nature of the transition. It is also different from that of
0(4). It means that successive transformations used to buildup the NLS model from the original
STA may lead to the 0(4) universality class.

I. INTRODUCTION II. MODEL AND METHOD

Phase transitions in frustrated spin systems have been Let us consider the STA with nn interaction. The ground

extensively investigated during the last decade.' In particu- state (GS) is characterized by a planar spin configuration

hstacked tiangular where the three spins on each triangle form a 120' structure
antiferromagnets (STA) with Heisenberg spins interacting with either left or right chirality. Thus, the GS degeneracy is

twofold in addition to the global rotation. The Hamiltonian is
via nearest-neighbor (nn) bonds has been widely studied. given by
This system belongs to a general family of periodically
canted spin systems known as helimagnets. Recent extensive H=JE S,.S, (1)
Monte Carlo (MC) simulations which are more precise than H J
early MC works2 have shown that the transition in STA is of
second order with the critical exponents quite different from where S, denotes the classical Heisenbcrg spin of unit length

those of known universality classes. 3- 5 The body-centered at the ith site, J(>0) is the interaction between two n n spins,

tetragonal helimagnet has also shown almost the same criti- and the sum runs over all nn pairs. The Hamiltonian (1) has

cal exponents.6 Using a renormalization group (RG) tech- been used in previous MC simulations 3-5 which all give the
nlue in a 4- c perturbative expansion, Kawamura 7 has sug- same critical exponents within statistical errors: v=0.59gested a new universality class for that transition. However, ±0.01, 3=0.28±0.02, y= 1.25±0.03, and a=0.40-0.01.

Following Azaria et al. 0 we take the continuum limit atby using a RG technique for a nonlinear o (NLS) model with each triangle by putting the three spins at its center. In doing
a 2+ e expansion, Azaria et al.8- 10 showed that the transition, so for all triangles, we generate a new superlattice [see Fig.
if not of first order or mean-field tricritical, is of second order 1 (a)]. In the NLS model, the local rigidity was assumed, i.e.,
with the known 0(4) universality class. This situation is em- the sum of the three spins on each triangle is set to
barrao sing since the RG technique with 2+i fand 4-e expan- zero. 8- '0 3 The resulting model is a system of triads each of
sions usually yields the same result in three dimensions for which is defined by the three orthogonal unit vectors
nonfrustrated systems. Furthermore, it is clear that none of e,(x)(i=1,2,3) which replace the spins at the center of the
the scenarios predicted by Azaria et al. was verified by the xth triangle in Fig. 1(a). The original spins at the xth triangle
above-mentioned independent MC simulations of the are obtained by a linear combination of e,(x)(i= 1,2,3). The

Heisenberg STA.3 5  system of triads is shown in Fig. l(b). Note that the third
The purpose of this paper is to find out the reason of the vectors e3(x) which are perpendicular to the figure sheet are

disagreement between the 2+e and the MC results. To this not shown for clarity. Since there is no more frustration by
end, we study by the histogram MC simulation geometry, one can take indifferently ferromagnetic or antifer-
technique, '1 2 the approximated system used in the NLS romagnetic interaction between tin triads with the following

model 8- 0 and to compare the MC results with those per- Hamiltonian

formed on the original STA.3 5 The approximated 3ystem, as
seen in Sec. II, is in fact, obtained from the STA by neglect- - K,(x,y)e,(x).e,(y), (2)
ing local fluctuations while keeping the symmetry of the l,2,3

original Hamiltonian. where K,(x,y) is the interaction between the two ith unit
Section II is devoted to the description of our model and vectors sitting at the tin, xth, and yth, triads. The original

method. Results are shown and discussed in Sec. III. Con- STA is now transformed into a triad system which is defined
cluding remarks are given in Sec. IV. on a simple cubic lattice. Strictly speaking, the STA corre-
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FIG. 1. (a) The continuum limit of the ground state of the STA is taken by (E4 )
putting the spins on each triangle at its center (b) system of triads which is (V) = 1 - , (9)
equivalent to the Heisenberg STA with local rigidity. The third unit vectors 3(E '
perpendicular to the figure sheet are not shown. (0 4

3(0

sponds to the case where the interactions between one of the ((U)')=(UE)-(U)(E), (11)
unit vectors, say e3(W), are zero.10 We will consider in this where E is the internal energy of the system, T the tempeta-
paper rot only this case but also the symmetric case whereall ,(xy) re qua. Sncethe nteactonsin 1) re ite ture, 0 the order parameter, C the specific heat per site, x the
all K,(x,y) are equal. Since the interactions in (1) are site magnetic susceptibility per site, U the fourth-order cumulant,
independent, all interactions for the triad system are also site V the fourth-order energy cumulant, (...) means the thermal
independent, i.e., Ko(x,y)= K, . average, and the prime denotes the derivative with respect to

Before showing our results, let us emphasize that the ise -= 1I(kBT). Using the energy histogram at To, one can cal-
model considered in this paper is equivalent to the Heisen- culate physical quantities at neighboring temperatures, and
berg model on the STA only within the so-called local rigid- thus the transition temperature at each size is known with
ity condition. precision.1,2

The method used here is the histogram MC technique
which has been recently developed by Ferrenberg and III. RESULT
Swendsen to study phase transitions.ti1t 2 The reader is re-
ferred to these papers for details. In our simulations, we use Let us show the results for the two following cases.
a simple cubic lattice of linear size L=10,12,14,16,18,20 A. K,=K 2=K, K3=0
sites with periodic boundary conditions. In general, we dis-carded 500 000 MC steps per triad for equilibrating and cal- The system in this case is equivalent to the STA with

cardd 50 00 MCstes pe trad or euilbraing nd al- local rigidity. The transition is found of second order. Using
culated the energy histogram as well as other physical quan- localirigidttze Theltransitioneisafoun of sCon orer sIng
tities over 1-2 M MC steps. We first estimate roughly the the finite e scaling for the maxima of (C), (x), ((in 0)'),
transition temperature To at each size and calculate at To the etc.em we obtained the critical temperature for the infiniteenryhistogram as well as the following quantities: system which is TcO)= 1.5325+-0.0020. The exponent v, can
eneigy hbe obtained from the inverse of the slope of ((In 0)') [and

((E 2) - (E)2) ((In 02)')] versus In L. This is shown in Fig. 2 where v=0.48
(C) = NkBT 2 ,(3) -0.05. The critical exponents y and /3 are obtained by plot-

ting ln(O) and (In(x)) vs In L, respectively (not shown here).
N((O2) -(0)2) They are /3=0.22t0.04 and y= 1.15-0.07. These exponents

(x)= kBT (4) are completely different from those of the original STA

(without local rigidity) (see values of exponents given in the
((0)') =(OE)- (0)(E), (5) preceding section). They are also different from those of the

0(4) upiversality class which are P= 0.74, /3=0.39, y= 1.47.
((0 2 )')=(0 2E)-(0)'(E), (6) There are two things we learn from these results: (i) the

local rigidity changes the nature of the phase transition; (ii)
(OE) when one starts with the local rigidity, one does not find the
() scenarios predicted by the NLS model in 2+e expansion.'0 It

means that the subsequent approximations used in the theo-
(0 2E) . retical calculation, 10 for instance, the continuum limit per-

((InO02)')= -" 7 ,---(E), (8) formed at some steps, may alter the nature of the transition
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" 14000 rL-12 T 3080 At this stage, it is interesting to note that there should be

10(E) Lm20 2 .2 0 a critical value of K 3 between 0 and 1 where the transition0 2000

S undergoes a crossover from second to first order. The deter-
i 0000 mination of this tricritical point is left for a future study.

800 o- IV. CONCLUSION

8000 - Here we have studied a system of interacting triads
which is equivalent to the STA if one neglects local fluctua-

4: :tions by imposing a local rigidity on all triangles. In the case
0 .0 which is equivalent to the Heisenberg STA (K=K2 =K,

2000 .1 K3=0), we do not find the same critical exponents as those
0 0 found for the STA. It means that the local rigidity changes

- - 1 the nature of the transition. The obtained critical exponents
are, in addition, different from those of 0(4) found in the
NLS calculation. We think that during the successive trans-

FIG. 3. Energy histogram P(E) for L = 12 at T=2.3080 (diamonds), for formations of the initial STA to build the NLS model, 10 some
L = 14 at T=2.2970 (crosses), and for L =20 at T=2.2904 (squares). Bimo- ingredients may have been lost, though the system symmetry
dal distribution characteristic of first-order transition is seen. E is internal is preserved. In the case where K1 = K 2 = K3 = K, we find
energy per unit vector e,(x)(i= 1,2,3) that the transition is unexpectedly of first order, though the

symmetry of the system does not change with respect to the

found by MC simulation for the discrete lattice system. We case where KI =K 2=K, K3=0. We hope that this work will

believe that the continuum limit used in the NLS model ex- stimulate further theoretical investigations on the nature of

cludes possible topological defects which can change the phase transition in helimagnets.

transition nature.
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Critical behavior of the random Potts model
B. M. Khasanov, S. I. Belov, and D. A. Tayurskii
Physics Department, Kazan State University, Kazan 420 008, Russia

The phase transition in the continual random n-component Potts model is studied by the

renormalization group method. It is shown th, for the three-dimensional model and n =3 the phase

transition is to be of the first order. In the case n = 2 which corresponds to the random Ising model

the stable fixed point exists as early as in the one-loop approximation of renormalization group

equations.

In the Potts model each lattice site can be in one of n random way. In general, the third- and the fourth-order ran-

possible states. The energy of interaction between neighbor- dom potentials should be included in the reduced Hamil-

ing sites is equal to co for the sites being in the same states tonian. In this paper, we shall consider the critical behavior

and to e1>,-o in the opposite case. The Landay theory pre- of continuous analogy of the random lattice Potts model and

dicts the first-order phase transition due to the third-order take into account local changes of all effective parameters in

vertex in the Hamiltonian of continual Potts model with ten- Hamiltonian.

sor order parameter. On the other hand, it was shown in Refs. Earlier it was shown that fco "tie random P-model (the

1 and 2 that the strong fluctuations can lead to continuous system with symmetric non( , ,iial and traceless tensor or-

transition in pure Potts model. der parameter) its critical behavior was experimentally un-

The static point defects which do not cause the matrix distinguishable from pure model. The reason for it is that the

ordering in their localization lead to the local change of the stable fixed points of renormalization group equations in ran-

effective Hamiltonian constants. One of the most simple de- dom and pure systems are located very closely to each other.3

fects is the defectlike "random temperature," but there are a For the model we consider the Hamiltonian has the

number of situations where coupling constants may vary in a form:4

1

H= 1.. fq qzi2(qlq2)Qap(q)QaP(q2)+ 1. fq V3(qlq2q3)Qa#(q,)Q ,(q2)Q.,(q3)

+ -- 4 v4 (qlq 2q3q4 )Qap(q)Qa#(q2)Qyb(q3)Q y(q4) + " (qlq2q3 q4)

4. Jqq 2q3q4  
4. qlq 2q3q4 v

X Qa1#(qj)Q#Y(q2)QY6(q3)Q,6.(q4). 1

Here Q, q) is the Fourier transform of symmetric, diagonal, (8pv(qlq 2 ) vj(q 3q4)) = Au,(q + q2 + q 3 + q4),

and traceless tensor of rank n, fq=fddq/(2 r)d. v2,v3 ,v4 are

the random fields for which we suppose the translational A,1 6 (Arr,ABB ,ArB ,ArC,ArU). (3)
invariance of all averages and the absence of the long-range

correlations. The average value of v is transformed according The functions B(T)-=F 3 and C(T) = F4 (i is a number of the

to the full space group of the gystem without impurities and fourth-order invariant) are the irreducible vertices at zero

can be obtained by the averaging over a probability distribu- momentum for the Hamiltonian (1). Besides those vertices

tion of fields v in the Hamiltonian there are a number of effective impurity vertices: the vertex
Ar, has the same dimension as I'4, the vertex A,B is equiva-

(v2(qjq 2)) = (r + q') 8(q, + q2), lent to the fifth-order invariant in the Hamiltonian, and ver-

tices A8 B,Arc,ArU are equivalent to the sixth-order invari-

(v 2(qlq 2q3)) = B.6(q + q2
+ q3), ant. For the continuous transition all vertices depend on

correlation radius K by means of the power law

( '4 (q q 2 q 3 q 4 )) = C S(q1 + q2+ q3 + q4), 2' ZgK k - d (k '-- 2 ) - k O/ 2 ,  4
rk'gkK(4)

(v4(qlq 2q3 q4 )) =U8t(q + q2 +q3 +q 4 ). (2) where r is the Fisher critical exponent. One can obtain the

The renormalization group transformation change also aver- Gell-Mann-Low-like equations for dimensionless invariant

ages (&&,,z') as well as parameters B, C, and U. Here 8P-, charges gk6 (B,C,U,A,,)
denotes the deviation from the translation invariance v= v

+8v,. In the three-dimensional space it is necessary to con- k(5)

sider the following cumulants: t
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TABLE I. The fixed points of renormalization group Eq. (5) for n=3.

0(2) A, A. 0'(2) Ar. Ar_ A Ar U

B2  0 2 M 0 2.27 0.54 0.19 5.64 0
43 0.3 0.44 0.33 1.47 0

Arr 0 0 0 0.03 -0.12 0.04 0.1 -.

Ar, 0 0 0 0 0.004 -0.05 0.01 -0.45 0
A88  0 0 0 0 0.04 -0.03 0.02 1.43 0
A,c 0 0 0 0 -0.008 -0.03 0.0007 -0.31 0

where t=ln i. For arbitrary n there are eight such equa- related with the lattice model mentioned at the beginning are
tions. For n=3 the two fourth-order invariants in (1) are discussed. By means of functional integration, the lattice
connected by means cf equality TrQ 4

= (TrQ 2)2/2. In this model may be presented as a field theory with a nonpolino-
case the number of equations is reduced to six, but they are mial interaction potential in which all bare constants are con-
still rather complicated. The numerical solution gives the nected. It is not obvious that the expansion up to the fourth-
fixed points with positive B2 and C that is summarized in order invariants in (1) is sufficient to describe the phase
Table I. transition in a lattice model. However, if that is the case then

The first three fixed points with A=O earlier obtained in Hamiltonian (1) will correspond to the lattice model only
Ref. 1, describe the critical behavior of the Potts model with- with the definite correlations between the bare parameters in
out impurities. The fixed point A + is the saddle point while (1). After that the critical behavior of a lattice model will
the stable point A is the stable focus. The Hamiltonian flow described only by the same phase flow of renormalization
of renormalization group equations that is going through the group equations. Probably, this flow line will go near the
fixed point A + divides the phase diagram into two parts. fixed point A - or A'1. In this case, one can obtain the critical
Flows from the one part are going to the line 01 of the Fig. 1 exponent of susceptibility y from equation
on which the first-order phase transition occurs, and flows n + 1 3(n-2)
from another-to the fixed point A _, where the second-order 1 - Y= - C - 2 2Arr, (6)
phase transition takes place. For the random Potts model the 3 2n

only one stable fixed point is the A '. In the real physical Therefore y= 1.3. If the flow line passes near A + or A +., then
system the cumulants A,, and ABB are by definition a posi- y=0.6. In order to investigate the critical properties for n >3
tive definite quantities. The flow lines make it impossible for one has to solve eight equations like (5). This problem is
a point that starts in the region with A,,>0 to flow after rather complicated in comparison with the three-component
renormalization into the region with A,,<O (Fig. 2). Thus, system. Therefore, we will discuss only impurities of "ran-
the fixed point A' is inaccessible to physical systems. dom temperature" type, i.e., A,*:0. In this regime the un-
Hence, the phase transition in the random three component stable fixed point for n =4 and the stable fixed point for n _-5
Potts model described by the Hamiltonian (1) is the phase with B2, U>0, and C,Ar<0 could be obtained. There are
transition of the first order. It is important to note that the not stable fixed points in the physical region with B2,Ar,>0.
fixed point A - of the pure system is unstable with respect If we take B =0 in the Hamiltonian (1) and consider the
only to ABB and Arc. All given fixed points in Table I are in limit n--+o (in this case, the condition TrQ=O becomes ir-
the region of values B2 and C that is stable about condensate relevant), then the stable unphysical fixed point with U = 1/
separation. Presently, results for the continual model are cor- 12, C = 11(4n), A,,= - 1/48, and the stable fixed point U= 1/

6, C= 1/(2n), A,,=0 appear. The latest point describes the

B2  critical properties of the spherical model with cubic anisot-
ropy. Calculating the exponent y for it

B2 A.'
A.

A.

A'

0(2) 0'(2) A,

0 0(2) c

FIG. I Flow diagram for pure model, n=3. FIG 2. The fixed points on the (B 2 ,A,,) plane for n=3.
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scaling relation laws. One can use two approaches in order to

3 C+ U, find the value of y in the three-din:-nsional renormalization
perturbation theory: (i) to substitute into (6) the fixed point

we have y=3/ 2 . In the three-loop approximation the stable coordinates and to reverse the obtained value; (ii) on the first
fixed point is equal to nC=0.480, U=0.176, Art=O, and inverse Eq. (6) and to expand y as a series of C and Ar, then
y= 1.43. It happens that in the zero order to 1/n the renor- the fixed point coordinates into obtained expressions are sub-
malization group equation for vertex U and the critical ex- stituted. As a result, we find for y and the heat capacity
ponent V depend only on U, so the value of q for the spheri- exponent a the following values, calculated in the following
cal model with cubic anisotropy is equal to 77 of the Ising ways, respectively: y=l.4, a=-0.1, and y=1.29, a=0.07.
model. The same results were obtained in Ref. 5 where the Higher-order terms of perturbation theory (it is necessary to
perturbation theory on vertex C was used. Note that if one consider the three-loop approximation) lead to the small in-
can take only C 00 in the Hamiltonian (1) (spherical model) crease of y and can essentially change the alue of a. Even
then the well-known result in three-dimensional space y7 2 in the one-loop approximation, t.vo ways of calculations give
follows. The limit of large n considered here is of conse- the opposite signs of a. Hence, the obtained results do not
quence with the statement that for n-oo and d>2 the inter- allow to estimate reliably estimate the value of the random
action of fluctuations C disappears while the value nC re- exponent a. It is a very reasonable possibility that this cannot
mains finite and the expansion over 1/n can be effective, also be made in the three-loop approximation as it was

The case n =2 that corresponds to the Ising model is the shown in Ref. 6 for the "random temperature" impurities.
subject of special interest. Here, the third-order vertex B Using Harris' arguments 7 it is possible to show that two dif-
does not influence the critical behavior, and corresponding to ferent kinds of the disorder variables Arr and Arc do not
it, charge g3 drops out of Eqs. (5). This circumstance follows change the statement 6 that critical exponent a must be nega-
from th. symmetry of the Potts model for n=2. Besides, tive.
here as well as for n=3, there is only one fourth-order in- The work of B.Kh. was supported, in part, by a Sloan
variant in (1), so the total number of variables is reduced to Foundation Grant awarded by the American Physical Society
three: C and two cumulants A, and Arc. If Ac=0, Eqs. (5) and the work of D.T. was supported, in part, by a Soros
are degenerated in the one-loop approximation and do not Grant awarded by the International Science Foundation.
have nontrivial solutions. There is no degeneracy in the two-
loop approximation, but at the same time the fixed point

the cproxitical behav the p hesi d molin t 'A. L. Korzhenevskii Zh. Eksp. i Teor. Fiz. 75, 1474 (1978) (in Russian).
describing the critical behavior in the pure Ising model is 2 A. L. Korzhenevskii, Fiz. Tverd. Tela. 20, 359 (1978) (in Russian).

absent. The pure and random fixed points appear only in the 3 B. M. Khasanov and S. I. Belov, Fiz. Tverd. Tela. 36 (1994) (in Russian).

three-loop approximation.6 Assuming that ArC O, one can 4 R. 0. Priest and T. C. Lubensky, Phys. Rev. B 13, 4159 (1976).

get nontrivial random stable fixed point even in the one-loop SA. Aharony, Phys. Rev. Lett. 31, 1494 (1973).
approximation: C=0.390, Art=0.051, Arc=-0.002. Using 6 A. 1. Sokolov and B. N. Shalaev, Fiz. Tverd. Tela 23, 2058 (1981) (in
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[ Influence of exchange bond disorder on the magnetic properties of
(Pd1 -xFex) 95Mn5 near Tc

Z. Wang, X. Qi, H. P. Kunkel, and Gwyn Williams
Department of Physics, University of Manitoba, Wnnipeg, Manitoba R3T 2N2, Canada

A summary of a detailed study of the field and temperature dependent ac susceptibility of a series
of ternary (Pd, -..Fex)9sMn 5 alloys near the ferromagnetic ordering temperature Tc is presented. By
following the behavior of the crossover line (a line of maxima in the field dependent susceptibility
above To, the maxima moving upwards in temperature but decreasing in amplitude with increasing
field) it is possible to catalog the influence of exchange bond disorder on aspects of the critical
behavior. These ternary systems are not soft ferromagnets and thus asymptotic critical exponents are
difficult to estimate using this technique. Nevertheless, effective exponents (i.e., obtained away from
the critical point) clearly reflect the presence of significant variance in the distribution of exchange
bonds.

I. INTRODUCTION II. EXPERIMENTAL DETAILS

(Pd, -.,Fe.,) (0.0<x <0.25) is a well-known Samples were prepared individually in an argon arc fur-
(d e) (0.01x<.25 ) is a spinwglass.2 tel lyw nace from high purity starting materials using a well-ferromagnet and Pd 95Mn 5 is a spin glass.2 In the frequently established sequence of inverting, remelting, cold rolling,

referenced approach3 in which the exchange bond distribu- and annealing steps, 1 9 to ensure homogeneity. Field- and
tion that exists in such metallic systems is approximated by a temperature-dependent ac susceptibility data were collected
Gaussian, the mean value of this distribution thus exceeds its continuously using a previously described' phase-locked sus-
variance in the former system, while in the latter this in- ceptometer on samples of typical dimensions (17X2x0.1)
equality is reversed. mm;3 both the ac excitation field (50 m Oe rms at 2.4 kHz)

Binary Pdl -, Fe, (x=0.014-0.016) is a nearly ideal e'- and static biasing fields up to 1 k Oe were applied along the
ample of a soft ferromagnet. 1 Internal fields as low as H,=1 largest specimen dimension. The data were corrected for
Oe are capable of revealing structures normally associated background and demagnetizing effects, as described
with critical fluctuations at a second-order phase transition, previously.'
and a detailed analysis of this structure yields critical
exponents' ('=1.36±0.03, f=0.39(5)±0.015, 8=4.5 III. RESULTS AND DISCUSSION
±0.15) close to the values predicted by the isotropic, three- Figure 1 reproduces the zero-field susceptibility in bi-
dimensional Heisenberg model4 using renormalization group nary Pd-1.6 at. % Fe [Fig. l(a)], and in ternary
techniques (y=1.386, 83=0.365, 8=4.8). Binary Pdl-,Mnx  (PdtlFex)95Mn 5 (x=0.0035 [Fig. l(c)] and 0.016 [Fig.
(x--0.05) is a spin glass, characterized by a divergence in the
nonlinear susceptibility 5'6 (the associated exponents having
been most recently reported 6 as y=2.0±0.2, 8=0.9±0.15, 0_50
83). Ternary (Pdl-,Fe) 95Mn 5 (x=0.0035) remains7' s as , ,0-
one possible example of a system exhibiting sequential phase r ( u.4
transitions following detailed studies,8 viz. near T,=9 K the E 0.2
field- and temperature-dependent susceptibility exhibits fea-
tures associated with critical fluctuations near a second order
paramagnetic to ferromagnetic transition (but with some in- . 8 12
dication of the influence of variance in the exchange bond
distribution), while at lower temperatuie, TsG= 4 .1 K, the
nonlinear response displays a marked (but not divergent)
anomaly. :7 (b)

Here we present a summary of comparable measure- 02 .
ments on ternary (Pd, _ Fex)95Mn 5 . At rather higher Fe con-
centrations (x=0.016-0.022), these samples have corre-
spondingly higher ferromagnetic ordering temperatures, and
the "reentrant" transition is also suppressed. For this reason 00 T,, ,
we have focused attention on the detailed behavior of the 0[(K) 50
field- and temperature-dependent response near T>, and on
the influence exerted on this response by the exchange dis- FIG 1. The zero-field susceptibility X(O,T) (in emu/g) plotted against tem-

perature (in K) for (a) Pd +-1.6 at. % Fe, (b) (Pd+ 1.6 at. % Fe) 95Mn3 , and
order expected in such systems. (c) (Pd+O 35 at. % Fe),Mn,.
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FIG. 2. The susceptibity x(H,T) (in emu/g) plotted against temperature T 10 21 0

(in K) for (Pd+l1.6 at. % Fc)9 sMns; the numbers marked against each curve
are the estimated, superimposed (internal) fields Hi (in Oe). The dashed line FI.3Thpekscptbly (,)(iemgtanfrmdasmlr
represents the crossover tne. FG .Tepa ucpldt (,Tn i m/) ae rmdt iia

to that shown in Fig 2, plotted against the internal field H, (in 0e) on a
double logarithmic scale for (Pd1 _Fex) 9 5Mn 5 ,with x =1.6 at. % Fe (*), 1.8
at. % Fe (A), 2.0 at. % Fe (V) and 2.2 at % Fe (U). The lines drawn yield

(b)]), so that the general features of the behavior of these th '()vlelied TbeI

systems can be compared and contrasted. While the charac-
teristic structure usually associated with reentrant behavior is
evident in Fig. (c), the lower (reentrant) transition is sup- X(O,t)°ct-, (4)

pressed in both binary and ternary samples with higher Fe have provided the basis for a detailed analysis of the critical

concentration. Nevertheless, as is clear from a comparison of behavior in a variety of systems."' °

Figs. (a) and (b), the ferromagnetic ordering temperature Here, however, two factors conspire to preclude such a

Tc is lowered by the addition of Mn. Figure 2 details the detailed analysis; (a) fields in excess of H,=15 Oe are re-

influence of superimposed static biasing fields on Fig. (b) quired initially to resolve critical peak structure, and (b),

near 40 K; such fields suppress the principal (Hopkinson) even when these peaks are resolved they are considerably

maximum enabling a secondary peak structure to be ob- broader than those in the corresponding binary Pd 1 xFex

served. These latter peaks decrease in amplitude and move samples. The influence of point (a) can be seen in Fig. 3

upwards in temperature as the applied field increases; they which tests Eq. (3) via a double logarithmic plot of the peak

2000

are a characteristic stgnature l
' of critical fluctuations at a susceptibility x(H,Tm) (evident in Fig. 2) against internal

second-order paramagnetic to ferromagnetic transition, and field (He); in the case of the 1.6 and 1.8 at. % Fe samples the

their locus defines the crossover line.'" In terms of the line drawn at low field corresponds to the 3D-Heisenberg

usuald2 scaling law expression for the field (h) and tempera- model value of 8=4.8 while the higher field slope yields an

ture (t) dependent susceptibility X(h,t) effective exponent %(H)3 (the mean-field value). This fall

Sthathe l f the bin the effectiveexponent6(H) withincreasingfieldiswell

X(h,t)=tvF t4-q) - " ty- )  (1) cataloged"' 0° in systems with exchange bond disorder. The

field dependence of the effective exponent (t(H) is not so

[with h -H 1ITc and t =(T- Tc)/T c in the usual notation], evident in the 2.0 and 2.2 at. % Fe specimens as even larger
the temperature Tm of these critical (secondary) peaks varies fields Ho (listed in Table I) are required to resolve critical

with fields as Nsao peak structure in them.

= l(a ) / the f m agetic) Figure 4 tests the predictions of Eq. (2) and also illus-

T. = isx lo e b, (2) trates the difficulties introduced as a result of point (b)

above. Briefly, in the most favorable cases,1't ° tm can be
whilente critical peak amplitude X(h,tm) behaves as plotted against H, on a double logarithmic scale, the slope of

n/a- I (3) which yields the crossover exponent (+ ). Here tioe diffuse
maxihmm e lnature of the critical peaks renders this procedure inappro-

Equations (2) and (3) along with the more conventional de- priate since T (and hence tin) cannot be established with

pendence of the zero-field susceptibility on (reduced) tem- sufficient accuracy. The best that can be done is a linear plot
perature above Tc, viz: of the peak temperature Tm against ( n )0 57 ([inFi ') = .57 
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[ TABLE I. A compilation of parameters deduced from ac susceptibility data
on (Pdl.Fe.)95Mn5 . (

8' (H) 3 /

x T, T,' Ho Low High
(at. % Fe) (K) (K) (0e) field field

0.35 9.3±0.02 7.5±0.03 3 4.1±0.1 4.1±0.1 2"
1.6 38.0±0.2 61.5±0.2 15 4.8±0.2 3.0±0.2 "
1.8 41.6±0.3 69.1±0.2 25 4.8±0.4 3.0±0.2
2.0 44.9±0.5 75.4±0.3 28 3.7±0.4 3.0±0.2 1
2.2 47.9±0.5 80.6±0.5 35 3.0±0.2 3.0±0.2 t

'For the corresponding binary (Mn free) PdFe sample (Ref. 1). 0 0.2 0.4

FIG. 5. The Kouvel-Fisher effective susceptibility exponent y*(t) plotted
against reduced temperature t for the (Pd+2.0 at. % Fe) 95Mn 5 specimen.

for Heisenberg model exponents), which indicates that these t=0.16-is well documented in systems with bond
data are generally consistent with such model exponents disorder, 1 0'1 4 confirming the conclusions drawn from the
within the rather appreciable scatter evident here. The inter- data shown in Fig. 3.
cept from such plots yields the T, estimates listed in Table 1. IV. SUMMARY

Further effects of exchange bond disorder are provided
in Fig. 5 where, rather than to test Eq. (4) directly, the effec- A detaileo study of the field- and temperature-dependent
tive Kouvel-Fisher susceptibility exponent13  ac susceptibility near the ferromagnetic ordering temperature

T, in (Pd1 _.,Fex)9sMn5 indicates a significant suppression in
y*(t)=d ln[x(O,t)]/d ln(t) (5) the value for T, following the addition of Mn. Within the

framework of an S-K like model, this represents a marked

is plotted against t for the 2.0 at. % Fe sample. The non- reduction of the mean value/second moment ratio for the
monotonic variation of this effective exponent with exchange bond distribution. The field and temperature de-
temperature-specifically the peak in y*(t) above T, near pendence of the effective exponents 5'*(H) and .y*(t) indi-

cate that this distribution retains a substantial width/second
moment although the width cannot exceed the mean value as
the reentrant transition is suppressed.
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Magnetic transitions at high fields in (FeMn) 3Si alloys
H. J. AI-Kanani and J. G. Booth
Joule Physics Laboratory, Salford University, Salford M5 4WT, United Kingdom

J. W. Cable and J. A. Fernandez-Baca
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6393

In the series of ordered DO 3 solid solutions Fe3 _x MnSi, field-induced transitions have previously
been found to occur for antiferromagnetic alloys with values of x near 1.70. The present work has
determined a region of composition in which antiferromagnetism is the low-field, low-temperature
state and gives the variation of the critical field as a function of temperature and composition. The
critical field decreases approximately quadratically with temperature and rises to beyond 6 T in the
range of composition from 1.6--x--1.8. Neutron diffraction indicates that the antiferromagnetic axis
is shifted from the [111] direction and that in a 5 T field the antiferromagnetic component of the
scattering is reduced considerably from that in zero field. However, no corresponding increase in
ferromagnetic component is observed within experimental error and Arrott plots suggest the
high-field state is still largely antiferromagnetic.

I. INTRODUCTION from 0 to 12 T and back to 0 within "bout 20 min. The

Fe3Si and Mn3Si are known to form solid solutions with critical field was taken to be that at which the differential

the DO 3 ordered structure. The substitution of Mn for Fe in susceptibility dor/dH was a maximum. Neutron diffraction
forming te seres s e. esulsin Mn site in measurements as a function of field and temperature werefrigteseries Fea xMnxSi results in a selective site oc- otie tteHI ecoOkRdeNtoa aoa

cupation which has been fully described in earlier papers." 2  obtained at the HFIR Reactor, Oak Ridge National Labora-
The present paper is concerned with the magnetic properties tory using a wavelength of 1.42 A. 24 h isothermal scans
of the ompounds in the compositional range 1.6tpxie1.8. were normally employed with the field applied vertically,

These properties derive from the occupation of the A and C perpendicular to the scattering vector. Rietveld plots were

sites by Mn atoms, the B site being already fully occupied.' obtained above the magnetic ordering temperatures allowingsite byMn tom, te Bsit beig areay flll ocupid~l the site occupations and compositions to be refined.

Magnetization studies show that the zero field magnetization

o0 ,T for these compounds decreases below a "reorientation Ill. RESULTS
temperature" TR (-65 K) to give a smaller saturation mag-
netization O 0.The previous work has shown that a(,, is zero The determination of the composition at which o,0 be-
at x = 1.70 beyond which antiferromagnetism is the low tem- comes zero was made more difficult by the observation that
perature, low-field state. The present work stems from the for x = 1.60 and 1.625 the low-temperature properties of the
observation 2 that for the alloys with x = 1.70 and 1.75 a field- alloys (in common with those of alloys having smaller values
induced transition from antiferromagnetism to another mag- of x (Ref. 1) are dependent on previous magnetic field his-
netic state occurs at temperatures below TR. We have ex- tory. Since a demagnetizing facility was not available mag-
tended this work considerably to determine the alloy netization measurements at each temperature were obtained
compositions for which this transition occurs (i.e., for which only after cooling in zero field from the paramagnetic state.
antiferromagnetism is the low-temperature, low-fielo state) Following this procedure it was established that o,0 is zero
and the variation of the critical fields as a function of tem- for x= 1.60 and 1.625, although as indicated in the inset to
perature and composition. We have also attempted to deter- Fig. 1, a magnetic measurement produces a large remanent
mine the high field magnetic state of the compounds by corn- moment in these cases which is associated with the transition
paring the neutron diffraction patterns in zero field and in a fields being very small. Such effects are not observed for
field of 5 T as a function of temperature, as well as examin- x> 1.65. A typical field transition is shown in Fig. 1 for the
ing the Arrott plots. alloy with x = 1 .80. The transition occurs over a wide range

of field and is accompanied by considerable hysteresis at the
II. EXPERIMENTAL DETAILS lowest temperatures suggesting a first-order phase transition

and possibly a large magnetostrictive effect. It is possible
The material used for this investigation was prepared in therefore to define two critical fields. At the lowest tempera-

an identical manner to that employed in the earlier tures the difference between these two fields is often large, of
examinations.' 2 The new material consisted of alloys with x the order of 1 T. At low fields the magnetization increases
having values of 1.60, 1.625, 1.65, and 1.80. X-ray exami- linearly with field as expected for an antiferromagnetic ma-
nation of the alloys indicated all to be single phase alloys. terial but above the transition the observed curvature sug-
The quenched samples in powder form were examined in gests an unsaturated state. The variation of the mean critical
field up to 12 T using the Manchester and Salford Vibrating fields with tempereture and composition is illustrated in Fig.
Sample Magnetometer facility over the temperature range 2 where a quadratic decrease with increasing temperature is
2-300 K. Data acquisition is by microprocessor control in seen (the results for x-- 1.75 are included for comparative
which at a given temperature the field is swept automatically purposes). The solid lines are a fit to H* =(I-T * 2 ) where
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(100(K)

peratures for x=1.60 and x(=61.625. 5

2 =2 (65K

the asterisks indicate reduced critical fields and temperatures,

1"0,

i.e., H*=Hc(T)/Hc(O) and T* =TITRc. Arrott plots were ° / /
obtained both above and below TRc. Figure 3(a) shows thato
for x = 1.8 above Tinfrmainthe interc ept onhtthe Hiaxis aP- _

proaches the origin as the temperature falls towards the or-/
dering temperature.,nomto on tehigh-field state beo 0060070

T0 is provided by the Arrott plots shown in Fig. 3(b) for 000 050 ,Co0 - o o 000

which the intercept on the H/o" axis retreats away from the H/ [oe g ,e-,,,']
origin as the temperature continues to fall. This behavior has
recently been shown to be characteristic o an antiferromag- FIG. 3. Arrott plots for Fe1 2Mn1 8Si (a) above TR and (b) below TR.

netic state3 and will be discussed below. The situation for the
other alloys is complicated by the appearance of a ferromag-
netic region in a narrow temperature range above T . This is

the asterime indicat redce critica fisd weakl ferromagnetic, 4.2 Kn

also reflected in the Arrott plots of those materials. Table I
iezero field where the alloy is antiferromagnetic; 4.2 K and 5 T

fogx1.vesv T the aproiattvleroft n the versuxs ap-

Neutron diffraction was carried out on the alloy with at which field the transition to another magnetic phase hasaheoccurred. For the results from the paramagnetic regime (130

dering5temperature.oInformationrotutee highfieldstat belowan

zero field in the paramagnetic regime; 80 K and zero field in K) the composition and site occupations were refined by a
Rietveld plot which included parameters taking into account
a small preferred orientation. The refined composition corre-

c state 3 and.will-be discussed below. The situ-tinsponded to x = 1.64 and the following site occupation: (A)
(0.32 Mn+0.68 Fe), (B) Mn, (C) as (A), and (D) Si. Figure

ne rperature 4(a) shows the results in zero field at 4.2 K and this is com-
alo r e ipared with the equivalent results in a field of 5 T in Fig. 4(b).Se The very small peaks in Fig. 4 were not observed at 130 K

a smal p.f and indicate the antiferromagnetic order.

I oTABLE I. Approximate values of TR and Tc vs x for the series
( 0.1 Fe3 2Mn 0Si.

o ... 1 x (K) (K)

7 - 1.60 60 125

O 0.......... 0 1.625 60 118
p wt 1.65 60 80

1.70 60 75
FIG. 2. Mean transiion field vs temperature for the alloys discussed in this 1.75 65 .

paper. Data for x= 1.75 is included from Ret. 2 for comparative purposes. 1.80 65..
The sold lnes are fits to the data using Hc(T)/HC(O) = [1- (T/Ta) 2 ].
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TABLE II. Comparison of the observed structure factors of the superlattice

a lines in 0 and 5 T fields for Fe, 35Mn, 65Si.

1/2 Field ON Field OFF
2 F 20  q F 2

20  FO FF

111 0.007 0.010 0.70
9 311 0.055 0.091 0.60

331 0.050 0.076 0.66
. 511+333 0.028 0.041 0.68

531 0.041 0.073 0.56
z .. 533 0.016 0.042 0.39
0 551 0029 0.060 0.48

neutron diffraction results in Fig. 4 show that the intensities
of the superlattice peaks in zero field are much reducedby

o the application of a 5 T field. Since the applied field is per-
pendicular to the scattering vector one might expect that any

- reduction in the aatiferromagnetic alignment would corre-
Sspond to the appearance of a ferromagnetic component and
0 20 30 40 50 60 70 80 90 100 that this would be reflected in an increase in the scattering at

2B Ideg) the nuclear peaks. The structure factors for the latter are such
that one would expect the (111) line, which contains only the

FIG. 4. Fe1 35Mn1 65Si neutron diffraction patterns at 4.2 K with (a) H= 0 contribution from the B site, to be most sensitive to an in-
and (b) H=5 T. crease in ferromagnetic alignment but within experimental

error the intensity remains the same. Table II gives the effect

IV. DISCUSSION of field on the intensities of the superlattice lines showing, in
general, a reduction to some 57% of the zero-field value. The

The remarkable feature of Fig. 3 is the observation that application of a magnetic field alters the basic antiferromag-
below TR the Arrott plot intercepts on the H/o axis retract netic arrangement but it seems likely that the resultant state
from the origin. It has recently been shown using the Landau is another unsaturated one. To explain the observations this
theory of phase transitions 3 that such behavior is character- state must be such as to contribute only very small ferromag-
istic of systems with coupled antiferromagnetic and ferro- netic components to the scattering.
magnetic components with TN< Tc and theoretical curves Clearly further work on this most interesting region of
similar to those in Fig. 3 have been obtained It is possible concentration is required and further neutron diffraction and
that the high-field state remains predominantly antiferro- (or ASR investigations are planned.
ferri-) magnetic and that further transitions at even higher
fields might be expected. The magnetization and neutron dif- ACKNOWLEDGMENTS
fraction data have previously been shown to be consistent
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Critical behavior of the two-dimensional easy-plane ferromagnet
Alessandro Cuccoli, Valerio Tognetti, and Paola Verrucchi
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The critical behavior of 2D magnetic easy-plane systems has mainly been studied by the classical
XY model. However, the z components of the spins have to be considered :n order to describe real
systems, and their fluctuations cannot positively be neglected when quantum effects are to be
included, quantum spins being intrinsically three-component objects. Therefore, Monte Carlo
simulations are performed for the Heisenberg ferromagnet with easy-plane anisotropy (XXZ model)
on a two-dimensional square lattice with a twofold aim: first, to obtain accurate quantitative results
about the critical behavior of the classical model, showing the relevant role played by the
out-of-plane fluctuations; second, to open the way for approaching the quantum thermodynamics by
I .. s of the effective Hamiltonian method that reduces the quantum thermodynamics of the XXZ
ferromagnet to the investigation of an effective classical model with temperature-dependent
renormalized interaction parameters. Specific heat, magnetic susceptibility, and correlation length
are calculated in the critical region for lattice sizes up to 128X 128. These quantities preserve the
Kosterlitz-Thouless behavior of the XY model. For the transition temperature of the classical XXO
model we obtain the estimate kBTC/(JS 2)=0.69±0.01.

The two-dimensional XXZ model is described by the the value for the XY model. In the isotropic limit X-1 the
Hamiltonian transition disappears logarithmically, Itc-[-ln(1-X)]- .

Kawabata and Bishop6'7 performed pioneering Monte
^ (k d + ) xk Z ] (1) Carlo (MC) simulations of the classical XXZ model, and

- obtained estimates of the transition temperature confirming

the theoretical asymptotic dependence of t,(\). Their result
The index i-i,i 2) labels the sites of a two-dimensional in the XXO limit is t,(X=0)=0.78±0.03.
Bravais lattice, and d=-(d ,d2) represents the displacements As the first step to approach the quantum model by
of the z nearest-neighbors of each site. The easy-plane an- means of the effective Hamiltonian, 8 we have reconsidered
isotropy is represented by the dimensionless parameter X(IX the classical XXO model producing accurate thermodynamic
<1). For X=0 the above Hamiltonian describes the XXO data and giving a quantitative description of the relevantmodel (also called "quantum XY model"). aaadgvn uniaiv ecito fterlvn

modnl thiso paele "qamly co ed. wquantities in the transition region. We present here MC re-In this paper, we are mainly concerned with the classical sults for the XXO model, i.e., for X=0. The MC sample
counterpart of Eq. (1). For our purposes it is sufficient to take consists of a square lattice of L XL classical sins with e-
the spins in Eq. (1) as classical vectors of length S, i.e., riodic q o ar latios an w cosic a tis, withp

S,-*s1  iththeclasicl vctos s vayin ono te u it dicboundary conditions, and we considered lattices with,-,Ssi with the classical vectors si varying onto the unit

sphere Isil= 1. The natural energy scale is then s=Jo2, SO we L =32, 64, 128. The simulations were based on single spin
moves, using a combination of the Metropolis and the over-

define a dimensionless reduced temperature t=kBTle. The relaxed algorithm. 4 The former consists in rotating a single
classical XXZ Hamiltonian reads spin at random, and accepting the resulting configuration af-

ter the Metropolis test; the maximum amplitude of the move
2 E £ ris+d+SS+d)+XSI,S+d]. (2) is such that 45%-55% of the trial moves are accepted. The

,, d overrelaxed algorithm 4 is a reflection of the in-plane compo-
Th;s system belongs1 to the universality class of the planar nent of one single spin with respect to the in-plane compo-
(or XY) model (i.e., s,=0), that is characterized by the nent of the resultant of its nearest neighbors; this move
Berezinskii-Kosterlitz-Thouless 2 (BKT) phase transition at leaves the energy unchanged and is always accepted. The
tc=0.89. '4 The transition is driven by the unbinding of vor- advantage is in the reduction of the MC critical slowing
tex pairs,5 and its peculiar characteristics are that for t<t¢ down, in spite of the fact that this algorithm is local. One
the correlation function (si.sj) displays a power law decay, MC step is defined as No overrelaxed sequential sweeps
-li-j -L ( , whereas for t>tc its behavior is exponential. through the two sublattices whose sites i-- (i,i2) have even
Moreover, the susceptibility and the correlation length have and odd il + i2 , plus NAI Metropolis random sweeps (i.e., L 2

an exponential divergence for t--t+, although long-range randomly chosen spins are moved). For each run the system
order is also absent in the low-temperature phase, i.e., (si)=0 has been equilibrated for 1000 steps with No=0 and NM =2,
at any T. i.e., 2000 Metropolis steps have been employed in order to

In the case of the XXZ model the out-of-plane compo- take the system in a typical equilibrium configuration before
nents s' of the spins can fluctuate and give a tc(X) lower than accumulating data. After a preliminary series of test runs we
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FIG. 2. The in-plane magnetic susceptibility X,, vs temperature. MC data
FIG. 1. Specific heat per site c vs reduced temperature t=kBT/e. MC data for L =32 (triangles), 64 (squares), and 128 (circles).
for L =32 (triangles), 64 (squares), and 128 (circles).

The finite-size saturation at low temperatures is apparent
observed that the initial configuration chosen (spins aligned in the data we obtained for the in-plane susceptibility xx.(t),
along one axis, or random) does not affect the subsequently and the in-plane correlation length x(t) (Figs. 2 and 3).
accumulated averages, within the statistical uncertainty, at all Indeed, when e, is comparable with L, L becomes the domi-
the temperatures we used. The averages were accumulated nant length scale of the system, and the first consequence is
for 10 000 steps with No=4 and NM= 2 . For each quantity that the measured 6, is linear in L, i.e., ,IL is independent
with measured values Q, at the ith MC step, the average is of L (see Fig. 3). At the same time, these figures show that
calculated as Q =(Q,) and in order to account for MC cor- the data at temperatures where 6,(t) are smaller than -L13
relation effects its variance orQ is multiplied by 2r, where the are unaffected by finite-size effects, and can be taken as re-
decorrelation MC time T is defined by the fit liable estimates of the infinite lattice values. For the 128

(Q,+Q,)-(Q&2)-e-/T. For all quantities r turns out to be X128 lattice this happens for temperatures larger than
less than 10 for t>tc, and increases by one order of magni- -0.75.
tude for t tc. As for the direct estimate of the critical temperature, we

We have calculated the internal energy per spin have made use of BKT fits with the trial function
u=L- 2(A , the specific heat per spin f(b) = b(t-,) - v  (vl/2). (6)

(3) Also, the power-law fit, typical of second-order phase tran-

the magnetization mM=(s,) (1 =x,y,z), the spin-row corre- sitions,
lation function g(t;a, v,t, )=a(t- t,)' (7)

C11(r) = (S'S '+r), (4) has been considered for comparison. In Table I we report the

where S" =- s , and the in-plane k-dependent suscti- results for t, obtained from weighted fits to the data points
12 1 2a tilfor t--0.76 and those for t->0.78, respectively. The second

bility case is reported in Fig. 4. The BKT fotm (6) appears to be

superior, both because it displays a more favorable X2/DOF

xtV'=L -2  s~eik ), (5) with respect to the power law, and because there is agree-

which for k=0 gives the magnetic susceptibility x,. The
correlation length , has been obtained in two ways: by
means of an exponential fit of the spin-row correlation func- 300 .

tion (accounting for periodicity, the fitting function is 100 C A o
cosh[(L/2-r)/]) and by an Ornstein-Zernicke fit of
, - (k 2+ A2)-1, using the lowest six irreducible values 10

of k. The two determinations coincide within the MC uncer- N

tainty. I "
The results for the specific heat c(t) depend weakly on lk,

the lattice size L, as it appears from Fig. 1, and do not give tx/L

rise to divergencies. The temperature dependence of the spe- 0. 1CA0.05 .. . . . . .. '
cific heat shows a peak around t=0.78, similar to the one 0.0 0.5 1.0
observed in the planar model3,4 at a temperature t= 1.15tc; t
then, if the similarity would be quantitatively correct, the FIG. 3. The in-plane correlation length f. vs temperature. The data points

BKT transition temperature of the XXO model should be for ,IL show the onset of finite-size scaling when f-L MC data for

expected to be around t,=0.7. L--32 (triangles), 64 (squares), and 128 (circles)
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TABLE I. Results for the critical temperature tc from weighted fits to the 2in-plane susceptibility ;6(t) and correlation length xt.MC data for the It-0.4

128X128 lattice. Data sets for t->0.76 and for t->0.78, with power law and I 0.5
BKT fitting functions following Eqs. (7) and (6) in the text. X2/DOF repre- r- --------- - 0.6
sents the sum of the squared deviations from the fit divided by the number ' -O 0.72
of degrees of freedom (DOF). 0 0.74

Data Fit t X2/DOF 0.1 " 076

Xxx power 0.742±0.003 3.86 0.78
t--0.76 BKT 0.694±0.002 045 - 0.78

XX power 0.752±0.003 2.10 0 04 06 08
t:>0.78 BKT 0.697±0.003 0.43 0.01

power 0.721±0.004 3.10 20 100 200
0>0.76 BKT 0.681±0.005 2.02 L
41 power 0.727±0.008 3.24
t--0.78 BKT 0.679±0.011 2.29 FIG. 5. MC data for x/IL 7/4 vs L, at different temperatures. Below t, a

linear behavior with positive slope 1/4- r(t) is displayed as expected for a
BKT system. The inset shows the corresponding values of rt(t).

ment among the values obtained for tc, whereas those for the determination suffered from the poorer statistics (N0 =O,
power law are not in agreement. At present, we are comput- NM = 1, 6000 steps) and the smaller lattice size (L = 40). In
ing more accurate data for giving a final answer about the addition, they have extrapolated t, by looking for the cross-
BKT character of the transition, and determining the critical over where the correlation function ceases to be exponential.
exponent v, that here is kept fixed to the BKT value v=0.5. Since the crossover is strongly dominated by finite-size ef-
The results for t, obtained through xxx(t) are more accurate fects, they got an overestimated t.
since xx.(t) is a direct product of the MC simulations. For t<t, the susceptibility satisfies the finite-size scaling
Therefore, at present there is good evidence that the classical relation XXX-L 2 '(0, where the exponent r(t) increases
XXO model undergoes a BKT transition at t,=0.69±0.01. with t and should reach the BKT critical value r t,)=1/4.
This value turns out to be much lower than the one (0.78) Therefore, in Fig. 5 we report a log-log plot of the depen-
estimated by Kawabata and Bishop.7 In our opinion their dence of x"/L 7/4 on L in such a way that the dependence at

t t, is linear with a slope that at the critical temperature
decreases to 1/4- 7Xt) =0. Even though at each t there are

3000 only three data points, it is possible to roughly estimate r(t)
by taking the linear fits shown in Fig. 5. As reported in the

1000 1ooL 128 inset, r/() behaves in the expected way; the critical value,

77=0.25, is indeed reached at about t=0.7, consistent with
100 the above estimate of t,.
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Magnetic anomaly in insulator-conductor composite materials near the
percolation threshold
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The effective magnetic permeability of composite materials containing fine iron particles of 1-2 Am
size is investigated theoretically and experimentally. This permeability is considered due to both the
ferromagnetic properties of iron and the generation of eddy currents by an alternating magnetic
field. An analytical result shows that as the percolation threshold is approached, the skin effect in
large conducting clusters dominates, supnressing the ferromagnetic behavior for any value of
frequency. As a result of this, the effective permeability tends to become zero near the percolation
threshold, having a "v" form anomaly. The experimental data for frequencies of 6-10 GHz where
the skin depth is of the order of a particle size, clearly exhibit a sharp decrease near the percolation
threshold in the real part of the effective magnetic permeability. We believe this is the first
observation of a possible magnetic anomaly in a percolating system.

I. INTRODUCTION p-'*pc. The composite material placed in an electromagnetic

The study of composite materials has been the subject of field can be described by the effective magnetic permeability,
considerable interest in recent years because of their possible ;tff, and the dielectric constant, ecf, if the wavelength of this
technological applications. The mixture of metal and insula- field X is smaller than the correlation length . The most

techoloicalappicaions Th mitureof eta andinsla- general analytical approach for calculating itcfAnd, f st
tor particles with the concentration of metal particles p close lif f and cff is to

to the percolation threshold p, at which the system first ex- use the effective medium approximation, 9- 11 in which the

hibits a nonzero conductivity has a number of anomalies in influence of all the other particles on a selected one reduces

electrophysical properties. For example, the dielectric con- to the replacement of the environment by some effective me-

stant and the inductance of percolating materials become in- dium with /xcff and eff. The effective magnetic permeability
finite on approaching P 1-3 In Refs. 4-6 it has been re- Mff of an n-component percolating system can be found

ported on a divergence in the limit p--p, (p<PC) for the from the following equation"
imaginary part of the magnetic permeability associated with
eddy currents induced in the system by an alternai'ig mag-
netic field. These investigations have ignored the effects of p (.Lff)=0, (1)
the inductive interactions of currents, however, these effects
are of predominant importance near p, and allowance for
them removes the divergence of the magnetic permeability 7  where p, ,a(/.tff) are the concentration and the magnetic
which tends to become zero at p-p, polarizability of the j-th component. For a magnetic particle

In the present paper, we investigate both theoretically of a spherical shape the polarizability is of the form
and experimentally the effective magnetic permeability

=eff = eft + i/L "ff of a percolating system composed of fine a,,,(Mff)= 3 (/A.-$cff)/ 4 ir( 2 eff+zm) (2)
iro particles. The eddy curint contribution to teff becomes
domi:aat near p, even if the skin effect in a single particle is Am =/A12 f(ka)]/[ 1 -f(ka)], k=(1 +i)I
weak. The reason for this is related to tlhe appearance of large
conducting clusters in the vicinity of the percolation thresh-
old. The induced magnetic moments of tl.ose clusters sub- f(x)= 1/x 2 -cot(x)/x, 3= c(2rorw/L) - I 2 , (3)

stantially supf ,ss the ferroma netic properties, resulting in
a sharp drop in . ff at P-Pc. We observed this behavior in where A, substitutes for the magnetic permeability A in the
a mixture with iron inclusions of 1-2 Am size in the fre- case of a conducting particle if the skin effect -s essential

quency region of 6-10 GHz. (6<a), a is the particle size and a is its conductivity.
To extend Eq. (1) for the case of a cluster structure

which exists near Pc, the averaged magnetic polarizability of
COMPOSITE MATERIAL clusters ac, due to eddy currents has to be included in Eq.

(1). Each cluster represents a set of doubly conn,.cted regions
The proximity of a composite system to the percolation having a scale-invariant drop structure. It is assumed that,

w;csiold is charicte-.zed by the value of the correlation relative to the alternating magnetic field, a doubly connected
length ,hich defines the typical magnitude of fluctuations. cluster is equivalent to a contour of size identical to the char-
Near the percolation threshold varies with concentration as auteristic size 1 of this cluster,7 then the averaged polarizabil-
!(p--p)/p,1- , with v=0.88,8 tending towards infinity at ity can be written in the form
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[a (4) 2
! JF=B I_11/I, P<P,

1/lB2(l!f),P>Pc

where F(l) is the size distribution of doubly connected clus-
ters and &,, is the total polarizability of doubly connected IN , P

clusters. B1 and B 2 are certain normalization constants inde- 0 1 o 1 01 0I3 0 05

pendent of . The additional term ocS(l- 6)1-3 appearing in 2 f

F(I) above the percolation thieshold is attributed to a regular %-5

conducting structure. By analogy to a contour placed in a ,,=2
medium with the magnetic permeability Peff, the parameter 1 -

&,11) can be written in the form

a,,= - A 1t effl 3IZ, Z =PAff In l/a +Zl;- -- pc - P
Z /+i(.la2,8>a,0 0 0 1 0 2 0 3 04

a  0.5
Zci=/Lm/4 + i(Stm/a)2, Sm>Qa,

where A is a correction factor independent of both /cff and I. FIG. 1. Concentration dependencies of the effective magnetic permeability

For a binary mixture with a nonmagnetic dielectric ma- neff = ,ff + it"ff calculated from Eq. (5) for different values of w = 3/a. The

trix, effective medium Eq. (1) which accounts for all kinds of dashed lines correspond to the case of noncontacting inclusions [Eq (5) at
p(ea] The other parameters were chosen as follows: B1 =B 2= 1, A'= 4 ,polarizabilities (2) and (4) reduces to the form A =9.

I.Lff= I + 3p Ad An- 1)/(2.Lcff+IAm)

/Aleff? Ij ef In (la) +1Z , (5) whole cross section of the waveguide. The magnetic perme-

Cability and the dielectric constant can be obtained from a pair

where 0(p) = 0 for p -<p, and O(p) = 1 for p >p,. Far from of measurements of the complex reflection factor " for two
p(.-+a) the last term can be neglected and Eq. (5) reduces different positions of the specimen in the waveguide, defined
to the standard form for noncontacting inclusions." In the by the distances h t and h2 from the shorting plate as seen in
opposite limit of p p¢(4.o), Eq. (5) ensures the domi- Fig. 2. The result for /Aff and ef can then be averaged over
nance of the induced magnetic moments of large clusters various pairs of h 1 and h 2. In the case of a composite mate-
even in the case of a weak skin effect (6>a). It can be clear rial near Pc there is a question if the sample can be consid-
from the asymptote of Azff for &Z,!Zc-o ered macroscopically homogeneous so that Aeff and cff can

M~ff IZC,-*)=[I - exp( 1/B 1)]Z~, ln(6Ia). (6) be applicable. As long as the effective parameters can be
used, the values of A-e&f and eff have to be independent of the

It follows from Eq. (6) that at any fixed frequency the effec- chosen sample positions. The dependence of /.eff and Eff on
tive permeauility tends to become zero on approach to the h, and h2 would give an indication that samples are not
percolation threshold. This conclusion is valid for p ap- homogeneous and the effective parameters cannot be used.
proaching p, from both p "P, and p>p,. For /'>l, near Thus, the method of arbitrary sample positions allows us to
p, a "v"-form anomaly appears on the plot of A f(P), as can test whether the composite material has Meft and eff at a
be seen in Fig. 1(a). The corresponding anomaly in the given frequency and concentration.
imaginary part A"Leff arises in the immediate vicinity of p. Solving a standard problem of elec'tromagnetic wave
For lower frequency this behavior is seen closer to p, . propagation in a waveguide, 3 one can relate the parameters

&eff and eff to the reflection factor , or the input impedance

Ill. EXPERIMENT Zn= ( + )Zo0/( -) through the following expressions

As a ferromagnetic composite material wL, used a poly- -omuter
mer matrix-butadiene-nitrile rubber-with fine iron par-
ticles of an elongated form with a maximal size of 1-2 zm Indicator Sweep Frequency

and an axis ratio of 3/5. A composite material was formed by generator
a tape casting method. Flexible composite film obtained with _ _________

thickness of 0.1 mm were packed and rolled to have a re- -
quit,. , -kness and concentration. Waveguide / -Mi x

The measurement technique was based on the method of Reflectoneter

a standing wave in a rectangular or a coaxial waveguide.1 2  h-ot1 ..

The experimental setup is shown in Fig. 2. The measute- j h2-positon 2
ments were made for frequencies from 1 to 10 GHz (below 4
GHz a coaxial waveguide was used). A sample in the form of
a slab or a ring disc of thickness d=0.5-1 mm occupied the FIG. 2 Experimental scheme
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",

(a) f= 1,G z (a) The value of the percolation threshold p, =0.35 correspondseft f- 2GHz "to a sharp increase in the imaginary part of the effective

30 ' dielectric constant. At a relatively low frequency (<2 GHz)
the parameter eff(p) increases with concentration up to the
percolation limit. On the other hand, as the frequency is in-

20 -' creased above 6 GHz, the real part of the magnetic perme-
ability considerably decreases near p,. The magnetic perme-
ability of iron particles is estimated to be /'=4, "9 at a
frequency of 6.7 GHz, then the effective permeability of a

1 0 /"/ composite with noncontacting inclusions has to monotoni-
cally increase. Therefore, we can relate the drop in I.ft(p) to

S ,"the formation of large percolation clusters.
0 o "-t1 02 03 According to our analysis (see Fig. 1), an anomaly in

0'eff at p-- p appears at any frequency, however, it shifts
closer to p, at lower frequency. In the limit of (6>a) it exists

(b) * (c) just in the immediate vicinity of p, and can hardly be found
IJ'ff dff ' ' experimentally. This is probably the case with Fig. 3(a),

40 since at a frequency of 1 GHz the skin depth 5 in an iron
"3 f=6.67 GHz -3 particle is estimated to be about 2 um and 5/a>3 (where a is

a minimal size of a particle), then the percolation effect is not
seen in a sufficiently large concentration region, and the be-

-2 2 havior of Aff,(p) can be well described by a standard effec-
2 t, live medium equation which follows from (5) at 6--a (far

"'T from p,), as shown in Fig. 3(a) in dashed lines. However, the
1 * '1sharp drop in /zt(p) which is seen near Pc for frequencies

• */| % above 6 GHz (51a-1) is not consistent with the noncontact-
P P ing particle equation. The values of 1.'tf(p) are also higher.

*0 2_.2 0 0.1 1 012 013 Comparing such behavior with that shown in Fig. 1, we can

FIG. 3. Experimental concentration dependencies of the effective magnetic conclude tuat at certain frequencies (S/a<1) the effective
permeability for frequencies 1.2 GHz in (a) and 6.67 GHz in (b) and (c). In magnetic permeability of a composite material near p, can
(b) the concentration dependence of the imaginary part of the dielectric be greatly affected by the magnetic moments induced by
constant is given to determine the percolation threshold. The dashed lines eddy currents in large conducting clusters. This effect can
were obtained by using a simplex method to fit the effective medium equa-
tion for noncontacting particles, which is valid far from p,. We used this strongly suppress the ferromagnetic properties of a compos-
equation in the form ,,ff=l+pcff(j .- 1)/[(l-n),ff+nlz,], where n , a ite, resulting in an anomaly in Mefftp) on approaching the
correction factor for a particle shape (for n= 1/3 it coincides with (5) far percolation threshold.
from p,). The fitting parameters were n =0.15, IL'=8, A"= 11 for 1.2 GHz,
A'=4, A"=9 for 6.67 GHz.
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Time dependence effects in disordered sy.tW ,;
K. O'Grady and M. EI-Hilo
Magnetic Materials Research Group, University of Wales, Bangor, Gwynedd LL57 1 UT, United Kingdom
R. W. Chantrell

Department of Physics, Keele University, Keele, Staffordshire ST5 5BG, United Kingdom

In this paper the time variation of the thermoremanent magnetization (TRM) is examined. From a
simple theory based on the relaxation of magnetic moments over the associated energy barrier we
explain the various forms for the time variation of thermoremanent magnetization. For a narrow
distribution of energy barriers the variation of TRM with ln(t) is predicted to be concave
downwards when the relaxation takes place over barriers less than the average barrier. For barriers
greater than the average barrier the variation of TRM vs ln(t) is predicted to be concave upwards.
In the region where the relaxation takes place over barriers close to the average barrier the variation
is initially concave downward and then concave upward.

I. INTRODUCTION terms of a percolation model of relaxation which was pro-
posed earlier by Chamberlin et al.9 In this new model similarThermoremanent magnetization is usually measured in expressions to that of Eqs. (1) and (2) were used and in

tne following way: the system is cooled in the presence of a addition a distribution of cluster sizes was introduced

dc magnetic field from a temperature where all moments can

fluctuate rapidly between energy minima to a temperature M(t)=M() x 1/9 exp(-x2/3)e-"/pdx, (4)
when some of these fluctuations become slower and take E
place ove, *"- measured time scale. Finally the magnetic where
field is s'. Iff and the remanence obtained is called the where itra o iehen(

TRM. signs are associated with slow and fast relaxations, respec-
Time dependence of magnetization is a well-known phe- tively, and C = C'A/kT where C' is an adjustable parameter.

nomenon and arises due to the fact that there is a finite time The new formalism of Eq. (4) contains the physics of the
for transitions over the energy barrier. According to this ph,- problem unlike the empirical powers n and a as used in
nomenology the time dependence of the remanent magneti- previous models. However, in Eq. (4) the distribution func-

zation is given by N6el' tion and energy barrier have been calculated using an as-
sumed model. The analysis of the Mr(t) data according to

Mr(t) =Mr(O)e -1T, (1) Eq. (4) suggested that the change of the curvature in Mr(t)

where r is the relaxation time and in zero field r-1 is given vs ln(t) curves as the temperature increases is due to differ-

by ent relaxation regimes, i.e., slow and fast. Due to the treat-
ment of the Mr(t) problem via Eq. (4), the origin of the

r- =foe-E/k, (2) curvature in the Mr(t) and its variation with temperature was
where AE is the height of the barrier for reversal. For the used to infer different types of dynamic behavior.
case where AE is distributed and the distribution function of In this paper we show that the experimentally observed
the barriers over which fluctuations are taking place remains behavior can be reproduced using a simple model in which
approximately constant during the time of observation, fol- the energy barrier and its distribution are independent of
lowing Street et al.,2 the formalism of Eqs. (1) and (2) gives temperature.

M , ( t ) oc In ( t ) . (3 ) 1 . T E RII. THEORY
The time variation of TRM is often measured and used

as one of the characteristics of the disordered system since For a system with a distribution of energy barriers
this variation is usually observed not to follow a ln(t) law. f(AE) Eq. (1) becomes
Hence the time variation of TRM in spin glass and other Me
disordered systems is often analyzed using empirical expres- Mr(T't)=fr(H'T'tw)fe/(aE)f(AE)dAE' (5)
sions like the stretched exponential function,
M,(t)=Mr(O)exp(-t/rp)l-.,3- 5 where 7p is the character- where AE can have various origins like cluster sizes, anisot-
istic relaxation time and n is the time-stretched exponent. In ropy, and orientation effects. Mr(H,T, tw) is the initial rem-
other studies the time variation of TRM has been described anent magnetization, a quantity which at a given cooling
in terms of a power law Mr(t)cta, 6 and on other occasions field and temperature, depends on the aging time t,,, i.e., the
a product of power law and stretched exponential functions waiting time that elapses after the system has reached the
was used.7  required measuring temperature while the field is still on.

Recently, further attempts have been made in order to Also in Eq. (5) we assume that the field is switched to zero in
explain the nonlinear ln(t) behavior of Mr(t) in a reentrant an extremely short time, otherwise the time dependence dur-
ferromagnet! In Ref. 8 the Mr(t) data were analyzed in ing switching should be taken into account.'0 11
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.t r(y,). Hence, for y<y, the fluctuations between minima
1.0) happen very quickly and the system exhibits no remanence,
T(K while for y>y, the moments show remanence and time-

0.8-- dependent behavior. Using this criterion Eq. (6) can be sim-
plified to

| tYc

25 Mr(T,t) =Mr(H,T,tw)-Mr(H,T, tw) jf(y)dy, (7)0.6 1

where Yc is given by

0.4 -28 kT
Y C -ln(tfo). (8)

30 Equation (7) is a good approximation to Eq. (6) and gives the

32 same behavior for Mr(t) vs ln(t) curves as those shown in
3 N Fig. 1. In addition, an analytical solution for Eq. (7) can be
40 obtained by expanding f(AE) about yc due to the fact that

0 1 2 3 4 15 time-dependence effects are mainly due to fluctuations overbarriers close to Yc .14 Then, Eq. (7) can be rewritten as

Time (sc.) Mr(t,T) =Mr(to,T) -M(H,T,tw) f yc(°)+6YCfy)dy,

Syc(tO)

FIG. 1. The time dependence of thermoremanent magnetization at different (9)
temperatures for a system with a narrow distribution of energy barriers. where Syc=ycQ)-yQt)=lnlto)Iam(T) and to is the ini-

tial time of measurement. Mr(to,T) is the initial TRM at
t=t o and it is given by: Mr(to,T) = Mr(H,T,tw)

Equation (5) can be rewritten in terms of a distribution - Mr(H,T,tw) fyo()f(y)dy. Now by expanding f(y) about
of reduced energy barriers f(y) where y = AE/AEm, then yc(to) the change in the remanent magnetization with time is

given by
Mr(T,t)=Mr(H,T,tw) r e -t/0Y) f(y)dy, (6)

Jto AMr(t,T) =- ff[yc(to)][A ln(t)/am(T)] " + t , (10)

where r-(y) = foe -am(T)y, am(T)=AEmIkT, and AEm is n=O

the average barrier in the system. Assuming a distribution where AMr=Mr(t) M(t 0 ) is the change in remanence
function of energy barriers with a certain value of AEm and normalized to Mr(H,T,t,), fn=dnf(y)/dy", and
standard deviation o', an exact numerical calculation for Eq. A ln(t) =A ln(t/to). For constant f(y), Eq. (10) gives a loga-
(6) can be made and the data of Mr(T,t) at different tem- rithmic time dependence of AMr(t) which is consistent with
peratures can be fitted using only two parameters AEm and Eq. (3). However, in general, f(y) is not a constant function
o,. For a system with a narrow distribution of energy barriers, and higher orders of A In(t) should be considered when f(y)
the calculated Mr(T,t)Mr@(-) curves at different tempera- varies with y around the critical barrier. The higher order
tures are shown in Fig. 1 where Mr(o)=Mr(Hsat) which is terms in the series expansion are found to become increas-
the TRM obtained in a saturating cooling field. In these cal- ingly important as the distribution becomes narrower.t4 Thus,
culations a log-normal distribution function of reduced en- in general, the AMr(t) vs A ln(t) curve can be represented
ergy barriers were used, f(y) = exp{ - [ln(y)] 2! by a series expansion in A ln(t) and the number of terms
2o2.1}/ 2iry with AEm =1.2,K 10- 13 erg, and o-0.18. The required to describe the data depends on the behavior of the
form of f(y) can be easily determined by measuring the function f(y) about y,. In order to show explicitly the origin
temperature variation of the maximum TRM, i.e., cooling in of the curvature changes in AMr(t) vs A ln(t) curves, at any
a saturating field, then f(y)cdMr(Ht)/dT.12 Thus the form instant t, the slope of this variation is given by
of the distribution is not an adjustable parameter and can be dilr(t,T) kT
determined by experiment. The data shown in Fig. 1 exhibit d in(t) - - f(y'. 011)
similar behavior as those always observed for disordered m
systems.4

,
5

,
8 Thus, from first-principles Eq. (6) can describe Thus, according to Eq. (11) the slope of AM,(t) vs A ln(t) at

the shape of Mr(T,t) vs ln(t) curves at all temperatures any instant is directly proportional to f(y,). Thus, at very
without the need to imply a phase transition or using differ- low temperatures where fluctuations are due to the small en-
ent forms of the relaxation rate at different temperatures. In ergy barriers AE < AEm, i.e., y, is at the left-hand side of the
order tc describe the origin of the curvature in the Mr(t) vs distribution, thus in this region f(y) is increasing with y and
ln(t) curves Eq. (6) can be simplified and an analytical ex- the slope is increasing which causes the variation of AM,(t)
pression can be derived following our previous work. 13"14  vs A ln(t) to be concave downward. Since y,' T, at higher

The function e - t y) varies strongly with y about the temperatures the fluctuations of moments will taking place
critical energy barrier yc which can be defined when over barriers AE>AEm, where f(y) is decreasing with y
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[ and accordingly the slope Akr(t)IA ln(t) at any instant will to that of Eq. (5) was considered, but a distribution of relax-
be decreasing with y, and cause the variation to curve up- ation times rather than a distribution of energy barriers was
ward. Thus, in the case where fluctuations are taking place used. In addition a gamma distribution function of f(-) was
over barriers around AE,, i.e., about the peak in the distri- assumed in order to obtain an analytical solution for Eq. (5).
bution, the variation of AMQ) vs A ln(t) will initially curve In this formalism, the data for Mr(t) at a given temperature
downwards and finally curve upwards and in the intermedi- can be fitted using two parameters, the mean and width of
ate range it will exhibit some degree of linearity due to those the gamma distribution of relaxation. Hence, according to
fluctuations associated with the most probable energy barrier the formalism of Aharoni the analysis of the Mr(t,T) curves
within the system, i.e., at the peak where f(yc) remains con- gives an average relaxation time and width for every tem-
stant. perature whereas our formalism in terms of the energy bar-

Thus from this simple theory the shape of the AMr(t) vs rier distribution gives an average energy barrier (AEm) and
A ln(t) curve and the degree of nonlinearity is directly re- width (ai) for the whole system. In addition, the form of
lated to the distribution of energy barriers within the system f(AE) can be determined directly from experiment and is
and not necessarily to the type of the relaxation regime. The not assumed. Furthermore, by linking the problem to the
relaxation mechanism at all temperatures is governed by the energy barrier distribution, the origin and shape of the cur-
same dynamic equation [Eq. (2)]; however the contribution vature in the AMr(t) vs A ln(t) can be explained.
of these fluctuations to the remanence is determined by the
distribution of energy barriers. III. CONCLUSIONS

A. The effects of aging on TRM In this paper, a simple first principle theory for the time
dependence of TRM in disordered magnetic systems is de-

and hwed work oe Lietia ale of agin were measeds scribed. The theory shows that the origin and shape of the
and showed that the initial value of TRM [Mr(tw)] depends curvature in the M,(t) vs In(t) data at different temperatures
on the waiting time t) at the required measuring temperature are mainly due to the form of the distribution of energy bar-
while te cooling field (H) is still applied. The effects of t riers. For a system with a narrow distribution of energy bar-
can also be derived from first principles using the rate equa- riers a similar variation of Mr(t,T) to those observed in a
tion which can be solved to give 1' disordered system can be predicted without the need to as-

Mr(H,T,tw) sume different relaxation regimes at different temperatures.
fo' 1L N6l, J. Phys Radiat. 12, 339 (1951).
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fMagnetization of amorphous Feo.82Bo.18 and Feo.0oZro.10 compounds
with additions of Tb

S. J. Clegg, J. H. Purdy, R. D. Greenough, and F. Jerems
Department of Applied Physics, The University of Hull, Hull HU6 7RX, United Kingdom

The addition of Tb to melt spun iron-boron or iron-zirconium compounds raises the magneto-
striction to practically useful levels (--450 ppm) at room temperature. The present work examines
the corresponding compositional and temperature dependencies of the magnetization in Tb.
(Feo.82Bo. 18)1l-,x for 0< x-<0.5 and Tb y (Feo9oZro o)1-y for 0-<ys<O.1. Increasing the Tb content in
Fe-B compounds decreases the room-temperature magnetization towards a compensation point and
lowers the Curie temperature T. In Fe-Zr compounds, Tb incr:,ases the room-temperature
magnetization and raises T,. Magnetic phase diagrams are presented for each group of compounds
and exchange frustration effects identified by comparing the observed temperature dependencies of
the reduced magnetization with predictions from the Handrich mean field model. Only 3 at. % Tb
in Fe-Zr is sufficient to annul exchange fluctuations, but in Fe-B compounds exchange frustration
persists throughout the compositional range.

I. INTRODUCTION peratures were obtained from differential scanning calorim-
etry (DSC) for Tb-Fe-B alloys and from magnetization mea-

Magnetostriction in amorphous compounds is of theo- surements for Tb-Fe-Zr alloys.
retical interest to understand how macroscopic anisotropic The random anisotropy (RA)--ferromagnetic (F) phase
strains are developed from randomly oriented moments and boundaries were detected with ac susceptibility measure-
of practical importance as an alternative to crystalline highly ments for the iron-boron compounds6 and in the iron-
magnetostrictive pseudobinary rare-earth (RE)-iron corn- zirconium compounds by comparing field annealed and zero
pounds for applications." 2 Amorphous compounds with RE field annealed temperature dependent magnetization data.7

=Sm, Dy, or Tb prepared by melt spinning 3 or sputtering4

develop useful levels of magnetostriction (-500 ppm). Iron- Ill. RESULTS
boron and iron-zirconium amorphous compounds can be
melt spun with relative ease and hence the present choice of RE-Fe-B: Room temperature data for the variation of
two groups of compounds, REx(Feo 82Bo18) l-x with saturation magnetization with Tb content (Fig. 1), are in
0--x--0.50 and REy(Fc0ooZr0 o) 1-y with 0-<y-<0.10; ter- dgreement with previous measurements 5 which showed that
bium is selected fo, the RE ion because of its outstanding the materials are magnetically soft. A compensation point at
magnetostrictive properties. However, as terbium is added to x=0.22 is due to antiferromagnetic (AF) coupling between
each of the chosen groups of compounds, changes in their the iron and terbium subnetworks. The magnetization at
room-temperature magnetostrictions are markedly different.5  1000 kA m- his been measured as a function of tempera-
Hence, the present study of magnetic properties was under- ture from 4.2 K to T, for each Tb composition. Competing
taken in order to obtain a better understanding of their be- effects of local anisotropy and exchange interactions are evi-
havior to assist in theoretical calculations of magnetoelastic dent, viz: at high temperatures (T< T,) the system appears to
coupling and, in the longer term, enhance the room-
temperature magnetomechanical properties for practical ap-
plications. 1500 -. . . 3.4

- 1200 3.2 .E
U

0L

II. EXPERIMENTAL TECHNIQUES 0 ,,
o 900 3.0 u

Polycrystalline compounds in the ranges Tb E
(Fe0 82Bo 18)t-x for 0--x--0.5 and Tby (Feo.9oZro.o)j-y for,-2. 'U

0--y 0.1 were produced using start material of at least 3N 2600
purity. Melt spinning was conducted in an argon atmosphere, 0
producing samples 30-50-ALm thick, 1-2-mm wide and of 300 2.6

varying lengths. X-ray diffraction (XRD) has been employed
to ensure that all samples were amorphous. Using CuKa ra- 0 2.4
diation, angles corresponding to the position of the intensity 0 10 20 30 40 so

maxima have been used to estimate the average interatomic Composition (at.A Terbium)
spacings. A vibiating sample magnetometer (VSM) was em-
ployed to measure magnetization from -4 K to (he Curie FIG. 1 Saturation magnetization (0) and average mteratomic spacing (O)
temperatures with dc fields up to 1000 kA m-'. Curie tem- as a finction ofTb content m Th,(Fe0 82B01 s) 1-v
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FIG. 2. Magnetic phase diagram for Tb-Fe-B showing T,(0) and TfI ). FIG. 4. Magnetic phase diagram for Tb-Fe-Zr showing T, (0) and Tf (E).

be magnetically ordered, but with sufficiently high Tb con- room temperature (-295 K) each of the three magnetic
tent at low temperatures, random local anisotropy begins to
dominate, which causes a "freezing" of the magnetic mo-
ments. The fields employed are then insufficient to align all
the moments leading to an apparent decrease in magnetiza- IV. DISCUSSION AND CONCLUSIONS
tion at low temperatures below the "spin freezing" tempera-
ture Tf. These features of magnetic behavior are summarized In both the magnetic phase diagrams (Figs. 2 and 4) a
in a magnetic phase diagram (Fig. 2). region has been labeled "ferromagnetic" based on the ob-

RE-Fe-Zr: The variation of saturation magnetization served magnetization versus applied field curves. However,
with terbium content at room temperature (Fig. 3) demon- previous work on similar metallic glasses without rare earths,
strates a different behavior to the RE-Fe-B system. The mag- by Buchholtz et al.,5 (Metglas 2605 S2), Cowley et aL9
netization is seen to increase with the addition of Tb up to 9 (Fe83BI7) and Thomas et al.0 (VAC 0040), indicates that in
at. %, before dropping sharply as further Tb is added. From the absence of any well-defined anisotropy, exchange fluc-
magnetization measurements as a function of temperature, 7 a tuations disturb the collinear structure. Present data for the
magnetic phase diagram has been constructed (Fig. 4). The reduced magnetization as a function of temperature have
addition of terbium again has the effect of "freezing" the therefore been compared with Handrich's mean field model"1

magnetic moments at low temperatures although values for in which the reduced magnetization is expressed as
Tf are much higher than for the Tb-Fe-B system. A little a= Bs(x)(l+A)+B(x)(lA)] (1)
extrapolation of the RA-F phase boundary indicates that at

where B,(x)=tanh (x),x=(3S/S+l)(oi/r), S is the spin
quantum number, r is the ratio TIT,, and A is the level of

400 2.70 exchange fluctuation. Even with the limitations of a mean
field model, it is presently observed that in iron-boron com-
pounds (Fig. 5), for either 10 or 50 at. % Tb, A=0.5, indi-

300 2.65 g cating exchange fluctuations persist regardless of the amount
C' of Tb, consistent with the previous observation of noncol-
, "" linear moments in metallic Fe-B glasses. For Fe0gZr0 .0

C 200 2.60 o (Fig. 6) the best fit to the experimental reduced magnetiza-
0 tion data is achieved with A=0.6, but with the addition of

S Tb, A quickly decreases to zero, implying that frustration
o 100 2.55 v effects are lifted with only 3 at. % Tb.

* The lowering of the room-temperature magnetization
and Tc with the addition of Tb to Fe-B can be explained by

0 2.50 the antiferromagnetic coupling of terbium-iron moments
0 2 4 6 8 10 which lowers the overall exchange. Reduction in the ex-

Composition (at.% Terbium) change frustration in Fe-Zr accounts for the increase in both
the room-temperature magnetization and T,.

FIG. 3. Saturation magnetization (0) and average interatomic spacing (0) With the addition of only 3 at. % Tb to Fe-Zr, the total
as a function of Tb content in Tbh)(Feo9oZrolo),. lifting of frustration effects cannot be attributed directly to

6372 J. Appl. Phys., Vol. 76, No. 10, 15 November 199,1 Clegq et al.



0 1.0 1.0

b 0.8 0.8

.2 0.6 -1 .2 0.6
U) A (I)

0.4 - 0.4C- I.-C

V 0.2 .0 0.2

Va) [. a)00

"o 0.

CC 0.0 0.2 0.4 0.6 0.8 1.0 X 0.0 0.2 0.4 0.6 0.8 1.0
Reduced Temperature T / T, Reduced Temperature T / Tc

FIG. 5. Reduced magnetization as a function of reduced temperature for FIG. 6. Reduced magnetiz3tion as a function of reduced temperature for
Tb(Feo8 2Bo18) _.x where x= 10% (0) and x=50% (A) with theoretical Tb,(FeooZro0o) I-y where y=O at. % (V) with Handrich fit for A=0.6
predictions from the Handrich model for A=0.5 ( ....... ) and A=O (- ). (.....) and y = 3 at. % (0) with Handrich fit for A=0 ( )
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Magnetic ordering in the three-dimensional site frustrated Heisenberg
model

Morten Nielsen, D. H. Ryan, Hong Guo, and Martin Zuckermann
Centre for the Physics of Materials, Department of Physics, McGill University, 3600 University Street,
Montreal, Quebec H3A 2T8, Canada

We study transverse spin freezing in the site frustrated three-dimensional classical Heisenberg
model using Monte Carlo simulations. For small values of the site randomness, there is no
transverse spin freezing in the ferromagnetic state. As the fraction of the antiferromagnetic sites is
increased beyond 16%, we observed that the transverse component of the spins freeze in random
directions at temperatures below some value Ty. Similar behavior is observed in the
antiferromagnetic state. We compare results of this model to those of the bond frustrated model.
Finally an approximate phase diagram of this model is presented.

I. INTRODUCTION sites i and j, respectively. We introduce site randomness into

Recent experimental studies1- 3 of partially frustrated the system by replacing a fraction f of ferromagnetic sites by

magnetic systems have demonstrated the existence of a trans- antiferromagnetic sites. The values for the Curie temperature

verse spin freezing phenomenon below the ferromagnetic of the ferromagnetic Heisenberg model (f=0) and the N6el

transition. Such a freezing is characterized by the sudden temperature of the antiferromagnetic Heisenberg model (f

increase of the local spin length, as measured by M6ssbauer 1) are identical, TH= 1.44J.
The model with site frustration was investigated using

spectroscopy, when the temperature is lowered below some the standard Metropolis Monte Carlo method. A three-
value Tx. This behavior is found for a range of frustrations dimensional system of 83 spins on a simple cubic lattice was
in systems such as a-FeoZrti and Au Fe 1 In a recent initiated with high-temperature configurations. 6 The system
paper,4 we examined theoretically the spin freezing phenom- was then annealed via 25 temperature intervals to a low tem-
enon and the critical behavior of a bond frustrated three- perature of 0.00O5TH. At each temperature, statistical aver-dimensional Heisenberg model. Our Monte Carlo calcula- peaueo0.05t.Aechemrtrsaitclav-
tionsiogae resltseng qlav greMnt witho thc - ages of relevant physical quantities were taken. A calculation
tions gave results in qualitative agreement with the of the relaxation time for temperatures away from TH re-
experimental findings. In particular, we found that at a low vealed that about 2000 Monte Carlo steps per spin (MCSs)
temperature TiY below the Curie temperature Tc, the trans- were needed to reach equilibrium at such temperatures, and a
verse spin component freezes out, leading to an increase in larger number of MCSs were needed close to Tn where criti-
the total spin length.4  cal slowing down becomes important. After the system

The bond-frustrated model seems to describe the trans- reached equilibrium, statistical averages of physical quanti-
verse spin freezing in systems such as a-Fe.Zri , where tieb were collected over 4000 MCSs. We found that fluctua-
there is only one magnetic compound, and the magnetic in-teratio ar deermnedfro neaestneihbo ditanes. tions in the energy were indeed Gaussian distributed for
teraction are determined from nearest-neighbor distances. 4000 MCSs thus our choice of the number of steps was rea-
However, there are other magnetic systems for which this sonable. Finally, results for ten different realizations of the
model is not appropriate. An example is Eul -Gd.S in
which the spin glass phase is induced by site frustration.5  site randomness for a given f were averaged. The values of f
wheotic e sie ga s is c ein trduced by t e p - used in the simulations ranged from 0 to 1 and we were thusTheoretically, site randomness can be introduced by replac- able to calculate the entire magnetic phase diagram for the

ing a fraction f of ferromagnetic sites by antiferromagnetic systm.

sites. Iff is small then no frustration is expected. However, system.

at larger values of f when the antiferromagnetic sites start to o e sque te avers e spin components a e

form a percolating network, the randomness will lead to frus-

tration and change the magnetic behavior of the system. i.e.,

Thus, we expect that site frustration will give rise to a some- 1
what different phase diagram compared with the bond frus- m,- S,(r')
tration model, especially for transverse spin freezing which 7'

crucially depends on the degree of frustration. It is the pur- and
pose of this work to investigate the behavior of the site frus-
trated Heisenberg model using Monte Carlo simulations. 2=1

II. MODEL where, as mentioned above, 7=4000 MC steps. From these
We consider a system of classical Heisenberg spins S, on local quantities we calculate the following spatially averaged

a simple cubic lattice in zero magnetic field. The Hamil- quantities: (1) the root-mean-square spin length
tonian is given by H= -Y,,n J S, S). Here, J,) is the ex- Srms=l1NX,-(m,.m,)"2, (2) the bulk magnetization
change interaction between nearest-neighbor spins on lattice M f= 1/NIZ, mI, (3) the staggered magnetization
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FIG. 1. Temperature dependence of the different spin averages. (A) S, value of signals the freezing out of that component. In
(0) Mf, () M,, (0) Q_1, and (A) Q, T, is the temperature where Q, this situation Q1, the mean square of the spin projection on
starts to d,rease from 2/3. (a) f=0; (b) f=18%. Ty in (b) is the tempera- the x-y plane, remains nonzero as T approaches 0. For a
ture where Qy becomes nonzero. simple cubic lattice there are six neighboring spins per site,

thus we expect that, on average, all the spins will be affected
M, = 1/NIENI= 1,m,I, where Y is a matrix with the symmetry when the site randomness reaches 16%-17%. Indeed, spin

of the antiferromagnetic structure of the lattice, (4) the mean freezing is observed around this value of frustration. This is

square of the spin projection on the x-y plane very different from the behavior of the bond-frustrated sys-
Q, = 1/NEN M2. (5) the x-y projection of the time- tem. There, any finite f gives rise to the transverse freezing.4

av e sn cmN 2 Te In the bond frustrated system, frustration is induced by justlast two quantities take into account ordering in the - replacing one ferromagnetic bond by an antiferromagnetic
plane and may therefore exhibit tte onset of anisotropy and bond. In the site frustrated model, however, the replacementspin freezing in the system. of a single ferromagnetic site by an antiferromagnetic siteonly decreases the bulk magnetization and has no other ef-

III. RESULTS fect. Frustration for the site frustrated model can only occur
when there are at least two neighboring antiferromagnetic

Figures 1(a) and 1(b) show data for quantities Mf, Sm,' sites. This occurs on average at a value given by f=q-
Ms, Q1, and Qzy as functions of temperature, for several where q is the coordination number of the lattice. For our
values of site frustration f. In Fig. 1(a) the pure ferromag- case, q =6 at f=0.167. Finally we notice the different values
netic case (f=0) is shown. This shows, as expected, that the of Mf and Sims below T,: part of the difference is now
order parameter Mf and the local spin length Sims are iden- contributed by the transverse spin freezing as Srm, is the
tical below the critical temperature T, (which is equal to TH vector sum of the z as well as the transverse components of
in this case), as the system orders to a collinear configura- the spins. For higher values of f, all features are similar to
tion. Above T , Q, takes the value 2/3 since the spins are those of Fig. 1(b). Due to more frustration in the system with
randomly rotating in three dimensions thus spending 2/3 of higher f, it is easier to freeze out the transverse spin compo-
the time in the transverse plane where Q L is computed. Be- nents, thus TX has increased to higher values.
low T,, Q.1 decreases to zero at T=0 as expected for f=0. An interesting result is the behavior of the staggered
Naturally the quantity Q., is zero for all T when f =0 since magnetization as f is increased from zero. We found that M,1
there is no spin freezing. starts to have nonzero values at the same temperature as TXy.

Up to f -0.16, the behavior is similar to the f=0 case. This seems to indicate that in the x-y plane the spin compo-
As we further increase the site randomness f, interesting nents freezes antiferromagnetically. To see this, we plot a
features start to show. Figure 1(b) are the data for f=0.18, typical configuration of the spin components in the x-y plane
Here, we can see that Q,, becomes nonzero at a low tem- in Fig. 2 for f =0.36 at T= 0. 12TI. Itdeed, we see that the
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120 acterized by ferromagnetic domains pointing in the z direc-
103 - ,,tion mixed with antiferromagnetic domains pointing in the

Mtransverse plane. We have performed simulations to compute
zo.M"the susceptibility at fixed temperatures by sweeping f. A-oA9 FM AFM pekoccurred in the sucpiiiyat the broken line in the

phase diagram which separates the FM and AFM from the

0o.51 mixed phase. Unfortunately, we were not able to determine

0.U o34 the nature of the region near this line as extremely large
simulations are needed to determine whether there is a true

o.17 phase transition from the FM or AFM states to the mixed

00 0.20 0.40 060 080 1 Wo0 phase as f or T is varied. We hope to report such a study in
f the future.

IV. CONCLUSIONS
FIG. 3. An approximate phase diagram of the model. Open circles are
temperatures T,. Solid circles are temperatures T,,. The dashed line with Our Monte Carlo simulations on the site frustrated
open boxes and diamonds roughly separates the mixed phase from the FM Heisenberg model give qualitatively similar results to those
and AFM regions. The line is determined from the peak position in the of the bond frustrated model. In particular the transverse spin
susceptibility as we sweep f at fixed temperature. The error bars are deter- freezing phenomena are observed which lead to an increase
mined as standard deviation from ten realizations of site randomness for
each value of f. of the local spin length. However, the frustration does not set

in until the site randomness reaches -16%. Thus, the trans-
verse spin freezing temperature T5y remains zero until f

transverse components try to order antiferromagnetically. reaches that value. We have observed a mixed phase for large

In Fig. 3 we present an estimate of the phase diagram for values of the site randomness at low temperatures. Such a

this model. The phase transition lines from the paramagnetc disordered phase is characterized by the configurations of
state (PM) to the ferromagnetic (FM) and antiferromagnetic mixed ferromagnetic and antiferromagnetic domains. Finallywe have estimated the phase diagram of this model and it is
(AFM) states were determined by calculating the susceptibil-
ity of the system. We took the peak position of the suscepti- in qualitative agreement with experimental findings.5

bility as the transition point.7 The Txy line was determined as ACKNOWLEDGMENTS
the temperature where Q. just became nonzero. We note that This work was supported by the Natural Sciences and
there is no phase transition across the line of T, and it Engineering Research Council of Canada and le Fonds pour
represents the short-range behavior of the transverse spin la Formation de Chercheurs et 1'Aide it la Recherche de la
freezing. The onset of the freezing occurs at frustration Province du Qu6bec.
f- 16% in the ferromagnetic state, and f-84% in the anti-
ferromagnetic state. At these values of f, the phase transition 1 D. H. Ryan, J. 0. Strbm-Olsen, R. Provencher, ind M. lbwnd, J. Appl.
temperature T, starts to decrease. In the region between Phys. 64, 5787 (1988).
f=45% and f=55%, Tc and Txy merge together. 2R A. Brand, V. Manns, and W. Keune, in Heidelberg Colloquium on Spin

Glasses, Lecture Notes in Physics, (Springer, New York, 1983), Vol. 192,Apart from the usual states, at the middle region of the p. 79.
phase diagram there is a state we termed "mixed phase." We 3B. Huck and J Hesse, J. Magn. Magn. Mater. 78, 247 (1989).
found that in the mixed phase QL remains nonzero down to 4J. R. Thomson, H Guo, D. H. Ryan, M. J. Zuckermann, and M. Grant, J.
zero temperature and, in fact, it has rather substantial values Appl. Phys. 69, 5231 (1991), Phys. Rev. B 45, 3219 (1992).
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large value of Q, was due to the fact that many spins lie spins and qualitatively the same results were obtained.

almost completely in the transverse plane in the mixed 7To accurately determine the transition points a proper finite size scaling
analysis should be performed, as was done in Ref. 4 However, here we

phase, and that they actually form antiferromagnetic configu- are only interested in the general phase behavior, thus we simply took the
rations (Fig. 2). Thus this part of the phase diagram is char- peak position of the susceptibility as the transition temperature.
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M6ssbauer measurements of spin correlations in a-(Fe,Ni)9Zr 9Sn
D. Wiarda and D. H. Ryan
Centre for the Physics of Materials and the Department of Physics, McGill University, Rutherford Building,

3600 University Street, Montreal, Quebec H3A 2T8, Canada

The local spin structure of the partially frustrated amorphous Fe90 _xNixZr9Sn system was
investigated by M6ssbauer spectroscopy for x=1,3. The magnetic probe atom 57Fe and the
nonmagnetic 119Sn were used to monitor the local correlation of the spins. The additional Ni renders
the system less frustrated. We measured the temperature dependence of the hyperfine fields of the
two probe atoms. The ratio (Bhf("9Sn))(Bhf(57Fe)) rises with increasing temperature. This is in
contrast to the temperature independence found for this ratio in Fe92Zr7Sn. A similar rise was found
in the crystalline spin-glass AuFe where the slope was much larger and was related to a loss of
longitudinal correlations.

INTRODUCTION and l19sn M6ssbauer resonances have been employed, and
clear evidence for strongly correlated transverse spin compo-

In amorphous and crystalline materials with competing nents was obtained.' 8 However, more detailed examination
antiferromagnetic (AF) and ferromagnetic (FM) exchange of the temperature dependence of the " 9Sn 7Fe field ratio,
couplings two magnetic transitions have been observed in revealed evidence for a decay in the longitudinal spin corre-
the low to medium frustration range.' The first transition lations on cooling,6 a result that is consistent with observa-
marks the onset of ferromagnetic ordering at T,. At the sec- tions on similar compositions by neutron depolarization.3

ond transition temperature, T.,y, the transverse degrees of In order to further understand the behavior of the field
freedom freeze.1' 2 Overlaying the gross ordering behavior, ratio it is necessary to study a range of frustrated magnetic
are a series of phenomena associated with magnetic correla- systems. We have previously reported work on the
tions and excitations. Neutron depolarization3 and Lorentz a-(Fe,_xMn.) 78G22 system (G is a mixture of glass forming
microscopy 4 clearly show the existence of long-range (-10 elements like Si, B, Al, P), which is frustrated through the
Am) magnetic correlations which appear at T, and persist addition of manganese, 9 however interpretation is compli-
through T,, consistent with the formation of a ferromag- cated by the large magnetic moment of the Mn atoms. Here
netic state. By contrast, small angle neutron scattering re- we report work on a simpler system, a-(Fe90_Ni,)90Zrl0 , in
veals significant contributions from short-range (-10 nm) which the addition of Ni reduces the frustration in the alloy,
correlations, 5 which are sensitive to both magnetic transi- raising T, and suppressing the transverse spin freezing
tions, and exist well above T,. transition.' 0 In addition to the reduction of noncollinearity

One way to probe short-range iiiagnetic correlations is to with increasing nickel content, the excitations become better
use M6ssbauer spectroscopy. For a magnetic probe atom like behaved." No spin waves were observed by inelastic neutron57Fe the main contribution to the measured hyperfine field scattering for x= 0, and while spin waves are seen below T,
stems from the local moment of the atom itself. For a non- for x = 1, they soften on cooling, and were not resolved be-
magnetic probe atom like 119Sn only the transferred fields low 0.1T. Well-defined spin waves are present for x>-5.
from the neighboring magnetic moments contribute to the Nickel carries a relatively small moment in this system
measured hyperfine field. If the spin structure is collinear, (-0.6/B 12) and as it is only present in low concentrations, its
then the fields from the neighboring moments should add direct effects on the " 9Sn hyperfine field should be small.
coherently, and a large transferred field should be observed at Therefore, the dominant contributions to the "9sn field
the nonmagnetic site, while a noncollinear or random spin should come from changes in the magnetic structure. The
structure should lead to a partial cancellation of the contri- two samples considered here contain 1 and 3 at. % nickel;
butions and thus a smaller transferred field. The ratio of the insufficient nickel to render the materials ferromagnetic.
(transferred) "9Sn field to the (generating) 57Fe field contains
information about the degree of collinearity, and the tem-
perature dependence of the ratio can be used to scale out the
large changes due to thermal fluctuations, and reveal smaller Ingots for melt spinning were prepared by first melting
effects due to changes in spin structure. This technique has appropriate quantities of Zr (99.8%) and Ni (99.99%) in an
been used to study spin correlations in several frustrated arc furnace under titanium-gettered argon, then the Fe
magnetic systems. In amorphous Fe 92Zr7Snl, where the frus- (99.98%) was added and the constituents were alloyed by rf
tration arises through the distance dependence of the Fe-Fe melting under an Ar atmosphere. Enriched 119Sn was used in
direct exchange interaction, the transverse spin components order to get approximately 8 mg l19Sn per 1 g sample weight
were found to be correlated6 as no change in the field ratio to ensure a usable absorption in the ll9Sn spectra. Melt spin-
was observed on cooling through T1y. Similarly, in AuFe, ning was done under a helium atmosphere on to a copper
where the frustration is due to competition between long- wheel. The amorphous structure of the sample was verified
ranged Ruderman-Kittel-Kasuya-Yosida (RKKY) and by x-ray diffraction, DSC measurements, and room-
nearest-neighbor direct exchange interactions, both 196Au temperature M6ssbauer spectroscopy. The resultant amor-
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FIG. 2. Temperature dependence of the average 57Fe and 119Sn hyperfine

FIG. 1.17Fe and "gsn Mossbauer spectra for Fego_ NixZr9Sn taken at 12 K. fields for the two compositions of Fego-,NiZr9 Sn.

phous ribbons were mounted on tape in order to make a
M6ssbauer absorber. The MS spectra were taken with a con-
ventional constant acceleration spectrometer with a 57CoIRh tion also narrows slightly. These results re in accordance
source for the 57Fe spectra and a Can 9SnO3 source for the ,ith more collinear ordering, and the increased magnetiza-
" 9Sn spectra. The temperature was varied by means of a tion observed in this system on adding Ni.' 0

vibration-isolated, closed cycle He cryostat or a continuous The behavior of the "9Sn transferred hyperfine field
flow cryostat. however, is less straightforward. The shapes of the tl9Sn

The 57Fe spectra were fitted trsing two Gaussian distri- spectra shown in Fig. 1 are different, reflecting a 4% increase
butions to describe the hyperfine field distribution. For the in the width of the hyperfine field distribution oq going from
119Sn spectra a single Gaussian distribution with different x=l to x=3, however, this broadening does not translate
widths on the low and high field side was used. As the into an increased average. It is immediately apparent from
sample is an amorphous ribbon the intensity of the 2nd and Fig. 2, that the average St field at 12 K does not match the
5th lines could not be fixed to its powder average value, increase in the iron moment derived both from magnetization
Therefore the intensity was fitted in the 57Fe spectra, and measurements and the 57Fe M6ssbauer spectra. In clear con-
then set to the value found in those fits (-4) in order to fit trast to the 57Fe data, the average 1l9Sn hyperfine field does
the n9Sn spectra. A linear correlation between the isomer not change with composition, and the slight difference in
shift and the hypenine field was assumed in order to fit the temperature dependence, apparent in Fig. 2, simply reflects
slight asymmetry in the spectra. Spectra taken at 12 K for the the higher T, of the x =3 samplL
different compositions and the two probe atoms along with Plotting the ratio: (Bhf("9Sn))/(Bh( 57 Fe)) (Fig. 3) re-
the fits are shown in Fig. 1. veals another puzzle. Since the Sn field does not increase

with the Ni content, the Sn/Fe field ratio decreases on mov-

RESULTS ing to the less frustrated, and thus more collinear, sample.
Furthermore, a clear temperature dependence is apparent,

As expected, T, increases on adding Ni, being 247±5 K with a slope of _ 1.5 X 10- 4 K-I, at least an order of magni-
for Y = 1 and 270± 5 K for x =3, compared with 230± 5 K for tude greater than the largest slope consistent with the data

57 6x=0. The temperature dependence of the average 57Fe and from Fe92Zr 7Sn1 . This slope should also be compared with
"19Sn hyperfine fields is given in Fig. 2. The curves show the much stronger temperature depcndence of _9X 10- 4 K- 1

Brillouin-like behavior in all cases, and the derived T, for observed in AuFe by 119Sn M6ssbauer spectroscopy. In the
each alloy is the same for both the Fe and Sn measurements, case of AuFe, the decline in the field ratio on cooling was
confirming that the Sn probes the same magnetic behavior as interpreted as evidence for a loss of longitudinal order, a
Fe. conclusion consistent with neutron depolarization measure-

The 57Fe hyperfine field at 12 K rises on adding nickel, ments. However in the case of a-Feo_ _NixZrjo no tempera-
increasing 4% on going from x =0 to x = 1, and a further 6% ture dependence was seen for x =0, and adding nickel re-
on going to x=3. The width of the hyperfine field distribu- duces frustration, making the system more ferromagnetic.
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0.40 .. support for this view. However, both 196Au and 119Sn Moss-
0 X -1% bauer measurements in AuFe yielded the same result, and

0.36 Ni confirmed neutron depolarization measurements. This agree-
o XNi=3 7, ment suggests that Sn does not sample its environment any

0.32 1 more selectively than Au, and also shows that a loss of col-
.0 linear order does yield the correct signature in the hyperfine

S0.28 . + field ratio. It is possible that the additional Ni leads to

0.24 0.* * .• changes in the Fe moments which are not probed by the Sn.
0o CD For example, even small changes in the orbital contribution

0.20 to the iron moment can have significant effects on the 57Fe
hyperfine field,13 but would not be seen by neighboring Sn

0.16 0 80 160 240 atoms. It is not clear why the temperature dependence of
T [X] such effects should differ from that of the average moment

so as to yield a temperature dependent field ratio.

FIG. 3. Temperature dependence of the ratio (Bhi('19 Sn))/(Bhf(57Fe)) for the
two compositions of Fe9 o-NixZrgSn.
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Study of the spin glass transition of amorphous FeZr alloys using small
angle neutron scattering
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SANS experiments of an amorphous Fe9oZr 0 alloy were carried out in the temperature region
20-300 K with and without the application of a magnetic field. The scattering versus temperature
for different Q values (zero field cooled magnetization) shows two transitions at T,=240 K and
Tf =40 K. However, both transitions are not observed in magnetic field (2.6 kG) cooling down
curves. By switching off the magnetic field and warming up the sample only the transition at Tf =40
K is observed. Application of a magnetic field at different temperatures in a zero field cooled sample
reduces the scattering; the scattering returns to its initial value after switching off the field.

INTRODUCTION gland. In this instrument a neutron wavelength band from

Amorphous Fel Zr alloys, where x -0. 1, exhibit an 0.22 to 1 nm is utilized. The aveiaged counts from the dif-

unusual complex magnetic behavior. At T,=240 K they ex- ferent wavelength bands are pulled together giving a

hibit a transition from the paramagnetic state to the long- Q-range (Q = 4i sin O/\) from 0.07 to 2.0 nm- 1. The scat-

range ferromagnetic (FM) ordering, whereas at the lower tering of this alloy was measured in the temperature range

temperature TAH=0)= 40 K another transition to a "tspin- 300-15 K with or without the application of a magnetic

glass-like" (SG) (reentrant) state occurs.1 Most of the experi- field.

mental evidence referred to the T/transition could be ex-
plained by the coexistence and competition of ferromagnetic RESULTS AND DISCUSSION
and antiferromagnetic interactions. 2 Recent magnetization The change in the scattering versus temperature in zero
and M6ssbauer measurements 3 of the FegoZr 0 alloy have magnetic field is shown in Fig. 1. These measurements were
been interpreted as being consistent with finite ferromagnetic obtained during the cooling of the sample; a few spectra
clusters in a ferromagnetic matrix. 4 However, questions have were repeated during the warming up and showed that the
been raised as to whether the Tf transition is indeed a FM to scattering was reversible. From Fig. 1 we clearly observe
true SG state transition. The ac susceptibility could be ex- two transitions: the firs' at 240 K and the second at around
plained by either a SG transition or domain pinning effects. 40 K. From 300 to 250 K the scattering remains almost con-
TEM and Lorentz microscopy studies 5 have revealed the ex- stant. Below 250 K a gradual increase in the scattering is
istence of magnetic domains down to 6 K. However, SANS observed which peaks at 230 K. As the temperature de-
experiments 6'7 on Fe91Zr9 revealed the existence of two dif-
ferent spin-spin correlation lengths, the longest persi3ting up
to temperatures even higher than To, whereas the shortest
appears below T. 400

In this paper, we report small angle neutron scattering * 0=0,087

(SANS) measurements of an amorphous Fe9oZrj0 alloy. The * O=0.102
two transitions in zero field cooled (ZFC) magnetization, re- 300 -Q=0.1 24

ported previously, ar observed around the same tempera- : -=0.170

tures. However, in a FC sample only the lower temperature (a
transition (Tf) is observed. Interesting results are obtained
when a field is applied after cooling the sample at different 2t

U)temperatures. C4)

EXPERIMENT C 100

Amorphous Fe9oZr 0 alloy was prepared in an argon at-
mosphere by the melt spinning method. The amorphicity of -0
the alloy was verified by x-ray diffraction. ac susceptibility c'
measurements showed two transitions at 40 and 240 K. Rib- 200 250 300 350

bons of about 1 g were stuck together and their low angle T/K
scattering was measured using the LOQ instrument at the FIG. 1. Scattering vs temperature at different Q values. The sample has

spallation source ISIS, Rutherford-Appleton Laboratory, En- been cooled in zero field (the solid lines are a guide to the eye).
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creases from 230 K the scattering for Q>0.12 nm- 1 re-
mains almost constant, whereas for lower Q values a con- :i
tinuous increase in the scattering is observed. At around 40 K •A20,.,r26k ,
a sharp increase in the scattering for all Q values is observed. -150 A 2''' °

These two transition temperatures coincide with those ob- 0 A

served from ac susceptibility measurements carried out on CVA

the same sample. 100 A

The transition at 240 K has been attributed to a transition " - * A
Cfrom a paramagnetic state to a long-range ferromagnetic or- .

dering. In a ferromagnetic system the neutron scattering .5
within the static approximation is given by a Lorentzian form >

W -

A ( 1)I(Q) = I C r

0.05 0.15 0.25 0.35 0.45

where K is the inverse spin correlation length which ap- Q /nm "

proaches zero at the phase transition. In order to examine
whether the scattering follows a Lorentzian line shape the FIG. 2. The effects of the magnetic field at 20 K. The scattering at room
data were plotted as 1/I(Q) vs Q2., The data do not show a temperature has been subtracted from all spectra. Triangles: ZFC, squares:
linear behavior when the whole experimental Q range is FC from 300 K, circles: scattering after switching off the magnetic field.

used. However, if we restrict our attention to the low Q
-egion (0.07 to 0.6 nm-1), we observe two linear regions,
and in the temperature range 300-110 K. The Q value of the range are required. The interpretation of the scattering at
inflection decreases with temperature (at 250 K around temperatures around the two transitions probably requires a
Q=0.5 nm- 1) and is not observed within the experimental more sophisticated model.
window below 110 K. These results are very similar to those The application of a magnetic field at 300 K reduces the
discussed by Rhyne et al.7  scattering. This reduction is initially proportional to the field

As discussed above, the data in a plot of I(Q) vs Q2  and at 5 kG saturation has been reached. The field-dependent
[Eq. (1)] are curved and the departure from the Lorentzian- scattering cannot be described by the simple Lorentzian form
type shape increases as the temperature decreases. At these of Eq. (1). Howeer, a plot of the ln[I(Q)] vs In Q exhibits
temperatures irreversibility effects have been observed in ac a linear behavior for the whole Q range and the slope ob-
susceptibility measurements and if we assume a random an- tained is around 2. This shows that the scattering after the
isotropy system the scattering can be expressed in Lorentzian application of the magnetic field can be described with a
plus Lorentzian-sq~ared (L -L2) formT function of the form A/C 2. This behavior is expected froman ordered ferromagnetic system.

A B Cooling the sample from 300 K in a 2.6 kG field, we
I(Q) = uy-'-- +(Q2+K 2)2 . (2) observe no change in the scattering with temperature. Nei-

ther of the two transitions is observed. By switching off the
A least-squares fit of the experimental intensities to Eq. (2) magnetic field at 20 K the scattering increases, but it does
using the full Q range gives physically meaningful values not reach the value of the scattering observed during the
(K'2>0) only in the temperature range 240-110 K. This is the cooling of the sample with zero magnetic field (Fig. 2). The
temperature region in which the intensity varies slowly with increase of the scattering observed after switching off the
temperature (Fig. 1). The value of the coefficient A decreases field at 20 K occurs within 5 min, the time required to obtain
with temperature (around 30% from 240 to 110 K), whereas the first measurement. No change in the scattering is ob-
the correlation length as determined from K

2 increases with served in subsequent measurements, while remaining at 20
temperature from 7.5 nm at 240 to 19 nm at 110 K. The K. Warming up, we observe the lower t;ansition at 40 K.
decrease of A with temperature is in accordance with the However, the higher transition at T,=:40 K is not observed
behavior expected from a normal ferromagnet. It should be (Fig. 3), the scattering slowly increases to its original 300 K
noted that the experimental intensity and that calculated from value in zero field.
the fitted A, B, and K values agree very well apart from a In order to examine the spin reorientation at different
small deviation at the very low Q values. It has been pro- temperatures, a magnetic field was applied after cooling the
posed that the spin clusters can be presented by a Maxwell- sample to a specific temperature (230, 110, 80, and 40 K).
ian distribution. 7 However, by using such a model it is diffi- The change in the scattering induced by the field occurs
cult to fit the whole Q range and the values of A increase within less than 2 min (time of the measurement) and the
with decreasing temperature. Thus, we can only say that the scattering returns to its previous value by switching off the
L-L2 Eq. (2) describes the experimental data in the tempera- magnetic field within the same time interval. In Fig. 4 the
ture regions defined from the first transition at Tc=240 K to effect of the magnetic field (H=2.6 kG) applied after the
the onset of the second one. In order to understand the origin sample was cooled at 230 K is presented. For comparison,
of the low-Q scattering experiments in an even lower Q the scattering obtained when the same field is applied at 300
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VCONCLUSIONS
Q 0=.087

120- *Q=0.102 The ZFC SANS from an amorphous Fe9Zr 0 alloy

Q=0.124 shows two transitions at 240 and 40 K which coincide with
those observed from ac susceptibility measurements carried

-a-Q=0.170 out on the same sample. The scattering in the temperature

srange 300-110 K and in the low Q r-.,ion shows a behavior

> o which departs from either L or L-L2 form [Eqs. (1) and (2)].
-This scattering cannot be attributed to chemical effects or

C clustering since it is temperature dependent. If we ignore the
low Q scattering we can fit a L -L2 equation to the data only

I in the range 240-110 K. The correlation length obtained
from such a fit increases with temperature from 7.5 to 19 nm

•I• . . and the coefficient A which contain contributions from both
50 10 ,0 finite range spin waves and from the static spin glass order

0 50 100 150 200 250 300 decreases with temperature as expected. The 300 K scatter-
T/K ing is reduced with the application of a magnetic field and

saturation is observed at 5 kG. No change in the scattering is
observed during the cooling of the sample from 300 to 20 K.

FIG. 3. Scattering vs temperature at different Q values during the heating of The temperature independence of the scattering during cool-
the sample in zero field from 20 to 300 K. The sample was previously
cooled in a magnetic field of 2.6 kG. ing and its form (A/Q 2) indicate an ordered ferromagnetic

system. By warming up the sample after switching off the
field at 20 K only the lower transition at Tf=40 K is ob-
served. The switching off of the field unlocks the spin cluster

K is also presented. In order to show the effect of the mag- units which undergo their transition at 40 K. The unlocking

netic field, the scattering at room temperature has been sub- of the spin clusters is not complete since the scattering at 20

tracted from all the spectra. The field-induced scattering for K, after switching off the field, is not restored to its ZFC

the low Q values is lower than the 300 K scattering in zero value. The FM matrix remains frozen at low temperatures

field. As Q increases it reaches the 300 K scattering, further and the scattering slowly recovers to its previous value at

increases to peak at 0.44 nm - 1, then decreases to the 300 K 300 K without showing the T, =240 K transition. The appli-

scattering at Q around 1.2 nm- t (see inset of Fig. 4) and cation of a magnetic field after cooling the sample to a spe-

remains unchanged for Q > 1.2 nm- 1.As the temperature of cific temperature results in a reduction of the scattering. The

cooling is reduced these effects become less pronounced and effect is more pronounced at 40 K where the field has almost

the field-induced scattering at 40 and 300 K almost coincide, the same effect as when applied at room temperature. No
hysteresis is observed in the restoration of the scattering to
its previous value after switching off the field. We may as-
sume that the field mainly modifies the spin cluster units. At

__ 1 40 K a larger part of the sample is occupied by the spin
4- -o30K, H-OkG clusters so the effect is greater. This is in agreement with the

A *.1KH-2.6kG unlocking of the spin clusters when the magnetic field is

o20- 300Ksw26kG sWitched off at 20 K after a field cooling of the sample.
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Magnetohistory effects in YFe12_xMOx (x=1.5-3.0) have been investigated. The freezing
temperature Tf increases with increasing Mo concentration. Irreversible behavior still appears in an
applied field up to 6 T for YFe9.Mo 2.5. These magnetohistory behaviors may be understood by
domain-wall pinning.

I. INTRODUCTION an argon gas atmosphere and then vacuum annealed at
1100 *C for 24 h. By x-ray diffraction and thermomagneticSince 1990, when SmyFeiTN3 and NdFen1TiN comn- analysis, all samples were found to be single phase with

pounds were discovered, 1,2 interstitial compounds have been aayialsmlswr on ob igepaewt
ThMn12-type structure. Experimental data of structural and

intensively investigated due to their excellent magnetic prop- 15

erties for permanent magnet applications. Anagnoston et al3  intrinsic magnetic properties have been reported separately.

and Wang et al.4 first studied the series of RFeioMo 2 nitrides Samples of cylindrical shape with a diameter of 3 mm and a
id t de length of 6 mm were made at room temperature by aligningand ies of NdFe2 ,ox  sries wit The the alloy powders along the cylinder axis in a magnetic field

studies showed that the RFe otheT r series with T=Mo has of 1 T and fixing their direction with epoxy resin. The low-
different magnetic behavior from the other series with T=Ti,

V, Cr, W, and Si. 5'6 Recently, YFcl 2 -..Mo, and their nitrides temperature thermomagnetic data were obtained using an ex-

were also investigated by Sun et aL in order to get informa- traction sample magnetometer in the temperature range from

tion on the magnetic properties of the Fe sublattice. 7'8 Some 1.5 to 300 K in an applied field up to 6 T.

magnetohistory effects were observed in both YFe10Mo2 and
LuFe 0Mo2 by Christides et al.9 These magnetohistory phe- III. RESULTS AND DISCUSSION
nomena are very close to the behavior which exists in spin
glasses and amorphous alloys.iO The authors in Ref. 9 be- Figure 1 shows the temperature dependence of the mpg-
lieved that such phenomena result from the w'riation Of netization of YFet2 xMox series (1.5<x<3.0) in i.n applied
Fe-Fe distances for YFe10Mo2 and LuFe10Mo2 on different field of 0.045 T after zero-field cooling (ZFC) and field cool-
Fe sites and the distribution of Mo atoms leads to a random- ing (FC) processes. Here the ZFC curve is obtaii.ed by cool-
ness of the exchange interaction and an establishment of ing the sample from room temperature to 1.5 K in zero ap-
noncollinear-type of magnetic order (helimagnetic structure). plied field, and then measuring the magnetization with the
However, such a mechanism is still a matter of debate. In increase of temperature in a certain applied field, while the
fact, magnetohistory phenomena are often exhibited by some FC curve is produced by cooling the sample in the same
rare-earth transition-metal alloys, for example, in YCo2Ni 3  applied field. The thermomagnetic cycle of ZFC and FC pro-
observed in 1976 1 and recently in Ho2Fe 17 _XAl 

2 and cesses exhibits an irreversible behavior. Values of the mag-
R2Fel 4 _xMnxC.13 The narrow-Bloch-wall pinning mecha- netization after ZFC are obviously lower than those after FC.
nism developed by Barbara et al. in the early 19 7 0 's14 for The ZFC and FC magnetization curves are coincident at high
understanding the huge coercive force in the crystalline rare- temperatures ai;d are separate at low temperatures. The irre-
earth-transition metal alloys has been used to explain the versible phenomena observed here in the YFel 2._Mox series
magnetohistory effects.' 3  are similar to that in YFeloM02.9 Moreover, the freezing

In this work, we investigate the magnetohistory effects temperature Tf, which is marked by the arrows at the cusps
of the series alloys of YFel 2-xMo, (x = 1.5-3.0) and discuss of the ZFC curve- in the figure, decreases with decreasing
the origin of these effects. Mo concentration.

Figure 2 shows the temperature dependence of the ZFC
II. EXPERIMENT and FC magnetization curves in different applied fields for

the YFe9 5Mo2 5 compound. It can be seen that Tfdecreases
Alloys of YFel 2 _Mo_ with x = 1.5, 2.0, 2.5, and 3 were with increasing applied field. Even if the applied field goes

prepared by arc melting from 99.9% starting materials under up to 6 T, the irreversible behavior does not vanish. This is
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T ( K) an interesting subject for scientists working on magnetism.
The magnetohistory effects may be described in terms ofcl se l se10 ori em ft e n ro -l c - al12,13

FIG. 1. Temperature dependence of the magnetization of YFe] 2 Mo, by cluster glasses or in terms of the narrow-Bloch-wall.

zero-field cooling and field cooling. The arrows mark the freezing tempera- For the magnetohistory, effects observed in RFe10Mo 2 (R =Y
ture Tf. and Lu) were explained in terms of cluster glasses by the

authors in Ref. 9, which were established by a competition
between the positive and negative exchange interactions due

different from the case of YFeloMo 2, observed by Christides to the variation of Fe-Fe distances in different lattice sites,
et al.,9 where the irreversible phenomenon disappeared when since the Fe-Fe interactions with short interatomic distance
the applied field went up to 0.7 T. (-0.24 nm) may causc the antiferromagnetic coupling, but

Understanding the magnetohistory effects observed in the authors did not explain why there is no magnetohistory
rare-earth transition-metal intermetallic compounds has been effect in GdFe1oMo 2 which has similar lattice parameters to

YFe1 oMo 2.3 A recent neutron-powder-diffraction study on
YFe12 _.MO 8 at a temperature of 10 K showed that all the

50 r Fe atomic magnetic moments are parallel over the three crys-
FC YFe.9 sMo; 5 tallographic sites. This does not support the proposal madef Fc by the authors in Ref. 9. For the cluster glass model, the

40 magnetohistory effect is independent from the magnetic do-
ZFC Bo 6 0 T main structure. Figure 3 shows two types of ZFC curves for

YFe9.SMo 2.5. It can be seen that at 1.5 K the thermal demag-
netized ingot has a lower magnetization value than the ingot

30 magnetized in a field of 6 T at 200 K. This indicates that the
magnetohistory effect observed here is associated with the

E distribution of the domain wall. Therefore the narrow-Bloch-

~ 20 ZFC 12T wall model may be suitable for explaining the magnetohis-
tory effects in YFel 2 MO.

The neutron-powder-diffraction study on YFe12 _xMO s

at a temperature of 10 K also showed that the Mo has an
10 atomic magnetic moment of 1.0 AB which is antiparallel to

the Fe-sublattice magnetization and the Mo atoms are mainlydistributed on 8i sites. The distribution of Mo substitution in
ZFC *the iron sites in YFe12 _...Mo. may cause the necessary fluc-

0 10 20 300 I-tuation of the exchange interaction .td anisotropy to form0 100 200 300 the pinning of domain walls, so that irreversible magnetic
T (K) behavior occurs at low temperatures. This is similar to that

FIG. 2. Temperature dependence of magnetization of YFe9 5Mo 2 5 by zero observed in YCo2 Ni 3 ,1 If the nonmagnetic Y is replaced by

field cooling and field cooling in different applied ields. The arrows rrark magnetic R, which enhances the relative value of magneto-
the freezing temperature Tf. crystalline anisotropy to exchange interaction, the magneto-
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history effects in RFel 2...,Mo5 can be expected. We have 5X. C. Ko., C. Christides, R. (3rossinger, H. R. Kirchmayr, and A. Kosti-
found that the magnetohistory effects do exist in kas, 1. Magn. Mapn. Mater. 105-107, 1341 (1992).
RFe 12 .xMO. with light rare-earth R =Pr, Nd, and Sm.16 The 6y. Z. Wang, B. P. Hu, X. L. Rao, G. C. Liu, L. Song, L. Yin, and W. Y. Lai,

reason for the absence of magnetohistory effects in 7 J AppI. Phys. 75, 6226 (1994).
Gd~eO~o9 ma beattibutd t themageti Gd + wich H. Sun, M. Akayama, K Tatami, and H. Fujii, Physica B 183, 33 (1993).

de1 o2
9 myb atrbtdtthmantc d3  wih 8H. Sun, Y Morii, H. Fujii, M. Akayama, and S. Funahashi, Phys. Rev. B

couples antiparallel to Fe and parallel to Mo. The magnetic 48, 13333 (1993).
Gd sublattice smoothes the magnetic fluctuation caused by 9C. Christides, A. Kostikas, G. Zouganelis, and V Psyharis, Phys. Rev. B
Mo atoms. 47, 1220 (1993).

In conclusion, magnetohistory effects in YFe12 .. Mo5 (X 10K. Mooriani and J. M. D. Coey, Magnetic Glasses (Elsevier, Amsterdam,
1.-30 have been investigated and may be understood by 1984).

1.5-3.0) H. Qesterreicher, F. T Parker, and M. Misroch, Solid State Commun. 19,domain-wall pinning. T'he experimental data give a strong 539 (1976).
evidence that magnetohistory effects are related to the do- 121. H. Jacobs, K. H. J ouschow, G. F. Zhou, X. Li, and F. R. de Boer, J.
main structures rather than the cluster glasses. Magn. Magn. Mater. 116, 220 (1992).
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Magnetic viscosity, fluctuation fields, and activation energies (invited)
R. Street
Research Centre for Advanced Mineral and Materials Processing, Nedlands 6009 Australia

S. D. Brown
Department of Physics, Keele University, Keele, Staffordshire ST5 5B9, United Kingdom

Time dependence of magnetization in ferromagnetic materials was first described towards the end
of the 19th century. Subsequently, two types of mechanisms responsible for time dependent
behavior were identified and became known as "diffusion" and "fluctuation" after-effect or
viscosity. The former depends on thermally induced motion of impurity atoms. The latter is a
consequence of thermal activation of irreversible domain processes such as domain-wall motion and
the nucleation of domains of reverse magnetization. Fluctuation viscosity affects, to a greater or
smaller extent, all magnetic materials subject to hysteresis. In the late 1940s descriptions of
magnetic viscosity in terms of fluctuation fields (N6el) and activation energy distributions (Street
and Woolley) were developed. The two approaches will be described. An analysis of the time
dependent phenomena exhibited by magneto-optical films will be presented as a simple example of
the application of activation energy modeling.

I. INTRODUCTION sociated with thermally induced random fluctuations of spon-
taneous magnetization vectors in terms of a fluctuation field:

Two different types of manetic viscosity or after-effect
have been recognized. The first observations of the time de- H(t) =H/(Q + In t), (2)
pendence of magnetization in a constant field were made by where Q is a constant and H/ is known as the fluctuation
Ewingi and Rayleigh 2 in their measurements of the magnetic field. The time dependence of irreversible magnetization is
properties of soft magnetic materials. Later Preisach3 and obtained in terms of the irreversible susceptibility x i as

others observed a different kind of time dependence in the

magnetization of harder magnetic materials. Different pro- Mit,(t) = X, H(t) = S In t + const, (3)
cesses are invol-'ed in the two effects. In the first, magnetic
processes are affected by the diffusion of impurity atoms and where S Xi, H1.

In the approach adopted by Street and Woolley to mag-the tempelature dependence of the magnetic effects are typi- netic viscosity, thermally activated rate processes involving

cal of diffusion processes. The phenomenon underlying Prei- metastabseostae th adr activationg

sach's observations affect all magnetic materials which ex- a e sidered.th N dis the e erio
hibit hysteresis. The magnetization processes of these aecniee.Tu ()d stenme e ntvl

hibi hytersis Themagetiatin prceses f tese ume of metastable states having, at a given field H, activa-
materials exist in metastable states which transform to stable tion energies lying between E and E + dE.

states by a combination of field induced transitions and ther-

mal activation. Under constant field conditions the evolution
of magnetization is the result of thermal activation of irre-
versible magnetization processes. Observations of magnetic II. MODELS
viscosity are made by measuring the magnetization M(t) as
a function of time elapsed after a discontinuous increment of A domain model exhibiting field dependent metastability
magnetic field. In many cases, over restricted ranges of is based on the work of Stoner and Wohlfarth s in which theyelapsed time, examined the magnetic behavior of anisotropic single do-

main particles. The results of many studies of magnetic vis-
cosity have been discussed in terms of this model. A simple

M(t)=S In t+const, (1) case of an aligned uniaxial domain subjected to a demagne-
tizing field H is shown in Fig. 1. It is assumed that the

where the parameter S depends on the point of measurement magnetization proceeds by coherent rotation.
on the magnetization curve. S also depends on the demagne- In the case of an assembly of noninteracting aligned par-
tization factor of the sample on which measurements are ticles with a distribution of volume f(V) dV, the distribution
made. of activation energy at a fixed field will be given by

Two independent descriptions of the effects of thermal Kf(V) dV (1-H/ik)2. The variation of the activation en-
activation on magnetization were given by Street and ergy E as a function of H is shown in Fig. 2. The activation
Woolley4'5 and Noel.6'7 The latter considered the effects as- energy distribution functions at two different values of field
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S k

N(E)

0 E/kT

FIG. 1. Energy of an aligned uniaxial domain as a function of the angle FIG. 3. The distribution of energy barriers N(E)/p as a function of E/kT
between the field and the magnetization vector at two different fields. The for various values of time after a discontinuous step change in field. The
activation energy for reversal is indicated, model assumes that at t=O, N(E)=p for all E. For values of tf0 'l the

curve sweeps out equal areas in equal logarithmic increases in time (the
shaded regions).

are also indicated. It is clear that determination of the field
variation of activation energy requires measurements to be
made at constanit values of magnetization. where fo is the attempt frequency, assumed to be constant.

Other examples of magnetization processes which in- The solution to Eq. (4) is
volve metastable states include domain-wall motion subject
to weak and strong pinning9 10 and the nucleation of domains N(E) =No(E)exp[ - tf0 exp( -E/kT)], (5)

of reverse magnetization. 11  where No(E) is the initial number of metastable states per
As noted by Street and Woolley4'5 the rate of transfor- unit volume with activation energies lying between E and

mation of metastable to stable states is given by E + dE at t-0.
For the case that the initial value of the distribution func-

dN(E)dE foN(E)dE exp- (4) tion No(E) is independent of E and equals a constant p, Eq.
Nt kT) (5) becomes

N(E)/p = exp[ - tfo exp( -E/kT)]. (6)

The variations of the ratio N(E)Ip as a function of E/kT
a) with the dimensionless product tfo as parameter are shown

N(E) in Fig. 3. Assuming that each successful activation makes the

//E same contribution to the magnetization, the total change in
KV(I-11/Hk)' 2magnetization of the assembly from time t=0 to t1 is pro-

portional to the area between the curve at t=tl and the
N(E)/p axis. For values of ,ae para neter tf0>> 1 the curve
sweeps out equal areas in equal logarithmic increases in
time. That is, the magnetization increases logarithmically
with time in accordance with the experimentally observed
variation, Eq. (1). Making the simplifying assumption that

H H2  HI each successful activation i volves a change in magnetic

b) moment A, the viscosity parameter S is given by

S= tpkT. (7)
H2  Changes in magnetization may also be achieved by -tep-

wise changes in the applied field AH. It may be shown that

N(E) the irreversible susceptibility Xir is given by12

Xirr= P OE (8)

Hence

E S kT_X =H 1f= (9)Id
FIG. 2. (a) Activation energy as a function of demagnetizing field for an Xirr = (
aligned uniaxial domain. The distribution of activation energies due to a cf. Eq. (3).
distribution of volumes is indicated at two values of field. (b) The distribu- cf. Eq. (3).

tion of activation energies at two values of field. To determine dE/fH, Conventionally, the quantity Hf has been derived from
measurements must be made at constant magnetization, represented by the measurements of S and Xm. The operational definition of X.
shaded area. to be substituted in Eq. (9) is a matter of some uncertainty in
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materials, such as high coercivity permanent magnets, which +1
exhibit pronounced time dependence of magnetization. It has
been shown that in this context, 13

X i = H -, 
( 1 0 ) 7 F

An alternative method of deriving values of Hf from experi- lnt
mental observations of time dependence is discussed by m__ -_

Folks and Street.
14

At a given point on a magu'.:zation curve, Hf is a mea-
sure of dE/dH, the variation, •an field of the activation en- -1
ergy of the irreversible metastable processes which are active H4 > 31 >1H21 >IH

at that point. For example, the OE/dH vs H curve for an
assembly of aligned Stoner-Wohlfarth domains is given by FIG. 4. The decay of magnetization with In t for a uniaxial perpendicular

the slope of the Ea vs H curve of Fig. 2, i.e., a linear de- thin film at various fixed values of field. The coercivny ;s clearly rne

crease as the magnitude of the reverse field is increased. In dependent.

the case of the activation of aligned nuclei of reverse mag-
netization,OE tizo , 2 exp(-t'/T)=m,+1, (14a)

8H =where t' =time at which m=m c for a given value ofT. Thus,

where v and Msp are the volume and spontaneous magneti- -mt+ 1 \
zation of the nucleus. " In -2 ) (14b)

Some interesting features arise from the study using an
activation energy model of the time dependence of a system Substituting for T from Eq. (14) gives
in which the metastable states all have the same value of e E(H)] 1 n m cnt11c
activation energy E(H). Specifically, we consider a thin film t' exp[ - ---H-f- I =2o const. (14c)

in which there exist identical uniaxial grains each of volume 0

V. The magnetic moment of a grain VM, may be aligned Hence
only either in a positive or negative direction with respect to In t'-E(H)kT= const. (15)
the normal of the plane of the film.

Let N, be the total number of grains per unit volume of The derivative of both sides of Eq. (15) with respect to H

the film and N+ and N_ be the number of grains per unit may be cast in the form
volume aligned in the positive and negative directions, re- 1 dE
spectively. Then 1. t =N++N_=1/V and the intensity of A In t'= - MAH "  16)
magnetization of the film when N=N+ is given by dH M

M=NVM,(2N/No- 1) The associated values of AH and A In t' in Eq. (16) are
or derived from the constant values of Rt associated with suc-

m = 2n - 1, (12) cessive m vs In t curves and the In t coordinates of the points
where of intersection of the line m = mc with those curves.

M= M/M' The value of Hf may be derived from the gradient of the
curve AH vs In t since

and U

n=N/No. AH= dEIHI- In t'=Hf In t'. (17)

The rate equation isTIII. EXPERIMENTAL APPLICATION TO THIN FILMS
dn [ E(H)J

fon exp - (13) 'rhe above analysis has been applied to study the time
depenoence and mechanisms of magnetization reversal in

Solving Eq. (13) and substituting for n from Eq. (12) gives Tb-Fe-Co films by Brown et alt Magneto-optic magneto-

m = 2 exp( - t/r) - 1, (14) meter measurements were made of the time dependence of
the magnetization of thin films of Tb-Fe-Co when subjected

where to various fixed values of reversing field. The experimental

1 [E(H)] results obtained using a 48.5 nm thick film of
T= - exp[--. Tb0.22(Fe0.9Co0.1 )Q.78 are shown in Fig. 5. Associated values

J t of Ha and In t', obtained from the intersections of the ex-

The variations of m as a function of In t with E(H)/kT as perimental curves with lines m =me within the range
parameter are shown in Fig. 4. - 0. 9-<_0.9, are plotted in Fig. 6. The average of the

E as a function of H may be derived front Eq. (14) by five values of Hf is 87.3 ± 1 Oe. It follows that the activation
considering constant m = m, conditions which implies energy of the process responsible for magnetization reversal
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+1 4I0

3!-72 000
--. H!04 0

H-8602 Oe 0 /

-- 2.. 3644 03 - 0 0SH =54 Oe 0

i ,

0 0

0*

3 In t 4 5 6 7In H L65

FIG. 5. Experimental results for the decay of magnetization with Int at FIG. 7. The Barbier plot of In H1 vs In HL for the data of Labrune et al (see
fixed values of reversing field for a 48.5 nm thick film of Ref. 16). The slope of the line is 1.22.
Th0 (FeogCoo 1)o7s. Note the similarity with Fig. 4.

The value of HL may be calculated using Eq. (17) as-
in this film is - linear function of field, at least over the suming that the value of H', say at time t = 1 s, is known
measured range of 8.55-8.76 kOe, and within the range and that the value of Hf remains constant over the field range
-0.9 <mC_-0.9. This observation is consistent with the H" to HL:
view that magnetization reversal proceeds by activation of HL=H+H In H '
reversal of magnetization in regions of constant volume v. f
Using a value of 86 G for the spontaneous magnetization of taking fo -10 9 Hz.
the material of the film, v was found to be 5.5X10- s cm3, In the case of the TbFeCo film considered above,
the volume of a spht,,e of diameter 22 nm. IHLI = 11.01 kOe.

Labrune et al.16 have also measured the time dependence Labrune et al.16 have provided data for 11 different
of magnetization processes in rare-earth-transition-metal al- samples of GdFe and GdTbFe alloys having values of H,
loys including alloys of Gd-Fe and of GdTbFe. Application ranging from about 200 to 1300 Oe. These data have been
of the above analysis to their results, which are given in used to construct the Barbier plot of In HL vs In Hf shown in
detail for a GdTbFe film, show that at m = 0 a linear relation Fig. 7. The slope of the line is 1.22. Wohlfarth 17 found in an
exists between AH and In t' [Eq. (16)], leading to a value of analysis of a Barbier plot of data for different materials with
HI= 18.9 Ge. It appears in this case that Hf is not indepen- coercivities ranging from 1 to 1000 Oe that the slope was
dent of m, decreasing by approximately 10% as m decreases 1.37.
from 1 to -1. Extension of the activation energy analysis of the mag-

The apparent coercivity H, of magneto-optic films, i.e., netic properties of thin films leads to information on the
that field at which the holomagnetization is zero, depends on mechanisms responsible for the growth of regions of reverse
the time at which the measurement of m is made after the magnetization. 1.6 Details of the fractal or other nature of
reversing field is switched on. The shorter the time, the the magnetization of thin films may also be obtained from
higher the apparent coercivity will be. There exists a limiting observations of time dependent behavior.
field HL for which the activation energy is zero. In this cir-
cumstance, reversal of magnetization will occur in a time IV. CONCLUSIONS
t = I/fo.

The important information derived from magnetic vis-
cosity measurements concerns the variation of the fluctuation
field Hf as a function of magnetic state parameters. Reliable

8750 i--- = 0.9 values of H1 , derived from the slope of M vs In t curves and
rn = 045 irreversible susceptibility Xi,, as H1 = S/Xff, can only be ob-

-i-n-r = 0.0
8700- - n =-0.45 tained when Xr is carefully defined as dM,1 /dHIM.

0--n = -0.9
HThe value of measurements of Hf lies in the fact that its
H(8650 definition involves 9E/dHIM, the variation with field of the
(oe) activation energy of the metastable states responsible for ir- Q

reversible magnetization at the point of measurement. It then
8550 becomes possible to check numerical values of OE/8HIAt

* , 0 again1st the predictions of postulated models of magnetic be-
0 1 2 3 Int 4 5 6 7 havior.

The application of activation energy modeling of mag-
FIG. 6. Associated values of H, and In t from the intersections of lines of netic behavior of some magneto-optic films is particularly
constant n with the experimental curves in Fig. 5. The average slope of the simple. It produces information on the growth of magnetized
five lines is 87.3± 1 Oe, which is equivalent to the fluctuation field H1. regions and the micromagnetic structure of the films.
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Analysis and interpretation of time dependent magnetic phenomena
(invited)

L. Folks and R. 3treet
Research Centre for Advanced Mineral and Materi.ls Processing, The University of Western Aust,-alia,
Nedlands 6009, Australia

Time dependence of intensity of magnetization is the result of thermal activation of metastable
domain processes. The simple (M,H) representation of magnetic behavior may be extended to
include time dependent effects using a constitutive equation. Magnetic processes may be described
by the movement of a point over a three-dimensional surface with coordinates M, H, and M. The
parameters required to define the surface, A (or fluctuation field Hf) and X, may be derived from
measurements of the time dependence of magnetization. A review of the utilization of the
constitutive equation is given and simple methods for obtaining the material parameters from
conventional magnetic viscosity measurements (under constant applied field conditions) are
described. Measurements of A in particular provide additional quantitative information on
magnetization processes which may be compared with predictions of proposed models of
magnetization. The results of measurements of A and susceptibility X for Cr0 2 powders and sintered
and melt-quenched rare earth-transition metal borides are presented. Conclusions about the
magnetization mechanisms of these materials are discussed.

I. INTRODUCTION ( -( \')
ki.,(E) = ki(E0 )exp - -J (1

Hysteresis in ferromagnets arises from domain processes T

which progress through states of metastable equilibrium. Ex- from which
amples are E(H)

(1) coherent or incoherent rotation of magnetization in In Mr(E)=ln Mi.(Eo) - (2)

single domain particles (Stoner and Wohlfarth'),
(2) pinning and unpinning of domaia boundary walls where M. (Eo) is the rate of change of Mirr for activation

(Gaunt2'3), and energy E(H) =0.

(3) nucleation of domains of reverse magnetization Then, the constitutive equation of state is written in dif-

(Chikazumi 4). ferential form:

Transitions fr n metastable to stable states may be dH=

achieved by the supply of activation energy, for example, by Xdrr
changing the applied field or by thermal agitation. At con-
stant field, thermal activation alone may lead to significant w
variations in magnetization, amounting in some casess to dMirr aH,
greater than 20% of the saturation magnetization in 102 S. Xi'=- and A = . . (4)
Time dependence of magnetization under constant field con- Hn r

ditions is referred to as magnetic viscosity or magnetic after- Hence isothermal magnetization behavior may be repre-
effect. All ferromagnets subject to hysteresis exhibit time sented by the movement of a point on a three-dimensional
dependence of magnetization to a greater or lesser extent. As surface in (M,H,M) space defined by Eq. (3), for which the
a general rule time dependent behavior is more pronounced intrinsic irreversible susceptibility X!,, and A are required as
in higher coercivity materials (Barbier 6). It follows that the functions of M. The functional dependence of both the in-
representation of the magnetic behavior by (M vs H) data is trinsic irreversible susceptibility X!, and A can be deter-
incomplete in that time dependence is ncglected. Investiga- mined from magnetic viscosity measurements. In this paper
tions of magnetic viscosity were described by Street and the use of the constitutive equation to describe the field and
Woolley7 in 1948 and N~eI8 in 1949 and led to phenomeno- time dependence of magnetization is discussed.
logical descriptions of time dependent behavior in terms of
distributions of activation energies and fluctuation fields, re- II. MAGNETIC VISCOSITY MEASUREMENTS
spectively. The constitutive equation may be applied to predict the

Estrin et al.9 developed an alternative approach by anal- behavior of magnetic systems subject to specified time con-
ogy with the phenomenological description of plastic defor- straints and initial conditions, e.g., predictions of the M vs H
mation of crystals. The magnet analog of plastic strain and curves as the field is varied at uniform rates (conventional
stress were taken as the irreversible component of intensity hysteresis curves).10 Conventionally, measurements of mag-
of magnetization M... and the internal magnetic field H, act- netic viscosity are carried out at constant applied field, i.e.,
ing on the sample, respectively. The time dimension was during the measurements, H a =0. The solution of Eq. (3) for
introduced through A,, the choice of which was determined M as a function of t requires the specification of the initial
by the Arrhenius relation values of Mir and Mr at the origin of time for the measure-
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ment. For simplicity, consider a specimen which has zero At M2 : A = (H3 - H1) / (In l3 -In ? ,) +Mat
demagnetization factor. Then 1, = Ha =0 and the differentia- At M2: A = (M3 - M1 ) J 3- iM) 11 ;4 2 M 3tion of Eq. (3) leads toAtAX=(M MI(H-H)

• 1 . / irrHI H 2 H 3

H,=-Mlf+A -=0. (5)

X! M3Xirr Mi.f M2 M irr

The solution of Eq. (5), assuming that A and Xirf arc inde- MI
pendent of M during a magnetic viscosity experiment, is

M Mrr=Mit(O)+AXrrf ln(t+to), (6)

where M'it(0) is the value of Miff at t=0 and to
= Ax!14Mirr(0). M,(0) is the rate of change of irreversible __t. t
magnetization at t=0. =-Hmax H. 0

Equation (6) may be written as

M,,=const+S(O)ln(t+to), (7) FIG. 1. Illustration of determination of A from experimental data.

where
S(O) =Ax',t. (8) From Eq. (10) for this idealized model,

It is customary to present magnetic viscosity data in the form
of M(t) vs ln(t) graphs. It follows from Eq. (7) that M(t) = k . (12)
will be a linear function of ln(t) only for times of observa- AM spont
tion t>to[=S/M,,(0)] and when S is constant over the Thus, in principle, additional quantitative information about
range of values of Mirr observed during a magnetic viscosity the mechanisms of magnetization may be obtained from
measurement. Nonlinear M(t) vs ln(t) curves arising from measurements of A.
both these causes have been observed.5 'l  Cammarano 12 has pointed out the interrelation of A and

An expression for the parameter A, which has dimen- X which arises from consideration of Eq. (3) as a perfect
sions in Oersteds, introduced in the constitutive equation (3) differential, i.e.,
may be obtained by differentiation of Eq. (2) with respect to
H i by 0 (i 1 d = (

d In Mud 1 dE(Hi) 1 (-d In Miff(A). (13)
= -.. . . . ' (9)

"H, m kT OH, ML,, A It follows that if A is constant independent of M then Xrr is
independent of Mrr. A characteristic feature of many perma-
nent magnet materials is that A is constant over large ranges

8E kT of values of M. Also, within these ranges of M it has been
= - ". (10) shown that experimental values of A'i! are independent of

Mir as predicted by Eq. (13).t3

The slope of the M,, vs In (t+ to) is written S(0) to denote
that it applies to measurements on specimens with demagne-
tizing factor D =0. III. FINDING A AND X

The parameter A is directly related to the field depen-
dence of the activation energy required to activate the irre- Using the definitions given in Eq. (4), A and Xrr may be
versible domain processes responsible for magnetic viscosity evaluated from data obtained from magnetic viscosity ex-effects. The value of (dE/OH1)IM,, is determined by the periments as illustrated in Fig. 1. In order to construct these
physical nature of the domain processes involved. Expres- graphs, which are almost invariably derived from results ofsions for OE/OH for difierent models of magnetization be- measurements on specimens with nonzero demagnetizationhaiofr may be r calcultean compaed wi mnetiau e - factors D, it is necessary to account for the demagnetizinghavior may be calculated and compared with measured val-

ues of A. In N~el's model of viscosity8 the effects of thermal fields, i.e., H, = Ha - DMtot where M t is the measured in-

energy on magnetization were represented by a fictitious tensity of magnetization, and it is also required to derive

fluctuation field H1 which is identical with the parameter A. values of Min. as (Mtot-Mrev), where Mrev is the reversible
For example, consider a material consisting of aligned component of intensity of magnetization.unxiapl e fe o neic granstwith sonistneous agne- The variation of magnetization for a specimen with de-uniaxial ferromagnetic grains with spontaneous magnetiza-D may be derived from the constitutivetion Mspo,, initially magnetized in the positive direction. If equation a

demagnetization proceeds by reversal of magnetization from equation as
nuclei of negative magnetization of fixed volume v then, t

Mt~tMt~(0)to'k0)l 1+(14)
dE 0

OH vMsPont. (11) where
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S 1+Demagnetizing curve
M°J/(O) (i +Dx'o)

The values of the susceptibilities are obtained from slopes of
the M vs H curves taken at constant M'i.

The variation of Mt., is predicted to be a linear function Mto t.- h chnsta
Htotishedcntnof ln(t + to) but the slope H.o

S(D) =0 - A tot-rev) (15)

I+DX ' t 1 +DXt'ot 1 -DXrev Ha is reduced for

If D X' < 1, then Xrev measurement

A * S(D) (1)Hc Ha =*0

A- (16)
( , a a •( tot rev)

Equotion (16) has been widely used to determine A. How- FIG. 2. Schematic of experimental technique. The magnetic viscosity is
k (measured at a constant value of H, for a period of time. Then the applied

ever, it follows from the above that unequivocal values of A field is ramped towards zero by a small amount and the apparent reversible
will be obtained from Eq. (16) only if Xt is evaluated as susceptibility determined from the slope of Mwto vs H,. The field is then

(dMtot/dH)p.t ramped in a negative direction to the next measurement field.

The magnetic viscosity data required to construct graphs
of the form shown in Fig. 1 may be obtained by measuring paraffin wax, hence the average density of Cr0 2 in the speci-
the time dependence of magnetization at different constant men was 0.895 g cm - 3. The magnetization curve and the
values of applied field on both the initial magnetization (first hysteresis curve for this sample are shown in Fig. 3(a). Fig-
quadrant) curve and the demagnetization (second and third ure 3(b) shows the values of A, calculated as described
quadrant) curve. Measurements are made using a vibrating above, as a function of the -)ecific magnetization o during
sample magnetometer under computer control. If a demag-
netizing curve is to be measured, the sample is first exposed
to a saturating field in the positive direction. Then the field is (a) 80
ramped to some negative value and held constant while the
magnetic viscosity is recorded. A small recoil curve is then
performed by ramping the field first in a positive direction by 40
an amount which is small compared to A, then in a negative (s
direction back to the measurement field. The field is then (emu/g)
either ramped in a negative direction to the next measure- 0
ment field and the process repeated (called a "multiple step
per loop" experiment) or cycled through negative saturation
and back to positive saturation before continuing to the next .40
measurement field (called a "single step per loop" experi- as(50kOe) 78emu/g

ment). The small curves are used to estimate Xv at the mea- l (450Oe/s) = 20Oe
surement field. The experimental technique is illustrated in -80 0.. .8

-8 -4 048
Fig. 2. H, (kOe)

Some care should be taken with sample preparation in (b) 14

the case of bulk materials as the condition of the surface and 0 Initial magnetization curve
nonuniform magnetization may have a significant impact on + Demagnetization curve
the magnetic behavior.14 It is best that measurements of bulk 12 -
materials be performed on well polished spheres15 so that the
impact of the surface is minimized and the demagnetizing
factor is known. Then Eq. (16) may be used to find A. A (Oe) 10

IV. RESULTS AND DISCUSSION

The mechanisms of magnetization in permanent magnets 0

and in particulate recording media are of continuing interest
in the search for improved materials. Comparisons may be 6 0
made of the measured values of the parameters A and x with -30 20 -10 0 10 20 30

those predicted by models of magnetic processes. o (emu/g)

For example, measurements performed on a sample of
acicular Cr0 2 particles, commonly used as a recording me- FIG. 3. (a) Magnetization curve and hysteresis curve for Cr0 2 particles

measured at room temperature with a maximum field of 50 kOe and a ramp
dium, are shown in Fig. 3. The specimen, of volume 0.134 of 450 Oe/s. (b) A vs specific magnetization for Cr0 2 particles at roomcm3, was prepared by embedding 0.120 g of Cr0 2 powder in temperature with a maximum field of 50 kOe.
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the magnetizing of the sample (from a thermally demagne- (a) 900
tized state) and the demagnetization curve. Over the range of

specific magnetization from +20 to -20 emu g- 1 for the 600

demagnetizing curve, the results reported here may be repre-
sented by a line A=8.52+0.02 o-. Within experimental error,
for initial magnetization A is independent of or within the Mtot
range 0 to -25 emu g-i and its value is 8.7±0.4 Qe. (C) 0

The CrO 2 particle volumes V, estimated from SEM im-
ages, are about 4X 10-16 cm 3 compared with the value of

6.2X 10-16 cm3 reported by de Witte et aL16 The activation -600
volume v calculated from Eq. (12) using A=8.6 Qe and M s(120 kOe> =ll 00 G

Mpnt=330 G is 1.5X 10-17 cm 3 which is about 4% of the -900 Hc(450Oe/s) 18.6 kOe

particle volume. A similar ratio was obtained by de Witte -40 -20 0 20 40

et al.16  Hi (kOe)

As another example, the hysteresis curve and the varia- (b)

tion of A with Miff for a polished 5 mm diameter sphere of
sintered Pr2Fe14B material are shown in Fig. 4. Over te 1oo ,
range +400 to -400 G, A=99.5-0.02 Miff. Over this range
the a-tivation volume, calculated from Eq. (12) using so
Mspnt= 1100 G, v=3.79X10-1 9+6.26X10 - 23 Miff, has lin-
ear dimrnsions corresponding to about six crystalline unit A (Oe)
cells. 17 Givord et al.'8 have related v to o3, where 8 is the 60 
average domain-wall width in the material. For sintered per-
manent magnet materials of the Nd-Fe-B type initial magne- 40
tization involves the movement of domain bounday walls 4
through individual grains. The discontinuous nature of this

motion has been observed in the form of Barkhausen -600 -400 -200 0 200 400 600
pulses. 19 Attempts to observe time dependent behavior here Mirr (G)
have been unsuccessful, presumably because of the small
values of activation energy required to release the domain (C) ( -4.6117
walls from pinning centers within the grains. Values of 0 .2.8823i . ~0.3 "# M
Xfi, as functions of Mir are shown in Fig. 4(c). The dif- 0 -1.8014

ferent symbols represent measurements made at different % -1.1259

values of Mi. All the values lie on the same curve which, (9 -0.43980
since A is almost independent of Miff, is a consequence of Xiirr 0.2 0 -0.27488

X i0 -0.17180
Eq. (13). (G/Oe) A -0.10737

Towards the ends of the ranges of magnetization it is not
possible to make accurate measurements of A or X i since 0.1
the curves of constant Mif converge and Eq. (4) becomes
difficult to evaluate with certainty. It follows that for a given
material there is a limited range of magnetization over which 960 -400 200 0 200 400 600
reliable measurements of A and XIf may be made.

The observations on both Cr0 2 and Pr2Fe14B show that Mwt (G)
A is approximately constant over a substantial part of the FIG. 4. Measurements of a sample of sintered Pr2Fel4B at room temperature
total change of intensity of magnetization. These results are with a maximum field of 50 kOe and H =450 Oe/s. (a) A hysteresis curve.
consistent with the assumption that the major part of magne- (b) A vs M,,,. (c) X, vs M, at many values of M,, as indicated in the
tization reversal in both materials results from activation of legend.

nuclei of reverse magnetization having volumes which are
substantially independent of M. There is additional evidence classic Sixtus and Tonks experiment. 23 A mechanism of this
to support this supposition in the case of Pr2Fe14B, specifi- kind would be consistent with the proposition that magneti-
cally the ease with which the material may be magnetized zation reversal may be initiated by thermal activation in a
and the dependence of coercivity on the maximum magne- small volume of the particle.
tizing field.2

The case of magnetization reversal of acicular particles
has been considered by Sharrock.21 He notes that theoretical V. SUMMARY
studies by Schabes and Bertram2 have concluded that a Time dependent magnetization may be analyzed in terms
strong field applied to one end of an acicular particle tends to of a constitutive equF don involving variables H,, M, and
switch the magnetization of the entire particle by means of a two parameters A(Mu,) and X~f(Miff). The functions A(Mu)
propagating magnetic reversal-a microscopic analog of the and X!(Mu) may be determined experimentally from mag-
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Ubiquitous nonexponential decay: The effect of long-range couplings?
(invited)
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R. M. White
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Pennsylvania 15213

M. Matson and E. Engle
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455

Many physical systems exhibit a dynamic response referred to either as slow relaxation, a
quasilogarithmic time dependence, or a stretched exponential response. Historically this time
dependence has been attributed to the presence of disorder which creates a distribution of relaxation
times. In two papers [D. K. Lottis, E. Dan Dahlberg, J. Christner, J. I. Lee, R. Peterson, and R.
White, J. Appl. Phys. 63, 2920 (1988); D. K. Lottis, R. M. White, and E. Dan Dahlberg, Phys. Rev.
Lett. 67, 362 (1991)], we have shown that this time dependence can alternatively be explained to be
a consequence of interactions or couplings. In the model, the interactions between relaxing spins,
the dipole-dipole couplings, drive the system from an initial state towards equilibrium. As the
system relaxes, the dipolar energy is reduced and the driving force diminishes. This process gives
rise to the observed slow relaxation-time dependence in a very natural manner. To guarantee the
absence of disorder, the model considers the dipolar coupling or interaction between relaxing spins
with a mean-field approximation, the demagnetization field. Another feature observed in physical
systems which the model explains is the nonmonotonic temperature dependence of the logarithmic
decay slope. In addition to a description of the model, measurements to determine the presence of
interactions in some of the systems will be discussed.

I. INTRODUCTION II. INTERACTION MODEL SYSTEM

As a starting point for understanding this phenomenon, it
A remarkable number of diverse physical systems ex-

hibit the phenomenon which is referred to as slow is useful to recall the expected response of a relaxing system,

relaxation.' The manifestation of this phenomenon is best Debye relaxation. Debye relaxation can be understood by

explained graphically, as in Fig. 1, where the temporal decay considering the relaxation of a collection of two level sys-
of the remanent magnetization of an archetypal spin glass, tems with an energy barrier (Eb) separating the levels asAgMn, is shown. The system was prepared by cooling from shown in Fig. 2. Each entity (one may call them either par-

high temperature to low temperatures with a magnetic field titles, spins, or moments) in the collection acts indepen-
applied. This process results in a magnetization in the system dently of al others. If the system of N particles is prepared
known as the remanent magnetization. As can be seen, the
field cooled magnetic state of the system relaxes after the
removal of the cooling field with the remanent magnetization 0.0225
decaying quasilogarithmically with time. Other systems

T=5Kwhich exhibit this strange time dependence in response to an 0 o

external stimulus include the trapped flux in o
superconductors, 2 the decay of the charge carriers in amor- o.0215
phous semiconductors, and the strain fields or structure in

glasses and polymers,' to name a few. That these systems arc EN
so diverse yet exhibit the same relaxation dynamics has coi-
founded researchers in their quest for a simple explanation of 0.25

this phenomenon.
We recently developed an explanation in which intv.xac-

tions or couplings between the relaxing entities are respon-
sible for this seemingly ubiquitous time dependence. 4'5 In 00195what follows, we will develop this view of slow relaxation 1 10 1oo 1ooo

starting with the simple Debye relaxation model. This will be t (min)
followed by an extensive discussion of how it explains vari-
ous observed features in physical systems. How to more FIG. 1. An example of slow relaxation. The system is an alloy of 7.8% Mn

in Ag The sample was cooled in a field of 3 kG which resulted in a rema-fully test the applicability of the model is discussed at the nent n,. ,netization. The resulting 0cay was observ-d after removal of the
end of the discussion session. cooling field.
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FIG. 2. A two level system with the energy minima separated by an energy
barrier. This system provides a useful description for a number of physical
systems and, in the absence of interactions, a collection of these systems
with identical parameters exhibits an exponential time dependence. FIG. 3. The effects of disorder on exponential decay. This artificial relax-

ation curve is the result of averaging the relaxation curves for five exponen-
tial decays. The decay times are 0.1, 1, 10, 100, and 1000 s. Note that the

with all the particles in the higher energy state, it will relax quasilogarithmic time dependence is roughly a decade less than the number

to a distribution of particles in the higher energy state (or up of decades in the average.

state, E, ) and lower energy state (or down state, E_-) where
the ratio of the number of particles in the up state to the rather large amount of disorder to be present in a physical
down state will be given by the Boltzmann factor, system, but because the 's are exponential functions of en-
exp(-,6AE), where P is kBT and AE is (E+-E_). The ergy, this distribution corresponds to a spread in energy bar-dynamics of this relaxation process depend upon the attempt riers of only one decade, approximately. Clearly, with this
frequencies for the particles in the up and down states to try approach, most investigations of the relaxation processes of
to get over the barrier, to+ and &)_, respectively, in addition the various physical systems argue that the energy distribu-
to the three energies defined above and in Fig. 2. By recog- tion is the measured entity. For one example of this ap-
nizing that the number of particles hopping over the barrierat ay gven nstnt rom he p sate o te dwn satede- proach, the temperature dependence of the relaxation rate has
at any given instant from the up state to the down state de- been used by the Grenoble spin-glass group to determine the
pends upon the number of particles in that state at that in-stant, N+, one is led to the differential equation for dN+Idt, energy distribution using T' In(t) scaling.6

An alternative view of slow relaxation was presented by
dN+ some of us in a series of publications starting in 1988. 4,5 The
dt= -+N+ exp[-P1(Eb-E+)] fundamental premise for the model is that interactions, with-

out any disorder, can result in the quasilogarithmic relaxation
+w..oN_ exp[-/[(Eb-E_)]. (1) observed in so many physical systems.

This differential equation includes the possibility for par- The model system we developed consists of a plane of
ticles in the down state to return to the up state. By assuming spins or magnetic moments with an anisotropy energy such
that the attempt frequencies o+ and w- are equal, and rec- that the energy minima are with the moments aligned per-
ognizing that the total number of particles N=N+ +N- , this pendicular to the plane, i.e., the energy minima states are up
equation can be rewritten as and down states which are perpendicular to the plane. These

dN+ spins interact through dipole-dipole interactions which are
&) N exp[-1(Eb-E+)] treated in a mean-field approximation. In the ground state

dt this system contains no net magnetization, with one spin up

+ W(N-N+)exp[ -j6(Eb-E_]. (2) for every spin down. When the system is saturated along the
positive z axis, the demagnetizing field of the system will be

A solution to this differential equation leads to a decaying along the negative z axis, driving the system back to equi-
N+ which is exponential in time, described by a single re- librium. Because the remanent field decreases as equilibrium
laxation time r; the 7 is of the form r= 1-  exp(Ebuaier/kr). is approached, the thermal energy needed to overcome the
This exponential decay is generally referred to as Debye re- anisotropy energy barrier increases. This slows the relaxation
laxation. Although this derivation .s very straightforward, as process over time, leading to quasilogarithmic relaxation. As
stated earlier, many systems do not obey this relationship. will be shown later, if there were no interactions the system

Rather than abandon this simple model, it has long been would still relax but since the barriers remain at their maxi-
the usual practice to assume distributions of energies E+, mum height, the decay, with an exponential time depen-
E-, and Eb which gives rise to a distribution of relaxation dence, would take a much longer time.
times, i.., a distribution of 7's. As an example, a system In this model each moment has a uniaxial magnetic an-
containing five discreet r's, each separated by a decade, pro- isotropy energy of the form -Kuv cos2(o), where v is the
vides a quasilogarithmac relaxation over four decades in volume of the spin grain, 0 the angle between the spin vector
time. To illustrate this, Fig. 3 is the relaxation of a system of and the positive z axis, and Ku a positive constant. This
particles with equal numbers of particles having relaxation system of particles fits the two level model presented earlier;
times of 0.1, 1, 10, 100, and 1000 s. This may seem to be a E+ and E_ occur at values of O=0 and 7T and are degenerate
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at an energy -Kuv. Assuming coherent rotation of the indi- 1
vidual magnetic moments, the energy barrier maximum Eb
occurs at 1T/2 and has a value of 0. >.o .0.1

In the presence of an external magnetic field applied 0.8 - .2

along the 4= 7r direction (taken to be the negative z-axis
direction), the magnetic energy MHv cos(Ok), where M, is 0 200 400
the saturation magnetization of the spin grain, must be con- Temperatre

sidered in addition to the anisotropy energy. This gives a ,
total energy per particle of 04

E= -Kv cos2(0)+M,v cos(4b). (3) 0.2

0 C I I I I t I

There are two important changes when a magnetic field is 1o
5 

1T 4o
3 10-2 1' 1

0  O 101 102 1o0 10, 105

applied. First, the energy minima are no longer degenerate Time
although they still occur for 0=0 and 7r. Second, the energy
barrier is no longer at O= ir/2. The value of 4) corresponding FIG. 4. An example of a slow decay of the model system given by Eq. (5).

to Eb is cbtained by the usual process of differentiating and For this decay the relevant parameters are K=5X10 ergs/cm, Y.=200 emu/

setting the result to zero. Using the Eb determined above and cm, T=300 K, v =2X1O- s cm 3, and w=w=2X 1O" s - 1. Note that the decay
is measured over nine decades in time. The inset in the figure is the tem-the E+ and E_ determined from 4)=0 and 7r, respectively, perature dependence of the logarithmic slope of the decay taken at a time of

the differential equation which describes the dynamics of the 10o s. The nonmonotonic behavior of the slope is observed in magne:ic and

moments is ther given by superconducting systems (see Refs. 12 and 2).

dt -0 ( 2 dAN AN +(AN vy)2dtN~ =- oH -2exp - L (21TM'sAN1N-Ku)
KU Ku)2 dt 2 2 exp K

] )2N_ AN, v flv ]

oN-e- (MsH + 2Ku)j 1  (4) +0(o) ) exp[ - L (2 AM2ANIN+Ku2.

(5)

where N , is the number of spins pointing up, N_ the number This nonlinear differential equation now describes the situa-
of spins pointing down, &)+ and &o_ the attempt frequencies, tion where the magnetic field of the spins are driving the
and 0= 1/KbT. This expression is an explicit development of system to a state with equal numbers of up and down spins.
Eq. (2) and would therefore describe the usual Debye relax- As the relaxation progresses, the field which drives the sys-
ation with an exponential time dependence as in Eq. (3). In tem decreases and thus the relaxation slows down. The result
general, the attempt frequencies for the + and - spins are of this decreasing drive field is shown in Fig. 4. This figure is
functions of the appiied magnetic field and are not equiva- a numerical solution to the differential equation with the pa-
lent. However, setting the w+ and w-_ to be equal and inde- rameters listed in the figure caption. As shown, the relaxation
pendent of the applied field introduces little error as the re- rate slows down as the system relaxes. This quasilogarithmic
laxation is dominated by the argument of the exponential, not time dependence occurs over six decades in time.
the prefactor. Therefore in the remaining discussion they will Several comments are necessary concerning this relax-
be given by w. ation. The first is that although the data exhibit a quasiloga-

This expression, of course, neglects any coupling be- rithmic time dependence, there is absolutely no disorder in
tween the particles. In particular, the dipole-dipole coupling the system. The couplings are treated in a mean-field ap-
between the magnetic moments of the particles is lacking. As proximation such that it is only the average field,
the particles are arranged in a plane and restricted by the 2 TrMAN/N, which enters the expression. The second is that
anisotropy energy to orient perpendicular to the plane, the various functional forms of slow dynamics must be consid-
dipolar interaction energy would be a minimum for the case ered, and while the data here is plotted agtirtt the log of
where the alternating spins are antiparallel to each other, i.e., time, it can also be fitted to a stretched exponential over
a dipolar antiferromagnet. In order to guarantee the absence several decades. Maybe without much surprise, it would ap-
of disorder, the dipolar couplings between the spins can be pear that fitting to various functional forms of slow dynamics
treated with an average or mean-field approximation, the de- must be considered carefully before completely ascribing the
magnetization field. For the limiting case of planar symmetry behavior to a single one. Finally, for times longer than about
with the magnetization perpendicular to the plane, as is ap- 4X 104 s, the slowly decaying function becomes expo-
propriate for the present situation, this gives a field of nential.7 This long time regime can be understood by consid-
-47rM where M=Ms(N+-N_)/N, where N is the total ering the limit in Eq. (4) where AN becomes small enough
number of moments. Defining AN such that that the exponential is dominated by the Ku. In this limit, the
N+(-)=N12+(-)AN/2 (so AN=N+ -N-), one obtains differential equation becomes linear and the decay is expo-
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nential. In the other time extreme, at short times, the initial process is so rapid that, by the time the measurements start,
time dependence is a result of the attempt freq jency &) cho- the system has already relaxed, and again in the time window
sen for the generation of this data (about W s- 1 for this of the measurements, there is no measurable decay. Between
figure). these two extremes the decay rate measured in the time win-

The long time observation makes another point clear, dow goes through a maximum. If one could measure the
that the relaxation is not slow; it is actually fast. If there were initial decay rate, which occurs at zero time, it would con-
no interactions, the full energy barrier height would be tinue to increase. The inset in Fig. 4 shows the temper,,ture
present at all times; with interactions present, the barrier dependence of the decay slope from the model at the fixed
height is a function of the state of the sys~em, but it is always time of 100 s (or a factor of 106X the attempt frequency).
less than it would be withot the interactions. To further Another test of the applicability of the model is to con-
explain, if two otherwise identical syste.ms, one with and one firm the presence of interactions. In the case of the magnetic
without couplings, were prepared in a state with all the spins aftereffect in ferromagnets, there was work which showed
parallel, they would both relax to a state with equal numbers how the demagnetization factor altered the measured
of up and down spins. The main oifference is that in the dynamics.12 In this work, the larger the demagnetization fac-
system without interactions there N ould be little decay until tor, the more resistant the system was to being magnetized.
the time decade which is equivalent to the relaxation time This fact is consistent with Eq. (5) where the interaction or
over the full barrier height.8  cotpling term, 21rMANIN, has a different numerical con-

stant from 27T. In the case of superconductors, the frozen flux
III. DISCUSSION is associated with trapped vortices. Each vortex acts as a

To summarize the constiaints of the model, we must note single magnetic dipole which can interact with the others via
that it is for particles with constant magnetization, uniaxial the dipole-dipole coupling. With only a very general argu-
anisotropy, and considers only cohe;ent rotation for the mag- ment, Tinkham used a similar rationale to get the logarithmic
netization reversal process in a single particle. Although the time dependence of the flux decay.13

model system certainly exhibits a reasonable time depen- For general applicability, one needs to determine the
dence, it is necessary to show that the model does have a presence of interactions in these systems and their relevance
basis in fact with physical systems. We have previously to the magnetization process. We have previously used an
shown that the decay of the remanent magnetization in thin approach developed by Wohlfarth 14 and Henkel1 5 plotting the
films of CoCr can be fitted to the model over a limited mag- remanent magnetizations in what are referred to as Henkel
netization decay range. 5 However, the volume of the mag- plots. In that work16 we were successful in showing how
netic entities, the only adjustable parameter in the fit, was known interactions in a system, the perpendicular-to-the-
several orders of magnitude smaller than that measured by plane demagnetization field, explained the observed rema-
electron microscopy. Although seemingly problematic, nances. It is important to note that Henkel plots may suffer
simple calculations show that this is a reasonable volume for from a nonrandom demagnetize' state. Thus it would be best
a domain wall in one of the cobalt rich particles in the CoCr. to work with a system which can be annealed prior to mea-
This would indicate, at the very least, that the coherent rota- surement. For this reason, and because it is an archetypal
tion assumption is incorrect, a fact consistent with observed slow relaxation system, we have recently been studying the
domain reversal in small particles. Henkel plots of spin glasses. Although in a preliminary stage,

Another feature which appears in many systems which we note that all Henkel plots on the spin glass Ag:Mn indi-
exhibit this slow relaxation is a nonmonotonic decay slope. cate interactions are in fact present.1 7

This feature is usually considered anomalous since one A final comment to make is that the interactions in the
would expect any thermally activated process to accelerate at model are treated to assure that disorder is not present and so
higher temperatures. However, the magnetization decay in the interactions inust be responsible for any slow relaxation.
superconductors, 2'9 ferrofluids,1 ' and the CoCr alloys11 ex- In real systems, the interaction range is finite; therefore dis-
hibits a maximum as a function of temperature. This charac- order is present. For example, starting from a saturated
teristic has been used as evidence that there is a collective samr le, after the very first spin or moment flips, its neigh-
transition of the decaying system. In the present model, this bors see a different dipolar field than the spins farther away.
anomalous feature occurs in a very natural fashion for the As the system evolves, this situation is exacerbated. So in the
following reason. interaction driven model presented here, with the mean-field

All experiments are constrained to measure the decay in approximation, the slow relaxation occurs as a result of the
a fixed time window. For example, in a SQUID magnetome- couplings and disorder does not play a role. In real systems,
ter measurement, it may be that the measurements start ap- with finite ranged interactions, some disorder is always
proximately 1 min after a change in the external field. The present. The relevant question is then how important this
measurements may then proceed for times up to hours or disorder is compared to the interactions. To test this question,
days. In any event, the time range of 1 min-1 day sets the disorder must be included in the calculations, a process we
measurement time window, and the decay slopes at all tern- have recently begun.8

peratures and initial states are defined in this window. At low It is important to point out that in addition to the work
temperatures, even though the interactions may be large, presented here, the model has been used by others with the
there is not enough thermal energy for the system to decay in inclusion of a domain-wall energy term, to model the mag-
the time window. At sufficiently high temperatures, the decay netization process in magneto-optic media. 18
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Mesoscopic model for the primary response of magnetic materials (invited)
R. V. Chamberlin
Department of Physics and Astronomy, Arizona State University, Tempe, Arizona 85287-1504 i
A model for the relaxation of thermal fluctuations is applied to the dynamical respon-e of magnetic

materials. Systems investigated include paramagnets, spin glasses, and ferromagnets. The key
feature which distinguishes the model is that it describes the behavior of localized normal modes
(e.g., magnons), not barrier hopping or domain-wall motion. Mathematical approximations to the
model reproduce several previously used empirical formulas, such as the stretched exponential,
power-law, and logarithmic time dependences, but the unapproximated model gives generally better
agreement with observed response. Data of sufficient quality and range allow quantitative
confirmation of all assumptions of the model. The model provides a common physical basis for
observed magnetic after-effects, the magnitude and distribution of Landau-Lifshitz damping
parameters, and 1/f noise.

I. INTRODUCTION that we call "dynamically correlated domains" (DCDs). Per-

Despite the fact that all classical systems must ultimately haps the earliest picture of dynamical heterogeneity was the

relax exponentially, single relaxation rate (Debye-like) be- 1907 Einstein model for the specific heat of solids, in which
havior is rarely observed in condensed matter. Nevertheless, it was assumed that each atom was an independent harmonic
some remarkably "universal" empirical expressions have oscillator.12 In 1912, Debye recognized that, due to interac-
been used to characterize the observed response from many tions between local sites, a solid can lower its energy by
different materials. Since 1854,1 the most popular empirical dynamical correlation into normal modes.'3 Examples of
expression for characterizing amorphous materials has been normal modes include phonons, polaritons, and magnons. In
the Kohlrausch-Williams-Watts stretched exponential a perfect harmonic crystal, all normal modes are infinite
M(t) e-(t1r)f. For crystals, the Curie-von Schweidler plane waves; in real systems, however, some normal modes
power law2 M(t)oct - fl is often preferred. For magnetic after- may become localized. Even in simulated perfect crystals,
effects, the Neel 3'4 logarithmic time dependence some normal modes are localized by assuming realistic (an-
M(t)oclog(t/r) is also popular. These empirical expressions harmonic) interactions, but direct observation often requires
are simple mathematical formulas that give generally good suppression of the plane-wave excitations.8 In real systems,
agreement with a wide variety of measurements. Unfortu- intrinsic inhomogeneities may augment the localization of
nately, they are also common mathematical approximations normal modes.
to a wide variety of models; hence demonstrating agreement Considerable evidence indicates that dynamical hetero-
with these formulas tells you nothing about the physical geneity is common in condensed matter. In glass-forming
mechanism of response. Furthermore, all of these formulas liquids, four-dimensional (4D) NMR measurements 14 unam-
have infinite slope at t = 0; hence they must only be approxi- biguously establish that nonexponential relaxation is due to a
mations valid over a limited time range. Indeed, measure- heterogeneous distribution of independently relaxing regions
ments over sufficient range invariably demonstrate devia- (DCDs) that become homogeneous only after essentially all
tions from such simple mathematical formulas. of the primary response is complete; typical diameters are

Here we review a physical model for the observed re- found to be -35 A.15 In spin glasses, neutron-scattering
sponse of condensed matter. The model is based on two as- measurements, 16 and the 2D to 3D crossover,17 indicate dy-
sumptions: that nonexponential relaxation is due to a hetero- namical heterogeneity on a scale of 40-1000 A. In EuS crys-
geneous distribution of exponentially relaxing regions, and tals, the thermal hysteresis of the remanent magnetization
that these regions obey elementary thermodynamics. Various can only be explained by regions with distinct dynamical
mathematical approximations to the model reproduce all of behavior, while the relaxation of this remanence quantita-
the previously used empirical formulas, but the unapproxi- tively confirms a specific distribution of DCDs. It is impor-
mated model gives generally better agreement with observed tant to emphasize that DCDs are related to a dynamical cor-
behavior. The model provides a physical description for the relation length, not a region of static order. For example, in
dynamical behavior of dozens of different systems including pure Fe at low temperatures, statically aligned regions are
dielectric, structural, and thermal response in liquids, glasses, macroscopic, while the magnetic exchange length'18 1x
polymers, and crystals. 5- 8 Here we focus on application to = N/A-' -(A is the anisotropy energy and M, the saturation
magnetic systems,6'7 '9- 11 including resonance spectra, mag- magnetization) gives /ex- 8 0 A, suggesting that each stati-
netic after-effects, and 1/f noise in paramagnets, spin cally aligned region contains a myriad of independently re-
glasses, and ferromagnets. laxing DCDs, as is quantitatively confirmed from the ob-

II. MESOSCOPIC MODEL served magnetic response.
Generally, the relaxation rate of a DCD (w,) will depend

We assume that nonexponential response is due to a het- on its size s, where s is the number of responding particles
erogeneous distribution of independently relaxing regions, (proportional to volume) in the domain. For a distribution of
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sizes (n,), and size-dependent initial response (M,), the net energy barrier, C>0 (see Sec. IV) and Eq. (1) may be ap-

relaxation is the weighted sum over all sizes: proximated by a power law with w., the fastest relaxation

M(t) = ,onsMse tws. A change of variable (w,= 1/7) may rate.
be used to convert this sum to include the customary distri- In principal, both i and C could adjust the spectral shape
bution of rlaxation times, but we prefer to parameterize re- of Eq. (1). Experimentally, however, for all ergodic systems

laxation in terms of DCD size; since s is a thermodynamic that we have examined, the ratio (.i/C) is constant, indepen-

variable, the expressions for n, and M, will be simpler. dent of temperature. For example, from the dielectric suscep-

The size dependences of n., M S, and ws are obtained by tibility of glass-forming salol over 24 K we find7 i/C

assuming simple thermodynamics. Thermodynamic exten- = -0.1820.003. Furthermore, we find a similar ratio from

sivity suggests that the net response of a DCD should be dozens of measurements on many different glass-forming

proportional to its size, Msocs. The central-limit theorem liquids, and even i/C=0.197±0.02 from magnetic relax-

suggests that near thermodynamic equilibrium, DCDs should ation in single-crystal Fe.11 We now speculate as to a pos-

have a Gaussian size distribution nsce [(ss)/l i, where o" is sible reason for this "universality."
the variance about an average size 9. Detailed balance sug- A specific expression for the correlation coefficient (C)

gests that, if the system is to approach thermodynamic equi- in the relaxation rate (ws=w e C's) may be obtained by

librium, relaxation rates between energy levels separated by combining detailed balance with Fermi's golden rule. The

an amount &E. must vary as wcce- .,/2k8T. The key feature transition rate from energy E, to Ef is wifolv,_ 2

which distinguishes our approach is that we consider the X , (/f/ni),whcre Vi. f (= Vf...,) is a matrix element that
relaxation of localized normal modes (e.g., magnons, connects the initial and final states, and n1f/n,=
phonons, polaritons, etc.), for which energy-level spacings e -(Ef-IE)kBT is the factor that ensures detailed balance. At
are inversely proportional to size: 6Esocl/s. normal temperatures (kBT> 8E,-A/i), thermal fluctuations

The fact that normal-mode energy-level spacings gener- strongly influence transitions between levels, so that the ma-
ally vary inversely proportional to size may be pictured in trix element is dominated by the probability that a fluctuation
many ways. In a simple magnon picture, 19 the bandwidth (A) will cause the initial and final energies to overlap,
depends only on the local spin and exchange integral, inde- Vi.fcPf. Near thermal equilibrium 22

pendent of domain size, whereas the number of excitations Pi~fcexp[-(Ef-Ej)2 F"(Ee)/2kBT], where
that fill this bandwidth is proportional to the number of spins F"(Ee) =sf"(Ee) and f"(E,) is the Helmholtz free-energy
in the domain; hence &E,-A/s. In fact, this is the thermody- curvature per particle about the equilibrium energy. The net
namic requirement that densities of states are extensive quan- relaxation rate into equilibrium is obtained by integrating
tities, /Esocs, so that the energy spacing between adia- over all possible initial states
cent (cW= 1) levels is 8Esocl/s. Of course, we are not the
first to consider finite-size effects in condensed matter. In W IdIP,_I (le/n l, [ 16s ( EedkBT,

1937, Fr6hlich2 calculated the energy spacing for quantized

excitations in perfect spheres, and obtained the textbook ex-
pression &FsOl/D2x1/s2. In 1962, Kubo 2' recognized that yielding7  C= - 1/[l6rf"(Ee)kBT], so i/C=-16if"

imperfections in real systems break the degeneracies inherent X(Ee)kBT. As expected for response that is governed by

in perfect spheres, yielding 8Esol/s. Thus &Fsocl/s for me- thermal fluctuations, the relaxation rate is independent of A,

soscopic systems governed by either quantum mechanics, or consistent with a ratio of shape parameters in Eq. (1) that

thermodynamics. We implement this requirement to obtain does not depend on the details of interactions in a substance.

relaxation rates that vary exponentially with inverse size. Some thermodynamic identities can be used to simplify
Combining the ingredients of finite-size thermodynam- i/C. The free-energy curvature of an average-sized DCD

ics, using x = s/o and converting the sum over all sizes to an may be written23

integral, the net relaxation of an ergodic system (e.g., rapidly f (d2/dE 2)
relaxing crystal or liquid) becomes 9f"(E)-( (E- TS) T(d'S/E') = 1/(TCv)

(where Cv=dE/dT is the "heat capacity" of an average-

foM [sized DCD due to excitations that contribute to observed
M(t)=Mo dx xe-(X-1)2e -twoe-c/X. response), so that i/C= - 16kB/Cv. For a system of N clas-

sical particles, the law of Dulong and Petit gives i/C = - 16/
3N, leaving no explicit temperature dependence. Of course,

Equation (1) has four adjustable parameters: the prefactor with decreasing temperature, the heat capacity per particle
(Mo) accommodates the magnitude of response, the asymp- diminishes, Cv<3kB, while the number of particles in an

totic relaxation rate (w.0) governs the time scale of relax- average-sized DCD increases, i>N. Evidently, since i/C is
ation, the correlation coefficient (C) controls the spectral found to be constant, the effective number of classical de-
width, whereas the scaled average size (i.=/o) influences grees of freedom must not change, gcv=3NkB. Finally, we
the magnitude, ime scale, and width of response. Note7 for speculate that N corresponds to the minimum number of
simple relaxatiun between adjacent energy levels, detailed classical particles necessary to support nontrivial excitations
balance yields C<0, and Eq. (1) may be approximated by in three dimensions, N-3 3 , which gives i/C- -0.198.
the stretched exponential with w.0 the slowest relaxation rate, Empirically, regardless of interpretation, Eq. (1) with i/ICI
whereas if relaxation requires activation over an intermediate =0.19_0.02 provides excellent agreement with observed re-
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FIG. 1. Relaxation of the remanent magnetization in a single-crystal whis-
ker of Fe at 4.2 K after removing three different fields. Dashed curves are FIG. 2. Relaxation of the remanent magnetization in an 11.9%Au:Fe sample
best fits to the data using the stretched exponential function. Solid curves are at three temperatures above the spin-glass transition T, =39 K. Solid curves
best fits to the data using Eq. (1) with i/C =0.20. Inset: deviation between are the best fits to the data using Eq. (2). Inset: deviation between the data,
the data, model function (solid line at each origin), and stretched exponen- model function (solid line at each origin), and simple power law.

sponse from a wide variety of ergodic systems with only one 11.9% Au:Fe sample at three temperatures above the spin-
parameter governing the width and entire shape of the re- glass transition Tg=39 K.9 The inset shows that a simple
sponse. power law gives good agreement over four or five orders of

Nonergodic systems (e.g., slowly relaxing crystals or magnitude in time, but when the entire range of data are
glasses) have quenched (local) randomness that may be char- considered, Eq. (2) gives significantly better agreement. Fig-
acterized by the Poisson-like distribution from percolation ure 3 shows magnetic relaxation in a single crystal of EuS at
theory: sn,cs -e - ( ' . F or isotropic excitations in "iighly Linear fits to the data show that the relaxation is pproxi-

thery:sn~cs _19e-( ") Fo istroic xciati ns n "igh three temperatures below the Curie transition Tc = 16.57 K.10

correlated (p>pc) systems, the size-scaling exponents ire

1-0=10/9 and t=2/3, with C'ccJp-pjc2 2. Using x=C's, mately logarithmic, but again, best fits using Eq. (2) are sig-

the net relaxation of a nonergodic system becomes nificantly better.
We have documented statistical, qualitative, and quanti-

o2/3 -CX tative evidence for the validity of the mesoscopic mooel.
M(t)=Mo0 dx xl/ 9e-x 2/e- -. (2) Statistically, compared to previously proposed response

functions, in addition to giving superior agreement with ob-
Equation (2) has only three adjustable parameters: again M0  served magnetic response from paramagnets, spin glasses,
accommodates the magnitude of response and w. governs and ferromagnets, the model also provides better agreement
the time scale of relaxation, while the width and entire shape with the observed dielectric, structural, and thermal response
of the response is controlled by the single parameter C. For from dozens of liquids, glasses, polymers, and crystals.5 Fur-
example, if C = 0 the relaxation is size independent, yielding thermore, no other previously proposed response function
single relaxation rate (Debye-like) behavior, whereas if can fully account for the qualitative behavior of the high-
ICI> 1, the spectral width is extremely broad. Here, for re- frequency dielectric absorption in glass-forming liquids.7
sponse that is governed by thermal fluctuations, the correla.
tion coefficient is given by C=- C'I[ 16f"(Ee)kBTI.

III. EXPERIMENTAL EVIDENCE FOR THE MODEL i.e . I I I I I |

Measurements of magnetic response were made using a ± 4.2 K
SQUID magnetometcr. Features of the magnetometer include 1.4.4-

a nonconducting sample region (to minimize eddy-current
effects), and a critically damped low-impedance solenoid for 1.0
fields (H) of 0.05-70 De that can be removed within 5 ,us.

With a standard dc SQUID sensor coupled to a high-speed X06 --_'--
voltmeter, the magnetometer is capable of measurements
from 10- 5 to 104 s after removing I.

Figure 1 shows the relaxation of the primary magnetic 0.2
response in a single-crystal whisker of Fe at 4.2 K after t tsect

removing three different fields.1 Best fits using the stretched
exponential show significant deviations from the observed FIG. 3 Relaxation of the remanent magnetization in single-crystal EuS atthree temperatures below the Curie transition T, = 16.57 K. Dashed lines are

behaior whie E. () wih iJCJ0.20 gives excellent best logarithmic fits to the data. Solid curves are best fits to the data usingagreement. Figure 2 shows the magnetic relaxation in an Eq. (2).
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Most convincing, however, is the quantitative confirmation a=(bB)j/(47-fo) 0.005. Thus the mesoscopic model pro-
of the size-scaling exponents. vides an explanation for both the magnitude, and distribu-

The size distribution used in Eq. (1) [xnx  tion, of Landau-Lifshitz damping parameters in Fe. Further-
0xi -°e-(x - 2] assumes theriodynamic extensivity (1 more, approximately half of tbh? commercially available
-0= 1) and that DCD size obeys the central-limit theorem ferrite materials26 have damping parameters consistent with
((=1). For data of sufficient quality and range, it is possible a-e- I( '9± ' 2). However, other materials have quite dif-
to release these exponents as additional adjustable param- ferent damping parameters, suggestive of alternative relax-
eters, so that the only place where size scaling is fixed is in ation mechanisms. Most notably, highly polished YIG crys-
the exponent of the relaxation rate, w,=w,,e- CxP with tals have the lowest microwave loss of any material, with
6= -1. For example, if response was a surface effect or if a--0-4. Such extraordinarily low loss is attributable 27 to an
domain radius was the appropriate parameter of randomness, absence of orbital contributions, and nearly spherical charge
one would expect 1- 0=2/3 or = 1/3, respectively. From distribution, for the ferric ions in YIG; thus the spins are
magnetic relaxation in single-crystal whiskers of Fe, we find decoupled from the "universal" lattice vibrations which gov-
1-0=0.92±0.12 and (=0.99_0.08, quantitatively confirm- ern the relaxation in many other materials.
ing all assumptions of the model: volume response 1- 0= 1, Another common property that may be attributed to me-
random DCD sizes = 1, and relaxation rates vary exponen- soscopic thermal fluctuations is 1/f noise. Electrical 1/f
tially with inverse size /3=-1; otherwise 1-0 and would noise has been known for many years, 28 but magnetic mea-
adjust to compensate. Similarly, the size distribution used in surements of sample noise have only been possible with re-
Eq. (2) (XnxocX 1- °e-x ) assumes the Poisson-like size distri- cent advancements in SQUID magnetornetry.29 Within the
bution from percolation theory ( =2/3) and thermodynamic fluctuation dissipation theorem, noise is proportional to 1/f
extensivity (1-0= 10/9). From magnetic relaxation in single- times the out-of-phase (absorption) component of response,
crystal EuS we find 1-0=1.10±0.02 and (=0.669-0.004, M[2(f) =kBTX"(f)/-7r2f. Thus only systems with infinitely
again quantitatively confirming all assumptions of the model. broad absorption peaks (corresponding to logarithmic time
Alternatively, within experimental uncertainty, Eqs. (1) and relaxation) will exhibit purely 1/f noise. Of course, no
(2) are the correct response functions for these data. physical system can have an infinitely broad absorption peal-.

as evidenced by deviations from logarithmic relaxation when
measured over sufficient time range; similar deviations must

IV. APPLICATIONS OF THE MODEL also occur in 1/f noise. Indeed, magnetic noise spectra29

Since the model provides a physical mechanism for the from spin glasses exhibit very broad, asymmetrical devia-

primary response of condensed matter, it may be used to tions from 1/f behavior, consistent with relaxation rates that

interpret a variety of observed behavior. For example, the vary exponentially with inverse size, which is the key feature

model has been used to identify ergodicity in amorphous of our model. Furthermore, deviations from 1/f behavior

systems, and provide an explanation for observed non- become more conspicuous near Tg, similar to the increased

Arrhenius temperature dependences of relaxation rates.8  deviations from logarithmic relaxation observed in EuS near

Here we will focus on application to magnetic materials, T, Using Eq. (2), 1/f times the out-of-phase component of

pecifically the observed magnitude and distribution of the Fourier transform of -dM(t)Idt yields a specific expres-

Landau-Lifshitz damping parameters, and 1/f magnetic sion for the equivalent noise spectrum:

noise. -v 2kT . 19 2/3  1/Wy
When C>0, the size-dependent relaxation rate (f)' fMoJ dx x°e- +(2irf/wx) 2 ,

(Wx=we - C1.) implies that larger DCDs have faster relax- 0
ation rates. C>O (as is observed for the primary magnetic
response of Fe) can only occur if relaxation requires activa- where w,=we_-C/x. Although electrical measurements on
tion over an intermediate barrier, where f"(E)<O gives small samples have shown that 1/f noise is often caused by
Cc l1f'(E)>0. Qualitatively, large DCDs have many de- a distribution of independently relaxing regions,30 available
grees of freedom that facilitate traversal of a potential bar- magnetic measurements have not allowed quantitative con-
rier, whereas small domains are relatively rigid, and hence firmation of Eq. (3). Nevertheless, magnetic relaxation that is
require many attempts before relaxing. In the Landau- characterized by Eq. (1) or (2) may yield apparent 1/f noise.
Lifshitz formalism, a fundamental attempt frequency is the For example, Fig. 4 shows equivalent noise spectra of ferro-
Larmor precession rate w=IIB, where 1Iy=17.6x106 (rad/ magnetic EuS, demonstrating qualitative agreement with
s)/G for pure electron spins. 24 If this precession is related to measured noise spectra, 29 and the difficulty in distinguishing
the asymptotic relaxation rate w-IyB, then wi=wce - c/i from hypothetical 1/f behavior.
gives a connection between the gyromagnetic precession and
average relaxation rates, providing a physical explanation for V. CONTRAST WITH PREVIOUS PICTURES
the Landau-Lifshitz damping parameter a-w/w.=e -LI
Indeed, from SQUID measurements of magnetic relaxation Domain-wall motion is an established mechanism of
in Fe we find a-e- (° 97-0.02)- 0 .006, consistent with magnetic response. Usually, wall motion occurs on short
the damping parameter found from ferromagnetic-resonance time scales (<10- 5 s), outside the time window of our
linewidths at much higher frequencies: 8B =32 Oe at f0 =9.2 SQUID magnetometer, but by extrapolating the observed re-
GHz and 8B = 158 Oe at 36.2 GHz2 give sponse to t=0, an estimate of the relative contribution of
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FIG. 6. Relaxation of the remanent magnetization in Fe at 4.2 K after
FIG. 4. Equivalent noise spectra in ferromagnetic EuS, from the imaginary removing four relatively large fields. Inset: deviation of the d .ta from Eq.
part of the susceptibility (inset), as determined from the data of Fig. 3. Solid (1), showing small jumps and spikes (Barkhausen noise) due to domain-wall
lines are the best power-law fits to the data [M2(f) cc 1/fO], yielding /8 of adjustments during the primary magnon relaxation.
1.007, 1.046, and 1.14 at temperatures of 4.2, 8.0, and 16.5 K, respectively.

Many investigators have considered slow relaxation due
such fast response mechanisms can be obtained. As shown in to coherent domain rotation via barrier hopping. Such coher-
Fig. 5 for the magnetic relaxation of Fe, after removing small ent domains are assumed to be rigidly aligned in a common
fields (H<0. 1 0e), the response accounted for by our me- direction, with only a few degrees of freedom, similar to a
soscopic model is only about 20% of the initial (infield) re- rigid rod governed by classical mechanics. Generally, barrier
sponse; 80% of the initial response occurs before 10-5 s, heights are assumed to increase with increasing domain size,
presumably due to domain-wall motion. However, with in- &E.s with /3>0. In contrast, we consider relaxation of
creasing field the fraction of slow response increases, until low-energy internal degrees of freedom (e.g., magnons) gov-
H> 1 Ge where essentially 100% of the initial response can erned by thermodynamics, for which 3= - 1. Our approach
be accounted for by magnon relaxation over the available has some favorable features. First, even at low temperatures
time window. At still higher fields (H>3 Ge, Fig. 6), rela- in highly ordered ferromagnets, where rigidly aligned spin
tively small jumps and spikes appear, indicative of minor behavior might be expected to occur, magnons are found to
domain-wall adjustments (Barkhausen noise) during the oth- govern the static magnetization, hence they should also con-
erwise smooth magnon response. Evidently, the magnetic re- tribute to the dynamical properties. Second, it is generally
laxation is so slow that domain walls (which traverse the assumed that slow relaxation of a rigidly aligned domain
sample in <10-5 s) cannot carry any magnetization reversal, requires activation over an intermediate energy batier. In
Instead, these "proto-walls" merely break the degeneracy contrast, for C<0, normal-mode relaxation involves simple
between regions where magnons will eventually relax the transitions between adjacent energy levels, thus requiring
spins into distinct static alignments; magnetization evolves only detailed balance. (Although some systems do have
•moothly from saturation without any significant contribu- C>0, indicating relaxation over an intermediate barrier,
tion from wall motion. since &F,%csp with /3=-l, large DCDs relax faster than

small DCDs, as expected for systems with internal degrees of
freedom.) Third, since wxoce- /X, there is considerable
asymmetry in the relation betwec domain size and relax-

8 .ation rate, so that relatively symmetrical, and hence more

, physically reasonable, size distributions (e.g., Gaussian or
i" *percolation) provide good agreement with most frequently
S01 **, observed asymmetrical responses. Finally, within experimen-

t T 4% tal uncertainty for a variety of systems, /3=-I has been
'a, confirmed quantitatively.

Q1 VI. CONCLUSIONS
10-2 100 0 1e2  A model is presented that provides a physical description

H (0e) for the primary response of condensed matter. The model is
based on the assumption that nonexponential response is due

FIG. 5, Field dependence of initial kin field) susceptibility M/H (X) irom to a heterogeneous distribution of independently relaxing re-
before H was removed, and extrapolated initial resoonse M(O)IH (0) from gions, and that these regions obey simple .hermodynamics.
Eq. (1), of an Fe whisker at 4.2 K. For H<0.1 e, only 20% of the in-field The model gives superior agreement with the observed re-
response is accounted for by Eq. (1). For 11.-i 0e, essentially 100% of the
in field response can be accounted for by magnon relaxation over the dvail- sponse from dozens of different rmaterials, including mag-
able time window. netic after-effects in paramagnets, spin glasses, and ferro-
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Models of slow relaxation in particulate and thin film materials (invited)
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The development of a number of models of slow relaxation in magnetic materials is reviewed. A
phenomenological theory based on the intrinsic energy barrier is shown to explain the form of time
dependence of the magnetization, including the logarithmic time dependence observed for systems
with a relatively wide distribution of energy barriers. This formulation gives rise to useful analytical
results which give generally good qualitative agreement with experiment. The slow relaxation is
related to the irreversible magnetic behavior via a fictitious fluctuation field H which itself
determines a quantity called the activation volume T at. Both Hf and Vac are related to the
magnetization reversal process. For granular materials Va,, is generally smaller than the grain size.
Computer simulations based on the Monte Carlo method are applied to the investigation of the
behavior of thin films with perpendicular anisotropy. Detailed comparisons of the simulation with
experimental data demonstrate the relationship between Vact and the micromagnetic magnetization
reversal mode. Some recent models introducing thermal agitation into the micromagnetic formalism
are discussed.

I. INTRODUCTION where fo is the attempt frequency which depends on the

In general, models of magnetization reversal proceed by properties of the material and AE is the height of the energy
barrier for reversal.

determining the minimum energy state and following its evo-lutin util t sme ieldtheminium isapear an an In general the time variation of the magnetization of any
lutin util t sme ieldtheminium isapear an an system can be characterized by a simple differential equa-

irreversible transition to a new state occurs. This approach is tion:

valid for magnetization reversal at absolute zero temperature.

However, at a finite temperature a different phenomenology, dM(t) M(t) -Me(
involving determination of the energy barriers, must be dt T '
adopted. A considerable amount of work has been carried out
using a simple f3rmalism based on a distribution of energy where Me=M(t=co ) is the equilibrium magnetization. In
barriers. This approach has proved extremely useful in pro- principle the time variation of magnetization can be de-
ducing analytical results which give generally good qualita- scribed by solving Eq. (2).
tive agreement with experiment, thereby illuminating the For the case of a noninteracting system which contains a
physical processes involved. Here we start by outlining the distribution of energy barriers the solution of Eq. (2) gives
energy barrier distribution formalism and introducing the
concepts of the fluctuation field and activation volume. M(t)=B+A V*eI"°  f(y)dy, (3)
These highlight the major deficiencies of the phenomenol- Mo
ogy, which are principally the neglect of the detailed nature
of the magnetization reversal mechanisms and interaction ef- where B=M(-o) and A =M(t=O)-M(co) are time-
fects. The remainder of the article is devoted to consideration independent constants. f(y) is the distribution of energy bar-
of computational studies of slow relaxation. tiers and y = AE/AEm is the reduced energy barrier relative

to the average barrier AEm of the system.
7-'(y) =fo exp(-ay) is the inverse of the relaxation time

II. ANALYTICAL MODELS FOR TIME DEPENDENCE and a=AEm/kT. According to Eq. (3) the time-dependent

In magnetic materials the time-dependence effects arise behavior is most sensitive to two parameters which charac-

due to the fact that there is a finite relaxation time t required terize the relevant distribution of energy barriers for the sys-
fto the manetizatn tor to oafte romtone nim qum tem, i.e., the average energy barrier of the system AEm and
for the magnetization vector to rotate from one minimum to the width of the distribution.
another. The origin of the energy barrier is a material prop- Figure 1 shows the exact calculations of the integral in
erty and since its magnitude depends on experimental condi- Eq (3) at different values of a for a narrow (u=0.18) and
tions such as magnetic field, these factors govern the prob- Eq.t(3)uatodiffergy aes In thfor a a tions and
ability of thermally activated transitions. Almost any normal distribution of energy barriers was used. The change
phenomenology shows that the probability of a transition is
given by1  in the values of a can arise from temperature changes or

magnetic field changes. These calculations show that for a
-= fo exp( - AE/kT), (1) narrow distribution of energy barriers the decays exhibit non-
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1. analytical expression of Eq. (4) can be derived by represent-
ing the behavior of f(y) about y, using a series expansion3'4

a33 where

S3M(t1) =B +A -A f(y)dy
of

0.4 9- and A ln(t)=ln(t/to) and to is the initial time of measure-

ment. fn(y,) is the nth differential of the distribution func-
•a=27 tion evaluated at Yc Equation (7) shows that for a constant

0.2 - piobability of activationac=25

%23 M(t)=M(to)- -A In(t), (8)
0 _ _ _ _ _ _ _ _ 

t

_ _ _ I_ I_ _ _ _I, _ _ _ _ _ _ _ _ _ _ _ a

1 10 160 which is the well-known logarithmic time dependence of

magnetization.5 However in general f(y) is not constant and
Time (sec.) higher order terms become important as the variation of the

distribution function about y, becomes steeper. In Ref. 3 the
higher order coefficients are found to be proportional to

FIG. 1. The time variation of magnetization at different values of a for a (l/o) n and hence as the width of the distribution increases
narrow distribution of energy barriers (o-0.18). the higher order terms in the expansion will vanish.

III. THE FLUCTUATION FIELD AND ACTIVATION
linear logarithmic time-dependent behavior. For a wide dis- VOLUME
tribution of energy barriers a ln(t) law is a good approxima-
tion over the range of time examined. The concept of the fluctuation field was introduced by

In order to understand the physical interpretation of Nel1,6 who assumed that thermal agitation could be repre-

these results and examine the role of the energy barrier dis- sented by a fictitious field Hi(t) which he showed to be a

tribution, it is possible to simplify the itegral in Eq. (3) linear function of In(t). As a result the magnetization can be

using the critical energy barrier of activation (AE,). This written as

critical barrier can be defined in such a way that activation M = M Xi. Hf(t). (9)
over barriers lower than AE, happens so quickly that
e- t'(<Yc) = 0. With e -/=- 1 for y>y, Eq. (3) becomes Equation (9) directly relates the time-dependent changes to

the irreversible susceptibility Xij defined as AMifflAH where
=YC(0f(y)dy, (4) AMirr is the small change in the irreversible component ofM(t)=B+AiAJ fyd,4)ofilAH
fo magnetization resulting from a small increment of field &H,

r rever- xr is often measured as the slope of the dc-demagnetization
whr and As givenuis hE redud c l bremanence curve. Thus, as is intuitively reasonable, the time-
sal and is given using Eq. (1) by dependent changes are related to the irreversible magnetic

behavior of the system. The meaning of the fluctuation field
y = ln(tfo). (5) is however, unclear from Eq. (9) and is still the matter of

some debate. It would seem that the fluctuation field is inti-
According to Eq. (4) the rate of change of M(t) with mately linked with the micromagnetics of magnetization re-

In(t) is given by versal, as will be demonstrated here in the case of materials

dM(t) A with perpendicular anisotropy. A rather different definition of
= - f(Y). (6) the fluctuation field in terms of the time-dependence coeffi-

cient was given by Wohlfarth 7 as

This result explains the shapes of any M(t) vs ln(t) curve
where the slope of the M(t) vs In(t) curve at any instant is S=XUIf Hf. (10)

directly linked to the behavior of the distributioi, function Thus, in principle independent measurements of S Fad Xir
about the critical barrier above which thermal activation is can be use to determine Hf. A considerable amount of ex-
taking place.2 Thus the data shown in Fig. 1 can be explained perimental work has been carried out using this approach.
as being due to significant variation of f(yc) during the time- This shows H1 to be a parameter dependeit on a number of
dependent process. In the case of a wide distribution of en- factors such as the volume and anisotropy field
ergy barriers, the variation of M(t) vs ln(t) is almost linear distributions8 9 and interparticle interactions.
due to the fact that f(Y,) does not change appreciably about It is also found that Hf is dependent on the magnetiza-
the critical barrier as in the case of a narrow distribution. An tion reversal mechanism of the material. This is often dis-
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clissed in terms of an "activation volume" Va,, which can be of most subsequent treatments. The first study21 considered a
defined following Wohlfarth 7 on dimensional grounds as three-dimensional lattice of particles interacting via a mag-

kT netostatic field. An important result of this study, which also
Va= (11) features strongly in recent work is the fact that logarithmic

,H time dependence can result in a system with a single intrinsic
where M. is the bulk saturation magnetization of the mate- energy barrier due to a spread of interaction energies. Thus
rial. Vact is perhaps most useful in studying the behavior of the disorder which appears necessary for logarithmic time
granular materials, which have a well-defined volume V for dependence has an intrinsic contribution from the probabilis-
comparison with Vact. Generally speaking it is found that tic nature of the reversal process itielf.
Va is significantly smaller than V for elongated Simulations of films with perpendicular anisotropy were
particles.11'12 Flanders and Sharrock13 have also measured prompted by the experimental work of Dahlberg et al22 on
particle sizes via time-dependence measurements. Although CoCr films, who observed a strong time dependence of the
the measured volumes are in principle different from Vact, magnetization (driven by the demagnetizing field) which re-
they are also generally found to be smaller than V for elon- sulted in a time decay of a recorded signal. In the recording
gated particles. A similar situation is found for alumite thin context we also note the work of Charap23 who has used a
films,14 a case to be discussed in more detail later. Although Monte Carlo model to study the thermal stability of written
the activation volume is a useful quantity in the study of information in longitudinal granular media. Because of the
granular materials it is perhaps less so in relation to domain strong demagnetizing fields in the transition region the ther-
wall processes since the equivalent physical volume is more mal stability is much reduced, leading to the conclusion that
difficult to define. In general it is perhaps more useful to the ultimate lower limit of grain size in conventional record-
concentrate on H1 , which is directly related to the material ing is significantly larger than the superparamagnetic limit
properties. Recent work15 has shown that the form of Hf which is often assumed.
depends upon the distribution of energy barriers f(AE). For A. A Monte Carlo model
a single energy barrier it can be shown that

Central to the calculations is the determination of the
- kT/[oAE/tH] (12a) energy barrier, which essentially governs the transition rate

while for a relatively wide distribution via the Arrhenius-Niel law. The film is considered to consist
of a collection of grains with anisotropy easy axes orientedH1 =-kT/[OAE/oH]aE.-_a~, (12b) perpendicular to the film plane. In practice there will be a

where the differential is evaluated at the critical energy bar- distribution of easy axis directions about the normal to the
rier defined earlier. Equation (12b) is the definition of H1  plane. However, the time dependence is most strongly de-
originally given by Gaunt, 16 and has been the starting point pendent on the large demagnetizing fields and the spread of
of a number of attempts (e.g., Ref. 17) to explain the relation interaction energies and consequently the disorder due to the
between H1 and the coercive force, the so-called Barbier easy axis distribution is neglected. The grains are assumed to
plot.' 8 It is relatively easy to study HI using analytical theo- interact via the magnetostatic field, which can be calculated
ries for simple model systems. The problem of determining using standard techniques such as the fast Fourier transform
Hf via micromagnetic calculations for more realistic systems or the Bethe-Peierls-Weiss approximation used in Ref. 21.
is at a very early stage. Essentially the problem is that via In addition it is possible to introduce an exchange interaction
Eq. (12) H1 is related to the energy barrier, which is not which is necessary for the simulation of magneto-optical
determined in the standard micromagnetic approach. This films. Assuming coherent rotation within individual grains
problem will be considered in detail in the final section of tle the energy barrier is given by
article.

Finally we briefly indicate here the approach to magnetic AE=KV(1 -Hto,/HK) 2, (13)
viscosity based on a constitutive equation.' 9 This pherom-
enological approach has proved very useful in the study of where Htot=H+Hint is the sum of the applied and magneto-
magnetic viscosity, especially via the definition of new meth- static interaction field, respectively. Each individual grain
ods of determining H1 . These methods avoid the determina- has a characteristic relaxation time determined by the energy
tion of X.. [necessary for the direct determination of Hf us- barrier and the Arrhenius-Nel law, Eq. (1). The numerical
ing Eq. (10)] which itself is a quantity dependent on the simulation is most efficiently carried out using an algorithm
measurement time. Details of this approach are given in the described by Binder.24 The algorithm is as follows:
current issue. 20  

(1) The time is set to t=0.
(2) t' is sampled at random from a distribution I

IV. MODELS OF TIME DEPENDENCE IN THIN FILMS Nr exp(-Nrt') where N is the number of particles
WITH PERPENDICULAR ANISOTROPY and r =max{r} where r , is the relaxation rate of the

th particle: r, = fo exp( - AEIkT).
The first simulation of time-dependent magnetic behav- (3) A moment v is selected at random, 1 -_ vN.

ior for an interacting many-particle system was made in (4) With probability r, Ir we accept the reversal.
FD3621 using a Monte Carlo technique. We shall describe the (5) Steps (2) to (4) are repeated until an equilibrium
model in some detail here, since it essentially forms the basis state is reached.
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-4

0.65  
. disorder produced by the interaction field distribution. How-

ever, materials with perpendicular magnetization have a
unique feature in that logarithmic time dependence can occur

0.55 as a result of the macroscopic demagnetizing field. A simple
2 mean-field model can give very useful results in comparison

with experiment. Mean-field models have been proposed by
~ 0.45 Lottis et al.26 and Lyberatos et al.27 Consider a material with

perpendicular anisotropy and particle size V with a distribu-
tion function f(V). The interactions are represented by a
mean-field formalism, the total field being the sum of the
applied field and demagnetizing field, i.e., H=H-NM.
The variation of magnetization with time is the interval to to

r4t given by
0.25

M(V,t) =M(V,to) + [Me(V) -M(V,to)]

0.151 J [ 1 w- e-(- )-. (14)

-13 7 11 15 where M(to) and Me are the reduced initial and equilibrium
values of the magnetization, respectively. If the relaxation

log(t) time is given by the Arrhenius-N~el law it con be shown that
Me and r are given by

Me( V) = tanh(nMfl-V/kT), (15)
FIG. 2. Time variation of magnetization in a perpendicular thin film.

and
This approach has the advantage of scaling the steps V ]

along the time axis according to the transition rate at a given -'(V) =2 fo exp - - +
point in the process. Consequently it is possible to simulate
the magnetic relaxation efficiently over extremely large time IMVH\
scales. Xcosh .T for IhI<1

Simulations were first carried out in zero applied field25

on an ensemble of particles of identical size, consisting of and
prolate ellipsoids with a 7:1 aspect ratio. As shown in Fig. 2 r-'(V)=f for IhI>1, (16)
over many orders of magnitude the decay is nonlogarithmic.

However, over the typical experimental time scale an ap- where h = HIHK. In order to calculate the time evolution of
proximately logarithmic slow relaxation is predicted, in the magnetization we approximate the decay by a series of
agreement with experiment. Within this region it is possible discrete time intervals that can be made arbitrarily small
to define a coefficient of magnetic viscosity S. The tempera- thereby approximating a continuous process. Thus, taking
ture dependence of S shows slow monotonic increase to a into account the particle size distribution we have that
broad maximum followed by a rapid decrease to zero. This is -
broadly in agreement with experiment, indicating that the M(t,+)=M(t,)+ j [Me(VM)-M(VM)]
essential features of the model, in terms of interaction ef-
fects, are correct. There is however, a major discrepancy in X{1 -exp[-(t+, - t,) r-'(V,M)]}f(V)dV
the grain size predicted from a fit between theory and experi- (17)
ment which is very small in comparison with the physical
size of the CoCr columns. This can be interpreted in terms of the transcendental nature of Eq. (17) is stressed here by writ-
a micromagnetic model of magnetization reversal. Generally, ing Me and r as explicit functions of M. In Ref. 27 a nu-
magnetization reversal in elongated particles takes place by merical solution of Eq. (17) was made using a log normal
incoherent rotation, which can be viewed as the nucleation of volume distribution. The results do not depend strongly on
a volume of reverse magnetization followed by propagation the form of f(V) as long as this is narrow.
of the reversed area throughout the particle. The energy in- The analytical results agree qualitatively with the com-
volved with the nucleation is dearly less than required to putational studies. An initial rapid demagnetization is fol-
reverse the whole particle by rotation. Consequently a re- lowed by a quasilogarithmic region. The initial demagnetiza-
duced effective volume for the model simulations is not un- tion arises because in the strong demagnetizing field the
reasonable. The micromagnetic implications of this observa- relaxation times are short and also Me = -1. Ultimately of
tion will be described in the final sections of the article, course as the time-dependent process proceeds the demagne-
B. Analytical m,)oels of slow relaxation in tization field decreases and the system tends to a state of zero

perpendicular media magnetization. An approximate analytical approach to the
problem of relaxation in perpendicular media has been car-

In the Monte Carlo simulations there is a strong contri- ried out by Chantrell et al.28 which clarifies certain features
bution to the logarithmic time dependence arising from the of the experimental data and reinforces the intimate relation-
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ship between slow relaxation and micromagnetics. Starting stationary state after magnetization reversal. However, this
from the Eq. (2) and assuming coherent rotation, it can be approach is not valid at a finite temperature. Here we outline
shown that for large demagnetizing fields the magnetization two rather different theories of micromagnetism at a finite
is a solution of the equation temperature, the first valid for short time scales and the sec-

ond applicable to slow dynamic behavior.J dM exp[/(1-h2)]/(l+M)= -tfo,dM ex[ P~ -h(18)

where fG=KVIkT, and in zero field h=NdM/Hk. Using a A. Langevin dynamics formalism
steepest descent approach it can be shown that the magneti- This approach takes account of collective magnetic ex-
zation at remanence decreases logarithmically with a normal- citations in the system, recognizing that ultimately thermal
ized time-dependence coefficient Sr=d(M/Mr)Id In(t) agitation occurs via spin waves. The theory is essentially an
given by extension of Brown's model3° of thermal activation to sys-

Sr = _ / (19) tems with large numbers of degrees of freedom. The dy-
namic behavior of a spin is governed by the Landau-

This approximate equation is valid for relatively short Lifschitz equation
time scales. A more detailed treatment shows Sr to be a
slowly decreasing function of ln(t) (in agreement with ex- dM X
periment) with the magnetization decay tending to an expo- -= t MX(MXH), (20)

nential as t-oo. It should be stressed that the volume in Eq. where y is the gyromagnetic ratio and X is the damping
(19) is in principle the physical volume rather than the acti- parameter. At a finite temperature the stochastic dynamics of
vation volume defined earlier. In Ref. 28 a comparison is the spin can be described by adding a fluctuating "random
made with the experimental behavior of alumite media, field" term to the deterministic field arising from interaction
which consist of elongated metal particles oriented perpen- effects in addition to the applied field. Thus Eq. (20) be-
dicular to the plane and which are prepared by the deposition comes the Langevin equation of the problem. Using this for-
of iron into oxidized aluminum. It has been experimentally malism Brown 3( derived an analytical expression for the re-
demonstrated that alumite samples reverse incoherently by a laxation time associated with thermally activated reversal of
mechanism close to curling.29 Essentially it is found that Eq. a single particle. A model of thermal activation in a micro-
(19) is obeyed well for alumite, however the best fit to the asnetice. A mod of hal ai n in a mc-datais btaied sin an ffetiveactvaton vlum It magnetic system of coupled spins has been proposed by Ly-

equao beratos et al 31 Briefly, the technique involves linearization
0.05 times the physical column volume. Given that alumite of the equation of motion followed by a transformation into
exhibits incoherent reversal of a type which might be thought the normal coordinates which essentially decouples the equa-
of as nucleation of a reversal followed by propagation, this t he stat s of th en ieldcn the eder-

smal acivaionvolue semsintitiely easnabe. ow- tions. The statistics of the random field can then be deter-
small activation volume seems intuitively reasonable. How- mined using the fluctuation dissipation theorem. This model
ever, a complete understanding of this phenomenon requires was first used to study magnetization reversal in the simplest
a very detailed micromagnetic study, which is the subject of micromagnetic system of a pair of magnetostatically coupled
the final section of this article, particles. 32 Essentially, the set of integrated Langevin equa-

tions is solved numerically, leading to a switching behavior
resembling a random walk over the energy barrier. Among

V. THERMAL ACTIVATION: THE MICROMAGNETIC the results given in Ref. 32 are detailed calculations of the

pre-exponential factor fo in the Arrlenius-N6el law. In par-
Thus far all the theoretical developments have been ticular, a dependence of fo on the applied field and strength

based on the assumption of magnetization reversal by coher- of coupling between the particles was demonstrated. In ad-
ent rotation in single domain particles. However, the com- dition thermal agitation was shown to have a profound effect
parison with experiment leads inevitably to the conclusion on the reversal process itself. Significant deviations from the
that magnetization reversal involves thermally activated deterministic (symmetric fanning) mode are found at a finite
nucleation followed by propagation of the reverse domain, temperature, the magnitude of which depenls on the tem-
The latter process may be hindered by pinning, in which case perature and the interparticle coupling. This has two impor-
the movement of a domain wall from a pinning site is itself tant effects from the micromagnetic viewpoint. First, a rever-
a thermally activated process. It should perhaps be stressed sal to an antiparallel state after switching becomes possible
that this presents a problem fundamentally outside the clas- in addition to the parallel state expected at zero temperature.
sical micromagnetic formalism. Micromagnetism is based on Second, it is found that there appears a temperature depen-
the determination of stationary states and their evolution dence of the effective energy barrier. Physically this is be-
with respect to changes in external parameters such as the cause of the departure from the ideal reversal mode induced
applied magnetic field. Magnetization reversal occurs when by thermal perturbations as a result of which many unsuc-
the local energy minimum in which the system is situated cessful reversal attempts are made in directions other than
disappears resulting in a transition to a new stationary state. those leading to the saddle point of the transition. We note
Modem investigation using numerical techniques generally that these effects are important for reversal over low energy
determines stationary states using the Landau-Lifschitz dy- barriers, i.e., reversals involving very short time scales. The
namic equation. This approach more reliably determines the model described here cannot realistically be applied to rever-
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Time dependence of switching fields in magnetic recording media (invited)
M. P. Sharrock
Digital Media Laboratory, 3M, 236-3C-02, 3M Center, St. Paul, Minnesota 55144-1000

Coercivity and other experimental measures of switching field depend upon the time scale of
interest. This time-scale dependence has practical importance in magnetic recording, because the
effective time scales of writing and storage are very different. A simple model accounts for the
time-scale dependence of coercivity in terms of the thermally assisted crossing of an energy barrier
whose height is reduced by the applied field. Fitting this barrier-crossing model to data provides an
estimate of the volume that must switch magnetization direction in overcoming the barrier. The
assumption of Stoner-Wohlfarth reversal is used to obtain an initial estimate of the dependence of
the barrier height on the field. With some adjustment of the resulting energy expression, the model
gives good agreement between calculated switching volume and actual particle volume for
advanced recording particles of three types: acicular oxide, acicular metal, and barium ferrite
platelets. The model can be used to estimate minimum practical particle volumes for use in magnetic
recording. Switching due to fields nearly perpendicular to the particle's preferred axis, sometimes
used as a measure of the anisotropy field, also shows the effect of t0ximal assistance. The switching
volume determined from such measurements, like that from coercivity, approximates the particle
volume.

I. INTRODUCTION century ago.5 In particular, the coercivity value depends upon
the time scale of the process used to induce magnetic rever-

Current magnetic recording media encode information, sal. That is, the value of the fixed field required to reduce
whether digital or analog, as magnetized zones in the surface magnetization to zero from saturation decreases as one in-
of a tape or disk. The minimum dimension of these features creases the time that it is allowed to act. Similarly, the coer-
is on the order of a micrometer (typically 0.5 Am in ad- civity measured in a swept-field hysteresis loop increases
vanced applications). This paper will focus on media of the with the sweep rate.2'6'7

particulate construction,1 as opposed to those made by thin- These time-dependence considerations are highly rel-
film deposition. A particulate medium consists of a support evant to magnetic recording technology, in which the time
material upon which is coated a dispersion of magnetic par- scale of the writing process may be on the order of 10-8 S
ticles in organic polymers, along with solvents, lubricants, and that of the desired storage stability on the order of 1048
and other necessary components. Usually the coating is ex- s. The usual laboratory methods cannot investigate behavior
posed to a magnetic field before drying in order to impart a over this huge range, covering 16 orders of magnitude, al-
magnetic orientation to the particles. The particles have though recent pulsed-field experiments 8 have begun to probe
maximum dimensions, length for acicular particles and di- behavior at and below its lower end. A vibrating-sample
ameter for platelets, on the order of a tenth micrometer magnetometer (VSM) typically has a time scale on the order
(0.05-0.2 Am, for advanced materials). They are generally of 1 s, and a 60-Hz magnetometer has an effective time scale
assumed because of their size to be single-domain particles, of 10-5_10-6 s.7 The model described here and
The particle size is extremely important to the recording previously 2'6'7 allows the interpretation of such laboratory
resolution, signal-to-noise properties, and magnetic stability experiments in terms of physical quantities and also the ex-
of the medium. Recert years have seen significant reduction trapolation to the much longer and shorter time scales of
in particle sizes of all compositions used in recording. interest in recording. Reducing the switching volume has the

One of the most important magnetic properties of the effect of increasing the amount by which the "writing coer-
particles used in a recording medium is the remanent coer- civity" exceeds the "storage coercivity." Thus the trend to-
civity, which is essentially the median switching field. For ward smaller particles for benefits in signal-to-noise ratio,
convenience, the intrinsic coercivity (applied field that re- resolution, and surface smoothness will at some point be
duces magnetization to zero after saturation in the opposite limited by time-dependence considerations. This potential
direction) is more commonly specified; it is often (and here) limitation has been discussed in the past2 and will be re-
referred to simply as the coercivity. The coercivity value de- evaluated in Sec. IV.
termines the field needed to record, and also to erase or over-
write, information on the medium. Thus it must not be ex- II. MEASUREMENTS AND MODEL
cessively large. The coercivity must, however, be adequately
large to prevent long-term demagnetization during the de- The essential origin of time-dependent magnetic behav-
sired life of the information (typically years); this implies ior in small particles is the thermally assisted process of
adequate resistance to fields from both internal and external crossing an energy barrier that occurs in magnetic
sources. switching.3'4'9- 1 The conventional Arrhenius formulation for

Time-dependent magnetic phenomena have been well the rate constant r, the probability per unit time of successful
known for over 40 years, 3'4 and were in fact described over a crossing, is
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r=A exp(-AE/kT). (1) the t value is approximately inversely proportional to the
sweep rate but also depends upon the strength of the time-

The factor A is assumed to have a negligible dependence on dependent effects shown by the sample.

field and temperature; k is Boltzmann's constant and T is the Equation (1) will be used with the above assumptions

absolute temperature. The role of an externally applied mag- and interpretations. The factor A in Eq. (1) is an "attempt

netic field is to decrease the energy barrier AE until switch- frequency" for barrier crossing. It can be estimated in a num-

ing occurs on the time scale of interest. Equation (1) would ber of ways,10 including simple precession, and appears to be

suggest that in the presence of a constant opposing field, the on the order of 109 s-1.A range of values around this esti-

magnetic moment m(t) of a collection of particles decays mate will be considered.
exponentially with time t from an initial saturated value me The energy barrier AE depends upon the value of a vol-

as ume that is called below the "switching volume" and desig-
nated by V. This parameter is defined here as the volume of

m(t) = m0[2 exp(- rt)- I (2) material that must rotate magnetically in the process of over-
ex )coming the rate-limiting energy barrier. In switching by co-

This exponential behavior would in fact be observed for an herent rotation, this would be expected to be the entire par-ensemble of noninteracting particles having identical mag- tide volume (assumed single-domain at the sizes of interest).
netic properties. Particles in actual recording media, how- In more complex reversal modes, the switching volume

ever, exhibit distributions of particle size and shape (and pos- might be a fraction of the particle volume,1 s the portion that
sibly composition). This distribution of physical properties must rotate in order to initiate the reversal process of the

leads to a distribution of magnetic properties, which may be whole particle. If reversal is incoherent but simultaneous,

further complicated by the variety of interparticle magnetic however (as in fanning' 9), V might conceivably be the entire

interactions that can occur. The result is that observed behav- particle volume.

ior is nonexponential. 12 The decay of m(t) in the presence of The model assumes single-domain particles having

a constant field is often found to approximate a linear depen- uniaxial magnetic anisotropy, with anisotropy energy of the
dence on some power of the logarithm of time. 13 Such a form K sin2 0 (angle 0 between the preferred axis and the

function can be viewed as the superposition of many expo- moment vector). For the case of the applied field being ex-
~actly aligned with the preferred axis and opposing the initial

nential decays, representing a distribution of magnetic prop- a
erties such as switching field. Another way of measuring magnetization,

time dependence is the recording of hysteresis loops of dif- AE=KV(1 -H/H) 2, (3)
fering sweep rates; 6'7"14 by combining an ac instrument (e.g.,
60 Hz) with a VSM, this technique can allow a greater range with
of time scales than is convenient in constant-field decays. In H0 = 2K/M. (4)
both types of experiments, one must take the distribution of
properties into account. A straightforward way of doing this The first-order anisotropy constant is designated by K, the
is to focus attention on the center, or peak, of the switching- magnetization intensity of the particle by M, and the external
field distribution (SFD) and to consider the coercivity as rep- field strength by H. (Note: AE = 0 for H=H,.) The switch-
resenting the material at this peak. It will be assumed that in ing volume V used here cannot be identified with the "acti-
some approximation the peak of the SFD is associated with vation volume" Vact discussed by others. 5"16'20 Vact, as usu-
the peak of the distiiution of other relevant parameters, ally defined, is explicitly field dependent. For the special
such as switching volume. In other words, the coercivity case of perfect alignment of H with the preferred axis, Vact
characterizes the switching of the most typical, or significant, can be interpreted in terms of the change in magnetic mo-
particles in the sample. (One needs to assume also that sub- ment, projected onto the preferred axis, that occurs in over-
stantially the same material is represented by the peak of the coming the barrier [Ref. 20, Eq. (26), and Ref. 16, Eq. (12)].
SFD at all time scales of interest.) Obtaining constant-field The V used here can best be identified with the value of the
decay curves that represent the same part of the SFD [that is, "critical volume"' 16 that applies when the field is equal to the
the same value of the measured moment m(t)] over a sig- coercivity.
nifirant range of time values can be difficult. Over a limited The case of perfect alignment of field and preferred axis
time range, curves for significantly different field values may is an improbable one in a collection of particles having even
occur at very different m(t) values and thus represent differ- a modest distribution of orientations. Actual recording media
ent parts of the SFD. The slopes of the curves will in fact have substantial distributions, despite efforts to orient them.
reflect the height of the SFD for these fields. ' 1 6 The switch- [Typical ratios of remanent to saturated moment near 0.8
ing volumes associated with these points of the SFD may indicate mean deviations of roughly cos'(0.8), or 35', from
well be different. In order to concentrate on one part (the the intended direction.] Victora21 has presented a theoretical
peak) of the SFD, a large range of experimental time scales argument that with the field not aligned with the preferred
may be more easily attained by using hysteresis loops, and axis, the exponent in Eq. (3) is expected to be 3/2, for very
the resulting coercivity values, for different sweep rates. The general anisotropy, even including interactions. The Stoner-
loops present their own difficulties, however. One must as- Wohlfarth (SW) model of reversal22 also indicates an expo-
sign an effective time scale, t in Eq. (1), to the experimental nent that can differ from 2. Using the approximation of
sweep rate. This assignment can be done; 7"3 17 as expected, Pfeiffer,23 one can use the SW model to write
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FIG. 2. Plot of Eq. (10), which models the dependence of measured coer-
FIG. 1. Dependence of Stoner-Wohlfarth parameters, used in Eqs. (6)-(9), civity on time scale t, for Ho=1800 Oe, n=1/2, A=2X10 9 s- 1,
on the (minimum) angle i between the applied field and the preferred axis V=3.0X 10-17 cm3, and M = 300 emu/cm 3. Relevant time scales for mag-

of a particle. netic recording and experimental measurements are shown.

AE = KV( 1 -H/H) m , (5) known, K and V can be determined separately, using Eqs. (6)
and (7). These calculations allow the interpretation of the

with time dependence of coercivity in terms of physical param-

Ho = 2xK/M, (6) eters, and also the extrapolation to coercivity values for the

and 
experimentally difficult recording and storage time scales. 2'6

If more than two experimental time scales are available, de-
m - 0.86 + 1. 14x. (7) termination of more than two parameters is possible. Figure

3 shows data and a typical fit for a tape containing cobalt-
For later convenience, subsequent expressions will use the modified acicular iron oxide particles. As in all coercivity
definition measurements reported here, the applied field direction coin-

n -l1/r. (8) cides with the direction of intended magnetic orientation in

As in the case of perfect alignment, AE=0 for H=Ho. The theusample; the preferred axes of individual particles are dis-

dependence of H0 (that is, of x) on the angle 0' between the tributed around this direction. The oxide particles are rela-
field direction and the preferred axis is the familiar SW one: tively small examples of this type of material, about 0.2 Am

long, and are commonly used in advanced video and data
x=[cos213 (0v)+sin 21 3( )[ - 3/2.  (9) tapes. The data are from a VSM, run at various sweep rates,

Figure 1 shows this behavior (x=1.0 for e/=0 0 or 900; and a 60-Hz instrument. Four parameters are still too many

x= 0.5 for 45). Using Eqs. (5)-(8) and defining coer- to fit meaningfully. Therefore a value of A was chosen and

civity H,(t) as the field that produces reversal of half of the fitting was done on Ho, KV, and n. Equivalently good fits

sample in time t, were achieved over a range of A values. Figure 4 shows the
relationship between fitted n and assumed A. The switching

B1(t)=Ho{1 -[(kT/KV)ln(At)]n}. (10) volume Vwas computed, using Eqs. (6) and (7), with a mag-

(A relatively insignificant factor of 0.693, shown in earlier netization M of 340 emu/cm3. The value of V depends upon
work, 2'6 has been absorbed intoA for convenience.) Figure 1 the assumed value of A, but not very sensitively. However, it

shows the behavior of the exponent n in the SW model, using is very interesting that the best agreement between V and the

the Pfeiffer approximation. Figure 2 shows a plot of Eq. (10)
for typical parameters, where the experimental time scale t is
the duration of a constant or pulsed field and/or the equiva- 1000 - ------- ---- -------
lent values for swept-field experiments. 7 As was stated 980a d980 TCobalt-modified

above, the coercivity is interpreted as representing the o 960 - acicular iron oxide
switching of material at the peak of the SFD and also the 90+

940--

peaks of other relevant distributions. Thus Eq. (10) is taken 920--

to represent the most "typical" particles in the medium. 090 {
00

880~
Ill. RESULTS 86o, T860 -" -t -F -t -' -

Equation (10) has four unknowns: H., A, n, and the 10 10 10 10 10

product KV. If one is willing to assume plausible values for Experimental time-scale (s)

A and n, the other two can be determined from two measured
coercivity values of sufficiently differing time scales. This FIG. 3. Experimental data showing measure coercivity vs experimental time

scale t, for tape containing acicular cobalt-modified iron oxide particles.
has been done in the past, using a VSM and a 60-Hz Line is a fit of Eq. (10), for A = 3 X 109 s, and is the basis for one of the
instrument.2'6 Further, if the magnetization intensity M is points in Fig. 4. The fitting parameters are HO, n, and the product KV.
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Acicular Co-Fe Oxide 1350 and 1300 Oe, respectively. The results of fitting these
0.70 -e,-"98 -i- Calcu-ated- values, using the same values for n, A, and M, are also shown

*3.98 Calculated swi'tc'h n- n ale0.5ioUe(01C3 in Table 1.
0.6- volume (1 o"7 cm) The agreement between the two coercivity methods with

0.0. - regard to V is good. The average is given in Table I, with a
n -measure of the uncertainty resulting from their spread. The

9% increase in H0 from the first to the second line is typical
0.50 "'. 80 o of a remanence coercivity relative to the coercivity from a

T Volume from TEM. 5 xlO"7cm 3  
Jscanned loop. These results are not very sensitive to the

0.4-- 7 ........10 value chosen for A; variation over the range 2X108-3X109
0 0

8  
0
9  

10 10 -1
l

SA(s") S- 1 produces an insignificant difference (3%-5%) in Ho
and V.

TEM pictures indicate that most of the particles have
FIG. 4. Plot of values of n vs chosen values of A, obtained by fitting Eq. volumes of 2-3 10-17 cm3. The factorof-2 discrepancy be-
(10) to the data in Fig. 3. Magnetization M is 340 emu/cm3 ; this is used to
calculate the value of the switching volume V from the fitted values of HO, tween the model calculation of V and the apparent particle
n, and the product KV that result for each value of A. The dotted line shows size may not be significant, in view of various assumptions
a least-squares fit, yielding n = 1.115 - 0.0606[log(A/s-1)]. made in the model and the difficulty of estimating represen-

tative TEM volumes. (Particle size is quite nonuniform.) The
discrepancy is largely removed (calculated V, 2)× 10-17

particle volume estimated from transmission electron mi- cm 3) if n-0.6, close to the value found for the acicular
croscopy (TEM) occurs for n approximately 0.63, close to oxide. This n value would in SW reversal [Eqs. (7) and (9);
the 2/3 predicted by Victora2 1 and for A about 108 S-1, in Fig. 1] be appropriate for a very well oriented sample, which
reasonable agreement with results of Doyle et al.8 The value is not the case.
of 0.63 for n is somewhat lower than would be expected in It seems worthwhile to investigate the possibility that the
SW reversal for the sample's degree of orientation. The switching volume V is less than the total particle voli.le
remanence-to-saturation ratio is 0.88, which indicates aver- because of an incoherent mode of switching. This would be
age angular deviations of nearly 300. The SW model [Eqs. plausible in view of recent theoretical work.2 7 The method of
(7)-(9); Fig. 1] predicts an n value of 0.68 for this angle. Flanders and Shtrikman, 28 applied previously to barium fer-

Another sample studied was a tape containing barium rite anisotropy studies, 2 9 allows measurement of switching
ferrite platelets, of a type currently of interest for advanced by only those particles whose preferred axes lie nearly per-
applications. This experimental tape had a relatively low de- pendicular to the applied field, as in Fig. 5. Even if switching
gree of magnetic orientation (remanence-to-saturation ratio at lower i values in the usual coercivity measurement is
of 0.63), which tends to minimize the interaction effects. incoherent, the nearly perpendicular field very likely pro-
These can be very strong in barium ferrite,24,2S especially duces parallel rotation of the moment throughout the particle,
when highly oriented. 26 Because of the low degree of orien- and thus coherent switching. In SW reversal, by Eqs. (7)-(9)
tation, n will be initially estimated as 0.7. This is the maxi- (Fig. 1), the value of n is expected to be close to 0.5 and that
mum allowed in SW reversal; see Fig. 1. The measured co- of x to 1.0. In this study, switching was measured for par-
ercivities were 1460 Oe for the 60-Hz loop and 1290 Oe for tiles having V/ in the range 85*-90*. The field needed to
the VSM run at 13 Oe/s sweep rate. The effective t values for produce this switching was measured as a function of the
these measurements can be estimated7 as 1.5 X 10-5 s and 0.8 duration of application. The results, shown in Fig. 6, have a
s, respectively. The hysteresis loops were recorded to limits large amount of scatter, possibly as a result of deviations
of ±3240 Oe (the maximum possible) with the 60-Hz instru- from isolated-particle behavior due to interactions. The fit of
ment, and ±2940 Oe with the VSM. These limits provide Eq. (10), using 0.5 for n, yields the values shown in the last
that the ratio of maximum applied field to measured coerciv- line of Table I, for M=300 emu/cm3.
ity is approximately the same in the two instruments, in order Both the "remanence coercivity" and the "perpendicular
to avoid the possibility that one produces more complete switching" methods use the measurement of remanent mo-
saturation of the sample than the other. (This precaution is ment after the application and removal of a field. Therefore
necessary only because of the relatively low 60-Hz field ca- their Ho values can be directly compared (Table I). The ratio
pability relative to this sample.) The results of fitting, using of these two values, 4800/1850=2.6, exceeds the maximum
0.7 for n, 109 s- 1 for A, and 300 emu/cm 3 for M, are given in ratio, 2.00, that the SW model (Fig. 1) can explain between
Table I. switching fields for different angles. (Recall that because of

In addition, remanence coercivities were measured in the the low degree of orientation the coercivity measurement
following way: A fixed reverse field, opposite the direction represents particles near the center of the curves in Fig. 1.)
of initial magnetization by a field of 11 kOe, was applied. Therefore it is likely that some form of incoherent switching
Periodically, the reverse field was shut off and the remanence occurs in the coercivity measurement. The agreement of the
measured. The total accumulated field exposure time re- values for V shown in the last two lines of Table I is perhaps
quired to reduce remanence to zero was taken to be the t remarkable in view of the fact that different reversal modes
value for remanence coercivity Hr equal to this reverse field. may be involved.
The results were t values of 10 and 290 s for Hr values of A third material chosen for this study was a tape con-

6416 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 M. R Sharrock



TABLE I. Ba ferrite. 3450q

Initial magnetizing 3400 Barium Ferrite

Method field (kOe) Ho (0e) V (10- 17 cm3)
33504.

Coercivity 3 1700 1.28 0

Remanence 11 1850 1.10 -o 3300-
coercivity

Average of ...... 1.2±0.1 3250-
above two

Perpendicular 11 4800±300 1.3±0.4 .23200
switching co

3150 .
0.1 1 10 100 1000

Experimental Time-Scale (s)

taining metal particles (MP). As with the barium ferrite, the
coercivity values were measured from loops where the ratio
of maximum field to coercivity was the same for the 60-Hz FIG. 6. Plot of measured value of near-perpendicular switching field vs field
magnetometer and the VSM. These instruments gave, respec- application time t. Angle 0 was in the range 85*-900 in the experiment. The

ativet735erm a loop VSM t317e aunts 1650e frespet fit was done for A = 109 s - 1 and n = 1/2. The fitting parameters are H0 , n,
tively, 1735 Oe from a loop of ±3170 Qe and 1650 Qe for -± and the product KV.
3000 Oe. The resulting fit to Eq. (10) yields (with values of
2/3 for n, 109 s- 1 for A, and 1800 emu/cm 3 for M)

H= 1860 Qe, and, V=0.73 X 10-17 cm3. time-scale dependence in typical laboratory experiments.
The thermally assisted barrier-crossing model discussed here

This value of V represents only the metallic core of the par- is successful in analyzing this time-scale dependence. Using
tide; this core is surrounded by the oxide shell produced by SW reversal,2'3 the model determines switching volumes
the passivation process. Chemical analysis, magnetic mo- that are within a factor of 2 of particle volumes estimated
ment, and particle mass density, together with TEM pictures, from TEM pictures. With the assignment of the exponent n
indicate that the core is only about 35% of the particle vol- to a value of 0.6, rather than 0.7 as determined from SW
ume and that the shell is only weakly magnetic. The TEM reversal for typical particulate orientation, the agreement is
pictures also show that particle volume is about 3-4X 10-17 essentially perfect (within the precision of determining TEM
cm3. Thus the actual particle core volume appears to be volumes). The good agreement between calculated V and
about 1.2X 10-17 cm 3, nearly twice the calculated value of V. particle volume for n values of 0.6, rather than 0.7, may
As in the case of the barium ferrite particles in this study, the indicate that the dependence of AE on applied field is not
discrepancy is removed if n is set to approximately 0.6. accurately given by SW reversal. Regardless of the reversal
Again, for SW reversal, this is not consistent with the degree model used, however, the barrier-crossing model described
of orientation in actual media. Equations (7)-(9) require a here can be expected to be useful in extrapolating from co-
value of less than 10' for qi to give an n value of 0.6; this ercivities measured in the laboratory to the much shorter and
would imply a remanence-to-saturation ratio of 0.99. The longer times relevant to magnetic recording and storage of
MP tape studied had a ratio of 0.85. information.

By using Eq. (10) to estimate coercivities that would be

IV. DISCUSSION AND CONCLUSIONS relevant to writing and storage time scales, one can obtain an
estimate of the smallest particle volumes practical for mag-

The results presented here represent magnetic switching netic recording. If the highly arbitrary criterion is adopted
behavior for particulate recording media representing the that the coercivity relevant to 3-year storage (10+8 s) be no
current state of the art in three materials: acicular oxide, less than one half of the value relevant to 10-MHz writing
barium ferrite, and metallic particles. All show significant (10-8 s),2 then for A = 109 s- 1 and n = 0.6,

(KV)minimum=4.3X 10 - 12 ergs. (11)

~ field H This is 106X the room-temperature value of kT; Lu andCharap found significant decay of simulated high-density re-
corded transitions for a KV value of 6WkT.3°

Using Eqs. (6) and (7), Eq. (11) can be rewritten as
_______ 0'. , preferred axis Vmnm =6.110- 12 ergs/HoM, (12)

where Vminmmum will be expressed in cm3 if Ho is in Oe and
M in emu/cm 3. The difference between Eq. (12) and similar

expressions discussed earlier 2 is the use of Eqs. (5)-(7) in
place of Eqs. (3) and (4). Equation (12), however, does not

FIG. 5. Diagram of particle in the presence of field nearly perpendicular to take account of the differing need for long-term coercivity in
preferred axis; i' is less than, but close to, 90*. Remanence will switch from materials of very different magnetization intensity. A simple
right to left if moment rotates past the energy barrier, way of estimating this need is through the familiar expres-
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sion of Williams and Comstock3 for the magnetic transition 3(a) and 4(a) of Ref. 8]. In data-recording terms, the required
i length that results from self-demagnetization: switching field begins to deviate significantly from that pre-

dicted by Eq. (10) somewhere around 1 Gbit/s for both ma-
na =Bd/2H. in o(13) terials. Since the data rates in anticipated recording systems

In Eq. (13), B, is the remanent induction for the medium (in are generally on the order of 10-100 Mbit/s per channel,
G), d the recording depth, and H, the coercivity (in Oe). This recording processes will probably stay within the regime of
expression essentially says that a medium having a higher Br the model discussed here during the foreseeable future, for
value needs a higher H, value in order to resist transition both MP and barium ferrite.
broadening. If the transitions occur at spacing b, then a rea-
sonable degree of transition sharpness requires ACKNOWLEDGMENTS
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Ultrathin Films and Overlayers Gary Prinz, Chairman

Magnetic and structural instabilities of ultrathin Fe(100) wedges (invited)
S. D. Bader, Dongqi Li, and Z. Q. Qiua)
Materials Science Division, Argnne National Laboratory, Argonne, Illinois 60439

An overview is provided of recent efforts to explore magnetic and related structural issues for
ultrathin Fe films grown epitaxially as wedge structures onto Ag(100) and Cu(100). Experiments
were carried out utilizing the surface magneto-optic Kerr effect. Ordinary bcc Fe - lattice matched
to the primitive unit cell of the Ag(100) surface. Fe wedges on Ag(100) can be fabricated whose
thick end has in-plane magnetic easy axes due to the shape anisotropy, and whose thin end has
perpendicular easy axes due to the surface magnetic anisotropy. A spin-reorientation transition can
thus be studied in the center of the wedge where the competing anisotropies cancel. The goal is to
test the Mermin-Wagner theorem which states that long-range order is lost at finite temperatures in
an isotropic two-dimensional Heisenberg system. F. wedges on Cu(100) can be studied in like
manner, but the lattice matching permits fcc and tetragonally distorted fcc phases to provide
structural complexity in addition to the interplay of competing magnetic anisotropies. The results of
these studies are new phase identifications that help both to put previous work into perspective and
to define issues to pursue in the future.

I. INTRODUCTION Tc. They used the idea of Jensen and Bennemann 3 of a
transition driven by the entropy of disorder on going from a

It is of interest to explore magnetic instabilities associ- uniaxial to a planar spin configuration as temperature in-
ated with competing anisotropies in ultrathin epitaxial films. creases. Morr, Jensen, and Bennemann 4 recently used a
A simple approximation is to equate the two dominant con- Greens function approach within the random phase approxi-
ttibutions to the anisotropy energy density mation to phenomenologically describe the loss of long-

2K, range order in the vicinity of the spin-reorientation phase
,2rM2 '. transition. However, it is known that even arbitrarily small

anisotropies can restore long-range order.5 Therefore, ;t also
Thia provides the condition for which the "shape" anisot- may be necessary to explore the additional anisotropies, such
ropy (-2'M 2) balances out the surface anisotropy (2K 3/t), as arise from the bulk or from finite-size effects, or from
where K. is the surface anisotropy constant, t is the thickness higher-order terms in the expansions of the anisotropies than
of the magnetic film, and M is the magnetization. The un- the dominant terms that vary as the square of the magnetiza-
derlying assumptions are that any other anisotropy terms can tion. The higher-order terms can manifest the-nselves in the
be ignored, and that the magnetization orientation within the vicinity of 'R where the dominant anisotropy terms vanish.
film is uniform (i.e., all spins point in the same direction). Experimentally, ultrathin magnetic films are always grown
The critical thickness for spin reorientation is on a substrate for which lattice constants and thermal expan-

K, sion coefficients tend to be mismatched to some degree.
tR .Thus, epitaxial strain also can influence the magnetic surface

or interface anisotropy. This has been treated recently for a
For t<t the easy axis of magnetization is perpendicular to test case, for example, by Victora and MacLaren 6 who used
the film plf e (i.e., vertical), while for t>tR the easy axis is electronic structure calculations.
in plane. Tht question is what happens in the vicinity of Alternatively, it also becomes important to explore non-
t=tR? uniform magnetization configurations. For example, Yafet

Recent theoretical treatments and ideas can be summa- and Gyorgy 7 considered the conditions necessary to stabilize
.7-ed. First, in an isotropic two-dimensional (2D) Heisenberg ferromagnetic stripe domains in an atomic monolayer that

system there is no long-range order at finite temperature. possesses strong surface magnetic anisotropy. They found
This is known as the Mermin-Wagner theorem. Hence, spin that while the short-range part of the dipolar interaction gives
melting might be expected to occur in the vicinity of tR. rise to the familiar -2nM 2 shape anisotropy term, the long-
Pescia and Pocrovsky 2 used a renormalization group ap- range part, which can be represented a a domain wall-wall
proach to consider thermal fluctuations, and concluded that interaction, can result in a lower energetic state than the uni-
the oin reorientation occurs as a phase transition at a tem- formly magnetized case. The wall-wall interaction, however,

perai,. ' TR which can be less than the Curie temperature has to be evaluated explicitly for the domain configuration
under consideration. The domain size will reach an experi-

')Permanent address: Physics Dept., University of California, Berkeley. mentally observable magnitude in the vicinity of the spin-
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F reorientation transition. Thieville and Ferts treated twisted constraint that the spin detectors employed in their experi-
spin configurations using a micromagnetic approach. Alter- ments were only sensitive to in-plane magnetization compo-
natively, Erickson and Mills9 reached similar conclusions for nents. Recent work on surface magnetic anisotropy in ultra-
canted spin structures by considering spin wave excitations thin films have been reviewed in a variety of publications.17

in 2D films. They found that the excitation energy becomes Another experimental manifestation of strong surface
imaginary in a gap region near the spin-reorientation transi- anisotropies can be observed in enhanced coercivity (He)
tion, implying that there exists a static spin-density wave in values displayed in the ultrathin regime. The earliest studies
real space in this region (i.e., the stripe domain structure). A of this type are due to Hirsch18 who observed a factor of -5
striped domain structure in a 2D film can be viewed as a enhancement in t1, for ultrathin Fe interleaved with Cu.
one-dimensional (ID) ordered system. It is well known that Bader19 documented a number of systems for which H,
ID ordered states are unstable against thermal fluctuations. peaks in the monolayer region. Engei et al.20 have observed
Indeed, Kashuba and Pokrovsky1° examined 2D striped do- H, peaks in monolayer-range films that occur as a function
mains by means of renormalization group methods and of the thickness of a nonmagnetic overcoating layer. This can
found that while thermal fluctuations destroy the regular spa- be due to electronic effects or morphological (i.e., wetting)
tial distribution of the stripe domains predicted by Yafet and changes in the magnetic layer. Gradmann has documented
Gyorgy7 for the T=O case, the orientation of the domain similar examples of coercivity and anisotropy changes due to
walls remains stable in the presence of thermal fluctuations. nonmagnetic overcoats.1 5

Therefore, they reached the conclusion that the 2D stripe The first experimental identifications of temperature-
domains can be mapped onto the smectic liquid-crystal case. dependent 2D spin-reorientation transitions in transition-

It is of interest to discuss in more detail the issue of a metal films are due to Pappas, Kimper, and Hopster.21 They
film of fixed thickness that undergoes a temperature- studied both Fe/Ag(100) and Fe/Cu(100). A AT range of
dependent spin-reorientation transition from perpendicular at -20-30 K was identified that had vanishingly small rema-
low T(T<TR) to in plane at high T(T>TR). The question nence. Allenspach and Bischof 22 subsequently imaged the
arises as to the existence of a temperature gap AT for which magnetic domains of Fe/Cu(100) and observed striped do-
either long-range order disappears or for which a uniform mains with smectic liquid-crystal-like orientational order, as
magnetization configuration is unstable with respect to cant- described by Kashuba and Pokrovsky.10 However, the ques-
ing, twisting, or domain formation. Erickson and Mills tion is still not answered as to whether the spontaneous mag-
roughly estimate a value of ATITRj-0.5% for an ultrathin Fe netization, as opposed to the average magnetization, is at all
film. A gap due to domain formation can be appreciably reduced or not in the immediate vicinity of the spin-
larger in magnitude than this estimate. This is because the reorientation transition.
gap would signal the T range over which the scale of the In the present work we describe recent surface magneto-
domain structure shrinks to dimensions that are less than the optic Kerr effect (SMOKE) contributions to this fundamental
sample size or probing length. problem in 2D magnetism. We first examine Fe/Ag(100) for

Much has been said about 2D spin-reorientation phe- which magnetic instabilities can be studied without concern
nomena so far, but perhaps the most fascinating aspect to for structural instabilities, since Fe is well lattice matched to
appreciate is that it is predicated on the existence of perpen- the Ag(100) square net. Then we progress to the more com-
dicular surface anisotropy that is strong enough to compete plex case of Fe/Cu(100) which can exhibit similar spin-
with the shape anisotropy of the film. For Fe the shape an- reorientation behavior to Fe/Ag(100), but also possesses
isotropy gives rise to an -20 kG demagnetizing field. Thus, structura instabilities.
the s rface anisotropy must be quite substantial in magni- fcc Fe(100) is lattice matched to Cu(100). In the ultra-
tude. Nel11 was the first to recognize that unusually strong thin limit a tetragonally distorted fcc structure is stable. This
surface anisotropies relative to bulk anisotropies can exist. fct structure relaxes to an undistorted fcc structure upon in-
The bulk magnetocrystalline anisotropy was first attributed creasing the Fe thickness.23 The fct phase is itself unusual for
to the spin-orbit "-teraction by Van Vleck 1 2 Noel recognized an element. Only elemental Sn has a naturally occurring fct
that strong spi, -At interactions could arise from the bro- phase. In the case of Fe/Cu(100) the fct structure is stabilized
ken symmetry at the surface. Much more recently Gay and epitaxially. (This is one of the attributes of modem thin-film-
Richter13 performed the first computational study to confirm magnetism research-the ability to artificially stabilize new
that strong surface anisotropies can be anticipated in particu- phases.) Eventually, thicker Fe films grown on Cu(100)
lar systems. Wang, Wu, and Freeman 14 have contributed the transform to the equilibrium bcc structure. bcc(110) epitaxial
most recent state-of-the-art advances to this demanding ap- relationships to fcc(100) have been described elsewhere. 24 "

proach. Metastable phases, therefore, abound in Fe/Cu(100) as a
Gradmann15 was the first to experimentally identify per- function of growth temperature and Fe thickness. The fct

pendicular easy axes attributed to strong surface anisotropy spin-reorientation transition, for example, is only found for
He recently reviewed his work that dates back to the 1960s low-T growth (T<200 K). At higher temperatures the fct
on a variety of films, in an outstanding book chapter. Jonker structure relaxes to fcc and the magnetic properties change
et al.16 reawakened interest in the surface anisotropy issue in dramatically, as studied recently by Thomasen et al.25 and Li
1986. They attributed the nonobservation of spin polarization et al.28 Thus, Fe/Cu(100) provides a system rich in magnetic
in photoemission experiments on Fe/Ag(100) films as being and structural instabilities. The interplay of these instabilities
due to the existence of vertical easy axes, and to the technical has intrigued, challenged, and stymied a whole generation of
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modem researchers. An enormous collective effort has been
devoted to this system. It is the prototype chosen by many TR .1

II. EXPERIMENTAL DETAILS

Background information on the sample preparation,
characterization, and magneto-optic-measurement techniques 250 300 350 400 450 500
appear elsewhere.26- 2 For the sake of completeness we
briefly mention that the Fe samples were prepared by ultra- 80
high vacuum evaporation, also known as molecular beam
epitaxy. The Fe wedges are formed by linear translation of
the substrate behind a mask during growth. Evaporation rates 40
are in the range of 1 monolayer (ML) every -2-3 min. The 40.o

wedges have a slope of -0.2 ML/mm for Fe/Ag and -1.5 20
ML/mm for Fe/Cu. The slopes are substantially larger for the
Fe/Cu wedges in order to scan the broader region of interest o L_.

that incluc'- - a range of the fct, fcc, and bcc phases. The 250 300 350 400 450 500

crystals were -1 cm in length, and the laser beam for the T (KI

SMOKE studies was focused to -0.2 mm. Thus -50 dis-
crete positions could be sampled along a wedge. The sub- FIG. 1. The perpendicular and parallel components of the remanent magne-standard surface-science tech- tization for a 6.0 ML Fe film grown on Ag(100) vs temperature are shown instrates were prepared utilizing s(a) and the corresponding coercivities from polar SMOKE measurements
niques involving sputter-anneal cycles. Low- and high- are shown in (b). The noise in the longitudinal Kerr data (parallel magneti-
energy electron diffraction (LEED and RHEED) were used zation component) is greater than that in the polar data because of the
to characterize the substrates and films. RHEED oscillations inherent weakness on the longitudinal signal, as mentioned in the text

during Fe growth are published in Refs. 27 and 28.
Magneto-optic Kerr-effect measurements were made at

the He-Ne laser line using p-polarized light. The films were identify a region AT with vanishing magnetization. The high
magnetized using a split-coil superconducting solenoid that signal-to-noise ratio and data density in Fig. 1 (a) enables one
provides a homogeneous field with low trapped flux at zero to discern an asymmetric ramp structure within the
current (<10 Oe). Hysteresis loops were generated with no pseudogap encompassed by AT. Thus, if the remanence van-
attempt to convert to ellipticity units. Ellipticities are r-- ishes, it does so over a very limited T range (a few kelvin at
ported elsewhere for related film structures.2 9 The important most), as estimated by Erickson and Mills. Note that MR in
point for the present studies is that the signal is proportional Figs. l(a) and 2 are normalized to the film thickness, and the
to the magnetization. The remanent magnetization MR was longitudinal L nd polar MR values at saturation are normal-
used to track the phase transitions in order to avoid possible ized to each ot'ier for clarity. (The polar signal is -25 times
field-induced transitions. The hysteresis loops are used to as intense as the longitudinal signal, as expected.) The ques-
identify the easy axis of magnetization. Square polar loops tion that Fig. l(a) raises is what is the root cause of the
identify vertical easy axes, while square longitudinal loops remanence decrease within AT? Is long-range ferromagnetic
identify in-plane easy axes. To obtain polar or longitudinal order lost anywhere within this region, as might be antici-
signals the sample was positioned appropriately within the pated from the Mermin-Wagner theorem? How do domains
solenoid to face one of two orthogonal laser stations used to or other nonuniferm spin configurations manifest themselves
generate the data. Thus, it was necessary to rotate the samp'.e within AT? If long-range order does not vanish, do enhanced
by 900 between full scans of a wedge to obtain data for both thermal fluctuations in 2D suppress the magnetization even
configurations. This introduced an absolute tncertainty in the
positioning of the beam along the wedge, but it presented no
obvious problem for our purposes. The hysteresis loops per-
mitted the H. values to be obtained. They were used to iden- d R _
tify the structural transitions for Fe/Cu and to augment the 4.
spin-reorientation studies for both systems. Ad

III. RESULTS

A. Fe/Ag(100)
5 6 7 8 9The spin-reorientation transition for Fe/Ag(100) is Fe Thickness (ML)

shown in Figs. l(a) and 2. Figure l(a) displays the transition
as a function of temperature for a fixed Fe thickness. This is
the manner in which the transition was studied originally by FIG. 2. Perpendicular and parallel components of the remanent magnetiza-
Pappas et al.2i who used polarized electron scattering to tion at room temperature along an Fe/Ag(100) wedge.
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partially due to the system becoming more isotropic in the
vicinity of TR? These questions should motivate future FIG. 4. Boundaries of the uniform ferromagnetic phase with vertical easy

progress in the field. axis for an fct Fe/Cu(100) wedge as a function of measurement temperature
and Fe thickness. The left-hand boundary delineates the onset of detection of

Figure 2 provides similar data to Fig. 1(a) but as a func- a ferromagnetic signal, while the right-hand boundary terminates in a tran-
tion of Fe thickness along a wedge. The region Ad and the sition to the spin-in-plane fct phase.

point dR are defined operationally in an analogous manner to
AT and TR in Fig. 1(a). The asymmetric ramp ctructure
within Ad is very similar in appearance to that observed in thickness for a large number of films. Vertical easy axes were
Fig. 1(a) within AT. The same questions apply as outlined observed in a region bounded by a thickness of -6 ML Fe
above. It is interesting to note that Kashuba and Pokrovsky10  and growth temperatures that do not extend very much above

have found that their calculations linearize to first-order ex- room temperature. The onset of ferromagnetic signals for the
thinnest films occurred between -1 and 3 ML. Figure 4

pansion in both T and d in the vicinity of TR and dR, as thinnes t lsoc re betwen -1and 3 Liue 4obsevedexpeimetall inFigs 1() an 2.shows a somewhat different mapping than that of Liu et al.31
observed experimentally in Figs. 1(a) and 2.

To augment Fig. l(a) further, we show the corresponding for one of our wedged samples grown at low temperature.

H, data in Fig. 1(b). The transition at TR is defined by a peak Figure 4 is analogous to the plot of the Fe/Ag(100) data in
in Hc which is almost 3 times as large as its value at Fig. 3. The left-hand boundary in Fig. 4 represents the onset
(TR- AT). For T> TR the value of H a drops precipitously of detection of ferromagnetic signals with vertical easy axisbecause the vertical axis becomes a hard direction for the (i.e., Tc), while the right-hand boundary represents the ter-meanethea erti For s bec(T es a AT), drecasessubst mination of the vertical ferromagnetic phase (i.e., TR). Them agnetization. For T < (TR - A T ) ,  H c decreases substan- let h n b o d a y i b l ev d o b e nf u c d by h e o -
tially as T increases. Thus, the hysteresis loops are shrinking left-hand boundary is believed to be influenced by the non-
in area in this interval as T increases. This can be due to ideal morphology of the films (i.e., intermixing) as well as by
enhanced thermal fluctuations as TR is approached, or to the decreased Tc values for decreasing film thickness.fluidity of the domain structure. The peak in H at TR, in any Subsequent to the work of Liu et al.31 interest focusedfludit ofthedomin trutur. Te pak n H atTRin ny on the region beyond the right-hand boundary of Fig. 4. It
case, represents a striking observation and a challenge to oncthe region beo the rit-hn b ou nd ig
interpret. became clear that two phases exist in this region depending

Figure 3 summarizes results for the spin-reorientation on growth temperature. For low temperature (-100 K)

phase-boundary determinations for Fe/Ag(100). The data growth the spin-reorientation transition ensues, as for Fe/

represent measurements taken along wedges at different tem- Ag(100). This occurs even if the samples are annealed to the

peratures. The pseudogap regions are not indicated in Fig. 3,
but Curie temperatures Tc are shown for some initial Fe
thicknesses. The Curie transitions are found to be 2D-Ising-
like, as described in Ref. 27. The Curie transitions can be
examined to provide an estimate of the intrinsic width that ,.,
might apply also to the spin-reorientation transitions. The .. ' Yo I, x27
3%-5% tails reported at Tc imply that the correlation length 1 .27

is limited by finite-size effects to -100 A, which corre- 4. h
sponds to a typical terrace width in a metallic single f I
crystal.27 Thus, with inclusion of the Curie transitions, Fig. 3 "
delineates the M=0, M H, and M± phase regions. L..
B. Fe/Cu(100)

The region of stability of vertical easy axes for Fe/ 0 2 4 6 8 10
Cu(100) was first explored systematically by Liu et al.30  Fe Thickness (ML)
They constructed a phase diagram to represent the metasta-
bility of the system by plotting growth temperature versus Fe FIG. 5. Spin-reorientation transition for Fe/Cu(100).
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900 extent the surface ferromagnetic layer boosts the properties
(TN and /j) of the underlying AFM film.

0 Finally, with increasing Fe thickness the bcc phase is
0 reached at -10-12 ML Fe. The bcc films are ferromagnetic

600 o 11 with in-plane easy axis dictated by the shape anisotropy. The
coercivity exhibits striking peaks at the phase transitions, as
shown in Fig. 6 for a wedge than spans the fct-fcc transition

°30 as well as the bcc transition. The coercivity provides a con-
3. ". venient way to track phase boundaries between fct-fcc, fcc-" '== ' •bcc, and fct-bcc, as well as for the spin-reorientation transi-

Stion. The most recent magnetic phase diagram for the growth
01 1 , , , of Fe/Cu(100) is presented in Ref. 28.

2 4 6 8 10 12 14

Thickness (ML) IV. SUMMARY

Recent SMOKE studies for Fe/Ag(100) and Fe/Cu(100)
FIG. 6. Coercivities along a wedge of Fe/Cu(100) illustrating peaks at the were highlighted. The documentation of the spin-
phase transitions. The left-hand transition is from he fct (I) to the fcc phase reorientation transition for Fe/Ag(100) provides detailed cor-
(11), while the right-hand transition is to the bcc structure (111). ollary measurements to those of Refs. 21 and 22. A sup-

pressed but nonvanishing remanent magnetization was found
within most of the pseudogap region in temperature and Fe

vicinity of room temperature after growth, as in the work of thickness that characterizes the phase transition. The coerciv-
Ref. 21. For example, the spin reorientation is shown in Fig. ity also exhibits a pronounced peak. The role of thermal
5 for a wedge grown at 190 K, annealed at room tempera- fluctuations in a nearly isotropic 2D Heisenberg system is
ture, and measured at 110 K. However, different results are quite dramatic and can suppress long-range order and/or give
obtained for room-temperature growth. Xhonneux and rise to domain structures with unusual characteristics.
Courtens 31 found evidence for a nonmagnetic phase beyond For fct Fe/Cu(100) the spin-reorientation transition oc-
the 6-7 ML Fe phase boundary. Thomasen et alY2 fi..ther curs for low-temperature (-<200 K) growth. However, for
clarified the new phase identification as having a surface fer- room-temperature growth the ferromagnetic fct phase with
romagnetic "live" layer with vertical easy axis. Li el al.2a vertical easy axis transforms to an AFM fcc phase with a
more recently confirmed the work of Thomasen et al s and, surface ferromagnetic live layer. Fe films of -10-12 ML
further, found evidence that the ferromagnetic surface is the transform to the equilibrium bcc ferromagnetic structure with
termination of an antiferromagnetic (AFM) phase. Antiferro- in-plane easy axis of magnetization. The Fe/Cu(100) system
magnetism does not manifest itself directly in SMOKE mea- offers complexity associated with the interplay of magnetic
surements, so further explanation is necessary. While Ref. 25 and structural transitions. However, coercivity peaks can be
observed a constant magnetization in the region of interest, used to track a variety of its phase transitions. The underly-
Li et al.28 found that upon cooling the constant signal devel- ing mechanisms for achieving phase stability and that control
oped peaks of monolayer-type amplitude. For an AFM struc- coercive behavior remain a challenge to pursue in the future.
ture built up of alternating ferromagnetic (100) sheets, a peak
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Magnetic and structural instabilities of ferromagnetic and antiferromagnetic
Fe/Cu(100)

Dongqi Li, M. Freitag,a) J. Pearson, Z. Q. Qiu,b) and S. D. Bader
Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439

Fe wedges epitaxially grown on Cu(100) have been employed to investigate the interplay between
magnetic and structural instabilities. 2-4 monolayer (ML) clean Fe films grown at room
temperature are ferromagnetic with perpendicular easy axes. bcc Fe films>11 ML thick are
ferromagnetic with in-plane easy axes. Most importantly, 6-11 ML fcc Fe films are
antiferromagnetic and have a ferromagnetic surface. Films grown below 200 K and annealed to
room temperature do not exhibit the antiferromagnetic phase, but remain ferromagnetic and undergo
a spin-reorientation transition from perpendicular to in plane at -6 ML. A new phase diagram for
Fe/Cu(100) is proposed as a function of thickness and growth temperature. In addition, an
impurity-stabilized layer-by-layer growth that persists to 30-40 ML Fe is also reported.

Iron, especially fcc Fe, is intrinsically unstable magneti- (see Fig. 1) as judged by relatively undamped RHEED oscil-
cally in the sense that its nearest-neighbor exchange interac- lations up to 32 ML Fe. The oscillations resume after restart-
tion can be either positive (ferromagnetic) or negative (anti- ing the stopped deposition (not shown in Fig. 1) and persist
ferromagnetic), depending on structural details. 1'2 Fe films to 40 ML, where the experiment was terminated. This is
grown onto Cu(100), in particular, form various structural surprisingly thick for a metastable phase. The LEED patterns
and magnetic phases to illustrate the tendency toward before and after deposition were both c(2x2), which is a
instability.3- 9 In the current work, we focus on these insta- common pattern for contaminated fcc(100) surfaces. Auger
bilities and their interplay to achieve a better understanding measurements indicate an oxygen level of 10-20 at. % for
of the relation between structure and magnetism. Most im- both the substrate and the film. The chamber pressure during
portant, we observe an antiferromagnetic phase with a ferro- this dirty deposition was 2X 10- 9 Torr, which is significantly
magnetic surface for 6-11 monolayer (ML) films of Fe grown higher than that for the clean films to be reported herein. It is
on Cu(100) at ambient temperature. The different magnetic apparent that the layer-by-layer growth of the metastable fcc
phases are displayed in a new magnetic phase diagram. In Fe shown in Fig. 1 is extrinsically stabilized by impurities, as
addition, an impurity-induced layer-by-layer growth of Fe on can be qualitatively understood. There are two factors that
Cu(100) is observed that persists into the 30-40 ML regime. mitigate against persistent layer-by-layer epitaxial growth.

Sample preparation proceeded first via mechanical and One involves the thermodynamic argument that opposes the
electrochemical polishing of the Cu(100) substrate, and then wetting of a high-surface-free-energy species (Fe) on a low-
via sputtering and annealing (600 °C) cycles in the ultrahigh surface-free-energy substrate (Cu). Three-dimensional
vacuum chamber. Fe was evaporated from an alumina cru- growth would be anticipated in such a case. The other factor
cible with a typical evaporation rate of 0.7 A/min. The base is that the slight lattice mismatch between fcc Fe (3.59 A)
pressure of the chamber was 1 X 10-10 Torr, and the pressure and Cu (3.61 A) should cause strain in the film and lead to a
during deposition was 2-5X10-10 Torr. The ordering and critical thickness for epitaxial growth. The impurities appear
cleanness of the crystal and the films were confirmed with to act as surfactants to lower the surface free energy of Fe so
reflection high-energy electron diffraction (RHEED), low-
energy electron diffraction (LEED), and Auger spectroscopy.
The Fe wedges were grown while moving the substrate be-
hind a mask during evaporation to define a slope of -1.5
ML/mm. The substrate temperature during growth is denoted
as T,. The magnetic properties were studied in situ by means
of the surface magneto-optic Kerr effect (SMOKE). A He-Ne
laser beam focused to 0.2 mm was used to scan along the .
wedge to obtain hysteresis loops for diffeient Fe thicknesses. -= I
The height of the Kerr loop in remanence is denoted as MR,
due to its relation to the remanent magnetization. First the
results of "dirty" growth will be presented. The remainder of - ,,y-Fc/cucl0)
the article will then be devoted to the properties of clean 0......... 20.2.. 30.3.films. 0 5 0o n 20 25 30 3

films.Thickness (ML)
Quite striking behavior is observed for dirty growth. In

that case persistent layer-by-layer growth can be obtained
FIG. 1. RHEED intensity oscillations for a dirty deposition of Fe on
Cu(100). The persistent oscillation, indicative of layer-by-layer growth, are

')Present address: IGV der KFA, Jiilich, Germany. impurity induced, as discussed in the text. The deposition rate was 0.64
b)Permanent address: Physics Dept., Univ. of California, Berkeley. A/min T,=315 K.
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FIG. 2. RHEED intensity oscillations for Fe grown on Cu(100) at 310 K. Fe Thickness (ML)
Regions I-Ili are labeled as in Ref. 3.

FIG. 3. Perpendicular remanent magnetization from polar SMOKE vs thick-
ness across an Fe wedge grown at Ts=280 K and measured at 190 K (a) and

that it can wet the Cu(100) surface. Such an effect was dis- 70 K (b). Region II has a enhanced surface ferromagnetic layer and antifer-
cussed by Egelhoff et al.,10 who point out that various atoms romagnetic underlayers as discussed in the text.

can serve as surfactants for 1 ML Fe/Cu(100) and related
systems, and that some impurity atoms can float to the sur-
face during growth to continue to activate layer-by-layer with Fe thickness as expected for a ferromagnetic film. At
growth. The impurities may also serve as defect centers to -5 ML Fe, however, the magnetic signal drops to -30%-
help release film strain and to thwart the transition into the 40% of its maximum value. In addition, in region 11 the
equilibrium bcc phase. Thus, impurity surfactant agents can remanent magnetizption forms a two-peaked structure be-
provide a promising way to extend the study of epitaxial tween 6 and 11 ML which is most apparent at low tempera-
growth of metastable phases. ture. These observations suggest that the bulk of the Fe film

The growth characteristics of clean Fe films on Cu(100), is antiferromagnetic with alternating layers of spins pointing
as documented in Fig. 2, are more complex than the behavior out of or into the surface. There is a relatively constant mag-
shown in Fig. 1. Three growth regions are delineated in Fig. netic signal in region II at relatively high temperature (right
2 for films grown above 250 K on the (1X1) Cu(100) sub- below Tc). And the signals at the valleys do not go to zero in
strate with no detectable C or 0 Auger signals, in agreement the temperature range we performed our experiments. These
with previous studies.3 No in-plane lattice-constant differ- facts suggest that the surface layer is ferromagnetic, as re-
ences are observed by RHEED or LEED between the first ported in Ref. 9, and has an enhanced magnetic order. The
two thickness regions as Fe grows into pseudomorphic face- antiferromagnetic order is more significantly reduced by
centered structures. Region I has been attributed to a face- thermal fluctuations than is the ferromagnetic surface order.
centered tetragonal (fct) phase and region II to the fcc This unique magnetic phase was observed only when the
phase."1 Region II exhibits regular oscillations characteristic substrate was clean and the pressure during deposition was
of a tendency toward layer-by-layer growth. The sharp decay <5 X10 l Torr. A recent theoretical calculation 12 suggests
of the RHEED intensity on going from region II to III at -11 that the for 4-11 ML of fcc Fe on Cu(100), the surface and
ML has been attributed to the onset of three-dimensional one subsurface layer are ferromagnetically aligned while the
growth of bcc Fe.3'7'8  underlayers are antiferromagnetically aligned, in general

Different magnetic properties accompany the structural agreement with our experimental observations. It is noted
phases of regions I-II1. For films grown above 250 K, the that the peak separation in our experiments is -2.6 ML in-
magnetic easy axis changes from perpendicular to in plane at stead of 2 ML. Such an incommensurate magnetic structure
-11 ML. The magnetic anisotropy is dominated by the is not indicated by the calculation of Kraft et al. It could
shape anisotropy in region III. In region I the surface anisot- relate to the quantization of the electronic states and the cor-
ropy yields a perpendicular easy axis. Most strikingly, there responding spin density wave in a finite thickness film.
is a dramatic change in the magnetic properties between re- The richness of magnetic phases of Fe/Cu(100) is dem-
gions I and II from the ferromagnetic phase to an antiferro- onstrated in the new magnetic phase diagram shown in Fig.
magnetic phase with a ferromagnetic surface. This is shown 4. Region I contains the ferromagnetic phase with perpen-
in Fig. 3. The remanent magnetization obtained from our dicular magnetic anisotropy. A nonmagnetic region <2 ML,
magneto-optic measurements increases initially in region I not delineated in Fig. 4, is presumably due to a reduced
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350 1 distortion can drive the system into either antiferromagnetic

11(a) or ferromagnetic states with different anisotropies. Recent
300 ((S)/A~b))work reported that fcc Fe grown on diamond (capped with

3t F(s)/F(b)1 Cu) is also ferromagnetic, but with in-plane anisotropy.13

This might be consistent with the expected in-plane com-
250 "pression of Fe on diamond (lattice constant of 3.51 A) as

opposed to the expected in-plane expansion of Fe on
20(b) Cu(lO0).

F F, F, In conclusion, we investigated the ferromagnetic and an-
(fc) (fc) (bc) tiferromagnetic phases of Fe/Cu(100) which correlate with

150. its structural phases. We observe a new antiferromagnetic
0 4 8 12 16 phase with a live ferromagnetic surface. We propose a new

Fe Thickness (ML) magnetic phase diagram for the growth of Fe on Cu(100).

We also observe impurity-induced layer-by-layer growth of
FIG. 4. Magnetic phase diagram with respect to growth temperature and Fe Fe on Cu(100) that persists to at least -40 ML.
thickness. In region 1, the films are ferromagnetic with perpendicular easy This work was supported by US DOE BES-MS under
axes (fct). In region 11(a) the films are AF and the surface is ferromagnetic
(fcc). In region 11(b), the films are ferromagnetic with in-plane easy axes Contract No. W-31-109-ENG-38.
(fct). In region 111, the films are ferromagnetic with in-plane easy axes (bcc).
(Measurements were performed in the range of 110-190 K.)
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Impurity hyperfine fields in metastable body centered cubic Co
J. Dekoster, B. Swinnen, M. Rots, and G. Langouche
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E. Jedryka
Institute of Physics, Polish Academy of Sciences, AL Lotnikow 32/46, PL-02 668 Warsaw, Poland

A new spectrum component is observed in Mbssbauer spectra of thin body centered cubic Co layers
doped with 57Co which have previously been shown to be in this metastable state with nuclear
magnetic resonance. It is characterized with a large magnetic hyperfine field (31.2 T) and an isomer
shift nearly equal to that of a-Fe. The decrease of the isomer shift in bcc Co with respect to hcp Co
is consistent with a smaller s-d charge transfer in bcc Co as compared to hcp Co. The influence of
structure on the hyperfine field in a Co crystal is reflected in the decrease of the magnetic hyperfine
field of Fe in bcc Co as compared to hcp Co and is similar to the volume dependence of the magnetic
hyperfine fields in a Co crystal.

Over the last years magnetic films and superlattices served decrease of the hyperfine field of bcc Co with respect
grown with molecular beam epitaxy have attracted consider- to hcp Co. In recent years several studies, both theoretical
able attention in the search for new materials with unusual and experimental, have been performed to explain systematic
magnetic and structural properties. Recently it has been trends and the pressure dependence of the magnetic hyper-
shown that a metastable body centered cubic Co phase can fine fields of impurity atoms into ferromagnetic host metals
be grown on GaAs, Fe, and in Co/Fe superlattices. 1-4 One of such as Co, Fe, and Ni.7's The experimental deLermination of
the properties which is expected to be strongly dependent on the magnetic hyperfine field in a metastable magnetic phase
the structure of a Co crystal is the magnetic hyperfine field. such as bcc Co might shed some light on the dependence of
The characterization of the bcc phase was therefore estab- the magnetic hyperfine field of impurity atoms on the struc-
lished with NMR spectroscopy which showed a NMR fre- ture of the crystal phase under investigation. Co is, just like
quency at 199 MHz for bcc Co, a value which is about 10% Fe, a unique material which can take the form of three crys-
lower than the known NMR frequencies in fcc and hcp Co. tallographically different magnetic phases. In the present
The purpose of the present study is to use radioactive 57Co as study the hyperfine field of Fe in bcc Co is determined with
a probe material for the magnetic hyperfine fields in these M6ssbauer spectroscopy and compared with the known hy-
layers. A 57Fe source experimept in which the M6ssbauer perfine field of Fe and its volume dependence in hcp Co. In
isotope is the daughter isotope of 57Co is one of the few addition M6ssbauer spectroscopy is sensitive to the atomic
methods to measure the hyperfine interaction at Fe in a thin volume via the isomer shift. We will demonstrate that the
metastable bcc Co crystal. 57Fe-NMR measurements or ab- decrease of the hyperfine field of Fe in bcc Co with respect to
sorber Mossbauer measurements would require a much hcp Co is certainly not a volume effect but more likely is due
larger concentration of Fe into Co. The introduction of 57Co to a coordination effect.
as a radioactive probe in the Co phase under investigation Samples were prepared by implanting 80 keV radioac-
offers at least five orders of magnitude of sensitivity as com- tive 57C0 with a dose ot .014 atoms/cm 2 into Co/Fe superlat-
pared to absorber experiments.5 There are two more distinct tices grown with molecular beam epitaxy. The metastable
advantages in the use of M6ssbauer spectroscopy to study bcc Co epitaxy on Fe (001) is possible because of the small
57CO in bcc Co: first, one can be completely confident that lattice mismatch of 1.6% between the predicted bcc Co
the Fe atoms will occupy Co sites, as 57CO is expected to phase (a= 2.82 A) and an (1x1) construction on Fe (a = 2.87
take a regular substitutional lattice site in bcc Co and second, A). [Fe.Coy] 2o superlattices with various Co layer thickness
57Fe is the best M6ssbauer probe with a high recoil-less frac- (x=25 A, 6 A<y<24 A) were prepared on MgO (001) sub-
tion and a good sensitivity of the isomer shift (b) to strates. Details of the preparation conditions can be found
pressure.6 In such source experiments it is generally believed elsewhere. 9 The M6ssbauer spectra were recorded at 300 K
that the atomic configuration surrounding the probe atom is using a sodiumferrocyanide absorber (SFC). The S values are
not modified during the extremely short lifetime of the ex- expressed as absorbe- isomer shift with respect to SFC.
cited ,,6ssbauer state, i.e., the 57Fe directly probes the bcc NMR measurements on these ;amples revealed a meta-
Co atomic configuration. stable state for Co characterized with a frequency of 199

It is intriguing to notice that the hyperfine field at 59Co in MHz, a value which is lower than the Co frequency in fcc
a Co crystal determined with NMR is quasilinearly decreas- (217 MHz) and hcp Co (220-228 MHz). The metastable
ing with the atomic volume of the specific Co phase studied state is attributed to Co in a bcc phase and relaxes for this
(hcp, fcc, or bcc Co). A similar behavior is observed in the growth direction to the regular hcp phase only for Co layer
pressure dependence of the magnetic hyperfine field in a Co thickness above 24 A.10 Co/Fe superlattices with Co thick-
crystal, i.e., the magnitude of the hyperfine field is decreas- ness smaller than 24 A are expected to contain the following
ing with the volume.7 The pressure effect on the hyperfine atomic configurations for the implanted 57Co probe atoms:
field is however an order of magnitude smaller than the ob- a-Fe, bcc Co, Co/Fe interface region, and a possible surface
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FIG. 1. M6ssbauer spectra of bcc Co/Fe superlattices with various Co layer
thickness [24 A (a), 18 A (b), 12 A (c), and 6 A (d)] implanted with 1014 FIG. 2. Relative contribution of the magnetic spectrum components of
57Co measured at 300 K with respect to a sodiumferrocyanide absorber. M6ssbauer spectra of bcc Co/Fe superlattices for various Co layer thickness

[(*) a-Fe, (0) bcc Co, (0) CoFe interfacej.

oxide layer. Figure 1 shows the 57Fe M6ssbauer spectra of shift in bcc Co can however be explained by a smaller s-d
Co/Fe superlattices with different Co-layer thickness. For the charge transfer in bcc Co with respect to hcp Co. It is there-
layer with 6 A Co only two magnetic spectrum components fore supporting without really proving such a charge transfer
are present. The hyperfine field of the first spectrum compo- effect which has been proposed a long time ago to explain
nent and its isomer shift are within error amits equal to that the stronger volume dependence of the isomer shift in the
of a-Fe [B=33.1 T]. The second component has a hyperfine bcc metals then in the close packed fcc and hcp metals.6
field of 35.4 T and an isomer shift 6=0.10 mm/s. It is rea- Recently the hyperfine interaction of Cd in bcc Co/Fe
sonable to attribute this component to Fe in the Co/Fe inter- u eattices ewas pstudied iwitha theo angular correlation

face region since it is almost equal to the hyperfine field of technique.' 1 Also in these measurements a new value for the

Fe in an equiatomic Co/Fe alloy. With increasing Co layer hyperfine field of Cd is observed which is substantially lower

thickness in addition to the above-mentioned magnetically than the known hyperfine fields of Cd in fcc and hcp Co. It is

split components a third spectrum component is observed markable that the hyperfine fields for Co, Fe, and Cd in the

with a slightly lower hyperfine field [B =31.0 T (12 A Co), three Co phases are increasing almost linearly with the

B =31.4 T (18 A Co), and B =31.2 T (24 A Co)]. The as-
atomic density of t ,e specific Co phase (see Fig. 3) and that

sumption that this new component is due to Fe in bcc Co is slope of this behavior reflects the difference of thejustified by two observations: first, the increase of the rela- experimental volume dependence of the hyperfine field

tive contribution of this component with Co layer thickness ofpCometan Cde nc o n ee meremet
of Co, Fe, and Cd in hop Co. In pressure measurements

is accompanied by a decrease of the interface component one observed d InB/dp=0.3X10- 3 kbar - 1 for Fe,12
(see Fig. 2) and is similar to the increase of the NMR com- d In B/dp=0.615X10- 3  kbar - 1  for Co,7  and
ponent at 199 MHz, and second, this hyperfine field compo- d In B/dp=1.04X10- 3 kbar - 1 for Cd7 in hcp Co. The mag-
nent is clearly lower than the known hyperfine fields of Fe in
hcp Co and in Co/Fe alloys. Therefore we attribute it to Fe in
bcc Co and estimate the hyperfine field of Fe in bcc Co to be 35
31.2(2) T. Finally, a nonmagnetic single line component with
6=0.90 mm/s is observed in all the M6ssbauer spectra and is
probably due to the presence of an oxide layer. The contri- 30
bution of this spectrum component is decreasing with in-
creasing Co layer thickness which reflects the higher resis- D
tance of Co to oxidation as compared to Fe. 25 hcp

The bcc Co spectrum component is characterized by an 1E

isomer shift which is only slightly smaller than the isomer bw
shift of the a-Fe component and consequently is also smaller 20
than the isomer shift in hcp Co. The isomer shift is well
know to be proportional to the electron density at the nucleus
and thus depends on the atomic volume. The behavior in bcc 15 8892 8.9 896 898 9.00
Co is opposite to what can be expected from the volume Atomic densnity (1le22 at/cm2) 1
dependence of the Fe isomer shift in hcp Co. The isomer
shift of Fe in hcp Co decreases with pressure6 and one might
expect an increase of the isomer shift for bcc Co since it has FIG. 3. Hyperfine fields of Co (*), Fe (*), and Cd (N) in hcp, fcc, and bcc
a larger volume then hcp Co. The decrease of the isomer Co vs the atomic density of the specific Co phase.
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nitude of the hyperfine field of Cd is decreasing much more Finally it is noteworthy that recent theoretical calculations14

rapidly with the atomic volume than that of Co and Fe, re- based on a spin-polarized Korringa-Kohn-Rostoker (SP-
spectively. It is therefore tempting to associate the decrease KKR) formalism performed for bcc Co/Fe alloys show that
of the hyperfine field in bcc Co with respect to hcp Co to a the hyperfine field for pure bcc Co is about 20 T a value
volume effect. However if one estimates the hyperfine field which is almost in perfect agreement with the NMR value
changes for bcc Co from the experimental volume depen- we obtain for bcc Co in Co/Fe superlattices.
dence one gets a value which is much lower than the experi-
mentally observed changes of the hyperfine fields of bcc Co. G. A. Prinz, Phys. Rev. Lett. 54,1051(1985).
The corresponding microscopic change when going from a 2 H. Li and B. P. Tonner, Phys. Rev. B 40, 10 241 (1989).

fcc to a bcc crystal is however predominantly governed by a 3Ph. Houdy, P. Boher, F. Giron, F. Pierre, C. Chappert, P. Beauvillain, K. Le

change in the specific coordination. In the analysis of the Dang, P. Veillet, and E. Velu, J. Appl. Phys. 69, 5667 (1991).

transferred hyperfine field it is common to use a formalism 4J. Dekoster, E. Jedryka, C. Many, and G. Langouche, Europhys. Lett. 22,
433 (1993).

proposed a long time ago by Stears.s This model proposes 5Hyperfine Interactions of Defects in Semiconductors, edited by G.
that the transferred hyperfine field due to 4s neighbor con- Langouche (Elsevier, Amsterdam, 1992).
duction electron polarization (Bv) can be obtained by a sum- 6 D. L. Williamson, Mossbauer Isomer Shifts, edited by G. K. Shenoy and F.

mation over the neighboring atoms with a specific contribu- E. Wagner (North-Holland, Amsterdam, 1978), p. 317 and references
therein.

tion ABi for each neighbor shell.: BX=7lniAB,. 7 B. Lindgren and Y. K. Vijay, Hyp. Int. 9, 379 (1981), and references

Experimentally the different contributions have been deter- therein.
mined up to the fifth-neighbor shell in fcc Co. 13 If one scales 8M. B. Steams, Phys. Rev. B 8, 4383 (1973).

the fec values to a bcc structure under the assumption that 9J. Dekoster, E. Jedryka, C. Miny, and G. Langouche, J. Magn. Magn.
Mater. 121, 69 (1993).ABi has a Ruderman-Kittel-Kasuya-Yosida behavior and '0E. Jedryka et at. (to be published).

that the contributions in a specific shell for fc; Co have the 11B. Swinnen, J. Dekoster, G. Langouche, and M. Rots (unpublished).
same sign as in bcc Co one obtains a transferred hyperfine 21. N. Nikolaev and I. Yu. Bezotosnyi, Sov. Phys.-Solid State 21, 1679

(1979).field for be Co which is a few tesla smaller than in fee Co. '3 T. M. Shavishvilli and 1. G. Kiliptari, Phys. Status Solidi 92, 39 (1979).
This result is merely supporting the fact that the decrease of 14 H. Ebert, H. Winter, D. D. Johnson, and F. J. Pinski, J. Phys. Cond. Matter
the hyperfine field in bcc Co is due to a structure effect. 2, 443 (1990).
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Ferromagnetism and growth of Ru monolayers on C(0001) substrates
G. Steier, R. Pfandzelter, and C. Rau
Department of Physics and Rice Quantum Institute, Rice University, Houston, Texas 77251

The magnetic and growth properties of Ru monolayers on C(0001) are studied using spin-polarized
secondary electron emission and Auger electron spectroscopy (AES). Using AES, we find that the
initial growth of Ru on C(0001) occurs laterally until the first monolayer is completed. One
monolayer-thin Ru film shows ferromagnetic order below a surface Curie temperature of
approximately 250 K. The in-plane magnetization saturates in small applied fields of a few tenths
of an Oe. This is the first observation of spontaneous, long-ranged, two-dimensional ferromagnetic
order in an ultrathin film composed of a 4d transition metal.

Recent advances, both experimentally and theoretically, growth of metastable Ru with a lattice slightly stretched
enable us to explore the possibility of inducing spontaneous, (5%) compared to the bulk should be favored. n' 12

two-dimensional, long-ranged ferromagnetic order in ele- To study the growth and magnetic properties, we used
ments that are paramagnetic in their bulk form. Interesting Auger electron spectroscopy (AES) and spin polarized sec-
candidates are the paramagnetic 3d, 4d, and 5d transition ondary electron emission (SPSEE). For many metal-on-metal
metals. 1-6  systems, it was already shown, that AES is a very suitable

One way to address this interesting issue is to grow such technique to distinguish between various types of initial
a metal epitaxially on an adequate nonmagnetic substrate. growth modes (lateral growth, islanding, intermixing). 19 We
Ferromagnetic order in such ultrathin films may be induced recorded the Auger intensity of the substrate and that of the
by the reduced coordination number and hence reduced in- adsorbate line as function of coverage or deposition time.
teratomic hybridization, band structure effects due to the re- The lateral growth and the completion of a ML is evident
striction to two dimensions and, compared to the bulk para- from the linear increase in the signal and the abrupt change
magnetic solid, an increased lattice constant imposed by in slope in both plots.
pseudomorphic film growth. In SPSEE, an unpolarized electron beam of energy of a

As to ultrathin films of the 4d-transition metals, recent few keV is used to induce the emission of secondary elec-
studies 2- 10 have focused on Ru and Rh monolayers (ML) trons from the sample. The electron spin polarization (ESP)
deposited on Ag(100) and Au(100) substrates. Theoretical of the emitted secondary electrons is a direct measure of the
works indicate that these systems should possess a ferromag- surface magnetization. For SPSEE, we use an einzellens sys-
netic ground state. 2 6 Recent experiments for Rh on Ag(100) tem with a 900 cylindrical energy analyzer connected to a 20
and on Au(100), however, failed to find any evidence for keV Mott polarimeter.
spontaneous, long-ranged ferromagnetic order,13' 14 or were As substrate, we use highly oriented, pyrolytic graphite

inconclusive. 15 There is experimental evidence that an expla- (HOPG) (8x 15 mm3) with a standard distribution of the

nation for the discrepancies between theory and experiment c ae 0 a nm l it a axs. T he

can be found in the structural properties of the films depos-
ited on these substrates: Schmitz et al.16 propose that the sample is cleaved in air. No further in situ treatment is nec-
equilibrium structure of Rh on Ag(001) is actually that of a essary, because the extremely low gas adsorption efficiency
sandwich with an Ag monolayer atop. Mulhollan et al.14 find guarantees a clean surface for ample time. The sample is
evidence for diffuson of Rh into the Ag matrix. Other au- mounted on a manipulator between the pole caps of an elec-
thors do not rule out islanding13, 14 These effects are indeed tromagnet and can be cooled to liquid nitrogen temperatures.
likely to prevent spontaneous, long-ranged ferromagnetic or- The temperature is monitored using a copper-constantan
der. thermocouple. Ru (purity 99.95%) is evaporated using elec-

Therefore we decided upon a different substrate and se- tron beam evaporation (evaporation rate: 0.03 ML/min). The
lected graphite C(0001) for the following reasons: similar to film thickness is monitored by using a quartz microbalance.
the noble metals, there is hardly a band overlap with the AES is performed using a cylindrical mirror analyzer
4d-transition metals due to the low density of states near the (CMA). During the magnetic measuremxents, the residual gas
Fermi level, which should prevent strong hybridization with pressure amounted to -3X10-10 mbar; during the evapora-
the 4d bands. Moreover, the graphite (0001)-surface is tion, it increased to -8X10-10 mbar.
known to be very flat, possessing only few steps and nearly The growth of Ru on C(0001) was studied by measuring
no defects. This should considerably suppress interdiffusion, peak-to-peak heights of differentiated Auger lines versus
As film material we selected Ru, which has a hexagonal bulk deposition time. In Fig. 1, dN/dE vs E Auger spectra of the
lattice structure with an in-plane nearest neighbor distance clean and the Ru covered graphite surface are given. The
which is almost twice that of graphite. Despite the difference graphite spectrum shows one peak at 272 eV. The Ru spec-
in the surface free energy, epitaxial or pseudomorphic trum is more complicated with nearly symmetric peaks at
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FIG. 2. Auger peak-to-peak height vs Ru coverage on C(0001) of the (a) Ru
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FIG. 1. Differentiated Auger spectra for the clean and Ru covered C(0001) density of the bulk Ru(0001) plane.
surface.

273, 231, 200, and 160 eV.20 The most prominent Ru peak at In Fig. 3(a), we show the peak-to-peak heights of the
273 eV overlaps with the graphite peak, therefore, we used composite C 272 eV+Ru 273 eV Auger signal. The signal
the smaller Ru peaks as adsorbate Auger signal. A quantita- decreases linearly until a sharp breakpoint occurs at nearly 1
tive analysis of the substrate Auger signal was already the ML. These findings are even clearer, when we take only the
subject of several studies.21  graphite contribution of the composite Auger line [Fig. 3(b)].

In Fig. 2(a), the peak-to-peak heights of the Ru 231 eV The substrate signal then shows the qualitative behavior as
Auger line is shown. The x-axis scale is converted from expected for lateral growth and confirms the findings from
deposition time to coverage, using the quartz reading, cali- the adsorbate signal.
brated by a geometrical factor. We refer the coverage to the To summarize, we find that Ru grows laterally on the
atomic density of the (0001) plane in bulk Ru and assume the graphite surface until the first ML is completed. Beyond the
sticking coefficient to be one. The Auger signal increases first ML, the data indicate that Ru begins to form three-
linearly up to a coverage of nearly 1 ML, where a breakpoint dimensional islands, i.e. Ru seems to grow on C(0001) in a
occurs. For higher coverages, the Auger signal increases fur- Stranski-Krastanov mode. Tlese findings are corroborated
ther and reveals a smaller slope. These results are confirmed by our scanning tunneling microscopy measurements, show-
by the Ru 200 eV Auger signal [Fig. 2(b)], although the data ing in the range of submonolayer coverage lateral growth of
points show a little more scattering due to the smaller signal. Ru. 17

The linear increase of the Auger signal shows that Ru Next, we report oa the magnetic properties of Ru ML
grows laterally until the graphite surface is homogeneously films. Initially, we mnasured the ESP as function of small
covered, and the first Ru ML completed. From our data, it is applied fields up two 2 Oe which were reversed in order to
unlikely that Ru continues to grow in a layer-by-layer mode calibrate for instrumental asymmetries. From the magnetiza-
(Frank-vat der Merwe). Our findings point to a Stranski- tion curves, we find that saturation is reached at field
Krastanov growth mode (three-dimensional islands on top of strengths of a few tenths of an Oe.
a ML) for the following reasons: The (average) slope ratio For more refined checks on the effect of instrumental
between the data beyond and below the breakpoint is 0.42, asymmetries on the measured ESP, we used the nonmagnetic
which is smaller than the value 0.70 calculated for layer-by- surface of the graphite crystal and performed the same pro-
layer growth using an inelastic mean free path X=0.82 nm cedure as for the Ru films. We find that the small applied
for 231 eV electrons and a thickness d=0.214 nm for one Ru fields have no effect on the measured ESP.
layer. The results of the SPSEE experiment are shown in Fig.
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Auger intensity mtiltiplied by a factor of 2.35.13 The coverage is referred to
the atomic density of the bulk Ru(0001) plane. Statistical errors are con-
tained withint the symbol sie K. This is the fir.st observation of 2D ferromagnetism of a 4d

element.
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Spin reorientation transition in Ni films on Cu(100)
S. Z. Wu, G. J. Mankey, F. Huang, and R. F. Willis
Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16802

The magnetic anisotropy oi Ni films grown on single-crystal Cu(100) was studied in situ using the
surface magnetn-optic Kerr effect. The easy axis of magnetization lies in the plane of the film for
ultrathin films and it is perpendicular to the film above a switching thickness. This behavior is
attributed to a specific contribution to the magnetocrystalline anisotropy energy induced by a change
in the film microstructure above a critical thickness. In the Ni/Cu(100) system, the magnetoclastic
interface anisotropy favors perpendicular magnetization which becomes comparable to the shape
anisotropy at the switching thickness. We compare the switching thickness and magnetization of
films grown using different processing conditions.

For ultrathin ferromagnetic films, there is a magnetiza- 1.85 J/m 2, respectively.18" 9 Since Cu has a surface free en-
tion reorientation phase transition where the easy axis of ergy 0.6 J/m2 lower than Ni, it tends to segregate to the
magnetization is perpendicular to the film surface and surface at elevated temperatures. 20 In addition, Ni and Cu
switches to in plane as film thickness is increased.1,2 Within form a continuous series of solid solutions. In order to pro-
the framewcrk of the magnetic Hamiltonian, this transition duce atomically smooth pseudomorphic layers of Ni on Cu,
can be interpreted as the increasing dominance of the the films must be grown at a temperature high enough for the
thickness-dependent shape anisotropy which favors in-plane incoming Ni to form smooth layers yet low enough to sup-
magnetization overcoming the spin-orbit magnetocrystalline press bulk diffusion which favors both alloy formation and
anisotropy term which favors perpendicular magnetization. surface segregation. The formation of a surface alloy can be
In addition to a thickness-dependent transition, a reorienta- detected by a reduced magnetization since NiCul -x alloys
tion transition can also occur as a result of varying tempera- are nonmagnetic when x is below 0.4.21
ture of a film with fixed thickness. The temperature depen- Our sample preparation procedures and film thickness
dence can be modeled with an empirical temperature- calibration techniques have been reported before. 22 The mag-
dependent coefficient for the spin-orbit term in the netic behavior of films produced with three different process-
Hamiltonian.3 This transition has been observed for ing conditions were studied in this work: Ni films grown at
Fe/Ag(100), 4 Fe/Cu(100), 5 and Co/Au(111). 6 For the Ni 300 K on a substrate roughened by 500 eV Ar+ bombard-
films studied in this work, there is a different behavior. ment, Ni films grown at 300 K on a smooth substrate, and Ni

Bulk Ni is the canonical Heisenberg ferromagnet. It has films grown at 400 K on a smooth substrate. The composi-
a spin moment of 0.6 bohr magnetons, 7 a Curie temperature tion of the samples was determined by Auger electron spec-
Tc of 627 K,8 a critical exponent 63-0.4, and a weak mag- troscopy, with all of the films showing a small (<10%) but
netocrystalline anisotropy with the easy axis of magnetiza- measurable amount of carbon and oxygen contamination.

* tion in the [111] direction and the hard axis in the [100] The magnetic properties were measured in situ by the surface
direction.9 Ni monolayers have been studied theoretically magneto-optic Kerr effect (SMOKE) with the substrate
with the self-consistent local orbital method' 1 ' and a pertur- cooled to 200 K.
bative tight-binding approach. 12 These calculations predict To perform the SMOKE measurements, a linearly polar-
that a (100) oriented Ni monolayer has a preferred direction ized He-Ne laser was incident on the sample surface at 700
of magnetization in the plane of the film. More recent state- from the surface normal with the polarization vector in the
tracking first principals calculations demonstrate the magne- incident plane. The reflected light is analyzed by a Wollaston
tocrystallitie anisotropy energy for monolayers is dependent prism in combination with two photodiodes which allows
on band filling and strain. 13,14 To what extent the results for simultaneous detection of the two orthogonal light compo-
truly two-dimensional monolayers can be used for describing nents. The laser was rotated to -0.08 ° from extinction in the
the magnetic properties of films of finite thickness has yet to null channel. By measuring A, the difference between the
be determined. The critical behavior of Ni films on Cu(100) Kerr intensity at remanence, the Kerr ellipticity can be de-
has been studied'5 and it was shown that the magnetic phase rived: 4"= 3/4AI/I, where I is the Kerr intensity at zero net
transition power law exponent crosses over from a two- magnetization and 3 is the angle the laser is rotated from
dimensional XY model behavior to a three-dimensional extinction. A four-pole electromagnet applies the external
Heisenberg model behavior at a film thickness of 7 monolay- magnetic field cither parallel or perpendicular to the film
ers (ML). These measurements show films thicker than a plane with a maximum magnetic field of 150 Oe.23 This ar-
single monolayer exhibit two-dimensional magnetic proper- rangement allows the measurement of beth the longitudinal
ties. and polar Kerr Effects.24 A typical hysteresis loop is shown

Both Ni and Cu are fcc crystals with lattice constants of in Fig. 1, the height of the loop at zero external field ik
3.52 and 3.61 A, respectively, so Ni has a lattice constant proportional to the remanent magnetization M, and the exter-
2.5% smaller than Cu. Ni films maintain an in-plane lattice nal magnetic field at zero net magnetization is called the
constant identical to Cu up to a critical thickness of 10 coercive field or coercivity H.
ML. '6 7 The surface frte energies for Ni and Cu arc 2.45 and To study the magnetization of the films, we measured the
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FIG. 1. A hysteresis loop for the out-of-plane magnetization of 8 ML Ni on
smooth Cu(100) substrate grown at Tg=400 K. The magnetization at zero - 0
external field is the remanence. The external field at zero net magnetization ;4
is called the coercive field or coercivity. 200 Ni/Cu(100) 0

smooth substrate
150 T, = 400 K 0 0 0

0
remanence and coercivity as functions of Ni film thickness 100 0
from 4 to 20 ML with the three different processing condi-
tions. The results are shown in Figs. 2 and 3. 50

First we will examine the data for Ni films grown on a
smooth Cu surface at the optimum growth temperature of 0 5 10 15 20

400 K. For film thicknesses below 8 ML, there are relatively Film Thickness (ML)
weak Kerr ellipticities in both the parallel and perpendicular
directions (Fig. 2). The magnitudes of the ellipticities cannot FIG. 2. Remanence vs Ni film thickness for three different film/substrate

be directly compared because the polar and longitudinal Kerr systems measured at temperature T=200 K. For each of the plots there is an
abrupt increase in both parallel and perpendicular magnetizations at approxi-

effects have different sensitivities. The sensitivity for the po- mately 8 ML. Because of the limitation of our maximum applied magnetic

lar Kerr effect is roughly ten times that of the longitudinal field, the magnetization of the films could not be saturated in the parallel

Kerr effect for our experimental setup, so the magnetization direction above 10 ML. This implies that the parallel component could also

in the parallel direction is about ten times larger than the be increasing above this thickness.

magnetization in the perpendicular direction. This is consis-
tent with ferromagnetic resonance studies of Ni films on
Cu(100) which showed the anisotropy energy favors in-plane field in the parallel direction increases sharply above the
magnetization below 7 ML.25 The magnitudes of both com- switching thickness, ultimately going above the maximum
ponents are comparable to those of films grown at 300 K field attainable with our experimental apparatus. The slope of
indicating there is not a significant amount of alloying with the perpendicular coercive field versus film thickness above
the Cu substrate since this would result in a lower Kerr el- the switching thickness is 1.2 Oe/ML. The abrupt change in
lipticity for the 400 K growth temperature films, the easy axis of magnetization is characteristic of a magnetic

The most striking difference between the films grown at reorientation phase transition where the easy axis of inagne-
300 and 400 K on a smooth substrate is the behavior of the tization changes from in plane to perpendicular at the switch-
coercive field at low thickness (Fig. 3). The coercive field ing thickness of 8 ML. This effect has been observed with
stays nearly constant for 400 K growth temperature I 'ms x-ray magnetic circular dichroism measurements at a film
where it increases monotonically for the 300 K growth tem- thickness of 10 ML.26

perature films. This shows the films have different domain We do not attribute the magnetization reorientation
structure with the 400 K films exhibiting a behavior charac- phase transition to any gross structural change since the
teristic of single domain films and the monotonically increas- LEED spots are similar both below and above the switching
ing coercivity for the 300 K growth temperature films char- thickness for films grown at 400 K. However a subtle struc-
acteristic or multidomain structure with an increasing tural change occurs at thicknesses greater than 10 ML where
domain size as the film thickness is increased, the Ni(100) film transforms from a strained face centered

At 8 ML film thickness, there is an abrupt increase in tetragonal structure at low thickness with an in-plane lattice
both magnetizations. Tnis abrupt increase in magnetizations constant of the Cu substrate to a relaxed face centered cubic
is accompanied by a sudden change in the coercive fields as structure with an in-plane lattice constant identical to bulk
well. The coercive field in the perpendicuJar direction drops Ni. 16 Small differences in the thickness where the structural
to half its initial value indicating that the easy axis of mag- strain relaxation change occurs may be due to different film
netization is now in the perpendicular direction. The coercive preparation procedures or different levels of carbon and oxy-
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.... . .... . . All these measurements show that the Ni films grown on
100 NJCu(100) 0 H Cu(100) have a predominantly in-plane magnetization for
800 0 Hog subswitching

80 rough substrate films below 8 ML thickness. Above a switching thickness the
T6 = 300 K O magnetization develops a strong out-of-plane component. We

o ..---- attribute this anomalous behavior to both structural and mag-
40 o netic micromorphology of the Ni thin films. Ultrathin films

20 - g o*0 of Ni have a multidomain magnetic microstructure which is a
0combination of perpendicular and in-plane domains, with the

V "- :in-plane domains dominating below 8 ML. At a critical film

100 NCu(100) thickness there is a structural transition and a perpendicular
* 80 smooth substrate magnetization develops. The surface roughness can affect the

S-300K magnetic strain anisotropy in a complicated fashion because
T 60 - the Ni layers can expand in both the in-plane and perpen-

0 4_- dicular direction. In the thinnest films, an in-plane interfacial
20 - 0 0 t5 strain anisotropy component is dominant. However, with in-

0 0 I I , I I : ' I I creasing thickness, an out-of-plane component develops. The

100 NiICu(100) measurements indicate a mix of in-plane and out-of-plane
smooth substrate magnetization domains, the latter shows a sudden increase at

80 t = 400 K an onset thickness of 8 ML. At much greater film thickness,

60 - Ni/Cu(100) films show a transition back to in-plane
40 magnetization.29

o o00 .. - - Funding for this research was provided by Grant No.
20 -** NSF-DMR 9121736.
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Magnetization-related transport anomalies in metal/ferromagnetic insulator
heterostructures

G. M. Roesler, Jr., M. E. Filipkowski, R R. Broussard, M. S. Osofsky, and Y. U. Idzerda
Naval Research Laboratory, Code 6340, Washington, DC 20375-5343

Magnetoresistance measurements have been performed on epitaxial metal/ferromagnetic insulator
bilayers. They are more sensitive to magnetic behavior at the interface of such structures than
magnetization measurements. It is clear from the magnetoresistance data that previously i ported
slope discontinuities in the resistance versus temperature of such heterostructures are magnetic in
origin. These studies demonstrate that the conduction electrons of the metal are coupled to the spins
in the magnetic insulator, and act as probes of the magnetic state at the interface between the two
materials. An example of the usefulness of this probe is shown by magnetoresistance measurements
on a Ag/EuO bilayer.

Thin film heterostructures of nonmagnetic metals and intimate contact, and to ensure that the thin metal layers
magnetic insulators represent a new class of systems in needed to demonstrate coupling are of high quality. If thick
which the interaction of conduction electrons and magnetism metal layers are used, as in one study of a thick Pb/EuS
may be investigated. They are in some respects analogous to bilayer,4 coupling may be difficult to detect. In our samples,
all-metallic magnetic heterostructures, which have demon- resistivity anomalies are not seen for metal layers thicker
strated remarkable behaviors such as giant magneto- than 200 A.
resistance and antiferromagnetic coupling through Metal layers are evaporated in situ after EuO growth is
interlayers. 2 The primary qualitative difference between an completed, at typical pressures of 10-8 to 10-9 mbar. Be-
all-metallic heterostructure and one involving insulators is cause resistance measurements, x-ray diffraction, etc. must
that the conduction electrons in the latter are confined to the be done ex situ, a 200 A Si passivation layer is applied to all
metal layer (except for tunneling processes), and interaction samples. This is important to prevent degradation of the EuO
with localized moments is essentially restricted to those at due to moisture, and to minimize oxidation of V films, since
the interface. Measurements of the in-plane resistance versus the magnetic oxides of V could influence the scattering in the
temperature in such systems 3 contain a strong feature near films. Resistance measurements are four-terminal ac or dc
the Curie temperature of the insulator, for sufficiently thin measurements with contacts in a van der Pauw configuration.
metallic layers. In this paper, we describe magnetization and Figure 1 contains a comparison of the resistance of two
magnetoresistance measurements on such structures. Not metal/ferromagnetic insulator bilayers, one composed of a 36
only do these measurements confirm that the resistivity A Ag layer on EuO, the other 45 A of V on EuO. Slope
anomaly previously seen is magnetic in origin, but they re- discontinuities, such as those reported in Ref. 3, are evident
veal the utility of resistivity measurements in probing the in both sets of R(T) data, at 50 K for the Ag/EuO bilayer and
magnetic state at the metal/insulator interface, at 90 K for the V/EuO bilayer. Whenever a dR/dT disconti-

The metal/ferromagnetic insulator structures were pre- nuity is observed in our V/EuO structures, it occurs at 90 K;
pared under conditions of heteroepitaxy, in a VG system with and at 50 K in Ag/EuO structures (sometimes with an addi-
a base pressure of 10-10 mbar, on the [100] plane of yttria- tional feature at 13 K). Thus, a common trait of these struc-
stabilized zirconia (YSZ) substrates. The ferromagnetic insu- tures is a characteristic temperature T* determined by the
lator used, EuO, was chosen for its relatively low Curie tem-
perature of 70 K and ease of thin film preparation. Pressure
during EuO deposition is typically 10-6 to 10-7 mbar due to 11

outgassing of the boron nitride crucible containing the EuO. 1 .
The lattice constants of EuO and YSZ are identical, 5.184 A, 2 .
although the oxygen lattices of the two are of different sym- 0 .-
metry. At a deposition rate of about 0.2 A/s, EuO was found 10 0.8 -.. oO°

to grow epitaxially and two dimensionally on YSZ, with 0.7
some three dimensionality of the surface occurring after 0.7 Noo 00

about three unit cells have been deposited. For consistency, 0._
all of the samples reported in this work involve 100 A EuO o.s 40 80 2 6 0 2 24 80120 160 200 240 280
layers grown at a substrate temperature of 300 'C. Our EuO Temperature (K)
films have shown 70 K Curie temperatures by magnetization
and Kerr rotation measurements. We are unaware of other
work in which EuO films have been prepared epitaxially, but FIG. 1. The resistance of bilayers of 36 A V on 100 A EuO (circles) and 45
EuS films have been epitaxially grown.4 It is probably essen- A Ag on 100 A EuO (crosses), normalized to room temperature. Arrows on

the data show the location of T* (dRIdT discontinuities) for the two samples.
tial that ultrahigh vacuum conditions be used in the prepara- The top arrow is at the EuO Curie temperature (70 K). The dashed straight
tion of these metal/magnetic insulator structures, to ensure line is to make the curvature of the two data sets above T* more apparent.
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FIG. 2. Perpendicular magnetization of a 20 A Ag film grown on 150 A FIG. 3. Magnetoresistance of a 45 A Ag film on 100 A EuO in fields of (top
EuO on yttria-stabilized zirconia. The magnetization of the bare substrate to bottom) 1, 2, 3, and 4 T. The arrows indicate cusps in the 4 T data, which
has been subtracted from the data. Departure from Curie-Weiss behavior is nearly correspond to Curie temperature of EuO (upper cusp), and to the
apparent below about 70 K. slope discontinuity of the zero-field resistance that defines TXs .

metal element, and perhaps by other conditions such as strain nonmonotonic with temperature, having a maximum magni-
tude a few degrees above T* ,andamnum agidetor epitaxial arrangement. Figure 1 also illustrates some quali- Ag, d a minimum magnitude at

tative differences between the Ag/EuO and V/EuO samples about TAZg. At 4 T, the magnetoresistance is no longer non-
we have grown. In the V-containing samples, the slope of the monotonic with temperature, but slope changes are visible

resistance always remains positive and has negative curva- both at the EuO Curie temperature and at T~g. Whatever the
ture down to T*, whereas in Ag-containing samples, the re- microscopic mechanism, a magnetic field strongly influences

sistance develops a positive curvature above T, g. For very the scattering behavior at TAg. The magnetoresistance is
thin (20 A) Ag layers (not shown), R(T) exhibits a local negative even far above the Curie temperature, as is typical

maximum at TAg. This implies that the physics governing of systems containing disordered magnetic ions. One inter-

the scattering behavior in these two systems is qualitatively pretation of the phenomenon at T* is a reduction in scatter-
different. ? farther difference between V/EuO and Ag/EuO ing due to ordering of spins caused by local (exchange)
interfacial magnetism is apparent in the different values of fields. An ordering of perhaps one-quarter to one-half of the
T* in the two systems. Compared to the bulk EuO Curie scattering centers would be consistent with the observed
temperature of 70 K, T, is shifted upward in temperature, magnetoresistance.
whereas TAg is shifted downward. Similar behavior has been observed in V/EuO hetero-

The proximity of the dR/dT discontinuities to the EuO structures near T,. The magnetoresistance of a V/EuO bi-

Curie temperature suggests that those features are magnetic layer in a field of 1 T is shown in Fig. 4. The curve
in origin. Two experiments to confirm this, soft x-ray mag- AR =AR0(To!T) 2, which is the magnetoresistance scaling ex-
netic circular dichroism (SXMCD) and Hall effect, were re- pected for spin-flip scattering from disordered ions, is super-
ported in Ref. 3. No dichroism was observed in the SXMCD imposed on the data. The close fit to the data at high tem-
measurement, giving no confirmation of d-band splitting, peratures and the abrupt departure just above T, suggest that
and no anomalous Hall voltage was noted. A change in mag- the maximum magnitude of magnetoresistance is due to an
netic scattering due to magnetic ordering still seemed the extra scattering mechanism, in addition to spin-flip scatter-
most likely cause of the resistance anomalies. To verify this, ing, which is significant within a few degrees of T*.
magnetization and magnetoresistance measurements were These magnetization and magnetoresistance measure-
performed on Ag/EuO heterostructures. Figure 2 shows the ments demonstrate an association between magnetism and

magnetization of a Ag/EuO bilayer measured on a SQUID
magnetometer with the magnetic field perpendicular to the
film plane. The magnetization of the bare substrate (weakly .0.04.
paramagnetic) has been subtracted from the data. Curie-
Weiss behavior is evident at high temperatures. Departure ..0 06
from Curie-Weiss behavior begins in the 60-70 K range, 0%

but there is no distinct feature corresponding to T*g. This is 0.08- 0

not surprising if the anomaly at T*g represents an interfacial
phenomenon, since any transition there involves only a frac- -0.1
tion of the magnetic ions in the sample. .0.121

Magnetoresistance measurements proved more success- 70 80 90 100 110 120

ful in resolving the bulk and interface behavior, and in asso- Temperature (K)

ciating the anomaly at T, with magnetism. The magi'etore-
sistance of a 45 A Ag layer on EuO is shown in Fig. 3 for FIG. 4. Magnetoresistance of a 20 A V film on 100 A EuO in a field of 1 T.
various magnetic fields applied perpendicular to the film The dashed curve is AR =ARe(To/T)2, where ARo is the magnetoresistance
plane. For fields of 1, 2, and 3 T, the magnetoresistance is at TO=113 K.
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resistance anomalies in these metal/magnetic insulator het- 1.12 . . . . . .
erostructures. The microscopic behavior responsible for this 1.1 a--e-- ..

association could be as simple as alignment of the localized
Eu ++ spins by the molecular field of the EuO. Or a more 1.08

complex phenomenon, such as a many-body polarization of 1.06

the conduction electrons due to the overlap of their wave- 1.04

functions with the Eu ++ f orbitals, could be responsible. d: 1.02

Regardless of the mechanism, the conduction electrons re- 1
spond to changes in scattering which are associated with

0.98
magnetism, and therefore act as probes of the magnetic state
at the interface. 1.12

We show as an example of the utility of this interaction I.1 b

the magnetic behavior of a Ag/EuO multilayer which exhib- 61.08
ited a T* of 13.5 K rather than the usual 50 K. Because the D 1.06

Ctotal thickness of this multilayer was over 500 A, some sur- W 1.04
face roughness may have allowed contact between Ag and 1,
EuO planes not ordinarily in contact in thin bilayer samples. cc

The resistance of the multilayer is shown in Fig. 5 for the

magnetic field both in-plane and out-of-plane. With the field 8 9 ,
in-plane, the magnetoresistance is small and negative above Temperature (K)
T*, and nearly zero below T*. When the field is out-of-
plane, magnetoresistance is strongly positive at low tempera- FIG. 5. Resistance in a magnetic field of an Ag/EuO multilayer of compo-
tures, and the downward shift of T* is stronger than with the sition (20 A Ag/30 A EuO)10 , with magnetic field (a) in plane, and (b) out of
field in-plane. These measurements suggest that an in-plane plane. Magnetic field strengths: H=0 (crosses, solid curves), 2 T (circles,
anisotropy exists in this sample. dashed curves), and 4 T (diamonds, dot-dashed curves).

The coupling of conduction electrons to localized spins
at a metal/magnetic insulator interface may in future prove to
be useful both for probing the magnetic state of such inter- We are grateful 'o A. Ehrlich, J. Krebs, J. S. Moodera, G.
faces and for understanding fundamental processes involved A. Prinz, and P. M. Tedrow for useful discussions. One of us
in electron-spin interactions. It will be important to develop (GMR) acknowledges the support of the National Research
an understanding of the microscopic processes which deter- Council Postdoctoral Associateship program.
mine the magnetic and scattering behavior illuminated by
these measurements. For example, two fundamental ques-
tions are why T, and T*g are different, and why they are 1 M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, P.Eitenne, G. Creuzet, A. Friederich, and J. Chazelas, Phys. Rev. Lett. 61,displaced in opposite directions from the Curie temperature 2472 (1988).
of bulk EuO. Determining the role of epitaxy and interface 2p. Griinberg, R. Schrieber, Y. Pang, M. B. Brodsky, and H. Sowers, Phys.
arrangement in the behavior of these structures will be the Rev. Lett. 57, 2442 (1986).
subject of future studies. Also of interest is the nature of the 3G. M. Roesler, Jr., Y. U. Idzerda, P. R. Broussard, and M. S. Osofsky, J.

AppI. Phys. 75, 6679 (1994).13 K anomaly in Ag/EuO films, which is only occasionally 4w. Zinn, B. Saftic, N. Rasula, M. Mirabal, and J. Kohne, J. Magn. Magn.observed in these structures. Mater. 35, 329 (1983).
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Lorentz electron microscopy studies of magnetization reversal processes
in epitaxial Fe(001) films

E. Gu, J. A. C. Bland, C. Daboo, M. Gester, and L. M. Brown
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OiE,
United Kingdom

R. Ploessl and J. N. Chapman
Department of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, United Kingdom

The magnetic domain structure and microscopic magnetization reversal processes in epitaxial Fe/
GaAs(001) films with cubic anisotropy and in-plane easy axes have been investigated by a Lorentz
microscope equipped with a magnetizing stage. For the films of a few hundred angstroms thickness
we observe the single domain remanent state predicted for a two-dimensional film but find that
domains play a crucial role in the magnetic reversal process. For reversal along the in-plane (110)
directions (hard axes), magnetization reversal proceeds via a combination of coherent rotation and
displacements of weakly pinned 900 domain walls at critical fields. For magnetization reversal along
the in-plane (100) directions (easy axes), an irregular checkerboard domain structure develops at the
critical field and both 1800 and 90' domain walls coexist. The reversal of the domains with
magnetization vector opposite to the applied field direction takes place by a combination of two 900
reorientations. We discuss how these processes are related to the magnetic anisotropies present in
the film and the macroscopic M-H hysteresis curves.

I. INTRODUCTION III. RESULTS

The magnetic properties of thin epitaxial Fe films and A. Microstructure
various types of Fe multilayer films grown on semiconductor The epitaxial growth of bcc Fe films was confirmed by
substrates are of particular interest since they open up possi- transmission electron diffraction. The surface topography of
bilities for a broad range of applications1 and also permit the Fe films was investigated by scanning tunneling micros-
fundamental studies in magnetism. 2- 4 The structural and copy (STM). STM images reveal that the films have a sur-

magnetic properties of these epitaxial Fe films are the focus face roughness amplitude of about 10 A over lateral distance
of current experimental investigations. 3-s Recently, the mag- of several hundred angstroms. Detailed structural results are
netization reversal processes in epitaxial Fe/GaAs(001) thin reported elsewhere.10
films have been studied by the longitudinal and transverse
magneto-optical Kerr effects (MOKE).4 6 From these stud- B. Microscopic magnetization reversal processes
ies, it is now clear that the simple coherent rotation model
cannot explain all the details of the magnetization process in
these Fe/GaAs(001) films and that magnetic domain pro- For the applied field aligned parallel to the (110) in-
cesses play an important role in the magnetization reversal plane hard direction, the MOKE hysteresis loop of an Fe(150
around the transition fields. However, to our knowledge, the A)/GaAs(001) film with cubic anisotropy (KI/M=259 Oe,
detailed domain evolution during magnetization reversal in Ku-O) is inset in Fig. 1. It can be seen that initially there is
such epitaxial Fe films has not been reported. a gradual decrease of the component of the magnetization

parallel to the applied field direction from saturation as the

11. EXPERIMENT field strength is reduced from the saturation value. An abrupt
jump occurs at a small negative field followed by a further

The Fe films were grown on As-desorbed GaAs(001) gradual decrease until negative saturation is reached. At this
substrates in an ultra high vacuum chamber.7 During growth, transition field, Barkhausen discontinuities are observed in
the pressure was less than 5 x 10-10 mbar. The optimum sub- the detailed MOKE loops indicative of the irreversible
strate temperature of 150 °C and a deposition rate of 1 movement of domain walls.
A min- i were used for the Fe growth. To prevent oxidation, To gain insight into the mechanisms by which the mag-
completed Fe films were covered by a Cr cap layer. In this netic switching behavior described above took place, the
work, a new selective chemical etching technique was em- Fe(150 A)/GaAs(001) film was subjected to field cycles in
ployed to prepare Lorentz microscope specimens.7 By using the Lorentz microscope. First, a single domain state was in-
this method, an electron transparent uniform "window" (up duced by applying a magnetic field (H,) along one of the
to 300X300 /4m in size) appropriate for magnetic domain (110) directions, say the [110) direction. Then the field was
studies can be fabricated. The macroscopic magnetization reduced to zero. In the remanent state, the Fe film was found
reversal behavior of the Fe films was studied using a MOKE to be still in a single domain configuration. This single do-
magnetometer.5'8 The magnetic domain structure in the Fe main state persisted up to a critical reverse field strength
films was revealed using a Lorentz electron microscope H, = H h , applied along the [ilo] direction at which domain
equipped with a magnetizing stage. walls were first observed (Hc, = 5.6 0e for a field amplitude
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FIG. 2. Magnetization reversal process for applied fields near the (110).
(a) (b)

the specimen introducing domains in which the magnetiza-
tion is oriented along [010], the easy direction near to ,hat of
the applied field. Increasing the field strength by only a frac-
tion of 1 0e allows [010] oriented domains to grow through

FIG. 1. Foucault images of an Fe(150 ,)/GaAs(001) film for the field ap- Barkhausen-like jumps, the jump distance observed being of
plied along the hard axis. The component of induction mapped was parallel the order of a few tens of microns. This part of the reversal
to the applied field direction for reverse field strengths (H,[ilO]) of (a)
H',,1, (b) 1.10 H6,, The MOKE hysteresis loop along this direction is inset, process corresponds to the steep part of the MOKE loop.

When it is complete the whole of the film is once again
uniformly magnetized but the direction of magnetization has

of 120 Oe). Only a few domain walls appeared, extending changed from the [100] direction to the [010] direction. In-

several hundreds of microns across the whole area of the creasing the field strength further leads to the magnetization

window. A Foucault image, sensitive to the component of moving away from the [010] direction towards that of the

induction parallel to the field direction and recorded at the applied field. Very similar magnetization reversal behavior

critical field strength is shown in Fig. l(a). In this image, a has also been observed for a 450 A Fe film along the (110)

single wall running almost parallel to the [1i0] direction can hard axes.

be seen. Figure 1(b) shows what happened when the field
strength was increased to a value of 1.10 H cm. In this case 2 (1
the domain wall seen in Fig. l(a) remained pinned at the
original position but another domain wall moved into the Along the (100) easy directions, the Fe films exhibit a
field of view from the top right-hand comer. A further small square hysteresis loop (the hysteresis loop is inset in Fig. 3).
increase of field led to the disappearance of domain walls However, Barkhausen discontinuities are also observed at the
from the whole of the visible area of the sample. Repetition transition field in the detailed minor hysteresis loop.
of the field cycle described above showed that the fields at In the microscope, following a similar procedure to that
which walls appeared and disappeared were highly reproduc- used for the (110) direction, a single domain state was first
ible. Further, it was noted that Foucault images sensitive to induced, in this case by applying a field along [Oio]. After
magnetic induction berpendicular to the field direction were removal of the field, no walls were observed in the sample,
never found to show contrast variations, indicative of a con- as is consistent with the square loop observed by MOKE.
stant (or zero) magnetization component in that direction. Magnetization reversal was then studied by applying succes-
These images are consistent with the magnetization orienta- sively greater fields parallel to [010]. No change was ob-
tions indicated by the arrows shown in Fig. 1. served up to a field of H'ri = 7.8 Oe at which point domain

The overall magnetization reversal process for fields walls suddenly appeared. A Foucault image, sensitive to the
along the (110) direction can now be explained with refer- component of induction perpendicular to the field direction
ence to Fig. 2. As the field strength is reduced from a high and recorded at the critical field strength is shown in Fig.
value in the [liO] direction, there is a tendency for the mag- 3(a). The evolution of the domain structure shown in Fig.
netization to rotate towards the nearest easy axis. While 3(a) is shown for a field of 1.09 H11 t in Fig. 3(b). In both
[liO] lies midway between the easy [100] and [010] direc- cases the domain structure is of the checkerboard type ob-
tions, in practice, the applied field will never be exactly served also in demagnetized Fe/MgO(001) films.11,1 2 The
along the intended direction with the result that the magne- magnetization distributions deduced from the images (the
tization vector rotates towards whichever easy direction is Foucault images, sensitive to the component of induction
closer to that of the field ([100] in Fig. 2). Hence, in the parallel to the field direction are not included in Fig. 3) are
remanent state, the sample is uniformly magnetized as a also shown in Fig. 3. Increasing the field above 1.13 H',t led
single domain along this "preferred" easy direction. Appli- to a complete loss of domain walls with the sample returning
cation of a field of the opposite polarity (namely one parallel to a single domain state, albeit with a reversed magnetization
to [i 10]) leaves the film in its single domain state until, at the vector. A similar checkerboard domain pattern is also formed
critical field, 90' walls are nucleated and these sweep across for reversal along the other easy axis.
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is the bisector of another two easy directions, [100] and
[iO0], there should be comparable probabilities for the mag-
netization to jump into either of these two easy directions as
the strength of the field in the [010] direction is increased.
Thereafter, further 90' transitions take place to introduce do-
mains in which the magnetization is parallel to the applied
field and, over a small field range, all four easy magnetiza-
tion directions are present in the sample simultaneously. This
structure is the checkerboard pattern but it exists only within
a narrow field range. It is destroyed by a combination of
further domain nucleation and wall motion of the kinds dis-
cussed above. For the 450 A Fe/GaAs(001) film an irregular

/checkerboard pattern also develops for reversal along the
easy directions.

IV. DISCUSSION AND CONCLUSIONS

Since all the magnetic domains observed have sizes (>1
Am) much larger than the lateral length of surface features
revealed by STM, one may conclude that the domain size is

(a) "not affected by the topography of these Fe/GaAs(001) films.
For demagnetized ultrathin fcc Co/Cu(100) films, the mag-

/ 4pm netizations of the domains lie along each of the four easy
- in-plane axes but the walls are extremely irregular, suggest-

ing a vanishing magnetostatic energy. 13,14 In our films, the
FIG. 3. Foucault images and magnetization distributions of the 150 Fe domain walls are fairly straight and have a defined orienta-
film for the field applied along the easy axis. The component of induction tion with respect to the crystal axes. Therefore, these results
mapped in the images was perpendicular to the applied field direction for show that the 150 A thickness is sufficient for the magneto-
reverse field strengths (H,[010]) of (a) H',, (b) 1.09 H', t . The MOKE
hysteresis loop along this direction is inset, static energy contribution to the wall energy to be

important.' 0 Nonetheless, the films are still thin enough to be
considered as almost two dimensional from the viewpoint of

While a pure checkerboard domain structure comprises domain formation. A simple estimate of the energy associ-
only 90' domain walls, some (generally short) 180' walls are ated with the checkerboard domain structure shows that the
observed in our structures. It can be seen that the 900 and checkerboard domain is driven by the Zeeman energy at the
180" domain walls are aligned almost along the (110) and coercive field.' 0

(100) directions, respectively. The 180' domain walls are
assumed to arise from the combined action of the applied ACKNOWLEDGMENTS
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Magnetic response of ultrathin Fe on MgO: A polarized neutron
reflectometry study

S. Adenwalla, Yongsup Park, and G. R Felcher
Argonne National Laboratory, Argonne, Illinois 60439

M. Teitelman
Russian Academy of Science, Nizhny Novgorod, Russia

The magnetization of ultrathin bcc Fe films (two and three monolayers) on MgO was measured and
compared with the behavior predicted for a two-dimensional ferromagnet. The experiment indicated
that no hysteresis was present in the magnetization. Instead, the magnetization at low temperature
was affected by a marked field cooling effect. These observations lead to the conclusion that films
of Fe on MgO of such thickness exhibit superparamagnetic behavior as if they were not entirely
continuous. In contrast, films thicker than five monolayers exhibit a magnetic response close to that
of bulk iron.

I. INTRODUCTION II. EXPERIMENT

A polarized neutron reflection (PNR) study of thin films The samples studied consisted of the equivalent of two,
of bcc iron on MgO recently published1 showed some sur- three, or eight monolayers of Fe evaporated onto the sub-
prising features. Even the thinnest films (two monolayer strate at room temperature. The Fe was covered by a wedge-
thick) were found to be ferromagnetic. At low temperature a shaped coating of gold, with a mean thickness of 200 A.
sizeable magnetic field (of the order of 1 kOe) was necessary These samples had been used in a previous PNR
to saturate the in-plane magnetization, while fields of a few experiment,I and they were similar to others used in exten-
oersted were sufficient to saturate thicket samples. The am- s 6plitude of the ferromagnetic moment was found to be 2.2 sive magneto-optical Kerr effect measurements. 6 However

plitde f te feromgneic mmen wa foud t be2.2 fresh samples, sputtered on MgO and covered with MgO as
±0.2 iAiFe atom regardless of the sample thickness, in con-
trast with a predicted enhancement 2 for the surface atoms well, showed similar magnetic behavior. The measurements

close to 3 /B/Fe atom. In view of the unusual magnetization were taken at temper-tures ranging from 25 to 300 K and

curve at low temperature the question was raised if these thin magnetic fields from 20 to 7000 Oe at the reflectometer

films of iron showed the elusive magnetic behavior expected "POSY-I" at the Intense Pulsed Neutron Source at Argonne

for a two-dimensional ferromagnet. National Laboratory. Each data point presented here has been

A magnet in two dimensions differs in significant ways extracted from a measurement which took approximately

from its three-dimensional counterpart. The Mermin- 12 h.
Wagner theorem shows that in the absence of anisotropy Fitting the neutron reflectivity data, we obtain a satu-
there is no magnetic ordering at zero field.3 At finite fields rated moment of 2.0_0.2/B/Fe atom, showing no enhance-
the field and temperature behavior of the magnetization is ment over the bulk value. Demagnetizing effects do not play
governed by the equation4  a role since at this field the moment lies along the applied

field direction.
M kBT Figure 1 shows the temperature variation of the magne-
M 0  1 IrJ tization of the three monolayers sample at 7 kOe. The mag-

netization decreases linearly with increasing temperature
Ovr alagetemperaturekrae the magnetization gie a, with a slope far greater than that of bulk iron. Is this theOver a large temperature range the magnetization induced at

a given field decreases almost linearly with increasing tem- signature of a two-dimensional magnet? The low tempera-

perature. ture magnetization curve (Fig. 2) shows saturation at about

The technique used was PNR, the working of which has 1000 Oe and could not be fit to a log function. On the other

already been discussed in detail in the literature.5 Here it was hand, the magnetization had features not expected for a con-

used to measure the magnetic moment, functioning as a sen- ventional ferromagnet. No evidence for hysteresis was

sitive magnetometer. The physical quantities observed by found, as it was checked by reversing the field and then
PNR, however, differ somewhat from those observed by measuring the remnant magnetization. In addition, a very
regular magnetometry. In PNR it is assumed that the films marked field cooling effect was present. On cooling from
are formed oi uniform and flat layers. If the films are not 275 K in a field of 7 kOe (FC), the remanent magnetization
entirely uniform, the mean amplitude has to be taken for was about half the saturation value. The remanent magneti-
each height in the film; the roughness also causes some of zation dropped dramatically by cooling from room tempera-
the neutrons to be scattered out of the specular beam. Sec- ture in zero field. The two monolayers sample displayed es-
ond, only the component of the magnetization in the plane of sentially the same features as the three monolayer sample,
the sample is measured. This component, however, can be but with worse statistics. The eight monolayer sample
obtained as an absolute value, showed a clear hysteresis loop, with a H, of 50 Oe at 35 K
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FIG. 1. Temperature dependence of the magnetization for the three mono-
layer sample. Data were taken at a field of 7 k0e. The dashed line is the FIG. 3. Hysteresis loop at 35 K for the eight monolayer sample.
Langevin function for particles of 1000 atoms.

(see Fig. 3) and no appreciable variation with temperature ofthe magnetization at saturation, absolute value of the magnetization per Fe atom (obtained
from fitting the neutron reflectivity data), we obtain the best

III. DISCUSSION fit to a Langevin function for islands of 1000 atoms in size.
The calculated magnetization is presented in the form of

The absence of hysteresis is indicative of superparamag- dashed curves in Figs. 1 and 2; in Fig. 1 it is apparent that,
netism. Instead of a continuous thin film of Fe, the Fe forms even for superparamagnetic particles, the temperature varia-
islands on the surface of MgO. In a superparamagnetic ma- tion of the magnetization is almost linear in a region not too
terial, in the absence of anisotropy, the component of mag- close to the Curie temperature.
netization in the field direction follows the Langevin According to the Langevin function the magnetization is
function 4  null at zero field. However it is well known4 that below a

M _T H \ blocking temperature field cooling effects are present, whichoo =coth- - I-, (2) are interpreted as due to anisotropy. The anisotropy energy

provides an energy barrier against rotation of the magnetiza-
where A refers to the magnetization of the superparamag- tion. If the sample is cooled in a magnetic field, and the the
netic particle, comprising a large number of atoms. Using the magnetic field is turned off, the magnetization relaxes expo-

nentially with a time constant that is large well below the
blocking temperature. A naive calculation starting from the

0 Field cooled crystalline anisotropy of Fe gives a relaxation rate at 25 K of
a - Zero field cooled -10 - 9 s-a value which is far too small. Published measure-
x Hysteresis ments by Xiao et al 7 on granular films confirm that the crys-2.5 -- - - - --- T

talline anisotropy is only a small contribution to the anisot-
E 2ropy energy barrier in superparamagnetic systems. We know
0 2

2.- --------. (that other anisotropies are present in our system, for instance
shape anisotropy. The iron clusters are in reality thin flat

z / islands; if they were not so, their magnetic moment would
S t , not have contributed appreciably to the magnetic reflectivity.

5As corroborating evidence, the magnetization of the eight
0 'monolayer Fe coverage seems to be that expected of a con-
< 0.51 < 0.5tinuous film. What is not known is the detailed nature of

these islands, and for that reason it is not possible at present
to do further modeling: the notion itself of superparamag-

2000 4000 6000 8000 netism is qualitative (because no interaction is assumed be-
FIEW(G)

tween the islands) and based on a a limited amount of obser-
vations. However, transmission electron microscopy

FIG. 2. Field dependence of the magnetization at 25 K of the three mono.

layer sample. The dashed line is the Langevin function for particles 1000 characterization may allow us to make a more quantitative
atoms in size. analysis.
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Roughness dependent magnetic hysteresis of a few monolayer thick Fe
films on Au(O01)

Y.-L. Hea) and G.-C. Wang
Department of Physics, Rensselaer Polytechnic Institute, Troy, New York 12180-3590

We have studied quantitatively the surface and interface roughness of Fe films in a few monolayer
regime on an Au(0O1) surface using the high-resolution low-energy electron diffraction technique.
The hysteresis loops of those films were also measured in situ by the surface magneto-optical kerr
effect technique. A correlation between the shape of hysteresis loops and the roughness of films was
observed. The hysteresis loops are consistently squarelike for films with a two-dimensional (2D)
smooth structure. For films with isolated three-dimensional (3D) islands structure, the hysteresis
loops are typically stripelike. For films with a combination of 2D/3D structure, the loop shape is
squarelike for longitudinal loops and stripelike for polar loops.

I. INTRODUCTION tating the electromagnet 90' in situ. This allows the measure-
ment of longitudinal and polar Kerr loops using the same

The study of the relationship between ultrathin film mor-

phology and magnetic properties on the atomic scale is a electromagnet.

challenging subject. The magnetism is an electronically The perfection of the Au(001) substrate was character-

driven phenomenon. It depends not only on the arrangements ized by angular profile measurements of diffraction beans

of electrons in an atom but also on the structural arrangement from the surface. On a well-annealed surface, the size of

of atoms in an ultrathin film. Advances in sample preparation ordered regions ranges from -400 to -600 A. Ultrathin Fe

techniques and availability of atomic scale characterization films were prepared by thermal evaporation of Fe atoms
from an Fe foil heated to -1200 'C by electron bombard-

techniques have made it possible to prepare ultrathin films in m n e foil hated o 2 fl b er bombr-
a variety of structures.1 If the magnetic property of films with me. The growth rate and roughness of films were deter-
known structure is measured, then the possibility of obtain- (iffratin e meaue fomgtherFe filsf(the
ing magnetic ultrathin films with desired characteristics in- (00) diffraction beam measured from the Fe films/Au(001).

creases.
Previous experimental studies on magnetic properties of III. RESULTS AND DISCUSSION

ultrathin Fe films grown on an Au(001) surface under various
growth conditions have been reported. For example, Liu and
Bader 2 have observed perpendicular magnetic anisotropy in To monitor the growth morphology using HRLEED, we
the Fe/Au(001) films grown at 100 K with thickness less measure the change of angular profiles near an out-of-phase
than 2.8 monolayer (ML). In contrast, Fe/Au(001) films diffraction condition of film-substrate system during deposi-
grown at room temperature have been shown to exhibit in- tion. This is because the destructive interference of electrons
plane easy axes in the monolayer regime. 34 However, quan- is most sensitive to a surface or a film containing steps.7 For
titative information on the roughness and structure of the example, if electrons scattered from adjacent terraces sepa-
as-grown films and their effects on magnetic properties are rated by a step of height d are out of phase, i.e., the electron
still lacking. In this article, we show there exists a strong path length is a half-integer number of the electron wave-
dependence of magnetic hysteresis loops on the roughness of length X, then the diffraction intensity at the Bragg position
ultrathin Fe/Au(001) films in a few ML regime. There are decreases. The angular profile will broaden. This destructive
three kinds of film roughness, two-dimensional (2D) smooth interference condition is d cos O=X/2, where the 0 is the
and continuous, three-dimensional (3D) isolated islands, and angle of incidence and angle of diffraction for the specular
a mixture of 2D/3D, that can be prepared at room tempera- diffraction beam and X=[150.4/E(eV)]1 /2. Reference 8 lists
ture by changing the deposition rate. calculated and measured energies for the out-of-phase condi-

tion for the clean Au and Fe-Au systems.
II. EXPERIMENT The Fe films of a few ML thickness are prepared by the

experience gained from the submonolayer growth.8 Basi-
All the experiments were performed in an ultrahigh cally, the line shape of angular profiles broadens from that of

vacuum chamber with a base pressure of 1× 10-10o Torr. The the clean surface profile and then narrows with accumulated
chamber was equipped with surface magneto-optic kerr ef- deposition time. At 110 s, the angular profile becomes nearly
fect (SMOKE), high-resolution low-energy electron the same as that of the initial time. From the diffraction point
diffraction5 (HRLEED), and Auger electron spectroscopy of view, the Fe/Au(001) surface is virtually identical to the
(AES) techniques. The details of our SMOKE setup have clean Au surface. We thus assign the Fe coverage as -1 ML
been presented elsewhere.6 The magnetic field can be aligned at 110 s, implying the growth rate is -0.55 ML/min. The
either perpendicular or parallel to the sample surface by ro- growth rate can be doubled by increasing the source tem-

perature by 20 K. In this range of deposition rate, the growth
')Present address. Physics Department, University of Nebraska-Lincoln mode is essentially layer-by-layer as evidenced by the full-
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FIG. 1. Angular profiles of the (00) beam measured from Fe/Au(001) films:
(a) and (b) 2D with -2.0 ML coverage; (c) and (d) 3D film with -2.1 MLE
coverage. The energies of 27.5 eV (a) (28 eV for (c)] and 44 eV (b) [same 7
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in units of Brillouin zone [BZ=21r/(2.88 A20)]. . 30 0 .o..0 . o 120
a(S) (ot) H(t) (0)

width-at-half-maximum (FWHM) oscillation and a smooth FIG. 3. Longitudinal and polar hysteresis loops measured from Fe films

continuous film, denoted as 2D film, persists up to -3 ML. It with various roughness as sketched in Fig. 2: (a) and (d) for 3D isolated

then crosses over to a 3D island growth mode. The angular islands, -2.1 MLE; (b) and (e) for 3D islands on 2D smooth film, -3.7

profiles (raw data) near the out-of-phase conditions of Fe-Au MLE; and (c) and (fP for 2D smooth film, -2.0 ML. Note the arbitrary units

(27.5 eV) and Fe-Fe (44 eV) from a 2D film of -2 ML are in the Kerr intensity.

shown in Figs. 1(a) and 1(b). Both profiles do not broaden
significantly compared to that of the clean Au surface and the growth kinetics and has been discussed elsewhere.9 Fig-
indicate a relatively smooih and continuous film with low ures 1(c) and l(d) show the profiles measured near the out-
density of steps as sketched in Fig. 2(c). of-phase conditions of Fe-Au (28 eV) and Fe-Fe (44 eV)

If the growth rate was reduced below -0.2 ML/min, 3D from a film with -2.1 ML equivalent (MLE) coverage.
island growth occurs. There was no oscillatory behavior ob- Comparing the profiles of Figs. 1(c) and 1(d) with that of
served in the line shape of angular profiles with accumulated Figs. l(a) and l(b), the profiles of Figs. 1(c) and 1(d) are
time as that observed in 2D layer-by-layer growth. Instead, considerably broader. A complete energy-dependent FWHM
the FWHM at the out-of-phase condition monotonically in- measurement shows maximum broadening peaks at -28 and
creases with time (not shown here). This is a characteristic of -43 eV.9,"0 This result is consistent with the calculated de-
3D growth. The rate dependence of growth mode is due to structive interference energy.8 The coexistence of two types

of steps (Fe-Au and Fe-Fe) supports that the film was grown
(a) in a 3D mode. The amount of broadening is inversely pro-

portional to the average terrace width.7 From the FWHM
r-' shown in Figs. 1(c) and l(d), we estimate that the average

terrace of isolated islands is -60 A. Also, the profile shape
measured at the Fe-Fe out-of-phase is consistent with that
from a multilayer thick film. A film with -2.1 MLE cover-

(b) age consisting of 3D islands isolated by nonmagnetic Au
substrate is sketched in Fig. 2(a). The lateral size of the is-
lands near the interface is smaller than the terrace of Au
substrate (shaded area of -400-600 A). With sufficient
amount of Fe deposits, e.g., -3.7 MLE, the substrate is en-
tirely covered by the film as sketched in Fig. 2(b).

(C)

__ _ _ _ _ _ B. Magnetic hysteresis loops

Figure 3 shows hysteresis loops measured from two
kinds of 3D films (-2.1 and -3.7 MLE) and a 2D smooth

FIG. 2. Schematics of three ultrathin Fe/Au(001) films: (a) -2.1 MLE, 3D film of 32 ML. The polar loops measured from both 3D
isolated islands; (b) -3.7 MLE, 3D continuous islands; and (c) -2.0 ML, f
2D continuous and smooth. The shaded area denotes the substrate (with a films are typically stripelike as shown in Figs. 3(d) and 3(e).
step), and the unshaded area denotes the films. However, the shape of longitudinal loops for the 3D films
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depends on the film coverage. The longitudinal loop mea- shape. The conclusion of in-plane easy axis from our data is
sured from -2.1 MLE film is stripelike as shown in Fig. 3(a) consistent with results from other experimental studies,3'4 al-
but is square like for -3.7 MLE film. In contrast there is no though the details of film morphologies were not presented.
coverage-dependent loop shape for 2D films. The loops are Our result of anisotropy is not inconsistent with the pre-
squarelike in both directions as shown in Figs. 3(c) and 3(f). diction of perpendicular magnetic anisotropy for a free

Various shapes of hysteresis loops can be related to vari- standing Fe ML. 11 At 1 ML, the easy axis is perpendicular to
ous film morphologies as follows. For a continuous and the surface. With increasing coverage (e.g., 2 ML), however,
smooth film, the squarelike hysteresis loop shown in Fig. the demagnetization field tends to bring the easy axis to the
3(c) is consistent with that of the dominant magnetization surface plane. As a result, the hysteresis behavior in both
reversal process in the wall displacement and the easy axis is polar and longitudinal configurations is similar to that ob-
oriented in the surface plane. Due to the cubic symmetry served in 2D flat films. That the easy axis is along the surface
observed in Fe film, the easy axis can also be oriented along plane is also consistent with the smaller value of coercive
the surface normal. Therefore, the polar hysteresis loop is field measured in the longitudinal direction compared with
also squarelike. See Fig. 3(f). that in the polar direction. For 3D island films, the local

The stripelike shape of the hysteresis loops shown in variation of the demagnetization complicates the hysteresis
Figs. 3(a) and 3(d) is consistent with the loop shape mea- behavior.
sured from single domains with various shapes and sizes.
N,-te that from the 1 X 1 LEED pattern we learn that each Fe IV. CONCLUSIONS
island has an epitaxial relation with respect to the Au(001) Our study of both film morphology and hysteresis loop
substrate, i.e., bulk bec Fe lattice rotates 45' with respect to indicates that the shape of a loop is closely related to the
the fcc Au lattice. This rotation minimizes the lattice mis- roughness of a film. For a smooth film, one is most likely to
match to less than 0.5%. The magnetization process involves observe squarelike loops [Figs. 3(c) and 3(f)]. For an isolated
rotation of spins in each single domain which requires larger 3D islands film, one is likely to observe stripelike loops
applied field to reverse the spins and saturate the domains as [Figs. 3(a) and 3(d)]. For films with continuous islands, the
compared with just domain wall movement. Each isolated loops in the longitudinal configuration are squarelike. How-
ferromagnetic Fe island on the Au substrate may have its ever, the loops in the polar configuration remain stripelike.
own demagnetization factor. The demagnetization factor de-
pends on the structural shape and size of the Fe island. From ACKNOWLEDGMENTS
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Fluctuation effects in ultrathin films
S. T. Chui
Bartol Research Institute, University of Delaware, Newark, Delaware 19716

We discuss finite temperature fluctuation of the domain walls and the magnetization M in ultrathin
magnetic films where spins interact with short range exchange (J), anisotropy (K), and long range
dipolar (g) couplings. Phase boundaries for a triangular lattice are obtained from Monte Carlo
simulations as a function of J, g, and K. The transition temperature for the disappearance of the z
magnetization as a function of the effective anisotropy field K-gIO.1208 is essentially unchanged
as g becomes zero. This suggests a new physical picture that the change in the direction of M is
closely cor~iected with the Ising transition for g =0. Mean field calculation suggests three transitions
where only M, is finite at low temperature. As the temperature is increased (1) M. becomes
nonzero, (2) M. becomes zero and eventually, (3) M, becomes zero. To investigate fluctuation of
domain walls their elastic energy are calculated. For Bloch walls perpendicular to the x axis
separating spins along the z axis this energy is negative for a small enough wave vector. The
competition of the stabilizing long range dipolar interaction and low dimensional fluctuation
suggests the possibility of a finite temperature roughening of an array of one-dimensional Noel walls
in the film.

I. MAGNETIZATION within the accuracy of the present calculation (-2%) as g
becomes nonzero. This suggests a new physical picture, dif-

In the ultrathin magnetic films, new physics occurs be- ferent from that of previous considerations, 9- n that the driv-
cause of the competition between the stabilizing long range ing force behind the change in the direction of the magneti-
dipolar interaction and the low dimensionality fluctuation zation is the same as that causing the Ising transition for g =0
effects.' An example of this competition is provided for by when the z magnetization disappears at a high enough tem-
the question of the existence of long range order. For two- perature. After the z magnetization vanishes, the in-plane
dimensional (2D) systems, the fluctuation of the magnetiza- magnetization can still be stable in two-dimensional (2D)
tion is of the order of fd 2qkT/wq. When the spins interact over a temperature range if the dipolar coupling is finite be-
only with nearest neighbor exchange, &)qoc q2; the fluctuation cause of its long range nature. The temperature at which the
is infinite and there is no long range order.' When the long x magnetization disappears depends mostly on only g and
range dipolar interaction is included, &OqOCq for some spin very little on K.
arrangements. The fluctuation becomes finite and long range Allenspach and Bishof8 observed that there are regions
order is restored. '3  in temperature so that the in plane and the z-axis magnetiza-

The interaction energy between the spins is H=0.5 tion are both nonzero. We think that there are actually two
7,ofxyz,RR'VJ(R-R')S,(R)Sj(R') where V= Vd+ Ve+ Va
is the sum of the dipolar energy
Vd(R)=g(8ijR3- 3RRj/R5); the exchange energy 2

Ve=-J6(R.=R'+d)68 ",; and the anisotropy energy
Va=-2K8(R=R')8,z., z . Here d denotes the nearest " Ma...

neighbors. For the experimental systems, J is much larger , az

than g and K. However, without g and K there is no long- ,M tlted

range order at any finite temperatures. We have studied the -

phase diagram (Fig. 1) as a function of the parameters J, K,
and g for a triangular lattice with Monte Carlo simulations M _ a" Xy

on a 60X60 lattice for 1.6X109 MC steps. The transition

temperature is determined from the peak position of the mag- M-0
netic susceptibility with a histogram technique. We found -.....- - ---
that for small K-g, the transition temperature for the van-
ishing of M, can be well approximated by JITc=A +B ln(A/ rp

J) for constants A and B. Here A is the effective spin-wave 4 .35 3 -25 -2 -1 5 .1

gap energy given by A=K- g/0. 12. In the absence of the 411K go 203 VJI

dipolar interaction (g=0), the magnetization disappears in
the high temperature phase above T,. Tc=O for K=0 be- FIG. 1. Inverse transition temperatures for g=0.12 and different values of

cause of two-dimensional fluctuations. For g;*0, there is an K. The different phases are as labelled. Lines are drawn connecting the
intermediate phase where the magnetization changes from points to guide the eye. The dotted line on the lower left corner is theperediato planhe aboe magtizatisn f s o d theoretical results of Pescia and Prokrovsky; the horizontal line at the bot-
perpendicular to in-plane above T,, as is first observed tom is the asymptotic limit coresponding to the transition of ihe 2D trian-experimentally. 5-8 The constants A and B are unchanged to gular lattice.
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transitions around T; one associated with the onset of the dJ2/dl= [1- (n - 1)TIJ 127J 2 T,

in-plane magnetization and the other one associated with the

disappearance of the z-axis magnetization. The occurrence of dJ3/dl [1 -(n - 1)TJ 1 2 1]J 3/T.

I a finite in plane magnetization depends on two issues. That Thus it is not possible to have a single scaling equation for
the magnetization is not completely aligned along the z axis the dipolar coupling constant, as PP has assumed. Also, the
and that the fluctuation in the azimuthal direction is not in- functional form for the scaling equation for A does not de-
finite. These two transitions can be understood in more detail pend on its initial value and thus, to first order in the small
from a mean-field argument. Specifically, we assume the parameters g/J and K/J, remain the same whether the dipo-
presence of two order parameters M, and M, and ask if these lar interaction is present or not; different from the conclu-
magnetizations can be self-consistently sustained. We get sions of PP.

Mx= fd/r(1 - ,2)O5 exp(- f3Ez)I 1(f3E.)IZ';_ 1I1. DOMAIN WALLS

f / Low-dimensional finite temperature fluctuation also af-
Mz= Jdl p.x exp(-f3Ez)Io(f3Ex)/Z'; fects domain walls. These effects are important in under-

J1 standing domain formation, hysteresis and relaxation phe-

nomena in the films. Whereas in three dimensional
Z'= dA exp(-flE.)Io(3E,), situations, domain walls are flat, recent experimental

-i results 16- 18 indicate that walls in ultra-thin films are not flat.

E,= -KAt2-6JAM,-gAM,/O.75g, A magnetic domain wall is an interface between a
spin-up region and a spin-down region. The statistical me-

Ex= (1 -/,2)0 5(6j+0.5gc)Mx'  chanics of interfaces have been actively studied over the last

/8= 1/kT. When M, is large, the spins are favored to align ten years. The movement of an interface usually proceeds not

along the z axis with A close to 1. A solution for M, does not with the whole interface marching forward in unison but

exist. When M. is small but not zero, a solution for M x is with part of the interface moving forward once at a time.
This involves distorting the interface and thus the elastic

possible. The requirement that M, be small restricts this on-
set of in-plane magnetization to close to T. In the limit of energy and the roughness of the interface is an important

small M,, the equation for M, is similar to that in the 2D consideration. The mobility of the interface in the presence

Ising model. Linearizing the equation for Mx we obtain the of external pinning potentials is often discussed in terms of a

transition temperature T2 for its onset as roughening transition where the interfaces become rough and
mobile if the temperature is higher than the roughening tem-

T2=(6J+O.5gc)f dis exp(-PE.)(1-A 2 )/2Z1, perature. 2D interface in 3D systems roughens at a finite
x )temperature. 1 9 1D interfaces in 2D systems are always rough

where Z" f fdi exp( - PE,). A solution is possible even at any finite temperature. After the interface roughens, the

when MZ is nonzero. This implies that the onset of in-plane free energy of steps becomes zero; the interface becomes

magnetization is distinct from the disappearance of the z axis mobile and the nature of the growth of domains becomes
numerical solutions of the mean field different. These studies assume that the interaction potentialmagnetization. Detail ismricsholuion oranged. fel

equations confirm the above argument. is short ranged.

Pescia and Pokrovsky9 (PP) proposed that the spin- The finite temperature statistical mechanics and dynam-

rotation transition temperature is given by ics of domain walls are often discussed in terms of a phe-
Tc=K-1(K-g/g1)l21rJ/ln(3J1K). Their magnitude and nomenological model consisting of the elastic energy Ee to
functional dependence are very different from the Monte deform the wall and a pinning potential EP that is due to the

Carlo results. While no details of their calculation is avail- intrinsic periodic structure of the crystal lattice. For a defor-

able, we think the difference between their calculation and of wave vector q describcd by the displacement &q,
the present picture come from different assumptions of the the elastic energy is often assumed to be proportional to thefixed point Hamiltonian. Moreiprecisely, one can write the strain squared, i.e., Ee=Aqq2

1 r 2. For magnetic domainfixedtHamiltonian .a powe of e n ae t walls in bulk materials, the physics is different. A Nel wallof width w located at position c is characterized by specify-
H= q-AISz(q)12 +I,,j=x,yJIq 2 Sq12 +J2qlSz(q)12  ing the spin orientations at position r by the angles 0=r/2,

Jq=ir tanh[(x-c)/w]/2. The elastic energy is given by thedomain wall energy change as c is changed by

(Refs. 12 and 13) and follow the standard procedure14
,
15 to 8c=c0 [cos(k.r)]. In calculating this change, one ends up

derive renormalization group equations for the couplings A, with the derivative of 4', which behaves like a 8 function in
J, to first order in A/J1 , J 2,31J 1. The bare dipolar couplin. the limit that the wave vector is less than the inverse domain
contributes to the initial values of A, J1 , and J 2 , which pos- wall width. We get Ee = 0.51RR,Vyy(R - R')$2( c
sess different scaling trajectories (n =3): - Sc') 2. The prime on the summation indicates that we sum

dAdl =[2 - (n - 1)(T/2 7rJ 1 )]A, over those R,R' only at the d-1 dimensional undistorted
wall position. V is proportional to the 2nd derivative of the

dJ ildl = - (n- 2) T/2r- TJ 2/(32 7J 1), 1r Coulomb potential and is identical in form to the dynami-
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cal matrix of the Wigner. crystal in two dimensions, the Fou- small enough wave vector. The competition of the stabilizing
rier transform of which can be summed with the Ewald sum long range dipolar interaction and low dimension, fluctua-
technique.20  tion suggests the possibility of a finite temperature roughen-

In the long wavelength limit the elastic energy is not ing of an array of one dimensional N6el walls in the film.
proportional to q2 but, because of the long range nature of This work is supported by the Office of Naval Research
the dipolar forces, is instead proportional to IqI in 3D. In 2D, under Contract No. N00014-94-1-0213.
for magnetization in the plane, it is proportional to q ln(q)
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Magnetic studies of fcc Co films grown on diamond (abstract)
J. A. Wolf,a) J. J. Krebs, Y U. Idzerda, and G. A. Prinz
Naval Research Laboratory, Code 6345, Washington, DC 20375

We report the first growth and characterization of fcc Co epitaxial films (t=10-130 nm) on

diamond. Growth was carried out under UHV conditions in a commercial MBE machine and
monitored during growth using RHEED which showed single crystal growth oriented with
(100)cII(100)C. X-ray diffraction studies of the 130 nm sample demonstrated the single crystal fcc
growth throughout the entire sample. Separate studies to determine growth mode and structure were
carried out using angle-resolved Auger forward scattering. Vibrating sample and SQUID
magnetometry yields a magnetic moment of (1.05±0.1) 103 emu/cm 3. Ferromagnetic resonance
measurements carried out at 35 GHz yield a large cubic anisotropy KI/Ms=(480-30)Oe and
linewidth of only AH= 100 Oe. Spin waves were observed in the thicker samples and the exchange
constant determined to be A co= 1.09X 10-6 erg/cm. This work has been supported by the Office of
Naval Research.

')NRC-NRL Research Associate.

A Monte Carlo study of the temperature dependence of magnetic order
on ferromagnetic and antiferromagnetic surfaces: Implications
for spin-polarized photoelectron diffraction (abstract)

F. Zhang, S. Thevuthasan,a) R. T. Scalettar, R. R. R Singh, and C. S. Fadleyb)
Department of Physics, University of California, Davis, California 95616

We have used Ising-model Monte Carlo calculations to study the magnetic order near cubic
ferromagnetic and antiferromagnetic surfaces. The antiferromagnets were studied with and without
frustrated next-nearest-neighbor interactions. Intralayer and interlayer spin-spin correlation
functions have been calculated as a function of the relative coupling strength in the surface layer. If
this coupling strength is more than a few times the bulk value, a distinct surface phase transition is
observed at temperatures Tc,surf or TNsurf that can be significantly above the corresponding bulk
values, Tcbulk or TNbulk. These calculations suggest that previous spin-polarized photoelectron
diffraction measurements on antiferromagnetic KMnF3(110)1 and MnO(001) 2 could in fact have
been observing such surface transitions at TNsuf values of 2.7 and 4.5 times TN,bulk, respectively.

Research sponsored by DOE, BES, Mat. Sci. Div. (Contract No. DOE-
AC03-76SF00098) and ONR (Contract No. N00014-90-5-1457).
')Present address: Battelle Pacific Northwest Laboratory, Richland, WA

99352.
b)Also at Materials Sciences Division, Lawrence Berkeley Laboratory,

Berkeley, CA 94720.

1B. Sinkovic, B. D. Hermsmeier, and C. S. Fadley, Phys. Rev. Lett 55,
1227 (1985).2B. Hermsmeier, J. Osterwalder, D. J. Friedman, and C. S. Fadley, Phys.

Rev. Lett. 62, 478 (1989).
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X-ray Magneto-optics J. Tobin, Chairman

tI
X-ray magnetic circular dichroism in the near and extended absorption
edge structure (invited)

G. Sch~tz, R Fischer, and K. Attenkofer
Institute fir Experimental Physics II, University Augsburg, D 86135 Augsburg, Germany

M. KnLlle, D. Ahlers, S. Stihier, and C. Detlefs
Physics Department E12, Technical University Munich, D 85747 Garching, Germany

H. Ebert
Institute fiir Physical Chemistry, University of Munich LMU, D 80333 Munich, Germany

F. M. F de Groot
L.U.R.E, Bat. 209D, F 91405 Orsay, France

Magnetic circular dichroism (MCD) studies at K and L edges using hard and soft x rays are
presented. The relation of this universal phenomenon in the x-ray absorption near-edge structure
(XANES) and extended x-ray absorption fine structure (EXAFS) regions to local magnetic
structures in the case of 3d and 4f elements is illustrated. The validity of atomic and band-structure
pictures to describe the MCD in the XANES range are outlined and the applicability of sum rules
and two-step vector coupling models to deduce spin and orbital moments of the absorbing atom as
well as spin-density profiles from the experimental data are critically discussed. The correlation of
the dichroic contribution in the EXAFS to the magnetic moments and spin densities of the
neighboring atoms are addressed by systematic studies which provide new insights into the
exchange phenomena of the interaction of spin-polarized electrons with ferromagnetic media. The
potential but also the limitations of this new spectroscopy is demonstrated.

I. INTRODUCTION short-range order can be found, which demonstrate the po-
tential of this method to study magnetic structures on an

X-ray circular magnetic dichroism (X-MCD) in core-to- atomic scale.
valence transitions is a new powerful method to study in an
element- and symmetry-selective manner the magnetic as-
pects of local electronic structures in magnetic media. The
possibility of extracting local spin and orbital moments using A. Theoretical models
"sum rules" deduced on the basis of an atomic approach l 2  Large MCD effects (in some cases more than 20%) are
or in the local spin-density (LSD) formalism 3'4 by a compari- found in the near-edge region within 20 eV above an absorp-
son of the magnetic L2- and L3-dichroic spectra is one of the tion threshold. In this energy range the absorption cross sec-
dominant subjects of interest. To date a correct interpretation tion can be described by Fermi's golden rule. 15 In the case of
of experimental spectra seems to be restricted to cases with bandlike final states, the single-particle density-of-states
either a localized character of the involved final states as, model describes the experimental spectra successfully. The
e.g., 3d-4f transitions in rare earth (RE) systems,' 6 where energy dependence of the absorption cross section is given
an atomic picture7 is adequate or to those with a delocalized by the density profile of the final states with selected sym-
behavior as, e.g., ls-4p transitions in 3d elements and 2s- metry determined by dipole-selection rules times a nearly
6p transitions in 4f/5d systems' 9 and 2p-5d transitions in energy-independent matrix element. If the final states are
5d elements 3 where the band-structure approach has been well localized, two-particle interactions have to be included.
adopted successfully. 1' For intermediate cases, however, as These can be calculated explicitly using atomic multiplet 16

the L 2,3 edges in transition elements 5,1 and in REs,9,12 a approaches. Here it is also possible to include solid state
closed theoretical description is still a problem. effects by adding crystal field terms to the Hamiltonian and

Although the occurrence of a dichroic contribution to the hybridization of ligand character by an admixture of extra-
extended (EXAFS) [spin-polarized EXAFS (SPEXAFS)] has atomic configurations such as in charge-transfer states.
been proven to be a universal phenomenon,4, 3 theoretical In both cases, polarization effects and exchange split-
calculations of the experimental spectra are not available but tings can be taken into account. Using fully relativistic spin-
are on the way. 14 However, as demonstrated in the second polarized Korringa-Kohn-Rostoker (KKR)-GF and linear
part of this article, the systematics observed in several sys- muffin-tin orbital'0 band-structure approaches or spin-
tems show that on the basis of simple two-step models inter- polarized versions of the linear augmented plane wave
esting correlations of the SPEXAFS to the local magnetic (LAPW) method,7 the MCD L spectra of various heavier
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transition metals such as magnetic 5d elements and Gd- 4 -
metal have been successfully described in the single-particle a) L3 --- Fe 9 25A b)

picture, while on the other hand the experimental M4,5-MCD -e 24 A

spectra in RE systems are excellently reproduced by atomic L
calculations. 6  L,

On the basis of the atomic description sum rules have
been developed recently, 1

,
2 which relate the difference and

the sum of the dichroic signals (/i±) for reversed photon " 0.0
polarization ,. := (/p+ -/ -)/2 for the two spin-orbit initial

states directly to the local spin and orbital moments of the '0.5

partially filled final valence shell.
Based on a simple vector-coupling version of the band- 1.0

structure approach, a similar relation between the normalized -10 0 10 20 -1o o 10 20
energy (eV)

MCD spectra iAc/Mo at the L 2 and L3 edges times the unoc-
cupied final state density and the local magnetic moments
can be deduced.4'9 Based on the Fano effect s the sensitivity FIG. 1. Experimental absorption and dichroic profiles (a) at the Fe L

of the dichroic signal to the spin and orbital moment origi- edges of Fe metal layers with thicknesses of 9.25 A (dashed) and 241X
(solid) in comparison with theoretical profiles from band-structure calcula-

nates from finite spin (o,,) and orbital polarization (l) of the tions (b). The experimental spectra correspond to raw and unsmoothed data
outgoing photoelectron in the propagation direction z of the with subtracted linear background.
circularly polarized photon. The photoelectron emitted from
an unpolarized core state is thus considered as a polarized
probe for the spin and orbital moment of the final states. Thepolarization values for a free electron wave are (1,) = + 3 /4 layers (cf. Fig. 1). The exact thicknesses of the 9.25 A (A)

polriztio vauesfora fee lecronwav ar (I) =+ ~ and 24 A (B) Fe layers (deposited on 300 A Au on a glass
in an initial p state and (o) = - 1/2 and + 1/4 for the cor- substrate and protected by a 30 A A coverlayer) and the

responding P1/2 and P3/2 spin-orbit partners. mae an per a 307(3)l co r an the

In a simple spin-polarized version of Fermi's golden rule magnetic moments per atom of 2.07(3) AB for the thin (A)
for urespi-feromanetc sstes, ,9 te MD sgna is and 2.14(3) MB for the thicker sample (B) were determinedfor pure spin-ferromagnetic systems,8 '9 the MCD signal is via XFA and super conducting quantum interference device

directly correlated to the spin density Ap=p+-p - of the (SQUID) measurements, respectively.20 The A, profiles are
final state by [M,/Mo(E)=(o-)[Ap/pI(E), which corre- shown in Fig. l(a) in addition to the spin-averaged p.0 profile
sponds to tc(E)-- - Ap(E) at the L2 and ,.c(E)- + Ap(E) for the 9.25 A (dashed line) and the 24 A Fe layers (solid
at the L3 edges for-o(L 3) = 2to(L 2)bw9 line). Corresponding theoretical spectra from fully relativis-W ithin the vector-coupling m odel the relation betw een tc si o ai e K ac l to o r n m tl a e p etic spin polarized KKR calculation for iron metal are pre-
the normalized MCD spectra Ic/O and the spin and orbital sented in Fig. l(b).10 The experimental data measured by
moments is deduced to total-yield detection in an applied external field of 0.2 T were

4SI{[CII / A o]L3(E)-[ cIoL2(E)}p(E)dE, taken at the DRAGON beamline (NSLS).
Figure 1(a) shows, that the dichroic L2 signal is signifi-

(1) cantly reduced relative to the L 3 signal causing a strong de-
_ { o (E)+2[ io]L(E)jp(E)dE. viation from the ratio ,ic(L2)/.c(L3) = -1 expected for

ML IB 1 - [ Mo]L 3(E) L J 2~. pure spin moments. This indicates the existence of an orbital
(2) moment coupled parallel to the spin moment [Eq. (4)]. Ap-

Under the condition MO(L 3) = 2 Mo(L 2) Eqs. (1) and (2) plying the sum rules one deduces a spin and orbital moment
are equivalent to the sum rules, which are more appropriate of ms- 2.19 IJB (2 .29 AB) and mL-0.2 5B (0. 2 1zB) for
in case of (nearly) isolated absorption profiles (white lines samples A (B) taking into account n = 4 holes in the 3d
=WL) as, e.g., the M 4,5 edges in RE, while Eqs. (1) and (2) level. The errors of these numbers due to the uncertainties of
can be more easily applied in the case of more steplike ab- estimating the white line areas amounts to 20%. Very similar,
sorption edges, e.g., the L2,3 edges in heavier elements, with- somewhat smaller values of ms- 2 .02AB (2 .08MB) and
out or with weakly indicated WL structure as in some RE mL-0.20MB (0.15MB) (uncertainty about 5%) are found
and Pt and Au systems. by applying Eqs. (3) and (4) using theoretical density of

For K edges (l) amounts -1 and (o,) has the very states profiles with an integrated value of fp(E)=3.1.
small value of -10

- 2. Thus only weak MCD effects of less These results are in excellent agreement with the results of
than 1% are expected for outer, bandlike final states with the macroscopic measurements and confirm the expected in-
nearly quenched orbital moments, as, e.g., the (4)p states in crease of mL with decreasing layer thickness.
3d elements or (6)p in 4f/5d systems and no simple rela- Only the absolute values of mL are larger than expected
tion of the MCD profile and the local p moment exists. from theory and other measurements. 21 The spin polarized

KKR calculation of the N and Ac spectra seems to underes-
B. Fe-metal layers timate the values of Ac and /N at the L 2 edges, which could

be an indication for the breakdown of the single-particle ap-
To demonstrate the reliability of the sum rules Eqs. (1) proach, as has been found for the L2,3 MCD in the lighter 3d

and (2), they are applied to L 2,3 MCD spectra of Fe-metal transition metals,
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FIG. 2. Top: experimental dichroic absorption of Cr02 at the L3 and L2
edges of chromium, measured at the SX700/3 (BESSY) (0) and DRAGON FIG. 3. (a) Experimental L2 (dashed) and L3 (solid) absorption (/o) (top)
beamlines (NSLS) (+) with energy resolutions of about 900 and 500 meV, and corresponding dichroic profiles (/u,) (bottom) of Gd-metal in compari-
respectively. From the raw data only a constant offset has been subtracted. son with theoretical unpolarized (dash-dotted) (top) and L 2 (dash-dotted), L3
Bottom: theoretical dichroic absorption at the L3 and L 2 edge of CrO 2, (dots) polarized profiles (bottom). The first inflection point of the absorption

given by LMTO calculation (-) and the spin density of the 3d band above onset is chosen as the origin of the energy scale. The experimental absorp-
the Fermi level, given by LAPW band-structure calculations. The L2 edge is tion step is fitted by an arctan function (width 4 eV). (b) Theoretical total d
rescaled by (- 1) due to the negative photoelectron polarization. The vertical spin-density profiles (p=p++p) (top) and corresponding difference (b)
lines (-.-) mark the energy of the L2 and L3 edges, which are identical to thu (Ap=p +- p -) broadened by core hole lifetime and experimental resolution
Fermi levels of the plotted spin densities. and rescaled by -0.5 and +.25 at the L2,3 edges, respectively. The dash-

dotted line represents the tieoretical MCD profile.

C. Cr L2,3 MCD spectra relativistic band-structure approach by Ebert t° and the calcu-
Going to lower Z within the 3d series due to the de- lations carried out by Carra et aL17 which were also extrapo-

crease of the 2p spin-orbit splitting below 10 eV it is diffi- lated to heavier RE metals.
cult to separate the corresponding L2 and L3 parts in the However the description of the REs with nonzero 4f
spectra as seen in case of the Cr MCD in the half-metallic angular momentum is still an open problem. In particular thefroant 02peetdin Fig. 2. The dichroic profile is aglrmmnu ssila pnpolm npriua h
ferromagnet Cr0 2 presented istructures at the L3 edges at negative energies, characteristic
much more complex than in the heavier transition metals and for all systems except Gd, have been proven to exhibit an
even changes sign within the L3 contribution. A comparison atomic character. 24

with the calculation of the dichroic effects for transition Although the ratios of the normalized Gd L2,3 MCD
metal ions in the atomic approach 22 suggests that these mod- profiles (both peak values and integrated areas) as seen in

els are more appropriate to reproduce the experimental find- prfls(oheavlusnditgtdaes)ssenn
ins and thure hapriae used u tield expmetal fdel Fig. 3 are close to -2, i.e., the ratio of the spin-polarization
ings and thus we have used a ligand field multiplet model factors, applying the sum rules Eqs. (1) and (2) leads to a(LFM), which includes the influence of the cubic crystal field spnmoment of - 2 4p.B having the opposite sign com-

on the local wave functions. 23 Setting the spin-orbit splitting pared to the theoretical calculations, which predict

to zero gives a reasonably good agreement between theory p. t the fortin and whic fret
A s = + 0.4 7 AB for the spin andAL= -0.0 4 AB for the or-

indicating the validity of the theoretical concept for the de- bital d moment. 25 The sum rules yield for the orbital moment
scription of the MCD effects. The vanishing influence of an a val of . wi s aifacor ob0t al l

orbital momentum and correlated spin-orbit effects can alsofactor of 10 too small
oba meniby the applicoreatinofhed sumn-r es can gvs compared with the theoretical prediction. Similar results are
be verifi.:d by the application of the sum rules, which gtves obtained even in the naive vector-coupling model
an upper limit of mL of less than 10-2p . It can also be (Aps= -0.19. B and AL= -0.002B).
seen from the MCD spectra that it is difficult to deduce the A direct comparison of the unbroadened theoretical Gd
corresponding spin moment in case of too close, i.e., not well MCD profiles with unbroadened spin densities (Fig. 4) ex-
resolved, L2, 3 absorption edges. That the LSD approach and plains the breakdown of the validity of the basic assumptions
the model Eqs. (1) and (2) are based on fails can be demon- Eqs. (1)-(2) are based on. Though the fine structures of the

strated by a comparison of the local unoccupied spin density profiles coincide roughly, indicating a direct correlation be-
of states Ap shifted to the absorption edge with the A, pro- tween p.c/p. o and Ap/p, .he value of (O-z obviously becomes
file, which show only rather poor similarities, strongly energy dependent, amounting, e.g., to a value twice

as high at the Fermi energy. Hence the small positive spin
density leads to a strong line in the L2,3 MCD spectrum at

D iCoi - EF and a negative spin moment.
DichroicL 2,3 effects of several percent in REs have been The physical origin is a strong energy and spin depen-

found in all systems investigated up to now. Theoretical de- dence of the matrix element, since close to E,- the overlap of
scriptions, however, have concentrated on Gd, as the fully initial and final spin-up wave functions is much larger for the
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projection (o'-) in photon-beam direction. If the magneticLIZ L3
imoment of the neighboring atom, i.e., the spin of its majori-

\ o. tylike electrons, is also polarized in z direction, an exchange
0... contribution to the Coulomb scattering potential is present in

1. . the scattering processes of the outgoing photoelectron. This
0. a/,o ,/ should result in a magnetic contribution to the backscattering

-0. ..... ,.amplitude, which changes its sign with reversing the relative0 5 10 CeV] 5 10
energy orientation of the photoelectron spins and the spins of the

magnetic neighbors in the absorption process. In the conven-
tional EXAFS formula the effect of exchange interaction in

FIG. 4. Unbroadened theoretical Ap/p profiles (dashed) and unbroadened the scattering process is described by an additive exchange
theoretical l cI/jO profiles (solid) at the L 2 (left) and L3 (right) edges in contribution (with index c) to the Coulomb-interaction pa-
Gd-metal. The ratio (Aplp)(Al1Io) is not constant with energy. rameters, i.e., the backscattering amplitude F=F0 +F_ the

phase shift 0 = 4 ko ± 0c and the mean free path X = X 0 ±X.

corresponding states of minority character, a fact, which has The strengths of the exchange contribution are within this
to b'- neglected in the models. But the MCD calculations simple model expected to scale directly with the spin-
(shown in Fig. 3) using the single particle band-structure polarization parameter, i.e., (o'z)-F c , kc, .
approach reproduces this behavior exactly. Thus the conventional EXAFS (Xo) 41 as function of the

Applying the sum rules in the case of Eu L 2,3 MCD photoelectron de-Broglie wave-number k, which are de-
spectra (Fig. 5) in Eu3Fe5O12 yields a spin moment of scribed by a summation over the coordination shells located
- 0. 0 3/LB and an orbital moment of + 0.005SIB. The mo- at distances ry with N, neighboring atoms and including the
ments obtained in the naive vector-coupling model amount to Debye-Waller factor D/and "shake-off/on" processes at the
-0.03/AB for the spin and +0. 0 0 7/AB for the orbital con- central atom i (Si), is transferred into a spin-polarized ex-
tribution. However, similar to Gd, these values lead to the pression X=X+-y- by
wrong sign for the spin, which can again be drawn back to e-2r,//X,,

matrix-element effects. On the other hand, the expected op- x(k)=J. NS,(k)D,(k) - kri F, sin(2kr,
posite signs of /L and As, induced in the 5d state by the
intra-atomic 4f-5d coupling in lighter REs, seems to be di-
rectly manifes -d in the collapse of the L3 MCD to the credit
of a strong L 2 dichroic signal. 2rXj o s

Ssin( (5)

III. MAGNETIC EXAFS

A. Theoretical aspects B. Experimental results

A phenomenological description of the measured effects 1. L2,3 SPEX4FS
is presented based on the simple vector-coupling "two-step" SPEXAFS studies in the hard x-ray range have been
model, which has successfully been used to describe the performed in the transmission mode at HASYLAB (Ham-
near-edge MCD in the "spin-only" limit. In the first step, we burg) in various magnetic systems at the L edges in REs and
assume that a free electron wave is going out with a spin 5d elements and at the K edges of 3d systems.4

For an analysis of the EXAFS and accordingly of the
SPEXAFS to deduce structural information as, e.g., the dis-

3 -r -- " ' "--- - - • - tances r, of next atoms and the coordination numbers N a
r. a)L L, b) sufficiently extended range of the Xo, spectra is Fourier
0 2_ transformed. Thus, this method is often not well practicable

0 - for energetically close following L2,3 edges in 3d elements.
- .. ... This holds especially for the SPEXAFS analysis, since ac-

- cording to the simple picture the magnetic oscillation at the
L2 and L 3 edges should show identical structures but with
opposite sign, which is found in all systems studied up to

0 now as demonstrated in Fig. 6 at the Eu L2,3 edges in the
ferromagnetic Eu iron garnet (Eu3Fe5Ol 2).

SIf one takes into account a ratio of the amplitudes of -2,
the X, profiles at the L 2 and L 3 edges are identical. The

-10 0 10 -10 0 corresponding near-edges MCD signals (Fig. 5), behave

energy (eV) completely different due to their dependence on the orbital
moment. This proves that similar effects of the orbital polar-
izations can be neglected in the SPEXAFS interpretation.

FIG. 5. (a) Experimental L2 (a), L 3 (b) absorption (Mo) (top) and dichroic iza tion ctuneglecte the ma nereio
profiles (Ac) (bottom) of Eu in Eu3Fe5Q12. The absorption step is fitted by Only an additional contribution due to the small near-edge
an arctan function (width 4 eV). MCD at the iron K edge causes some deviation at the L 3
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' ___ '_'_ '1_'_ ' 2. K-edge SPEXAFS
Fe K Eu L2 The highly precise measurements, which are possible in

uL3  E. L the transmission mode, allow us also to address 3d elements
"-u L, by K-edge SPEXAFS studies as demonstrated in case of Co-

,......, ... ,........._ (fcc) and Ni-metal. As shown in Fig. 7, the X, oscillation at
tW 700 720 74 0 ,0 ,o ,80 800 the K edges follow roughly the X0 structure except an addi-

. I V I I .I III tional contribution at a k region of 4-5 A-'. In this range
e K -MCiD multielectron contributions (3p-*3d transition) result in an

0 00 additional line in the dichroic K spectra, which decreases
00 °° strongly by going from Fe to Ni.13 Following Eq. (6), we

-o, deduce a value of (o-)= +3.5(5)% for the K SPEXAFS,

-o 1_1__0_1_____1_____ which is somewhat larger than expected from the near-edge
(I/A) k (I/A) MCD effects.

Due to the small value of (o-) the statistics of the K
°0 4 " ' SPEXAFS can be poor. But a more detailed analysis by an

02 - extraction of the exchange parameter from the experimental
data allows also in this case a sufficiently quantitative analy-

1 ° sis. Hereby the values F, 4o, and Xjo are calculated by
00 ....... the FEFF code of Rehr1 and the D and Si values can be

0 1 3 5 6 7 5 9 0 2 4 6 8 9 10
r (A) r (A) deduced by fitting the X, profiles. The F, profile for Co and

Ni indicate a significant different k dependence of the mag-

FIG. 6. Top: the absorption of Eu 3Fe5O12 between 6700 and 7680 eV (left) netic and Coulomb backscattering amplitude F., which
and between 7480 and 8120 eV (right), displaying the Fe K and the Eu L 3 , seems to be correlated to the differences of the distribution of
L 2 , and LI edges. Center: the SPEXAFS at the Eu L3 (left) and L 2 edge spin and charge density in the neighboring atom. The ratio of
(right) follow the same profile with a ratio of (-2). Bottom: the Fourier the Co and Ni F. amplitudes scale directly with the ratio of
transform of the spin-averaged EXAFS (..) and SPEXAFS (-) of the Eu the magnetic moments per atom. Thus the described analysisL3 (left) and L2 edge (right). temgei oet e tm hstedsrbdaayi

allows the determination of the average magnetic moment
carried by a coordination shell with good accuracy even for
noisy SPEXAFS data.

edge (k = 6 A-'). Since in the simple picture the correspond- The amplitudes of F. correspond to relatively large ex-
ing K-edge SPEXAFS are more than one order of magnitude change contributions of the elastic scattering cross section of
smaller, they are nearly invisible in the L 3 SPEXAFS. more than 20% per magnetic electron. On the other hand the

The Fourier transform (FT) of the polarization averaged
EXAFS spectrum f(Xo) (dashed line) and the corresponding
SPEXAFS FT (solid line) f(X,) are significantly different.
The FT of the L 3 EXAFS show very broad features due to 1 o

o 5 Co K Ni K 02the small transformation range limited by the Fe K edge. The 2
prominent maximum in f(x,) resulting from the strong o 00 .
backscattering at the next oxygen neighbors has vanished in -- 0
the SPEXAFS to the credit of an increase of the peaks at k --10 L1 .a

higher r values, which mark the positions of the next and 08
over next iron Fe neighbors. They are small or almost invis- [ s

ible in the EXAFS FT. The f(Xc) at the L2 and L3 edges are - 06

very similar demonstrating that the occurrence of the Fe K 0 04 1
edge does not limit the k range in the magnetic spectra. 02 0 o ,

These studies show, that (nearly) nonmagnetic neighbors 00 _ _o_

as the oxygen components on magnetic oxides do not con- 0 F -- I o
tribute to the SPEXAFS and a clear distinction between mag- V Is
netic and nonmagnetic neighborhood is possible. From the -o
systematics observed by studies in various systems, 4 3 we 0
have observed that the relative strength of the SPEXAFS -20 0 10

rescaled by the photoelectron spin polarization 0 5 10 o 0 , 0 1

[x!/xo]/(urz =[f(xa)f(X o)](o =
2 .4( 3 )% As(uB) k (i/A) (i/A)

; (6)
(6) FIG. 7. Top: the EXAFS (...) and SPEXAFS (-), measured at the Co K

is directly proportional to the magnetic spin moment of the (left) and Ni K edge (right) of Co fcc and Ni fcc metal. Center: the calcu-
neighboring atoms. Thus, we expect, that the SPEXAFS lated spin-independent (...) and fitted spin-dependent part (-) of the back-specthbros o . s , en quantitatielew eletse cf scattering amplitude of the first neighbor of Co fcc (left) and Ni fcc (right).
spectroscopy gives even quantitatively new element-specific Bottom: the corresponding calculated spin-independent (".) and fitted spin-
insights into the magnetic short-range order. dependent (-) phase shift.
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Discussion of the magnetic dichroism in the x-ray resonance scattering

Peter Rennert
Physics Department, Martin-Luther-University, Halle-Wittenberg, D-06099 Halle, Germany

The cross section for the x-ray resonance scattering is evaluated at the K edge for a transition metal
like Ni. The Green function is calculated analytically from a model system. The differences in the
spectra measured with different polarization can be explained from these results. The examples
show that the shape of magnetic dichroism is very sensitive to the spin polarized p part of the Green
function.

I. INTRODUCTION the different angular momentum parts (l=s,p,d) and spin

T xae a se (= T,). These values are taken from the band structure ofing involveshe artonance oattering tensity of a Bragg peak if nickel in the numerical discussion of the following chapters.
invlvesthe t e rgytosen edgthe. agnteitic diBrom an i In this model the Green function of the unoccupied states canthe photon energy crosses an edge. Magnetic dichroism can b acltdaayial

be observed considering magnetic systems and using polar-
ized x-ray sources. Recently magnetic dichroism at the K 3 r a, (1-Oa)(XF+ a)
and L edge was analyzed theoretically for ferromagnetic 3d G(E)= - - 1 -X,+ "! In (+a II (2)
transition metals where the main source of dichroism is the 2 XF

spin polarization of the valence electrons The cross section with

do/dfl'=r 2S(K)12IM(q'e';qE) 2  (1)0 (1) X 2la--(EF-E )/Whr--=nh21/ (21+1),
can be calculated by second order perturbation theory.1- 4  F 1),

The order of magnitude is given by the square of the classi- a 2 = (E-E°,)IW,. (3)
cal electron radius r o.

The matrix element M [Eq. (30) of Ref. 1 with terms I to n, is the number of I electrons with spin o-. The behavior of
VII] depends on the photon wave vectors q, q' and on the this function is shown in Figs. 1 and 2 for the p and d part,
polarizations e. e' of the incoming and outgoing photon, respectively. In our example the unoccupied part of the PT
respectively. It contains terms which describe the Thomson band lies in the range from the Fermi energy (EF=O) up to
scattering (I), the magnetic scattering (II), and the resonance 17.4 eV. Thus, in Fig. 1 DI(E) is restricted to this range. The
scattering (III-VII). The terms VI and VII are neglected in real part of the Green function GT has long tails below the
the following discussion. The resonance terms depend on the Fermi energy. It changes the sign within the unoccupied re-
structure of the unoccupied electron energy bands. It can be gion. Figure 2 shows the d part of the Green function. In our
expressed by the Green function. example the top of the majority band lies at 0.11 eV and the

Experimental results for nickel were presented by Nami- top of the minority band at 0.43, respectively. The spin den-
kawa et al.5 and Schutz et al.6 Namikawa etal. observed sity Im(-G,/rr) is positive in the range from the Fermi
magnetic dichroism for the (220) reflex with linear polarized energy up to the top of the majority d band and then it
light. The polarization was chosen in the scattering plane and
the magnetization perpendicular to the scattering plane.
Schtz et al. observed magnetic dichroism for the (222) re-
flex with circular polarized light. The magnetization was in 0.1
the scattering plane. The results of both experiments differ
from each other, and it is one aim of the paper to discuss the '
magnetic dichroism for different experimental conditions.

II. MODEL OF THE BAND STRUCTURE 0.0

In Eq. (30) of Ref. 1 the electron states of the unoccu-
pied part of the electron energy bands are included in the
Green function. The Green function is expanded into lattice G ReR(-Gp/t)

harmonics, angular momentum parts in our example. The -0.1 .. ...... Ini (G ht)
total Green function G = GT + G and the spin polarized part
Gs=G 1 -G 1 appear separately. Different parts of the Green ,_,___, ___, __,_,_,___,_,

function appear in the expressions IlI-VII. They are multi- -20 -10 0 10 20 30 40
plied with factors containing the photon wave vectors and Energy (eV)
the polarizations. To discuss the influence of the different
factors we use a simplified picture of the band structure with FIG. 1. The p part of the Green function Gt multiplied with -1/1.

degenerate parabolic energy bands characterized by the po- lm(-G/Ir) is the density of states D(E). The dashed lines indicate the

sition of the bottom E? and the width W1t, of the bands for Fermi energy (EF=O) and the top of the p band, respectively
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[ becomes negative up to the top of the minority d band. Again where ul is chosen to be in the scattering plane (say yz
the real part of the Green function has a long tail below the plane) and u2 perpendicular to it. =0 describes linear polar-
Fermi energy. ized light, f=+ r/2 and it'= r/4 circular polarized light. At

III. LINEAR POLARIZED UGHT first we choose 6=0 and ik='r/2 which corresponds to the
experimental conditions of Namikawa et aL5 We consider the

The polarization is given by two opposite (±x) directions of the magnetization and we

e=u 1 sin #P+u 2 cos $ ei , (4) get

IM I2 - IM-12= -2 sin(20) cos(20)n(K)-cos(20) 21r- hw N2 Re - - WpTG,(E))
-o(43 Wp- Id--

d (e WdtGd(E Zot)_2RNp[WPD(E)] )

2w h0 NT2[WpTDp(E)]+cos(40) - - W- (Za)Rd WdTDd(E)]I(5
tcos(2 0) T WT

for the difference of the intensities. R and N are radial inte- factor D(E). Therefore the spectrum of Namikawa et al. is
grals as listed in Table III of Ref. 1. The leading terms cor- restricted to the energy region of the unoccupied states. Fur-
respond to Eqs. (2) and (4) of Ref. 5. The notation follows thermore there is no contribution to the dichroism from pure
Ref. 1. magnetic scattering. Figure 3 shows the results. The dichro-

Values for the charge formfactor n (K) and for the mag- ism in the x-ray resonance spectrum is determined by the
netic formfactor n,(K) can be taken from Zukowski et al.7  behavior of the p part of the Green function. We find nega-
They are measured for the Bragg angle 20=900 which cor- tive values near the edge and positive values up to the tep of
responds to hto=8.62 keV for the (222) reflex. The K edge the band. The shape of the curve is determined by the shape
energy is 8333 eV. We have 20=94' for the (222) reflex and of density of states of the model. The spin polarization of the
20=73° for the (220) reflex. This is an important point, too. p band determines for the negative values near the edge. As
For the (222) reflex the charge form factor contributes with a known from Compton profiles8'9 there is a negative spin po-
small weight cos 20= -0.07 whereas for the (220) reflex
this weight is larger (0.28) and of opposite sign.

It should be noticed that the terms in Eq. (5) contain the

I * I I I I

: ' ! 0.4 - -.02

1.0 Re (- G/n) .' -.04
.. ....... Im (- G/n) . .05

0 .5. Re (- Gh) 0.2

.H ,." w-- Im (- Gs/n)
:' '-0.0

0.0 ................ 0.

. ... .

-0.5-0.2

__ _ _, _, _,-20 -10 0 10 20 30 40

0 12 Energy (eV)
Energy (eV)

FIG. 3. Dichroism AI/(I+ +1) for the scattering of linear polarized x rays

FIG. 2. The d part of the total Greei function G and of the spin-polarized near to the K edge. The spectrum is restricted to the energy range of the

Green function G multplied with -1/r . The dashed lines indicate the unoccupied part of p band. The numbers indicate the assumed value for the
Fermi energy (Ek =0), the top of the majority d band, and the top of the contribution of the p electrons to the magnetic moment per atom. The values
minority d band, respectively, are scaled by a factor 10

4.
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larization of the p band in Ni with a contribution of structure. In the real band structure of Ni the spin polariza-v--0.2AfB. Figure 3 shows results for different values of the tion of the p band is larger near the Fermi energy whereas in
spin polarization. If we neglect this spin polarization at all the model it is uniform over the whole band.
then we do not get negative values near the edge. Thus, to
discuss measured spectra it is important to calculate the spin IV. CIRCULAR POLARIZED LIGHT
polarization of the p band in detail.

The calculated values are smaller than the experimental Now we consider the polarization (4) which corresponds
one for Ni.5'6 This is due to the simple model of the band to the experiment of Schiitz et al.6 instead of Eq. (5) we get

IM+I2- IM-12=cos 0 [cos(20)+ 1]n(K)-[cos(20)+ 1] - W 2 Re WpTGp(E)

-[cos(4)+cos(20)] 2- (Z 2R2 Re( ddTG ))

ns(K)+sin2 9- M RpNp Re -- WpTGp,(E)

4.2 i w W DE) [ (20 +1] I - 2 W Dp(E)]
-2 cos 0 - WRp p[

1r ho02 h&) 2[

+[cos(40)+cos(20)]- .m W-(Za) RdWdTDd(E)] (6)

which has a quite different structure than Eq. (5). At first we stant contribution from the pure magnetic scattering was sub-
find an essential contribution from the magnetic tracted and only the resonance contribution is shown, In con-
scattering-a term proportional to n(K).n,(K). Furthermore trast to Fig. 4 we find a finite intensity below the Fermi
the contributions from the resonance scattering contain the energy, thus below the edge. Furthermore the range of nega-
-1 part of the Green function. As shown in Fig. 1 it has a tive values is much broader and the shape is similar to the
omg tail below the edge. This behavior explains the obser- behavior of the real part of the Green function in Fig. 1.
vation of Schiitz et al. who found essential contributions be- V. CONCLUSIONS
low the edge in contrast to Namikawa et al.

Figure 3 shows the dichroism for our example. The con- We have calculated the magnetic dichroism in the x-rayresonance scattering in a model for the band structure, which
can be evaluated analytically. The formulas and the numeri-
cal evaluation show what features of the band structure de-
termine the characteristic peaks found in the experimental
spectra. Clearly, the Green function has to be determined by

0.2 [a full band structure calculation to get consistence in respect
to peak position and the order of magnitude with the experi-mental spectra in detail. Especially measurements with linear

polarized light seems to more suitable, because the influence
of the pure magnetic scattering is suppressed. In this case the

0.0 .spectrum sensitively depends on the spin-polarized part of

'P. Rennert, Phys. Rev. B 48, 13559 (1993).
+(I+ - I. )I( I+ + I. ) 2P. M. Platzman and N. Tzoar, Phys. Rev. B 2, 3556 (1970).

, 3 F. de Bergevin and M. Brunel, Acta Crystallogr. A 37, 314 (1980).
-0.2 L 4 M. Blume, J. Appl. Phys. 57, 3615 (1985).

-20 -10 0 10 20 30 40 5 K. Namikawa, M. Ando, T. Nakajima, and H. Kawata, J. Phys. Soc. Jpn.
54, 4099 k1985)Energy (eV) 6G. Schutz (unpublished).
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rays near tc he K z'.;e. The contribution of he pure magnetic szattering 8p. Rennert, G. Carl, and W. Hergert, Phys. Status Solidi B 120, 273
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i- Experimental investigation of dichroism sum rules for V, Cr, Mn, Fe, Co,
and Ni: Influence of diffuse magnetism

W. L. O'Brien
Synchrotron Radiation Center, University of Wisconsin-Madison, Stoughton, Wisconsin 53589

B. R Tonner
Synchroton Radiation Center, University of Wisconsin-Madison, Stoughton, Wisconsin 53589
and Department of Physics, University of Wisconsin-Milwaukee, Milwaukee, Wisconsin 53211

G. R. Harp and S. S. P. Parkin
IBM Almaden Research Center, San Jose, California 95120

Uncertainties in the application of the (L,)I(S.) sum rule to experimental spectra of V, Cr, Mn, Fe,
Co, and Ni are discussed. An important contribution to these uncertainties is the possible presence
of dicliroism due to diffuse magnetic moments, which are known to exist in Fe, Co, and Ni.

X-ray magnetic circular dichroism (XMCD) is the dif- creases in going from Ni to V. For V and Cr the L 3 and L 2
ference in the absorption cross section for photons with spin features are not clearly separated. The L 3 peaks are predomi-
parallel and antiparallA to the sample magnetization. The nantly of negative intensity and the L 2 peaks of positive
L2, 3 absorption edges of the magnetically interesting 3d tran- intensity. The vanadium L2 peak is the only exception to this.
sition metals have readily measurable dichroism signals, Ni and Co have negative shoulders, B, on the high energy
making XMCD an excellent technique for the study of mag- side of the L 3 peak. For Ni, the main peak and shoulder are
netism in ultrathin films and multilayers. Theoretical under- due to d9 and d8 initial state configurations, respectively.9

standing of XMCD can be traced to work by Erskine and We propose a similar identification for the shoulder in the Co
Stern I who predicted that the XMCD L31L2 intensity ratio is spectra. There is also a nearly constant negative intensity
equal to -1 for a simple atomiclike model. Early measure- feature between the shoulders B and the L 2 peaks in the Ni
ments on Ni b' Chen et al.2 found values substantially dif- and Co spectra, gray arrows. The Fe L 3 peak is nearly sym-
ferent than -1. Later, Smith et al.3 showed that agreement metrical, having a small positive intensity shoulder. The Mn,
with experiment could be improved by including the d-band
spin-orbit interaction in the calculation. More recently, Thole
et a0 and Carra et al.5 have derived sum rules which relate L
the ground state expectation values (L,) and (S,) to the di- 3
chroism spectra of atoms. The derivation of these sum rules
assumes excitations into d levels only and their application Ni* B
to solids is still controversial.6 In this article we examine the I. -

details of the V, Cr, Mn, Fe, Co, and Ni L2,3 XMCD spectra.
We point out a number of trends in the spectra, some of "l t |

which affect the application of the sum rules We also discuss 0: B

dichroism due to diffuse, magnetic moments and its effect on "
the application of the dichroism sum rules. 0

0 L2The experiments were performed on the 10M toroidal 2[Fe:
grating monochromator at the Synchrotron Radiation Center X
of the University of Wisconsin.7 The samples were magne- .N
tized in situ by a 2 kG electromagnet. Absorption spectra, Cc M
o(hw), were obtained by measuring the total electron yield, E
Y(hwo), by monitoring the sample drain current. All XMCD Z
measurements were made on the remanent magnetization by
reversing the cample magnetization and using a fixed inci- r
dent polarization. We have completed several extensive tests
of this technique8 and have identified experimental condi-
tions where the approximation Y(hw)ochwo(ho)) is valid.

In Fig. 1 we show the XMCD spectra of V, Cr, Mn, Fe, •
Co, and Ni. Samples ,.. were a V-Fe multilayer, a sub- 0 10 20 30
monolayer film of Cr on Ft., a submonolayer film of Mn on Photon Energy (eV)
Co, and Fe, Co, and Ni thin films grown on Cu(0O1), respec-
tively. The energy of the maximum L 3 peak intensity in the FIG. 1. V, Cr, Mn. Fe, Co, and Ni XMCD spectra shown normalized to
linear absorption spectra is defined as the zero of the energy constant L 3 peak height The shoulders labeled B are due to multiple initial

state configurations. We identify the constant negative intensity features be-
tweei B and L2 in the Ni and Co spectra, gray arrows, as due to diffuse-Fig. 1. The separation between the L 3 and L2 peaks de- magnetic moments
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TABLE I. Diffuse moment, /d,ff, and ratio of diffuse moment to total mo-
ment, pd (%), for Ni, Co, and Fe determined by calculation, Ref. 13, and
by neutron diffraction (ND), Ref. 12. Values are given in /B/atom. N

Ni Co Fe c d":":"diffuse-

Theory ND Theory ND Theory ND magnetic moment

/-LAff -0.04 -0.105 -0.07 -0.28 -0.04 -0.21
.,dcr(%) -7% -17% -4% -16% -2% -10% C 0

"0 magnetic moment

Cr, and V L 3 peaks have more pronounced positive intensity =
shoulders. These shoulders are present in atomic calculations Fe
for Mn, d5, Cr d4 , and V d2 .10 The asymmetry introduced by 0
these shoulders shifts the peak maximum in the L 3 XMCD Z
signal to -0.2, -0.6, and -0.8 eV relative to the maximum
in the linear absorption spectra for Mn, Cr, and V, respec-
tively. -10 0 10 20 30

We now discuss the application of the (Lz)l(S,), sum Photon Energy (eV)
rule to our experimental results. From Carra et al.,5

(L,) 4 RM + 1 FIG. 2. Fe, Co, and Ni XMCD spectra from Fig. 1 shown on an expanded
(S,) 3 Ru-2' scale. XMCD signal due to diffuse-magnetic moments in Ni and Co, shaded

area.

wheie RM=I(L3)II(L2), the ratio of the integrated dichro-
ism intensities. The only uncertainties involved in applying
this sum rule are in the experimental separation of I(L3) and signal is the same for excitations into these oppositely polar-
f(L 2) and in the identification of dichroism intensities dae to ized states. The sign at the L 3 edge for both 3d(,) and s(T)
non-3d orbitals. We immediately see difficulties in applying excitations is negative and the sign at the L 2 edge is positive
this sum rule to the Cr and V data, since the L3 and L2 peaks for both excitations. Since there is no spin-orbit coupling in
are not clearly separated. In the Ni and Co spectra the con- the s levels we expect RM = - 1 for transitions into s orbitals.
stant negative intensity feature between the shoulder B and Based on a comparison of radial matrix elements the diffuse
the L2 peak must be identified. These features are present in XMCD should be small compared to the 3d XMCD.
other published spectra but have not been previously In Fig. 2 we show the same Ni, Co, and Fe spectra from
interpreted.2"' It is important to know whether or not this Fig. 1 on an expanded scale together with the predicted
intensity is due to excitations into 3d orbitals. If it is not, XMCD signal due to diffuse magnetism for both Ni and Co.
then its intensity should not be included in the value for RM. We observe no effects of diffuse magnetic moments in the Fe
If this is the case, accurate models must be used to distin- XMCD spectra. The positive going shoulder on the Fe L 3
guish the non-3d contributions to the XMCD spectra. may obscure such a feature, or the separation between the Fe

A possible source of these constant negative intensity L2 and L 3 peaks may be too small. We also note that for Fe,
features is from diffuse magnetic moments. Polarized neu- Co, and Ni, the relative diffuse moment is smallest for Fe
tron diffraction studies have shown that diffuse magnetic (Table I). The model we have used predicts a step-function
moments are present in Fe, Co, and Ni.' 2 This background line shape, which reflects a broad s band with nearly constant
magnetism is assumed to be caused by 4s electrons, whose density of state. We have assumed that Rm = -1 so that the
spin is oppositely polarized to the 3d electrons. Recent band diffuse XMCD signal goes to zero above the L2 edge. While
structure calculations on Fe, Co, and Ni' 3 also predict a the XMCD line shape due to diffuse magnetic moments is
negative diffuse magnetic moment due to the sp-projected undoubtedly more complicated, this simple model serves to
and interstitial moments. The results from these calculations illustrate the importance of considering diffuse magnetism in
and the neutron scattering experiments are summarized in XMCD.
Table I. Since L2,3 absorption spectra are sensitive to both s- We have determined (L,)I(Sz) for V, Cr, Mn, Fe, Co,
and d-clectron levels, it is expected that diffuse magnetic and Ni, from our XMCD spectra both before and after sub-
moments will affect the XMCD spectra. tracting contributions from diffuse moments. These values

To show that the dichroism signal due to diffuse mag- are given in Table II along with values determined by neu-
nettc moments is consistent with the experiment we use a tron diffraction1 2 and band structure calculations 4 for Fe,
model similar to that developed by Erskine and Stern.' We Co, and Ni. Values of (L,)/(S,) determined from XMCD are
assume that the empty d levels have minority spin character larger than values determined by neutron scattering and bar.d
(Q) and that the diffuse magnetic moment is described by structure calculations, but including diffuse moments im-
empty s levels which have majority spin character (T). This proves the comparison for Co and Ni. The results in Table II
simple model predicts an RM of -1 for excitation into both show how different interpretations of weak features in the
the 3d(L) and s(') levels. Nc";r t!.,a, +he sign of the dichroism XMCD spectra greatly affect the application of the (Lz)I(S,)
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TABLE II. (L.)I(S,) values obtained from results in Fig.1 and dichroism DMR-94-13475. The "voc' )t:on Radiation Center is a na-
sum rules, compared to theoretical values, Ref. 14, and neutron diffraction tional facility suppor 0 , the NSF Division of Materials
(ND), Ref. 12. Values for Co and Ni were obtained both before and after Research.
subtracting the diffuse-XMCD signal. The calculated value for Co is for the
fcc phase which is present in this experiment. Errors given for Cr are due to 1 J. L. Erskine and E. A. Stem, Phys. Rev. B 12, 5016 (1975).
overlap of L 3 and L 2 dichroism signal. 2 C. T. Chen, N. V. Smith, and F. Sette, Phys. Rev. B 43, 6785 (1991).

3 N. V. Smith, C. T. Chen, F. Sette, and L F. Mattheiss, Phys. Rev. B 46,
Ni Co Fe Mn Cr 1023 (1992).

XMCD 0.39 0.33 0.17 0.25 0.065--..02 4B. T. Thole, P. Carra, F. Sette, and G. van der Laan, Phys. Rev. Lett. 68,
XMCD 0.392 0.3387 0.25 0 2 1943 (1992).
XMCD-DMM 0.28 0.25 .08 5 P. Carra, B. T. Thole, M. Altarelli, and X. Wang, Phys. Rev. Lett. 70, 694
Theory 0.22 0.15 0.08 .(1993).
ND 0.17 0.14 0.12 6 R. Wu, D. Wang, and A. J. Freeman, Phys. Rev. Lett. 71, 3581 (1993).

7 R. W. C. Hansen, W. L. O'Brien, and B. P. Tonner, Nucl. Instrum. Meth-
ods (in press).8 W. L. O'Brien and B. P. Tonner, Phys. Rev. B 50, 2963 (1994).

9 L H. Tjeng, C. T. Chen, P. Rudolf, G. Meigs, G. van der Laan, and B. T.
Thole, Phys. Rev. B 48, 13 378 (1993).

sum rule. Uncertainties of this nature may limit the useful- 10G. van der Laan and B. T. Thole, Phys. Rev. B 43, 13401 (1991).
ness of the (Lz)I(S,) sum rule to qualitative applications. "Y. Wu, J. Stbhr, B. D. Hermsmeirer, M. G. Samant, and D. Weller, Phys.
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F" Spin-specific photoelectron diffraction using magnetic x-ray
circular dichroism
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The first observation of spin-dependent photoelectron diffraction using circularly polarized x rays is
reported for monolayer ferromagnetic fcc Fe films on Cu(001). Circularly polarized x rays are used
to produce spin-polarized photoelectrons from the Fe2p spin-orbit split doublet, and intensity
asymmetries in the 2p3/2 level of -3% are observed. The asymmetry is dependent on the relative
orientation of the x-ray polarization vector and the Fe magnetic moment. This spin-dependent
technique promises the direct, element-specific determination not only of local atomic structure, but

magnetic structure as well.

The last several years have witnessed a massive growth Using the internal spin polarization of the 3s state of Mn,
in the research and development of nanoscale magnetic ma- Fadley et al. have reported observation of spin-specific pho-
terials. Perhaps the best review is provided by the Falicov toelectron diffraction in bulk systems, 22 and used it to study
report' on "Surface, Interface, and Thin-Film Magnetism." short range magnetic order. In attempting to extend such
Three general lessons can be derived from this report. (1) measurements to metal overlayer systems,2 limitations to
Magnetism is one of those special cases where fundamental this method became apparent. The small 3s cross section, the
research can directly lead to technological applications; (2) overlap of the split peaks, the large background on which the
the key to understanding and manipulation of magnetic prop- peaks rode, and the generally unknown spin composition of
erties is the subtle yet overwhelming interplay of atomic geo- the peaks all militate for a better defined approach. This ap-
metric structure and local magnetic properties. For example, proach must possess some sort of independent spin sensitiv-
the giant magnetoresistance effect (GMR), which is already ity or selectivity, such as that shown in Fig. 1, and a more
being explored for technological exploitation, 2- 4 appears to rigorous analysis based upon multiple scattering theory. One
be intimately coupled to interfacial and thin film effects and avenue to better spin sensitivity is the utilization of spin
probably will require elementally specific probes for an ex- detectors, which unfortunately carry with them a concomi-
plicit determination of the underlying causes. 5- 7 This also tant loss. (Efficiencies of 10-210 - 4 are common, relative to
appears to be the case for spin valves,8- 10 another source of unpolarized detection.) Despite this handicap to spin-
device miniaturization in read heads and magnetic sensors, polarized, core-level, photoelectron spectroscopy, the first re-
[While it may eventually be found that these two effects are sults were reported by Kisker et al. and Carbone et al. look-
fundamentally connected, for now it appears that the GMR ing at the shallow 3p (Ref. 24) and 3s (Refs. 25 and 26)
effect (up to 60%) is dependent upon an antiferromagnetic levels of bulk Fe. Subsequently, the measurements have been
coupling through a nonferromagnetic layer while the spin extended to include magnetic overlayers, demonstrating ef-
valve effect (--10%) is associated with a loosely coupled fects such as antiferromagnetic coupling between substrate
ferromagnetic layer,9 which can be controlled externally.] (3) and overlayer.27 (In parallel with this, spin-polarized photo-
The importance of probes with a direct spir dependence. A emission studies of valence band structure have also been
very recent illustration of this is the development of the mag- pursued. Recent examples include the investigations of quan-
netic x-ray circular dichroism using x-ray absorption" -5 turn well state, by Johnson et al.28 and Carbone et al.,29

and photoemission 16, 7 as a probe of surface, monolayer, and which suggest that these states are connected to oscillatory
multilayer magnetism. It is this advantage that we propose to interlayer coupling. Johnson has also led the effort at NSLS
utilize, as will be described. However, before beginning that to extend their spin-resolved measurements to include shal-
discussion, it is useful to summarize the state of of core-level low core levels.)30 Finally, Roth et al.31 reported the obser-
photoelectron spectroscopy and diffraction at this point. vation of strong dichrmism effects in the Fe 3p spectra using

In the case of photoelectron spectroscopy and diffrac- linear polarization, with and without spin detection, by using
tion, there have been some significant strides recently. High specific high symmetry geometries. These first studies were
resolution core-level spectroscopy has been demonstrated by invariably done using linearly polarized soft x rays, and the
Himpsel,' 8 to be a sensitive measure of oxidation state of spin sensitivity was provided by electron spin polarizers
surface silicon. Photoelectron diffraction 19- 21 has been coupled to energy-analyzers. An alternative means to extract
shown to be a powerful probe of metal overlayer structure. spin-specific information from core levels is to use circularly

polarized x rays and the strong dipole selection rules that
a)Present address: University of Missour-Rolla, Dept. of Physics, Rolla, MO govern these transitions. The observation of photoemission

65401-0249 circular dichroism was first demonstrated using the Fe 2p
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Spin-senstive SpIn-sensillve FIG. 2. This schematic illustrates the underlying cause of photoelectron

diffraction: interference between the direct and scattered waves. The inter-

FIG. 1. This figure shows schematically the experimental setup. Asingle ference is dependent upon the details of the local geometry and the emission
angles, the kinetic energy (KE), and the spin of the outgoing electron, asenergy (h P) of electromagnetic radiation is selected from the broad con- well as the sample magnetization. The kinetic energy is varied by scanning

tinuum of synchrotron radiation using a monochromator. The photons cause the photon energy, h v. The binding energy (BF), the work function (0), and
the ejection of photoelectron, which are then collected by the angle (±3*) the potenergy V. Te bndn gien state and
and energy resolving detector. The photons can be linearly or circularly inner potential (Vo) arc constant for a given state and material system.
polarized. The electron energy analyzer can be coupled to a spin
detector (SD).

states of bulk Fe by Baumgarten et al. 16 and then ultrathin
films of Fe/Cu(001) by Waddill et al.17 Subsequently, Kaindl MXCD-Potoelpcron liracion. comparison ot Experiment and Theory tor 4 ML Fe/CuCO0t)

et al. extended this work to rare-earth systems, with the ob-
ZerMh Order Comnarisonservation of very strong effects.32 More recently, a large cir- ExneIt, Pe, heig

cular dichroism in the Fe 3p emission from Fe/Cu(001) has Tm F.-Fcc structure

been observed and quantitatively simulated,33 using a spin- - F2p Ph!5oemitlon
S3 .7 )F2 htoisospecific, fully relativistic, multiple scattering theory that can 26 SIA =Spin-Dependent Intensity Asymmetry

also explain the large linear dichroism that was previously 31 2ISIA inegraled S l lA

observed.31 It is this spin selectivity, based upon circular po- co 1 I _ ,r-i 3 1 ISIA a ISA(h,)- I (hu) t,
larization of soft x rays, that we have used to perform spin- ' wi, 2(h) I! , 2(hu)

specific photoelectron diffraction. -3 a * teL l 2(hu) 11*2(hV)
-4 0 p = Parallel (hal, meg.)In photoelectron diffraction, an electron is ejected from a "a = Anti -prallel (t., mg

core level and can scatter or diffract off of its nearest neigh- K energySoo 81 111140 8 50 onWa 60 $70 Note shift of scales,

bors. In the usual experiments a small solid angle of elec- Photon energy tv)
trons is collected and linearly polarized x rays are used as the This compidrton ot a peek height and asimple theoretical mode demonstrats the fundane mlI

excitation. From the energy or angular variations of the par- natum ofthe spin-dopondent diffraction.

tial cross section, the local geometrical structure can be ob-
tained. To gain sensitivity to local magnetic structure, the FIG 3. Spin-specific photoelectrop diffraction using magnctic circular di-
spin of the electron must come into play (Fig. 2). One way to chroism, for emission along the Cu[IUl] direction. Because the sample was
do this is to use circularly polarized x rays as the excitation: perpendicularly magnetized, the x rays were incident normal to the surface.

Experimental results are shown as data points with error bars. The theoreti-In this case the 2p peaks will be intrinsically spin polarized. cal results are from a spin-specific, multiple scattering calculation using anA naive atomic picture would predict that the 2 p3/2 would be unrelaxed fcc model (a =3.6 A) for the Fe
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[ Enhanced magnetic moment and magnetic ordering in MnNi and MnCu
surface alloys

W. L. O'Brien
Synchrotron Radiation Center, University of Wsconsin-Madison, 3731 Schneider Drive, Stoughton,
Wisconsin 53589

B. R Tonner
Synchrotron Radiation Center, University of Wisconsin-Madison, 3731 Schneider Drive, Stoughton,
Wisconsin 53589 and Department of Physics, University of Wsconsin-Mikwaukee, 1900 East Kenv jod Blvd.,
Milwaukee, Wisconsin 53211

Two-dimensional, ordered surface alloys of MnCu and MnNi were grown on Cu(001) and Ni(001)
substrates. These surface alloys, which have structures that are not present in the bulk phase
diagram, are highly corrugated with a c(2 X 2) periodicity. The stability of these surfaces has been
predicted theoretically to be due to a gain in magnetic energy of the Mn atoms. Using a combination
of soft x-ray absorption spectroscopy and x-ray magnetic circular dichroism we find that Mn is in
a high-spin state and is ferromagnetically ordered in the MnNi surface alloy. MnNi surface alloys
have been grown with an easy axis of magnetization perpendicular to the surface.

Ultrathin films of Mn on Cu(001) and Ni(001) have re- with a water-cooled copper aperture which allows the selec-
ceived much attention recently due to the existence of stable tion of either linear, left-handed or right-handed elliptically
surface alloys which form at 1/2 monolayer (ML) polarized photons in the energy range 200-900 eV. The de-
coverage.-4 These surface alloys form at room temperature gree of circular polarization for this instrument has been cal-
and are characterized by c(2 X 2) low energy electron dif- culated to be 85±5%.8 The samples were magnetized in situ
fraction (LEED) patterns. LEED I- V analysis, ' 2 shows that by a 2 kG magnet and all XMCD measurements were made
these surface alloys are highly corrugated with the Mn relax- on the remanent magnetization at room temperature. All ab-
ing outwards by 0.3 A on the Cu surface and 0.25 A on the sorption measurements were made using the total electron
Ni surface, Fig. 1. This large outward relaxation results in a yield by monitoring the sample drain current.6 For perpen-
reduction of screening at the Mn sites, observable as large dicular magnetization the photons were incident normal to
binding energy shifts in the Mn 3s, 3p, and 2p the surface. For in-plane magnetization measurements the
photoemission. 4 The stability of these highly corrugated sur- photon angle of incidence was 650 off normal (25* grazing).
faces has been attributed to a gain in magnetic energy of the This reduces the in-plane oM signal by a factor of 0.9 (cos
Mn atoms and ferromagnetic ordering of the Mn atoms has 250) when compared to am signals for perpendicular mag-

been predicted.' Calculated magnetic moments for Mn in the netization. We have corrected our measurements for this geo-
surface alloys are high -4AO.l  metrical factor by multipiying the normalized in-plane oM

In this article we investigate the magnetic properties of spectra by 1/cos (25).

the MnCu and MnNi c(2 X 2) surface alloys using soft x-ray Samples were made and measured in an ultrahigh

absorption spectroscopy5 and x-ray magnetic circular dichro- vacuum system equipped with cryo-shrouded evaporation
ism (XMCD). 6' 7 Both these techniques give element specific sources. Manganese was evaporated from an A120 3 cruciblemagnetic information. The line shape of the Mn L2,3 absorp- at a rate of 1 ML in 5 min. The MnCu c(2 X 2) surface alloytion spectra has been shown to be sensitive to the ground was prepared by evaporation onto a clean Cu(001) singlestate spin moment of the Mn atoms. The XMCD signal, crystal at room temperature. A sharp c(2 x2) pattern, as

trM =(o+ -o), is the difference between the absorption viewed by LEED, was formed at 1/2 ML coverage. The
spectra with the photon spin parallel (o-+) and antiparallel
(o') to the sample magnetization, M. The average of the
two spectra, -0= 1/2(o+ + o-_), is in most circumstances * Mn atoms
considered to be identical to the linearly polarized absorption * Cu (Ni) 1 layer

spectra. The intensity and sign of a-m depends on the relative 0 Cu (Ni) 2,3 layer
orientation of M and the photon spin, 1, that is OM-Y,.M. a) b)
This is an important property of XMCD since it allows the
direction of M to be determined, allowing antiferromagnetic .
coupling to be distinguished from ferromagnetic coupling.6' 7  E 0( 0 -0

We present our XMCD spectra normalized to o"0 at the L3  D __1
peak, aM(hw)/o(L 3), in order to discuss rektive degrees C -) \)\I
of magnetic ordeing. 11001-, (1101 --

The experiments wcre performed on the 10M toroidal
grating monochromator at the Synchrotron Radiation Center FIG. 1. Structural model of c(2 X 2) surface alloy (a) top view, (b) side

of the University of Wisconsin. The beamline is equipped view. Corrugation, Az, is 0.3 A for MnCu and 0 25 A for MnNi.
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FIG. 3. (rop) Mn and Ni LZ 3 absorption spectra, o-_, solid line, and o-,,

FIG. 2. (Top) Mn L2,3 absorption spectrum, o , for 15 ML of Mn on dashed line, for the MnNi c(2X2) surface alloy grown on Ni(001). (Bot-
Cu(001), (middle) Mn L2 3oo for the Mn/Cu(001)c(2X2) surface alloy, tom) Mn and Ni normalized XMCD spectrum, oM(h&)/'o(L 3), showing
(Bottom) Theo,ical spectrum for high spin Hund's rule ground state, S 5/ ferromagnetic ordering in both Mn and Ni and ferromagnetic alignment of
2, of d5 Mn+2 from Ref. 11. Mn to Ni. The film was magnetized in plane along the [110] axis. The

spectra have been multiplied by 1/cos(25)=1.1 to account for the photon
angle of incidence.

MnNi surface alloy was grown on two types of fcc Ni(001)
substrate: a Ni(001) single crystal and a 20 ML Ni(001) film
grown on Cu(001). The ultrathin Ni films are known to have surface alloys are nearly atomiclike and have high spin mo-
a perpendicular easy axis of magnetization, while the ments.
Ni(001) single crystal has an in-plane easy axis.9 For both It is informative to consider why the atomic calculation
Ni(001) substrates a c(2 X 2) LEED pattern was formed after describes so well the P In absorption spectra for these surface
deposition of 1/2 ML ol Mn. This pattern became much alloys. We first note that atomic calculations have been more
sharper after annealing to 400 K. The base pressure of the successful than band structure calculations in explaining the
vacuum chamber was 5 x 10-11 Torr and the pressure during nonstatistical behavior of the L 31L2 intensity ratio in the ab-

evaporation was 2 X 10-10 To. sorption spectra of first row transition metals.10 This is due to
In Fig. 2 we show the Mn L 2.3 absorption spectra, o-, for the localization of the d orbitals involved in the transitions

the MnCu surface alloy and a 15 ML film of Mn grown on and the importance of many-body excitations. At the surface,
Cu(001). The two spectra are shown normalized to the inte- d orbitals are further localized due to lower coordination.
grated L 2 intensity and are quite different. The spectrum for This leads to an enhanced surface moment in magnetic ma-
the surface alloy has two shoulders on the main L 3 peak and terials. The outward buckling of Mr in the surface alloys
the L 2 feature appears as a doublet. The spectrum for the 15 causes even more localization of the d orbitals resulting in an
ML film is comparatively featurelcss consisting of a single almost atomiclike Mn. The Hund's rule ground state for Mn
broad peak at both the L3 and L 2 edges. Also the L3/L 2 inten- d5 is an S=512 state. Therefore, both the atomiclike o-
sity ratio, R0, is smaller than the 15 ML spectrum. The spec- spectra and the high spin moment are due to the surface
trum for the 15 ML film is very similar to the absorption corrugation.
spectra for bulk Mn.10  In Fig. 3 we show the Mn L 2 , 3 absorption spectra o+

Also shown in Fig. 2 is the theoretical spectrum for igh and a- and their difference oM for the MnNi surface alloy
spin atomic Mn+2 d5, S = 5/2. This calculated spectrum is grown on a Ni(001) single crystal. Mn is found to be ferro-
from Fig. 1(e) of Ref. 11 and includes spin-orbit coupling in magnetically ordered with an in-plane easy axis of magneti-
the d levels. The only solid state effect included in the cal- zation. Also shown in Fig. 3 is the Ni o-+, or, and aM
culation is an 80% scaling of the electrostatic terms in the spectra for the same sample. Both the Mn oM spectrum and
Hamiltonian to account for solid state screening. The calcu- the Ni oM spectrum are negative at the L3 edge and positive
lated high spin spectrum is in good agreement with the ex- at the L 2 edge. Mn is ferromagnetically aligned with the Ni
perimental spectrum of the surface alloy. Each of the major substrate. This is unusual since bulk MnNi is antiferromag-
features in the experimental spectrum are reproduced in the netic at room temperature. 12 No remanent magnetization was

theoretical spectrum. The relative intensity ratios of the dif- found for either Mn or Ni for magnetization perpendicular to

ferent features also agree well. A similar agreement is found the surface. No remanent magnetization was found in any

for the Mn absorption spectrum in the MnNi surface alloy, direction for the MnCu surface alloy.
These comparisons show that Mn in the MnNi and MnCu The MnNi surface alloy was also grown on a 20 ML film
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MnNi c(2x2) t and the idea of magnetic domains in the bulk sample.
In conclusion, we have shown that Mn has a high spinmoment in the MnCu and MnNi c(2x2) surface alloys.

This high moment results from the corrugation of the surface
which localizes the Mn d orbitals. We find Mn to be ferro-

120 . 40 magnetically ordered in the MnNi surface alloy but not in the
Mn Ni MnCu surface alloy. Long range magnetic ordering does not

80 - 3  affect the stability of these surface alloys. We believe that it

"- 401- 2  L 2is the formation of atomiclike Mn in the Hund's rule ground
22 state which stabilizes the surface alloy. For the MnNi surface

.::L X alloy we find that the Mn is ferromagnetically coupled to the
0 . 0 Ni for substrates with in-plane and perpendicular easy axis of

S " magnetization. This is unusual since bulk MnNi is antiferro-
2 040 magnetic at room temperature." " X2 ."

< "20-LA. It is also possible to grow thicker compositionally or-
-0s- L3  3 L' dered MnNi alloys with the c(2X 2) surface structure. 3 We

have measured the magnetism in these films using XMCD
-120 -40 and have found ferromagnetic ordering for film thickness up

630 640 650 660 860 880
Photon energy (eV) to 4 ML. These results will be discussed in detail in a sepa-

rate publication.
13

FIG. 4. (Top) Mn and Ni L,3 absorption spectra, o-_, solid line, and o', This work was supported by the National Science Foun-
dashed line, for the MnNi c(2 X 2) surface alloy grown on a 20 ML film of dation, Division of Materials Research under Grant No.
Ni/Cu(001). (Bottom) Mn and Ni normalized XMCD spectrum,
o-M(hw)/i1o(L3) showing ferromagnetic ordering in both Mn and Ni and DMR-94-13475. The Synchrotron Radiation Center is a na-
ferromagnetic alignment of Mn to Ni. The film was magnetized perpendicu- tional facility supported by the NSF Division of Materials
lar to the surface. The intensities of the normalized XMCD spectrum are - 2 Research.
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for either Mn or Ni for magnetization parallel to the surface. (1985). J. Zaanen, G. A. Sawatzky, J. Fink, W. Speier, and J. C. Fuggle,

The Mn am line shape is similar for the surface alloy grown ibid. 32, 4905 (1985).
n G. van der Laan and B. T. Thole, Phys. Rev. B 43, 13401 (1991).

on the single crystal and the thin film. The normalized inten- '2 L. Pil, F. Kr(n, G. Kidir, P. Szab6, and T. Tarn6czi, J. Appl. Phys. 39, 538
sity of the Mn rM spectra is increased by a factor of -- 2 for (1968).
growth on the Ni thin film, consistent with the Ni trm results 13W. L. O'Brien and B. P Tonner, Phys. Rev. B (to be published).
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Observation of x-ray magnetic circular dichroism at the Rh M2 ,3 edge
in Co-Rh alloys

G. R. Harp and S. S. R Parkin
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099

W. L. O'Brien
Synchrotron Radiation Center, University of Wisconsin-Madison, 3731 Schneider Drive, Stoughton,
Wisconsin 53589

B. R Tonner
Synchrotron Radiation Center, University of Wisconsin-Madison, 3731 Schneider Drive, Stoughton,
Wisconsin, 53589 and Department of Physics, University of Wisconsin-Milwaukee, 1900 East Kenwood Boulevard,
Milwaukee, Wisconsin 53211

The M2 ,3 edge of Rh in Co-Rh alloys shows measurable x-ray magnetic circular dichroism. Such
dichroism is not present, however, for analogous alloys of Co-Ru. The induced Ru magnetic
moment, if any, is thus demonstrated to be significantly smaller than the induced Rh moment in
otherwise similar Co alloys.

X-ray magnetic circular dichroism (XMCD) is a useful measurements made on intermetallic alloys close to the
technique for the study of magnetic systems. In XMCD, the C0 75Ru2, C075Rh2, and C050Rhio compositions. The par-
absorption coefficient of circularly polarized x rays is mea- ticular alloys were chosen based on their miscibility, rema-
sured as a function of photon energy. Near a core level ab- nent moment, and energy position of their respective absorp-
sorption edge, the absorption coefficient is seen to vary de- tion edges (e.g., Pd was omitted due to a conflict with the 0
pending on the cosine of the angle between the x-ray is grating absorption edge).
polarization and the sample magnetization, XMCD can be The measuruments were made at the Synchrotron Radia-
used to determine the net magnetization, projected onto the tion Center in Stoughton, WI, on a 10 m toroidal grating
x-ray polarization axis, of the individual elemental species in monochromator. The alloys samples were prepared as 500-
a complex sample. 1000 A thin films on fused quartz wafers by codeposition

Published studies using XMCD have considered diverse using magnetron sputtering at 500 'C. Alloy compositions
systems, including the K1 edge1 and L 2,3 edge 2 of the 3d were measured by electron microprobe analysis and absolute
transition metals, the L2 ,3 edge of the 5d transition metals,3  magnetizations were measured by superconducting quantum
and the L2 ,3 earth of the rare-earth transition metals.4  interference device magnetometry. The samples were trans-

Absent from this list are the 4d transition metals. The ported to the synchrotron in air. To remove the result;ng sur-
reason for this omission is that for the transition metals, the face impurity layer, the films were sputtered in vacuum and
L 2,3 edge is preferred for XMCD because (a) it allows the annealed to -300 'C prior to measurement. Residual oxygen
study of the d-like valence electrons, and (b) because it has a impurity levels were small (less than 1 equivalent mono-
high signal to background ratio for x-ray absorption.5 How- layer) as determined from the oxygen Is core absorption
ever, the angle of incidence required in the energy range of peak. The samples were magnetized in-plane prior to the
the 4d L 2,3 absorption edges (2-3 kV), is typically close to XMCD measurements, and were measured in remanence
Brewster's angle for most crystal monochromators (-45).6 (zero applied field). We estimate the x rays had about
That is, the monichromators produce only linearly polarized 85%t5% circular polarization 7 and they were incident at
x rays, independent of the polarization of the incident radia- +65' from the surface normal upon the sample, with con-
tion. For example, with 100% circularly polarized incident secutive spectra taken at alternating angles. Absorption spec-
radiation at the Rh L 2 edge (3146 eV), a Si(lll) monochro- tra were measured using a total electron yield technique. For
mator crystal would be held at 390 incident angle, and would more information on the measurement technique, see Ref. 7.
reflect only 8% circularly polarized x rays. Given that the Figure 1 displays the XMCD data from the Co L 2,3 and
XMCD signal from Rh is only 4% using 85% polarized x Ru M 2 ,3 edges of a C075Ru 25 alloy. Here the solid and
rays (see below), systematic errors in, e.g., spectrum normal- dashed curves are the absorption coefficients, a-_650, taken in
ization make measurements at the Rh L edge unfeasible. An- the two sample positions (magnetization 250 or 155' with
other approach toward the measurement of Rh XMCD is respect to polarization, respectively), and the dotted curve
therefore indicated. their difference. Regarding this data, we wish to make sev-

In this study, we evaluate the feasibility of XMCD mea- eral points: in the Co spectrum the signal to background ratio
surements of 4d transition metal elements at the M 2 ,3 ab- at the L 3 absorption edge is 4, while at the Ru M 3 edge it is
sorption edge. Although the estimated signal/background ra- 0.15, or about 25 times smaller. As a result, the Ru spectrum
tios are low, such experiments may bc possible with took much longer to collect (about 8 h) than the Co spectrum
currently available grating monochromators which produce x (about 40 min). The peak XMCD signal, XP, defined as
rays approaching 90% circular polarization in the energy Xp=max [(a+65-a- 65 )/(a+6 5+a_ 65)], is 0.032 at the Co
range of interest for the M edges (300-600 eV). We present edge, compared with 0.21 for a saturated epitaxial Co film.

J. Appl. Phys 76 (10), 15 November 1994 0021-8979/94/76(10)/6471/3/$6.00 © 1994 American Institute of Physics 6471



1.0 Co.~ 1.00 101.0 1.00 h

Co 163v lo 001Co o

0.8

~0.5 0.94-_ 0.95-
~0.6

' .- 0.

S0.4
'j0.0 0.88 0.90
0 . f0

.xl Uxlo ,
:.! .0.2

,0 - .x 25
X 1

0.5 0.82 0.0 0.85
765 790 815 450 475 500 785 790 815 480 505 530

Photon Energy Photon Energy

FIG. 1. Circularly polarized x-ray absorption spectra (solid and dashed FIG. 3. Spectra analogous to Figs. 1 and 2, except for a Co49Rh5, alloy. The
curves) and their difference or dichroism (dotted curve) from a Co75Ru5 Rh atoms develop measurable mag'ietic moments in this alloy.
alloy. The Co L2,3 edge shows significant dichroism but the Ru M2,3 edge
does not.

ration Rh xP for this alloy is 0.06. M6ssbauer measurements
of the Rh moment in Fe75Rh25 alloys indicate an induced Rh

The low XMCD signal is caused by the low saturation mag- moment of -1 Pa .s If we assume that Rh develops a similar
netization in this alloy and by its low remanence (52%). At moment in Co alloys, we may deduce an approximate pro-
the Ru edge, however, no XMCD signal is seen. We conser- portionality constant between Xp for Rh and its moment, i.e.,
vatively place an upper bound on Xp to be --0.005 at the Ru Xp=O0.6/PB..
L 3 edge. Figure 3 shows spectra from a C04 9Rh51 alloy. The Co

The data from the Co75Ru25 alloy can be compared with edge has XP=0.025.The Rh dichroism signal is only about 3
Fig. 2 showing spectra from a C0 77Rh 23 alloy, Here Xp=0.12  times the noise level, yet still measurable with XP=0. 006.
at the Co edge. At the Rh M 2,3 edge definite XMCD is seen, This sample had 40% remanence, and based on the results
with xp=0.04.The induced Rh moment is parallel to the Co from the previous paragraph, we find the saturation Rh mo-
moment. This alloy had 66% remanence, and we can ex- ment in this alloy to be 0.25 IuB. As a guide to the eye, we
trapolate the XMCD measurement to determine that the satu- have superimposed a scaled version of the Co77Rh23 XMCD

spectrum as a dashed curve.
This last result has particular significance to our under-

1.0 1.00 standing of the Co75Ru 25 alloy (Fig. 1). Although the Ru

Rh ,V alloy possessed remanent Co moments 1.3 times higher than
in the Co49Rh5 j alloy, no detectable Ru moment was found.
If we assume the same proportionality constant between

4 magnetic moment and Xp for Ru as for Rh, we can place an
0.5 0.95 upper bound on the saturation Ru moment in the Co75Ru250alloy of approximately 0.16 /B .Thus we find that Ru and

Rh behave qualitatively quite differently when alloyed with
Co.

.,2,In summary, we have demonstrated the feasibility of
S0.0 0.90 XMCD measurements in the 4d transition metals using pho-

0 x 2 ton energies below 1000 eV. We find that the signal/
-. background ratio at the 4d M 2,3 edge is about 25 timesT x" 5smaller than at the 3d L 2,3 edge, but that this edge can be
Sx X effectively used to study XMCD in the 4d transition metals.

-0.5 0.85
765 790 815 480 505 530 'See, e.g., G. Schtitz, W. Wagner, W. Wilhelm, P. Keinle, R. Zeller, R.

Photon Energy Frahm, and G. Materlik, Phys Rev. Lett. 58, 737 (1987), H. Maruyama, T.
lwazumi, H. Kawata, A. Koizumi, M. Fujita, H Sakurai, F. Itoh, K. Nami-
kawa, H. Yamazaki, and M. Ando, J. Phys. So,. Jpn. 60, 1456 (1991).

FIG. 2. Spectra analogous to Fig. 1, except for a Coi7 R23 alloy. Here 2 See, e.g., C. T. Chen, F Sette, Y. Ma, and S. Modesti, Phys. Rev. Lett. 42,
significant dichroism is seen at the Rh M2 ,3 edge, indicating that the Rh 7262 (1990); C. T Chen, N. V. Smith, and P. -ette, Phys. Rev. B 43, 6785

develops a significant magnetic moment. (1991); J. G Tobin, G. D. Wadill, and D. P Pappas, Phys. Rev. Lett. 68,
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Circular magnetic x-ray dichroism for rare earths
H. K6nig,a) Xindong Wang, and B. N. Harmon
Ames Laboratory, Iowa State Univei.ty, Ames, Iowa 50011
R Carra
E.S.R.F, B.P 220, F-38043, Grenoble, France

Circular magnetic x-ray dichroism is a promising new tool for the study of spin and orbital moments
in ferromagnetically ordered materials. For rare-earth systems the L 2 and L 3 edge dichroic spectra
give information about the magnetic properties of the 5d conduction electrors. This article
addresses a few of the key issues concerning the interpretation of the spectra. In particular, the
quadrupole nature of the dichroic spectra below the L absorption edges and i's angular dependence
is discussed. The important role of the 4f-5d exchange in causing a large and important spin
dependence in the 2p-5d matrix elements is likewise examined.

Because of the strong electronic correlations associated These first calculations also inciuded a quantitative pre-
with the ground state of magnetic materials, there is an old diction for confirming the quadrupolar character of the below
but continuing problem on how to best formulate a model edge structure. There is an expected difference in the angular
capable of quantitative analysis. With the advent of dedicated dependence of the dipole and quadrupole spectra as one var-
synchrotron sources a new tool, circular magnetic x-ray di- ies the direction of the magnetization relative to the wave
chroism (CMXD), has become availab'e and may eventually vector of the incoming light.3 For some rare earths (e.g., Ho
prove as valuable as magnetic neutron scattering in helping and Er) the angular difference is expected to be large and
to sort out the microscopic details of the magnetic ground was looked for experimentally, with no success. 6 8 We have
state. An attractive feature of CMXD is its ability to yield speculated on possible- explanations for the negative results
element and shell specific information about the separate of these experiments. 9 We believe the simplest explanation
spin and orbital magnetic moments, even in complicated which should be checked first involves the lack of complete
magnetic materials. In this article we concentrate on several magnetic alignment that has been obtained so far in the ex-
issues which arise when trying to interpret features of the veriments. There are two causes for the lack of alignment:
observed spectra for the L edges in rare-earth materials. Al- (1) experiments done on powders that have the easy axis of
though the first CMXD measurements on rare-earth materials grains misaligned (not the case for samples with grain align-
(Gd and Th) were reported in 1988,' there already exists a ment or with very small anisotiopy), and (2) the misalign-
fairly large literature on the subject, which we cannot ad- ment caused by thermal fluctuations (not a problem at tem-
equately review in this short paper. peratures that are very low compared with the magnetic

In the analysis of the L edge x-ray dichroism experi- ordering temperature). To demonstrate the rather large sensi-
ments on Gd a simple model was used to compare the ex- tivity of the difference between dipole and quadrupoh, angu-
perimental spectra with a theoretical spin difference d den- lar dependence to temperature, we consider an isolated ion of
sity of states.' The obvious disagreement was noted. The holmium. We neglect crystal field effects (which can also
question arose whether when dealing with high energy pho- reduce the expected difference). The integrated spectra for
tons and the creation of a core hole the single particle picture the 2p-4f quadrupole transitions can be decomposed into
is valid. Certainly an atomic picture with full multiplet con- two terms, one with a P1 (O)=cos(O) dependence, and the
siderations is required for the M 4 and M5 spectra of the rare other with a P 3 (0)=[5 cos 2(0)-3]cos(0)/2 dependence. °'0 1

earths (involving dipole transitions from the 3d core states to The first term has an angular dependence identical to the
the highly local 4f states). 2 However a self-consistent, rela- 2p-5d dipolar transitions, so it is only the second term that
tivistic, spin-polarized band structure calculation was ex- gives the quadrupolar transitions at different angular depen-
tremely ,.ccessful in reproducing the dichroic spectra of Gd dence. If we take the V/M) 4f states as equally spaced in
for the L, and L 3 edges,3 thus indicating the single particle energy (no crystal field effects) and evaluate the magnitude
picture may be adequate for the very itinerant 5d states. The of the factor multiplying the P3 term for Ho, we get the
experimental data also exhibit some structure below the L 2  dependence shown in Fig. 1. This figure indicates under ideal
and L 3 absorption edges, and these features were quantita- conditions, that if the experimental 4f moment is at 70% of
tively accounted for by using an atomic model to evaluate its zero temperature saturated value, then the P3 term is al-
the 2p-4f quadrupole transitions. Similar atomic calcula- ready reduced by a factor of 6! We are not aware of any
tions were carried out to explain the variation of these below experictnts that have been done in such a way that the mag-
edge features in the dichroic spectra across the entire leavy netic alignment was sufficient to make a definitie statement
rare-earth series.4 There is good agreement with experiment. about the quadrupolar angular dependence, although severalThe reason these quadrupole features appear below the LThe easn tese uadupoe feturs apearbelw te L groups are planning such measurements in the near future.
edges is that the core hole is more attractive for the localized groups a re ing asuent i the ner f r
4fAnother interesting aspect of the L dichroic spectra forrare earths is the sign. It was a surprise when the first spectra

for Gd were analyzed and interpreted as indicating more spin
a'Also at E S R.F., B.P 220, F-38043 Grenoble. France up than spin down unoccupied 5d states. This is inconsistent
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FIG. 1. The P3 term for the quadrupolar part of the di:hroic spectra of Ho
as a function of the magnetic moment (relative to the zero temperature vious publication we briefly discussed the resolution.4 The
saturated moment). 5d radial functions in rare earths with open 4f shells have a

strong spin dependence. This is illustrated in Fig. 2 for the
with there being a net spin up conduction electron moment Gd atom. The 5d orbitals by themselves are too spread out
of 0.63 /B/atom moment. Figure 11 of Ref. 1 compares the and the 5d band too broad to support a magnetic ground
difference in the 5d spin density of states (DOS) from a band state, and it is the 5d exchange interaction with the localized
structure calculation with that derived from the measured 4f orbitals (which have a peak in probability well within 1.0
dichroic spectra. Based on a simple model the experimental au) that is responsible for inducing the magnetism in the
spectra indicate a dominant positive spin DOS above EF, conduction electron bands. The observed conduction electron
while the theory has a dominant negative spin DOS. These moment scales with the total spin of the 4f states across the
authors comment "This obvious disagreement may indicate rare-earth series. The 2p radial function has its peak in prob-
a modification of the 5d spin density spectrum by the polar- ability just inside 0.1 au and the dipole matrix elements be-
ized core hole created by absorption of a circularly polarized tween the 2p and 5d orbitals are very spin dependent, with
photon." This same sign problem has also recently been dis- the matrix elements for the majority spin up 5d states being
cussed for rare-earth intermetallic compounds by Giorgetti 20%-30% larger than the corresponding 5d spin down states
et al. 12 who suppose that it is due to an open 4f shell. As at the same energy. The effect of the matrix elements is dem-
mentioned earlier, the full band structure calculations with onstrated in Figs. 3 and 4. In the first we plot the (up-down)
dipole matrix elements are able to accurately reproduce the difference in the DOS for Gd calculated with the linear aug-
dipolar pai t of the experimental dichroic spectra above the
L2 and L 3 edges; so that it is not necessary to invoke core
holc or many body interactions to explain the sign. In a pre- 1
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FIG. 4. The same as Fig 3 except the spin up density of states has been
FIG 2 The spin up and spin down 5d radial functions for d neutral gado- multiplied by 1.25 to approximate the spin-dependent matrix element effect
linium atom. for the dichroic spectra
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Circular dichroism in core-level photoemission from nonmagnetic
and magnetic systems: A photoelectron diffraction viewpoint (abstract)

A. P. Kaduwela
Materials Sciences Division, Lawrence Berkeley Laboratory, Berkeley, California 94720

H. Xiao
Physics Department, University of California, Davis, California 95616
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MSIN K2-12, Battelle Pacific Northwest Laboratory, Richland, Washington 99532
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Materials Sciences Division, Lawrence Berkeley Laboratory, Berkeley, California 94720

C. S. Fadley
Physics Department, University of California, Davis, California 95616 and Materials Sciences Division,
Lawrence Berkeley Laboratory, Berkeley, California 94720

Magnetic circular dichroism (MCD) in x-ray absorption represents an exciting new technique for
studying and imaging magnetic systems. However, there are to date relatively few studies of
dichroism in the inherent process involved: photoelectron emission. We will here illustrate that
photoelectron diffraction (PD) theory provides a fruitful way of analyzing dichroism data for both
nonmagnetic and magnetic systems. Circular dichroism (CD) has been observed in core-level
photoemission from nonmagnetic systems: C ls from CO/Pd(11) 1 and Si 2p from Si(100)2. For
CO/PD(111), chirality in the experimental geometry is readily discernible, but for Si(100), it is more
difficult to define the chirality with simple vector relationships. PD effects implicitly contain all
information on such core-level dichroi~,m, and we will present multiple-scattering simulations of the
observations to date. We will also discuss the role of such CD effects in core-level MCD
measurements, using Fe 2p emissizn from magnetically aligned Fe(110) 3 as an example. The
analysis of such MC-) data has so far been qualitative.3 We will present a more quantitative analysis
including final-state effects such as the interference of I+1 photoelectron channels and
spin-dependent scatterirg and diffraction.

'J. Bansmann et al., Phys. Rev. B 46, 13 496 (1992).
2H. Daimon et al., Jpn. J. Appl. Phys. 32, LOOO (1993).3 L. Baumgarten et al., Phys. Rev. Lett. 65, 492 (1990).

Elemental determination of the magnetic moment vector (abstract)
H.-J. Lin, G. Meigs, and C. T. Chen
AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974

Y. U. Idzerda and G. A. Prinz
Naval Research Laboratory, Washington, DC 20375

G.H. Ho,
University of Pennsylvania, Philadelphia, Pennsylvania 19104

Recently, we have shown that magnetic circular dichroism (MCD) can be used to obtain element
specific magnetic hysteresis (ESMH) loops of heteromagnetic systems.' By using magnetic circular
dichroism (MCD) we map the three orthogonal components of the magnetic moment vector of each
element of a strongly (90 °) coupled Fe30CO7OMn/Fe30Co70 single crystal trilayer het ,rostructure as
a function of applied magnetic field. The intensity of the MCD of the Mn L2,3 absorption edges
clearly shows that the Mn possesses a ferromagnetically aligned net magnetic moment.
Furthermore, the individual element specific hystersis curves, when followed through the magnetic
reversal process, reveals a detailed description of the magnetization reversal in the presence of both
cubic anisotropy and strong exchange. This vividly demonstrates the capability of this technique to
analyze the magnetic moment reversal process in the presence of strongly competing interactions.

'C. T. Chen, Y. U. Idzerda, H.-J. Lin, G. Meigs, A. Chaiken, G. A. Prinz,
and G. H. Hlo, Phys. Rev. B 48, 642 (1993).
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Hybrid NiFeCo-Ag/Cu multilayers: Giant magnetoresistance, structure,
and magnetic studies

J. D. Jarratt and J. A. Barnard
Department of Metallurgical and Materials Engineering, The University of A!-bama,
Tuscaloosa, Alabama 35487-0202

Giant magnetoresistance (GMR), crystal structure, and magnetic properties have been investigated
in sputtered Ni66Fe16Co18-Ag/Cu hybrid granular multilayer thin films. High angle x-ray diffraction
(HXRD) was used to reveal the overall film structure and growth texture and low angle XRD was
used to investigate the periodicity and flatness of the multilayer structures. Hysteresis loops for the
as-deposited Ag-rich films show superparamagnetic behavior (and conventional granular GMR)
which does not saturate in 14 kOe. Very NiFeCo-rich films are magnetically soft and exhibit induced
in-plane uniaxial anisotropy.

I. INTRODUCTION Composition was determined with a JEOL 8600 Electron

Giant magnetoresistance (GMR) in magnetic/nonmag- Probe3 Microanalyzer. Magnetic properties were measured on

netic multilayer thin films,' discontinuous multilayer films,2'3  a Digital Measurement Systems vibrating sample magneto-

and in granular phase separated alloys4- 6 has been the sub- meter model 880. X-ray diffraction (XRD) was performed on

ject of much recent study. We have recently investigated the a Rigaku DfMax-2BX XRD System with thin film attach-

composition dependence of GMR and structure in "thick" ment. The MR measurements were made at room tempera-

(>1000 A) Ni66Fe16Co18-Ag single layer phase separating ture using a four-point probe assembly with the applied cur-

films.7 In this article we analyze the effect of layering and rent and easy axis of the film both perpendicular to the

reduced dimensions on the same alloy in a multilayer geom- applied magnetic field except where designated on aniso-

etry using Cu spacers. tropic magnetoresistance (AMR) results. The annealing
(300 °C for 30 and 60 min) was done in a quartz tube

1I. EXPERIMENTAL METHODS wrapped in heating tape with an overpressure of flowing pu-
rified argon. A magnetic field of 50 Oe was maintained in the

These films were computer-controlled dc magnetron films' easy axis direction during the anneal using magnetic
sputter deposited at 100 W an t! wn different sputtering pres- coils outside the tube.
sures (2 and 15 mTorr) with ;iva:)igh purity argon in a Vac-
Tec model 250 side sputtering system with a base pressure of
3X 10- 7 Torr onto Corning 7059 glass substrates. A perma- 111. EXPERIMENTAL RESULTS

nent magnet was positioned behind each substrate providing Broadly speaking, two different as-deposited MR (dRI
a 90 Oe field parallel to the substrate. The granular layer was Rmax with a maximum applied field of 12.5 kOe) behaviors
cosputtered from a Ni66Fe16Co18 target partially covered with were seen, where dR is the change in resistivity of the film
Ag foil. This resulted in a composition gradient that was from zero applied magnetic field to the maximum field and
perpendicular to the induced easy axis in the films. The com- Rmax is the resistivity of the film in the maximum applied
position of the granular layers ranged from Ag20 FM80 to field. In the Ag-rich compositions a very rounded MR profile
Ag48FM 52 (at. %) for films deposited at 2 mTorr and from was observed. As the NiFeCo component is increased the
Ag28FM 72 to Ag72FM28 for films deposited at 15 mTorr, MR profile sharpens. A small low field AMR component
where FM stands for the NiFeCo ferromagnetic portion of (-0.2%) was observed in the most NiFeCo-rich samples. We
the film. The granular layer thickness was varied from 25 to were unable to saturate the GMR in the available field. The
55 A and the Cu spacer layer thicknesses investigated were granular composition giving the largest GMR magnitudes for
20 and 24 A. The granular layers have a thickness pradient the samples prepared at 2 mTorr was -Ag 44FM 56 and for the
(the Ag-rich end is -25% thicker than the Ag-poor end due 15 mTorr samples it was Ag 5oFM 50, both being -4%. The
to the faster sputtering rate of the Ag foil). The granular film evolution of the GMR profile versus FM fraction for
thicknesses reported are the average thicknesses. Slightly (NiFeCo-Ag 35 and 55 A/Cu 24 A)x10 appears in Fig. 1
better MR magnitudes were observed throughout in samples (the profiles are offset for clarity): We note two important
with a Cu spacer thickness of 20 A rather than 24 A. The differences between the GMR observed in these hybrid struc-
sputtering rates were determined from reference film steps tures and single layer films of the same granular alloy' the
measured on a Dek-Tak IIA surface profilometer. GMR magnitude is reduced by -50% and the composition at
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FIG. 1. MR loops for a series of granular la} .r compositions for as- -
deposited and annealed (300 °C, 30 min) hybrid granular multilayer films -_ . A}F
(NiFeCo-Ag 35 A/Cu 24 A )Xl0. AgFT
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the maximum GMR is much more FM rich (-50% vs 30%) 20 30 40 50 60 70
in the layered structures.7 A significant reduction in MR ratio 2e
with film thickness has recently been reported in Co-Ag al-

loy ilm. 8  he amestuy aso rpored slghtinceas in FIG. 3. High angle 9-28 XRD scans for (a) as-deposited and (b) annealed

the Co composition corresponding to the maximum MR ratio (30 0 ,6 m)hbi gauaxutiae ims(ieoAg5./u2
in 200- vs 2000-A -thick films. The composition Ihift we re-
port is much larger, but our individual granular layers are
also much thinner than 200 A. This phenomenon may be Ag-rich films displaying an as-deposited broad profile expe-
associated with a transition from three-dimensional to quasi- rienced an increase in MR magnitude upon annealing along
two-dimensional behavior. The percolation threshold is much with a distinct sharpening of the MR peak. Beyond a critical
higher in a two-dimensional lattice than the corresponding Ag concentration, (~Ag 5 FM,;5 for 15 mTorr) the GMR
three-dimensional lattice.9  magnitude increases with annealing (Fig. 2). A similar trend

Annealing caused a decrease in MR magnitude for the with a critical composition of Ag50FM5o was seen for
FM-rich samples while the overall profile was maintained, samples prepared at 2 mTorr. This transition was previously

- 30. iJ c 4 A 9FMO - AgJM4
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FIG 2. MR magntude vs granular layer composition for as-deposited and FIG. 4. Low angle 0-20 XRD scans for an as-deposited and annealed
annealed hybrid granular multilayer films (NiFeCo-Ag 35 A/Cu 24 A)x10 (300 *C, 60 min) hybrid granular multilayer film [Agso(NiFeCo)5 o 55 A/Cu
and (NiFeCo-Ag 55/Cu 24 A)x 10. (The curves are guides for the eye.) 24MR r 10.

dJ. Appi. Phys., Vol. 76, No. 10, 15 November 1994 J. 0, Jarratt and J. A. Barnard 6479



........... .I......... the bulk value, in agreement with the single layer results.7

(a) easy axis The low-angle XRD (LXRD) peaks (Fig. 4) indicate reason-
hard adsi ably good periodicity in the multilayer structure in the as-

S300* C, 60 min deposited state which allows for a calculation of the bilayer

Z thickness, A, that agrees well with the calibrated sputtering
rate data. Annealing has a small, nonsys'ematic effect on the

< lAe),,5 LXRD spectra.
2M-H hysteresis loops from very FM-rich (e.g.,

Ag28FM 72) samples display induced uniaxial anisotropy that
decreases slightly with annealing while the coercivity
slightly increases [Fig. 5(a)]. These surprisingly soft loops,

Field (e) which display no further increase in M at higher fields, indi-
cate that very FM-rich granular layers are behaving much

__like simple NiFeCo alloy layers. The NIFeC, alloy in the
NiFeCo-Ag layer most likely forms a physically continuous

=.aed /- matrix with the Ag existing as particles (an "inverted"
granular layer). As the Ag concentration in the granular layer
increased (ferromagnetic concentration decrease) the M-H
loops tend toward superparamagnetism associated with a
small FM component particle size [Fig. 5(b)]. Annealing of

Ag(MFeCo),, 55 A this Ag-rich sample results in a more easily saturated M-H
cu 24 Alxlo loop probably resulting from an increase in FM component

. particle size.

-15 -10 -5 0 5 10 15 IV. CONCLUSIONS
Field (kOe) Layering of NiFeCo-Ag granular alloys with Cu spacers

FIG. 5. M-H hysteresis loops for as-deposited and annealed (300 *C, 60 does not improve either the GMR magnitude or field sensi-
min) hybrid granular multilayer films with (a) both easy and hard axes
shown for [Ag2s(NiFeCo)72 55 A/Cu 24 A]x10 and (b) easy-axis (this tivity when compared with thick single layers of the same
sample was aearly isotropic) loops for [Ag 55(NiFeCo) 45 55 A/Cu 24 A]X 10. alloy. However, the comnosition dependence of GMR is

strongly affected by the multilayer geometry with thin layers
of NiFeCo-Ag separated by Cu behaving similar to thick

reported for single layer NiFeCo-Ag granular films grown at single layers of much higher Ag content. We also find that

15 mTorr with a more Ag-rich critical composition of very soft uniaxial multilayers con be grown with Ag compo-

-Ag 68FM32 .
7 Because the average FM particle size is ex- sitions as high as 22% in the FM layer.

pected to increase with the FM fraction, the critical concen- ACKNOWLEDGMENTS
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Giant magnetoresistance in NiFe-Ag granular alloys
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Departament Fisica Fonamental, Universitat de Barcelona, Diagonal 647, 08028 Barcelona, Spain
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Some FeNi-Ag granular films of composition Fej. 43Ni6.35Ag82.22 (sample A) and Fe7.62Ni 16 4Ag75.98
(B) were prepared by using rf magnetron sputtering, and once deposited were rapidly annealed at
600, 650, and 750 0C. All samples displayed giant magnetoresistance. The zero-field-cooled and
field-cooled processes evidence the segregation of ferromagnetic particles with a broad size
distribution. The temperature and magnetic field dependence of the resistance is analyzed. The
magnetoresistance follows a H' law at high fields and it decays fron- its maximum value with a Tm

behavior, with m approaching 1 at high fields.

I. INTRODUCTION nealing temperatures were investigated: 600, 650, and

The discovery of giant magnetoresistance (GMR) effects 750 *C, and these were reached in 20 s, 2 min, and 3 min,

in a variety of antiferromagnetically coupled transition-metal respectively. Resistance and magnetoresistance (MR) of all

multilayers has opened a new amazing research field not samples were measured by an ac four-point probe technique

only from the fundamental point of view but also from the in the temperature range 20-300 K and in magnetic fields up

technological one. Recently, this extraordinary effect has to 12 kOe. The relative geometry among the film plane, thetecnolgicl oe. ecetl 2 thi exrodnr efec h electrical current, and the magnetic field was set by three
also been found in granular alloys2 consisting of a distribu- g y

tion of nonaligned nanocystalline ferromagnetic particles ways: (a) the elect-cal current and the magnetic field are

embedded in a nonmagnetic metallic matrix. In both kinds of parallel to the film plane (parallel geometry); (b) the in-plane

systems, the resistivity strongly drops as the magnetic field magnetic field is perpendicular to the electrical current
orits, the magneticvioents. onglydrp theo etic epla- (transversal geometry); and (c) tl,c warintic field is perpen-orients the magnetic moments. Concerning theoretical expla- dicular to both the electrical current and the film plane (per-

nations, both the existence of a spin-dependent potential endicular eometr. The zero-field-cooled ZFC and field-

scattering either at the interfaces or in the bulk of ferromag- pclar geoery).e at owfields and the andtiielio

netic layers (or particles) and the role of the unfilled d bands cooled (FC processes at low fields and the magnetization

of the transition metal constituent (through an asymmetric curves at 5 K up to 55 kOe were carried out by applying the

density of states for majority- and minority-spin d bands) 3'4  magnetic field along the film plane using a superconducting

have been taken into account in order to correlate GMR with quantum interference device magnetometer.

the microscopic parameters. The magnitude of GMR has
been found to be a sensitive function of t"th the size of the
ferromagnetic particles and the concentration of the ferro- Ill. RESULTS AND DISCUSSION
magnetic material in the alloy. The former effect is postu-
lated to be due to the existence of an optimum particle size, The structure of some of the thin films (d-50 nm) were
determined by the conduction electron mean free path or spin investigated by transmission electron microscopy (TEM) in a
diffision length. Larger particles result in a reduction of modified JEOL 2000 electron microscope. Films were depos-
GMR as a result of the decrease in particle surface-to- ited onto Si substrates into which a SiN covered window had
volume ratio.3 The latter effect is believed to be due to the been etched and were found to have a strong (111) texture. A
onset of percolatioin, v hich acts to couple the particles number of films were also investigated by using a Philips
ferromagnetically. 1- 3 W. present in this article the tempera- x-ray diffraction (XRD) system. This confirmed the strong
ture and magnetic fiehi dependence of the resistance of (111) texturing but in neither the TEM nor the XRD was any
iNiFe-Ag granular alloys presenting GMR.5  clear evidence of phase segregation of the Ni or Fe from the

Ag matrix. Magnetic and transport properties were measured

II. EXPERIMENT on films which had composition Fe11.43Ni 6.35Ag82.22 (sample
A) and Fe7.62Ni16.4 Ag75.98 (sample B). As both samples were

Ag-Ni-Fe films of thickness 200-300 nm were rf sput- rapidly annealed at 600, 650, and 7.1 0C, we will refer to
tered onto glass microscope slides using a Nordico 2000 them as A(as cast), A(600), A(650), A(750), B(as cast),
sputtering system. The base pressure was less than 2X 10-7  B(600), B(650), and B(750), respectively.
Torr, the sputtering pressure was 8 mTorr of argon and the Figure 1 shows the ZFC-FC processes for sample A(650)
sputtering power was 300 W. The target used consisted of a 4 measured at 100 Oe. The ZFC displays a broad maximum at
in. Ag (99.999%) disc onto which were placed Ni80Fe2o and TM- 22 K, suggesting the existence of a broad size distribu-
Fe 0.25 cm 2 squares arranged in a mosaic pattern. In order to tion of ferromagnetic particles. As magnetic irreversibility
promote post-deposition phase segregation and magnetic par- persists up to high temperature, we expect very large par-
ticle growth, strips of about 7 mm wide were rapidly the,- ticles to be present in the sample. We plot in Fig. 2 the
mally annealed in a custom built vacuum system. Three an- magnetization curve of the same sample at 5 K. A detail of
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FIG. 1. ZFC and FC processes measured at 100 Oc for sample A(650). FIG. 3. -RM(f/H)IR(TH=O) as a function of H at different temperatures
for sample A(650) in the parallel geometry. Solids lines indicate the best fit
of the data to the H" law. Temperatures: (0) 21.6 K; (0) 46.1 K; (0) 73.6

the hysteresis circle is displayed in the inset, showing that K; (A) 102 K; (*) 149.2 K; ( 196.4 K; M 245 K; (X) 290 K.

the coercive field is small (about 150 Oe).
The temperature dependence of the ratio

-RM(T,H)/R(T,H=O) [with Rm(T,H)=R(T,H=O) ated with an intrinsic in-plane magnetocrystalline anisot-
-R(T,H)] in the parallel geometry for samples A(650) and ropy) because there is no difference between the MR in the
B(650) are plotted in Figs. 3 and 4, respectively. All the rest parallel and transversal geometry. All measurements have
of the samples display very similar experimental features. been recorded with increasing and decreasing field, and we
The maximum MR values are obtained for samples B(650) observe a slight irreversibility at low temperatures below the
and A(650), suggesting that the optimum annealing tempera- coercive field.
ture is about 650 C in this Ag compositional range. MR is We have analyzed the temperature dependence of the
larger for sample B(650) than for sample A(650) because of MR as Mattson et al.6  by defining the MR as
the larger amount of ferromagnetic entities. As-cast samples RM(T,H)=R(T,H=O)-R(T,H), where R(T,H) is the re-
display smaller MR than annealed samples due to the segre- sistance measured at a temperature T and in an applied field
gation of ferromagnetic particles in the latter. Results con- H. The total resistance at T and H is assumed to be given by
cerning the rest of annealing temperatures and otherAg com- R(T,H)=Ro+RSd(T)+RM(T,H), where Ro -s the resis-
positions will be published elsewhere. Figures 3 and 4 tance due to defects, Rsd(T) is the temperature dependent
evidence that MR is largely susceptible at low fields. We resisiance due to phonons and magnons. We show in Fig. 5
have also detected that MR is more susceptible in the in- the temperature dependence of RM(T,H) at different fields
plane geometries than in the perpendicular geometry, which for sample A(650). RM(T,H) displays a monotonic increase
is only due to the demagnetizing field (and it is not associ-

-~0.00

I-. o. * % *6A " #"0 4 444..
'7 0 0U *

2. 0 Z

6 A (650 C) Don, 0

O0 a 4025 B(6

04~ke -0.212 0

1 0 30 HINe) 1

H (k O e)FIG. 4. - RM(TIH)/R(T,H=0) as a function of H at different temperatures

for sample B(650) in the parallel geometry. Solids lines indicate the best fit
FIG. 2 Isothermal magnetization curve at 5 K for sample A(650). Inset: of the data to the H" law. Temperatures: (0-) 21.5 K; (0) 45.9 K; (0) 73.7
detail of the hysteresis cycle at 5 K for the same sample. K; (A) 102.4 K; (fr) 149.6 K; ((>) 197.8 K; (*) 245.9 K; (X) 282.1 K.
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0.4 law gives us an idea of the underlying scattering mechanism.
0.7 It is evidenced that the temperature range in which the power
-. law is accomplished increases with magnetic field (as ex-
3-- pected, since the MR saturates at large fields). The exponentS0.3
, m slightly increases with H and seems to tend to about 1,

-. -: which is smaller than the T312 and T2 laws found by Mattson
0 1 L0 ,t aL6 in Fe/Cr multilayers. These behaviors are attributed to

020 100 200 30 the thermal excitation of magnons. The temperature depen-
-I dence of the MR of granular materials is complicated by

there being a distribution of particle sizes and therefore
0.1 blocking processes. We might tentatively attribute the tem-

perature dependence of ARM at high fields to the thermal
0. (650 Nexcitation of magnons with a smaller exponent in the T' law

0.0 0 1 00 200 300 due to the reduction of the magnetic system dimensionality.
T(K) Concerning the field dependence of the MR, we have

observed that RM(T,H)IR(T,0) follows a H' beha"ior at
FIG. 5. RM(T,H) vs T at various fields for sample A(650). Magnetic fields: high fields (above about 6000 Oe), as was found by Nigam
(0) 1 kOe; (0) 2 kOe; (0) 4 kOe; (0) 6 kOe; (*) 12.1 kOe. Inset: et aL7 in Au8 7Fe13 cluster glass. Solids lines in Figs. 3 and 4
RM(T,H)113 vs T at the same fields for the same sample. indicate the best fit of the data to the H' law. The n-exponent

monotonically increases with temperature, ranging from 0.18
at 21.6 K to 0.86 at 290 K for samples A(650), and from 0.13

as temperature goes down, which is in agreement with the at 21.5 K to 0.76 at 282.1 K for sample B(650). The error in
progressive blocking of the ferromagnetic particles (Fig. 1). n is about 0.02. This monotonic temperature behavior evi-
We plot in the inset of Fig. 5 the temperature dependence of dences the progressive blocking of the ferromagnetic par-
RM(T,H)113 at various fields for the same sample. We notice ticles, without being a freezing state corresponding to a spin
that RM(T,H)13 is perfectly linear with T in the whole tem- glass behavior. Also, n is always smaller than the n =2 value
perature range 20-290 K when the magnetic field is the expected for a pure paramagnetic state,7 signaling that mag-
maximum available in our experimental setup (H =12 netic correlations persist even at room temperature and/or
kOe), and that the linear law RM(T,H) 113 versus T is fol- larger particles are still blocked at this temperature, since the
lowed in a smaller temperature range as we reduce the mag- size distribution of ferromagnetic particles seems to be very
netic field. The same 1/3 exponent and temperature depen- broad (see Fig. 1).
dence of RM(T,H) is found for sample B(650). If we
extrapolate the data at T=0, we obtain the RM(T= 0,H) and
we may define ARM=RM(T=O,H)-RM(T,H). The log-log ACKNOWLEDGMENTS
plot of ARM versus T is displayed in Fig. 6 for sample We gratefully acknowledge the assistance of Professor J.
A(650) at 2 and 12.1 kOe. The slope of the plot yields the Chapman and Dr. A. Johnston of the University of Glasgow
exponent m in the relationship ARM,-T m, and this power who conducted the TEM investigations.
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The effects of magnetoannealing on the giant magnetoresistance (GMR) in FexAg 00_. granular
films (X-- '5, 26, 29, 33, 37, and 60) were investigated. The thin films were annealed in a presence
of rrig ... ac field of 3 kOe at different temperatures of 300, 400, and 500 °C using various annealing
times. It is found that the anisotropic GMR characteristics were developed when Fe-Ag granular
thin films were annealed in the presence of a magnetic field. The anisotropic GMR characteristics
of the thin films were closely related to the magnetic anisotropy developed along the field direction
during magnetoannealing.

I. INTRODUCTION nealed samples in this annealing temperature range. A mag-

A considerable number of studies have been conducted netic field of 3 kOe was applied in an in-plane direction of

on the giant magnetoresistance (GMR) effect in magnetic the films.

multilayers with antiferromagnetic interlayer coupling 1'2 and The magnetoresistance was measured by using a con-

magnetic granular films with nonconnecting ferromagnetic ventional four-point configuration on a specimen of 3 mmX8

particles embedded in a paramagnetic matrix,' 4 due to their mm with the magnetic field of 20 kOe perpendicular to cur-

high potential for application for various kinds of sensors, rent within the film plane at room temperature. Two direc-

i.e., a magnetic head for high recording density. Among these tions, i.e., parallel and perpendicular to the magnetic field
i , tdirection of annealing were measured to compare the mag-materials, the magnetic granular thin films are investigatedf

by many researchers because they can be easily fabricated neti effect of the thin films.
over large areas using usual thin film processes. Most of the An x-ray diffractometer and a vibrating sample magne-

work, however, is confined to the isotropic GMR in a micro- tometer were used to analyze the microstructure and mag-

scopic point of view. netic properties of the films, respectively. A scanning elec-
tron microscope was used to analyze the composition of theTraditionally it has been well known that the anisotropic thin films.properties of magnetic materials are used to maximize the

required magnetic properties and magnetoannealing is one of
the most convenient methods to develop the magnetic anisot- III. RESULTS AND DISCUSSION
ropy in magnetic materials. Figure 1 shows the change of GMR as a function of

In this article, FexAgloo-. (X=15, 26, 29, 33, 37, and Fe content in the as-spi .-.red Ag-Fe granular films. The
60) granular thin films were deposited on slide glasses (Qing GMR reported here is referenced to the maximum re-
Huang Dao Medical Glasses Co., 1.2 mmX26 mmX76 mm) sistivity at zero magnetic field and it is defined as
and annealed in a presence of magnetic field of 3 kOe at APPH=0=(PH-PH=o)/PH=o, where PH=o and PH denote
different temperatures of 300, 400, and 500 °C in a vacuum the resistivity at zero magnetic field and field H, respectively.
of 5X 10- 3 Pa or a high purity nitrogen atmosphere to de- One can see that the GMR value is very sensitively depen-
velop an anisotropic GMR. The effects of magnetoannealing dent upon the chemical composition of thin films. There is a
on the GMR and magnetic properties of Fe-Ag granular thin ptnarrow optimum composition range around Fe29Ag71, and in
films were investigated, both the Fe-poor and Ag-poor regime the GMR decreases

rapidly, which is in agreement with the result of Xiao et al.5

II. EXPERIMENTAL PROCEDURES As-sputtered Fe-Ag thin films were annealed in a pres-

Ag-Fe granular thin films were prepared by dc magne- ence of magnetic field of 3 kOe at different temperatures of

tron sputtering. The target was composed of 6-cm-diam Ag 300, 400, and 500 0C for various times. The structural
disk (99.9 at. % purity) and iron chips (99.9 at. % purity), change of the samples was characterized by x-ray diffraction.
The composition of the granular thin films was controlled by
adjusting the number of iron chips attached on the Ag disk. TABLE I. Sputtering conditions for Fe-Ag granular thin films.
Prior to deposition, the target was prespultered at 0.5 Pa for __
30 min. The sputter conditions are summarized in Table I. Background pressure 4Xl0 -3 Pa

The magnetic annealing of thin films was carried out at Sputter pressure 0.5 Pa
different temperatures of 300, 400, and 500 °C in a vacuum Sputter gas Ar

of 5X10 - 3 Pa or a high purity nitrogen (99.99%) Substrate temperature room temperature
nput power 0.1 AX400 V dc

atmosphere. There was no difference in the electrical and Film thickness 0.2 Am d

magnetic properties between vacuum and N2-atmosphere an-
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FIG. 1. The change of GMR as a function of Fe content in the as-sputtered FIG. 3. GMR curves of easy and hard directions in Fe29Ag7l thin films

Ag-Fe granular films, annealed at 400 C for 80 min in an N2 atmosphere.

The diffraction patterns of Fe29Ag71 as sputtered and magne- 3 shows the GMR curves of Fe2qAg 7l annealed at 400 'C for
toannealed at 400 'C for 30 min are shown in Fig. 2. For the 80 min. As can be seen in Fig. 3, the GMR curve of the easy
as-sputtered film, a large peak attributable to (111) plane of direction becomes sharper than that of the hard direction.
Ag is detected, which indicates that a strong (111) preferred The difference in GMR values between these two directions
orientation was developed in the film. With magnetoanneal- is not considerably large although GMR values in easy di-
ing, the ,-k for (111) plane of Ag becomes sharp and a rection is always larger than those in the hard direction.
small broad peak around 44.3* is observed. The small peak However, there is the considerable difference in GMR values
may be attributed to (200) plane of Ag and (110) plane of Fe between easy and hard direction for the films annealed at
because d20o of Ag and d1no of Fe are similar. The intensity 500 *C. Figure 4 shows the variation of GMR values of
of the small peak was increased with increasing Fe content of Fe2qAg71 with annealing time at different temperatures of
thin films, which strongly suggested that the peak include the 400 and 500 C. It can be seen from Fig. 4 that the GMR
peak of (110) plane of Fe. values of these thin films increase with annealing time, reach

The anisotropic GMR characteristics are developed in the maximum at about 80 and 40 min, respectively, and de-
annealed thin films with respect to the direction of magnetic crease. The difference ill GMR values between easy and hard
field during annealing, i.e., parallel (easy) and perpendicular direction is larger in the sample annealed at 500 °C than that
(hard). For the thin films annealed at 300 and 400 'C, the at 400 °C. To understand the cause of this difference between
shape of the GMR curves was significantly different between easy and hard direction, the M-H loop of Fe2qAg 71 annealed
the easy and hard direction of thin films. For Fel5Ag85 thin
film annealed at 400 'C for 10 min, we observed that the 0 20 40 60 80 100 120

GMR curve became almost linear in a hard direction. Figure -8 1

-- 7 - /
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<-5
tkOO*C Hlag. anna~ing
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FIG. 4. The variation of GMR values of Fe2 Ag71 with annealing time
FIG. 2. X-ray diffraction patterns of Fe2qAg71 thin films as-sputtered(A) and at different temperature of 400 (N2 atmosphere) and 500 C (vacuum

magnetoannealed at 400 C for 30 min in an N2 atmosphere(B). atmosphere).
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sample annealed at 400 °C shown in Fig. 4 can be explained
by small magnetic anisotropy due to low annealing tempera-

2 ture.
In this study, the origin of the magnetic anisotropy is not

elucidated yet. Further study on this point is suggested.

4 8 IV. CONCLUSION
ge (kOe) It is found that the anisotropic GMR characteristics were

developed when Fe-Ag granular thin films were annealed in

FIG. 5. The M-H loop of Fe29Ag71 thin film annealed at 500 *C for 40 min a presence of magnetic field. The shape of GMR curves was
in a vacuum atmosphere. different between easy and hard direction when the thin films

were annealed at 300 and 400 *C. But the difference of GMR
values was small. For the thin films annealed at 500 °C, there
was considerable difference in GMR values between easy

at 500 'C for 40 min was measured and the result is shown in and hard direction which was closely related with the mag-
Fig. 5. The coercivities of easy and hard direction are 210
and 180 Oe, respectively, from Fig. 5. The difference in the netic anisotropy developed along the field direction during

M-H loop shape and coercivity indicates that the magnetic magnetoannealing.
anisotropy is developed along the magnetic field directionduring annealing. Therefore, the anisotropic GMR character- 1M. N. Baibich, J. M. Brote, A. Fert, F Nguyen van Dau, F. Petoff, P.

Etienne, G. Creuzet, A. Friederich, and J. Chazeles, Phys. Rev. Lett. 61,istics of Fe-Ag thin films annealed in the presence of mag- 2472 (1988).

netic field is closely related to the magnetic anisotropy be- 2R. E. Camley, and J. Bamas, Phys. Rev. 63, 664 (1989).
cause except for GMR measuring direction, the other 3 A. E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, S. Zhang, F. E.

conditions, e.g., sputtering condition, composition, annealing Spada, F. T. Parker, A. Hutten, and G. Thomas, Phys. I -v. Lett. 68, 3745
(1992).

condition of thin films were the same. The small difference 4 j. Q. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. Lett. 68, 3749 (1992).

in GMR values between easy and hard direction in the 3G. Xiao, J. 0. Wang, and P. Xiong, Appl. Phys. Lett. 62, 420 (1993).
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Influence of microstructure on magnetoresistance of FeAg granular films
Chengtao Yu, Ye Yang, Yuqing Zhou, Shuxiang Li, Wuyan Lai, and Zhenxi Wang
Institute of Physics, Chinese Academy of Sciences, P.O. Box 603, Beijing 100080, China

The magnetoresistance of FeAg granular films with optimum composition has been systematically

studied as a function of film thickness. It was found that the giant magnetoresistance increases
rapidly with increasing film thickness in the initial stage, and beyond about 500 A the improvements
become limited. The saturation field was also found to rise with increasing film thickness.
Transmission electron microscope studies showed that with the increase of film thickness the
microstructure becomes more homogeneous, with smaller grains and fewer structura! defects such
as twins. A discussion of the influence of microstructure on magnetoresistance and saturation field
is presented.

I. INTRODUCTION mm 2 with magnetic field perpendicular to current but within
The discovery of giant magnetoresistance (GMR) in the film plane. The microstructure of the granular film was

multilayer systems1 and subsequently in granular films2'3 has investig osted by transmission electron microscope (TEM) and
stimulated worldwide research activities, due to both its fun- its composition was analyzed by .iergy dispersive analysis.
damental significance and its potential application to mag-
netic sensors. It has generally been agreed that in both III, RESULTS AND DISCUSSION
multilayer systems and granular films the GMR arises from For FeAg granular film the optimum nominal composi-
spin-dependent scattering occurring either at the surface of or tion showing the largest MR was found to be about 17.5
within the magnetic entity. For granular films, however, there vol % Fe, and in both the Fe-poor and Fe-rich regime the
exists evidence 4 that interface scattering plays a dominant magnetoresistance decreased abruptly, which is consistent
role in magneteresistance (MR). The GMR is believed to be with the literature.8 Energy dispersive analysis indicated that
closely related to features of magnetic granules such as size, the nominal optimum composition actually contains 26 at. %
shape, and distribution. So far, much attention has paid to iron, corresponding to a volume fraction of 20% Fe.
this problem both experimentally5 and theoretically, 6'7 but it Figure 1 shows the MR curves for three as-deposited
is still far from completely understood. Concerning the effect Fe26Ag74 samples with different thicknesses at a temperature
of the feature of magnetic particle, most of the experimental of 1.5 K. The MR reported here is referenced to the maxi-
work has focused on post-deposition annealing, which is be- mum resistivity at zero field and is defined as
lieved to promote grain growth or phase segregation. In sev- A/PPno= (PH-PH=o)/PHno, where PHno and PH denote
eral cai,.idates suitable for fabricating granular films; Fe and the resistivity at zero field and field H, respectively, and Ap
Ag are virtually immiscible at equilibrium, and thus even for represents the net change in resistivity. As can be seen in Fig.
as-deposited FeAg film, large GMR has been observed8 due 1, the value of MR changes considerably in samples with
to presence of iron precipitated during the material fabricat- different thicknesses. For a sample with a thickness of 120
ing process. Therefore, the deposition process certainly plays A, the MR at 60 kOe is -7.14%, while for sample with
an important role in structure evolution and thus affects the thickness of 1800 A, it reaches -18%. From Fig. 1, it also
GMR. should be noticed that with increasing thickness, not only the

In ihis article, we adopted the optimum composition of MR but also the saturation field increases. Even in the high-
FeAg, focused on the influence of film thickness and at- est magnetic field available the MR curves are still far from
tempted to reveal the influence of microstructure on MR.

II. EXPERIMENTS . . A 120A

FeAg granular films were prepared by magnetron sput- 0 1800A
tering from a composite target onto water cooled gl',ss sub- A61,
strates at an Ar pressure of 0.5 Pa after a base pressure of 5 o
better than 4X10-5 Pa was achieved. The composite target 8 0'0o00

consisted of an Ag disk with small fan-staped iron chips. Q -10 0 0

Composition was adjusted by the number of iron chips
placed on the Ag disk. Once the target was mounted, it was -15
cleaned by extensive presputtering. In each batch, eight I*
samples were produced, and the whc.. sputtering process 20 .
was controlled by computer. A profilometer was employed to -80-60-40-20 0 20 40 60 80

measure film thickness, and the steps for measurements were H (KOe)
yielded by removing a strip of scotch tape placed on the
substrate previously. The MR was measured by using a con- FIG. 1. Magnetic field dependence of MR for as-deposited Fe26Ag74 granu-

ventional four-terminal configuration on a specimen of 2X6 lar films with different thicknesses at temperature 1.5 K.
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complete saturation, especially for thicker samples, and thus,
to some extent, the MR values given here are underesti-
mated.

Shown in Fig. 2 is the thickness dependence of the MR,
from which it can be seen that with increase of film thickness
the MR increases rapidly, and beyond about 500 A, this
change approaches saturation. What is also shown in Fig. 2 is
the thickness dependence of both the zero-field resistivity p,
and the net change in resistivity Ap in a field of 60 kOe. It
demonstrates that both p and Ap drop abruptly with increas-
ing thickness in the initial stage of deposition, but beyond
about 500 A both change moderately. However, it should be
stressed that the drops in p are more significant than that in FIG. 3. Bright field (TEM) images and SAD patterrns for Fe26Ag 74 granular

Ap, and this gives rise to the increasing trend of MR with films with o:fferent thickness (a) 120 A, (b) 400 A, and (c) 1800 A.

film thickness. It is generally believed that for thinner films
the role of surface scattering becomes significant relative to
scattering occurring within the film, and consequently the It also contains a contribution from crystal orientation. From
resistivity rises. In addition, the existence of mismatch be- Fig. 3, it can be seen that the thicker the film, the smaller the
tween film and substrate may result in high stress and struc- grains, and also the more homogeneous the microstructure.
ture defects such as twins, and these also enhance resistivity For the sample of 120 A, the average grain size is on the
prominently. However, to some extent, the deposition pro- order of 500 A and the size distribution has a wide range,
cess can be considered as an in situ annealing. Sputtering for while for the sample of 1800 A, the grain size decreases to
a relatively long time may ease mismatch stress, alleviate the order of 200 A or less and it also shows a tendency
disorder, and also promote precipitation, and as a result the toward homogenization. This probably resulted from phase
resistivity decreases and MR rises. This structure evolution segregation rather than nucleation on stncture defects. As a
has been confirmed by TEM. result, this process led to the existence ot plenty of fine iron

In Fig. 3 are shown bright-field (TEM) images for three particles, which gave rise to difficulty in saturation as ob-
Fe26Ag74 samples with different thicknesses, and in the served from the MR curves. Certainly, a great number of Fe
upper-right-hand corners are the corresponding selected-area precipitated particles would also contribute to improvements
diffraction (SAD) patterns. Although energy dispersive of the MR. Besides, it should be noted in the micrograph of
analyses in ranomode indicated that th; black areas contain the thinnest sample, which exhibited the maximum resistiv-
considerably less concentration of iron than the white, the ity and the minimum MR, that a number of twins are visible.
contrast does not necessarily imply an elemental difference. They would be expected to cause extra scattering and en-
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hance resistivity. For thicker films, the possibility of increas- provements approach saturation. The maximum value of MR

ing resistivity caused by small grain boundaries may be over- observed in as-deposited Fe26Ag74 is - 18%. Studies of the

whelmed by eliminating giant twins and other defects as well films with TEM and SAD demonstrated that the low values

as lowering the surface scattering fraction. of MR for thinner samples are mainly attributable to the

Although there exists evidence for the presence of fine existence of a large number of defects, such as twins, as well

Fe particles, it is difficult to determine the Fe and Ag phases as the increasing effects of surface scattering, while for

separately by electron or x-ray diffraction because of the thicker samples the increase of both MR and saturation field

overlap between Fe and Ag spectral lines, and in particular can be explained by relief of structural disorder and promo-

the line broadening for especially fine grains or particles. All tion of iron precipitation, caused by a relatively long time

electron diffraction patterns shown in Fig. 3 can be indexed deposition, which may serve as an in situ annealing.

as those lines of fcc Ag, but they still show apparent differ-
ences. For the thinnest sample, the spectral rings are charac-
terized by dispersive diffraction spots, which implies the ex-
istence of large grains or preferential crystal orientation. For This work was supported by Chinese National Labora-

thicker samples, those rings become complete and also tory of Magnetism and Sanhuan Corporation.
broaden. It is an indication of the existence of fine grains
with random orientation, promoted by phase segregation.

Further studies concerning the relation between micro- 'M. N. Baibich, J. M. Broto, A. Fert, F N. V. Dau, F. Petroff, P. Etienne, G.

structure and magnetic properties are presently being carried Crevzet, A. Friederich, and J. Chazelas, Phys. Rev. Lett. 61, 2462 (1988).
ut 2A. E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, S. Zhang, F. E.

out. Spada, F. T. Parker, A. Hutten, and G. Thomas. Phys. Rev. Lett. 68, 3745
(1992).

IV. CONCLUSION 3j. Q. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. Lett. 68, 3749 (1992).4p. Xiong, G. Xiao, J. Q. Wang, J. Q. Xiao, J. S. Jiang, and C. L. Chien,
The MR of granular Fe26Ag74 films has been found to be Phys. Rev. Lett. 69, 3220 (1992).

sensitive to the film thickness, which, to some extent, deter- 5C. L. Chien, J. 0. Xiao, and J. S. Jiang, J. Appi. Phys. 73, 5309 (1993).

mines the microstructure and reflects the film growth pro- 6
M. R. Parker, J. A 3arnard, D. Seale, and A. Waknis, J. Appl. Phys. 73,
5512 (1993).

cess. In the initial stage, the MR increases greatly with the 7S. F. Zhang and P. M. Levy, J. Appl. Phys. 73, 5315 (1993).

increase of film thickness, and beyond about 500 the im- 8G. Xiao, J. 0. Wang, and P. Xiong, Appl. Phys. Lett. 62, 420 (1993).
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Magnetic properties of FeSi-Si0 2 granular films
Z. S. Jiang, X. Ge, J. T Ji, H. Sang, G. Guo, and Y. W. Du
National Laboratory of Solid State Microstructures, Nanjing University, Nanjing 210093,
People's Republic of China

S. Y. Zhang
Department of Physics, Nanjing University, Nanjing 210093, People's Republic of China

The ferromagnetic resonance (FMR) spectra and coercivities of FeSi-SiO 2 granular films have been
measured over a wide range of FeSi volume fractions (f,). The films were prepared using the
ion-beam sputtering technique and transmission electron microscopy showed that the FeSi alloy
granules are embedded in a matrix of SiO 2.An enhanced coercivity (He), as high as 329 Oe at room
temperature, is observed. For some samples, there are several resonance peaks in the FMR spectra,
which include one major peak and several minor peaks. The major and minor peaks correspond to
the usual uniform mode and spin-wave respectively. In our experiments, the field separations
between the major and the minor peaks show a complex fashion. Our results are discussed in
comparison with some theoretical models.

I. INTRODUCTION argon was maintained. The sputtering targets were mosaic

Granular solids consist of nanometer size metal granules targets of FeSi(97% Fe-3% Si) alloy and SiO 2. The frac-
al tional area of SiO 2 on the targets can be changed so that

embedded in an immiscible matrix which may be insulating various samples in the range of FeSi volume fractions (f)
or metallic. Because of the unique microstructure of ultrafine between 0.25 and 1.0 are obtained. The composition of the
particles, many interesting and potentially useful properties
have been found in granular systems. ' 2 The magnetic behav- samples was determined using electron microprobe analysis.

iors of metal granules are very differen, from that of the transmission electron microscopy (TEM), electron diffrac-

bulk. In particular, intrinsic magnetic properties, such as tion, and x-ray diffraction. The magnetic properties of the

saturation magnetization (M,) and anisotropy constant (K), films were measured by a vibration sample magnetometer

are changed dramatically and greatly enhanced coercivities (VSM) with magnetic fields up to 20 kOe, the external field

are usually observed. Such properties, especially giant coer- w id paallel o the p oh l rn thee

civity, show potential for applications, among them, as novel was applied parallel to the plane of the films during the cea-
magnetic recording 3  surements. The FMR spectra of the samples were recordedWith the development of the technology of film fabrica- using an electron paramagnetic resonance (EPR) spectrom-

Wtionh the adevancment of true nlgytc ho d, tm feter operating at 9.97 GHz, the angle between the applied dction and the advancement of structure analytic methods, the field and film plane changed from 900 to 0° .
magnetic properties of granular metal films have been inves-
tigated intensively.4- 6 Recently, some studies have also been
carried out in the granular alloy films.7 However, many prop- III. RESULTS AND DISCUSSION
erties on these films are still unknown and need to be clari- We have prepared samples with various FeSi volume
fled. To further understand the magnetic properties in the fractions f,. The microstructure of the films is composition
important area of ultrafine alloy, we have successfully fabri- dependent, the typical TEM micrographs are shown in Fig.
cated FeSi-SiO 2 granular alloy films using the ion-beam l(a) for f/,0.45 and Fig. l(b) for f,-0.7. For smaller value
sputtering technique. In this paper, we will describe the of fr, one can see that fine and roughly spherical FeSi par-
preparation and characterization of the films. Using these ticles are separated by the host material. The particles are of
samples, we have made detailed measurements on their co- the order of a few nm in diameter and have a rather narrow
ercivities and ferromagnetic resonance (FMR) spectra. Our size distribution. While for larger f, the fine particles ag-
experimental study shows that an enhanced coercivity, as gregate into large connected granules; this can be clearly
high as 329 Oe at room temperature, has been achieved in seen in Fig. l(b).
the films. Furthermore, we found that in some of our The coercivities (He) of the films were measured at
samples, there are several resonance peaks in FMR spectra. room temperature by VSM with the external field parallel to
In the following, we should first discuss the experimental the plane of the films. The dependence of H, on f, is shown
setup, then we will present our results and compare them in Fig. 2. One found that H, first increases as fv increases,
with some existing theories. after reaches a maximum Hc%329 Oe at .f-0.7, Hc sharply

drops as f, further increases. We found that the incrcase in

II. EXPERIMENTS the region of Hc at smaller f, corresponds to the situation
where the size of fine particles increases, while the rapid

The granular FeSi-SiO 2 films were prepared by the ion- drop of Hc corresponds to the case when these fine particles
beam sputtering technique. The films were deposited onto form granular networks. This is similar to the observations of
glass substrates which were fixed at the temperature 300 *C. Xiao et al3 The maximum coercivity of our granular
During deposition, an ambient pressure of 2X10-2 Pa of samples is about 85 times that of sputtered pure FeSi films.
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f, for the applied dc field parallel to the film plane.

In comparison with Fe-SiO 2 granular solids, our maximum
Hc is smaller. This is due to the fact that the FeSi alloy has a
lower anisotropy constant than pure iron.

The FMR spectra of the samples were measured over a
wide range of f, at room temperature. Presented in Fig. 3 is
the resonance field (Hr1) obtained for applied dc field H in
the film plane. HrlI decreases monotonically as ft increases
up to 0.6, then changes very little as ft increases to 1. Our
result indicates that the structure of the samples changes as
f, increases. The demagnetizing factor of our samples is
reduced continuously as the fine particles gradually form
uniform FeSi layer.

Figure 4 shows the dependence of the resonance fields
Hr on 0 for f,-0.45, with the 0 denoting the angle between

(b) the applied dc field and film plane. When 0 is close to 900,
there are several resonance peaks in the FMR spectra, which

FIG. 1. TEM micrographs of FeSi-SiO 2 granular films (a) f,-0.45 and (b) includes a major peak and four minor peaks. As 0 changes
fv,0.7. from 900 to 0', the positions of both the major and minor

400 10 * major
o minor o 0

0 0

300 
8

200

100
2

0 20 40 60 80 100
20 40 60 80 100 0 (degree)

FIG. 4. The dependence of magnetic resonance field on the angle 0 between
FIG. 2. Magnetic coercivities measured at 300 K of FeSi-SiO 2 granular the applied dc field and film plane for f0,0.45. The solid circles and the
films vs FeSi volume fraction f, with the external field parallel to the film open circles correspond to the field positions of the major and minor peaks,
plane. respectively.
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peaks shift towards low-field side. While the intensity of the have observed a large H, as high as 329 Oe. The FMR spec-
major peak is almost unchanged, the intensities for the minor tra for perpendicular configuration showed several peaks
peaks become drastically reduced and disappear at the criti- which can be attributed to the usual uniform mode and spin-
cal angle 0,-80'. This behavior suggests that the major peak wave modes. These materials open up a rich perspective for
is the uniform mode and the minor peaks are spin-wave both fundamental investigations and technological applica-
modes.8 At 0=900, the separations between the first and the tions.
nth peak are about 150, 540, 1220, and 1760 Oe, respec-
tively. The corresponding ratios are 1:3.6:8.1:11.7. The spin- ACKNOWLEDGMENTS
wave resonance (SWR) theories8- 10 predict that this ratio
should be proportional to n2 or n depending on whether This work was supported by Grant 85-6 NMS, Grant

shoud b prportona toNSFS and NAMCC, SKLM, and Grant JSNSI
magnetic inhomogeneities are localized near the surface or

distributed in the thickness of the films. Our result is within
these two different cases and closer to the surface inhomo- 1J.. AA. J. Perenboom, P. Wyder, and F Meier, Phys. Rep. 78, 173 (1981).2 C. L. Chien, in Science and Technology of Nanostructured Magnetic Ma-
geneity model. This results from the fact that although a tertals: Granular Soluls, edited by G. C. Hadjipanayis and G. A. Prinz

nanoscale volume inhomogeneity is characteristic of the (Plenum, New York, 1991), p. 477.

granular films, there are abundant surfaces in our granular 3 Gang Xiao and C. L. Chien, J. Appl. Phys. 63, 4252 (1988).

samples due to small size of particles, and magnetic inhomo- 4Y. Kanai and S. H. Charap, J. Appl. Phys. 69, 4478 (1991).
-5R. L. Holtz, P. Lubitz, and A. S. Edelstein, Appl. Phys. Lett. 56, 943geneities localized near metal-insulator interfaces may play (1990).

an important role. 6 A. Tsoukatos, H. Wan, and G. C. Hadjipanayis, J. Appl. Phys. 73, 6967

In conclusion, we have successfully prepared FeSi-SiO 2  (1993).7A. Gavrin and C. L. Chien, J. Appl. Phys. 67, 938 (1990).
granular films with different FeSi volume fractions using the SH. savri, d . r. Ci. Ap, Phs 617938H. Puszkarski, Prog. Surf. Sci. 9, 191 (1979).
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studied ferromagnetic resonance spectra and coercivities. We 'OF. Hoffmann, Solid State Commun. 9, 295 (1971).
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Hysteresis of binary clusters
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A pair of parallel uniaxial particles with dipole-dipole coupling has, for bond angles P3=O and ir/2,
up to four locally stable configurations: tT, TI, It, and 11. Assuming thermal relaxation via
coherent rotation and a periodic driving field we solve a master equation for the occupation
probabilities of these states and find the coercivity and switching field distribution of the ensemble
of coupled particles. For either value of the bond angle we compare numerical solutions of the
master equation with approximate expressions based on extremal analysis and find good agreement
between the two.

There exists a vast body of literature dedicated to ther- one of the relaxation channels changes and no change in the
mal relaxation effects in bistable systems while thermal re- number of local minima takes place. There exist also three
laxation in systems with more than two metastable minima saddle points, labeled a, b, and c, with energies
has received, to date, but scant attention, a notable exception
being the work of Pfeiffer.' We have recently 2 applied his ea)= 1+3p2 +h2 T2hhn2(p), (4)
master equation approach to an array of interacting, ther-
mally relaxing bistable systems and we were able to demon- ec)=2(1 -p 2 +h 2 )/h,(p), (5)
strate that the relaxation rates within such an array must be
interpreted as rates of transitions between its metastable con- where a = a, b and the upper sign refers to the saddle a. The
figurations. The simplest possible interacting array is formed minimum and saddle point energies define [see Eq. (11) be-
by two identical, magnetostatically coupled uniaxial particles low] the barrier heights to be overcome by thermal relax-
with individual energies E(i)=KV sin2 0i -M sHV cos Oi (K ation). If 83=7r/2 then the system has again three critical
is anisotropy constant, V particle volume, M, saturation fields h,l> h, 2 -hp,
magnetization, H is external field applied in the z direction,
and 0, is the angle spanned by the magnetization vector and hn,+(p) (1-p) 1 2(1+3p)/ 2, (6)
applied field), and coupling Ei,,=r-3 M1 .M 2
-3r- 5(M.r)(M2.r) where r=r(sin/3i+cosik) is the ra- h, 2(p)=1-3p, (7)
dius vector joining the two particles and /3 the bond angle.
The total energy is E=E)+E2 )+Eint and for brevity we hp(p)=(1-3p)(1-p)' 2(l+3p) -1 2, (8)
write X=EIKV and h=H/H,, (Hn =2K/M is the nucle-
ation field of an isolated particle). For bond angles /3=0 and and three saddle points with energies
/3= /2 Chen et aL3 found analytic expressions for the ex- e)= 1 -3p 2+h 2 2hhp(p), (9)
tremal energies and barrier heights of the system. We briefly
summarize here their findings, write down our set of master 2(10)
equations,2 and compute then the major hysteresis loop, co-

ercivity, and switching field distribution as functions of the As previously mentioned, there exist up to three physically
coupling strength p=M VI(2Kr 3). distinct metastable configurations of the two-particle cluster.

For either value of /3 there exist 3 up to four metastable They correspond to local energy minima and we shall define
states schematically represented as T, IT, and TI (these two
are equivalent) and 11. Their energies are 'l=-e-4h, xK7)(h,p)= ,.-) ,p)=fo exp(-KVA;)/T) (11)
N2=e, and 93=-e+4h, respectively; in these formulas
e=4p if /3=0 and e= -2p if 3= 'r/2. For bond angle /3=0 as the ratw of thermally activated flux from the metastable
there exist three critical fields h, > hp > hn2, state i to j passing through the saddle a. Here T is tempera-

ture (kB = 1), fo is the prefactor (we set4 fo =e 25 Hz) and the
hnlJ W=1+, P(1) reduced barrier heights -

For bond angle 6l=0 and applied field IhI < h,,2(p) the
hp(p)=(1+p)(1-3p)/2(-) , (2) relaxation channels open in the two particle system may

a b
h:. = (1 -3p) /2(1- p)1/2. (3) schematically be represented as 1*-+24- 3 where 1=TT,

2=JT+TI, and 3=11. The probabilities n, (occupatioa num-
The degree of metastability changes at the nucleation fields bers) that the system finds itself in the ith metastable state the
h,, while, as will be explained, at the critical field hp only satisfy2 the equations
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hl=-2K()nj+K() (12) 2 . / . , . /
/ / // / /[ t2=' .(a)- .(a)+(b)n- K K(b)n3 (13)i I ' °

h2 =2K12j-(K21 + K23 )n2 + 2~n,(3
ti3= .(b). .. (b). 1 )" '
h K23 nK2-- 232 n 3 , (14) _0 I '

where hi=dn,/dt. The factors 2 above have their orgin in o 0
0the degeneracy of the metastable state 2. The stationary state ,WI

of Eqs. (12)-(14) is thermal equilibrium and it is easily
shown2 that in the decoupled limit one recovers the single 0 ,

particle result. In applied fields h,,2 -1 hi < hP the local I I
C I _ n2minima 2 do not exist so that 0 -

til = -ha (a) (a)E-i
hll h3 = -2K13 n +2K31 n3  (15) E1  

I

and n 2=0; a=b if h>O and a=a if h<O, while a=c at
fields hP -I hI < h,, . The relaxation rates KA') are Lontinu- , I
ous across all critical fields h,(p) but equation sets (12)-(14) -2 / .... , . 0 0 3

-11 -09 -07 -05, -0

and (15) are discontinuous at the nucleation fields t hn2(p) h
where the levels 2 vanish. In hysteresis calculations it is
therefore necessary to verify that the vanishing intermediate FIG. 1. Bond angle 63=0. Nonequilibrium magnetization r[h(t)] (l ,g

states 2 are empty before the transition from the tristable to dash) and switching field distribution x[h(t)] (solid lines) vs applied field

the bistable regime is made. The coercivity h, is obviously h(t). Coupling strength p=O (rightmost curve, marked), 0.05, 0.10, 0.15,
0.20, 0.32 (the highest SFD peak shown here), 0.40, 0.50 and 0.60 (leftmost

bounded by the nucleation field hn, , h, "-< hnl. curve). For p=O we also show the probability n2[h(t)] (si. ,rt dash), for all
The case of bond angle 6= ir/2 and applied field I hI< hP other values of p n2 -0 at all times. Sweep rate f= 101 lz.

is described by Eqs. (12)-(14). However, a direct relaxation
channel opens betwen the states 1 and 3 if h -I hi < h, 2and we write 2 here P2 h I 17-nl I - 3 where we retain only the dominant rate:

1F=2Kta) if -hp<h<O and F=2Kt) if-h,,<h <-hp;
n 9= " -,a)+ K(c)) K(a)n + (c)n3 1))

t1t=- 2tKiU)+ K12 13)1+ K 2 + 2a31 )=(h-h 2 Z+4(2p+h) and Oc)=2(h+h,,,)2 /h,,,. At

2=2K(a)n_ ( ) ( b) coercivity nl=n3 =1/2 and the SFD function has,
12 1 2 ) 2  2K 32 n3  approximately,4 a maximum, dxldh h=hc = 0. so that• _ (c) + (b) 2( (c)+ (b) ) 3.(8

h3 =2K13n 3+ K23 n 2-2(K'j + K2 )n 3 . (18)

At hnl >h h, 2 the system has the two metastable states 1
and 2 and at - hni < h '<< -hn the states 3 and 2. The 2 f ' -I

e /a Ib c devolution equations are d /

h,. =- h,= -K(a)+ "2K(a)f (19) C bF- I

where i=1 and a=b for h>O while i=3 and a=a for
h<0. In this case h c - h,,2. For either value of 3 the system

is monostable in fields Ihi hn .
Now let the applied field h vary with time as h(t) _. - ,', " /' /'

hnl(p)cos 21Tft where f is the field sweep rate. At time 0

t=O, accordingly, n1=1 and n2=n 3=O in Eqs. (15) and WXI\, ,
(19). These are the initial conditions for the differential sys- " .p,," ",,
tems (12)-(15) describing the time evolution of the two par- '

ticle cluster at bond angle P=O and for the systems (12)- " ; i

(14), (16)-(19) corresponding to 3='ir/2. Their sample f i/ed/e Ib Ia
numerical 5 solutions are presented in Figs. 1 and 2 where we -2- . ,............. -

also introduce the reduced magnetization m = 2(n 1-n 3) and -06 -04 -02 0.0
switching field distribution (SFD) X = dm/dh. In all cases we
have chosen q=KV/T=42 so that the half lifetime of an FIG. 2. Bond angle 6=,r/2. Nonequilibrium magnetization m[h(t)] (long

isolated particle is about one year. dash), switching field distribution x[h(t)] (solid lines), and the probability
At zero bond angle (Fig. 1) the antiparallel configura- nzh(t)] (short dash, plotted as -n 2 for clarity) vs applied field h(t). The

magnetization curves labeled as a (p=0), b (p=0.05), c (p=0.10), d (p
tions 2 are energetically unfavorable atid at the chosen tem- =0.15), e (p=O 20), and f (p=0.2 5). For p>O the SFD function has a

perature n2 -.0 at all times for p>0.01 (not shown in Fig. 1). minimum at coercivity and two flanking peaks which we connect by labeled

The coercivity6 h,(p,f) is shown in Fig. 3. Since n 2-0 the braces. The curves n2(h) are unlabeled, the broadest curve corresponds to
p=0.2 5, the narrowest one (with max n2= 1/2) to p=0. Note how stable thesystem may be treated as having only the two levels 1 and 3 antiparallel states 2 become at large coupling strengths. Sweep rate f

approximately described by the evolution equation =10' Hz.
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FIG. 3. The exact reduced coercivity (Ref. 6) h,(p,f) for bond angles /3=0 FIG. 4. rhe exact reduct.d coerci,,ity (Ref. 6) hjp,f) (f= 101 Hz, solid
and 7/2. Sweep rates are f = 10- 3 Hz (*), 10-1 Hz (0), 101 Hz (*), and line) compared with the approximate expressions h s ) [solution of Shar-
103 Hz (A). Note in particula" that at small interaction strengths hcocp for rock's formula (Ref. 7) /3=0 only] and hfx) [solution of Eq. (21) for /3=0
/3=0 but hecc - p2 for /3=lr/2. Also shown are the nucleation fields h, ari and Eq. (22) for f= ir/2]. Approximate solutions based on c 2) (short dash)
the critical fields hp. exist at h,<hp and those based on OC (long dash) at h,>hp. To empha-

size the matching at h,=h, we extend both solutions a little into the un-
physical region beyond h,. Also shown are the (scaled) deivatives

2iifhih(hc) - ur(hc),z(hc) = 0, (20) Q'(h~x)) and Q'(h(x)) (same markings as for coercivity).

o-(h) = (h2, - h2) t /2. Substituting for m and m we finally

obtain The evolution (master) equations of Sec. II are fairly
complicated but we have shown here that at least the coer-

ln(fo/irf)-Q(h)=ln{r(h)[Q,',(hc)-hc/Ir2(hc)]}, civity h,(p) may easily be found from the approximate Eqs.
(21) (21) and (22). It is remarkable that for 63=7r/2 and small p

where Qjhc)=qd )(hc) for Itrevity and Q, = dQa/ the exact coercivity is a nonlinear function ol the coupling
dh. Without the right-hand side this is exactly Sharrock's strength (h~c -p

2) while this result cannot be obtained from
formula7 for coercivity and Fig. 4 shows that both the solu- the approximate Eq. (22) (compare Fig. 4) nor from a mean
tion h0) of Eq. (21) and the solution h s ) of Sharrock's for- field theory.9 Equations (21) and (22) fail if the hysteresis
mula provide a very good approximation to the exact solu- loop approaches the curve of equilibrium magnetization, i.e.,
tion hc(p). Regarding the SFD function X(h) it was shown4  at high temperatures or small sweep rates.
that approximately Xmax(h) - Qa(h) so that according to This research was sponsored by the National Science
Fig. 4 the SFD function X(h) should attain the greatest Council of ROC under Grant No. NSC 82-0208-M002-35.
height if h,(p)=hp(p) and this trend is indeed observed in
Fig. 1 and in its counterparts at other sweep rates. 1H. Pfeiffer, Phys. Status Solidi A 120, 233 (1990); 122, 377 (1990).

At bond angle fl= r/2 the evolution of the two particle 21. Klik, C. R. Chang, and J. C. Yang (unpublished).

cluster is dominated by the great stability8 of the antiparallel 3w. Chen, S. Zhang, and H. N. Bertram, J. Appl. Phys. 71, 5579 (1992).
configurations 2 (see Fig. 2), n2(h) - 1 and the SFD fur-.- 4 * Klik, C. R. Chang, and H. L. Huang, Phys. Rev. B 47, 8605 (1993). We

recall that e2 5 Hz,'10 0 Hz. For experimental measurements of the pre-tion has a local minimum flanked by two local maxima. The factor see D. P. E. Dickson, N. M. K. Reid, C. Hunt, H. D. Williams, M.
two level approximation is obviously not applicable, yet an EI-Hilo, and K. O'Grady, J. Magn. Magn. Mater. 125, 345 (1993).

approximate expression for he(p) follows from Eqs. (20) and 5W. H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling, Nu-
(12)-(14) supplemented by the auxilliary extremal condi- merical Recipes, FoRTR N Version (Cambridge University Press, Cam-
tions nt(hc) =n3(hc) and i2(hc)= 0: bridge, 1990), Sec. 15.6, p. 572.6Our system is initially saturated in positive applied field so that it switches

2 K(a)(hc) K()(h,) = 2 irfor(h,)[Q(hc) + Qb(hc) at negative coercive fields, but in the plots of Figs. 3 and 4 we apply the
convention that h,(p)>O. Similarly, the solutions hX) of Eqs. (21) and

(22) (22) are in fact negative.
M. P. Sharrock, IEEE Trans. Magn. MAG-26, 193 (1990).
w)2 +We recall that the initial equilibrium susceptibility x,(O)=8q(1

where Q/ - = + (h2  
+e-2qoP- for/3=0butXeq(O)=8q(l+enqP)- for 3=7r/2.

Qb/q 1b) (h + h) The solution hx) of Eq. (22) is 91. Klik and C. R. Chang (unpublished data based on Ref. 4); D. C. Jilescompared with the exact coercivity he(p) in Fig. 4. An ap- and D. L. Atherton, J. Magn. Magn. Mater. 61, 48 (1986). Interactions arerepresented by the state dependent mean field h(t)= h(t)+ am(t) where
proximate expression for the SFD peak values m(t) is the instanteneous magnetization and a a small empirical constant;
Xmax(hc+ 51)>Xmax(hc- '32), 3i>0, is not known to us. h,- aif lal<I.
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Some specific features of fine Fe and Fe-Ni particles
Yu. V. Baldokhin, P. Ya. Kolotyrkin, Yu. I. Petrov, and E. A. Shafranovsky
Institute of Chemical Physics, Russian Academy of Sciences, Kosygin Ulitsa 4, 117977, GSP-1,
Moscow V-334, Russia

By comparing results of Mossbauer spectroscopy and x-ray diffraction investigations of ultrafine Fe
and Fe-Ni particles, a formerly stated supposition on the existence of two spin states of the fcc phase
in pure iron and Fe-Ni alloys has been verified. Some structural peculiarities of particles under study
have been observed also. For the pure bcc-Fe particles with an average diameter of 30 and 50 nm
the existence of two hyperfine fields (H1=330 kOe, H2=360 kOe) at room temperature has been
found. It is supposed that H2 in the bce phase could be considered as a remnant of a high spin state
of the fcc-Fe phase at high temperature. Particles of Fe-Ni(30.3 wt %), Fe-Ni(35 wt %), and
Fe-Ni(52 wt %) alloys with an average diameter ranging from 5 to 15 nm were studied also.
Particles of Fe-Ni (30.3 wt %) and Fe-Ni(35 wt %) alloys with diameter of 5-8 nm had the bcc
structure. A mixture of the bcc and fcc phases appeared with an increase of the particle size. At the
same time only the fcc structure remained for the largest particles. The observed size structural
dependences and the existence of the stable bcc phase in small particles can be explained by the
martensite fcc-bcc transition.

I. INTRODUCTION III. EXPERIMENTAL RESULTS AND DISCUSSION

This work aims to study Fe and some binary system Analyzing thermodynamic functions as well as results of
peculiarities under transition from bulk to fine particles in electric and magnetic measurements for pure iron and its
order to reveal some of their size-dependent properties and to alloys, Weiss1 came to the conclusion that a high temperature
understand the nature of these properties of the bulk itself fcc-Fe phase could exist in two spin electron states, one of
more profoundly. Subjects of inquiry are chosen magnetic Fe which was antiferromagnetic (Niel temperature TN =80 K,
an, Fe-Ni fine particles. The change in the crystalline and magnetic moment per atom A=0.5 A5B, lattice constant
hyperfine magnetic structure of small particles of Fe and a=3.55-0.01 A), and the other was ferromagnetic (Curie
Fe-Ni alloys enriched with Fe as compared with the bulk temperature Tc=1800 K, magnetic moment A=2.8 MB, lat-
have been investigated. It is well known from experimental tice constant a =3.64±0.01 A). However, so far no direct
data and the theoretical point of view that some Fe-based proof has existed that the fcc phase in pure iron was possible
alloys with fcc structure show many anomalies of physical in two spin states. In an attempt to clear up this question, we
properties. This variety of anomalies is named Invar anoma- used the capability of small particles obtained by the conden-
lies and the most specific one is a behavior of the thermal sation of a vapor substance in argon (gas evaporation tech-
expansion. The thermal expansion constant is practically nique), to retain their high temperature state.2 A comparison
equal to zero within a wide temperature range. The nature of of Mossbauer spectra with x-ray diffraction data on thermal
the anomalies in fcc Invars is supposed to be due to (i) the expansion of such Fe particles gave a direct verification of
peculiarities of the electron and magnetic structure, (ii) size- Weiss's hypothesis 3 for the first ;ime.
dependent properties of small particles, (iii) an influence of The Mossbauer spectra obtained at 300 K for particles
various composition, interatomic distances, a number of with a diameter of about 50 nm are shown in Fig. 1.3 Com-
nearest neighbors, a-y and antiferro-ferromagnetic transfor- puter analysis of the initial powder revealed two spectra with
mations, and high and low spin states. the following hyperfine parameters: (1) an effective magnetic

field on Fe nuclei H1=330 kOe, a fraction of whole spec-
trum area S1=37.8%, electric quadrupole interaction A1=0,

II. SAMPLE PREPARATION an isomer chemical shift 81 =0 (8 is referred to metallic iron
at room temperature), half a width of the first line

The fine particles are produced with the so-called "gas (F/2)1=0.55 mm/s (this spectrum corresponds to a slightly
evaporation" technique. The principle of the method lies in disordered bce-Fe phase); (2) H2=360 kOe, S2=62.2%,
substance vapor condensation in an inert gas atmosphere 82=0.02 mm/s, A2=0.1 mm/s, (r/2)2=0.56 mm/s. The su-
which transfers the condensation heat from the arising aero- perposition of these two spectra demonstrated a complex
sol particles to the reaction vessel walls (the solidification magnetic structure of the sample. At the 'ame time x-ray
rate is about 105 deg/s). By varying the species and the patterns showed the presence of only a bcc-Fe phase with a
pressure of the inert gas as well as the vessel size, it is lattice constant a =2.866±0.002 A. The Mossbauer spectrum
possible to alter the average diameter of aerosol particles of the powder was varied essentially by fast quenching to
within a range from one to hundreds of nanometers. The room temperature after heating in argon at T=800 °C for
particles obtained are deposited on the vessel walls and have half an hour [Fig. 1(b)]. The area of such the spectrum with
a rather narrow size distribution (maximum deviation from t he he H2 component was extended to S2=82% while the con-
the average value is usually no more than a double value) tent of the bcc-Fe phase with the H component was reduced
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FIG. 1. M6ssbauer spectra of Fe particles with a diameter of 50 nm: (a) the $
initial powder; (b) the same powder after heating at temperature T=800 C
for half an hour followed by quenching down to room temperature.

.J
down to S1=18%. These results allowed us to suppose that
the hyperfine magnetic field H 2 in the bcc phase could be -
considered as a remnant of a high spin state available in the fit
fcc-Fe phase at high temperature. 0

It was interesting to ascertain to what degree the pecu- ..
liarities of the M6ssbauer spectra for Fe particles are retained
in small particles of an Fe-Ni Invar alloy for which a stabi-
lization of the high temperature fcc phase in iron is typical.
Preliminary results of studies of Fe-Ni alloy particles have
been published earlier.4

Particles of Fe-Ni(30.3 wt %), Fe-Ni(35 wt %), and Fe-
Ni(52 wt %) alloys with an average diameter ranging from 5
to 15 nm were studied by x-ray diffraction and M6ssbauer
spectroscopy. Foil and wire alloys were used for preparing
samples. They were evaporated within a vacuum chamber FIG. 2. M6ssbauer spectra of Fe-Ni alloys: (a) Fe.Ni(30.3 wt %) foil; (b)

from W wire placed at the center of a beaker with a diameter Fe-Ni(35 wt %) powder with a mean particle size of 8 nm; (c) the same

of 10 cm. The vacuum chamber was filled with argon up to a powder as a previous one heated at temperature T=900 C for half an hour

given pressure ranging from 0.08 to 3.5 Tort and a swift followed by quenching to room temperature.

sample evaporation was made. Metal vapor condensation in
argon (the gas evaporation technique) resulted in ultrafine
deposits on the beaker walls formed from spherical particles Typical M6ssbauer spectra for Fe-Ni alloys are shown in
with a narrow size distribution. The following results were Fig. 2. The spectra of particles are quite different from spec-
obtained from the x-ray diffraction measurements. (1) The tra of foils. Parameters for the M6ssbauer spectra of samples
lattice constants for even the smallest particles did not differ are listed in Table I. The spectrum for the Fe-Ni(30.3 wt %)
from those for a bulk solid. (2) The Fe-Ni(52 wt %) alloy foil displays a broad single line [Fig. 2(a)] while the spectra
retained the fcc structure whatever the particle size. (3) The for Fe-Ni(35 wt %) foil and Fe-Ni(52 wt %) wire could be
Fe-Ni(30.3 wt %) and Fe-Ni(35 wt %) alloys in a bulk solid represented as two 6-line spectra: H1=278 kOe (S1=44%),
originally have a fcc structure with a small fraction of the H2 =238 kOe (S2=56%), and H 1=308 kOe (S1=50%),
bcc phase, while the particles with a diameter of 5-8 nm H2 =313 kOe (S2 =50%), respectively. In the case of the Fe-
consist of only the bcc phase. As the particle size increases Ni(52 wt %) alloy its M6ssbauer spectrum pattern and a
the content of the fcc phase rises while the fraction of the bcc crystalline structure keep under the transition from a bulk
phase is reduced. The bcc-fcc transition is completed entirely solid to particles with the diameter of 7 nm. The Fe-Ni(35
in Fe-Ni(35 wt %) particles with a diameter of about 12 nm wt %) and Fe-Ni(30.3 wt %) alloys behave the other way
though larger Fe-Ni(30.3 wt %) particles with a diameter of around, that is the fcc structure of the bulk solid changes into
15 nm have a conspicuous bcc phase fraction. bcc structure for the particles with a diameter of 5-8 nm.

It should be noted that the observed structural size de- The form of the M6ssbauer spectrum and the crystallo-
pendence and stable existence of the bcc phase in small par- graphic features of the Fe-Ni(30.3% wt %) particles with

tides of Fe-enhanced alloys run counter to the expected sup- about 15 nm diam, which contain both phases at the 1.3
pression of the martensite fcc-bcc transition in such fcc/bcc ratio, do not change after exposing samples at 77 K
particles. for 2 h.
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TABLE 1. Hyperfine size parameters for Fe-Ni samples at 298 K. kOe, S2=43%, 62=0.02 mm/s, A2 =0.02 mm/s) correspond-
ing to the bcc phase for the Fe-Ni(30.3% wt %) particles

Y e Cl S with a mean diameter of 15 nm (see Table I).

30.3 Ni wt % sample
15 330 - - - 43 IV. CONCLUSIONS

- + - - 57 As in the case of the small particles of both pure iron and

345 - - - 44 Fe-Ni alloy the Missbauer spectra have a complex structure
8 318 - - - 44 indicating, probably, the essential role of a high temperature

- - - + 12 Fe fcc modification which can be displayed in two different

345 - - - 33 states depending on the size, the particle making conditions,
318 - - - 33 and the heat treatment.
- - - + 14 Though it has been recently shown theoretically that the

ferromagnetic fcc Fe was unstable relative to tetragonal de-

330 - - - 37 formation, and hence it could not exist itself,6 nevertheless in
5.5 - - + - 63 the case of pure iron the experimental results3 evidence an

35 Ni wt % sample availability of two spin states in the fcc Fe. As for the Fe-Ni
345 - - - 44 Invar alloy in this case also the above given experimental

8 318 - - 44 results indicate the existence, at least, of two spin states in
- - - + 12 the fcc phase. So, in accordance with the theory' for the

318 - - - 40 Fe-Ni(30.3 wt %) and Fe-Ni(35 wt %) particles the central
8b  - + - - 43 paramagnetic peak in Fig. 2(c) apparently belongs to an an-

- - - + 17 tiferromagnetic low spin state of the fcc phase but one of the

d-particle size, nm; Hff-hyperfine magnetic field, kOe; y-single line two M6ssbauer spectrum components [Fig. 2(c)] with the
with the isomer shift 8=-0.07 mm/s corresponds to the fcc phase; higher hyperfine field (H1 =345 kOe) on Fe nuclei, probably,
---unresolved structure ("sagging wire"); Cl--clusters of Fe2 , Fe3  [see corresponds to the hereditary high spin magnetic structure of

Fig. 2(b)]; S-relative area of subspectra, %. the fcc phase in a crystalline bcc structure of small particles.
bSample after beating at T=900 00 for 2 h. This last magnetic structure is formed during a particle mak-

ing procedure. At the same time after the powder heat treat-
ment at a temperature of 900 'C followed by a quenching to
room temperature it transforms to the low spin state of the

diameter of 8 nm, as shown in Fig. 2(b), could be repre- fcc phase simultaneously with the structural bcc-fcc transi-
sented by two 6-line spectra: H1=345 kOe (S 1=44%) and tion.

H2=318 kOe (S2=44%) with a small fraction of Fe3+ and

Fe2+ oxides. Practically the same value of H, and H2 were ACKNOWLEDGMENT
observed for the Fe-Ni(30.3 wt %) particles with diameters Two of the authors (Y.I.P. and E.A.S,) would like to
in the range of 5-8 nm. When the Fe-Ni(30,3 wt %) and
Fe-Ni(35 wt %) the smallest particles of 5-8 nm size were thank the International Science Foundation under Grant No.Fe-N(35wt ) te sallst artilesof -8 m sze ere MJ8 000 for the partial financial support of this work.
quenched from 900 C to room temperature, the 6-line spec-
trum with H1 =345 kOe transformed into a central line R. J. Weiss, Proc. Phys. Soc. London 82, 281 (1963).
(S1 =43%, 8, = -0.07 mm/s) [Fig. 2(c)] with simultaneously 2yu. 1. Petrov, Clusters and Small Particles (Nauka, Moscow, 1986) (in
about twice the increase of the particle size. This spectrum Russian).
transformation is undoubtedly lue to a bcc-fcc phase transi- 3Yu. V. Baldokhin and Yu. I. Petrov, Doklady RAN 327, 87 (1992).
tion. This is also borne out with the appearance of the narrow 4Yu. V. Baldokhin, P. Ya. Kolotyrkin, I. I. Morozov, Yu. I. Petrov, and E. A.

Shafranovsky, Doklady RAN 330, 310 (1993).central line (S,=57%, 3j=-0.05 mim/s) corresponding to 5H. Asano, J. Phys. Soc. Jpn. 27, 542 (1969).
the fcc phase side by side with the 6-line spectrum (H2=330 6G. L. Krasko and G. R. Olson, J. Appl. Phys. 67, 4570 (1990).
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Magnetoresistance of the magnetically ordered icosahedral quasicrystals
Al-Pd-Mn-B

M. H. Yewondwossen, S. R Ritcey, Z. J. Yang, and R. A. Dunlap
Department of Physic.n, Dalhousie University, Halifax, Nova Scotia B3H 3J5, Canada

The transverse magnetoresistance has been measured for the newly discovered magnetically ordered
icosahedral quasicrystals Al7o_.Pd1sMnsB. (x=0,2,4,6,8,10). Experiments were conducted at 4.2
K in magnetic fields up to 5.5 T. The results showed a systematic change as a function of boron
concentration. The magnetoresistance for x=0,2,4,6 showed a negative field dependence which
became weak with increasing x. The samples with x=8,10 showed a negative magnetoresistance at
low fields, which became positive for higher applied fields. The minimum in the magnetoresistance
shifted to lower field value with increasing boron content (to about 0.5 T for 10 at. %B). The
analysis of the results has been based on the theory of three-dimensional weak localization, with a
strong influence of spin-orbit scattering. The magnetoresistance is negative for low boron
concentration due to weak spin-orbit scattering, and is positive for high boron concentration due to
strong spin-orbit scattering.

I. INTRODUCTION Ill. RESULTS AND DISCUSSION

Since the first discovery of quasicrystals in Al-Mn Weak localization (WL) effects are manifested at low
alloys1 the influence of the quasiperiodicity on the physical temperature as small quantum perturbations of the classical
properties has been studied extensively. In particular, the ef- Boltzmann conductivity and can provide detailed informa-
fect of the local icosahedral symmetry on the magnetic and tion about the electron scattering processes. The theory of
electronic properties has been of particular interest. 2'3 Quasi- WL has had reasonable success in explaining the anomalous
crystals show magnetic behavior that ranees from diamag- behavior of the transport properties of three-dimensional dis-
netic to ferromagnetic. 3 Most quasicrystall*rie materials have ordered systems.9"10 The magnetoresistance is negative in the
been reported to be either diamagnetic or oaramagnetic, case of weak spin-orbit scattering systems, i.e., ,<,r,. In
while a few have exhibited spin glasslike behavior.3 Weak the case of strong spin-orbit scattering systems the magne-
ferromagnetism has been found in AI-Ce-Fe,4 Al-Mn-Ge, 5  toresistance is positive and 't>,rs..
and Al-Mn-Si.67  The magnetoresistance, Ap/p 2, due to WL effects is

Recently a new class of Al-Pd-Mn-B quasicrystals with given as a function of the applied magnetic field, B, by the
large magnetization (_5X10 - 7 H m2 kg- 1) and Curie tem- model of Altshuler et al.11 as
peratures around 500 K have been reported.8 The room-
temperature magnetization was found to increase with in- Ae 2  2 [1 (B) 3 (B 1 (
creasing B content in the series of alloys of the composition ""= ' h [2 f3 1  i - f soI'
A170_.PdlsMnlsB.. The magnetization is observed only in
the metastable quasicrystalline phase and is not present in the where
equilibrium crystalline phase. In this work the magnetoresis- h
tance of A17o_Pd1sMnsB, has been investigated at 4.2 K. B,= (2)
Weak localization theory is used to analyze the result and 8 7reD r,'

deduce the inelastic scattering time 'i and spin-orbit scatter-
ing time ;uo. Bso=Bi +  (3)

and D is the diffusion coefficient and a accounts for uncer-
II. EXPERIMENTAL METHODS tainties in sample geometry. The function f 3(x) is the Kawa-

bata function given by'2

Al70_xPdsMn1sB. alloy ingots were prepared from high 1 1/2 1/2
purity elements by arc melting followed by melt spinning 2 n+1+x -+ + n
onto a copper roller with a surface speed of 60 ms 1. Re- ( (
suiting ribbons had cross sections of -25 .m thick by -1.5
mm wide. The single phase quasicrystalline nature of the ( 1 1\-1/2(
ribbons was confirmed by room temperature x-ray diffraction n + +
using Cu-K,, radiation on a Siemens D500 scanning diffrac-
tometer. The magnetoresistance was measured at 4.2 K in a The transverse magnetoresistance measured at 4.2 K for the
transverse field up to 5.5 T using a conventional four-point Al70 .Pd 1sMnsB (x=0,2,4,6,8,10) alloys is shown in Fig.
dc technique. The electrical leads wett. attached to the 1. The magnetoresistance is negative for x_-6 and positive
sample using silver loaded epoxy. for x=8 and 10. Data have been fit to Eq. (1) using standard
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100 of applied field. Subsequently the function given in Eq. (1)
does not provide a suitable fit to the experimental data for the
alloy of this composition.jBT 6 IV. CONCLUSIONS

-100 -=o The values of the parameters given in Table I as well as
.=2 "the qualitative behavior of the experimental data as illus-

200 xtrated in Fig. 1 demonstrate a crossover from weak spin-orbit
x=8 0 scattering to strong spin-orbit scattering as a function of in-

-300 1 creasing boron content in the alloys. This crossover corre-!0 '1 2 3 4 '5 6 sponds to a transition from i<,so to T/>Tso and a corre-

B (T) sponding loss of phase coherence in the scattering. The

present experimental results have demonstrated that the
FIG. 1. The transverse magnetoresistance measured at 4.2 K for the theory of WL gives at least a semiquantitative description of
A17O_.PdjsMnsB. (x=0,2,4,6,8,10) alloys. Least-squares fits to Eq. (1) are the magnetoresistance of magnetically ordered
illustrated by the solid and broken lines. A170_xPd15MnlsBx quasicrystals; in particular those which

exhibit strong spin-orbit scattering. WL theory gives a poorer
quantitative description of weak and intermediate spin-orbit
scattering. The breakdown of the theory for similar cases in

nonlinear least-squares methods. The slowly converging three-dimensional systems have been reported by other
function f 3(x) used by Kawabata t 2 was replaced by the more authors.15 The increase in the spin-orbit component of the
compact form proposed by Baxter et al.13  scattering which results from the increase in boron content of

[ ( -1/2  the alloys may be seen as an increase in the d-band density
f3(x) = 2 + - ;- 2 + of states at the Fermi energy. This is consistent with the

f3()=2 2 2observed increase in the strength of the magnetic coupling in
(3 1)-1/2]  1 1 )- 3/2 these alloys as indicated by an increase in !, measured

+ \ + + 2.03+ x (5) magnetization. s

The diffusion coefficient is taken to be 0.075 cm 2 s-1 ,14 from ACKNOWLEDGMENTS

literature values for similar Al-Mn-Pd based quasicrystals. This research was funded by the Natural Science and
The characteristic scattering times i and Ts0 are obtained as Engineering Research Council of Canada, the Faculty of
free parameters in the fits. The parameters obtained from Graduate Studies, Dalhousie University, and the Killam
these fits are summarized in Table I and fitted curves are Foundation.
illustrated in Fig. 1. 'D. Shechtman, I. A. Blech, D. Gratias, and J. W. Cahn, Phys. Rev. Lett.

Equation (1) gives a good fit to the data for the two 53, 1951 (1984).
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strong spin-orbit scattering in these alloys is evidenced by Magnetic Materials, edited by K. H. J. Buschow (North-Holland, Amster-
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Electrical transport in amorphous Fe-Mn-Zr alloys
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The magnetic and electrical transport properties of amorphous Fe-Zr based alloys with compositions
near 10 at. % Zr with various elements substituted for Fe are of particular interest. In the case of Mn
substitutions the Curie temperature and the average magnetic moment decrease monotonically with
increasing Mn content and the temperature dependence of the magnetization is significantly
modified. The electrical transport properties of amorphous Fego _..Mn.Zrjo (for x=0, 4, 8, arJ 12)
over the temperature range of 4.2-300 K and the magnetoresistance for fields up to 4.0 T at 4.2 K
are reported in the present work. Abroad minimum in the resistivity is observed at around 255, 235,
200, and 180 K for the four compositions, respectively. In the case of the : = 8 sample a second
minimum occurs at around 50 K. The magnetoresistance of all samples shows a sharp increase for
small fields and a linear field relationship for fields above about 0.1 T.

I. INTRODUCTION X-ray diffraction patterns obtained using Cu Ka radiation
The amorphous FeZr (a-FeZr) alloys with compositions confirmed the amorphous nature of all as-prepared ribbons.
Thear10 am forr e g dThe magnetic properties of the alloys were characterized by

near 10 at. % Zr form an interesting disordered magnetic standard ac susceptibility measurements and will be pre-
phase. A variety of unusual properties, e.g., small Fe mo- sented in detail elsewhere A Four-point resistivity and mag-
ment, low Curie temperature (TC), a large high field suscep- netoresistance measurements were carried out over the tem-
tibility, etc., have been observed in these materials. The re-
placement of Fe with other 3d-transition metals (TM) can to 4.5 T using standard dc techniques.
introduce significant changes in the magnetic properties. In
particular Mn substitutions' have the following effects on
a-FeZr: (1) a monotonic decrease in Tc with increasing Mn Ill. RESULTS AND DISCUSSION
content, (2) a large high field susceptibility for alloys with up
to at least 10 at. % Mn, and (3) re-entrant behavior of the The temperature dependence of the reduced electrical
initial susceptibility for samples with Mn content up to at resistivity, p(T)ip(300 K) for the a-Fe9o MnZ o samples
least 10 at. %. is illustrated in Fig. 1. The magnetic data (observed Tc) and

As the Mn substituted alloys show re-entrant magnetic the resistivity data (Trin) of this series of alloys is shown in
behavior over a wide range of compositions, i.e., 0-10 at. % Fig. 2. It is clear from the figures that
Mn, these samples are a suitable means for investigating the
details of the magnetic transitions in amorphous 1.01
ferromagnets. 2' 3 Few magnetic and electronic transport stud-1.0*

ies have been reported for Mn substituted a-FeZr alloys and

these do not allow for well-defined conclusions concerning 1.00
the inter-relationship of magretism and electronic properties. "t
In the present work we report the results of a detailed inves- x=4

tigation of resistivity and magnetoresistance of 0.99
a-Fe90 _ -MnZrlo alloys over the temperature range of 4.2- x12
300 K. Particulr emphasis is placed on the regions near o.
magnetic phase transitions with the idea of improving our
understanding of the effects of magnetic interactions on elec-
tron scattering mechanisms. 0.97

II. EXPERIMENTAL METHODS 0 100 200 300

Amorphous alloys of the omposition Fe9 0_,?MnZrj0 T (K)

with x=0, 4, 8, and 12 were prepared by arc melting high
purity elemental components followed by quenching from FIG. 1. p(T)4p(4.2 K)] as a function of temperature for a-FeqouMn.,Zro
the melt on to a single Cu roller in art argon atmosphere. with x=O, 4, 8, and 12.
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FIG. 2. Tmir (0) and Tc (0) as a function of Mn concentration (x) for
a-Fego_MnZrho. 1.006 -

(b) !

(1) all samples show a resistivity minimum at a temperature 1002-

(Tmin) near Tc,
(2) both Tc and Tmin decrease by about 30% as x increases

to 12 at. %, 50 100 150 200 250 300
(3) in the case of x=0 and x=4 a small anomaly in the T (K)

resistivity at low temperatures (-20 K) is observed,
(4) a second minimum is observed at low temperatures for 8 FIG. 3. Normalized resistivity, p(T)/p(70 K)], as a function of temperature

at. % of Mn and a broad minimum is observed in the for a-Feo-.Mn.Zt10 with (a) x=0 and (b) x=8 for different values of the
case of 12 at. % of Mn alloy, applied magnetic field: 0 T (1); 0.7 T (0); and 4.0 T (0).

These observations suggest that the resistivity minimum
around Tc is closely correlated to the magnetic behavior, seen that the magnitude of the spontaneous resistive anisot-
This is in agreement with the results of studies of pressure ropy decreases with increasing Mn concentration. The tech-
effects on Tc and Tmin in similar alloys.5  nical saturation is achieved at lower applied field values in

Magnetoresistance data provide information about the the longitudinal mode than in the transverse case and this is
microscopic magnetization and can aid in the understanding an indication that the domain rotation process occurs at
of the relationship between magnetic interactions ancG elec- lower fields for the longitudinal geometry.
tron scattering mechanisms. Spin disorder scattering and the The present materials are concentrated magnetic alloys
Kondo effect (in the case of dilute magnetic alloys) can ac- and variations in the exchange interaction between localized
count for the differences between the zero field and the in-
field resistivity. This scattering is expected to be sensitive to
magnetic ordering on a distance scale comparable to the +10.0
Alectron mean free path in the alloys. On the other hand, the f+50

coherent-exchange scattering (CES) model, which is well +7.5 , ,
suited to magnetic systems, takes into account the contribu- o +250 EZ
tion to resistivity from coherent exchange scattering by e +5.0 00 100 200 300 *

neighboring ions and predictr - at the change in resistivity . T (K),
due to magnetic ordering is either positive or negative de- , +2.5 @0 00

pending on whether the interference between the scattered - . 0 A
waves is constructive or destructive. Sol &.,*

In order to determine the effects of an applied magnetic 0.0 VVj* 0

field on the resistivity minimum, we have carried out tem- -2.5 . 00
perature dependent resistivity measurements in external
fields of 0.7 and 4.0 T. Figure 3 illustrates that there is a shift 0 1 2 3 4 5
in Tmin as the applied field is increased. It is also evident that H (T)

, the external field suppresses the minimum. Transverse and
* longitudinal magnetoresistance measurements were carried FIG. 4. Ap/po=[p(H,T)-p(0,T)l/[p(0,T)J as a function of applied mag-

out in a field of 4.5 T at 4.2 K and the results for samples netic field for x-O (0,0); x=4 (V,V); x=8 (MO); and x=12 (A,A).
with x =0, 4, 8, and 12 are shown in Fig. 4. The magnetore- Closed symbols represent the transverse mode and open symbols represent

the longitudinal mode. Inset: magnetoresistance as a function of temperaturesistance increases monotonically with applied field and the for x=0 (closed symbols) and x=8 (open symbols) in an applied field of 0.7slope is observed to be positive for both geometries. It is also T (0,H) and 4.0 T (0,0).
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moments at the first nearest-neighbor distance will result in tering. The present results are, therefore, consistent with the
the formation of regions of short range ferromagnetic and CES model and it is suggested that the magnetic and elec-
antiferromagnetic order. The large values of high field sus- tronic transport behavior observed for the series of
ceptibility which have been observed for the present series1  a-Fe90_.Mn.Zrjo alloys can be explained on the basis of this
have been interpreted in terms of weakly coupled antiferro- model.
magnetic spins and are a prerequisite for the existence of a
Kondo anomaly. However, the longitudinal magnetoresis- B. G. Shen, R. F. Xu, J. G. Zhao, and W S. Zhan, Phys. Rev. B 43,11005

tance as measured in the present work is positive at all tem- (1991) .
peratures (see insert in Fig. 4 for x=0 and 8) and this is 2S. N. Kaul, J. Appl. Phys. 61, 451 (1987).

inconsistent with the assumption that Trin is due to Kondo 3G. E. Fish and J. J. Rhyne, J. Appl. Phys. 61, 454 (1987).

behavior. It is also seen that the maL.petoresistance shows a 4V. Srinivas, S. Ramakrishnan, G. Chandra and R. A. Dunlap (unpub-
maximum at a temperature near Tc. Similar behavior has 5 lished).

6a u aK. Shirakawa, K. Fukamichi, T. Kaneko, and T. Masumoto, Sci. Rep. Res.
also been observed in rare earth-transition metal alloys6 and Inst. Tohoku Univ. A 31, 54 (1983).

has been attributed to the effects of coherent exchange scat- 6A. Fert and R. Asomoza, J. Appl. Phys. 50, 1886 (1979).
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Field dependence of nuclear magnetic resonance in molecular beam
epitaxy grown Co(111)/Cu multilayers
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M. J. Walker
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An initial study of the field dependence of 59Co nuclear magnetic resonance (NMRA) has been
undertaken for two Co/Cu(111) multilayer films grown by molecular beam epitaxy. The multilayer
structure of the films was nominally identical, [Co(15 A)/Cu(7A)]X20, however by growing the
multilayers with similar structures on different buffer layers, Cu(200 A) and Au(10 A), saturation
magnetoresistances AR/R of 4% and 22%, respectively, were obtained. The NMR signal in
ferromagnetic materials arises due to the enhancement effect from the electronic magnetization.
This enhancement effect is therefore a function of the domain structure and any external magnetic
field. By applying a simple model of how the NMR enhancement factor varies with applied field, in
the absence of a domain structure, the anisotropy fields at the interfaces and in the bulk were
determined separately at T=4.2 .These were then compared with the coercive field obtained from
magnetization measurements. Our results show that at low temperature the anisotropy field at the
interfaces is approximately equal to the coercivity obtained from magnetization measurements (260
Oe), while in the bulk the anisotropy field was found to be -550 Oe for the low magnetoresistance
sample with AR/R =4%, and -1230 Oe for the high magnetoresistance sample with AR/R =22%.

I. INTRODUCTION MBE grown Co/Cu(111) superlattices, Buff is essentially de-
termined by the parent atom and the surrounding nearest-

The technique of spin echo nuclear magnetic resonance neighbor atoms. Thus Ba can be written as

(NMR) using the 59Co nucleus has already provided signifi-

cant structural information on Co/Cu(111) superlattices. 1- 3 In Bef= a/sf+bY.A,
particular it has been established that sharp interfaces in mo-
lecular beam epitaxy (MBE) grown Co/Cu(lll) multilayers
are not incompatible with giant magnetoresistance (GMR). 4  where the first term is due to the parent atom and the second
This article extends the NMR work on these materials by term is due to the nearest neighbors. Work on Co/Cu alloys
considering the field dependence of the NMR at a tempera- and multilayer materials3'5'6 has shown that the second term
ture of 4.2 K. Investigating the field dependence of the NMR contributes a discrete shift of about - 16 MHz per atom
in ferromagnetic materials allows the change in the enhance- when a nearest-neighbor Co atom is replaced by a Cu atom.
ment factor of the signal intensity to be examined, which can NMR is observable in ferromagnetic materials due to the
then be related to the domain structure and anisotropy fields. enhancement effect.7'8 The amplitude of the rf field experi-

In MBE grown Co/Cu(111) multilayers the NMR fre- enced by a nucleus has two components: a regular compo-
quency of the nuclei with parent atoms at a plane interface nent due to the applied rf field, and an enhanced component
(nine nearest-neighbor Co atoms and three nearest-neighbor due to the oscillation of the electronic magnetization induced
Cu atoms) is -46 MHz below that of those nuclei in the bulk by the applied rf field. In a domain wall or in a domain
(12 nearest-neighbor Co atoms). This separation allows inde- within a low anisotropy material the enhancement factor is of
pendent investigation of the magnetic environment associ- the order of r/_ 103. Thus the response of the nuclei to an
ated with the interfaces and the bulk. If a magnetic field large applied resonance rf field is largely determined by the elec-
enough to remove the domain structure is applied, the anisot- tronic enhancement factor (,q). In a spin echo experiment the
ropy field can be determined from the field dependence of magnitude of the received echo is also proportional to 77.
the NMR signal. Hence the anisotropy field can be deter- The enhancement factor varies according to the situation
mined separately for the interfaces and the bulk. of the electron spin moments responsible for the electronic

magnetization. In the absence of domain walls the strength
of the NMR signal for a particular environment can be re-
lated to the domain enhancement factor 77d where qd >18 byII. THEORY

The utility of 59Co NMR arises from the fact that the signalo: fdo B Ban (
effective field (Bnff) experienced by a nucleus depends on the 'app+B an)

atomic environment of the parent atom. When applied to

where Be& is the effective field at the nucleus, Bapp is the

')Permanent address: Dept. of Electronics, Fukuoka Institute of Technology, applied field, Ban is the anisotropy field experienced by the
Wajira, Fukuoka, Japan. atoms under consideration.
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FIG. 1. 59Co NMR spectrum for good quality Co/Cu(111) multilayer films (a) sample No. 66 AR/R =4%, (b) sample No. 56 AR/R =22%.

Thus by measuring the NMR intensity as a function of facility located at the University of Leeds. The films were
field, once a sufficiently large field has been applied to en- grown on GaAs(1l0) substrates with a Ge(500 A)/Co(15 A)
sure that all the domain walls have been swept out, the an- buffer layer, a Cu(200 A) seed layer was used for sample No.
isotropy field can be determined. 66 and an Au(10 A ) seed layer for sample No. 56. The

I Emultilayer structure consisted of [Co(15 )Cu(7 A)]2o With

III. XPERMENTa thin Au cap to inhibit oxidation. The progress of the growth
Two samples, Nos. 66 and 56, were produced under was monitored by in situ reflection high energy electron dif-

similar ultrahigh vacuum conditions by MBE 9 at the SERC fraction measurements and these confirmed that they were no

a70 (a) (Main (3b)Mc)
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FIG. 2. Field dependence of 59Co NMR integrated area for (a) sample No. 66 main peak (b) sample No. 66 interface peak (c) sample No 56 main peak, (d)
sample No. 56 interface peak. A saturating field of 9 kOe was applied prior to each measurement.
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TABLE I. Anisotropy fields determined from field dependence of NMR, multilayer was in a single domain state tl'e data was fitted
coercivity measured on a VSM. NMR measured at 4.2 K and H, at 8 K. over the range of applied field for which the gyromagnetic
Uncertainty in NMR measurements -100 0e. ratio (y) had the value associated with free Co. The gyro-

Anisotropy field magnetic ratio was determined from the shift in NMR peak
(0e) Coercive frequency as a function of field. This shift was similar for

_ _field both the interface and bulk peaks in a particular sample, and
Sample No. ARIR Bulk Interface (0e) in the absence of domain structure was close to the free Co

66 4% 550 340 260 value of y=10.054 MHz/T.
56 22% 1230 360 260 Table I shows that the interfacial anisotropy field deter-

mined from NMR measurements is, within error, the same
for both samples and is similar to the coercivity. If these data

gross structural diffe" ences between the films. However re- are correlated, then it implies that magnetization reversal is
cent work 0 has confirmed that in these MBE grown materi- nucleated at the interfaces. The anisotropy field measured for
als an increase in the GMR is correlated with less interfacial atoms in a bulk environment is larger than that measured at
roughness. The saturation magnetoresistance in a field of -6 the interfaces, and shows significant differences between the
T and a temperature of T=4.2 K was AR/R =4% for sample two samples.
No. 66 while for No. 56, AR/R=22%.

The 59Co NMR was measured using a swept frequency, V. CONCLUSIONS
coherently detected spin echo spectrometer." The pulse By examining the high field region of the field depen-
power was adjusted to ensure the maximum response at each dence of the NMR of Co/Cu multilayers, the NMR response
field and frequency. The data collected were corrected for o can be fitted to a simple model that allows independent de-
in the usual way. A further correction to allow for the varia- termination of the anisotropy field in the bulk and at the
tion in spin-spin relaxation time, T2, as a function of fre- interfaces. Our results show that an anisotropy field, approxi-
quency was also carried out. The final data therefore gave an mately equal to the coercivity, exists at the interfaces. The
accurate representation of the product of the enhancement ratio of bulk to interface anisotropy was found to be approxi-
effect and the number of nuclei in a particular atomic envi- mately double for the sample exhibiting a stronger GMR
ronment at all frequencies and fields. effect.

The coercivity was measured at T=8 K in a PAR 4500
vibrating sample magnetometer (VSM) fitted with a CF1200 ACKNOWLEDGMENTS
cryostat and a bipolar power supply.
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Dependence of giant magnetoresistance in Co/Cu multilayers on the
thickness of the Co layers

A. M. Shukh,a) D. H. Shin, and H. Hoffmann
Institut fir Angewandte Physik III, Universitat Regensburg, 93053 Regensburg, Germany

The dependence of the giant magnetoresistance (GMR) on the thickness of the Co layers in Co/Cu

multilayers was investigated experimentally. The thickness of the Cu layer was held constant at
tcu= 19,A, which corresponds to the second maximum of the CMR ratio oscillating dependence on
tcu. The Co layer thickness was varied from 4.8 to 79.0 A. High resolution transmission electron
microscopy showed the existence of the two-dimensional artificial superstructure with defined
periodicity as well as sharp and flat interfaces. From wide angle x-ray diffraction it was concluded
that at Co layer thickness below 40 A the multilayers are polycrystalline with mainly fcc lattice
structure and (111) texture. In the case of thicker Co layers indications of hcp Co could be found.
The GMR ratio reaches a maximum at Co layer thickness about 11 A. It was shown that the GMR
in sputtered Co/Cu multilayers is due to spin scattering at the interfaces and resistance is strongly
influenced by interface scattering.

I. INTRODUCTION istence of a two-dimensional artificial superstructure with de-
eattention is paid in the literature to the gi- fined periodicity, as well as sharp and flat interfaces.

Considerable atte is effect obsere thegi The magnetoresistance of the multilayers was investi-
ant magnetoresistance (GMR) effect observed in multilayers gated at room temperature by a four-point method. The elec-
composed of alternating metal and ferromagnetic layers of trical current was oriented in plane of the multilayers. The

special thicknesses. Since the discovery of GMR in Fe/Cr external magnetic field was applied in plane perpendicular to

multilayers,' the effect has been observed in a variety of ternt magnet reis a tio in ed by
multlayr sytem. A preenttheCo/C mutilyerssee to the current. The magnetoresistance ratio AR/R is defined by

multilayer systems. At present the Co/Cu multilayers seem to AR/Rs= (Rn-R)/R, where Rm is a maximum value of the
be of the greatest interest because of the large GMR and of resistance, and R is resistance of multilayer at magnetic
its weak temperature dependence. 2 4 Because of these prop- saturation in the applied magnetic field. The magnetization
erties this system could be a candidate for an application, loops of the samples were taken by a vibrating sample mag-

The dependence of the GMR in Co/Cu multilayers on netometer at room temperature. The structure of the multi-
the thickness of the Cu interlayers is well known from the layers was investigated using x-ray diffraction.

previous publications.
2,3'5 However the influence of the Co

layer thickness on the amount of the GMR has not been Ill. RESULTS AND DISCUSSION
clarified yet. In this article we report about such experiments
and their results. For constant thickness of the Co layers (tco= 10.8 A) the

oscillation of the GMR ratio AR/R with variation of the Cu
interlayer thickness tcu coincides with the oscillation of the

II. EXPERIMENT saturation field Hs . In the thickness interval 6.6
A-<tcu-<30.4 A we found three maxima for the GMR ratio

The multilayers Fe(100 A)4Co(tco)/Cu(tu)]2o/Fe(50 ,A) AR/R s and the saturation field H, at tcu equal to 9, 19, and
were deposited onto glass substrates (diameter 10 mm) at 30 A, respectively. Our results are in good agreement with
room temperature. The base pressure before the deposition the results of other authors. 2' 3'5 The maximum of the GMR
was below 8X 10-8 Torr and the Ar pressure during sputter- ratio (ranging up to AR/Rs=36% at room temperature) was
ing was kept 6.0 mTorr. The glass substrates were chemically always observed for the multilayers with the interlayer thick-
cleaned and plasma etched just before the deposition. ness tcp-9 A. Regarding the thickness of the Cu layer the

An Fe buffer layer with the thickness rF,=100, Aand Fe oscillation period is about 10 A.
protective layer at tFc=5 0 A were dc magnetron sputtered, In this article the dependence of the GMR on the thick-
while the Co/Cu multilayers were deposited by rf sputtering. ness of the Co layers tco at constant thickness of the Cu
By experience, Co/Cu multilayers with the Fe buffer layer interlayers tcu should be investigated. A thickness tcu= 19 A
usually exhibit a much larger GMR ratio4'6' 7 than systems (second maximum of the GMR ratio dependence on tcu) has
without an Fe buffer, especially in the case of Cu layer thick- been selected. By experience, at this thickness the experi-
ness below 10 A. The deposition rates were between 1.8 and ments showed good reproducibility. Typical magnetoresis-
3.0 A/s, calibrated by x-ray fluorescence measure.nents. The tance loops for three samples with various thicknesses of the
thicknesses tc, tc, and tFe were determined from the cali- Co layers tco are given in Fig. 1 for tco=4.8, 18, and 79 A,
brated deposition rates and sputtering time as well as respectively.
multilayer cross-sectional investigations by transmission Figure 2 shows the wide angle x-ray diffraction patterns
electron microscopy (TEM). The multilayers showed the ex- of Co/Cu multilayers with various Co layer thicknesses. At

tc,<40 A multilayers are fcc with predominantly (111) tex-

')Present address: Samsung Advanced Institute of Technology, P.O. Box 111, ture. The same was found in Co/Cu multilayers grown by
Suwon 440-600, Korea. molecular beam epitaxy-8 With increasing tco all peaks shift
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FIG. 1. Transverse magnetoresistance vs in-plane field for three multilayers layer thickness for Fe(100 A)/tco(tco)/Cu(19 A)]z/Fe(50 A) multilayers.
of the form Fe(100 A)4Co(tco)/Cu(19 A),/1Fe(50 A) for Co layer thick-

nesses 4.8, 18, and 79 A at room temperature.

thickness of the Co layers. The GMR ratio AR/IR, depends

toward the higher 20 values (smaller value of the lattice, on AR as well as on R. Due to the film structure both values

peculiar to the Co layers). The intensities of (111), (200), and depend on different ways on the thickness tco of the Co

other fcc peaks decrease but the intensity of a left-side sat- layers. This needs to separate AR and R, for the discussion.

ellite peak of (111) increases with tco increase. This peak The change of the resistance AR of the multilayers is

approximately corresponds to (100) peak of hcp Co. The given by the difference of the resistance of the multilayer

presence of the hcp phase in sputtered Co/Cu multilayers at system at antiparallel and parallel alignments of the magne-

tco-30 A was observed by nuclear magnetic resonance spin- tization of the adjacent ferromagnetic Co layers. This differ-

echo investigation. 9  ence AR = Rm - R. should be solely caused by the difference

The dependences of the GMR ratio AR/R, and the total of the spin scattering due to the orientation of the magneti-

resistance of the multilayers at magnetic saturation R, on the zation. Figure 4 shows the dependence of AR on the recip-

thickness of the Co layers are given in Fig. 3. As can be seen rocal thickness 1/tco of the Co layers. From the straight line

from Fig. 3 the GMR ratio reaches a maximum for all thicknesses above tco>10 A it has to concluded that

(AR/Rs=25%) at tco11 ,A and decreases with increasing the observed GMR is due to interface spin scattering. This

finding agrees with former results ° The decrease of AR at

layer thickness tco<10 A (i/tco>0.11/A) will be discussed
below.

The dependence of the resistance R, of the multilayer at
140omagnetic saturation on the thickness tco of the single Co

layers is given in Fig. 3. Magnetic saturation means that the
magnetic moment of all single layer Co films are parallel

120o aligned, :ue to the applied external magnetic field. In this

case we do not need to separate the spin-dependent part of

1scattering. The application of a model of parallel resistors
allows us to obtain for the total conductance 11R,

' 800 . 4.8A 0.7-

.5 A

600 0.6 /

05" A

/A

400 18.0A E 0.4-4

cc 03 /
40..2-

200 0.2" ,

i 792.10. 1 #

9 'I .015 40 45 go ' 5 716: 0 0.05 o'1 05 0.2 025
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Inverse Co Layer Thickness, /t co[1/A

FIG. 2. Wide angle x-ray diffraction patterns of Co/Cu multilayers with FIG. 4. Magnetoresistance change AR as a function of inverse Co layer

various thickness of Co layers (Cu X. radiation). thickness for the multilayers Fe(1OO A)ito(tc,)/Cu(I9 A)Io/Fe(50 A).

6508 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Shukh, Shin, and Hoffmann



1 1 1 i i 1.5
--- + +N -+- , (1) + .Rs RFe buffer ro C.1.25 .-

where RFe buffer and RF prot are resistances of the Fe buffer 1
and Fe protection layers, respectively, N is the number of the T
Co/Cu periods of the multilayers, and Rcu and Rc, are resis- 0.75.

tances of the single Cu and Co layers, respectively.
Since in the present experiments the thicknesses of the ' 0.5-,

Fe buffer layer, of the Fe protection layer, of the Cu layers, 0.251

and the number of periods were constant it is assumed in a
first approximation 00 1000200030004&0050M06007000

1/Rs =A +N/R0c (2) tco2 [A21

with a constant value FIG. 5. Inverse resistance lIRs at magnetic saturation vs square thickness of
A =(11F. ~ff,) (1R~eCo layer for Fe(100 A)/[Co(t)/Cu(19 /)2Fe(50 A) multilayers.

A = (1/R buffer)-(1/RF prot) + (N/R cu). (3)

This constant value needs a special investigation, which has
been shown in other publications.' 0,1  which leads to a straight line. Deviation at large thickness are

The dependence of the total resistance on the thickness explained since there the approximation l' >tco is not
tcD of the Co layers has to be discussed on the thickness longer valid.
dependence of the resistivity of the films, including surface At small thickness tco<25 A of the Co layer one has to
scattering and the fluctuation of the film thickness. These take care of the layer roughness, which on mesoscopie scale
discussions have been given in the past."1 For a very first leads to fluctuation of the layer thickness and increases the
approach it is assumed that the Co layers are continuous and resistance. This effect is not included in the foregoing con-
of constant thickness. (The lower thicknesses will be dis- siderations. The system then is described by Co islands in a
cussed below.) In this case the resistance Rco of a single Co Cu matrix, which can be seen from Fig. 2.
layer depends on its thickness tco and is given by

Rco pcoco/Wotco (4) ACKNOWLEDGMENTS
Rc.pCLC0WCotCo, (4) This work was supported by the EC Commission, Brus-

where Leo and Wco are the length and width of the Co layers,
respectively. Due to Sondheimer12 approximation of Fuchs ' 3  sels, under Contract No, SC1*-CT88-0106. The authors are
theory grateful to J. S. Lee and J. H. Choi at Samsung Advanced

Institute of Technology for x-ray characterization and TEM

PCo =  1 + 3 co) (5) investigation. We thank C. Dorner for technical supl. -t.
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Vertical inhomogeneity of the magnetization reversal in
antiferromagnetically coupled Co/Cu multilayers at the first maximum

R. Mattheis, W. Andri, L. Fritzsch, J. Langer, and S. Schmidt
Institut fir Physikalische Hochtechnologie Jena, PF 100 239, D-07702 Jena, Germany

Magnetization behavior in antiferromagnetically (AFM) coupled multilayer systems was calculated

by using an atomic layer model. Comparisons with the experimental results obtained on sputtered
Co/Cu multilayers reveal remarkable differences in the magnetization reversal and in the field

dependence of the magnetoresistance. Kerr loops measured from both sides of the stack display
strong vertical differences. At the lower side near the Fe seed layer the magnetization reversal is in

good agreement with that of our calculations whereas near the surface in large portions of the stack

the AFM coupling is destroyed or varied. These effects are presumably caused by magnetic short

circuits at defects in the multilayer structure. Cross-section transmission electron microscopy
reveals growth defects which seem to be responsible for the deviations from the calculated ideal
behavior.

I. INTRODUCTION inner layers show strong differences only at low fields

Due to their large magnetoresistance (MR) value up to (<0.25 H/H,). Systems with an odd number of Co layers

80% at room temperature,' Co/Cu multilayers are favored possess a nonvanishing residual magnetization at zero field,
candidates for advanced magnetoresistive applications. A stable up to a threshold field Hth (Fig. 2). The value for Hth
large scatter in the amplitude of the MR and also the satura- decreases with increasing number of Co layers. The resulting
lagel scatter ihampliuden f 2- 5 hecR an the sua M(H) curves are very similar to those with even number of
tion field, H. has been found .2  Defects in the multilayer biaesfrildhgertnHh.OrM cuvsreo-
stack causing magnetic short circuits (MSC) seem to be re- ycurves are nor-
stakocusine. ane horatietsn t e m iteof e re malized with respect to the ordinate (at H=O) as well as to
sponsible. A linear correlation between the amplitude of th e the abscissa (at H=H,). The deviation from the parabolicgiant magnetoresistance (GMR) and the antiferromagneti- teasis a =s.Tedvainfo h aaoi
giant Agnetoresistace(GM) a nd the tiferr-4  curve is small for even n (Fig. 2). For odd n it decreases with
cally (AM) coupled part of the stack was found.number n.

We prepared Co/Cu stacks on thermally oxidized Si wa- Ineas er ne
fers and glass plates. Details of the preparation are reported In the case of an Fe buffer the state at the remanence is

elswhee.5Eah C/Custak onsstsof 4 air of1.7nm determined by the Fe layer independent of the number n.
elsewhere. 5 Each Co/Cu stack consists of 24 pairs of 1.7 nm the
Co and x nm Cu with a 3.4 nm Co covering layer. In some
samples a 5 nm Fe buffer layer was used. Magneto-optical systems without an Fe buffer and odd n (Fig. 3). With in-
investigations were performed using the longitudinal Kerr creasing n the curves become more and more similar to those
effect. For transmission electron microscopy a Philips CM without an Fe buffer. In general, a nearly linear behavior of
20 was used. the AFM-coupled Co magnetization with increasing field is

obtained with small deviations at low and high fields. A simi-
lar tendency was found for the magnetoresistivity.II. RESULTS AND DISCUSSION

A. Magnetization reversal and GMR calculated for
Ideal multilayers

Calculations of the magnetization reversal were per-
formed using the atomic layer model (ALM).6 Both systems, 97 n - 120 -
Co/Cu multilayers with and without Fe seed layer, were cal- 4 - 2 90 '
culated assuming constant AFM coupling C i between all Co r 60 2

,_- 30
layers and vanishing in-plane anisotropy. The field depen- 4 0

dence of the MR was estimated by using the angle differ- i -30 1
ences between nearest Co layers and their parallel connection -60D 3 -90: 3to determine the total resistance. 3_ -120 (b)

<(a) 10 _______

A linear dependence of the magnetization and a para- --- r -T -
bolic dependence of the MR were obtained only for a stack 0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
with two Co layers (n = 2) with no Fe buffer. In Fig. 1 the H/Hs H/Hs
angle of magnetization of each individual Co layer for sys-
tems with even numbers of Co (4 and 24) layers is shown. FIG. 1. Angle of the magnetization of each individual Co layer vs normal-

The outermost Co layers, with only one neighboring Co ized field in a four bilayer (a) and a 24 bilayer (b) stack without an Fe buffer.
The numbers indicated on the curves refer to the individual Co layer begin-

layer, react most sensitively and strongly deviate from the ning from the substrate surface. In (a) the cosine law is shown as a dotted
cosine law throughout the whole magnetization process. The line. This is the exact solution obtained for n =2.
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FIG. 2. Relative magnetization and normalized MR vs normalized field for
different numbers of Co/Cu bilayers. The MR values were normalized to a FIG. 5. Kerr loops from frontside (solid line) and backside (dotted line) of

value of 2 and 1 for zero field and saturation field H,, respectively, our Co/Co system with Fe buffer. Backside means substrate side. The small
Faraday rotation caused by the glass substrate was taken away. It is obvious
that the AFM fraction measured from the backside is larger than that mea-
sured from the frontside. The ferromagnetic fraction detected from the back-
side is due to the Fe buffer.

B. Experimental results

An Fe buffer causes a strong increase in the amplitude of
GMR and also of the saturation field H, (Fig. 4). The mea-

I I sured dependence of R(H) in both systems is different from
1= 5 (a) 60- b the one calculated in A but nearly the same on glass and

SOO 0 thermally oxidized silicon.
The magnetization reversal was studied by Kerr loops

4th -60- taken from both sides of the multilayers on glass substrates
(information depth =25 nm).7 For a multilayer with an Fe

- n = 5 -- 120- n = buffer (Fig. 5) the Kerr angle rotation resembles the calcu-
- _. _ _ - -180 with Fe lated magnetization curve only at the lower part of the stack

0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1 near the Fe buffer. Due to differences in Hc for Fe and Co
H/Hs  H/Hs  (Fig. 5) we estimated that 100% of the lower and 60% of the

upper part are AFM coupled; Bearing in mind the results of

FIG. 3. Angle of the magnetization of each individual Co layer vs normal- our structural investigations, layer defects concentrated in

ized field in a five bilayer stack without Fe buffer (a) and four bilayer stack the upper part may be responsible for the observed behavior.
with Fe buffer (b). In the stack without Fe buffer (a) the magnetization in the The Kerr loops on Co/Cu multilayers without Fe buffers
first and fifth layer as well as in the second and fourth layer is identical. (Fig. 6) show a remarkable proportion of ferromagnetically
Additionally in (a) the position of the threshold field is indicated, coupled Co even near the substrate.

Cross-section transmission electron microscopy (XTEM)
on stacks with Fe buffers (Fig. 7) reveals that the interfaces
between Co and Cu get rougher with increasing distance
from the substrate surface. At the arrow the metallic layers
are interrupted and slightly shifted due to a grain boundary.

00.

0.5 with Fe-Buffer 0.4 1

0143 d IO nm 0.2I front side:< , 0 .4 - d C U=0.8 nm 0.2 - 0.02 - ..............-

0 0.-d40. m-a0.3 - 0.01 dCu=. 8 nm - "ao-co
0.2 _ 0 fm Co-Co0. k 5 10 15 20 .8 0 "bc ie

Cu - Thickness_ back side:
0.. 1 fmn Co-CO "

0 -001 u-Thi-ness

0 no Fe-Buffer af Co-Co----------------------- -0 - -....... -I I I I I '"

-2500 0 2500 5000 7500 i
Field/ Oe -1200 -800 -400 0 400 800 1200

Field / Oe

FIG. 4. Resistance vs applied field for our Co/Cu system with and without FIG. 6. Kerr loops from frontside (solid line) and backside (dotted line) of
Fe buffer at the first maximum. The inset shows the amplitude of the GMR our Co/Cu system without Fe buffer. The small Faraday rotation caused by
vs the thickness of the Cu spacer layer. the glass substrate was taken away.
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as is depicted in the marked region in Fig. 7. The two Co
S layers are magnetized in antiparallel directions for H=O a

great distance from the MSC. Due to the ferromagnetic ex-

change coupling at the MSC the magnetization directions are I
locally rotated towards the defect line. Taking into account
the coupling between the two short circuited layers and in-

* cluding their nearest Co neighbors, the local magnetization
distribujion can be calculated. First estimations yielded a
width of the magnetization distortion in the range of 10-100
nm depending on the coefficient of a AFM coupling.

Ill. CONCLUSIONS

Deviations from the simple cosine law for the calculated
field dependence of the direction of magnetization were
found in all systems with Fe buffer layer and in systems
without Fe for n>2. These deviations are primarily limited
to the outer layers on both sides. Comparisons between the
calculated and measured magnetization and MR curves dis-

, play remarkable differences. Depth selective Kerr loops
' ' ' ", nm ~ show strong indications for vertical inhomogeneities. These

. . ., are probably caused by defect regions responsible for the
ferromagnetic part of the magnetic reversal of the upper lay-
ers. XTEM investigations reveal MSCs at grain boundaries

FIG. 7. Low magnification cross.sectional image of the system which could be a possible source for the observed effects.
Si/Si0 2/Fe(50 A 4Co(17 A)/Cu(22 A)]2,/Co(34 A), underfocus. The arrow
indicates a defect induced by a grain boundary. Co layers appear darker, Cu The use of the Fe buffer layer seems to improve the perfec-
layers lighter, tion of the multilayer structure, at least for the first layers of

the stack.

In all other areas the metallic layers exhibit continuous ACKNOWLEDGMENTS
straight lines without defects. The cross sections of multilay- We thank Dr. D. Hesse and Dr. S. Senz of the Max-
ers without Fe buffers show smaller grains both in lateral and Planck Institute in Halle for assistance with the TEM inves-
vertical dimension. Because of the greater number of grain tigations and for many fruitful discussions.
boundaries it is reasonable that these systems contain more

defects in their layer structure. Moreover, the interfaces be- 1 H. Kano, K. Kagawa, A. Suzuki, A. Okabe, K. Hayashi, and K. Aso, Appl.

tween the layers are rougher compared to systems with Fe Phys. Lett. 63, 2839 (1993).

buffers. 
2 M. E. Tomlinson, R. J. Pollard, D. G. Lord, P. J. Grundy, and Z. Chun,

IEEE Trans. Magn. MAG.28, 2662 (1992).
3S. S. P. Parkin, R. Bhadra, and K. P. Roche, Phys. Rev. Lett. 66, 2152

C. Influence of structural defects (1991).4 G. Rupp and H. A. M. van den Berg, IEEE Trans. Magn. MAG-29, 3102
To check the influence of a lateral defect causing a MSC (1993).

between neighboring Co layers a model similar to the ALM 5R. Mattheis, W. Andri, Jr., L. Fritzsch, A. Hubert, M. Ruhrig, .,d F.
Thrum, J. Magn. Magn. Mater. 121, 424 (1993).was used. The MSC was assumed to have the shape of a 6w. Andri, IEEE Trans. Magn. MAG-2, 560 (1966).

nearly straight line with a width of a few lattice constants. 7G. Triger, L. Wenzel, and A. Hubert, Phys. Status Solidi A 131, 201
This may be caused by grain grooving at the grain boundary (1992).
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Magnetic and structural studies of sputtered Co/Cu multilayer films
J. D. Kim, Amanda K. Pefford-Long, and J. P. Jakubovics
Department of Materials, University of Oxford, Parks Roa4 Oxford OXi 3PH, United Kingdom

J. E. Evetts and R. Somekh
Department of Metallurgy and Materials, University of Cambridge, Pembroke Street, Cambridge CB2 3QZ,
United Kingdom

The structure and magnetic properties of sputtered Co/Cu multilayer films with various layer
thicknesses have been studied. X-ray diffractometry and high resolution electron microscopy show
the films to be polycrystalline with a fcc structure and strong [111] texture in the growth direction.
The magnetoresistance (MR) of the films depends critically on Cu layer thickness (tcu), with
maxirrum values for films with tcu around 1 nm. Large differences in saturating field are seen for
films with tcu and tc, differing by a nominal 0.1 nm. The magnetic domain structure, studied using
Lorentz microscopy, shows strong dependence on tcu. High MR-value films showed evidence of
antiphase magnetic domain boundaries. The high MR samples show antiferromagnetic coupling,
with higher saturating fields than seen in the ferromagnetically coupled films.

I. INTRODUCTION (ODM) analysis of the high-resolution electron microscopy
magnetoresis- (HREM) negatives was used to determine the crystal struc-

Multilayer films (MLFs) exhibiting giant anei r en- ture of individual crystallites.
tance (GMR) are of interest both because of their fundamen- The magnetic domain structure was investigated by Lor-
tal properties and because of their potential development as et irsoy sn h ocutmd hc eel h

magnetoresistive read heads and sensors. GMR was first dis- entic sing the of de it e als he
e Iai magnetic domains as areas of different intensity. Use ofa

covered in Fe/Cr MLFs grown by molecular beam epitaxy, specially designed objective aperture mechanism 5 enabled
and is attributed to the spin dependent scattering of conduc- high quality Foucault images to be obtained. Hysteresis
tion electrons, arising from the antiferromagnetic (AFM) curves were obtained at room temperature using an alternat-
alignment of the magnetization in adjacent Fe layers across ing gradient force magnetometer (AGFM) at Bangor Univer-
the Cr layers. The interlayer exchange coupling associated sity. An applied magnetic field of up to 3 kOe was used both
with the AFM alignment is oscillatory with increasing non- parallel to and perpendicular to the film plane.
magnetic layer thickness.2 Parkin et al. reported resistance The MR of the Co/Cu MLFs was measured by the four-
changes up to 65% at room temperature, in an applied mag- point probe method with magnetic fields parallel to both the
netic field of 10 kOe, for Co/Cu MLFs,3 and in addition, the film plane and the measuring current at room temperature.
interlayer coupling constant of the Co/Cu MLFs has been The MR ratio was calculated according to
reported to be about 8 times smaller than that of
Fe(001)/Cr(001). 4 These properties make Co/Cu a promising r(H) = (RH-Rsat)/Rsat,
system for magnetic sensors or magnetoresistive read heads where RH is the resistance in an applied magnetic field H,
to replace conventional inductive read heads. and Rsat is the resistance under a saturating magnetic field.

In this article, we report the results of a study of the
correlation of the microstructure and magnetic domain struc-
ture of sputtered polycrystalline Co/Cu MLFs with the MR III. RESULTS AND DISCUSSION
and interlayer magnetic coupling. Figure 1 shows (a) small-angle and (b) high-angle x-ray

diffraction (XRD) patterns from two Co/Cu MLFs with
tco=2.0 rm, and tcu=0.5 and 1.0 nm. The strong low-angle

II. EXPERIMENTAL TECHNIQUES peaks confirm the clear compositional modulation of the
films, and the bilayer thicknesses calculated from the peaks

Co/Cu MLFs were deposited onto native oxide-coated Si using Bragg's law agree well with the nominal values. The
(100) wafers in an UHV dc-magnetron sputtering system at high-angle patterns show a single strong peak between the
the University of Cambridge. A series of 40 period MLFs, bulk Cu and Co fcc 111 peak positions (calibrated against the
with Co layer thickness, tc, of 1.9 and 2.0 nm and tcu Si 200 peak). With increasing Cu layer thickness the peak
between 0.5 and 1.3 nm, were grown under 0.68 Pa of argon. shifts toward lower angles. This shift, combined with the

The crystallographic structure and periodicity of the small peak width, suggests that large areas of the Co/Cu
MLFs were studied using a Philips x-ray diffractometer. The interfaces are coherent. The Co/Cu MLFs have a strong crys-
atomic-scale structure of the films, and the layer thicknesses, tallographic texture, with a predominantly fcc structure and
were determined from cross-sectional transmission electron {111} parallel to the film plane. The difference in peak
microscopy (TEM) specimens using a JEOL 4000 EX heights between curves A and B is due to differences in
HREM. Plan-view specimens were prepared for TEM and specimen area and is therefore not significant.
Lorentz microscopy by chemical or argon ion etching, or by The [111] texture was confirmed by selected area elec-
floating the films off the substrates. Optical diffractogram tron diffraction of both plan-view and cross-sectional speci-
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FIG. 3. Plots of r vs H (in kOe) for (a) (Co2 0 ,./CuI 0 ,.)40 (closed circles),
(b) (Col 9 , ,/Cu1 ,j J4 (closed squares), and (c) (Co, 9 nm/CUt 0 nm)40 (open

B circles) MLFs. Note the decrease in saturating field for (b) and (c).
Bu m0 s a a ( / 0 0

32 34 36 38 40 42 4 (211) 46 2(b) shows part of the same area of film, taken out of focus,
to show the layers.

FIG. 1. (a) Low-angle and (b) high-angle XRD patterns from The MR ratio varies greatly for the films, depending on

(Co20 nm/CUtS n.)4 (curve A) and (Co2.0 j/CUo5 n.)40 (curve B) MLFs. the thickness of the Cu layers, as has been observed by other
Vertical scale is the intensity in arbitrary units. A and B have been displaced authors.6 The (Co2 0 nm/CUO 5 nm)40 film shows zero MR,
vertically for clarity, while films with tc around 1 nm show saturation MR values

around 15%, as can be seen in Fig. 3. Each curve is the
average of three measurements on each of a number of

mens. ODM analysis of the HREM images show a dominant samples with the same nominal layer thicknesses (circles-
fcc structure with a lattice spacing in agreement with the two samples, squares-three samples). The error bars are
high-angle XRD data. A typical HREM image of a cross- only shown for points for which they are larger than the
sectional specimen of a (Co2.0 nm/Cui.o nm)40 MLF is shown symbols used. The most striking observation is the large de-
in Fig. 2(a). Textured columnar grains growing normal to the crease in saturating field for a change in nominal layer thick-
film plane are visible with a constant crystal structure across ness of 0.1 nm, resulting in an increase in slope of the r vs H
several layers and coherent Co/Cu interfaces. The columnar
grain size, determined from both the XRD peak widths and
the HREM images, has a value of about 11 nm for the film
shown in Fig. 2. The film quality in all cases is very similar,
as expected since the growth conditions were similar. Figure

.C1

FIG. 2. (a) HREM image of cross-sectional specimen of (Colo0 ,,d/ FIG. 4. Foucault images of magnetic domain structure in
Cul 0,.4 NMLF. Columnar grain boundary is marked. Nb Part of same area (Co, 9 .m/Cul 1 ..n)4o MLF showing AFM coupling, (a) and (b), and
shown in (a) taken out of focus to show position of layers. Light contrast Cu (Co20,,/CUO5 =)4 MLF showing FM coupling (c) and (d). Easy axis of
layers arc arrowed. magnetization in film plane for both films.

6514 J. Appi. Phys., Vol. 76, No. 10, 15 November 1994 Kim et al.



400 domain walls are in different positions in different layers,
a MI and to a relatively low degree of ferromagnetic (FM) cou-

300 pling between the Co layers. The geometry of the domain
pattern suggest that domains do not extend through the

200 whole thickness of the MLF. This effect has also been ob-
served in Fe/Cr MLFs. 7 The fact that domain contrast is vis-

100 ible is in agreement with the suggestion that antiphase do-
F i main boundaries parallel to the substrate are present,8 and

-0.2 -0 i .2H explains the fact that r(O) is smaller than the ideal value for
-10 Co/Cu MLFs. In comparison, Figs. 4(c) and 4(d) show a pair

of Foucault images illustrating the typical magnetic domain
-20 structure of a (Co2.0 nm/Cuo.5 nn)40 MLF, which shows a low

MR. The strong magnetic domain contrast and regular do-
Cmain shape show that the layer coupling is predominantly

FM. Further evidence for the magnetic layer coupling is
-400 given by the shape of the hysteresis loops, as seen in Fig. 5

for films showing high (COl.9 nm/Cul. 1 n,) and low MR

400- (Co2.0 nm/Cuo.5 nm)'

b r
300 IV. CONCLUSIONS

The Co/Cu MLFs show a clear composition modulation
200 and are polycrystalline, with columnar grains extending

10 across several layers. The films have a strong (111) crystal-
lographic texture with all layers showing a predominantly

I I I I fcc structure. Coherent interfaces are observed between the
-0.2 0 1 01 02 H Co and Cu layers over large areas. The magnetic domain

-10 contrast depends strongly on tcu, which determines the state
of magnetic coupling. The samples with tco-2.0 nm and

-20 tcu-l.0 nm show the highest MR, and weak and irregular
magnetic domain contrast. The magnetization measurements

30 confirm that samples showing negligible MR exhibit FM

-400- 
coupling.

FIG. 5. Hysteresis loops (magnetic moment m in A emu against field H in ACKNOWLEDGMENTS
kOe) obtained using an AGFM for (a) (Co, 9 ,JCul, ,4 MLF showing We are grateful to the Magnetic Materials Research
AFM coupling, and (b) (Coo ,jCuos )40 MLF showing FM coupling. Group at UCNW Bangor for assistance with the magnetic

measurements on the AGFM, and to the SERC, to CAMST
and to the Royal Society (AKPL) for research support.

curve (a steep slope to this curve is required for films to be

used as MR sensors and heads). The differences in r vs H IM. N. Baibich, J. M. Broto, A. Fert., F. Nguyen van Dau, F. Petroff, P.

may be related to differences in layer quality. TEM images of Etienne, G. Creuzet, A. Friederich, an, J. Chazeles, Phys. Rev. Lett. 61,

the (Co2.0 nm/CU.o nm)40 films show the layers to be less flat 2472 (1988).
than those in the tco=l. 9 nm MLFs with more "faults" in 2S. S. P. Parkin, N. More, and K. P. Roche, Phys. Rev. Lett. 64, 2304

the layers. (1990).
3S. S. P. Parkin, Z. G. Li, and D. J. Smith, Appl. Phys. Lett. 58, 2710

The value of MR ratio shown by the Co/Cu MLFs can (1991).
determined qualitatively from the type of magnetic do- 4D. H. Mosca, F. Petroff, A. Fert, P. A. Schroeder, W. P. Pratt, Jr., and R.

main structure obseived. Figures 4(a) and 4(b) show the Laloee, J. Magn. Magn. Mater. 94, LI (1991).
5R. C. Doole, A. K. Petford-Long, and J. P. Jakubovics, Rev. Sci. Instrum.

magnetic domain structure of a (Col.9 ,m/Cut.j nm)40 MLF 64, 1038 (1993).
(r=15%) imaged using the Foucault technique. The transi- 6S. S. P. Parkin, R. Bhadra, and K. P. Roche, Phys. Rev. Let. 66, 2152

tion between areas showing bright and dark contrast occurs (1991).
rather than abruptly, with wavy rather than smooth 7A. K. Petford-Long, R. C. Doole, A. Cerezo, J. S. Conyers, and J. P.

Jakubovics, J. Magn. Mag. Mater. 126, 117 (1993).

boundaries. In addition, the overall change in contrast is rela- 8R. J. Highmore, J. E. Evetts, and R. Somekh, J. Magn. Magn. Mater. 123,
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Epitaxial Co/Cr multilayers, and single-crystal Co thin films etc. have been grown on MgO and
A120 3 substrates with Cr and Mo as buffer layers by molecular beam epitaxy technique. From the
structure and magnetoresistance studies, we have found that the ferromagnetic anisotropy of
resistance (AMR) is strongly influenced by the buffer layer, but with negligible effect due to the
variation of the structure of Co films. The AMR of Co film on Cr buffer layer is quite small (0.1%);
however, the MR of Co/Cr multilayers is almost one order larger than the AMR of Co film on Cr
buffer layer. An enhancement factor of 4 for the MR in Co/Cr multilayers by the interface roughness
has been observed. This suggests that the effect due to the spin dependent scattering at the interfacial
regions of the superlattice is larger than that due to the spin dependent scattering in the
ferromagnetic layers for the MR in the Co/Cr multilayer system.

During the past several years, the magnetoresistance all the growth, by reflection high energy electron diffraction
(MR) behaviors in many metallic multilayers have become (RHEED). The interface roughness and the thickness of the
the subject of considerable interest. Large (or giant) MR was superlattice structures were determined by the x-ray reflec-
first realized in Fe/Cr multiliyer system, and has been re- tivity analyses.
ferred to as GMR. Relatively small MR occurs in the Co/Cr The magnetic properties of all the samples were studied
multilayers. 2 The MR in multilayers results from the spin by using a SQUID magnetometer. The AMR and MR mea-
dependent scattering of the conduction electrons which oc- surements were carried out by the conventional four probe
curs both in the ferromagnetic layers and at the interfacial technique.
regions between the ferromagnetic and nonferromagnetic Before discussing the experimental data of AMR and
layers. It is quite different from the ferromagnetic anisotropy MR in the CoCr system, we have to clarify their d :finition.
of resistance (AMR) in ferromagnetic systems, which de- The AMR in ferromagnetic films is defined by (RH -R 1)/Ro,
pends on the direction of the magnetization. 3  where Ro is the electrical resistance in zero internal magnetic

Epitaxial Co/Cr multilayers as well as single-crystal hcp- field, and RO and R1L are the resistances when the saturated
Co, fcc-Co, and polycrystal Co thin films have been grown magnetization is parallel and perpendicular to the current,
o "'oth MgO and A1203 substracts with Cr and Mo as buffer respectively.

.e,, s using an Eiko EL-10A molecular beam epitaxy (MBE) The MR (or GMR) in multilayers is defined as
system with base pressure of -2X 10-10 Torr. Pure elements [RAj-Rs]/Rs, where Rs is the electrical resistance at satu-
(99.99%) of Co, Cr, and Mo were evaporated from three rated high magnetic field, and the spins in Co layers align in
independent e-beam evaporators. During deposition of the the field direction. RA is the electrical resistance when the
elements, the growth pressure was controlled at below field is removed, the Co layers adjacent to the Cr layer in-
5 X 10-9 Torr, and the deposition rate at -0.1 A/s. To enable between exhibit antiferromagnetic coupling.
the growth of high-quality samples, polished and epitaxial Crystal structures of thin films or multilayers may be
grade MgO and AI203 substrates were chemically precleaned considerably affected by the choice of buffer layers, sub-
and rinsed in an ultrasonic cleaner. They were hen outgassed strates, and their orientations. In this study, we chose
at 900 to 1000 C for at least 1/2 h under ultra high vacuum MgO(100), A120 3 (li02), and A120 3(0001) as substrates, and
in ihe MBE system. For samples with a Mo (or Co) buffer Cr and Mo as buffer layers to study the variation of AMR for
layer, Mo (or Co) was deposited on the substrates at 900 (or Co films. In general, for Co grown on MgO(100) substrate
500) C. The substrate temperature for all films during without a buffer layer, an epitaxial fcc-Co film with (100)
evaporating was kept between 300 and 350 *C. The crystal- growth plane can be formed for Co thicknesses larger than
lographic structure of the films were examined, throughout about 60 A, but for Co grown on an A120 3(0001) substrate
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FIG. 2. The normalized magnetization as a function of magnetic field at
room temperature for (a) Co/Al203, (b) Co/MgO, (c) Co/Cr/Mgo, (d) Co/
Mo/MgO, and (e) Co/Cr/Mo/Al 203.

schematically illustrated below each of the RHEED pictures.
Figure 2 shows the normalized magnetization as a func-

(a) tion of the magnetic field at room temperature for 5 thin film
samples (Co/A120 3, Co/MgO, Co/Cr/MgO, Co/Mo/MgO,
and Co/Cr/Mo/AI20 3). Generally speaking, the magnetiza-
tion is saturated after roughly 6 kG for all the samples. Fig-
ure 3 presents the normalized difference of resistance as
function of the magnetic field at room temperature for 5 thin
film samples: (a) polycrystal Co on A120 3 (0001), (b) fcc-
Co(100) on MgO(100), (c) hcp-Co(1120) on Cr(100) which
is on MgO(100), (d) hcp-Co(1120) on Mo(100) which is on
MgO(100), and (e) hcp-Co(1120) on Cr(100) and Mo(100)
which is on A120 3(1102). One can see that the values of
AMR for both polycrystal- and fcc-Co films without a buffer

Ah layer are roughly equal to 1.3%. However, the AMRs of all
t,'e Co films with either Cr or Mo as a buffer layer are
ro 'ghly one order of magnitude smaller than that of Co films
without a buffer layer. Therefore, we conclude that the effect

0 to the AMR for Co films with different structure is negli-

(b) Co/A12Os

(b) 4 CO1
FIG. 1. Typical RHEED patterns of (a) hcp-Co(110) plane viewed along * Co0/iO
(0001], and (b) fcc-Co(O0) plane viewed along 011]. The surface with - CoiMofgO

solid circles cutting with the unit cell of both hcp(1120) and fcc(t00) Co are , , ,
schematically illustrated below each RIIEED pictures. 4_ 0 , . .. . .

without a buffer layer, a polycrystal Co film was observed. In

addition when we grow a thin buffer layer of Cr(100) about 0 °
20 A on either MgO(100) or A1203(102), then both RHEED -8
and x-ray diffraction (XRD) studies show an hcp-Co struc- -1Ox0O -0 5x104 0 0 5x10 4  I 0x10 4

ture with (1120) plane parallel to the (100) surface of Cr. For H(G)
example, Fig. 1 shows the typical RHEED patterns of (a)hcp-Co(l20) plane viewed along [0001], and (b) fcc- FIG. 3. The normalized difference of electrical resistance between magneticplaeviewed along [0 ] Thesurfaes with sod field and zero field as a function of magnetic field at room temperature for
Co(100) plane viewed along [011]. The surfaces with solid (a) polycrystal Co/A120 3, (b) fcc-Co/MgO, (c) hcp-Co/Cr/MgO, (d) hcp-Co
circles cutting with unit cell of hcp(1120) and fcc(100) are Mo!MgO, and (e) hcp-Co/Cr/Mo/Al 20 3.
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Momentum Transfer [A-] FIG. 5. The Normalized resistivity as a function of applied magnetic field at

10 K for (a) (Co/Cr)22/Mo/A120 3, and (b) (Co/Cr)2 2Mo/MgO superlattices.
FIG. 4. X-ray reflectivity measurement of the samples (a)
(Co/Cr)22 /Mo/Al20 3 , and (b) (Co/Cr)2 Mo/MgO. The arrow indicates the
peak due to the period of the superlattice. The oscillation fringes pattern is (C0 34 A/Cr 4 A)22/Mo 88 A/MgO. We can readily see that the
due to the interference of the x-ray reflection between the two interfaces of reflectivity intensity drops more rapidly for the sample
Mo buffer layer and the interfaces of the total growth thickness. grown on MgO substrate. The reflectivity formula originally

derived by Parratt 4 was used for the calculation of intensity
reflected from a multiple-layer film on a substrate. Interfacial

gible, if it is compared with the variation due to the addition inhomogeneity due to roughness was included by adding ef-
of buffer layers of Cr and Mo. However, the exact mecha- fective Debye-Waller factors to each of the layers. 5' 6 From
nism of this reduction in AMR is not clear at present. It is this analysis the interface roughness of the sample grown on
noted that the buffer layers are not thick enough to shunt MgO is roughly 8 times larger than that on A120 3.
enough current to explain this reduction. The normalized electrical resistance as a function of ap-

For Co/Cr multilayer samples, we have selected plied field at 10 K for the above two superlattice samples are
MgO(100), and A120 3(1102) as substrates. The thickness of shown in Fig. 5. The MR, i.e., (R-Rs)/R,, is roughly about
each layer is varied from 4 to 30 A for Cr, and from 20 to 40 2.72%, and 0.65% for (Co/Cr)22/Mo/MgO and (Co/Cr)22/
A for Co. We chose Cr as the first layer to form the Mo/A120 3 , respectively. This tells us that, roughly speaking,
multilayer structures. For samples without a Mo buffer layer, the MR is enhanced by a factor of 4 in the Co/Cr multilayers
we found that the multilayers we made always had polycrys- by the interface roughness. It is suggested that the effect by
tal structure if the thickness of the first Cr layer was less than the spin dependent scattering at the interfacial regions of the
20 A. This result tells us that it is difficult to grow epitaxial superlattice is larger than that due to the spin dependent scat-
Co/Cr multilayers on either MgO or A120 3 with Cr thickness tering in the ferromagnetic layers for the magnetoresistance
less than 20 A and Co thickness less than 60 A. Therefore, in the Co/Cr multilayer system.
we selected Mo as a buffer layer (about 100 A) on both MgO We are grateful for the financial support by the National
and A120 3 substrates to study the epitaxial behavior of the Science Council of the ROC under Grant Nos. 82-0212-
Co/Cr multilayer system. From the RHEED and XRD stud- M006-002 (J.C.A.H.), 81-0204-MO01-537 and 81-0212-
ies, both hcp-Co and bcc-Cr layers were identified for all the M001-534 (Y.L.), and 83-0208-MO01-082 (Y.D.Y.).
multilayer samples on either MgO or A1203 substrates. For
the sake of comparison, Co/Cr multilayer samples with either
MgO or A1203 as substrate were epitaxially grown side by M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, P.

Etienne, G. Creuzet, A. Friederich, and J. Chazelas, Phys. Rev. Lett. 61,side under the same batch of crystal growth process. Any 2472 (1988).

difference between these two samples should be due to the 2S. S. P. Parkin, R. Bhadra, and K. P. Roche, Phys. Rev. Lett. 64, 2304

different substrate only; e.g., the interface roughness of the (1990).
3j. Smit, Physica 16, 612 (1951).multilayers is one of the important factors. For explanation, 4L. G. Parratt, Phys. Rev. 95, 359 (1954).Fig. 4 shows result of the x-ray reflectivity measurement on 5P. Crove and L. Nevot, Rev. Phys. Appl. 15, 761 (1980).

two samples: (a) (CoM4 A/Cr4 A)2lMos A/AI20 3, and (b) 6 L. Nevot, B. Pardo, and J. Como, Rev. Phys. Appl. 23, 1675 (1980).
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Giant magnetoresistance (GMR) of CoNiCu/Cu multilayers grown by electrodeposition was
measured as a function of the coffer layer thickness and effects of the order of 14% were obtained.
The copper layer thickness ranged from 0.7 to 3.5 nm. Two peaks in the magnetoresistance were
observed. One was centered at a copper thickness of -1.0 nm and the second was centered at -2.3
nm. Comparison of the field dependence of the magnetoresistance with the field dependence of the
magnetization, as determined by vibrating-sample magnetometer, suggests that the saturation field
for GMR and the magnetization are similar for the larger copper thicknesses, but are strikingly
different near 1.0 nm copper thickness. This observation suggests that the GMR is affected by
different factors depending on the thickness of the copper layer.

I. INTRODUCTION We present GMR and vibrating-sample magnetometer
(VSM) results of studies on CoNiCu/Cu multilayers grown

Since the discovery of giant magnetoresistance (GMR), electrochemically. The AFM and ferromagnetic (FM) cou-
a considerable amount of research has been focused on the pling states were also studied by analysis of: (1) the field
origin of the GMR effect and on understanding oscillatory dependence of GMR and (2) the magnetization curves as a
exchange coupling mechanisms. 1- 3 In Fe/Cr multilayers, it is function of spacer layer thickness. Finally, our data suggest
generally accepted that spin-dependent scattering causes the that the GMR behavior is affected by interfacial alloying at
GMR effect and is related to interface roughness.1'4 How- low copper thickness and by strain at large copper layer
ever, recent studies indicated that spin-independent scattering thickness.
at interfaces reduces the GMR.5 In the Co/Cu or CoNi/Cu
systems, the GMR depends on substrate type, surface rough- II. EXPERIMENT
ness and the nature of the underlayers and overlayers. There
have been many reports 6'7 of observations of GMR in sput- Multilayers were electrochemically deposited on a (100)
tered Co/Cu multilayers suggesting strong antiferromagnetic textured electropolished thin copper foil (0.127 mm thick) at
(AFM) coupling. Typically three oscillations of GMR were room temperature. Electrodeposition was performed from a
observed as the spacer thickness varied from 0.6 to 4.0 nm. sulfamate electrolyte containing Co2+, Ni2+, and Cu2+ ions
In molecular beam epitaxy (MBE) grown Co/Cu in a single cell. The procedure has been described
multilayers, s the magnetization shows significant hysteresis. previously.11 13 We used a cathode potential of -1.8 V vs
It also appears that incomplete AFM coupling exists al- saturated calomel electrode (SCE) for NiCo alloy deposition
though the GMR effect is still large. No oscillafions are re- and a potential of -0.26 V vs SCE for copper deposition.
ported in some (111) oriented epitaxial Co/Cu multilayers, 9  Copper is codeposited with CoNi so that the real composi-
while other textures of Co/Cu, apparently with nearly com- tion of magnetic layers is about Co64Ni31Cu5 . Finally, the
parable structures and perfection, exhibit different AFM cou- copper substrate was dissolved by chemical etching, and the
pling strength with GMR values that are attributed to the free standing multilayer was glued on glass to facilitate han-
nature of the buffer layers as well as to the texture. 10 These dling. In this study the CoNiCu layer thickness was held
results suggest that the magnetic properties of Co/Cu are constant and the copper layer thickness was varied.
sensitive to: (1) interface roughness, (2) nature of buffer The composition of the films was measured using x-ray
layer and (3) texture. In none c these early studies was strain fluorescence which confirmed that the cobalt to nickel ratio
explicitly considered. in all the magnetic multilayers was about 2:1. Structure and
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FIG. 2. Magnetoresistance of electrodeposited [CoNiCu(1.5 nm)/Cu(4.5
FIG. 1. A high angle x-ray diffraction pattern of [CoNiCu(2.2 nm)]X250 multilayers measured at room temperature. The solid and dashed
nm/Cu(tc)]X400 multilayers with a tc, of 1.0 nm and (b) tc, of 2.3 nm. line show the data for longitudinal and transverse mode, respectively. Note
The vertical displacement is for clarity, that some drift was apparent at high fields for the transverse measurements.

periodicity of the multilayers were characterized by high CoNi/Cu multilayers"5 and previous work for MBE grown
angle x-ray diffraction and the MR measurement was per- Co/Cu (111) multilayers in which no oscillations were ob-
formed by a four point probe technique at room temperature. served and in which the GMR decayed continuously with
Magnetic fields up to 0.8 T were applied in the film plane, sereain whickessl
both parallel and perpendicular to the current direction. Mag- increasing copper thickness.netiatin lops ereobtinedusig avibrtin-saple Further investigations of scattering mechanisms were
netization loops were obtained using a vibrating-sample carried out by a comparison of the GMR with the magneti-magnetometer at room temperature. zation loops obtained by VSM. The magnetic field depen-

dence of the GMR and of the corresponding magnetization

III. RESULTS are shown for the samples with copper layer thickness of 1.0
nm in Fig. 4(a) and 2.3 nm in Fig. 4(b). The shapes of the

High angle x-ray diffraction patterns from two of the GMR curves observed with thin (-1.0 nm) and thick (-2.0
CoNiCu/Cu multilayers are shown in Fig. 1. The high inten- nm) copper layers [Figs. 4(al) and 4(bl)] differ considerably.
sity (200) Bragg peak suggests a predominant (100) texture For the thinner copper layers, the GMR peak is broad with a
epitaxial to the substrate with some (111) contribution. The small hysteresis suggesting stronger AFM coupling. As can
first order satellites indicate the presence of layers of well be seen in Figs. 4(a2) and 4(b2), the coercivity increases with
defined periodicity. In most samples the second order satel- increasing copper thickness. Magnetization loops of these
lite was too weak to be observed. The superlattice period A samples were measured at room temperature at fields up to
is calculated from the satellite positions. 13 The observed in- 0.8 T [Figs. 4(a2) and 4(b2)]. As expected, incomplete AFM
crease in the Bragg peak width is believed due to an increase coupling is suggested in Figs. 4(a2) and 4(b2) by the gradu-
in coherence strain.14

A typical MR curve of a [CoNiCu(1.5 nm)/Cu(4.5 nm)]
X250 multilayer measured at room temperature is shown in 14
Fig. 2. A 10% change resistivity was observed by changing
the applied field from 0 to 0.1 T with a maximum sensitivity
-0.6%/mT in the linear slope region. Both longitudinal and
transverse orientations were measured (Fig. 2). A symmetric
change of almost the same amplitude was observed for both 7
cases. The large isotropic magnetoresistance in both modes
implies GMR behavior rather than isotropic normal magne-
toresistance.

The variation of the maximum change in MR of " A

[CoNiCu(2.2 nm)/Cu(tcu)] multilayers as a function of cop- _ _ --- _

per thickness tc, is shown in Fig. 3. When the GMR satura- 0 I I , I

tion field exceeded the maximum 0.8 T available, the satura- 0 0.5 1 1.5 2 2.5 3 3.5
tion value was determined by extrapolation. We observed a t (Cu) (nm)
first GMR peak at a copper thickness of -1.0 nm. Instead of
a second oscillation of lower value, a large increase of GMR FIG. 3. Oscillation of GMR with variation of copper layer thickness. The

is observed at a copper layer thickness greater thani 2.0 nm, thickness of the CoNiCu layer is 2.2 nm with 400 pairs of layers for all the
rsee t a broadpelaker ticnesgater 2 n .0 s r samples. The squares indicate the measured maximum GMR data for ap-giving rise to a broad peak centered at 2.3 nm. This result plied field up to 0.8 T, and the triangle gives the extrapolated saturation

differs both from the results obtained from sputtered GMR,
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4 12 (b,) specimens suggest that all the samples are epitaxial with low
(l ")intensity symmetrical satellites around the [200] Bragg peak• a small copper layer spacings, and well defined and high

intensity but asymmetric satellites at larger copper layer

0 5spacings. The width of the Bragg peak increases with copper
-1 d Field 0 05 Feld -M 0 05,spacer thickness and may be due to increasing coherency

strains as the copper layer thickness increases. 14 Both nickel
(.2) ((-" and cobalt are magnetostrictive and so are sensitive to strains

o_______ .o _ _ therefore, the broadening of the second oeak is consistent
. 0 .o5 05 1 . 05 1 with both a magnetorestrictive effect atA to decreasing

S .,AFM/FM coupling strength as the coppe thickness and re-
Appbe Fid M A Fid M sultant coherency strain increases.

The comparison of magnetization data with MR data for
thin copper spacer layers (see Fig. 4) shows that a much

FIG. 4. The magnetic field dependence of GMR and magnetization of higher field is required to saturate the MR suggesting strong
[CoNiCu(2.2 nm)/Cu(tcu)]X400 multilayers for (a) tcu= 1.0 nm, (b) tc>=2.3 AFM coupling. The small coercive field required to reverse
nm. All the measurements have been carried out at room temperature and
with the field parallel to the plane of the multilayer except when indicated, the magnetization is consistent with this explanation. At

higher copper layer thickness, good agreement between the
saturation field of MR and the magnetization is obtained,

ally increasing magnetization with increasing applied field as possibly due to weaker AFM coupling. The large coercive
well as by the large remanent magnetization at low fields in field is consistent with decreased coupling for the thick cop-
all the samples. Remanent magnetization of around 70%- per spacer layers.
80% of saturation is consistent with the existence of some
FM coupling between the magnetic layers. However, from
previous work,' 10 a small fraction of AFM coupling (-30% ACKNOWLEDGMENTS
saturation magnetization) can still produce a reasonable
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High sensitivity GMR in NiFeCo/Cu multilayers
S. Gangopadhyay, S. Hossain, J. Yang, J. A. Barnard, M. T Kief, H. Fujiwara,
and M. R. Parker
Materials for Information Technology, Box 870209, University of Alabama,
Tuscaloosa, Alabama 35487-0209

Magnetoresistance and magnetic hysteresis in NiFeCo/Cu soft magnetic multilayers with a fixed
number of bilayers (six) and magnetic and spacer layer thickness but varying composition has been
studied. The highest value of the transverse GMR obtained is 6.8% in a saturation field of -40 Oe
at room temperature. Very high sensitivity, around 1%-2%/Oe and unconventional easy-axis
hysteresis and GMR loop shapes have been observed. The analysis of the GMR effects and the
associated hysteretic behavior by using a model that includes biquadratic exchange coupling
suggests that the samples are composed of at least two distinctively different parts.

Much interest has focused, in recent months, on the de- Eight samples with composition of the magnetic layer
velopment of giant magnetoresistive (GMR) thin film mate- varying between Ni 67Fe17Co21 (sample No. 1) and
rials with high magnetic field sensitivity. High sensitivity Ni44FeCo45 (sample No. 8) were obtained using the split
here means a relatively large percentage change in electrical target geometry, which was comprised of a Ni80Fe20 4 in.
resistance per unit applied magnetic field. One recently de- disk covered partially with a Co foil.10 Figure 1 shows a
scribed approach to high sensitivity 1'2 has been the fabrica- typical low and high angle (insert) XRD spectra for these
tion of quasigranular NiFe/Ag multilayers with sensitivities multilayer structures. LXRD shows the first and second order
approaching 1%/Oe. A major difficulty with this system is Bragg reflections due the chemical modulation of the sample
that these high sensitivities are only achieved after a high- structure in addition to the intermediate reflections, which
temperature (-300 °C) anneal. High sensitivities have also indicates good multilayer structure. The high angle XRD
been demonstrated in spin-valve structures,3 but here again, shows that the films have (111) texture. A single broad dif-
some technical difficulties are apparent in the realization of fraction peak which is slightly shifted from the fcc-Cu (111)
effective antiferromagnetic exchange layers. d spacing is observed (the film is 60% Cu by volume frac-

The thin film alloy system discussed in the present paper tion). Small shifts in d spacing away from bulk values are
has been described elsewhere4'5 in terms of its transverse (or common in as-deposited multilayers which are likely to be
hard-axis) GMR characteristics. 6 The system ir. question is strained.
NiFeCo/Cu in a six-bilayer configuration prepared by high Figure 2 shows the easy (EA) and hard-axis (HA) :,ys-
rate dc magnetron sputtering. Its longitudinal (or easy-axis) teresis loops for four different compositions of the magnetic
GMR effect is characterized by an extremely sharp spin layer. As the Co concentration increases, a canted and/or an-
flop 7'8 transition of high field sensitivity in the range (typi- tiparallel spin alignment starts to develop. This is shown by
cally, for these particular alloys) of 1% to 2%/Oe. A phenom- the arrows in Fig. 2(b). Also, notice the evolution of the
enological model9 of biquadratic coupling in GMR multilay- "double" hysteresis loop and consequent vanishing of rema-
ers has been used to describe the data. nence as the composition approaches that of sample No. 6

dc magnetron sputtering was used to prepare NiFeCo/Cu and its reappearance with any further increase in the Co con-
multilayers, using high purity argon (99.99%) gas at a base centration (sample No. 8). Although the coercivity along the
pressure _-3X 10-7 Torr. Samples were sputtered at a power HA increases monotonically from sample No. 1 to No. 8, the
of 100 W and the argon pressure during sputtering was fixed EA coercivity and remanence have a minimum for sample
at 2 mTorr. Corning 7059 glass at ambient temperature was No. 6. The length of the exchange coupled region "cd,"
used as the substrate and a permanent magnet (field -60 Oe) marked in Fig. 2(c) also increases with Co concentration.
was held behind the glass to induce uniaxial anisotropy. A The change in the magnitude of HA and EA GMR and
split target consisting of a 4 in. Ni80Fe20 disk, partially coy- the length of region "cd" are plotted as a function of the
ered with a Co foil, was used to sputter the magnetic layer, sample position (or composition) in Fig. 3. A representative
and an 8 in. Cu target was used for the spacer layer. The error bar resulting due to the gradient sample composition
thickness of the magnetic and Cu layers was 16 and 23 A, along the x axis and causing an associated error in the GMR
respectively. Sputtering rates were calculated from thickness value is marked on sample No. 1 (open circle). The length of
measurements of reference films. Multilayer and crystal the region "cd," which is related to the canted and/or anti-
structure were studied using low and high angle x-ray dif- parallel spin alignment in the sample is found to scale with
fraction (XRD). MR measurements were made using a linear the composition of the magnetic layer. Also, as the Co con-
four-point probe method with the current flowing in the film tent increases (or from sample No. 1 to No. 8), GMR in-
plane and along the induced easy-axis direction. The most creases until sample No. 6, whereupon any further increase
widely used definition of GMR is as follows: in Co causes a slight decrease in GMR. The sharp spin tran-
ARIR= [R(H) - R(H)sat)]R(Hat). A vibrating sample mag- sitions [Fig. 2(b)] observed along the EA direction result in
netometer (VSM) was used for other magnetic characteriza- an extremely high sensitivity. This is shown in Fig. 4, where
tion. the EA GMR for sample No. 5 (Ni58Fe14Co28/Cu) along with
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FIG. 1. A typical low- and high-angle XRD pattern of NiFeCo/Cu multilayer sample (No. 3). The relative position of the fcc-Ni (111), bcc-Fe(110),
fcc-Co(lll), and fcc-Cu(lll) diffraction peaks are also marked.

its first derivative or AR/R per unit change in the field is 40-50 Oe and sensitivity of about 0.2%/Oe. The smooth
plotted. To our knowledge, 2%/Oe is the highest sensitivity variation in the MR along the HA indicates uniform magne-
observed in magnetic multilayer or spin valve structures. But tization rotation.
it should be pointed out that such a high sensitivity is only Figure 6 correlates the EA GMR and hysteresis curve
observed along the easy axis of the sample and it also fea- profiles. The fields at which a change in the angle between
tures some hysteresis. Figure 5 compares the EA and HA the adjacent magnetic layers (marked with two arrows) takes
GMR profiles. The HA GMR profile in this figure is typical place is marked by lower case letters o through f on the
of all the compositions studied, with a saturation field of hysteresis loop. The corresponding transitions in the GMR

loop are marked by the respective capital letters. The ob-
served shape of the longitudinal GMR and hysteresis curve

IS --....... --....- ,---•-- -~ can be explained by considering a two phase magnetic sys-
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HA -- .HA
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FIG. 3. Change in the magnitude of GMR along the easy and hard axis, and
FIG. 2 Hysteresis loop profiles along the easy- and hard-axis directions for the length of region "cd" (defined in Fig. 2), as a function of the sample
different compositions (marked on each figure) of the magnetic layer. No. (or composition). The solid and dashed lines are drawn to guide the eye.
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bilayers.

the ratios Hk/HI and H 21H1 are ->0.5. The scaling phenom-

tern. The total energy per unit volume of any one of the enon of the length "cd" [in Fig. 2(c)] with the sample com-

phases is approximately given 9 by position is ascribed to the increase of the ratio HkIH1 . The
sharp spin flops from b to c, which consequently causes aHkM

E(0,0 2 )=-M( sin 2 01+ sin 2 02) double hysteresis loop, are also predicted by this model.9
1 However, only one magnetic phase described by Eq. (1) can-

M not explain certain features of the hysteresis and GMR loop
+ -[H 1 cos( 01- 02) +H 2 COS2 ( 01- 02)] shown in Fig. 6, such as the opening of the region o to a and

e to f and the corresponding regions of the GMR loop la-
MH beled by the capital letters. One way of explaining this is to

- 2 [cos(Ob- 01)+cos(&- 02)], (1) consider an independent magnetic phase described also by

Eq. (1) with an independent set of variables Hk, HI, and H2 .
where 01 and 02 are the angles between the magnetizations An overlap of two such phases can simulate the hysteresis
and the easy-axes, depending on whether they are in the odd and GMR loops observed in this study. '
or even numbered layer, respectively. The angle between the We have shown clearly in as-deposited sputtered
magnetic field and the easy axis is ip, and Hk, H1, and H2  NiFeCo/Cu multilayers a sharp, highly- distinctive spin-flop
are the effective uniaxial anisotropy, and first- and second- transition of extremely high GMR sensitivity (>l%/Oe)
order (biquadratic) exchange fields, respectively. Minimiza- along the easy axis. This study has also shown that this
tion of the total energy [Eq. (1)] with respect to 01 and 02 switching mechanism can be controlled by varying the Co
results in a qualitative fit to the observed hysteresis and concentration. A direct observation of the domains or mag-
GMR loop shapes. For samples 2 to 8 this is achieved when netizatiot; direction at various fields may prove the presence

of the biquadratic coupling and a two lhase system as dis-
cussed in the text and predicted by theory.

7 This work has been supported by the National Storage
...... " Industry Consortium-Advanced Technology Project heads di-

6 EA 7 vision program funded by the Department of Commerce.

" /0. P. Gerard and B. Rodmacq, IEEE Trans. Magn. 29, 2732 (1993).
2T. L. Hylton, K. R. Coffey, M. A. Parker, and J. K. Howard, Science 261,

'3 B. Dieny, V. S. Speriosu, S. S. P. Parkin, B. A. Gurney, D. R. Wilhoit, and
3 'D. Mauri, Phys. Rev. B 43, 1297 (1991).

3 4 M. R. Parker, S. Hossain D. Seale, J. A. Barnard, M. Tan, and H. Fuji-

wara, IEEE Trans. Magn. 30, 358 (1994).
5 S. Hossain, D. Seale, G. Qiu, J. Jarratt, J. A. Barnard, H. Fujiwara, and M.

R. Parker, J. Appl. Phys. 75, 7067 (1994).6 M. R. Parker, J. A. Barnard, S. Hossain, J. Yang, M. T. Kief, H. Fujiwara,

R. W. Cross, A. B. Kos, S. E. Russek, and S. C. Sanders, Proc. CMPP'93,
...... Dec. 1993, Leeds, UK.

.40 -20 0 20 40 7 B. Dieny, J. P. Gavigan, and J. P. Rebouillat, J. Phys. 2, 159 (1990).

Field (Oe) 8S. Hossain (unpublished).
9 H. Fujiwara and M. R. Parker, J. Mago. Magn. Mater. 135, L23 (1994).

FIG. 5. Comparison of easy- and hard-axis GMR loop profiles for sample 0J. A. Barnard, A. Waknis, M. Tan, E. Haftek, M. R. Parker, and M. L.
No. 5. Watson, J. Magn. Magn. Mater. 114, 203 (1992).

6524 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Gangopadhyay et al.



Multidomain and incomplete alignment effects in giant
magnetoresistance trilayers

Y. U. Idzerda
Naval Research Laboratory, Washington, DC 20375

C.-T. Chen
AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974

S. F. Cheng
Naval Surface Warfare Center, Silver Spring, Maryland 20903

W. Vavra and G. A. Prinz
Naval Research Laboratory, Washington, DC 20375

G. Meigs and H.-J. Lin
AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974

G. H. Ho
Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania 19104

The element specific magnetic hysteresis curves of Fe/Cu/Co trilayer structures can be used in
conjunction with the measured magnetoresistance curves to extract the coefficient of the giant
magnetoresistance (GMR) independent of magnetic domain effects and incomplete alignmelit
effects, allowing for a measure of the maximum attainable GMR for that trilayer. Information
concerning the details of the trilayer switching can be extracted showing that sputtered
polycrystalline films of Fe/Cu/Co deposited on Si switch their magnetization directions like
multidomain Ising magnets.

I. INTRODUCTION aligned magnetic film orientation is never achieved. Instead,
trilayer and multilayer during the moment reversal process, before the first ferro-

To understand and optimizetriae nd an ap- magnetic film has completely switched its magnetic orienta-
tems which exhibit giant magnetoresistance (GMR), an ap- tion (establishing the anti-aligned state), the second magnetic
preciable change of the resistance of the multilayer in re- film has already begun to reverse its moment direction.
sponse to an applied magnetic field, it is important to There have been a large number of comparative studies
separate the intrinsic GMR, the maximum achievable change which have attempted to determine variations of the intrinsic
in the resistance, from extrinsic variations to the measured GMR on material and interface parameters (including mag-
GMR. A clear example of an extrinsic modification to the netic layer and interlayer composition, layer thicknesses, and
magnetoresistance is the dependence of the resistance on mi- film and interface quality). Unfortunately, modifying these
cromagnetic details of the ferromagnetic film reversal, parameters may also dramatically affect the details of the

The giant magnetoresistance as a function of the applied film reversal process including the degree to which the two
magnetic field, H, is typically defined asi films are not completely anti-aligned. Any comparative stud-

R(H) -R(H,) ies of the GMR must first correct for, or eliminate these
MR(H)= R(H,) (1) incomplete anti-alignment effects. To this end, we have de-

veloped a method to extract the coefficient of GMR, the

where R(H,) is the film resistance at the saturation field H, maximum achievable GMR, from the nonideal magnetoresis-
(the field where all ferromagnetic layers are fully aligned tance data, provided that the details of the magnetization
with each other). In the absence of anisotropic magnetoresis- reversal process of the two ferromagnetic films is known.
tance, the maximum attainable magnetoresistance for a For simplicity, we will consider only two models for the
simple sandwich structure is understood to be the difference magnetization reversal process-the single domain xy model
between the low resistance state of the sandwich, when the and the multidomain Ising model.
two films are fully aligned (at high field >H,), and the high
resistance state when the two films are fully anti-aligned (at II. SINGLE DOMAIN xy MODEL
low or zero field). For trilayer (sandwich) structures, an ideal
switching behavior would result in square magnetic hyster- The single domain xy model treats each ferromagnetic
esis loops and GMR curves with abrupt transitions separated film as a single magnetic domain with a constant total mo-
by well defined plateau regions. 2 Unfortunately, the majority ment which can point ini any direction in the film plane, but
of reported systems display rounded hysteresis loops and must remain in the film plane. The magnetization reversal is
peaks in the GMR curves. 1- 3 Since the low resistance therefore accomplished by an in-plane rotation of the mo-
aligned film configuration can be achieved by application of ment direction. Since magnetometry measures the projection
a sufficiently large positive or negative magnetic field, the of the magnetic moment along an analysis direction, typi-
absence of plateaus in the GMR indicate that the fully anti- cally coincident with the applied field direction, the mea-
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Single Domain xy Model Multidomain Ising Model In the simplest view, there are only two domain configu-
rations which contribute to the overall resistivity, when the
current flows between two domains of opposite orientation

_ - or between two domains of aligned orientation. Because

Film IFilm Ithese two configurations represent two well defined resis-
tance states in parallel with each other, then if the domains

tt/0' _ _-,__are large compared to the mean spin scattering length6 and if
tZ / Z'l m2  Ij " Filwe ignore the additional resistivity associated with current

flow between domains within the same magnetic layer

FIG. 1. Models for the magnetization reversal. (which would also depend on the distribution of domain
sizes and domain configurations), then the total film resis-
tance is just given by

sured hysteresis loop can be used to determine the angle, 0, RA R, RARp
that the moment makes with the applied field direction RT(H) = fA(H) fp(H) = RAfpRpfa' (5)

Mxy(H) =Me cos[0(H)], (2) TH 17()=Rf-pA
where Rp(RA) is the resistance of the film in the completely

where Mo is the constant magnitude of the film magnetiza- aligned (anti-aligned) configuration and fP(fA) is the fraction
tion vector. of the film in the aligned (anti-aligned) state. The magnetore-

If independent hysteresis loops of each of the magnetic sistance can be expressed as (noting fp +fA = 1)
films can be obtained, then a determination of the relative
angles of both films as a function of applied field, and there- MRRing(H) = = G (6)
fore the angle between the two magnetic films, can be made R fA + (RA IRp)fp'
(a schematic of the two films is shown in the left-hand panel where G = (RA -R )/R?. If RA -Rp (i.e., G is small) then
of Fig. 1). From the relative angles of each film, we can
determine the magnetoresistance, given by4'5  MRsng(H) GfA = G[fil(H)f'(H) +f (H)fT(H)], (7)

, A O(H) G 2( 01((H)- 02(H)\ where the term in the brackets is the fraction of the two films
MR2y()=G sin---- sin 2 which are anti-aligned (in the absence of domain correla-

(3) tion).

where G is the coefficient of the GMR and A0 is the angle
between the magnetic moments of the two single domain IV. INDEPENDENT HYSTERESIS LOOPS
films. From the measured hysteresis curves of the two mag- The major difficulty is of course in determining indepen-
netic layers, we can then calculate the form of the magne- The majorsisuloos of tue in detin indepen-

toresistance curve. By comparing this curve with the mea- dently the hysteresis loops of the two magnetic films. Most
sured hysteresis curve, we can extract a value for G, the magnetometry techniques determine the total hysteretic be-

coefficient of magnetoresistance, which corresponds to the havior of the system. Recently, we have developed a method

maximum achievable magnetoresistance. to determine element-specific hysteresis loops of heteromag-
netic materials. 7 By recording the absorption intensity of cir-

111. MULTIDOMAIN ISING MODEL cularly polarized soft x-rays at each transition metal L 3 ab-
sorption edge as a function of applied field, the hysteretic

The multidomain Ising model treats each magnetic film behavior of each magnetic element in a compound or
as if it were composed of many magnetic domains, each multilayer structure can be determined using magnetic circu-
allowed to be oriented along with or opposed to the applied lar dichroism (MCD).8 - 2 In this way, the complicated con-
field direction. Now the magnetization reversal is accom- ventional hysteresis curves can be resolved as a linear com-
plished through the abrupt magnetization reversal of the bination of simple elemental hysteresis curves. In the case of
separate domains. The hysteresis loops, which reflect the net a multilayer system with different magnetic elements in each
moment, are a measure of the fraction of the film pointing ferromagnetic layer, the separate element-specific magnetic
along the applied field hysteresis (ESMH) curves are now equivalent to the hyster-

Misig(H)=Mo[fr(H)-f (H)], (4) etic behavior of the individual ferromagnetic layers.
To demonstrate this, an Fe/Cu/Co trilayer structure,

where Me is the maximum moment and ft(fi) is the fraction known to exhibit a reasonable GMR effect, 3 was sputter
of the film pointing along (opposed to) the ield. For two deposited onto a Si(100) surface which was chemically de-
magnetic layers, if the moment direction of domains in the greased prior to the deposition. The multilayer film consists
two films are uncorrelated (i.e., the direction of the moment of 50 A Fe film and a 50 A Co film separated by 50 A of Cu
of a domain in one film is independent of the direction of the and capped with an additional 30 A of Cu to prevent oxida-
moment in a domain of the other film), then the measure- tion. The films were deposited in an argon gas of -3X10 - 3

ments of the two independent hysteresis loops can be used to Torr at a rate of a few angstroms per second. X-ray absorp-
determine what fraction of the films are aligned and anti- tion spectroscopy measurements showed that no oxidation of
aligned with each other. (A schematic of this model is shown the buried Fe or Co layers has occurred. Details of the MCD
in the right-hand panel of Fig. 1.) setup have been described previously.1 4' 15
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02 FIG. 3. Comparison of the measured magnetoresistance data (solid line) to
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303 -200 -100 0 100.... ... 00 (6.8%) an increase of 200%! (The anisotropic magnetoresis-
Applied Field (0e) tance for this film is measured to be 0.4%.)

In summary, we have shown that in nonideal systems
with peaked magnetoresistance curves and rounded hyster-

FIG. 2. Top panel: conventional total moment VSM hysteresis loop (solid esis loops, the maximum measured GMR is reduced from the
line) and the summed element specific magnetic uysteresis loops for Fe and maximum attainable value by multidomain and incomplete
Co (dotted line). Bottom panel: ESMH loops for Fe and Co. The scaling
values were determined by a best-fit of the summed data to the VSM data. alignment effects. We have also used ESMH measurements,

in conjunction with the measured magnetoresistance curves,
to extract the coefficient of GMR. In any comparative study
of the GMR, it is this larger extracted coefficient which

The conventional, total magnetic hysteresis behavior of should be used.
this trilayer is shown in the top panel of Fig. 2. This hyster-
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Interface alloying and magnetic properties of Fe/Rh multilayers
K. Hanisch, W. Keune, R. A. Brand, C. Binek, and W. Kleemann
Laboratorium fuir Angewandte Physik, Universitit Duisburg, D-47048 Duisburg, Germany

Rh(20 A)/57Fe(tF) multilayers with Fe thicknesses tFe of 2, 5, 10, and 15 A prepared by alternate
evaporation in UHV have been investigated by x-ray diffraction (XRD), Mossbauer spectroscopy,
and SQUID magnetometry. First- and second-order superstructure Bragg peaks (but no higher-order
peaks) in small-angle XRD patterns suggest some compositional modulation. M6ssbauer spectra
taken at 4.2 K are characterized by a distribution P(Bhf) of hyperfine fields Bhf. Peaks o'uscrved in
the P(Bhf) curves near 17 and 35 T are assigned to an fcc-RhFe interface alloy (-7-24 at. % Fe)
with spin-glasslike properties and to a disordered ferromaii tic bcc-FeRh alloy (-96 at. % Fe),
respectively. The magnetic transition temperature of the fcc alloy was found to be 23 and 45 K for
tFe= 2 and 5 A, respectively, and Bhf follows, a T3/2 law. For te=2 A, spin-glasslike behavior was
observed by magnetometry.

Metallic multilayered films offer an exciting field for the bcc-Fe Bragg peaks could be detected. However, a shoulder
exploration of magnetic properties in novel systems and at (near 20-40') on the low-angle side of the Rh(111) peak
interfaces.' In a search for new multilayers with interesting observed for the thicker Fe films (10 and 15 A) may be
magnetic behavior we have studied the Fe-Rh system. Ac- assigned to a bcc (110) reflex with a corresponding bcc-
cording to the thermodynamic Fe-Rh phase diagram 2 a wide lattice parameter which is enhanced (relative to that of pure
solubility range exists at rather low temperatures on both the bcc Fe) by 11.4% (for tFe= 10 A) and 10.0% (for tF = 15 A).
Fe-rich and Rh-rich side. Therefore, a tendency for interface- In view of the small-angle XRD and M6ssbauer results (be-
alloy formation may be expected in these multilayers. The low) the observed reduction or increase in lattice parameter
properties of Fe/Rh interfaces are unknown so far. is interpreted by the main effect of interface-fcc-alloy forma-

We have prepared a series of Rh/Fe multilayers with tion or bcc-alloy formation, respectively. For fcc Fe-Rh al-
constant Rh thickness (20 A) by alternating evaporation of loys, our interpretation is qualitatively supported by the
Rh and 57Fe isotope (95% enriched) in an UHV system. The known decre.se of ao with rising Fe content in the bulk.3

pressure during evaporation was <5X0 9 mbar. The sub- Mossbauer spectra measured at 4.2 K (Fig. 2) indicate
strates were polyimid foils for M6ssbauer and magnetomet- magnetic hyperfine (ho splitting at all Fe thick ..sses. These
ic studies and Si wafers for small- and large-angle x-ray spectra were least-squares fitted using a histogram

diffraction (XRD). To reduce intermixing, the substrate tem- distribution,4 P(Bhf), of hyperfine fields Bhf. It was found
perature was held at -100 K during multilayer growth. Rh necessary to include a small linear correlation between iso-

and 5Fe were evaporated from a 2-kW electron-beam gun mer shift S and Bhf, given by about +0.004 mm s-T,
and a small resistively heated evaporation cell with alumina For tFe= 2 A, the most-probable (peak) hf field, B fak,
crucible, respectively. Four different types of multilayers has a value of 16.8 T (Fig. 2) which is typical for that of a
have been prepared, namely [Rh(20-)Fe(2 A)]1o+Rh(20 -7 at. % Fe disordered fcc-Fe-Rh bulk alloy at 4.2 K.5 This

A), [Rh(20 A,)/57Fe(5 A)]52+Rh(20 A), [Rh(20 A)/57Fe(10
A)] 30+Rh(20 A), and [Rh(20 A)/Fe(15 A)]20+Rh(20 A).
(All samples were coated by 20 A Rh for protection.)

The small-angle XRD patterns (Fig. 1) exhibit a clear
first-order superstructure Bragg peak for all samples, and an (Rh(2oA)/" Fe(2A)I*,O.Rh(20A)

additional second-order peak for tF=10 and 15 A. This and
the fact that no higher-order superstructure peaks have been
detected (not shown in Fig. 1) demonstrates qualitatively that
our samples are compositionally modulated structures with _

some degree of intermixing at the interfaces. The multilayer -
periodicity determined from Fig. 1 is 23.7, 24.9, 29.7, and z

C)
37.7 A for tF=2, 5, 10, and 15 A, respectively, being in 1 (Rh(20A)/Fe(iO,.)I.30.Rh(20A)

agreement with the nominal periodicity within 7% or better. -- .
The large-angle XRD patterns from our samples (not shown)
exhibit a dominant fcc Rh(111)-Bragg peak and weaker
peaks from higher-indexed Rh planes. However, the Rh

peaks were found to be shifted siightly to higher Bragg .2"_._2
angles upon increase of tF, implying a fcc-lattice parameter 6
(ao) reduction with increasing Fe-film thickness from 2 8 ['

ao=3.808 A (pure Rh film) to 3.793, 3.780, 3.738, and FIG. 1. Small-angle XRD patterns of ".h(20 A)/57Fe(trF) multilayers with
3.713 A for tFe= 2 , 5, 10, and 15 A, respectively. No pure tt=2, 5, 10, and 15 A (fro- ,op) (Cu Ka radiation).
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FIG. 3. Temperature dependence of Br k for t,,=2 A (A), 5 A (v), 10 A
(0) and 15 A (0). Crosses (X): for tF=15 A after annealing at 355 K.

suggests that the 2 A 57Fe film [-1 monolayer (ML) bcc
Fe(110)] is completely alloyed with Rh resulting in an fcc- paring the measured (average) magnetic transition tempera-
Fe-Rh alloy of average Fe concentration chf of -7 at. %. In ture Tf of our films (Tf=23+4 K for tFe= 2 A and
the case of tF,=5 A, P(Bhf) in Fig. 2 shows a pronounced Tf=45_7 K for tFe=5 A, respectively, see Fig. 3)
peak at 18.2 T which demonstrates that this is also a pure with the Tf vs cF, behavior of disordered fcc-RhFe alloys; 5

fcc-RhFe multilayer. This hf field corresponds to hFe however, the corresponding (calculated) t "lloy values
- 19 at. %, according to Ref. 5. We have also estimated the (Table I) are unreasonably high (e.g., 34 A for tFr= 5 A).

Fe concentration (ca,) in the fcc-alloy layer by comparing This very likely indicates that the Tf vs CF, behavior in ul-
the measured lattice parameters (ao) with those of bulk trathin RhFe alloy layers deviates from that in bulk alloys as
alloys.3 Table I shows that ca, values for 2 and 5 A Fe are in is the ca for other spin glasses. 6 From the M6ssbauer-line-rough agreement with corresponding c values. The calcu- intensity ratios the Fe-spin orientation in these samples was
lated Rh thicknesses, tc alloy, required for explaining the found to be nearly random which can be expected for spin-obtained c or svalues are given in Table I, too. (It was glass-type magnetism where a magnetic shape anisotropy is

assumed that tFe= 2 and 5 A are completely alloyed). The ab en
tfc alloy values obtained from c f One can notice in Fig. 2 that the P(Bhf) curves the

R aha s spectra) change drastically with increasing Fe thickim ,s: the
as compared to the deposited 20 A-Rh layer, while those fec-alloy distribution peak near - 17 T decreases gradually in
values deduced from c 0 appear to be reasonable. Table I relative intensity and shifts to slightly higher values, while

indicates also the Fe concentration (cr) obtained by com- simultaneously a new peak near 36 T (35 T) evolves anddominates at trF= 10 A (or tF,=15 A). This new peak is
assigned to a disordered ferromagnetic bcc-Fe-Rh alloy. This

TABLE I. Estimated Fe concentrations c f, cB' and co of the fcc and bcc follows from a comparison of our Brak values with those of
Rh-Fe alloy phase in Rh/Fe multilayers. tfR aloy is the calculated Rh thick- Fe-rich disordered bcc-Fe-Rh bulk alloys.7 We may estimate
ness consumed in fcc-alloy formation. the average composition CF of the bcc alloy in our multilay-
Rh(20 A)/Fe(t) tF,=2 A tF,-=5 A t,=10 A tFet=15 A ers by using the Bhf VS cFe curve in Ref. 7 (with Bhf in Ref.
R7 corrected by a factor of 1.03 for the low temperature (4.2

toc phase K) used in our case). This leads to cF, -96 at. % for tFe= 10

ca/at. % 7 12 24 ... and 15 A in the bcc alloy (Table I).Ic /Alloy) The shp2fth4itib to

(t alloY) (25 A?) (34 A?) (9.4 A?) ... The shape of the distribution P(Bhf) for tF, = 10 A (Fig.
2) demonstrates that fcc and bcc alloy phases coexist in this

cl/at. % -7 -19 >25 >25 multilayer, (with the fcc-alloy distribution peak lcated at
(4c aly) (25 A?) (20 A?) ... ... 19.8 T). Even for t,= 15 A, the fcc-alloy distribution peak
ot 1 25(at 20.0 T) is still present, togethei with a low-field distribu-

F %0tion part (for Bhf< 2 8 T). The relative area of the low-field or
(Rh allY) (1 A) ('.. A) (3.0 A) (12 A) high-field (Bhf> 2 8 T) distribution part provides values for

bcc phase the relative phase content (fcc or bcc) in the multilayer. In

cu/at. % -96 -96 the case of tFe= 10 A we find that (36t 15)% of the Fe atoms
-form the fcc-interface a!loy (and 64% the bcc phase); for
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tFe= 15 A, the corresponding values are (30±5)% (fcc) and could be due to a change in bcc Fe-film morphology (island
70% (bcc). This means that in the average a thickness of 3.6 formation) and a resulting change in the T dependence of
A Fe of the original 10 A bcc-Fe layer is transformed to the Brfak (possibly due to superparamagnetism).
fcc-interface alloy by interdiffusion; for the 15 A Fe film, the The temperature dependence of the magnetization in the
corresponding value is 4.5 A Fe. The Fe-spin direction of the multilayer with tFc= 2 A (Fig. 5) indicates typical spin-
bcc phase was observed to be preferentially oriented in the glasslike behavior, i.e., different branches after zero-feld
film plane indicating a shape anisotropy due to ferromag- cooling and during field cooling. It can be seen that the tem-

t fo f t t eu d e k perature of the maximum in the zero-field cooled magnetiza-
It follows from the temperature dependence of B f k  tion (23±-+2 Q is in very good agreement with the magnetic

(Fig. 3) that the magnetic transition temperatures of the bcc transition temperature obtained from M6ssbauer spectros-phase (in multilayers with tF = 10 and 15 A) are much higher tasto eprtr bandfo ~ sae pcrs
phantse mutihaerps (with t=210 and 5 ) or ch 2 copy. This proves that interface fcc alloys with spin-glasslike
than those of the fcc phase (with tF5=

2 and 5 A). For tF,=2 pretiscnbotaednRhFemtiyrsan 5, ,BakT folw lsl 312-si aelwoe properties can be obtained in Rh~re multilayers.
caw oWe are grateful to U. von H6rsten for technical assis-

the whole temperature range (Fig. 4). For tFe= 15 A, B fak tance and sample preparation. This work was supported by
shows a remarkable linear T dependence over a wide T the DFG (SFB166).
range. It has been suggested that such a behavior is related to
superparamagnetic relaxation of bcc-phase clusters. s How-
ever, as we have not observed a remarkable change at 150 K 1 For an overview of recent work, see Proceedings of the First Internationalevere o f tved sectrue (n t ) en Symposium on Metallic Multilayers, Kyoto, Japan, 1993 [J. Magn. Magn.
in the central component of the spectrum (not shown) even Mater 126 (1993)].

by applying fields up to 1 T, we may exclude superparamag- 20. Kubaschewski, Iron Binary Phase Diagrams (Springer, Berlin, 1992).

netism. Therefore, the linear T dependence observed can be 3 C. C. Chao, P. Duwez, and C. C. Tsuei, J. Appl. Phys. 42, 4282 (1971).

explained by quasi-two-dimensional behavior of the bcc 4 J. Hesse and A. Rtibartsch, J. Phys E 7, 526 (1974).
5B. Window, G. Longworth, and C. E. Johnson, J. Phys. C 3, 2156 (1970).

phase in the 15-A sample, as predicted theoretically.9 In con- 6 H. Vloeberghs et aL, Europhys. Lett. 12, 557 (1990).

trast, the t1e= 10 A multilayer has been observed to be su- 7 G. Shirane, C. W. Chen, P. A. Flinn, and R. Nathans, J. Appl. Phys. 34,

perparamagnetic by applying a magnetic field. After a mea- 1044 (1963).

surement at 355 K and recooling to 295 K, an irreversible 8Z' 0 ' Qiu, S. H. Mayer, C. J. Gutierrez, H. Tang, and J. C. Walker, Phys.
Rev. Lett. 63, 1649 (1989).

drop of B fak at 295 K occured. As we did not observe a 9j. C. Levy and J. L. Motchane, J. Vac. Sci. Technol. 9, 721 (1971), J. A.
change in P(Bhf) at 4.2 K after annealing, this drop in Bfak Davis, J. Appl. Phys. 36, 3520 (1965).
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Heat treatment to control the coercivity of Pt/Co multilayers

J. Miller, P. G. Pitcher, and D. P. A. Pearson
Johnson Matthey Tech. Center, Sonning Common, Reading RG4 9NH, United Kingdom

We report on controlled changes in the coercivity of sputter deposited Pt/Co multilayer films by
thermal treatment under controlled atmospheres. The as-sputtered coercivities of typically 3.3 kOe
can be increased to 10.5 kOe by annealing in air, however for coercivities greater than 6 kOe the
rectangular ratio of the multilayer decreases with increasing coercivity. The loop shape can be
regained and the coercivity decreased by annealing in a H2/N2 atmosphere.

1. INTRODUCTION (Hn) increase with annealing time and the hysteresiF loops

Pt/Co multilayers are a promising candidate for the next maintain a high rectangular ratio (r), however the H,
generation of magneto-optical recording material. 12 These reaches a maximum at 6.2 kOe while the H c continues to

have been found to have large polar Kerr rota- increase to a maximum of 10.5 kOe (Fig. 2) resulting in ations and coercivities in both evaporated and sputtere skewing of the hysteresis loop. The Hc increase could be
films. 3,4 reversed and the loop's original rectangular ratio regained by

In this article we report on the effect on annealing in heating in a reducing atmosphere of 10% H2/90% N2. An
controlled atmospheres on the coercivity of sp::,ttered Pt/Co as-sputtered multilayer had its coercivity increased from 3.3

multilayers. to 8.2 kOe by heating in air to 160 and 185 'C for 20 and 27
min, respectively. The before and after polar Kerr loops be-
ing almost identical to those of Figs. l(a) and 1(c). The co-

11. EXPERIMENT ercivity was then reduced from 8.2 to 3.3 kOe and the origi-
Pt/Co multilayers were magnetron sputtered using dual nal loop shape regained by heating for 30 min at 185 'C in a

source deposition in an Ar atmosphere onto glass substrates. 10% HJ90% N2 gas mix.
The multilayers all consisted of 9.5 periods of 8 A Pt/3 A Co The mechanism for the coercivity increase is thought to
(the Pt layer was deposited first and last). Pt/Co individual be related to oxygen incorporation into the film structure.
layer thicknesses were confirmed using x-ray diffraction and Coercivity increases after annealing the sample in air5'6 and
inductively coupled plasma emission spectrometry. also in vacuum have previously been reported.7 Yamane

The magnetic and magneto-optical properties of the mul- et aL obtained increases from 0.2 to 2 kOe in the coercivity
tilayers were examined using a polar Kerr loop plotter and a of sputtered Pt/Co multilayers with a 500 A Pt capping film.
vibrating sample magnetometer (VSM), the maximum ap- They concluded from similar work with thicker Pd/Co
plied field was 8 kOe so VSM measurements could not be multilayer films that oxygen incorporation at the grain
done on the higher coercivity samples. The multilayer micro- boundaries of the columnar micrustructure caused domain
structure was examined using x-ray diffraction (XRD) and wall binding resulting in the increase in the multilayer
transmission electron microscopy ('EM). coercivity.5 The reversible nature of the coercivity in a re-

A post-deposition anneal was performed on the multilay- ducing atmosphere suggests a similar mechanism causes the
ers, the atmosphere was either air or 10% H2 in N2, the coercivity increases observed in our films. The saturation
annealing temperature was varied between 100 and 400 'C.
The air annealed multilayers were heated by placing on a
heater block at the required temperature. The transition from 4 FIg la F lb
room temperature to the anneal temperature was achieved in
under 2 min. Samples were cooled to room temperature by
placing them on a large aluminum block. Cooling took less F
than a minute. The multilayers annealed in H.JN 2 atmo- I

spheres typically reached the anneal tempe.ature in under 5 ..
min and were force cooled reaching room temperature in .4 -.4

under 5 min. Bias Field (kOe) Bias Field (ke)

F 9 Ic Fig ld

III. RESULTS AND DISCUSSION . .

The as-sputtered multilayers typically had coercivities of
3.3 kOe and hysteresis loops with a high rectangular ratio L L
r(=HJ/Hc), as shown in Fig. 1(a). The coercivity was found ; 1.
to increase on heating the multilayer in an atmosphere con- . -. 4

taining oxygen. Figures l(b)-l(d) show the room tempera- Bias Field KOe Bias reld (kOe

ture polar Kerr hysteresis loops obtained after the multilayers
had been heated in air to 200 °C for 2, 8, and 240 min. FIG. 1. Polar Kerr loops of Pt/Co multilayers after annealing at 200 C, (a)
Initially both the coercivity (H) and the nucleation field as-sputtered, (b) 2 mi, (c) 8 min, (d) 240 mm.
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magnetization of our multilayers decreased as the multilayer .4 F g 4 c
coercivity increased from 3 to 6 kOe, this further suggests
cobalt oxide formation as the cause of the increased coerciv-
ity. 4)

A bright field TEM image of an as-sputtered multilayer
is shown in Fig. 3. The multilayers are polycrystalline with a_ ,

grain size of approximately 10 nm.
To examine the effect of the coercivity increase on the -. 4

magnetization reversal mechanism initial magnetization Bi as F e i d (kOe)
curves were examined. A set of multilayers was demagne-
tized by heating to 400 C for 15 s, the dwell time had to be F i g 4 d
short to avoid damaging the multilayer structure. Hashimoto
et al.1 have previously found that a 30 min anneal at 400 C
resulted in loss of perpendicular magnetic anisotropy and
multilayer structure. However XRD measurements of our de- _
magnetized multilayers showed that the satellite peaks of the
multilayers were unchanged after thermal demagnetization.
Figure 4 shows the initial magnetization curves for these -,4
multilayers. In Figs. 4(a)-4(c) the coercivity is a result of the 3i as Fi e l d (kOe)
difficulty in creating a reversed domain, since the magneti-
zation initially increases from the demagnetized state at FIG. 4. Initial magnetization curves of thermally demagnetized Pt/Co mul-

tilayers.

fields smaller than the nucleation field. In contrast the coer-
civity of the high coercivity multilayer in 4d is dominated by
domain wall pinning. This is demonstrated by differentiating
the polar Kerr signal with respect to the applied field, Figs.
5(a) and 5(b) are the differentials of Figs. 4(a) and 4(d) re-
spectively. The rate of change of the initial magnetization as
a function of applied field is different to that of the magne-
tization reversal in Fig. 5(a), where as in Fig. 5(b) both dis-
tributions are the same.

In summary the initial magnetization loops show that the
coercivity increase is initially caused by an increase in the

50nm nucleation field. As the coercivity increases further, wall pin-
ning becomes the dominant effect in determining the

FIG. 3. TEM bright field image of an as-sputtered Pt/Co multilayer. multilayer coercivity.
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F ig 5 a cause of the coercivity increase is thought to be oxygen in-
-oI .scorporation in the multilayer, initially the effect is to increase

L the nucleation field of the multilayer however further coer-
I civity increases are caused by domain wall pinning.

.5
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Magnetostriction and magnetic properties of iron-cobalt alloys multilayered
with silver

Tamzin A. Lafford and M. R. J. Gibbs
Department of Physics, University of Sheffield, Sheffield, S3 7RH, United Kingdom

R. Zuberek
Institute of Physics, Polish Academy of Sciences, Al. Lotnik6w 32/46, 02-668 Warsaw, Poland

C. Shearwood
Department of Physics, University of Sheffield, Sheffield, S3 7RH, United Kingdom

Commercially available Fe-Co alloys with Co contents of 50 and 24 wt. % have been rf sputtered
to produce multilayers with noble metal (Ag or Cu) interlayers. Series with fixed Fe-Co or noble
metal thicknesses have been produced, as have plain Fe-Co films. In all cases, the coercivities of the
multilayers are significantly reduced from those exhibited by the plain alloy films. For example, a
film of the alloy containing 50 wt. % Co had Hc=6.9 kA m-1 , whereas a multilayer with 12 nm
Fe-Co layers and 2 nm Ag layers had H,=480 A m -1 . The saturation magnetostriction is also
enhanced, in some cases increasing by 60% over the expected bulk polycrystalline alloy value. For
example, the literature X, value for a Fe-Co alloy containing 24% Co is about 28 ppm; in a
multilayer with 12 nm alloy layers and 8 nm Ag layers, \,=45 ppm. The combination of high
magnetostriction and low coercivity makes such materials as these attractive for their potential as
stress sensor and actuation transducer elements.

I. INTRODUCTION layers (Cu target 99.99%). Plain alloy films were also depos-

There is currently interest in many aspects of magnetic ited, 600 nm thick for HiSat50 on one side of the substrate

multilayers (e.g., giant magnetoresistance and magnetic and and 2X600 nm thick for Permendur24, i.e., 600 nm on each

magneto-optic recording media). For sensor and transducer side of the substrate. These thicknesses are comparable to the

applications, high saturation magnetostriction, X, in soft typical total thickness of Fe-Co alloy in the multilayers.

materials is desirable. Our investigations began with an iron- In-plane magnetic hysteresis loops were measured using
cobalt alloy of a composition known to have a value of a quasi-dc inductive magnetometer, 2 Hmaxl 2 2 kA m
X\(53 ppm) comparable with most conventional soft mate- Saturation magnetostriction was measured by small angle
rials. Ag and Cu were chosen as the interlayers because they magnetization rotation (SAMR) 3 (see Ref. 1 for application
arento deposited samples) and strain-modulated ferromagnetic

arenobe etas, mmscilewit Fean Co nomanetc, resonaiice (SMFMR) . The films were examined structurally
and are larger than Fe or Co atoms. We found that Ag inter- sin an e -ray diff i on wer in e 0-2ctu ode
layers in films sputtered from this alloy softened them con- using high-angle x-ray diffraction (XRD) in the 0-20 mode
siderably and, in some cases, caused enhancement of the with Cu-Ka radiation.
magnetostriction. 1 Here, we report further investigations into
the Fe-Co alloy/noble metal multilayer systems, including
two types of alloy and various thicknesses. Results for Ag III. RESULTS AND DISCUSSION
interlayers will be compared to those for multilayers contain- Electron probe microanalysis of sputtered HiSatSO films
ing Cu in order to give the first indication of an explanation shows that they contain 45 wt % Fe, 55 wt. % Co, and ap-
for the observations. proximately 0.2 wt. % Ta. A bulk polycrystalline alloy of this
II. EXPERIMENTAL METHODS composition would have X,-53 ppm; this is true for compo-

sitions ±5% of the nominal.5
The multilayers were rf magnetron sputtered from alter- XRD traces of the Fe-Co/Ag and Fe-Co/Cu multilayers

nate targets of commercially available alloys: HiSat50® show that the alloy layers are polycrystalline, with bcc struc-
(50% Fe, 50% Co with less than 0.2% Ta) or Permendur24®  ture and no significant crystallographic texture. Peaks due to
(24% Co, 75.4% Fe, 0.6% Cr) (Telcon Metals Ltd., U.K.); fcc Ag generally coincide with alloy peaks, so it is not pos-
and Ag (99.99%) at 75 W. The background pressure was sible to say whether the Ag layers are textured. No XRD
2-5X 10-7 Torr; during sputtering, the Ar pressure was 5 satellite peaks are seen, indicating that the alloy-noble metal
mTorr. The substrates were 26-/Mm-thick Kapton® polyimide interfaces are rough. This is supported by low-angle XRD
(DuPont Ltd., U.K.); the substrate platen was water cooled. and kinematic modeling. Ag layers are possibly not continu-
Typically 50 bilayers were deposited on each side of the ous for tAg<-5 nm.6

substrate to equalize any film stresses. Two series types were The Scherrer equation7 has been used with the bcc (110)
made: (1) tAg= 2 nm, tHasat0=2-1 2 nm or tpermendur24= 2 -15 peak widths to estimate the grain sizes in the films. (No
nm; (2) tAg=0.5-10 nm, tHiSat50=12 nm, or tPcrmendur24=10 account was taken of any possible inhomogeneous lattice
nm. Results for the first HiSat50 series will be compared strains, which also contribute to peak broadening.) Grain
with those from multilayers with Cu in place of Ag inter- sizes in the HiSat50/2 nm Ag multilayers are 3-14 nm; in
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FIG. 1. Saturation magnetostriction of HiSat5O/Ag multilayers. tA9=2 rn. FIG. 2. Saturation magnetostriction and cocrcivity for HiSat5O (Ref. 5). H,
0XSAMR data; U X,, SMFMR data; 0 bulk polycrystalline X, (Ref. 5): plain alloy film =6.9 kA m'- .

A H,. H, plain alloy film=6 9 kA m-1 .

grain sizes, give the softer films). X, is slightly enhanced
HiSat5O/2 nmn Cu, 5-14 nm. Thicker alloy layers produce over the bulk val'e 5 but the increase is not as large as that
larger grains in both cases. seen for thicker HiSat5O layers with Ag interlayers.

Average lattice strain was calculated from the XRD peak Figure 3 shows the effects of different thicknesses of Ag
positions by comparison with bulk Ag d1j1 or the d110 spac- interlayers on the properties of multilayers with tHiSat5O4= 12
ing for the thick Fe-Co films. In the series with constant rn. It is thought that Ag layers become continuous only for
t~g=2 n, for thinner alloy layers, the average Fe-Co d1j0  tAg>-5 nm 6 and this may account for the dip in X, at around
spacing perpendicular to the film plane is expanded (up to that value. The maximum H, in this series occurs around
1.0% for HiSat5O, 1.6% for Permendur24). The spacing re- tAg= 8 nm.
laxes towards the plain film value for thicker alloy layers. These results are to be compared with those for multi-
The Ag(111) spacings show no trend with tFc, but the lat- layers containing Permendur24 (Figs. 4 and 5), which con-
tice is contracted up to -1.0%. In multilayers with fixed tains a greater proportion of Fe and has a lower bulk poly-
tF., and - iried tA. there is contraction up to -1.0% in crystalline X, than HiSat5O (around 28 ppm).5 Again, the
thinner Ag 'Ayers, tending weakly towards the bulk value as alloy films are softened by the presence of Ag interlayers and
tAg increases. The Fe-Co d,10 spacings follow the same pat- X, is enhanced. K, =560 A m'- for a multilayer with 12 nm
tern as Ag dill as tAg varies. The HiSat5O d1j0 strain rises to Permendur24 layers and 2 nm Ag layers, compared with 4.6
+0.3% as tAg increases; similarly, the Permendur24 di1j kA m-1 for a 2X600 n plain film. The highest X, value
strain rises to +1.1%. Please note that although these strains observed is 45±3 ppm an increase of about 60% over the
are perpendicular to the film plane, it does not follow that the bulk value, for the multilayer 2X40 (10 nm Permendur24/10
in-plane strains are necessarily of opposite sign. 8  n Ag). A similar value is found for 2X50(10 nm

We have already reported some results on HiSat5O/2 n Permendur24/2 nm Ag), which has low H,. The differences
Ag multilayers.' Here we add XS data obtained SMFMR in behavior between the Ag and Cu series may result from
measurements (Fig. 1), which confirm the validity of the
SAMR technique for such samples. Enhancement of XS is108
observed for multilayers with thicker tffisal~o and t~g -2 nm;108
83 ppm is the highest seen, compared with 53 ppm for bulk.5

A significant reduction of H, is seen for all the multilayers, 80 6
compared to that of a plain 600 nm HiSat5O sputtered film.' :
HC =450 A m t is observed for a multilayer containing 12 60 I 60
nmn HiSat5O layers and 2 nmn Ag layers (this is also the most .. ,I

magnetostrictive sample) compared to 6.9 kA m- for the .40>

plain HiSat5O film. H, values for plain alloy films giver here X
aunderestimates, since these films were not saturated in 20

are •20

the field available in the dc magnetometer. The values given
are those for which M =0 on reducing the applied field from0 0
Hmax0 2 2 kA mI. 0 2 4 6 8 1 0

0 0 1 2 4 6 8 10 1

H and for HiSat5 0/2 n Cu multilayers are presentedt rim
in Fig. 2. The softening effect of interlayers is again seen g/tm
with simiaurlytow cagnercivitie obtinagultoughthe tren. i FIG. 3. Saturation magnetostnction and coercivity of HiSat5O/Ag multilay-

opposite to that seen in the HiSat5o/2 nm Ag multilayers ers with fixed hSat5 b thickness (tins eio=s12 nm). Xarg,. Open sym-
(i.e., for Cu interlayers, thinner HiSat5 layers, with smaller bols: bulk alloy X, (Ref. 5) and Hi.
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V 70 5atom than Cu (Ag ao=0.41 nm, Cu a=0.36 nm) Cu has a
60larger Young's modulus (Ecu= 118 GPa, EAg=76 GPa)9 so it

4 strains less readily, forcing the alloy layer to strain more. The
Sso data we have do not permit a comparison of the roughness of

E 403 the interfaces in the two systems, although we can state that
2L neither is smooth. It appears that lattice strain is not the

mechanism for enhancing X,; work is in progress regarding30 2 3

- magnetization orientation effects.
20

IV. SUMMARY

Both Ag and Cu interlayers of various thicknesses re-
010 12 14 06 duce the coercivity of Fe-Co alloy sputtered films by up to an

order of magnitude. In certain cases, X, is enhanced by
nearly 60% over the value expected for bulk polycrystalline
alloys of similar compositions. Some X, results taken by

FIG. 4. Saturation magnetostriction and coercivity of Permendur24/Ag mul- SAMR have been independently confirmed by SMFMR.
tilayers. t=2 nm. 0 X,, U H,, 0 bulk polycrystalline alloy X, (Ref. 5).
Plain alloy film H,=4.6 kA m- 1.  Greater effects are seen in multilayers containing Ag inter-

layers than in those containing Cu interlayers; this difference
is tentatively attributed to the difference in wetting of Ag and

the different wetting characteristics of Cu and Ag on Fe and Cu on Fe and Co. It has been demonstrated that multilayers
Co. The crystallographic strain perpendicular to the film can be deposited which are simultaneously magnetically soft
plane in multilayers of HiSat5O/2 nm Cu is slightly greater and highly magnetostrictive, a characteristic desirable in sen-
than in HiSat5O/2 nm Ag multilayers. Although Ag is a larger sor and transducer applications.
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Stabilization of the hexagonal close-packed phase of cobalt
at high temperature
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The structure of thin cobalt films sputtered on a rhenium buffer was analyzed from room
temperature to 963 K, using the perturbed angular correlation technique with the ...In/1..Cd probe.
The hyperfine field corresponding to the fcc phase, which is the stable one above 704 K, is never
observed, and the measured hyperfine field follows closely a theoretical prediction for the hcp phase.
This is a consequence of the good match between the cobalt and the Re hcp lattices that leads to the
stabilization of the hcp phase up to 963 K.

I. INTRODUCTION apparatus (Alcatel SCM 540). The pressure in the target
As the structure of magnetic thin films and superlattices chamber before the introduction of argon was 5 X 10-8 Torr.

(SLs) determines their magnetic properties, it becomes im- Co was deposited by rf magnetron sputtering at 5 mTorr and

portant to control it on a microscopic level, leading to the Re was deposited by dc magnetron sputtering at 2.5 mToir.
tailoring of materials with prespecified properties. Cobalt is The deposition rates were 0.04 and 0.1 nmls, respectively.
one of the elements more frequently used in magnetic SLs. Film thickness was monitored in situ by the vibrating quartz
While its stable phase has a hcp structure below 704 K, crystal method, and checked with Rutherford backscattering
above that temperature a phase transition to fcc is observed.' (RBS) analysis. 6 The Co layers were 22, 34, and 40 nm thick
Total-energy band structure calculations at 0 K predict cor- for the films studied in this work. The Re buffer layer was 30
rectly the hcp phase as the stable one,2 with the fcc and bcc nm thick in all cases.
phases slightly higher in energy. The small energy differ- The Re buffer is highly structured with the c axis normal
ences suggest however the possibility of occurrence of the to the film surface, and the same orientation is observed by
fcc and bcc metastable phases, even at room temperature. x-ray diffraction and cross-sectional high resolution trans-
The bcc phase was first obtained3 by epitaxial growth of Co mission electron microscopy for the Co films. 7'8 This is a
on (110) GaAs, and later4 by epitaxial growth on (100) Fe. consequence of the good lattice match between the Co and
The fcc structure is generally presented in samples submitted Re hcp structures, where A(cla)=0.5%.
to mechanical or thermal treatments.1 Although the mecha- The 1"Cd probe atom has been introduced in the films
nism of the phase transition at 704 K is well known5 and by implantation with 80 keV energy of the "'In parent iso-
explained as corresponding to the slip of planes normal to tope to doses of about 1013 at./cm 2. The implantation range
the (000 1) hcp and (111) fcc axes, its cause is still not yet and width are 16 and 6 nm, respectively, so the probe is
understood. Temperature-dependent calculations of the total confined to the Co layers. The PAC technique measures the
energy should be able to determine whether an energy cross- Larmor nuclear spin precession frequency induced by the
over between the hcp and fcc phases exists. magnetic HFF at the probe site. The Larmor frequency is

In this work, the 704 K phase transition in Co thin films observed in the oscillating anisotropy amplitude of the coin-
grown on a hcp rhenium buffer is investigated. Re was cho- cidence spectra of the 173-247 keV y-y cascade of reCd.
sen due to the small mismatch A(cla)=0.5% relative to the This is done by measuring the number of coincidences as a
Co hcp lattice. Measurements were carried out at tempera- function of time, N(O,t), using four detectors in the same
tures up to 963 K, using the perturbed angular correlation plane at 900 angles, and calculating the usual anisot-
(PAC) hyperfine interactions technique, based on the obser- ropy function R(t)=2.[N(180,t)-N(90,t)]I[N(180',t)
vation of the spin rotation of a"Cd probe implanted in the +2.N(90 0,t)]. For a pure magnetic interaction, the R(t)
film. Since the magnetic hyperfine fields (HFFs) are well function is a sum of cosines with the Larmor frequency
known for both Co phases, the method is very sensitive for w)L=-iABIh and its 2(OL harmonic, where B is the local
following the phase transition in a microscopic way. field at the "'Cd probe and A the magnetic moment of the

I=5/2 intermediate state of the cascade. The known weak
electric field gradient of the hcp Co lattice leads to a small1I. EXPERIMENTAL DETAILS damping of the spectra, 9 and was taken into account in the

Co thin films on a Re buffer grown on glass and silicon calculations. In this way the experimental data have beensubstrates were produced with a modified argon sputtering fitted with a theoretical function using CoL and the percentage
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FIG. 1. PAC time spectra and corresponding Fourier transforms for one of
the films.

temperature dependence of the frequency was also the same
in the three films, so the results obtained will be treated as a

of probe nuclei with a particular hyperfine interaction as ad- single experiment.

justable parameters. The magnetic frequencies obtained fol- RBS experiments were done using a 1.6 MeV He + beam
detected by a 15 keV energy resolution detector located at

lowing this analysis are also observed in the Fourier spectra, 1 tte incidenerire tion n tecor lomery.

where the linewidth is broadened due to the quadrupole split- 160' with the incidence direction in the Cornell geometry.

ting.
Two setups were used, one with NaI(T1), and the other

with BaF 2 detectors. The time resolution of 2.3 ns for IlI RESULTS
NaI(Tl) and 0.7 ns for BaF 2 allows the observation of the In Fig. 1 the spin rotation curves and their corresponding
precession frequencies, with a 1% error mainly due to the Fourier transforms are shown for one of the films, measured
error in the time calibration. The measurements have been with the BaF2 detectors setup at different temperatures. The
performed as a function of temperature under 10-6 Torr pres- normal to the plane of the film was in the detector plane, at
sure. The maximum temperatures reached for each of the 450 with two of the detectors. The field orientation is clearly
films were, respectively, 963, 759, and 773 K. In each of the reflected in the relative amplitudes of the toL and 2 (OL fre-
films several runs were done starting at room temperature. quencies. It is in the plane of the film, as already seen in
The frequencies obtained for the same temperature in differ- Co/Re multilayers. 10 Separate experiments were done at
ent runs were the same within experimental errors, and the room temperature with the film in different positions, leading

to different WoL and 2 0.L amplitudes, confirming that orienta-
tion of the HFF. In Co single crystals the HFF is along the c

30W axis at room temperature, and turns slowly to the basal plane
before anniealing Re after annealing Re between 500 and 600 K.9 This reorientation of the magnetic

2000 Vs .  t c-r - 1 imoments does not occur in these thin films, due to the de-
L 2 magnetizing field.

1000 The clearly separated satellites observed at the left of the
co co oL and 2 &)L peaks correspond to a well-known stacking fault

0 defect. 1t1 2 This defect is due to the sputtering process and

100 2200 '300 1400 1100 1200 1300 1400 does not interfere with the determination of 60 L. Its fraction is
Energy I keVi Energy lkcVl maximum at room temperature, and decreases with anneal-

o before annealing after annealing ing.

-At temperatures higher then 800 K, new frequency com-
6R ponents (not shown) are seen in the Fourier spectra. How-

0 40 ever, the "'CdCo peaks are still clearly defined. RBS studies
20 of the 22 nm Co film were done as function of annealing
0 -- temperature. Below 823 K no change could be observed. The

0 20 40 60 80 2oo 0 20 40 60 go to0 RBS spectra taken before and after 1 h annealing at 923 K
depth in1 depth Inm are shown in Fig. 2, together with the derived depth profiles,

FIG. 2. RBS spectra and derived depth profiles of a St/Re 30 nm/Co 22 nm showing clearly that diffusion occurred between the Co and
film taken before and after 1 h annealing at 923 K. Re layers. Therefore, the new frequency components are
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T (K) fit to the data above 625 K assuming an Arrhenius law. The
900 700 50 300 extrapolation of the fit to a 1.0 normalized fraction of probe

nuclei in substitutional positions in a pure Co environment
yields T(f= 1.0)= 655 K. This is 150 K below the occur-

1o rence of mixing between the Co and Re layers, so the de-
crease observed must be related to diffusion of the probes out
of the Co layer.

0

V. CONCLUSIONS
'4-4

0 00 0 film 1 The hcp structure of Co was retained above the fcc phase
rU 0.1 o o o film 2 transition temperature and up to 963 K, as a metastable
P4 A film 3 phase, by growing thin Co films on Re substrates. No fcc
Q 2 . ... phase was observed, and the temperature dependence of the

1/k 'T (eV-  ' hyperfine field at the Cd site in the Co films above the usual
phase transition temperature of 704 K follows closely a theo-
retical prediction for the hcp field.

FIG. 4. Temperature dependence of the fraction of probes feeling a well-
defined hyperfine field, normalized to the room temperature value.
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Observation and computer simulation of static magnetization process

in soft magnetic thin film
Zhigang Wang, Ikuya Tagawa, and Yoshihisa Nakamura
Research Institute of Electrical Communication, Tohoku University, Sendai 980-77, Japan

We have developed a new numerical micromagnetic simulator based on the curling particle
assembly model and the finite element method which describes the static magnetization process in
soft magnetic films successfully, and which exhibits many details of that process. Compared to
conventional numerical treatment of the magnetic structure in soft magnetic films, e.g., the Landau-
Lifshits-Gilbert equation method, atly proposed Monte Carlo method, our approach has the
following advantages: high calcula 31 speed, arbitrary meshing size, and good agreement with
experiment.

I. INTRODUCTION longitudinal direction is about 10 Oe, and is much smaller
than the value of 50 Oe determined for Hs along the trans-

Studying the static magnetization process in soft mag-

netic thin film is of interest for domain-control technology. verse direction.

As a conventional analytic method, the Landau-Lifshits-
Gilbert (LLG) equation method has been well used.1 2 Re- Ill. DESCRIPTION OF SIMULATOR
cently a Monte Carlo method was proposed 3 which uses ran-
dom numbers to calculate an approximate result for eventual The flow chart of our simulator is shown in Fig. 2. A soft
phenomena such as unknown magnetization distribution in magnetic film is divided into an array of it X m square cells,
soft magnetic films. where each cell is assumed to be an assembly of a certain

In this article a new numerical micromagnetic simulator number of magnetic particles. The angle of the magnetiza-
based on the curling particle assembly model4 and the finite tion in each particle is chosen such that it minimizes the
element method (FEM) is developed. Compared to the other energy function which covers the exchange, anisotropy, de-
methods, our approach has the following advantages: high magnetizing, and external field terms according to the curl-
calculation speed, arbitrary meshing size, and good agree- ing model. The magnitude and direction of the magnetization
ment with experiment. (magnetization vector) of each cell is determined by comput-

Magnetic structures of rectangularly striped permalloy ing the arithmetic mean of those of all particles in that cell.
film, which can be typically used for magnetoresistive head, The magnetic properties of each particle are determined by
are modeled. The easy magnetic axis is aligned in the trans- forcing the calculated hysteresis curve, with the aid of our
verse direction. At the beginning, the spontaneous subdo- hysteresis curve simulator,4 to resemble the measured curve
main configuration for a stripe of a given length/width ratio in shape. The parameters to be adjusted for the curling model
is simulated by determining the minimum free energy. The are shown in Table I. The adjusted parameters are as follows:
static magnetization process due to a slowly changing exter-
nal field is then simulated. The above simulation results are
generally in agreement with Bitter pattern experiments.

II. OBSERVATION el(0 0e) a2(5 0e) a3(1S 0e) a4(50 0e)
The sample for the Bitter pattern experiment is a rectan- -)a4

gular NisoFe2o film (thickness=lO0 nm, width=lO Arm)formed by rf sputtering, photolithography, and ion-etching

process. An anisotropic field Hk=4.2 Oe is induced along o )

the width direction by applying a field of 15.5 Oe in the same bI (0 0e) b2(5 0e) W3(15 0e) W4(50 0e)

direction while sputtering. The samples were coated by a thin
magnetic colloidal solution and the domains were observed -4>lIl
under an optic microscope.

The static magnetization process for a stripe with the cl(O Oe) c2(3 Oe) c3( 7 Oe) c4(10 Oe)
length/width ratio of 2:1 is shown in Fig. 1. Based on the

equilibrium ground state of the closure domain pattern, auniform external field H is applied along the transverse and I

longitudinal directions. The common rule is that those do-
mains with magnetizations parallel to H grow whereas those dI(0 Oe) d2(3 Oe) d3( 7 Oe) d4(10 Oe)
domains with magnetizations antiparallel to H shrink and
therefore magnetic walls move. Eventually a single domain
state is achieved at a field H1. We find that H, along the FIG 1. The Bitter pattern experiment
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Stp length/width ratio

Set interaction factor, f
It =;'VxM

Modify magnetization current,
j,= 2 r arctan( 6/D) I7 X

Calculate potential, A, from 2:1
Vx( A- ,jo-' VA) = jm + J0 L

B :WAH = ,u'-( IF - M ) -- : ::: l

Calculate magnetization, M, by " ....
the curling particle assembly model

An iteration method,
M = M,-_ + k ( M - M,. ) FIG. 3. The spontaneous subdomain configuration.

Converged? 
N

Yes It is taken for granted to assume a mean field interaction5

Stop between particles for permalloy. The mean magnetic field is
assumed to be proportional to the intensity of the mean mag-
netization in the surroundings of the particle. For simplicity,
we take the mean field as HIncan=aB/llo, where B is the
magnetic flux density and a is a constant. The effective field
in a soft magnetic film is then expressed asthe curling model parameter S=(1. 08~k/IH3l 2 = 3.37,

M,= 700 emu/cc,H,=0.4 Oe, ocIHc = 0.1, Hk= 4 .2 Oe, He H + meaf=H+ aB/I.O= (1 + a)H + aM/ io.

'Hk/Hk = 0.1, ro- 10 deg. (1)

In general two-dimension model the thickness of the film Here H is the magnetostatic field which consists of the ex-
is assumed as large enough. To realize the quasi-three- ternally applied field and the demagnetizing field. The equa-
dimension (FEM) simulation of very thin film, we have to tion expressing the relationship between the flux density B
correct the demagnetizing field by a factor (2/1r)arctan(6/D), and the field H then results in
where 6 and D are the thickness and width of the film, re- B = AOHeff+ M = (1 + a)(oH + M) = 3(AOH+M),
spectively. This is because the demagnetizing factor of a long (2)
stripe thin film with the thickness 8 and the width D is ap- where /3=1+ a which represents the interparticle mean field
propriately (2/r)arctan(3/D) in the transverse direction. In interaction. Applying Ampere's law V X H =j, the essential
FEM program, however, we cannot separate the demagnetiz- equation of FEM becomes
ing field from the total field, so that we modified the magne-
tization current jm instead of the demagnetizing field, as V (X- VXA)io~Jrn' (3)
shown in Fig. 2.

TABLE 1. The adjusted parameters for the curling model. i'" ,, ,. 
,  

-._

Magnetic Distribution Parameters to 10 0"' 12 1 -,
property function be adjusted [- i-- - -

Curling model S T ', - - _"

parameter b. WI WO 6 W , A 41 1

Saturation M, N N"-- '',
magnetization < ! , /

Coercive Gauss Average H,, standard
field distribution deviation o'tc iH

Anisotropic Gauss Average Hk, standard ' ,'\- -
'  

--

field distribution deviation oT/Hk -.-

Direction Gauss Average 0, standard
distribution distribution deviation o
of easy axis

FIG. 4. The simulated static magnetization process.
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where A (B = V XA) is the vector potential. The solved mag- and finally disappear completely in the Bitter pattern experi-
netization M in every cell is converted into an equivalent ment. It is because of the large-angle rotation of the moments
magnetization current by j A0 '(V x M) and the substi- in the main domain, as shown in Fig. 4(c3) and Fig. 4(d3). In
tuted into the magnetization current term jm in Eq. (3). This other words, from this simulation we can observe clearly the

procedure is repeated until the final equilibrium state is two major magnetization mechanisms: wall displacement
reached. and magnetization rotation.

IV. SIMULATED RESULTS V. CONCLUSION

By making use of the above micromagnetic model, the Attempts to simulate the static magnetization process in
spontaneous states of the well-known closure domain pattern soft magnetic film using the particle assembly model yield
are given in Fig. 3 for various length/width ratios. For coin- good agreement with experiment. In the future it may be
parison, the corresponding Bitter patterns are also shown in interesting to find a direct microscopic evidence in physical
the same figure. structure.

Then the static magnetization process due to a slowly
changing field is simulated. The uniform external field H is 'T. L. Gilbert, Phys. Rev. 100, 1243 (1955).
induced by a pair of Helmholtz coils. Figure 4 is a example 2z. Guo and E. D. Torre, Di;ests of INTERMAG'93, AC-06, Stockholm,
for a 2:1 stripe which demonstrates good agreement with the Sweden, 1993.
Bitter pattern experiment in Fig. 1. Further, this simulation 3K. Tan, I. Tagawa, and Y. Nakamura, Proceeding of the 1994 IEICE An-

nual Conference, C-496, Keioh University, April 1994 (unpublished).
can explain the phenomenon that the walls of the main do- 4 Y. Nakamura and I. Tagawa, IEEE Trans. Mag. MAG-25, 4159 (1989).
main become less well defined in Fig. 1(c3) and Fig. l(d3) 51. Tagawa and Y. Nakamura, IEEE Trans. Magn. MAG-29, 3981 (1993).
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Magnetic and structural properties of Fe-FeO bilayers
X. Lin, A. S. Murthy, and G. C. Hadjipanayis
Department of Physics & Astronomy, University of Delaware, Newark, Delaware 19716

C. Swann
Bartol Research Institute, Newark, Delaware 19716

S. I. Shah
Dupont Experimental Station, Wilmington, Delaware 19808

The structural and magnetic properties of sputtered Fe/Fe-O films were studied by x-ray
photoelectron spectroscopy (XPS), Rutherford backscattering spectroscopy, transmission electron
microscopy, and superconducting quantum interference device. XPS studies showed the presence of
FeO and Fe20 3 on the surface of as-made samples. Microstructure studies showed a uniform
nanostructure with the grain size in the range of 50-150 A with smaller grains corresponding to
thinner films. The coercivity at 10 K was found to increase substantially with decreasing film
thickness below 60 A. A high H, (2.7 kOe) was observed in samples with a thickness about 20 A.
Magnetization curves showed a planar anisotropy with a shifted hysteresis loop characteristic of an
exchange anisotropy between the Fe and Fe-O coating. The coercivity was found to drop steeply
with increasing temperature. This may be attributed to the superparamagnetic behavior of the Fe-O
surface layer.

I. INTRODUCTION study the structural and microstructural properties of the
film. The thickness of the films was between 20 and 200 A.
Soon after the film was made, a small amount of ambient air

been extensively investigated because of their unusual mag- was introduced into the system to passivate the surface of Fe
netic properties and potential application in high density re- films under three different pressures (335, 735 and 1070
cording media. 1-5 In these studies, iron oxide thin films were mTorr) foer 2 h at the ambient room temperature (we use the

prepared by a variety of methods, including reactive rf sput- me pas2ivat ti a in Fepare The asmade

tering from iron targets in a mixed 02 and Ar atmosphere, same passivation conditions as in Fe particles). The as-made

The structural and magnetic properties of the films were samples were protected by depositing a 100 A Ag coating

found to strongly depend on the oxygen flow rate, the sub- layer on top of the bilayers.

strate temperature and the thickness of the film. Different The Fe-Fe oxide bilayer thickness was measured by Ru-

iron oxides (FeO, Fe30 4, a-Fe2 3 , and y-Fe20 3) were found therford backscattering spectroscopy (RBS) and the surface

in films with thickness in the range from several hundred to composition and depth profile were studied by x-ray photo-

several thousand angs!roms. electron spectroscopy (XPS). The crystal structure of bilay-

Very few studies have been conducted on iron-iron oxide ers was determined from selected area electron diffraction

systems. 6-8 Schneider et al.7 found a high coercivity in (SAD) data and the microstructure was studied using a JEOL

Fe-FeO 3 annealed at 200 *C. However, Ruf and Gambino 8  JEM-2000 FX transmission electron microscope (TEM). The

observed a strong exchange anisotropy in sputtered Fe-FeO magnetic properties were studied using a superconducting

layered films instead of a high coercivity. Recent studies on quantum interference device (SQUID) magnetometer.

Fe-Fe oxide fine particles showed a high coercivity and ex-
change anisotropy at low temperatures consistent with a III. RESULTS AND DISCUSSION
core-shell particle morphology.9

In this study we extended the studies on Fe-Fe oxide Figure 1 shows two bright field micrographs and a se-
particles to bilayer films made by dc magnetron sputtering. lected area diffraction pattern of a 112 A sample sputtered at
Iron oxide was formed by direct oxidation of the surface of 1.0 A/s and oxidized at 1.07 Torr air. A uniform and continu-
the as-made Fe film. ous distribution of grains could be seen from the bright field

pictures. The grain size determined by the line intercept
method was observed to increase from 50 to 150 A as the

II. EXPERIM ENTAL PROCEDURE thickness of the samples increased from 20 to 200 A. For
A dc planar magnetron sputtering system was used to films with the same thickness but with different sputtering

prepare the Fe-Fe oxide bilayers. The sputtering target used rates and oxidation pressures, the grain size was found not to
was a 99.9% Fe disk 2 in. in diameter and 0.053 in. in thick- vary significantly. From selected area electron diffraction
tes,. The distance between the target and the water cooled patterns, bcc a-Fe and fcc Ag were recognized. The apparent
substrate holder was 13.5 cm. The sputtering chamber was absence of reflections from the oxide layer in the diffraction
initially pumped down to 7 X 10-8 Torr by a crypopump and pattern is probably due to the very small grain size and the
then the Fe film was deposited onto a kapton substrate by small thickness of the oxide layer.
sputtering in a 5 mTorr At atmosphere. Aluminum and Figure 2 shows a typical XPS spectrum of an Fe-Fe ox-
carbon-coated copper Rrids were also used as substrates to ide sample. The asymmetric broadening of the higher energy
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i FIG. 3. Hystcresis loops of an Fe-Fe oxide sample at 10 and 300 K.

edge of the metallic Fe peak was deconvoluted to determinethe type and amount of Fe oxides present. After argon etch-

~ ing for about 40 A , the peak due to Fe became stronger,
indicating that the oxides were on the surface of the Fe film.
Figure 3 shows typical hysteresis loops for an Fe-Fe oxide

sample at 10 and 300 K. The shifted loop (shift by about 120
Oe) indicates the presence of exchange anisotropy at the in-
terface of a-Fe and Fe-O phases. The loop shift was found to
be smaller in thicker films.

(b) Magnetization studies perpendicular and parallel to the
film plane showed an anisotrop ' in the film plane in a sample
of thickness of 112 A, which had been sputtered at 1.0 A/s
and passivated at 1.07 Torr (Fig. 4). The lack of perpendicu-
lar anisotropy is consistent with previous studies' 0 which
showed that oxygen contamination reduces the uniaxial sur-
face anisotropy in Fe films having a thickness of several
monolayers. With the increasing thickness, the surface an-
isotropy energy is further reduced and the easy axis becomes
planar.

The coercivity of Fe-Fe oxide bilayers was found to de-
pend strongly on both the total film thickness and tempera-

(C) ture. H c showed a large increase in samples with thickness
below 60 A reaching a value about 2.7 kOe in a 20 A thick

FIG. 1. Bright field micrographs of two samples sputtered at 1.0 A/s and film (Fig. 5). In samples with a larger thickness, the coerciv-
oxidized at 1.07 Torr. (a) 56 A and (b) 112 A thick, (c) SAD pattern of ity was almost a constant, -250 Oe. The thickness depen-
sample in (b).
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0 012

FeO, FeO 0.0
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0004 Tludkns-l 12 A
• . . R-1I 0 A/s

" ",0e002 OP-107 Tof

0 ~ 10000

Binding Energy (ev) H (Oe)

FIG. 2. XPS spectrum of dn Fe-Fe oxide bilayer sample with thickness of FIG. 4. Magnetization Lurves parallel and perpendicular to the film plane in
80 A. an Fe-Fe oxide sample.
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FIG. 5. Thickness dependence of H, in Fe-Fe oxide bilayers. T(K)

FIG. 7. Magnetization as a function of temperature of an Fe-Fe oxide

dence of H, may be influenced by both the grain size and the sample at an applied field of 500 Oe. (ZFC: zero field cooled; FC: field

amount of iron oxide in the sample. The grain size is larger cooled.)

in thicker films and this may lead to a multidomain structure
with a reduced coercivity. However, the grain size is well IV. CONCLUSIONS
below the single domain size of iron particles (200 A) even
in the 200 A thick sample, and therefore the size does not Fe-Fe oxide bilayers were made by dc magnetron sput-
play a significant role here. On the other hand the relative tering method. The oxide layer was formed by passivatingamou t o ir n oxde res nt n th bi ayes is muc hi her the surface of Fe film. The thin film was observed to have a
amount of iron oxide present in the bilayers is much higher uniform distribution of grains and the grain size increased
in thinner films leading to a stronger effective exchange cou- with the increasing thickness from 20 to 200 A. A high co-
ping between the iron and iron-oxide layers and therefore a ercivity (2.7 kOe) was observed in a sample of 20 A, depos-fact that the coercivity of films with less oxidation is lower. ited at 1.0 A/s and passivated at 1.07 Torr air. A displacedThe quantitative aspect of this interaction remains to be fur- hysteresis loop was observed in samples indicating a strongtiler intitated, anisotropy at the iron-iron oxide interface. The coercivityThe investigated. was found to decrease substantially when the film thickness

The coercivity decreases substantially with increasing increased above 60 A and the temperature increased above
temperature, as shown in Fig. 6. At room temperature, the 100 K. The latter behavior was attributed to the superpara-
coercivity is small but at lower temperature it increases sub- mantcbhvoofheF-caigwihmgtcnststantially. This behavior may be caused by the magnetic be- magnetic behavior of the Fe-O coating which might consist

of very fine grains that had a blocking temperature around
havior of the Fe-O coating which may become superpara- 100 K.
magnetic at temperatures above 100 K. This is further
supported by the thermomagnetic data (Fig. 7) which show a ACKNOWLEDGMENT
magnetic transition below room temperature possibly associ-
ated with the blocking temperature of Fe-O. This work was supported by NSF DMR-9307676.
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Ferromagnetic-ferromagnetic tunneling and the spin filter effect
R LeClair a) J. S. Moodera, and R. Meservey
Francis Bitter National Magnet Laboratory, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139

Tunneling characteristics of a ferromagnetic-antiferromagnetic-ferromagnetic (FM-AFM-FM) thin
film tunnel junction were studied in high magnetic fields with a view to investigate magnetic
coupling by the tunneling process. Gd20 3, a stable oxide which undergoes antiferromagnetic
ordering below about 3.9 K, was chosen as the tunnel barrier between the ferromagnetic electrodes
Gd and permalloy. Tunnel characteristics showed as much as 32% decrease in junction resistance in
an applied field of 20 T, below 4.2 K. The resistance behavior as a function of H can be explained
by two different effects: firstly, the change in tunnel conductance due to change in the relative
magnetization of the two FM electrodes in low H; secondly, the spin filter effect in high fields, due
to the exchange splitting of the Gd20 3 conduction band.

I. INTRODUCTION on the junction resistance is observed upon the application of
a magnetic field. The present experiments show that the latter

In the past few years, there have been many investiga- effect is related to the spin filter effect, similar to that ob-
tions with multilayer magnetic thin films. For example, if served by Moodera et al.9 Nowak and Rauluszkiewicz have
two magnetic films are separated by a thin nonmagnetic recently reported excellent domain structure study in the tun-
layer, then the current flowing in such a trilayer depends on nel junction area and about 2.5%-7.7% change in tunneling
the relative magnetization direction of the magnetic film.I resistance for Gd/GdOjFe junction in a field of -80 Oe
This is the case whether the current flow is by the tunneling which they partially attribute to the spin filter effect. 1° How-
process or in plane through the entire length of the trilayer. ever, the exchange splitting due to the applied field, 2tH, in
Several trilayer systems in non-tunneling work (generally, their case is only -7 pteV and is too small compared to the
with a metallic film interlayer) have shown the characteris- reported barrier height of 0.276 eV to effectively show sig-
tics needed to fabricate field-activated devices.' When tun- nificant spin filter effect.
neling occurs between two ferromagnets, interesting effects
can be expected if it is assumed that spin is conserved in the 11. EXPERIMENT
tunneling process.2 Having two ferromagnetic electrodes
with different coercive fields, one can expect the tunnel con- Thin film junctions of Gd/Gd 2O3/NiFe were prepared on
ductance to be dependent on the relative magnetization of the LN2 cooled glass substrates by vacuum evaporation. Metal
two electrodes. 3- 7 When the two electrodes are aligned par- masks were used to obtain the tunnel junction cross pattern.
allel, a maximum in conductance is expected; the opposite is Initially, 40 nm cross strips of Gd were deposited. The
true for an antiparallel arrangement. The effects of FM-I-FM Gd20 3 barrier was then created by oxygen glow discharge of
tunneling and the change in the relative magnetization direc- the Gd film surface. NiFe long strips of 18 nm were then
tion have been observed to bring up to 2%-3% change in deposited. The preparation process was entirely in situ. Two
junction resistance. 4,6 A simple model4 gives the change in out of the 72 junctions were selected to be mounted on a
tunnel conductance due to the change in the relative magne- probe to measure the resistance as a function of magnetic
tization directions equal to 2PIP2 , where P1 and P 2 are the field and temperature down to liquid helium temperatures.
conduction band spin polarizations of the electrodes. For ex- The magnetic field was applied parallel to the junction plane.
ample, taking P 1=34% for Gd and P 2=30% for NiFe, one Two kinds of measurements were done: Rj was measured as
expects a change of 20% in the tunnel conductance. How- a function of applied field up to 20 T; second, I- V character-
ever, the observed change for various combinations of FM istics were plotted at H =0 and H = 20 T up to 300 mV bias
electrodes and barriers is far less than the expected value across the junction. The four terminal resistance measure-
based on the simple model. Earlier, using a NiOx barrier in ment was used to avoid contact and lead resistance.
FM-FM tunneling showed limited success.4 6 This deviation
can be partially accounted for by impurities in the tunnel Ill. RESULTS AND DISCUSSION
barrier, magnetic domain walls, and insufficient field to align Tunnel unction resistance was observed to increase as
the electrodes fully.6 Recent theoretical studies have also in- temperature tdec re as oserved tingr nature

efet7 Tepeetwrisaottetuy temperature decreased, showing the semiconducting naturedicated a small effect. The present work is about the study of the Gd 20 3 tunnel barrier. At temperatures 4.2 K and be-
of an antiferromagnetic layer intervening two ferromagnetic low, a significant drop in junction resistance was seen with
layers, with a view to investigate magnetic coupl;ng by the applied magnetic field. Figure 1 shows the variation of tun-
tunneling process. Gd 20 3 , a stable oxide which undergoes nel junction resistance as a function of magnetic field, taken
antiferromagnetic ordering below -3.9 K,8 was chosen for at 1.1 K for a representative sample. As seen in Fig. 1, junc-
this study. In Gd/Gd20/NiFe tunnel junctions, a large effect tion resistance showed a sharp initial decrease of -6%, in

low fields, region A(A'), followed by a slight increase in
')Present address- Phillips Academy, Andover, MA 01810. region B(B') where it nearly regains its original value. Some
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current-voltage characteristic of a tunnel junction has been
theoretically derived by Simmons," based on a trapezoidal

B' o B tunnel barrier. The tunnel current density is given approxi-

0 * a.*o . mately by

."""J=Jo - exp -A .- V '- 0+
0.9 C, • A' A 2 2

0.8 Xexp( A(+) 2]} (1)

where Jo=(eZ/21rh)s 2 and A =(4rs/h)(2m, 12, with s
0.7 being the barrier thickness, and 4i is the barrier height. By

fitting the J-V curves to Eq. (1), tunnel barrier height (qS)
-10 5 0 5 to was obtained for H=O and H=20 T separately. This fit is

H (Tesla) also shown in Fig. 2. The barrier thickness (s) was found to
be 3.05 nm. In H=0, the mean barrier height was 0.4105 eV,
while at H=20 T it was found to be 0.4006 eV. Thus the

FIG. 1. Tunnel junction resistance variation with magnetic field. Data taken
at T=I.1 K. mean barrier height decreased by 9.9 meV in 20 T field.

Rj variation seen in Fig. 1 may now be explained as
follows. At low H, the -6% decrease in Rj(A,A') can be

other junctions aid not show this rise after the first decrease due to ferromagnetic-ferromagnetic tunneling with the rela-
in resistanc'., In higher H, a more gradual and greater change tive magnetization of the electrodes changing from antipar-
in RJ is seen, and by H=10 T, the change is -20% [region allel to parallel direction. Region 0 represents the antiparal-
C(C')]. As seen in Fig. 1, Rj variation is not simple and lel alignment. This change is still quite low when compared
straightforward. However, invoking the phenomena of tun- to the expected 20% change4 as discussed above, but the
neling conductance dependence on the relative magnetiza- values in this region are quite similar to those observed by
tion directions of the two electrodes and the spin filter model, others.3 7 The effects due to the relative magnetization direc-
one can try to explain the general trend of the data. Although tion dominate at low H. The increase in region B(B') is not
not shown in Fig. 1, Rj vs H was measured up to 20 T, fully understood at this time; for example, exchange anisot-
where Rj decreased by -32%. The magnetoresistance of the ropy at the AFM-FM interface may be at least partially re-
electrodes alone was measured and found to have a negli- sponsible.
gible contribution to the junction resistance change. In high fields, the change in junction resistance is more

The I-V characteristics of the junctions were measured gradual and greater as well. Simmons' tunneling theory
in H=0 and H=20 T at various temperatures. Data reported shows that a decrease in Rj is possible when 0 or s is de-
here is for T=1.1 K; data at 4.2 K or less showed qualita- creased. In the present case, the change cannot be due to a
tively similar behavior, while at higher temperatures Rj var- decreasing barrier thickness, since s is Gd20 3 thickness,
ied only a few percent. Shown in Fig. 2 is current density (J) which is fixed. Such behavior was observed recently by
versus voltage at 1.1 K, in H=0 and H=20 T. The J-V Moodera et al.9 in tunnel junctions with antiferromagnetic
curves are typical of junctions with good barriers. The EuSe barriers. There, the variation of the barrier height was

o Zero
12 0 Field

Low
o Field

4

Higrh
Field

0 05 10o 15 20 25 _
V (Volts)____ ____

FIG 2 J-V characteristics taken at 1.1 K in H=O and 20 T (10 and 0, FIG. 3 Schematic of conduction band exchange splitting of the antiferro-
respectively) applied field. Solid line is the fit to Simmons' theory (Eq. (1)]. magnetic Gd2O3 tunnel barrier and the spin filter effect.
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attributed to the AFM to FM phase change in EuSe in an P=(JT-J)/(J+Ji),9 which gave values of 17%-23%.
applied H, leading to exchange splitting in EuSe and result- This does not take into account spin scattering or other ef-
ing in an energy separation of spin up and spin down bands fects.
(see Fig. 3). Since Gd20 3 is antiferromagnetic, applying a IV.
strong magnetic field can be expected to drive it towards a SUMMARY

ferromagnetic phase. The magnetic moment of the Gd3+ ion, In conclusion, FM-FM tunneling has been studied. The
7.8/Ib ,12 is conductive to such a phase change. The exchange present work shows that the junction resistance variation
splitting (2A) in a field is given by the Zeeraan energy, 2 AH, with H of the Gd/Gd20]NiFe tunnel structure can be ex-
where is the magnetic moment of Gd3+ ions in Gd20 3. plained by two distinct effects; namely, FM-FM tunneling
The exchange splitting value is for the splitting of the bottom and the spin filter effect. Exchange splitting in H, given by
of the conduction band in Gd20 3 , similar to europium the Zeeman energy, explain the J-V characteristics quite
chalcogenides. 13 14 The change in barrier height as expected well. This latter effect also causes spin polarization of the
from the exchange splitting, 2 p.H, is 9.03 meV at 20 T, tunneling electrons. The low H results are in agreement with
which is in close agreement with the observed change of 9.9 previous studies,3- 7 and the high H results are similar to
meV from H=0 to H=20 T. This clearly shows that the those seen in EuSe junctions by Moodera et al.9

change in barrier height is closely associated with the con-
duction band splitting in Gd20 3. This energy separation ACKNOWLEDGMENTS
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Theory of Brillouin light scattering from spin waves in multilayers
with interlayer exchange and dipole coupling

A. N. Slavin
Physics Department, Oakland University, Rochester, Michigan 48309

I. V. Rojdestvenski and M. G. Cottam
Physics Department, University of Western Ontario, London, Ontario N6A 3K7, Canada

An analytic Green-function theory is developed for the dipole-exchange spin waves and their
Brillouin light-scattering spectra in perpendicularly magnetized magnetic multilayers and
superlattices. We consider periodic structures consisting of a large number of similar ferromagnetic
layers separated by nonmagnetic spacers. The dipole-dipole and exchange coupling are included
between magnetic layers, as well as within the layers.

We extend our previously developed analytic theories of spin-wave (SW) polarizations ar, and a* with respect to any
Brillouin light scattering from dipole-exchange spin waves in complete orthonormal basis ok(r,i), indexed by label k
magnetic films1 and double layers2 to the cases of perpen-
dicularly magnetized magnetic superlattices consisting of al- ar = ak-bk(r,i), a* = a*'q5k(r,i). (3)
ternating layers of a ferromagnet and a nonmagnetic spacer. k k

The effects of dipole-dipole and exchange interactions (both
intralayer and interlayer) are included. We obtain explicit The quadratic part W2 of the energy density is then

approximate expressions for the spectrum of the collective
spin wave modes of a superlattice. Numerical examples for 2= I A 2ac (4)

Fe/spacer superlattices are presented. 12 .
We assume a perpendicularly magnetized multilayer where, defining g as a gyromagnetic ratio,

structure consisting of N identical magnetic layers separated
by identical nonmagnetic spacers. The energy density W of A gMo 0  f
the system can be written as 2VN , d r (r,i)b 2 (r',I)1L

W 4-VA T ri +rr , r) ni )-28(r-r)

1 1 51J f dr Gr¢-,, + H0 (5)-4 drHrJMZ, (1 r

gM0
where V is the volume of each magnetic layer (labeled by i2= J drdr'k(r,i)b2(r',j)
and j) and Mr, is the total magnetization at position r in '.

layer i. The second term describes the Zeeman interaction +,)(1 (6)
with the static magnetic field, assumed to be Hi in all layers. ni +

The tensor Grr,j represents dipole and exchange interac- Here indices 1 and 2 stand for kI and k,, and the superscripts
tions, with the diagonal term G,,, corresponding to a single +, -, and z denote the corresponding components of the
film case. We take the dipole and intralayer exchange inter- interaction tensor in terms of M- = Mx tiMy and Mz.
action tensors in the same form as for a single film' and To choose the orthonormal basis ,k(r,i) we assume that:
assume for the interlayer exchange (i) the interlayer interaction is weak, so that the SW modes of

a single layer (SWSL) do not differ significantly from the
ra corresponding modes S,, of a single magnetic film;3 and (ii)

LNV r d *rn(P-), (2) the individual layers are thin enough for the different SWSLs
to be well separated in frequency. With these two assump-

where L is the superlattice periodic length (i.e., the sum of a tions the SW modes of a multilayer can be represented as

spacer thickness and a magnetic layer thickness), and a is a SW composite modes (SWCM) of the following form:

constant of intralayer exchange related to exchange constant 4k(r,i)- tbfQ(r,i)=L,,aSf( )exp(-k.p), (7)
4 by a=,4(21rM2), where M is the saturation magneti-

zation (assumed to be the same in all layers). Also where k is the in-plane wave vector, and 6, is the spatial
6=. /1z2/, 4 is an effective interlayer exchange parameter de- coordinate perpendicular to the layers measured from the
fined as in Ref. 2. The sum is over the adjacent layers, and p center of layer i. The orthonormality condition is
and p' are the in-plane components of r and r'.

Next we rewrite W, using the iinearized Holstein- L *0 L ,JQ", =N8QQ (8)

Primakoff representation 4 as before,3 and we transform the ni Q
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We now substitute the above expressions into Eqs. (5) and with the single-film results we conclude that, if the
(6) to obtain A12 and B12 in terms of the coefficients LjQ, multilayer has no "macrosurface" anisotropy, i.e., the inter-
which we take to have the form action between the first (or last) layer and its neighboring

one is the same as for any adjacent layers in the bulk, thereLnjQ =RnQ exp(- ia)+ TnQ exp(iQ,), (9) are no pseudosurface (Im Q>0) composite modes. In this
where Q, which generally depends on the mode number n, is case the lowest frequency excitation will be the uniform pre-
a (dimensionless) superlattice Bloch wave number for the cession (constant LnQ) mode, which also will be the only
SWCM. one excited in FMR experiments. If there is a macrosurface

By analogy to the single film case,3'5 the values of RnQ, anisotropy on the edges of a multilayer, the consistency
TnQ, and Q depend on the effective "macroscopic pinning" equation to determine the composite modes transverse wave
at the top and bottom magnetic layers of the multilayer struc- numbers Q will be similar to that for a film: 1 3

ture. These macropinning parameters may depend on the dif-
ferent effective anisotropy fields in the top, bottom, and bulk (Q2-D1D 2)tan(QNL)=Q(DI+D2) (18)

layers as well as on the anisotropy of interlayer exchange. with the parameters DI and D2 characterizing the boundary-
Details will be given elsewhere,6 but in the simple case of no layer anisotropy of the interlayer exchange. The solutions of
multilayer boundary anisotropy we get Eq. (18) for Q with imaginary values correspond to the pseu-

[r'm( 2)] dosurface excitations while real values produce the pseudo-
LnjQ= (2- 80m) 1 2 cos-L - , (10) bulk solutions.

N 2 1We first relate the above results to some recent FMR

where Q- 7rmIN, and m = 0,1,2,...,N- 1. For any given k measurements.7 The ,wo branches of FMR can be associated
and n, we can eventually rewrite the coefficients A and B with the hybridized pseudosurface and first pseudobulk com-
and the lowest nonhybridized SWCM frequencies )knQ as posite modes. The hybridization occurs as the spacer thick-

+ (iQ 212L)] ness becomes greater than 5 A and is due to mixing of the
AIQQ' =QQ'[WH"+-aw (k+q2)+ Q branches with different qn but close SWCM frequencies. We

+ "4&wMUkn,QQF, (11) expect low value of macropinning constant as the first
pseudobulk composite mode has relatively small resonance

B k,,QQ','WM Uk,,,QQ', (12) amplitude. We assume that D2=O and DI=D, which
2 =A 

2,-- Bk ,00 2 1= nk (fn 1 + wUk .OQ). roughly matches assumptions in Refs. 7 and 8. Using Eq.
(13) (18) we can write that far from the hybridization area for

small D
Here wOM=41TgM 0, &)H=g(H-47rM0 )=-gH, q, is the
single-film transverse wave number for mode n, and A W a 2  D 2  (19)

= .[qt2+O+#(Q2+42i/]. 19
-knQ=w(H+a&[k+q2+(Q2/2L)]' (14) wM 2NL

1 Equation (19) enables the value of D to be deduced from the
U ,QQ L* ' k P QQ'  experimental values of Aw. Although our approach is ca-

(15) pable of predicting the behavior of the FMR dispersion rela-
(15) tionships, there is no simple way to include hybridization in

The dipole matrix elements P,,,s(k) and Pn(kL) are defined our formalism. The reason is that the possible mechanism for
analogously to the single film case.3 The following factoriza- hybridization is mixing of single film modes with different
tion is possible: transverse wave vectors but close frequencies, occurring due

Pnnj(k) = 3;k(i~j)Pn(kL), (16) to the micropinning dependence on the spacer thickness. It
would be worth developing a numerical perturbation theory

where P,(kL) depends only on the single-layer parameters of the kind used in Refs. 9 and 10 that would use our ana-
and lytical expressions as a zero-order approximation.

k For the case of Brillouin light scattering (BLS) experi-
;k(i,j) - exp(-k dli-jl) (17) ments, where k-105 cm- 1, the above-mentioned effects will

be much less important as the main role in the hybridization
is a discrete analog of the dipole Green function3 (denoting will be played by dipole interlayer interaction. Hence we
k-Ik). For N>1 we can write 6  Uk,QQ apply the SWCM formalism to Fe/spacer multilayers with
- PQQ(kLN)Pn(kL) where the function PQQ is given by the the parameters: a=I.15X10 - 3 cm 2, 4urM0=21 kOe,
same formal expression as the matrix element P~n for a H=22.5 kG, L =100 A, spacer thickness 10 A, and zero
single film.3  macro- and micropinning. It is straightforward to cenfirm

Now, using Eqs. (11)-(15), we can calculate the fre- numerically that for these parameters there is no noticeable
quencies of the nonhybridized composite modes in a similar hybridization of the modes with different n. In Fig. 1 we
way to the single film case. Equations (13)-(15) constitute a display the boundaries of the bulk bands for multilayers with
description of the multilayer in an effective-medium approxi- /3= 105 cm- t and different values of N. One of the bound-
mation. In particular, Eq. (13) has the same form as for a aries (at Q = r), is independent of N within the given k in-
single film, but with tenormalized parameters. By analogy terval. This can be explained by the vanishing of the dipolar
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FIG. 1. Dispersion relationships for Fspacer multilayers with number of FIG. 2. The dispersion relationships for a five-layer structure. The solid linelayers N= 10 (A), 20 (B), and 40 (C). The flat curve represents the purely corresponds to the purely dipole branch, while the dashed and broken linesexchange branch (Q=r); curves A, B, and C represent the purely dipole refer to 8I10 and -10W cm- 1, respectively.
branch (Q=0). P8= I0 cm- 1. See the text for the other parameters.

efficients at the various surfaces and interfaces. Once the
contribution for the modes with high Q. The other boundary appropriate Green functions have been calculated from the
(at Q =O) does not depend on the interlayer exchange. The formalism described earlier (by linear-response methods), it
dipolar contribution to this branch is significant and it de- is straightforward to determine the BLS intensities associated
pends on N. From our analysis we expect a scaling behavior with the various SWCM modes. Details will be presentedwith the dimensionless universal variable being kN. In- elsewhere.6 In general, it is necessary to take account of thedeed, in Fig. 1 we see that the crossings, denoted by arrows various internal multiple reflections of the incident and scat-are equidistant in the logarithmic k scale. In Fig. 2 we show tered light at the surfaces and interfaces of the sample, 1'2 butthe dispersion branches for Fe/spacer multilayers with N=5 we avoid this difficulty by restricting attention to the caseand different values of/3corresponding to ferromagnetic and where the optical penetration depth of the light in the sample
antiferromagnetic interlayer exchange. The branch separation is smaller than L (e.g., as would be typically in the case of
for the low k region, which is directly measurable from the Fe/spacer multilayers).
BLS spectrum, is directly proportional to IA. This provides a . Rojdestvenski, M. G. Cottam, and A. Slavin, Phys. Rev. B 48, 12768
convenient way of measuring /3. (1993).

The extension of the above to obtain the BLS intensities 2A. Slavin, I. Rojdestvenski, M. G. Cottam, J. Appl. Phys. 75, 6443 (1994).follows a well-established procedure, generalizing our 3B. A. Kalinikos and A. N. Slavin, J. Phys. C 19, 7013 (1986).
results 1' 2 for thin films and double layers. Basically, the scat- 4T. Holstein and H. Primakoff, Phys. Rev. 58, 1040 (1940).

5P. E. Wigen, C. F. Kooi, and M. R. Shanabarger, Phys. Rev. Lett. 9, 206tering cross section can be expressed in terms of a weighted (1962).
summation over magnetization-dependent Green functions 61. Rojdestvenski, M. G. Cottam, and A. Slavin (unpublished).
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Spin wave spectra in semi-infinite magnetic superlattices with nonuniaxial
single-ion anisotropy

E. L. Albuquerque
Departamento de Fisica, Universidade Federal do Rio Grande do Norte, 59072-970-Natal, RN, Brazil

A microscopic theory, based on the Heisenberg model, is employed to investigate the spin wave
spectra in a semi-infinite superlattice made up of two ferromagnetic materials, where the
constituents may present both the uniaxial and nonuniaxial components of the single-ion anisotropy.
Our calculations are carried out for the exchange-dominated regime, and a transfer-matrix approach
is used to simplify the algebra, which otherwise could be quite heavy. The calculated spectra show
that, in addition to bulk spin wave modes, there may be surface modes associated with the truncation
of the superlattice.

I. INTRODUCTION material B. Both materials are taken to be simple cubic nonu-
As a result of recent advances in fabrication techniques, niaxial Heisenberg ferromagnets, having bulk exchange con-As areslt f rcen adancs infabicaiontecniqes, stants Ja and JB with nearest-neighbor exchange interaction.

there has been a continuing interest in investigating the prop- size of th ert ei eli ha+ naere

erties of spin waves that propagate in multilayer magnetic The size of the superlattice unit cell is L = (nra + n b)a, where

microstructures. Many of these works have been concerned a is the lattice constant of both materials. A static applied

with these excitations at the low-temperature regime, where magnetic field H is assumed to be in the z direction. The

at least one of the components is a ferromagnetic or an an- superlattice is truncated at z = 0, with vacuum occupying the

tiferromagnetic material (for a review see Ref. 1). Further, region z<0.

depending on the relative importance of the magnetic dipole- The two materials are character ized by single-ion
dipoe ad echage iterctinsdiferen moelsforthe uniaxial anisotropy parameters D A and DB , as well as single-

dipole and exchange interactions, different models for the io nuaxlaistpyarmesFAnd R.tth
magnetic behavior can be employed. For instance, for suffi- ion nonuniaxial anisotropy parameters Fa and F. At the
ciently small values of the excitation wave vector, dipolar interfAs , betw e t the e ale are A), d
effects are dominant and magnetostatic modes should propa- fi y =o , we ate Fres e(til A), e-
gate in such superlattices.2- 4 On the other hand, at large ex- fined by z0, we have Do and F0, respectively. The ex-

citation wave vectors typically greater than 108 m-1 in a change constant across each interface A-B is equal to L

ferromagnet, exchange interaction, which is the restoring The Heisenberg Hamiltonian for a bulk specimen of

force for spin waves, will be dominant. - or
In this article we are concerned with the spin wave spec-

tra in exchange-dominated magnetic superlattices. We intend H= -(112)1 JjS,.Sj-glBH0j S'+Hans (1)

to extend previous work 7,11 2 by considering surface effects
in a semi-infinite magnetic superlattice, whose constituents with
have nonuniaxial ("easy-plane") single-ion anisotropy, be-
sides the uniaxial ("easy-axis") single-ion anisotropy. Nonu- (S )2 - F1 [(Sx) 2 -(S(
niaxial anisotropy exists in many magnetic materials, like the Hanis T, Dj 1 )2]. (2)

ferromagnet CrBr3 and the antiferromagnet NiO, and it can
be different at a surface or interface because the crystalline
electric fields are different there. We employ a microscopic
theory to investigate the spin wave spectra based on the
Heisenberg model, together with a transfer-matrix approach. e0 G. .E) E Z =O
This method was used with success in dealing with the I i I I I

theory of superlattice plasmon-polaritons (for a review see 0 0 0-0 0- - z = nL

Ref. 13), and it leads to a compact expression for the spin 0 0 0-I 0- -
wave dispersion relation of the magnetic superlattice. Ex- I I : A : :
perimental systems are likely to be more complicated than -- 0 0 0-- -0 0- -
the model described here, with less simple crystal structures _0 0 0--0 0- -
and possible different ordering at interface layers.' 4 How- * 0 0 -- * *- -
ever, these details would influence only the detailed form of -- * * - -0 •_ -

the transfer matrix, and neither the general method nor the -- B i
qualitative form of the dispersion relations should be af- -- * * 0-9- 0- -
fected. 0 * 0 0- -

_ 0 0 0- 0 0-- z=(n+I)L
S I I I i

II. THEORY

As indicated in Fig. 1, we consider a superlattice in FIG. 1 The semi-infinite nonunaxial ferromagnetic superlattice discussed
which na layers of material A alternate with nb layers of in this article.
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Here, S1 denotes the spin operator at magnetic site i, g is the vectors JA'), IB") and IA + 1) formed by the corresponding
usual Land6 factor, and I.B is the Bohr magnetron. undetermined amplitudes A', B' and A"+1 (j= 1-4), these

The dispersion equation for a bulk spin wave in medium equations can be cast in matrix forms as
J is found within the random-phase-approximation (RPA) MAJA')=N IBn)
from the equation of motion for the operator S- = SX iSY,.
This equation is and (11)

±=S 12s-NAIA + 1) = MBIB),
(d - Ajt)S: ' Jj(S -S± ) +2F. SVr'/S, (3)

where the 4X4 matrices M and N can be found elsewhere.16

Now, making use of the transfer-matrix treatment and
where we have made a Fourier transform to frequency w. Bloch's theorem, as in previous works,7,1 2 we find that
Also, 77= [1 -(2S)- 1], and S is the RPA approximation for
S'. The value of Aj is TIA')=exp(iQL)A"), (12)

AJ g= IBHo + 2DjS 7.  (4) where Q is the Bloch wave vector, and the 4X4 transfer
Considering plane-wave solution for the operators S, matrix T is defined by

and either by diagonalizing the Hamiltonian (1) or by solving T= NA 'MBN B' MA. (13)
Eq. (3) directly, we can find that the spin-wave dispersion Also, as T is a unimodular matrix, the eigenvalues of Eq.
relation in a nonuniaxial ferromagnet J is15 (12) occur in pairs (ti ,t7 '), i= 1, 2, and they are related to

cos(kza)=(Aj/2JjS)+[3-y(kp)] the two Bloch waves vectors Q, by ti=exp (iQiL). Thus,
once T is evaluated, the required eigenvalues can be deter-

±-[(fj/I2)2+F~i/J2]"/2. (5) mined in a standard way. This calculation generalizes those

Here, fj= ho/JjS and (kP)=cos(k.a) +cos(kya), with presented in a previous paper,12 where we discussed two lim-
kp = (k. ,ky). iting cases, namely first the nonuniaxial parameter F in each

We now turn to the semi-infinite magnetic superlattice medium has the same value at the interface as in the bulk,
depicted in Fig. 1. At nonzero temperature the equilibrium and second the nonuniaxial anisotropy is considered only at
configuration must exhibit the analog of surface reconstruc- the interfaces.
tion. This implies that the mean spin S in both materials is a Now we consider the truncation of the superlattice at the
function of its distance from the nearest A-B interface. How- plane z=0, with vacuum occupying the half space z<0.
ever, although this effect is important, we can overcome it by This allows us to investigate the occurrence of surface spin
restricting our attention to the low temperature regime, that waves for this superlattice structure. For these modes Eq.
is T< Tc, at which the spins are fully ordered. The spin wave (12) still holds, provided we replace the Bloch wave vector
dispersion equation can then be found by solving the RPA Q by if3, with Re(/3)>0 to guarantee a localized mode. Fur-
equations of motion for the spin operators S7. A spin that is ther we should take into account the equations of motion (3)
not in an interface layer, labeled a, /3, y, 8 and 6 in Fig. 1, for layer at z = 0, considering the single-ion anisotropy
has the same nearest-neighbor environment and therefore the parameters Do and F0 . This provides an implicit dispersion
same equation of motion as a spin in the corresponding bulk relation for the surface spin waves and in fact, once the equa-
medium. Thus, the spin wave amplitudes should be given, tions are solved, we can obtain a value of /3 which satisfies
within each bulk material, by a linear combination of the Eq. (12), with Re (/3)>0. The details of this calculation can
positive- and negative-going solutions, i.e., be found elsewhere.16

(6) III. NUMERICAL RESULTS AND DISCUSSIONS

Si =QjFjjljj+Q2A 2J, (7) In Fig. 2 we show the spin wave spectra for the surface
where and bulk modes which can propagate in a semi-infinite nonu-

niaxial ferromagnetic superlattice. We have plotted a reduced
(i=A1 exp(ik2z)+A exp(-ikljz) (8) frequency f)A=h&)/JASA against a reduced wave number

and 2j is equal to tlj provided we replace A', A", and k1j kxa across the whole Brillouin zone. The wave vector
by A", A', and kj. Also, (J=A or B): kp=(k. ,ky) is taken in the [10] direction.

The bulk superlattice bands of spin waves are shaded
Fj =j 7 j, (9) and they are bounded by the curves QL = 0 and 7T. There are

Ql 1= _2[fj+ (f12-+4F2)1/2]-1 (Q2) -. (10) frequency gaps where no bulk superlattice modes exist, and
the locations and widths of these gaps are influenced by the

The wave vectors kj and k j are related to 11j by Eq. (5). nonuniaxial anisotropy, being more pronounced for small
The equations of motion for layers a and /3 relate the values of kxa where exchange effects are small. As a conse-

amplitudes A", (j = 1-4) of medium A with the correspond- quence, surface modes may propagate in these forbidden re-
ing amplitudes B' (j = 1-4) of medium B. Similarly, the gion, and indeed, as shown dashed in Fig. 2, there are surface
equations of motion for layers y and 8 relate the amplitudes spin waves occurring as discrete branches to the spectrum, in
A'+1(j = 1-4) of medium A with the corresponding ampli- the gap regions between the continuum bulk mode bands. It
tud-s B" (j= 1-4) of medium B. If one defines the column is important to notice that some of the surface modes emerge
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We also have extended the present ferromagnetic theory to
take into account systems in which there is an antiparallel

6 y magnetization between the ferromagnetic materials.16 High
quality antiferromagnetic superlattices have recently been
fabricated' 17 and we have also interest to extent the present
theory to Heisenberg antiferromagnets.3 4-
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Ground state of antiferromagnetic systems in a magnetic field
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We determine the ground state of semi-infinite uniaxial antiferromagnets and films, in terms of a
two-dimensional area-preserving map, where the surfaces are introduced as appropriate boundary
conditions. For the film, the ground state is calculated in a very rapid and accurate way for any value
of N, the number of planes. For the semi-infinite system, we show that the so-called surface
spin-flop state does not exist, while a non-homogeneous ground state is found in the bulk spin-flop
phase.

Recently, new materials made of ferromagnetic films an- mapping is characterized by the fixed points and the orbits of
tiferromagnetically coupled, were synthetized. Using Kerr the infinite sistem, but the spin structures relevant for our
and SQUID magnetometry, sharp cusps in dM/dH were de- problem are only those which satisfy the previous conditions,
tected for such an N=22 multilayer of Fe/Cr(211) with a a very selective constraint. In this way we are able to calcu-
magnetic field applied parallel to the easy axis.' The peak at late the inhomogeneous ground state very rapidly and with a
the higher field HB was attributed to the bulk spin-flop (BSF) high accuracy (within machine double precision). For films
transition, and the peak at the lower field Hs to the surface with zero anisotropy, so that HB = 0 +, we recover the results
spin-flop (SSF) transition. 1  obtained by numerical self-consistent methods.' 0

For a semi-infinite antiferromagnet with the surface For the semi-infinite system, we show that the SSF state
spins antiparallel to the magnetic field (AFT), the presence does not exist; for H<HB, the stable ground state is always
of the SSF instability was inferred some years ago,2'3 by the AFT one. We show that the AFhj state is metastable for
noting that the k=0 surface mode softens for H<Hs, while for Hs<HHfHB it is unstable with respect to
H=Hs=H/,2. In the SSF state, the spins were predicted 2  the formation of a Bloch wall which makes the surface spins
to turn by nearly 1r/2 near the surface and asymptotically turn from antiparallel to parallel to the field. For H>HB, a
reach the AFT, configuration in the bulk. It was also nonuniform bulk spin-flop ground state is found.
suggested4 that the extension of the region of turned spins For a film with even N, if H<Hs, the ground state is the
should increase with increasing H, until the onset, for AF one, with zero magnetization. For Hs<H<H8 , the low-
H = HB, of a uniform bulk spin-flop state, with all the spins est free energy is accomplished by an inhomogeneous con-
rotated by nearly rr/2. In contrast, for a semi-infinite system figuration carrying a finite magnetization. In fact, it consists
with the surface spins parallel to the field (AFu), 3 the only of a domain wall separating two nearly antiferromagnetic
instability was found at H=HB, as in the infinite system, in regions, with the spins on the two surfaces almost parallel to
correspondence to the softening of a bulk mode. the applied field. In contrast, for a film with odd N, the

A doubtful point of this description is that, in the semi- ground state is the AF one with the spins on both the two
infinite system, the same uniform BSF phase would be surfaces parallel to H for any H<HB. This explains why a
achieved in different ways, depending on the parallel or an- peak in dM/dH was observed' at H=Hs only for films with
tiparallel orientation of the surface spins with respect to H. an even number of planes. For R >HB , in both cases one has

For a film with a finite number of planes, N, one finds an a nonuniform BSF configuration. owing to the surfaces ef-
analogous behavior of the excitations. For N even, there are fect.
two surface modes, and for H=Hs only the one localized at The energy of the system is given by
the surface with the spins antiparallel to H shows a complete
softening. 5 For N odd, if the excitations are calculated with - = , [HE COS( 1 ) - 11 1)- HA cOs2 On

respect to the AF ground state with the spins on both the two NIIS
surfaces parallel to the field, the only instability is found at -2H cos
H=HB.5

In this article, the determination of the ground state of where HE and HA are the exchange and anisotropy fields,
both the semi-infinite system and the film is formulated as a respectively; n is the plane index, with n EZ for the infinite
two-dimensional area-preserving map6-8 where the surfaces system, n e N for the semi-infinite one, and n = 1,2,...,N for
are introduced with appropriate boundary conditions.9 The a film. By derivation we obtain
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o.o form ground states of the infinite system, and are second-
H,<H<H', order ones owing to its antiferromagnetic nature. Carrying

. *. O) -. out a stability analysis, it results that the AF fixed points
a 0. "". .. _ PA=(0,0), P = (r,O) are hyperbolic for H

a I2HEHA+H 2 - HB [see Fig. 1(a)] and elliptic for higher
fields [see Figs. 1(b) and 1(c)]. On the contrary, the BSF

.20o fixed points PS=(-O,-sin 0), P+S=(,sin 4), where
cos 4=H/(2HE-HA), are hyperbolic for H

0.25 >. .[2H HA- 3H 2 = H' [see Figs. 1(b) and 1(c)] and elliptic
H>H, for lower fields 1' [see Fig. 1(a)].

... •f In order to take care of the presence of surfaces in the
" 0"""" film [see Eq. (2c)], we introduce two fictitious planes for

• " n =0 and n =N+ 1, so that the boundary conditions are
b given by

-. 25 s, = sin(? 1 - 0 ) = 0, (4a)

1.00 SN+ I= sin( 4 ?N+ 1 - ON) =0. (4b)
:H ' For the semi-infinite system, only one fictitious plane

must be introduced for n =0 [see Eq. 2(b)], and the boundary
00 , ' ,J . condition is given by Eq. 4(a). Among all trajectories ob-

*' .:' ./ e tained from the mapping (3), only those satisfying Eqs. (4)
represent equilibrium configurations for the system in pres-

""°-n I I ence of surfaces. This is a very selective constraint; e.g., for
*(red.) a film, the physical trajectories must have two intersections

with the s = 0 line, separated by exactly N steps of the recur-
sive mapping.

FIG. 1. Phase portraits obtained from mapping (3) for HA= 0 .9 kG,

up'= 100 kG ( =0.009). (a) H= 10 kG, (b) H= 15 kG; full circles denote From the analysis of the phase portrait at different values
two nonhoniotopic to zero trajectories pertinent to films with N=20 and of the field, we have found the ground state configurations
N=50, respectively, (c) H=50 kG. for the semi-infinite system and for a film with even N.

(1) For H < HEHA+H 2 = Hs, the phase portrait
does not show peculiar features: the ground state is the AFTI

sin(4,,+, - 4?,) + sin(,,_ 1 - 4?,) + 2 sin 4?. one for the semi-infinite system, and the AF one for the film.
(2) For Hs < H < HB' [see Fig. 1(a)], the surface spin-

sin 20,=0 (infinite), (2a) flop state is not an equilibrium one for the semi-infinite sys-

sin(Ob.+ -0,, )+(1 -,i,,)sin(,_ I- O,) tem. This happens because none of the inflowing orbits, con-

(2b) verging to one of the hyperbolic fixed points, pAF and pAF,
+ 2 sin 4?,,+ sin 20?,=0 (semi-infinite), is found to cross the linr s= 0 at 4i#0,7r.5 It will be shown

- n) +- later, by energetic arguments, that the configuration assumed
(1- SN)sin( 4+, + (1 sin2b ,=0 n(fim) (2) by the semi-infinite system in this field regime is the AFT,

+2 sin 4,+ sin 20,=0 (film), (2c0 one. For the film, the ground state configuration is provided

where -HIHE and -HA/HE-. We first consider Eq. by one of the non homotopic to zero curves, since they are
valid for the infinite system. Introducing 8  the only ones crossing the s= 0 line in two different points(2a), it for t e rite s Itodingion which are not fixed points. In Fig. 2 we show the ground

=sin(4?,,-0. _i), it can be written as a two-dimensional state configuraion of an N=50 film for different values of
mapping H. It results that there is only one trajectory which is able to

n+ = ,,+ sin- (s+, ), (3a) satisfy the boundary conditions (4), and the corresponding
energy turns out to be smaller than that of the AF one. For

sf + -- 2Hs < H < H', we find an inhomogeneous configuration

The mapping is area preserving (because the Jacobian is consisting of a domain wall separating two nearly antiferro-
J=l), and invariant with respect to the transformation magnetic regions, with the spins on the two surfaces almost
(4,s)- (- 4,-s). Trajectories in (0,s) space are associ- parallel to the applied field. Thus for H=Hs, the magneti-
ated with equilibrium configurations. In general, from the zation of a film with an even number of planes presents a
mapping (3) we obtain phase portraits [see Figs. 1(a)-l(c)] jump from zero to a finite value. Such a field-induced phase
characterized by inflowing and outflowing orbits connecting transition was experimentally revealed as a peak in dM/dH
the hyperbolic fixed points, elliptic orbits which encircle the in Fe/Cr multilayers.i
homonymous fixed points and, finally, nonhomotopic to zero (3) For H>HB [see Fig. l(b)], the uniform bulk spin-
curves (i.e., curves which cannot be reduced to a point by a flop state is never an equilibrium one since the hyperbolic
continuous deformation). The fixed points correspond to uni- fixed points, pBSF and pSF, do not lie on the line s =0, as
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rT the system in its AF11 state. Performing in Eq. (5) a T= 0

0 0 0 0 odecimation procedure in order to eliminate the even spins,we obtain, for small HA and H

E H E
- :I H l( 02n.- I- 2n+ 1)2

0 00 N4S

(HE*:: -- 2 HIO 2 ~ _'- cos q51, (6)

where the last term is due to the existence of a free surface at
n 50 n = 1. Equation (6) has the well-known sine-Gordon form. Inorder to investigate the transformation of the AFT, state into

FIG. 2. Ground state configuration for an N=50 film with HA=0. 9 kG, the AFIT state, and also the stability of the SSF state, it is of
HE= 100 kG. Open circles: H= 10 kG. Full circles: H= 15 kG. The solid interest to minimize this energy for a given value of 'P1 and
horizontal lines show the canting angles for an infinite system in the bulk for fixed cos 0 2, + 1 = - 1 at n = co. The solution of this prob-
spin-flop phase fo H= 15 kG. lem is given by the Euler-Lagrange equation of a domain

wall

required by the boundary conditions. For the semi-infinite HE

system, an inhomogeneous ground state is found since all the (2 202n 1 '2n 4-3 -P2n -

inflowing orbits, converging to one of the hyperbolic BSF 2

fixed points, intersect the s = 0 line. For the film, the nonho- + 2HA-- 1 sin 202n2+ I 
= 0. (7)

motopic to zero trajectories giving the ground state configu- HE

ration, are closer and closer to pBSF as N increases: then, for- Inserting its solution into Eq. (6), we have
H>HB and moderate fields, only the middle planes present a
configuration similar to the BSF one, while the spins in theE =(2HAHE-H2)(cos 01+1)-H cos 0. (8)
planes near the surfaces are rotated by angles significantly NIIS
different from ir/2 (see Fig. 2). For H>HB and high fields For weak fields, the coefficient of cos 01 is positive, so that
(H>.HE/2), the phase portrait becomes chaotic [see Fig. theoenerakfieldstheacoeffcient or cos 46t  -1 o that
l(c)]. It is important to note that evidence for chaotic behav- the energy presents a minimum for cos g -1 or t = ir.
ior is also found5 for those high values of the HA/HE rpt'o Thus, the AF u state is a metastable one, in agreement with( =0.25) pertinent to Fe/Cr mutlyr)the spin wave argument. In other words, if a Bloch wall is

At this point we put o rmultilayers. t  introduced into the AFTI state from the surface, the system
p Ate, his umnt weoputforward an energetic, thougn p- expels it through the surface. This occurs if H2< HAHE, i.e.,

proximate, argument to confirm that for the semi-infinite sys- if H:HS. On the other hand, if Hs<-H<HB, the energy (8)
tem in the field range Hs<H<HB, the SSF state (or any is minimum for 0P1=0. In this case, if a Bloch wall is intro-
other nonuniform configuration) cannot exist. We rewrite Eq. duced into the AF1l state from the surface, the system swal-
(1) as lows it and transforms progressively into the AFTT state. In

E CS particular, the SSF state corresponds to cos 0P1=0, and it is
NIS = [HE cos(.n - 0,-l)-HA cOS2 4n] unstable, in agreement with the mapping argument.

n=1
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Magnetoresistance of ultrathin Co films grown in UHV on Au(111):
Crossover from granular to continuous film behavior versus Co thickness
(abstract)
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Co/Au(111) is a model system for magnetoresistance (MR) studies due to abrupt interfaces without
intermixing between Co and Au and perpendicular magnetization of Co films for Co thickness
below nine atomic monolayers (AL). The high quality of Co/Au(111) multilayers is revealed by
highly contrasted MR oscillations versus Au spacer thickness.' We report here a detailed study of the
effect of cobalt thickness done to 0.2 AL on the MR of various Au/Co structures. Experiments were
performed on single Co layer sandwiched between two Au(111) films, Au/Co/Au, and on double Co
films, Au/Co/Au/Co/Au, in the T range 1.5-300 K and in magnetic fields up to 10 T. For the
sandwiches, two series were studied, each including eight samples grown in UHV in a single run,
with Co thicknesses tco from 0.2 to 1.6 and from 1.4 to 4 AL. The MR in the perpendicular and
transverse configurations show that the easy magnetization axis is perpendicular to the films, even
for low tco. The MR value increases with tc, to the high value of 5% at low temperatures for a
noncontinuous Co film and decreases afterwards, clearly evidencing the transition from islandlike to
continuous-like character of the Co film. In the islandlike regime, the magnetic domain size is
limited by the island size and is thus smaller than in the continuous Co films, leading to higher MR
values. In the double Au/Co/Au/Co/Au samples, different Au spacer thicknesses were chosen in
order to ensure either FM or AFM coupling between the magnetic layers, and tco was varied up to
10 AL. We did not observe coupling oscillations versus t co. Moreover, the lack of any significant
variations of the MR value shows that the electronic mean free path in Co is larger than 10 AL at
any T.

'V. Grolier et al, Phys. Rev. Let. 71, 3023 (1993).
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F The micromagnetics of periodic arrays of defects in trilayers with interlayer
exchange coupling (abstract)

H. A. M. van den Berg
Siemens A G, Erlangen, PO. Box 3220, Germany

A significant loss in the giant magnetoresistive signal of magnetic stacks with antiferromagnetic
coupling across nonmagnetic intermediate layers is caused by regions with a ferro- rather than an
antiferromagnetic coupling. The impact of these ferromagnetic coupling regions extends itself into
the lateral direction due to the bulk exchange coupling. The present micromagnetic model provides
a tool by which a detailed quantitative evaluation of the impact of periodic arrays of parallel line
defects is possible. These defects have deviating exchange-coupling constants, and/or anisotropy
constants or directions, bulk exchange constants, saturation magnetization, etc., in specific regions.
Previously, we developed a phenomenological model of trilayers with two magnetic films separated
by a nonmagnetic interlayer that contains one such defect. This model, with a relatively small
number of free parameters, allows one to trace complete hysteresis curves. A large number of mode
branches reveal themselves and jumpwise transitions between these modes frequently occur along
the hysteresis loops. The present micromagnetic model requires a sufficiently accurate assessment
of the starting magnetization configuration in order to get a convergence of the code. In general, the
micromagnetic code is not capable of overcoming the above irreversible mode conversions. The
mode branches evaluated by the phenomenological model are applied to provide the micromagnetic
model with appropriate starting configurations after meeting a situation of nonstability. The
micromagnetic theory of Brown2 constitutes the basis of the present approach. The micromagnetic
effective field is calculated at grid points and the torque exerted by it on the magnetc dipole is made
zero at each grid side by an iteration scheme. The long ranging magnetostatic fields are given by
convolution integrals and are evaluated in the Fourier space by using two-dimensional fast Fourier
transforms. The single defect is micromagnetically studied by zero padding techniques. Depending
on the course of the external field, two different wall regions reveal themselves, to wit, the wall core
and the so-called Niel tails. These tails were not incorporated into the phenomenological model.
Provided that the defects are sufficiently wide spaced, the agreement between both models is rather
good in the core regions. The impact on the GMR signal, in particular of the Niel tails, will be
discussed with emphasis on systems with weak interlayer coupling, e.g., the decoupled systems.

H. A. M van den Berg et al., IEEE Trans. Magn. L9, 3099 (1993).
2W. F. Brown, Micromagnetics (Krieger, New York, 1978).
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FMR doublet in two-layer iron garnet films (ahs' act)
A. M. Grishin, V. S. Dellalov, E. I. Nikolayev, V. F. Shkar, and S. V. Yampolskii
Donetsk Phystech, Donetsk 340114, Ukraine

Multilayer epitaxial iron garnet films have been investigated very intensively in the recent past. The
dipole and exchange couplings of spins lying in different layers results in the existence of new types
of oscillations in these structures and give rise to the characteristic resonance properties of them.1'2

Resonance microwave absorption in two-layer iron garnet films, of which one layer is in a saturated
state and the other is in a demagnetized state, is investigated. The films were prepared by the
epitaxial method on a gallium-gadolinium substrate with (111) orientation. The first layer on the
substrate was the doped iron yttrium garnet with the easy plane magnetization. The second easy axis
layer was the bubble domain layer. The resonant field of the first layer FMR line versus the external
in-plane magnetic field was investigated. It was dete:-nined that the FMR line is doubled when the
external field is applied along the [112]-type axes. The lines of the FMR doublet merge into a single
line and the resonance intensity is doubled if the magnetic field is oriented in the [110] directions.
It was established that the FMR line splitting is conditioned by the layer exchange interaction, the
cubic anisotropy, and the domain dissipative field. The magnetic and anisotropy of the resonance
fields agrees with the model of an isolated layer magnetized by the domains of the neighboring
layer.

'A. M. Grishin et al., Phys. Lett. A 140, 133 (1989).2V. F. Shkar, I. M. Makmak, and V. V. Petrenko, JETP Lett. 55, 330 (1992).

Influence of the dipole interaction on the direction of the magnetization
in thin ferromagnetic films (abstract)

A. Moschel and K. D. Usadel
Theoretische Tieftemperaturphysik, Universitit Duisburg, Lotharstrasse 1, 47048 Duisburg, Germany

The magnetization of thin films depends in a very sensitive way on surface anisotropy fields which
often favor a perpendicular orientation and on the dipole interaction which favors an in-plane
magnetization. A temperature driven transition from one to the other orientation has been observed
experimentally.' In order to understand this behavior theoretically we performed detailed
calculations of the magnetization of very thin films (thickness of up to 5 layers) within a quantum
mechanical mean field approach. A surface anisotropy that favors a perpendicular orientation and a
long range dipole interaction were taken into account. It is shown that these competing interactions
for certain values of the parameters may result in a temperature driven switching transition from an
out-of plane to an in-plane ordered state. Varying the strength of the dipole interaction we found that
the switching temperature is a very sensitive function of the ratio of these two competing
interactions. A perpendicular ground state magnetization of the film is only found for values of the
surface anisotropy which are larger than a critical surface anisotropy value. The reorientation of the
magnetization vector has its physical origin in an entropy increase of the system when going from
a perpendicular to an in-plane ordered state.

This work was supported by the Deutsche Forsc.ungsgemeinschaft through

Sonderforschungsbereich 166.

1D. P. Pappas, K-P. Kapiper, and H. Hopster, Phys. Rev. Lett. 64, 3179
(1990).
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Fine Particles S. H. Liou, Chairman

Coercivity and switching field of single domain rFe20 3 particles
under consideration of the demagnetizing field

Paul L. Fulmek and Hans Hauser
institut fir Werkstoffe der Elektrotechnik Technische Universitat Wien Gusshausstrasse 27-29,
A-1040 Vienna, Austria

The coherent rotation of the spontaneous polarization in ellipsoidal ferromagnetic single domain
particles is calculated under consideration of the magnetocrystalline anisotropy and the true, inner
field. Magnetization curves and switching fields are computed for uniaxial and cubic
magnetocrystalline and shape anisotropy. Considering only the magnetic energy inside the particle,
the resulting switching fields are lower than those predicted by the Stoner-Wohlfarth theory, and
they are qualitatively and quantitatively comparable to the results of other models. The comparison
to measurements on isolated -Fe20 3 particles shows excellent agreement.

I. INTRODUCTION In crystalline ferromagnetic materials I, prefers certain

The idealized particles discussed are small, perfect directions of the crystal lattice to minimize the magnetocrys-
single crystals of exactly ellipsoidal shape. They consist of talline energy Ec.For cubic crystal structures (bcc, fcc) we
one single domain only.1 The magnetization process happens use a series expansion of the directional dependence (direc-
by coherent rotation of the spontaneous polarization. This tion cosines a) with respect to the crystal axes
rotation need not happen continuously, switching occurs for Ec=Ko+K 1(a 2a2+a a 2 +a 2 a 3) +K 2a 2 a 2 (1)
critical field strengths. 2  -

It is further assumed that all processes happen at tem- Three coefficients K0.1,2 are sufficient to describe this prop-
peratures far below the Curie temperature, where the spon- erty. Uniaxial magnetocrystalline anisotropy is described by
taneous polarization of the material is constant. The analysis
assumes static and isothermal ferromagnetism. Effects asso- Eu= Ko +K.i sin2  + K,2 sin4  , (2)
ciated with the time rate of change of magnetization are not where 9 is the angle between the easy axis and Is,.
considered. The general expression for the power density of the

The coherent rotation of the spontaneous polarization is magnetic field in any material, especially in nonlincar and
determined by the behavior of the minima of the total energy anisotropic materials,, is
density. Therefore, only anisotropic contributions have an in-
fluence. The energies taken into account are the magneto- OEm = B
crystalline energy E, and the energy of the fields in connec- P tnt (3)
tion with the applied field H, and the demagnetizing field
Hd. All other energies are neglected. As single domain par- The time integral supplies the general formula for the energy
ticles are always in the state of saturation, the demagnetizing density of any general magnetic field configuration 9' 10

field has a strong influence on the true field and on the en-
ergy due to the field. Stoner-Wohlfarth (SW) calculations E,,= HdB. (4)
demand that the particle does not interact with surrounding f
magnetic material. Completely neglecting the field outside The true H acting in the material is the vectorial sum of
the particle, however, yields results that agree perfectly with the applied field Ha and the demagnetizing field Hd. In the
measurements on single y-Fe203 particles, special case of a specimen surface of second order (e.g., a

Magnetization curves are calculated by tracing the general ellipsoid) all fields in the vojume of the specimen are
minima of the energy areas (the three-dimensional space homogeneous, and therefore, the demagnetizing field can be
variation of the total energy) as the applied field is changed determined by a demagnetizing matrix N
continuously.2-6

1
II. ANISOTROPIC ENERGIES Hd NIs,

To calculate magnetization curves we have to find the 1 (5)
minimum energy configuration for a given applied field. H=Ha+ Hd=H,- -NI 5 .
Only the direction of I, can vary. Under this assumption the
energy is a function of only two variables, of the direction of Demagnetizing factors are determined in the directions of the
I,. For searching the minima we have to take into account axes of the ellipsoid.1 This diagonal matrix has to be trans-
only anisotropic energies. formed for general ellipsoids in arbitrary orientations.
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i,1
The induction B in the specimen results from the 1.oo

vacuum induction of the magnetic field H and the polariza-
tion of the material: %SW /

B=oH+1s=oHa +(1-N)Is. (6)
SAs an approximation for the total energy we integrate Eq. (4) 00o.,o0,0/

with Eqs. (5) and (6) over the volume of the specimen only.
The variation of the energy density is due to the variation of "
the polarization vector I, only. The energy density of the 0.-40

material is therefore reduced by

I dB OB \0.20
-Em=- H " dHa+' dls

0.00 rmm my im iiimmmmm
Has+ 1 (NI)I). (7) is Jn ... .n d . .r. . .

7) a s api Angle in degrees

For a given applied field the energy can be expressed as FIG. 1. Switching field of prolate ellipsoids (aspect ratio 4:1:1) with van-
a function of two variables, the direction of I.. A minimum ishing magnetocrystalline anisotropy. The dashed line gives H, according to
energy for constant Ha yields stable solutions of Is(Ha). Two SW theory. All Hc values are related to SW-Ho= 138 kA/m. 0 Measure-
interesting properties of the magnetization curve will be dis- ments -Fe20 3 particles (Ref. 13); A Micromagnetic calculations (parallel-
cussed here. The point of magnetization reversal-the coer- epiped) (Ref. 12); 0 calculations for additional cubic anisotropy

cive force-and the point(s) of instability-the switching (K, 4600 kJ/m').

field strength. As single domain particles are always in the
state of saturation, we have to define the magnetization curve
as projection of I in the applied field Ha versus the value of In the SW model the influence of shape and magneto-
the applied field Ha. crystalline anisotropy can be included as an anisotropy field

HA-+h =Ha/HA. This reduction is impossible for our calcu-
lations. To find a direction for the polarization with mini-

Ill. UNIAXIAL CALCULATIONS mum energy, we have to find the value for h [Eq. (9)] that

For comparison to other models it is convenient to cal- gives OE*/dqp=0 [Eq. (10)]. With a second derivative Eq.
culate the coercive force and the critical field (switching (11) greater than zero, h gives a stable minimum, a stable
field) in the case of simple uniaxial anisotropies (magneto- point on the magnetization curve. When Eq. (11) is zero, the
crystalline and shape anisotropy, K 2 =0) for prolate ellip- corresponding field is a critical field; the solution is an un-
soids. The polar axis of the ellipsoid is identical to the axis of stable one. This critical, switching field strength is important
uniaxial magnetocrystalline anisotropy. The angles a of the for magnetic storage.
applied field and (p of the polarization are denoted with re- Figure 1 shows the switching field strength depending on
spect to the axis of uniaxial anisotropy. the direction of the applied field calculated by the formulas

As we need the energy expressions Eqs. (2) and (7) to from above. In comparison to our results Fig. 1 shows the
find the minimum energy only, we can reduce the total en- switching field curve according to SW calculations, results
ergy E to E* from a micromagnetic approach by Yan and Della Torre us-

ing a parallelepiped as model geometry (aspect ratio 6:1:1,

E=E[,-E E =s 2  a cos length 300 nm, uniaxial magnetocrystalline anisotropy), 2

u --* =sin2  -hcos and measurements of the switching field on small isolated

+ I )}( y-Fe20 3 particles (aspect ratio -4:1:1) by Knowles. 3

+ 2 -- sin a sin , (8)

h19 [001]
h=aK,1t/s(1 -N)]+I,(1 -3N)/(8 o)' 9

d* H.a
d =sin(2q9)-h -cos a sin 9

+ 2 (.]-ii)sin a cos ], (10)

d2E *
--- = 2 cos(29)+hItcos a cos 1

I 1
+ ) sin a sin I. (9) FIG. 2 Coordinate system for magnetocrystalline anisotropy (100), shape

anisotropy (a,b,c), and the diiection of the applied field (a,f8)
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FIG. 3. Magnetization curves for y-Fe 20 3 particles (aspect ratio 4:1:1) in FIG. 4. Magnetization curves for -,-Fe203 particles (aspect ratio 4:1:1) in
dependence of the angle a (,8=0) of the applied field with respect to the dependence of the'angle /3 for a=30'.
easy axis of shape and cubic magnetocrystalline anisotropy. a Cis varied from
0* to 90' in steps of 15'. soid. The second angle 83 is the angle between the (lio)

plane and the field vector (see Fig. 2).
For uniaxial considerations, we did our calculations for Figure 3 shows the resulting magnetization curves when

y-Fe20 3 particles with I,=0.45 T, K, 1=0, and an ellipsoid the direction of the applied field is changed in the (110)
shape with an aspect ratio of 4:1:1. The demagnetizing factor plane by 150 steps (a=0°

.
. .90 ° , 8=0). The magnetization

in the direction of the lunger axis is N=0.075. curve for a=00 calculated by SW theory would have a co-
For an angle of the applied field of 0', our calculations ercivity of 138 kAlm. For a<60' the switching field is iden-

yield exactly half the value for the switching field of SW tical to the coercivity.
when the uniaxial anisotropy constant K,, is zero. In this The influence of the second angle P is shown in Fig. 4:
case are both angles a=q =0 the angle a' between the applied field and the easy polar axis

of the ellipsoid is constant 300. The coercive force varies by
E~w sin2  phsw cos(a-q'), 15%, as the secondary angle /3 changes from 00 to 900.

hsw=4Ha/LoI[Ij(1 -3N)], (12) Values of the coercive force variation due to the cubic
anisotropy are plotted in Fig. 1 in comparison to pure

h/hsw= 2-H,/Ho= 0.5. uniaxial shape anisotropy. The values of switching fields for
a>60' could not be determined precisely, as with increasing

IV. CUBIC CALCULATIONS angle the continuous rotation yields steeper slopes of the

For cubic anisotropies the two-dimensional minimum magnetization curve, numerically indistinguishable from a

search on the surface of the energy areas was realized by a real instability (compare Fig. 3).

numerical algorithm implemented on a computer.
The calculations have been carried out for elongated el- 1C. Kittel, Phys. Rev. 70, 965 (1945).

lipsoids of y-Fe2OI with an aspect ratio of 4:1:1. We assume 2E. C. Stoner and E. P. Wohlfarth, Philos Trans. R Soc. London Set A
240, 599 (1948).that the long axis of the ellipsoid lies iii the [111] direction of 'H. Lawton and K. if. Stewart, Proc. R. Soc. Lo' don Ser. A 193, 72 (1948).

the crystal lattice. 4 The material parameters are: I,=0.45 T, 4C. E. Johnson, Jr. and W. F. Brown, Jr., J. Appl. Phys. 30, 320 (1959).
K1= -4600 J/m3, K2=0 j/m3.14  5P. L. Fulmek and H. Hauser, Appl. Electromagn Mater. 5, 323 (1994)we= calcla m a t cue fr c6H. Hauser and P. L. Fulmek, IEEE Trans. Magn 28, 1815 (1992)

As we calculate magnetization curves for cubic anisotro- 7H J. Richter, IEEE Trans. Magn. 29, 2185 (1993).
pies, we have to consider two angles of the applied field with 8H. Hofmann, Das Elektromagneusche Feld (Spriger, New York, 1982).
respect to the axes of the ellipsoid. The angles are denoted 9J. A. Stratton, Electromagnetic Theory (McGraw-Hill, New York, 1941).
according to the angles in a spherical-coordinate system with 10E. A. Guggenheim, Proc. R. Soc. London 155, 49 (1936).

the Jong axis of the ellipsoid as polar axis (i.e., the [111] "J. A Osborn, Phys. Rev. 64, 351 (1945).
12 y D. Yan and E. Della Torre, J. Appl. Phys. 66, 320 (1989)

direction). The first angle a is always the angle between the '3J. E. Knowles, IEEE Trans. Magn. MAG-14, 858 (1978).
direction of the applied field and the long axis of the ellip- 4M. E. Schabes, J. Magn. Magn Mater. 95, 249 (1991)
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F Structural and magnetic characterization of Co particles coated with Ag

J. Rivas, R. D. Sinchez, A. Fondado, C. Izco, A. J. Garcia-Bastida, J. Garcia-Otero,
J. Mira, and D. Baldomir
Departamento Fisica Aplicada, Universidad de Santiago de Compostela, Spain

A. Gonzilez, I. Lado, and M. A. L6pez Quintela
Departamento de Quimica-Fisica, Universidad de Santiago de Compostela, Spain

S. B. Oseroff
San Diego State University, San Diego, California 92182

Co fine particles coated with Ag have been synthesized through the microemulsion method in an
inert atmosphere. The size of the particles is controlled by the water droplets of the microemulsions.
Fine particles prepared by this method, consist of a magnetic core of Co covered by a layer of Ag.
Samples containing from 3.3 to 40.5 vol % Co have been prepared. The average size of the particles
obtained is in the nanometer range. The magnetic properties were studied by dc magnetization at 77
K and room temperature. The data show a strong dependence of the magnetic properties on the
annealing temperature.

I. INTRODUCTION two microemulsions were mixed and the magnetic particles

Single domain magnetic particles show very interesting were formed inside the microdroplets. The microparticles,

properties, such as high coercivity and remanence, which are separated from the microemulsion by ultracentrifugation,

of special interest to several applications in magnetic record- were washed later with n-heptane and ethanol several times

ing and permanent magnets. Different methods can be used and finally dried with acetone.

in order to obtain small particles in the submicrometric (2) Coating with Ag: The magnetic particles were redis-

range. Among these, chemical reactions and vacuum deposi- persed with AOT in an aqueous solution containing AgNO 3
tion are the most usual ones. Most studies of ultrafine metal- and EDTA (ethylendiaminetetracetic). Silver ions were then
lic particles have been performed on granular materials in absorbed on the particles which acted as nucleation centers.
nonmetallic matrices. 1- 3 Interest in single domain particles This solution was later irradiated with UV light during 30
immersed in a nonmagnetic metallic matrix has increased min to obtain a metallic cover of silver on the magnetic
recently. 4 5 The interest in granular materials, such as Fe-Ag, particles.' 0 The amount of EDTA and AgNO 3 used depends
Co-Ag, Ni8 lFei9-Ag, etc., is because they present a giant on the Ag/Co ratio to be obtained. The coated microparticles
magnetoresistance (GMR).6'7 Although much effort has been were separated again from the solution by ultracentrifuga-
devoted during the last years studying the origin of their tion, washed several times with n-heptane and ethanol in
properties, a quantitative understanding of the phenomenon order to remove the AOT surfactant, and finally dried with
is still lacking. 8' 9  acetone. Then, the microparticles were examined before and

In this work we describe a new chemical method for the after annealing in flowing Ar.
prepaiation of ultrafine Co particles covered by metallic sil- Most of the organic impurities were eliminated after an-
ver. This method consists in mixing two water-in-oil (W/O) nealing, followed by a process of oxidation and reduction.
microemulsions containing the reactants dissolved in the These were observed by differential thermogravimetric
aqueous phase in order to produce the Co core. The reaction analysis measurements.
takes place inside the droplets, which controls the final size The samples were characterized analytically by induc-
of the particles. Subsequently, silver ions are adsorbed onto tive coupled plasma-atomic emission spectroscopy and the
these particles and finally are reduced to produce a silver final composition of Co, Ag, and impurities were determined.
metallic shell. The structural characterization was carried out by x-ray pow-

der diffraction. These measurements were performed at room
II. EXPERIMENT temperature, and matched with diffraction patterns from the

The microemulsions employed in the production of the total access diffraction database. In order to determine the

particles were composed of n-heptane, aqueous solution, and size distribution, measurements of transmission electron mi-

aerosol-OT (AOT, sodium dodecylsulfosuccinate). The drop- croscopy (TEM) and dynamic light scattering (DLS) were
let size of these microemulsions was controlled by the ratio carried out. For both TEM and DLS measurements, particles
R =[H 20]I[AOT]. This ratio was set to 10. The whole pro- were dispersed in water using AOT. The average crystallite
cess for obtaining the particles, that was carried out in an sizes were calculated from the shape of the x-ray diffraction
inert glove box, can be divided ini- two stages. peaks using the Debye-Scherrer formula. The magnetic

(1) Formation of the magnetic cores: To carry out this properties of the samples were measured with a vibrating
first stage, two different microemulsions were prepared. The sample magnetometer in the temperature range of 80 K<T
first one consisted in an aqueous solution of Co(N0 3)26 20 <300 K. The powder was introduced, loosely packed, in a
(0.1 M) and the second one contained NaBH4 (0.2 M). The cylindrical sample holder.
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FIG. 1. X-ray diffraction pattern for Coo0 5Ag05 after annealing at different Ta70-
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III. RESULTS AND DISCUSSION

A. Structural characterization

X-ray diffraction on as-prepared Co particles (first d. o
chemical stage) shows a typical amorphous spectrum. Figure -15
1 shows the x-ray diffraction pattern for a typical Co/Ag H (KO)
sample at five temperatures of annealing (TA = 100, 300, 500,
600, and 800 °C). Long measurement times, counting times FIG. 3. In plane M-H loops at room temperature of CoAg 1, with x -0.12

of 20 s per 0.0020 step in 20, were needed in order to observe at different annealing temperatures in series A. (a) TA = 300 'C, (b)
TA =500 °C, (c) Ta =70O0 C, and (d) bulk Co.

cobalt peaks in samples with high concentration of Co and

high treatments of temperature. Only one Co peak is visible
(200) because the others overlap with those due to silver. In B. Magnetic properties
Fig. 1 it can be observed how the width decreases with an- The temperature dependence of the magnetization has
nealing temperature. Studies of the width of Ag (111) and Ag been measured after cooling in zero magnetic field (ZFC)
(220) peaks done as a function of annealing temperature and also after cooling in a field (FC). The M-T data show a
yields the size of the Co/Ag particles grows from 15 to splitting between the FC and ZFC curves. For the as-
60 nm. prepared samples, this splitting occurs close to room tem-

sample ith hows1thof electreated atc500raCho obe perature (RT). For annealed samples, the sizes of cobalt
cores grow and this splitting point is shifted towards higher

tain the micrograph, the samples were dispersed in water and
then deposited onto Cu grid substrates. The average diameter The magnetic hysteresis loops have been measured in
was of about 30 nm, similar to the results obtained by DLS. three series of Co.Ag x (A, B, and C). Series A and B are

two separate fabrication runs with the same Co concentration
(x=0.12_0.02) but with different annealing temperatures,
100 C<TAT<800 °C. Series C are samples of different

-J' compositions, from x=0 tox=0.66 annealed at TA=500 'C.
Figure 3 shows magnetization (M) as function of magnetic
field (H) at RT for TA =300 °C [Fig. 3(a)], 500 °C [Fig.
3(b)], and 700 °C [Fig. 3(c)]. Figure 3(d) is the M for cobalt
powder (d<250 Mzm) and reflects the bulk properties of the
material. The coercive field (H,) as function of TA is plotted

.~0in Fig. 4(a). The squareness, SQ, defined as M/Ms where
,q Mr is the remanence magnetization and M, is the magneti-

* zation at H= 13.5 kOe, vs TA, is shown in Fig. 4(b).
According to Fig. 4, for series A and B, it is possible to

define three regions of annealing temperature. The first for
low TA, between 100 and 300 'C, shows a reversible M-H
behavior. The bccond region, for 30 0 <TA< 6 0 0 'C shows a

FIG. 2 I EM micropholograph of a sample of Co O 12Ago m. hysteresis loop [Fig. 3(b)]. The dramatic change of the mag-
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(b) TA (C) FIG. 5. CoxAgj _, samples (a) M, vs x (experimental composition) after

annealing at 500 C (the solid line comes from CoxCu-,, in Ref. 5) and (b)
FIG. 4. (a) H, vs TA and (b) SQ vs TA for two different runs of Co Ag,-x H, vs x. The solid lines are guides to the eye. Open and filled symbols show
(x-0.12). Series A (A) RT, (A) 77 K, series B (0) RT and (0) 77 K. measurements at RT and 77 K, respectively. The filled stars are data from

Ref. 11 of Co Ag,-x films.

netic properties in this range could be due to an increase of
the Co nuclei and/or the crystallization of some amorphous analysis we observe that Ag crystallizes in the face centered
portions of the Co cores as TA increases. For TA -500 °C, H, cubic structure. The magnetic behavior of these samples after
and SQ have maximum, as seen in Fig. 4. This maximum is thermal treatments (TAS500 °C) shows coercive fields as
similar to the one found by other authors in Co19Ag81 and high as H,-600 Oe at room temperature. These values are
Co50Ag 5o granular magnetic thin films." The third region similar to those reported for granular materials which present
(TA> 6 00 °C) shows that the H, and SQ decrease as TA in- GMk. 6 7 We are now in the process of measuring the MR in
creases. The reason for it is that the interaction between the our samples.
particles is strong and they are no longer single domains so
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Magnetic properties of Fe clusters in NaY zeolite
J.A. Cowen
Department of Physics, Center for Fundamental Materials Research, Michigan State University,
East Lansing, Michigan 46624

K. L. Tsai and J. L. Dye
Department of Chemistry, Center for Fundamental Materials Research, Michigan State University,
East Lansing, Michigan 46624

Clusters of up to 28 Fe0 atoms have been introduced into the "supercages" of NaY zeolite by ion
exchange of Fe +2 for Na+ followed by reduction to Fe0 with solvated electrons and Na- 1 ions. The
temperature-dependent ac and dc susceptibilities, which exhibit Curie-Weiss behavior before
reduction, change to something approximating superparamagnetic behavior afterwards. The
blocking temperature, Tb shows a strong dependence on magnetic field but weak dependence on
frequency. There is at best a very weak remanence and coercive field while the onset of
irreversibility occurs at temperatures well above Tb. In addition, the real and imaginary parts of the
ac susceptibility show essentially similar temperature dependence. Some of this anomalous behavior
can be attributed to a distribution of particle sizes. To the best of our knowledge these preliminary
data-while poorly understood-represent the first measurements of the temperature, frequency,
and field dependence of the magnetic properties of such small clusters.

I. INTRODUCTION "large" (1.2-nm-diam) "supercages" are connected by

The study of the magnetic properties of small particles "small" (0.7-nm-diam) sodalite cages. The unit cell has a

or clusters has been divided into two regimes. Small clusters lattice parameter of 2.5 nm and contains one supercage and56 Na+1 ions. These charges are balanced by negative
consisting of between 10 and 600 atoms are produced in a 5charges araaced by n tSi+4 ve
"molecular" beam by laser vaporization. Particle size is se- cargeioced byaes t rh3

lected by mass spectrometry and the magnetic properties are alumino-silicate framework.

determined in a Stem Gerlach experiment.' Large clusters-
nanocrystals--consisting of between 103 and 107 atoms are 4 OE--5

produced by sputtering, evaporation, or chemical techniques
and are collected in quantity in an insulating matrix.2 These X
larger particles can be characterized and their magnetic prop-

Aerties measured by using all of the standard techniques-x
rays, extended x-ray-absorption fine structure, magnetic sus- s 2 0E-5 -

ceptibility, M6ssbauer spectroscopy, NMR, electron spin A

resonance, etc. a

By using conventional ion exchange methods, we have 1 oE5 ,
introduced up to 28 Fe ions into NaY zeolite and reduced 0 O %,___,______ ,______,_________

+2" 
AA"A"A A A A A A A A A A A A AAAAAAAA

them to metallic Fe° particles that are presumably trapped in o oEo ••

the supercages. According to the stoichiometry of this zeo- (a) 0 0 00 150 200 250 300

lite, an average of not more than 28 Fe0 atoms can be present Temperoture (K)

per supercage. We are thus able to measure for the first time
the temperature, field and time dependence of the magnetic
properties of such small clusters. Although these are prelimi- I 6E6 -

nary measurements and the samples have not been com- 1 4E6

pletely characterized, our experimental results agree qualita- 1 2E6
tively with previous results on smail clusters obtained at a
single temperature and field. The overall magnetic bohavior 1 OE6

is quite complex and requires further experimental and theo- 8 oES

retical study. 6 oE5 0

II. SAMPLE PREPARATION -
9 20E5

Zeolites are alumino-silicates which are characterized by V oE .
an open structure (about 50% of the volume is voids) in 0 0 50 100 150 200 22o 300

which charge unbalance in the structure is compensated for (b) Temperoture (K)

by the appropriate number of charged ions in the open holes FIG. 1. (a) The dc susceptibility of an ion exchanged sample consisting

or cages. NaY zeolite, with the chemical formula entirely of Fe2
+. (b) The reciprocal susceptibility obtained from the data of

Na 56AI 56Si1 340 348 .240H 20 has an fcc structure in which (a)
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FIG. 2. The dc susceptibility of a sample after a single reduction to Fe°  FIG. 4. The real (solid circles) and imaginary (open circles) parts of the ac
measured in a 10 G field. The upper curve is field cooled; the lower is zero magnetization of a reduced sample measured at 10 Hz.
field cooled.

shown in Fig. 1. The high temperature behavior is Curie-
By using conventional ion-exchange methods, we have Weiss (CW) with 0 -10 K with small deviations from CW

introduced Fe+2 ions into the NaY zeolite and reduced it to at low temperature.
Fe0 with solvated electrons and Na- 1 anions in an ether The dc magnetic susceptibility measured after reduction
solvent.4 The ion exchange process followed by the reduc- to Fe0 is shown in Fig. 2. The upper and lower curves are
tion is expected to yield iron clusters in the supercages with obtained from the field cooled (FC) and zero field cooled
a maximum of 28 Fe atoms, with 56 K+ ' and/or Na +1 ions (ZFC) measurements, respectively. There are three interest-
reintroduced to maintain charge neutrality. Although we have ing features in these data; the irreversibility which starts near
tried to prevent exposure to oxygen we expect some oxida- 300 K, the peak near 100 K, and the Curie-like behavior at
tion of Fe atoms to occur yielding a mixture of Fe° and Fe + 2  low temperatures. The Curie behavior arises from residual
of unknown proportions. Although both multiple-exchange Fe +2 ions which were missed in the reduction process or
and multiple-reduction processes are possible, the samples were oxidized after reduction. Magnetic measurements made
used in these experiments were the result of one stage of several months after sample preparation give essentially the
each. same results implying no long term oxidation. The peak near

100 K can be attributed to a blocking temperature, Tb, asso-

ciated with superparamagnetic behavior, although if this
III. EXPERIMENTAL RESULTS were a conventional superparamagnet the irreversibility

would begin near Tb. Figure 3 shows the field dependence of
We are reporting here the temperature- and field- the ZFC data for magnetic fields between 10 and 5000 G.

dependent dc susceptibility and the temperature- and The blocking temperature peak is first shifted to lower tern-
frequency-dependent ac susceptibility which have been mea- peratures and then destroyed by fields of less than 1000 G.
sured on a Quantum Design MPMS2 susceptometer. The dc Hysteresis curves taken between Tb and the paramagnetic
magnetic susceptibility and reciprocal susceptibility of the regime indicate remanence and coercive fields of about
zeolite sample after Fe2+ exchange but before reduction are 1 X 10-6 and 5 G, respectively.

2 2E-5 * 2 CE-5

2 CE-5
1 8-E-5

I 6E-5 o 16E-5 •

. 1 4E-5 * , . 1 4E-5 * "a"

1 2E-5 * o 1 2E-5 * £

SOE-S * -,E I -

8 OE-6 .: '" * "
60E-6 80 E-6

4 OE*6 .. .. .. . 6 0 E -6
2~ 4 E-S * 4 O E-S20 OE 20E-6 ** '*''* '***',,*40E-6": : :.

0 50 100 150 200 250 300 20E-6
Temperature (K) 0 50 100 150 200 250 300

Temperature (K)

FIG. 3. The dc susceptibility of a reduced sample measured in. O, 10, A, FIG. 5. The real part of the ac magnetization of a reduced sample measured
100; U, 500; and 0, 5500 G. at: O, 0.1; A, 10; and E, "PO, Hz.
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The real and imaginary parts of the ac susceptibility-X' supercages of NaY zeolite have produced novel samples
and X", respectively-were measured in an ac field of 1 G whose magnetic properties can best be described as "nomi-
(with no static field) for frequencies between 0.1 and 1000 nally superparamagnetic." Some of the anomalous behavior
Hz. The temperature dependence of X' and X" measured at which is observed is certainly due to a distribution of particle
10 Hz is shown in Fig. 4. The absence of an imaginary com- sizes or possibly to particles which consist of a mixture of
ponent in the low temperature range confirms our suggestion Fe0 and Fe+2 leading to a frustrated spin glass. Currently we
that this is a paramagnetic regime-where there are essen- are investigating the effects of multiple exchange and reduc-
tially no losses. On the other hand, near the peak in the tion on the magnetic properties and the use of M6ssbauer
susceptibility of a superparamagnet (or a spin glass) where spectroscopy to characterize the structure.
the measuring frequency and relaxation time are related by
&w= 1/ 7, the real part of the magnetization, X', should have
an inflection point while X" should have a maximum.' The
data do not show this behavior at any measuring frequency.
In addition there is a weak frequency dependence of Tb (Fig. 1w. A. de Heer, P. Milani, and A. Chatelain, Phys. Rev. Lett. 65, 488

5). (1990).
2 G. Xiao, S. H. Liou, A. Levy, J. N. Taylor, and C. L. Chien, Phys. Rev. B

IV. SUMMARY 34, 7573 (1986).3 D. W. Breck, Zeolite Molecular Sieves (Wiley, New York, 1974).
The ion exchange and reduction techniques which we 4 K. L. Tsai and J. L. Dye, Chem. Mater. 5, 540 (1993).

have developed to incorporate small clusters of Fe0 into the 5C. Y. Huang, J. Magn. Magn. Mater. 51, 1 (1985).

J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Cowen, Tsai, and Dye 6369



Preparation and microwave characterization of spherical and monodisperse
Co 20Nio particles

G. Viau, F. Ravel, and 0. Acher
Commissariat i L'Energie Atomique, BP 12, 91680, Bruy~res le Chatel, France

F. Fi6vet-Vincent and F. Fi6vet
Laboratoire de Chimie des Matriaux Divis~s et Catalyse, Universt Paris 7-Denis Diderot,
2 Place Jussieu, 75251 Paris, Cedex 05, France

Spherical and monodisperse Co20Ni80 particles were prepared, in the micrometer and submicrometer
size range, by the polyol process. X-ray diffraction showed crystall :iue particles with a fcc structure.
From electron probe microanalysis a fairly homogeneous distribution of both elements within each
particle was observed. Microwave properties of metal particle,; dielectric matrix composites were
studied in the 0.1-18 GHz range for different filler concentratiens. The intrinsic permeability of the
metal powders was obtained using the Bruggeman effective medium theory. The control of the
particle size allowed the study of its effect upon dynamic permeability. Whereas micrometer size
particle permeability presents a single resonance band at low frequencies which can be correlated to
the low magnetocrystalline anisotropy of the particles, submicrometer size particle permeability
exhibits an original behavior, never reported before, with several resonance bands.

I. INTRODUCTION growth steps allows the synthesis of powders made up of
One way to make electromagnetic absorbers is to dis- particles with a well-defined shape, a controlled size, and a

narrow size distribution. 5

perse ferromagnetic powders in an insulating matrix. Previ-
ous studies 1 2 showed that the microwave properties of such
materials depend on particle shape and granulometry. Spheri- B. Preparation of Co 20Ni80 particles
cal particles present an adN antage in minimizing permittivity CoNi particles were prepared as follows: cobalt and
level of the composites whereas the maximum of the imagi- nickel acetate hydrate were used as precursors, they were
nary part of permeability decreases when the particle size dissolved in a NaOH-ethylene glycol solution; the NaOH
increases. concentration was in the range 0.5-2 mol dm -3 , the precur-

The polyol process is a method for preparing fine metal- sor concentration was typically 0.2 mol dm - 3 with a Co/Ni
lic powders which has been developed over the last few molar ratio: 20/80. The solution was stirred and heated up to
years.3 This process which applies to cobalt and nickel al- 195 °C; the water and the volatile organic products of the
lowed the elaboration of spherical and monodisperse par- reaction were distilled off while the polyol wa-. refluxed.
ticks with an accurate control of the particle mean diameter After a few hours the metal was quan,'atively precipitated
in the micrometer and submicrometer size range.4 Our aim from the solution, the metal particles were recovered by cen-
was to adapt the polyol process to the preparation of fine trifugation, washed with ethanol, and dried in air at 50 'C.
bimetallic cobalt-nickel particles. We focused the study on The use of a basic solution of ethylene glycol shortens the
the Co20Ni 80 composition which corresponds to low magne- reaction time and allows one to obtain, by homogeneous
tocrystalline anisotropy in bulk alloys. Composites were nucleation, monodisperse particles more easily. CoNi par-
made with the Co20Ni 80 powders and their microwave per- ticles were also obtained by heterogeneous nucleation, the
meability was measured. seed particles being tiny metallic silver particles formed in

situ by the admixture of silver nitrate uissolved in ethylene

Ii. EXPERIMENTAL METHODS glycol to the original reactant solution.

A. General description of the polyol process

Finely divided metal powders (Co,Ni,Cu,Pb, precious
metals) are obtained by precipitation in hot liquid polyols.
The reaction proceeds according to the following scheme:
progressive dissolution of a suitable powdered m,;tallic com-
pound (precursor), reduction of the dissolved species by tbe
polyol itself; nucleation and growth of the metal particles
from the solution. 4

In standard conditions the metallic nuclei are formed
spontaneously (homogeneous nucleation). However this ho- 35 45 55 65 75 85 95
mogeneous nucleation can be replaced by an heterogeneous 2e/degrees

one by the formation of seed particles acting as foreign nu- FIG. 1 XRD pattern of a Co2oNiso powder obtained by reduction of Co and
cici. More generally, the kinetic control of the nucleation and Ni acetate in NaOH-ethylene glycol solution (Co Ka radiation).

6570 J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)/6570/1,,$6.00 © 1994 American Inctitute of Physics



probe being associated with a scanning transmission electron
microscope (STEM). Magnetization saturation of powders
and composites were measured by a vibrating sample mag-
netometer.

Particles were randomly dispersed in epoxy resin with
concentration ranging from 30% to 50% by volume. Particle
concentrations were determined by saturation magnetization
measurements. Microwave properties of composites were
measured in 0.1-18 GHz frequency range with an APC7
coaxial line associated with a network analyzer.

III. RESULTS AND DISCUSSION

C020Ni8o powders obtained are well crystallized as evi-
denced by XRD (Fig. 1). The pattern can be indexed as a fcc

(a) lattice. It is well known6 that nickel crystallizes with a fcc
lattice (a =0.352 38 nm) and that there are two cobalt poly-
morphs: Co(a) with a hexagonal lattice and Co(e) with a fcc
one (a=0.35447 nm). From Fig. 1 it can be inferred that
there is no Co(a) polymorph but it is not possible to ascer-
tain if Co 20Ni80 powders are solid solutions or mixtures of
cobalt and nickels fcc phases owing to the very close values
of the cell parameters of these two phases.

Typical examples of Co2oNi80 powders obtained by the
polyol process are provided by the scanning electron micros-
copy micrographs in Fig. 2. The first sample [Fig. 2(a)] was
obtained by homogeneous nucleation from a 2 mol dm- 3

(b) NaOH-ethylene glycol solution. The particles are quasi-

FIG. 2. (a) Micronic size Co 'Niso monodisperse particles obtained by ho- spherical with a mean diameter d, = 1.4 Am, a narrow size
mogeneous nucleation (d,,=1.4 Atm, o-=0.2 Am). (b) Submicronic size distribution (standard deviation o-=0.2 ,m), and a low de-
Co2DNi8o monodisperse particles obtained by heterogeneous nucleation gree of agglomeration. The second sample [Fig. 2(b)] was
(d,,=0.33 Am, o'=0.05 Am). obtained by heterogenous nucleation (Ag/Co+Ni atomic ra-

tio: 5X10- 5). The particles are smaller (d=0.33 /ttm,
oi=0.05 Mrm). Heterogeneous nucleation gives particles in

C. Characterization techniques the submicrometer size range and allows their mean diameter

Phase analysis was performed by x-ray diffraction to be controlled by varying the amount of AgNO3 used to
(XRD) using a C.G.R. x-ray powder diffractometer (Co Ka form the silver seed particles.
radiation). The form and the size of metallic particles were The Co/Ni ratio in the final metal powder is the same as
determined by scanning electron microscopy (Philips 505). in the starting solution: 20/80. Chemical analysis shows that
The average diameter and the standard deviation were esti- the main 'mpurities are carbon and oxygen at a level lower
mated from image analysis of -250 particles. The distribu- than 0.5% by weight.
tion of the two elements within isolated particles was studied The global composition Co20Ni80 is found again for each
by energy dispersive x-ray spectrometry (EDS), the micro- isolated particle analyzed by energy dispersive spectroscopy

I

(a) (b) (c)

FIG 3 Qualitative analysis of element distribution in CozoNiso particles with EDS microprobe (a) STEM micrograph, repartition map for (b) nickel, (c)
cobalt.
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FIG. 4. Intrinsic permeability [p,(w),p,',w)] for (a) Co20Ni8o powder the dynamic permeability with granulometry could be inter-(dm=l1.5 hem); (b) Ni powder (dm'1.4 ptm); (c) Co powder (dm=l1.9 hem). tednmcpreblt ihgauoer ol eitrpreted by the eddy current effects. We present here a com-
parison between .'(o) for two Co2oNi8o samples of differ-

(EDS). Moreover, the distribution of each element within ent granulometries in the micrometer and submicrometer size
one particle appears fairly homogeneous (Fig. 3). However, a range (Fig. 5). Whereas micrometer size particles (dm = 1.5
small concentration gradient can be observed from the heart /m) exhibit a permeability curve with a single resonance
to the outer part of the particle, the heart being slightly band the submicrometer size particles (di=0.3 Arm) exhibit
poorer in nickel than the outer part. This difference in com- an original behavior with three resonance bands. This unex-
position which cannot be estimated quantitatively is related pected phetvmena for particles exhibiting uniformity of
to different kinetics of reduction and precipitation for the two shape, size, and composition, can be clearly related to their
metals. small size. Actually, we have observed a similar behavior

Saturation magnetization values were typically 75 and with ferromagnetic fine particles of different composition but
72 emu/g for micrometer and submicrometcr size particles, with a similar mean diameter. Results will be reported
respectively. These values are very close to bulk metal value elsewhere.10 To our knowledge such a phenomena has never
and corroborate the low level of impurities, been reported before. It can be tentatively related either to

Dynamic permeability of Co20Ni 80 powders-epoxy resin the magnetic domain structure of small particles or to a sur-
composite naterials presents a resonance in the 0.1-18 GHz face effect similar to the effect responsible for spin wave
range. The composite permeability / e(O) depends on the fer- resonance in thin ferromagnetic films.
romagnetic particle concentration. It has been shown
recently1' 2 that a homogenization law adapted from Brugge- IV. CONCLUSICN
man theory7 can describe this effect. According to these stud- The intrinsic permeability p4(w) Of C020Ni80 particles
ies intrinsic permeability A,(w) of our powders was infe.rred having controlled and well-defined morphological character-
from composite permeability measurements. For a given istics have been measured. A size effect has been clearly
powder the values A,(w), computed from /te(w) measure- evidenced. For particles in the micronic size range a single
ments for several composites of different volume fraction, resonance band has been observed at low frequency as ex-
were found weakly dependent on the volume fraction. Thus, pected for a material with a low magnetocrystalline energy.
A, (w) may be considered as an intrinsic property of the pow- Particles in the submicron range exhibit an original behavior,
ders.Fre. 4never reported before, with several resonance bands.Figure 4 shows .l,(w) for C02oNi8o, Ni, and Co powders

of comparable granulometry in the micrometer range. The 1 A. Berthault, D. Rousselle, and G. Zerah, J. Magn. Magn. Mater. 112, 477
maximum of /z(w) appears at 1.4, 1.8, and 6.5 GHz for (1992)
Co20Ni8o, Ni and Co powders, respectively. The shift of reso- 2 L. Olmedo, G. Chateau, C. Delcuze, and J. L. Forveille, J. Appl. Phys. 73,

nance bands observed with chemical composition can be cor- 6992 (1993).
related to a variation of the magnetocrystalline anisotropy. In aM. Figlarz, F. Fi6vet, and J. P. Lagier, European Patent No. 0113281; USAPatent No. 4539041; Fin. Patent No. 74416; Japan Patent No. 04024402.
the case of a monodomain and monocrystalline sphere 4 F. Fivet, J. P. Lagier, and M. Figlarz, Mater. Res. Soc. Bull. 14, 29

Kittel8 linked the resonance frequency to the magnetocrys- (1989).
talline anisotropy field: fr (y/2 7r)Ha . Ha values computed 5F. Fi6vet, J. P. Lagier, B. Blin, B. Beaudoin, and M. Figlarz, Solid State
from resonance frequency measurements by Kittel formula Ion. 32/33, 198 (1989).vaom ratonce withuency cealomptsbyitin iq ula 6 X ray powder data file J.C.P.D.S. No. 4-850, No. 15-806.
present a variation with chemical composition in qualitative 7D. A. G. Bruggeman, Ann. Phys. (Leipzig) 24, 616 (1935).
agreement with the variation of the anisotropy constants re- 8C. Kittel. Phys. Rev. 73, 155 (1948).
ported for Ni, Co, and NiCe alloys. 9 Landolt.Bornstein 11 band, 9 tel, Magnetic properties I (Springer, Berlin,

Effect of particle size alloys. mi1962), pp. 1-119.feupon microwave permeability 0G. Viau, F. Ravel, 0. Acher, F. Fi6vet-Vincent, and F. Fivet, presented at
were studied by Berthault et al. with permalloy particles in International Conference on Magnetism, Warsaw, August 1994, J. Magn.
the 4-16 /tm size range.' It was shown that the variation of Magn Mater. (to be published).
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Coercivity of Fe-Si0 2 nanocomposite materials prepared by ball milling
Anit K. Girl, C. de Julian, and J. M. Gonzilez t
Departamento de Propiedades Opticas, Magnticas y de Transporte, Instituto de Ciencia de Materiales de
Madrid-CSIC, c/Serrano 144, 28006 Madrid, Spain

Samples containing Fe nanoparticles dispersed in SiO 2 were 3repared by high energy ball milling.
We have studied the variation with the milling time of both the saturation magnetization and the
coercive force of these samples. The rapid increase of coercivity with the decrease of temperature
observed in the low temperature range suggested the presence of superparamagnetic particles in the
samples. Nevertheless, our experimental data were in poor agreement with the well-known T112 law
describing the coercive force of superparamagnetic particles. Coercivities as high as 540 and 850 Oe
were obtained for samples with x=0.3 at room temperature and at 1.7 K, respectively. From the
analysis of the temperature dependence of the saturation magnetization the spin wave stiffness
constant was obtained. This quantity evidenced the enhancement of the thermal demagnetization
associated with the reduction in size.

I. INTRODUCTION III. RESULTS AND DISCUSSIONS

The high coercivity values (up to 1 kOe) measured for XRD patterns of the samples revealed along with the

Fe nanoparticles embedded in insulating or conducting ma- presence of Fe peaks that the samples were free from the

trix have induced a lot of research work on the preparation oxides of Fe down to the resolution of the technique. The

and characterization of this kind of nanocomposite average Fe grain size was evaluated from the width at half-

materials.' Most of these materials were prepared by sputter- maximum of the (110) reflection after making the correction

ing technique.' Although some bulk preparational methods due to the instrumental broadening. Figure 1 shows the mill-

such as high energy ball milling have been successfully used ing time dependence of the average grain size as measured in

to prepare nanostructured materials, only a few results have the sample with x = 0.3. From Fig. 1 a rapid decrease of the

been reported regarding the pro-, rties of metal nanoparticles average grain size down to a saturation value of 9 nm is

prepared by this technique. Recently, using high energy ball apparent. In the inset of Fig. 1 we plotted the saturation (70

milling, Ambrose et al.2 prepared Fe nanoparticles in an h milling) average grain size of samples as a function of

A 20 3 matrix and obtained coercivities of 600 Oe at 5 K and compositions. Particle size and dispersion were examined by

230 Oe at room temperature. In this paper we report on the TEM. Figure 2 presents a picture taken in a x = 0.3 sample

preparation and detailed characterization of the magnetic (milled for 70 h). From this picture it was possible to evalu-

properties of Fe-SiO2 nanocomposities prepared by high en- ate the average particle size as 11 t 2 nm and to observe the

ergy ball milling, excellent degree c! dispersion of the particles. For all the
samples comparison of the average grain and particle size
showed reasonable agreemen, and led us to identify both
parameters. In Fig. 3 we present, for the different composi-

II. PREPARATION OF SAMPLES AND EXPERIMENTAL tions studied, the variation of the magnetization with the
TECHNIQUES milling time corresponding to an applied field of 10 kOe. In

Samples of the series Fe,(Si 2)i -., with Fe volume frac- all the cases the magnetization decreased down to a

tion x in the range 0.1ex(-0.65 were prepared by high composition-dependent saturation value. The milling timetionx i th rane 01 x <065 ereprepredby igh dependence of the as-milled room temperature coercive force

energy ball milling. The starting materials consisted of -325 depenence of Thsermeteratrecoerive forcemeshFe owdrs ad slic ge preare bythe onvntinal is presented in Fig. 4. This parameter increased with millingmesh Fe powders and silica gel prepared by the conventional

method 3 of hydrolysis and polycondensation of silicon tetra-
ethoxide in water and ethanol solutions under acidic me- 50 20[

dium. The gel was dried in air at 333 K for 15 days. The 40 5

amorphous nature of silica gel was confirmed by x-ray dif- 0 E

fraction (XRD). Appropriate amounts of Fe and SiO 2 gel - 30 - 5

were placed in a hardened stainless steel vial with four hard- " 0.2 0.4 0.6 0.

ened stainless steel balls so that the ratio of the weight of the 20. 0
balls to that of the powder was 14:1. The vial was sealed in 10 a O -_- - - a
an inert atmosphere to prevent oxidation. These materials
were then milled for up to 70 h. The as-milled samples were 00 20 40 60 80
characterized by XRD and transmission electron microscopy t (hours)
(TEM). Magnetic measurements were carried out in pressed
powder samples by means of vibrating sample magnetome- FIG. 1. Typical plot of the average grain size (d) vs the milling time (t) for

ter, superconducting quantum interference device, and an ac the Fe0 3(SiO2)0 7 sample. In the inset a plot of d vs Fe volume fraction (x)

susceptometer. (samples milled for 70 h) is presented.
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FIG. 2. Ty~pical TEM microgldph of the sample with x=0.3. FIG. 4. Plot of the coercive force (He) vs the milling time (t). The inset
shows a plot of H, vs x for the 70 h milled samples.

time up to a maximum (saturation) value which was
achieved after 30 h oi milling. The correlation of these re- where results corresponding to x=0.3 milled for 70 h are
sults with the milling time evolution of the particle size al- presented]. From these results we obtained the blocking tem-
lowed us to conclude that both the decrease in saturation perature, TB, plotted in the inset of Fig. 5(b). The values
magnetization and the increase of coercive force were origi- obtained are in quantitative agreement with the magnetomet-
nated by the reduction of particle size. Regarding the first ric results, considering the typical measuring time character-
quantity this correlation suggests the presence of superpara- istic of both techniques. We can conclude that the average
magnetic particles in the samples. As for the coercive force volume of the superparamagnetic fraction of the samples was
the values we obtained are larger than the anisotropy field of not influenced very much by the preparation parameters.
Fe which evidences that an interaction different from the Considering the evolution with these parameters (and also
bulk magnetocrystalline anisotropy rules magnetization re- with the composition) of the average particle size (XRD and
versal. The inset in Fig. 4 presents the compositional evolu- TEM) we can conclude that the superparamagnetic particles
tion of the coercive force of samples milled for 70 h. Inter- corresponded to the tails of the size distribution and therefore
estingly a maximum is obtained for x = 0.3 which evidences were only small minority. Going back to thermal evolution of
the occurrence of interparticle interaction since this value is the magnetic moment of the samples [Fig. 5(a)] it is worth
clearly lower than the percolation concentration.

In Fig. 5(a) we present results corresponding to the tem- 6,0 . . .0.O.Z.C
perature dependence of the magnetic moment, m, for the 0 20 kOeFC 0 20 kOe FC

5,5 ma 1 U 75 Oe FC 0 75 OeZFCsample with x = 0.3 milled for 70 h. These results represent f._. oeoo.oo*o o o othe behavior of all the samples studied. The magnetic mo- " 5,0
ment was measured after zero field cooling (ZFC) and field 2 0,06 NONE * *
cooling (FC) with two different a'phed fields (20 kOe and E 00)0 I
75 Oe). Our data evdence the p: ... .L.f a fraction of su-
perparamagnetic particles in the samples. Nevertheless, mag- 0,040 50 10 150 20 250 3
netometric measurements did not allow us to distinguish any

variation of the blocking temperature either with the compo- (a) T (K)
sition of the samples or with the milling time (blocking tem-
peratures close to 4 K were observed in all the cases). In 3
order to clarify this point we measured the temperature de- 12O 12

pendence of the ac (I kHz) susceptibility [see Fig. 5(b) 09 0 0
3

,-.8.0 0,2 04 o,6
200 - -- -- - - 2

o x _ o 3O

is xO3 000000 00
0 xoo4

E 11

500 50 100 150 200
(b) T (K)

0' 2-0 40 60 80 100 FIG. S. (a) Plot of the magnetic moment (m) vs temperatures (7) for the
t (hours) sample with x=O.3 milled for 70 h (see the text). (b) Plot of the ac suscep-

tibility (X) vs temperature (1) for sample with x=0.3 milled for 70 h. Inset:
Plot of the blocking temperature (TB), as obtaitied from ac susceptibility

FIG. 3. Plot of the saturation magnetization (M,) vs the milling time (t). measurements, vs Fe volume fraction (x).
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FIG. 6. Plot of the spin wave stiffness constant (B) against Fe volume
fraction (x) for the samples milled for 70 h (inset). Plot of B against the FIG. 7. Plot of coercive force (H,) vs temperature (2

average grain size (d) for the samples milled for 70 h.

more clear for the sample with x =0.1 where the coercive
moment with the force increased up to 970 Oe at 1.7 K. The temperature de-

pendence of the coercive force of our samples does not obey
increase of temperature observed in the low field curves can the T112 law 4 which can be ascribed to the occurrence of
be understood as corresponding to a decrease of the magnetic interparticle dipolar interactions (evidenced by the composi-
anisotropy with the increase of temperature, which originates tional dependence of the coercive forme
the alignment with the field of the moments of a larger num-
ber of particles. From the high field m(T) curve it was pos- IV. CONCLUSIONS
sible to obtain the thermal evolution of the magnetic moment
using Bloch's law given by m(T) = m(0)(1- B T31 2) where We have studied the effect of particle size on the mag-
B is spin wave stiffness constant, m(T) and m(O) are the netization and coercive force of Fe nanoparticles dispersed in

moments at temperatures T and 0 K, respectively. For that silica-gel matrix prepared by ball milling. Reduction in par-

purpose we considered a temperature range clearly above the ticle size originated a decrease of the saturation magnetiza-
blocking temperature of the superparamagnetic particles. Our tion and an increase in both coercivity and spin wave stiff-
results are presented in Fig. 6 where we have plotted the ness constant. It is worth remarking that our room
values of B obtained from the fits of the straight line plots of temperature coercive force values were of the same order as

m(T)/m(O) vs T312 as a function of the composition and those obtained in Fe-SiO 2 nanocomposites prepared by
average grain size (inset, for the samples milled for 70 h). sputtering,
The occurrence of thc enhanced thermal demagnetization in
the small particles (compared to the equivalent bulk process) ACKNOWLEDGMENTS
is apparent from Fig. 6. Also it is interesting to note that our The authors acknowledge Fundaci6n Domingo Martinez
B values are of the order of those obtained in samples of for financial support. A.K.G. thanks the Ministerio de Edu-
similar composites prepared by sputtering.' The enhanced caci6n y Ciencia, Government of Spain for a postcoctoral
demagnetization results from the influence of size in the fellowship.
electronic properties of the materials and has been related to
the occurrence of a cutoff frequency in the spin wave 1C. L. Chien, Science and Technology of Nanostrucwred Magnetic Mate-

spectrum.I rials, edited by 0. C. Hadjipanayis and G. A. Prin. (Plenum, New York,

The temperature dependence of the coercive force (Fig. 1991), p. 477, and reference% therein.
7)Talsohseste ate dprenence of theercive parce ig. 2T. Ambrose, A. Gavrin, and C. L. Chien, J. Magn. Magn. Mater. 116, L311

7) also suggested the presence of superparamagnetic par- (1992).
tiles to which the rapid increase of this parameter with the 3 D. M. Krol and J. G. Lierop, J. Non-Cryst. Solids 126, 52 (1990).

decrease of temperature could be ascribed. This effect is 4 E. F. Kneller and F. E. Luborsky, J. Appl. Phys. 34, 656 (1963).
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Nuclear magnetic resonance study of the magnetic behavior of ultrafine Co
clusters in zeclite NaY

Y. D. Zhang,a) W. A. Hines, and J. I. Budnick
Department of Physics and Institute of Materials Science, University of Connecticut, Storrs,
Connecticut 06269

Z. Zhangb) and W. M. H. Sachtler
Ipatieff Laboratory and Department of Chemistry, Northwestern University, Evanston, Illinois 60208

59Co spin-echo nuclear magnetic resonance (NMR) experiments have been carried out at 1.3 and 4.2
K, for external magnetic fields up to 9 kOe, in order to study 6-10 A, single-domain Co clusters
isolated inside zeolite NaY supercages. The magnetic behavior is characterized by a
superparamagnetic blocking temperature, relaxation time behavior for increasing and decreasing
fields, and a dependence on the magnetic history. The observed NMR spectra are broad with
structural features characteristic of both fcc- and hcp-like short-range order. Unlike bulk materials,
the application of fields up to 9 kOe causes a dramatic increase in the signal intensity. The results
are discussed in terms of the particle-size distribution and crystalline anisotropy, and their
relationship to the temperature and field dependence of the superparamagnetic/ferromagnetic
behavior.

I. INTRODUCTION the supeiparamagnetic/ferromagnetic behavior.

In an earlier work, it was demonstrated how information
concerning the size and location of Co clusters in zeolite II. EXPERIMENTAL APPARATUS AND PROCEDURE
NaY could be obtained by 59Co spin-echo NMR Zeolite NaY (Linde LZY-52) was dehydrated at 500 'C
measurements.' In particular, the superparamagnetic block- for 2 h in Ar, followed by Co 2(CO)8 vapor absorption at
ing temperature was used to obtzin an estimate for the aver- room temperature in CO atmosphere. The yellow colored
age Co cluster size in Co/NaY samples which were prepared sample was then thermally treated at 200 'C for 1 h in H2 to
using different thermal treatments. Also, a selective chemical remove the carbonyl ligands. The adsorbed hydrogen was
treatment with triphenylphosphine was used to determine the subsequently removed by puieing with Ar gas at 200 'C for
location of the clusters. It was found that preparation of Co/ 1 h. The Co/NaY sample was evacuated and then sealed in a
NaY under "mild" conditions (decomposition and annealing Pyrex tube. The final Co loading was approximately 1 wt %.
carried out at 200 'C) resulted in the production of Co clus- Spin-echo NMR measurements were carried out on a
ters with an average diameter of 6-10 A inside the NaY commercial Matec model 7700 puise modulator and receiver
supercages, while preparation of Co/NaY under "extreme" (mainframe), with matching Matec model 765 rf pulsed os-
conditions (decomposition and annealing carried out at cillator plug in (90-300 MHz and 500 W). The spectrometer
500 0C) resulted in larger clusters outside the NaY cages. system was matched with a Varian model V3400 electromag-

This work focused on the interested magnetic behavior net and Fieldial regulated power supply capable of fields up
which characterizes the t-10 A, single-domain Co clusters to 9 kOe. Operation at liquid helium temperatures was pos-
isolated inside the zeolite NaY supercages.1 In order to study sible with a conventional glass double-dewar system and
this belavior, detailed 59Co spin-echo NMR experiments pumping system. The measured echo amplitude was normal-
have been carried out at 1.3 and 4.2 K, for magnetic fields up ized and divided by the first power of the frequency in the
to 9 kOe. The observed spectra are broad with a primary usual manner. Additional details concerning the sample
peak and a secondary peak characteristic of fcc- and hcp-like preparation procedure, pulsed NMR apparatus, data acquisi-
short-range order, respectively. Unlike bulk materials, the ap tion, and spectral analysis can be found in the pievious
plication of a magnetic field causes a dramatic increase in the report.'
NMR signal intensity which is reversible. As described be-
low, in addition to a superparamagnetic blocking temperature III. RESULTS AND ANALYSIS
which occurs within this temperature range, the magnetic
behavior is characterized by relaxation time effects for in- Figure 1 shows the 59Co spin-echo NMR spectrum ob-
creasing and decreasing fields, and a dependence on the mag- tained from the Co/NaY sample described above at 4.2 and
netic history. [More precisely, the superparamagnetic relax- 1.3 K, for zero external magnetic field. As illustrated in Fig.
ation is blocked in the time window of the NMR 1, no NMR signal was observed at 4.2 K (sofid diamonds);
measurement (5 ns).] These results are discussed in terms of however, as the temperature was lowered to 1.3 K, a broad
the particle-size distribution and crystalline anisotropy, and spectrum with a central peak at 212 MHz dramatically ap-
their relationship to the temperature and field dependence of peared (open circles). A secor.dary peak in the spectrum ex-

ist. at approximately 222 MHz. As indicated in the earlier

')On leave from Lanzhou University, Lanzhou, Ganzu, P. R. China. work,' a consideration of the signal-to-noise ratio indicates
b)Present address: AKZO Chemical Inc, I Livingston Ave., Dobbs Ferry NY that this is indeed the result of a blocking of the superpara-

10522. magnetic relaxation, and not just an increase in the signal
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FIG. 1. 59Co spin-echo NMR spectra obtained for zero magnetic field from clusters inside zeolite NaY supercages; solid triangles, H=9 kOe; open

6 to 10 A clusters inside zeolite NaY supercages; solid diamonds, T=4.2 K circles, H=0. The sample was initially cooled from room temperature to 1.3
(no signal observed); open circles, T=1.3 K. The sample was initially K in zero fiela.

cooled from room temperature to 4.2 K and then 1.3 K in zero field.

to the corresponding relaxation time, and hence, can be con-

intensity due to the Boltzmann factor. The existence of a sidered as equilibrium values. Further, although it is not

superparamagnetic blocking temperature in this temperature shown in either Figs. 1 and 2, the application of an external

range along with an approximate value for the crystalline field of 9 kOe causes a reappearance of the NMR signal at

anisotropy for small Co particles resulted in an estimate of 4.2 K. Finally, a careful comparison of the two spectra illus-

the average cluster diameter between 6 and 10 A.' This is trated in Fig. 2 shows that the application of an external field

supported by the fact that a chemical treatment with triph- of 9 kOe causes a downward shift of the spectrum by 2.5

enylphosphine does not change the observed spectrum, indi- ±0.5 MHz. Based on an analysis carried out by Gossard
eating that the clusters must be protected by being located et al 2 for single-domain Co particle., tme shift observed hereinside the NaY supercages. Consequently, an upper limit of is about one-third that predicted from bulk behavior.

12 A, which is the diameter of the supercages, is established Figure 4 shows the 59Co spin-echo intensity (echo
for the clusters. The principal peak at 212 MHz and second- height) obtained for the Co/NaY sample at 1.3 K and 210
ary peak at 222 MHz are characteristic of fcc- and hcp-like MHz as a function of time for both increasing and decreasing

short-range order, respectively. These values are lower than external field. Here, the sample was first cooled in zeo field
the corresponding bulk cobalt values by about 7 MHz. This from room temperature to 1.3 K. The field was qui, n-
tentative assignment seems reasomble in view of a similar creased to 9 kOe and the time dependence of the signai in-

spectrum which was obtained from a Co/NaY sample that tensity was measured (open circles). After coming to equi-
was prepared under "extreme" conditions tuecomposition librium at 9 kOe, the field was quickly reduced to 0 and theas ppan edngcarried out oi rtin ilercus- signal intensity was again measured as a function of time
ters outside of the NaY cagesi The larger Co clusters were (solid triangles). Fitting the data in Fig. 4 to single exponen-tersoutide f te NY caes. T~e lagerCo lustrs ere tials resulted in values of 47 and 16 s for the relaxation time
characterized by a spectrum which was similar in shape to
that presented in Fig. 1, aithough about 25% narrower. The
two peak frequencies were quite close to the bulk values.

Figure 2 shows the 59Co spin-echo NMR spectrum ob-
tained from the Co/NaY sa.r-ple at 1.3 K for external mag- o imeasing H 0

netic fields of H=9 kOe (soid triangles) and H=0 (open A1.5 decroasin.gH

circles). The spectra illustited in Fig. 2 were obtained by f.215T-z
coolling the sample in zero ';eld from room temperature to f-215MHz

1.3 K, measuring the H=0 spectrum, increasing the field to Z 1.0

H=9 kOe, and then remeasuring the spectrum. It is signifi-
0

cant to note that, unlike bulk materials, the application of 0
magnetic fields up to 9 kOe causes a dramatic increase in the 0.5

signal intensity which is reversible. This is illustrated in Fig. o
3 which shows the spin-echo intensity (echo height) obtained 0.0 . I , . , ,
at 1.3 K and 215 MHz as a function of the external magnetic 0 2 4 6 8 10
field. The open circles are for increasing field and the solid oC MAGNETIC FIELD (kOe)

triangles represent decreasing field. As discussed below, the
variation of the NMR signal intensity with magnetic field is FIG. 3. 59Co spin-echo NMR intensity (echo height) obtained at 1.3 K and

also characterized by (different) relaxation time behavior for 215 MHz from 6 to 10 A Co clusters inside zeolite NaY supercages vs
external magnetic field, H, in kOe; open circles, increasing field; solid tri-

both increasing and decreasing fields. The points illustrated angles, decreasing field. The data points are characteristic of the equilibriumin Fig. 3 were measured for times that were Iong compared values.
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20 r=(av)-1 exp(KCV/kBT), (1)
16 where a is a geometrical factor and kf is the Boltzmann

0 0 0 00 constant.3 The frequency factor v is the Larmor frequency of

i -20K the magnetization vector M, in an effective field
SHff1K2M,. e behavior of a magnetic particle depends

0 on the experimental observation time 7obs . For Tobs->r, the
-8 particle will appear to be superparamagnetic, while for

robs - T, the superparamagnetic relaxation will be blocked and
ou 4

£- A A A the particle will show ferromagnetic behavior. For the
o) present NMR observations, Tobs= 1/vL -

5 X 10 9 s, where vL
0 . . . . is the resonance frequency (or Larmor frequency of the

0 100 200 300 400 500 nuclear moment about the magnetic field at the nuclear site).
TIME(s) Thus, if 1/1tL'-" (i.e., ferromagnetic behavior), the nuclear

FIG. 4. 59Co spin-echo NMR intensity (echo height) obtained at 1.3 K and Zeeman splitting caused by the hyperfine field at the nuclear
210 MHz from 6 to 10 A Co clusters inside zeolite NaY supercages versus site will be observed. Conversely, for lIVL,'T (i.e., super-
time, t, in s: open circles, field quickly increased from 0 to 9 kOe; solid
triangles, field quickly decreased from 9 k0e to 0. The sample was initially paramagnetic behavior), the Zeeman splitting and, conse-
cooled from room temperature to 1.3 K in zero field. quently, the NMR signal will disappear. A superparamagnetic

blocking temperature can be defined as TB=KCV/kB. Kiin-

at 1,3 K characteristic of increasing and decreasing field, dig et al.4 have used the M6ssbauer effect to study small

respectively. The corresponding values at 4.2 K were signifi- particles of a-Fe203 and P-Co. They find that as the particles
transform from ferromagnetic to superparamagnetic behaviorcantly smaller. (by varying the particle size or the temperature), the M6ss-

IV. DISCUSSION AND SUMMARY bauer spectra shows a decrease in the Zeeman structure with
a corresponding increase in the quadrupole structure. The

The magnetic behavior of the small, single-domain Co relaxation time described above by Eq. (1) can also be influ-
clusters isolated inside zeolite NaY supercages is character- enced by the application of an external magnetic field, H. In
ized by a superparamagnetic blocking temperature which oc- this case, there will be a magnetic energy MJIV in addition
curs at liquid helium temperatures, relaxation time behavior to the anisotropy energy KV which will contribute to the
for increasing and decreasing fields, and a dependence on the superparamagnetic blocking. This will cause more of the
magnetic history. The 59Co spin-echo NMR spectra are broad (smaller) particles to exhibit ferromagnetic behavior and,
with a central peak at 212 MHz and a secondary peak at 222 hence, contribute to the NMR signal intensity. Further, the
MHz, which are attributed to fcc- and hcp-like short-range application of an external magnetic field will cause the clus-
order, respectively. The application of fields up to 9 kOe ter moments to reorient such that the internal fields at the Co
results in a downward frequency shift of the spectrum which nuclei become more aligned perpendicular to thM rf excita-
is approximately one-third that expected for bulk, single- tion field of the NMR spectrometer. Consequently, more nu-
domain Co. For bulk multidomain ferromagnetic materials, clei undergo the appropriate transitions and the signal inten-
the application of an external magnetic field causes a de- sity is increased. It is even likely that the clusters are free to
crease in the NMR signal intensity due to the disappearance reorient such that the easy axes are aligned with the magnetic
of the domain walls. The dramatic increase in NMR signal field in equilibrium. The change in magnetic field behavior
intensity with applied fiela that is observed here for the small shown in Fig. 3 provides an estimate for the anisotropy field
Co clusters is worthy of special mention. of 2 kOe. For external magnetic fields in excess of ,he 9 kOe

For zero applied field, a single-domain ferromagnetic used here, the NMR signal intensity may eventually start to
particle is magnetized along some easy crystallographic di- decrease due to a decrease in the domain enhancement factor.
iection (for fcc cobalt, this is the [111] direction). The energy Work is currently in progress in an attempt to extract a quan-
required to reverse the direction of the magnetization relative titative description of the cluster size distribu'ion from the
to the easy direction may be written as KoV, where K, is the field dependence of the NMR signal intensity.
crystalline anisotropy constant and V is the volume of the
particle. (It is assumed that the particles are spherical and not Z. Zhang, Y. D. Zhang, W. A. Hines, J. I. Budnick, and W. M. H. Sachtler,

J. Ame. Chem. Soc. 114, 4843 (1992).

stressed by external forces, so the shape and strain anisotropy 2A. C. Gossard, A. M. Portis, M. Rubinstein, and R. H. Lindquist, Phys.
can be neglected.) The single-domain particles will have Rev. 138, A1415 (1965).
thermal fluctuations in the magnetization direction and, at a 3L. Nel, Ann. Geophys. 5, 99 (1949).
given temperature T, there exists a finite probability that the 4W. Kiindig, R. H. Lindquist, and G. Constabaris, Proceedings of the In-

ternational Conference on Magnetic Resonance and Relaxation, Colloque
magnetization vector will reverse its direction and the time Ampere XIV, Ljubljana, 1966 (North-Holland, Amsterdam, 1967), p.
that describes how rapidly this occurs may be written 1029.
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Perfluorocyclobutane containing aromatic ether polymers as planarization
materials for alternative magnetic media substrates

Donald J. Perettie
The Dow Chemical Company, 1702 Building, Midland, Michigan 48674

Jack Judy and Qixu Chen
University of Minnesota, 200 Union Street, S. E., Minneapolis, Minnesota 55455

Rick Keirstead
Nashua Corporation, 44 Franklin Street, Nashua, New Hampshire 03061

Perfluorocyclobutane aromatic ether polymers (PFCB) are being researched as planarization
materials for alternative magnetic media substrates allowing smoother surfaces for lower head flying
recording. The results o' current work reported herein have shown that PFCB can be used to affect
surfaces on canasite with RA's less than 2 nm. In addition, magnetic media can be produced of a
quality comparative to that obtained on standard NiP-coated Al as well as that produced on regular
canasite with equivalent coercivities at about 1500-1600 Oe and squarenesses of 0.8 or better. In
addition to the above magnetic properties the recording performance was excellent with
signal-to-noise ratios of planarized media 3.5 dB higher than that on regular canasite.

I. INTRODUCTION performance of the thin film media deposited on PFCB-
planarized substrates are compared with that on regular ca-

Alternative or nonaluminum magnetic media substrates nasite.
have been the topic of numerous discussions as well as semi-
nar series as presented by IDEMA and the subject of a
recent presentation by one of these authors at the Head and
Media Technology Conference (1992) during Comdisk.2 In II. EXPERIMENT
addition to these presentations two recent publications by A. Substrates
Perettie et aL3'4 have focused on the use of benzocyclobutene The surface morphology of the substrates was character-
(BCB) as a planarization resin for aluminum substrates with ized with an atomic force microscope (AFM).
conceptually the same idea; the difference being that the
BCB work required the coated substrates be cured in an inert
atmosphere. A continuation of this effort is presented here B. Magnetic media
with the resin being PFCB.

Perfluorocyclobutane aromatic ether polymers (PFCB) The deposition conditions of the C/CoCr (12 at. %) Ta (2
are being researched as planarization materials for alternative at. %)/Cr films are shown with Table I. The magnetic prop-
magnetic media substrates allowing smoother surfaces for erties of the thin film media were measured using a digital
lower head flying recording. Canasite is a glass ceramic ma- vibrating sample magnetometer (VSM). The recording per-
terial, and is being used as an alternative substrate for ad- formance of the thin film media were tested using thin film
vanced magnetic thin film media. Even though the height of heads with 0.4 /m gap width and 16.5 Am track width. The
the automatically textured surface peaks of polished canasite head wrote and read ,ack an all ones pattern at a relative
are uniform, the large peak-to-valley heights are not. How- linear velocity of 10 mis. The flying height was approxi-
ever, PFCB-coated canasite substrates have small and uni- mately 0.2 Asm. The average signal output amplitude was
form peak-to-valley heights which should improve durability determined by averaging digitized wave forms. The medium
and recording performance. The properties of the materials noise was obtained by subtracting the integrated iboise power
and the surface roughness of the PFCB-coated canasite sub- of the recording system from the total integrated noise power
strates are being reported here. The magnetic and recording over a 20 MHz bandwidth.

TABLE J. Deposition conditions of C/CoCrTa/Cr thin film media.

Ar
Sputter Thickness pressure Deposition rate K Substrate bias

Films mode (A) (mTorr) (A/min) (V) Deposition temperature

Cr de magnetron 1000 1 1.8 0 Varied
CoCrTa rf magnetron 500 3 1.42 -48 Varied
C dc magnetron 300 8 0.3 0 Room temperature

J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/9476(10)/6579/3/$6.00 © 1994 American Institute of Physics 6579



, , , ,,, , -, *- .TABLE III. Magnetic properties of C/CoCrTaICr films deposited on cana-
site and PFCB-coated canasite substrates.

Substrates PFCB/canasite Canasite PFCB/canasite Canasite

H. (0e) 1523 1329 1594 1457
MrT (mEMU/cm 2) 1.9 2.1 1.9 2.2
S 0.73 0.76 0 75 0.75
S* 0.81 0.82 0.80 0.76
SFD 0.22 0.22 0.25 0.27
Preheat temperature 200 *C 300 °C

20S(a) 1
pure canasite and PFCB-coated canasite substrates under
identical deposition conditions but at different experimental
runs. The magnetic properties of the films deposited on ca-
nasite substrates are not subject to the effect of the possible
outgassing from PFCB polymer. The magnetic properties of
the CoCrTa/Cr films are shown below in Table III.

The coercivity of the magnetic files deposited on PFCB-
coated substrates is higher than those of films deposited on
canasite substrates as shown above. Figure 2 also shows the
comparison of signal-to-media noise ratio of C/CoCrTa/Cr
films deposited at identical conditions on canasite and

40 PFCB-coated canasite substrates, respectively.
20 The deposition conditions of these samples are shown in

(b) to Table I. The preheat temperature was 200 'C with the mag-
FIG. 1. Surface profile of regular canasite atnd PFCB-planarized canasite netic properties of the samples shown in Table III. The media
substrates measured with AFM. deposited on PFCB-coated canasite substrates exhibit about

Ili. RESULTS

Figure 1 shows the comparison of the surface topogra-
phy of regular canasite and PFCB-planarized canasite sub-
strates measured with AFM. Table II shows the calculated
roughness of the two types of substrates using the data from 40
AFM with RA showing mean roughness and Rmax indicating
maximum height which is the difference in height between 36
the highest and lowest points on the profile relative to the ^ o C•Conse
mean line over the length of the profile. It is obvious that the 0 c coO I
surface of PFCB-planarized canasite substrates is much •
smoother than that of regular canasite substrates. 2 5

The effect of sputtering parameters on magnetic proper-
ties of CoCrTa/Cr films deposited on NiP/Al substrates has 20

been intensively investigated. For example, it was reported °
that in-plane coercivity increases and in-planes decrease as 1s D
substrate temperature increases.5 The same relative result is )
true for the CoCrTa/Cr films deposited on PFCB-planarized to
substrates. In addition, C/CoCrTa/Cr films were deposited on

5

TABLE I1. Surface roughness of regular and PFCB-planari.ed canasite.
__ __ __ __ __ __ __ __ __ __---_0 I 1

Scan size (Am) 1 50 0 Soo o 200o 250) 3 =

9ff-density (ft/mm)
Substrates Canasite PFCB/canasite Canasite PFCB/canasite

RA (nm) 1.0 0.48 6.5 1.9 FIG. 2. Comparison of signal-to-media noise ratio of C/CoCrTa/Cr films
R, (nm) 14.9 10.2 76 22 deposited on canasite and PFCB-coated canasite substrates, respectively.

-(Preheat temperature is 200 *C.)
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F 3.5 dB higher signal-to-media noise ratio than the films on signal-to-noise ratio over a wide range of recording densities
canasite substrates. The films deposited at 300 °C also show in comparison to media deposited on regular canasite sub-
the similar results. strates.

IV. CONCLUSION

PFCB polymer films can be used to affect a surface 1Alternative Substrates presented at IDEMA Seminar, 1993 and 1994.2Head and Media Technology Conferencc, November 1992.smooth on canasite with RA 's less than 2 nm in 50 itm scan 3j. Magn. Soc. Jpn. 15, Supplement, No. S2 (1991).
size. CoCrTa/Cr thin film media deposited on PFCB-coated 4 IEEE Trans. Magn. MAG-27, 5175 (1991).
canasite exhibited higher coercivity and a 3.5 dB higher 5M. Lu et at., IEEE Trans. Magn. MAG-28, 3255 (1992).
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[ Anomalous perpendicular magnetoanisotropy in Mn4N films on Si(l0) I
K. M. Ching, W. D. Chang, T. S. Chin, and J. G. Duh
Department of Materials Science and Engineering, Tsing Hua University, Hsinchu, Taiwan, Republic of
China
H.C. Ku
Department of Physics, Tsing Hua University, Hsinchu, Taiwan 30043, Republic of China

Ferrimagnetic Mn 4N films were deposited on Si (100) substr.te by dc reactive magnetron sputtering
from sintered Mn target. Highly (002) textured Mn4N ordered phase is formed in situ at studied
substrate temperatures of 150-250 °C without further annealing. Anomalous perpendicular
magnetoanisotropy exists in these face-centered cubic films with larger coercivity measured
perpendicular to the film (2000-3000 Oe) than that parallel (1100-1300 Oe), as is the remanence.
Coercivity in either direction decreases, while the saturation flux density (from 240 to 610 G)
increases with increasing substrate temperature. The anomalous perpendicular magnetoanisotropy is
attributed to (1) the stress-induced anisotropy due to in-plane tensile stress coupled with a reverse
magnetostriction, and (2) the shape anisotropy due to columnar grain structure.

I. INTRODUCTION ogy like sputtering, it is possible to obtain such films much
more easily, because high temperature phases could be suc-

In 1932 Ochsenfeld observed that mangainese takes up cessfully deposited at low substrate temperatures. On the
nitrogen at about 1100 °C and gives it off again at 1300- other hand, Mn4N films were rarely studied. One report stud-
1320 °C, and that the nitrided product has a Curie point of ied Mn4N films prepared by facing target reactive sputtering
about 500 °C, a coercive force, Hc, of 200 Oe, an intrinsic and obtained a film with saturation flux density of 510 G and
induction of 200 G under an applied field of 600 Oe, and a coercivity of less than 900 Oe.5 It is interesting to investigate
remanence, Br, of 110 G.' again other synthesis methods and magnetic properties of

Although there was an argument that Mn4N is such films. In this study, Mn4N films have been prepared by
ferromagnetic, 1 2 according to the result of neutron diffrac- dc reactive magnetron sputtering at low substrate tempera-
tion in 1962, the Mn4N compound was identified to be a tures on Si (100) substrate. Structure and magnetic properties
ferrimagnetic material,3 which can be formulated as of the films were studied.
Mn(I)NMn(II) 3. It crystallizes in a perovskite-derived struc-
ture ABX3: A is Mn(l) at the comer position, B is N at the II. EXPERIMENT
body center, and X is Mn(II) at face centers of the cubic cell. The Mn4N films were prepared by dc reactive magnetron
Mn(I) has a large moment (3.53 utB at 300 K) with antipar- sputtering from sintered Mn (99.9%) target. The substrates
allel spin alignment with respect to Mn(lI) (-- .89 A B at 300 used were Si (100). The vacuum system was pumped to the
K), leading to a ferrimagnetic order of the lattice with a total base pressure of 5X 10- 5 To. Ultrahigh purity At and N2magnetization at 300 K of 0.86 ILB per formula unit.3

Igntiszardos ato0synthesiz6 M poder byrma titional gases were first mixed at a ratio of 80:40 sccm, and the total
pressure during deposition was set at 3 mTorr, controlled by

ceramic processes, because it requires high temperature a needle valve. The substrate temperature was varied from
(>925 K), long reaction time (>200 h), and precise atmo- 150 to 250 'C. Distance between the target and the substrate
sphere control.4 However, through the assistance of technol- was 3.5 cm.

The resultant films were examined by x-ray diffract-
ometry (XRD) using Cu-Ka radiation at a scanning speed of
1/min for phase identification. Hysteresis loop both perpen-

MO4N(001) Mn4N(002) St(400) dicular and paiallel to the film plane were measured at room
Si(200) I temperature by using a vibrating sample magnetometer with

.t) * a maximum applied field of 20 kOe. The sign of magneto-
striction coefficient was measured by a strain gauge. Micro-
structure of the films was observed by means of a scanning
electron microscope (SEM). Stress of the films was mea-

.. .. TABLE I. Magnetic properties of Mn4N vs substrate temperature (T,, in
175'C 'C). S is the squareness ratio, H, in Oe, B, in G.

150°C Sample T7 H I  H, B, SI S,
20 30 40 50 60 70 80 Al 150 1333 3048 240 0.40 0.56

20(degree) A2 175 1143 2476 20 0.35 0.43

A3 225 1143 2381 530 0.38 0.61
FIG. 1. X-ray diffraction patterns of as-deposited Mn4N films at various .4 250 1153 2020 610 0.37 0.59
substrate temperatures shown.
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FIG. 3. Ty~pical magnetostriction vs applied field of a Mn4N film.
FIG. 2. Hysteresib loops measured perpendicular (1) and parallel (11) to the

film plane of a Mn4N film deposited at 225 *C.

(1770 G). This discrepancy should arise from impurity
sured by a film stress measurement apparatus (FSM). Thick- phases (e.g., Mn and MnO) embedded in the films.
ness of the films was measured by means of a stylus method. By FSM, measurement, it was found that films show in-

plane tensile stress, which increases w h increasing substrate

III. RESULTS AND DISCUSSION temperature, as shown in Table II. Further, by measuring
with a strain gauge bonded on the film, it was confirmed that

Films of fixed 1.2 Am thickness, as monitored by ex situ films deposited on Si(100) at various substrate temperatures
thickness measurements, were deposited on Si (100) at sub- have negative magnetostriction coefficient . in the film
strate temperature (T,) of 150, 175, 225, and 250 'C, respec- plane, as shown in Fig. 3. However, precise magnetostriction
tively, with a controlled deposition rate of 27 nm/min. Figure was not possible by this method. Magnetoelastic anisotropy
1 shows the XRD patterns of films deposited on Si(100) constant Ku can be calculated by the following formula:6

substrates. The films exhibit a strong Mn4N (002) texture
with distinguishable (001) superlattice reflection. The degree Ku= - (3/2)Xo (1)
of ordering, estimated from the peak height ratio between
(001) and (002) diffractions, is practically the same for all since or of the films is positive, the reverse magnetostriction
T,. There are contaminative phases, MnO and a-Mn. The makes a positive Ku, that is the perpendicular magne-
amount of MnO increases with T, due to higher oxidation toanisotropy.
tendency for a-Mn on the substrate with residual oxygen. Besides, microstructure observation of the films by

While the ' 'nount of a-Mn decreases with increasing T, due SEM, as shown in Fig. 4, reveals that films are in fact com-

to oxidation. posed of columnar grain structure which gives rise to the

Magnetic properties of the films are shown in Table I. shape anisotropy that is proportional to the square of satura-
For an fcc structure, large magnetic anisotropy is not usually tion magnetization. For the grain shown in Fig. 4, the aspect
anticipated. However, it is not true for the deposited Mn4N ratio is estimated to be 5.6, giving rise to a shape anisotropy
films. Comparing the hysteresis loops of the films measured constant Ks of, assuming the grain structure is perfect having

parallel (11) to the film plane with those perpendicular (_L) a theoretical saturation magnetization,
(see Fig. 2) the perpendicular coercivity (Hc.L) and rema-
nence (Br.L), hence the perpendicular squareness (S,) are
always much larger than H 1, Bro, and S1u, for all substrate
temperatures (T,). Specifically, Hci can be 1.8-2.3 times
higher than Hcd. Due to much higher Hc values and larger
squareness ratio in the perpendicular direction, the films de-
posited on Si(100) show apparently perpendicular magnetic
anisotropy. Also it is found that saturation flux density (Bs)
increases with increasing T,. The film deposited at 250 °C
has a Bs of 610 G, which is 34% of the theoretical value

TABLE II. The in.plane stress of the films vs substrate temperature (Ts,

in *Q.

Sample T, Stress (MPa)

Al 150 622
A2 175 648
A3 225 667
A4 250 730 FIG. 4. A typical SEM micrograph of a Mn4N film showing cross-sectional

view of the film structure.
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The contribution of the shape anisotropy to coercivity caused by in-plane tensile stress coupled with a reverse mag-
would be as high as 760 Oe, which is within the reasonable netostriction, and (b) the shape anisotropy caused by colum-
increment range as comparing the perpendicular coercivity to nar grain structure.
that parallel.
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Formation kinetics of polycrystalline EU2_xCexCuO 4 _ obtained
from a sol-gel precursor
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Instituto de Fisica, Universidade de Sjo Paulo, CP 20516, 01452-990 Sao Paulo, SP, Brazil
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Polycrystalline samples of Eu2 _..CexCuO4 _r (0.0:x-<0.18) were prepared from a sol-gel precursor
and sintered in air at different temperatures. From the x-ray diffraction results, the beginning of
Eu2zxCexCuO4 _y phase formation is observed by increasing the sintering temperature up to 500 'C,
as indicated by the presence of very broad Bragg reflections belonging to the desired phase. At
700 °C, Eu2 _xCe.CuO 4 _-y coexists with Eu20 3 , CeO2, and CuO. Additional sintering at 950 °C in
air for 20 h results in single phase materials. The effectiveness of Eu replacement by Ce in the
Eu 2CuO 4 pristine phase has been confirmed by a decrease in the lattice parameter c with increasing
x. Also, the solubility limit of Ce in these series was found to be higher than x=0.15. The results
of thermal analysis reveal that the eutectic temperature Te -1020 'C is Ce independent. On the other
hand, the peritectic temperature Tp increases significantly with increasing Ce concentration. It is
close to Tp-1180 'C for Eu 2CuO 4 and Tp-1195 'C for Eul.82Ceo.18CuO4 _y. Thermogravimetric
analysis performed during the heating process in all samples studied revealed a weight loss of
-1.5% at the peritectic temperature. This weight loss has been attributed to an oxygen removal

which is partially recovered during the cooling process.

I. INTRODUCTION materials should be as homogeneous as possible. This im-

Since the discovery of electron-doped superconductors plies samples sintered w:hout the presence of a liquid phase,

by Tokura, Uchida, and Takagi' many investigations towards provided that an appropriate Ce diffusion also occurs.
the Tokua cdass o ndTakagimany investiatins twr SAmong several processes available in the literature, the sol-
the new class of Ln2 _aCeCuOavb (Ln=Pr, Nd, Sm, Eu; gel route allows homogeneous samples and complete Ce dif-
0.0< x<0.20) based materials have been carried out in order fusion at sintering temperatures well below the eutectic
to better understand the relationship between their crystallo- 9

graphic structure and physical properties.2'3 Compounds of temperature.
In this work we focus on the preparation of polycrystal-

Ln 2 _,CexCuO 4 _y crystallize in the so-called T' (Nd 2CuO 4) line Eu 2 _xCexCuO 4 y; 0.0--x--0.18, starting from a sol-gel
structure, but their physical properties strongly depend on the recursor. All samples were heat treated in air and at differ-
host Ln and the substituent Ce or Th.2'3 In fact, this is mir- ent temperatures up to 950 C. The formation of the desired
rored i.- the observed superconducting critical temperature phases were accompanied by x-ray diffraction measurements
T,: it is almost constant -23 K for Ln=Pr, Nd, and Sm, and and thermal analysis. We have also determined either the
it decreases significantly for Eu (T,-13 K). In addition, eutectic temperature Te or the peritectic temperature Tp in all
when Ln is replaced by heavier Gd, although the T' structure samples studied.
is preserved, the material does not reveal superconducting
properties for x up -0.15. Some authors have proposed II. EXPERIMENTAL DETAILS
that Gd2 xCexCuO4 -y should show superconductivity for x
higher than the Ce solubility limit, which is close to 0.15. Powders of Eu 2 _xCexCuO4 _y; x=0.0, 0.05, 0.10, 0.15,
This upper limit should be related to the structural instability and 0.18, were prepared as described below. Initially, appro-
originated by the growth of the intraplanar stresses.5 Com- priate amounts of high purity Eu 20 3 were dissolved in 75 ml
pounds of Eu2 _xCexCuO 4 _y are on the frontier of this prob- of water and 10 ml of 65% HNO 3 in a beaker to form -3.5
lem involving crystallographic properties and the appearance g of the desired phase. The solution was heated on a hot plate
of superconducting properties. Up to now, few studies have at -50 'C under magnetic stirring. After the complete disso-
been carried out on the crystallographic and physical prop- lution of the Eu20 3 , stoichiometric amounts of
erties of Eu,__CexCuO 4 -y compounds. 2' 3'6  (NH 4)2Ce(NO 3)6 and Cu(N0 3)2 were slowly added to the

The conventional procedure used to obtain polycrystal- solution. Ethylene glycol (-40 ml) and 7.6 g of citric acid
line samples of Ln2-,CexCuO 4 -y compounds utilizes simple were also dissolved in the mixture. The resultant blue solu-
oxides as starting materiais and subsequent heat treatments tion was heated at T-100 °C and magnetically stirred to
to promote Ce diffusion into the T' structure. Usually, these evaporate water in order to form a homogeneous mixture. A
heat treatments are carried out at temperatures above the eu- brown NO2 gas evolution during the heating process was
tectic temperature Te, which involves the presence of a liq- frequently observed. Then, the solution was heated until it
uid phase.7'8 On the other hand, it is desirable that sintered initiates a process of polymerization through a transforma-

tion into a green gel. The product was then transferred to an
')Permanent address: Faculdade de Engenharia Odimica de Lorena, CP 16, alumina crucible, and subjected to a continuous heating up to

12600 Lorena, SP, Brazil. 150 'C. When the product dried, it reacted by spontaneous
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ignition, transforming into a fine brown powder. This powder 250

was heat treated in air in a muffle furnace at temperatures of * Eu (a)

300, 500, 700, and 950 'C for 22 h. * c.o2  T =500C

In order to characterize these powders, x-ray diffraction 200+

measurements (XRD) and thermal analysis were performed. (10)

The XRD measurements were taken in a Jena-Zeiss URD-6 (11) (200)• (006)

diffractometer with Ni filtered CuKa radiation. All samples + (213)

were measured between 10'_-20:70' with angular scan- 150

ning of 0.05*. All measurements were made at ambient tem-
perature. Lattice parameters were obtained through the re-
finement of the corrected peak positions utilizing a least- 100
square program. 600 ... .. ... ..

The XRD reflections belonging to polycrystalline . 03) (110) (b)
samples of Eu2 _xCexCuO 4 y, 0.0-<x--0.18, were indexed T 7O0CC

according to the symmetry of the tetragonal T' phase,
namely the 14/mmm space group.' n0 1' A computer simulated
pattern was generated by using the experimentally calculated

(WOE) (213)lattice parameters and by replacement of Ln by Eu and Ce on i (10) 0
the atomic coordinates of the T' structure.'"' The simulated En 200
ind the experimental patterns were in good agreement, with + +

typical deviation -_3% for the intensity of the Bragg reflec-
tions. 0

Differential thermal analysis and thermogravimetric 1o00
analysis (TG) were pe rformed in air by using A 20 3 as (c)
the reference. The temperature T ranged between 800 (103) (110) T = 950'C
20 °C-<Ta<1400 °C. Heating and cooling ra.es of 10 °C/min
have been employed in these measurements. 600

III. RESULTS AND DISCUSSIONS 400

While the as-dried precursors revealed low crystallinity, (101) (114) (136) (206)

Fig. 1 displays XRD patterns measured on polycrystalline 200 (204) (107)
samples of Eu. 85Ce0.t5CuO 4_y heat treated at several higher (211) (00e)

temperatures: 500 °C (a), 700 °C (b), and 950 °C (c). In Fig. 0 ...
1(a), the XRD pattern of the heat-treated powder at 500 °C 20 30 40 50 60 70
shows very broad reflections which are strong evidence for 28 (Deg)
low crystallinity. Some of these broad peaks have been iden-
tified as belonging o CuO and Eu2 3 . All the reflections FIG. 1. XRD patterns of heat-treated polycrystalline samples of
belonging to CeO2 are probably overlapped with those of Eu 8CeO 1 CuO4,_y at different temperatures: 500 °C (a), 700 °C (b), and
Eu20 3 . A few reflections attributed to Eu2 _-Ce x CuO 4 _ y  950 °C (e). The desired phase is marked with Miller's indexes.

phases are also identified. Additional sintering at 700 'C
[Fig. l(b)] promoted the crystallization process of the de- the lattice parameter evolution has been followed. This can
sired phase. However, vestiges of reflections belonging to be made by monitoring the observed shift in the (006) peak
Eu20 3, CuO, and CeO2 were still present. The lattice param- in samples with different x. It shifts to higher 20 angles with
eters obtained for sintered samples at 700 °C showed that increasing x, while the (200) peaks are almost constant since
they have intermediate values between Eu2CuO 4 and the lattice parameter a shows small changes with increasing
Eul.85Ceo.1sCuO 4 _y, suggesting a partial Ce diffusion at this Ce concentration. Another perceptible evidence of Eu re-
temperature. placement by Ce is the observed enlargement of the (103)-

Finally, sintering at T=950 'C for 20 h [Fig. l(c)] (110) peak separation with increasing Ce concentration. Fol-
resulted in almost single phase material for lowing this analysis, the lattice parameters a and c have been
Eu 85Ce0 15CuO4_y. A very small unidentified peak at calculated from several reflections and the relevant data are
-29.0' has been detected in all samples studied and it is the shown in Fig. 2. The lattice parameter c decreases with in-

object of future work. Similar XRD patterns as those shown creasing Ce concentration, while the lattice parameter a is
in Fig. 1 were obtained for other x values, except for x =0.0. almost constant for all the range studied. The decreasc in the
For this particular concentration and sintered samples at lattice parameter c with increasing Ce concentration strongly
500 °C, the XRD patterns showed additional peaks (not suggests that Ce +4 ions, with an effective ionic radius 0.97
shown), which were attributed to Ce-free complexes formed A, replaces Eu 3, with an effective ionic radius 1.066 A, in
during the ignition of the mixture. these series. The calculated lattice parameters were

By comparing the diffractograms obtained in heat- c=11.902(2) A for Eu2CuO 4 and c=11.834(3) A for
treated samples at 950 *C with different Ce concentrations, Eu1.82Ce o tsCuO_.
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3.910 been observed by Oka and Unoki 12 in isomorphic series of
(a) Nd2_,CexCuO4 _y, 0.0<!Ex_<0.3.

3905 The results of TG (not shown) revealed a large weight
toss, about 25% of the total mass, during the reaction of the
formation of the phases. This weight loss, which occurs at

3.9W temperatures between 250 °C <T <550 'C, is believed to be
related to the decomposition of the complexes into simple

3.895 oxides as Eu20 3 , CeO2, and CuO. Another weight loss,
which is of the order of 1.2%, near the peritectic temperature

3.890 TP -1190 'C, has been also observed, during the heating pro-

11.92 cess. However, this weight loss was found to be reversible
(b) during the cooling process. Such a weight loss was then at-

tributed to the oxygen removal from the T' structure. This
II 88 point is now being explored.

From these results and the preliminary discussion made
above, one can surmise that, in samples prepared through the

11.84 sol-gel process, the Ce diffusion into the T' structure occurs
even at low temperatures (T--950 °C). Such a complete dif-
fusion can be explained by invoking features of the precursor

11.80 material as a higher contact surface that improves the diffu-
0 0.05 0.1 0 is 02 sion at low sintering temperatures, etc.

x in Eu 2.xCeCuO4 .y In summary, the formation of polycrystalline

Eu2_.,Ce.CuO 4 -y, 0.0-<x--0.18, prepared from a sol-gel
FIG. 2. Lattice parameters a and c as a function of Ce concentration of precursor, has been investigated. The desired phase has been
polycrystalline samples of Euz.,CexCuO4_y. obtained at sintering temperatures up to 700 'C, but the com-

plete Ce diffusion only occurs at -950 'C. This temperature
is well below the eutectic temperature of "-1020 *C. The Ce

The results of differential thermal analysis performed on solubility limit was found to be higher than x =0.15 in these
the as-grown powders (not shown) revealed a broad endo- series. Thermogravimetric analysis showed a small weight
thermic peak in the range of temperatures between 260 and loss near the peritectic temperature. This weight loss was
530 °C with a prominent maximum at -400 *C. Such a peak found to be reversible and it was attributed to an oxygen
has been associated with the desired phase formation. At removal from the T' structure.
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F Thermal decay of N coupled particles
Ivo Klik and Ching-Ray Chang
Department of Physics, National Taiwan University, Taipei, Taiwan, China

Jyh-Shinn Yang
Division of General Education, National Taiwan Ocean University, Keelung, Taiwan, China

A periodic chain of N magnetostatically coupled uniaxial particles is considered within the
nearest-neighbor approximation of weak coupling. The time-dependent magnetization of the
ensemble, which relaxes thermally in constant reversing field, is calculated using a master equation
approach. It is found that at very small applied fields the net magnetization relaxes via simple
exponential decay while at large reversing fields its relaxation becomes multiexponential. It is
conjectured that at large N this effect gives rise to field induced logarithmic decay.

In a recent work' we analyzed the evolution of an array long periods of time. The distribution of relaxation rates
of N identical interacting uniaxial particles whose magneti- within the sample is usually attributed to a distribution of
zation reverses by thermally activated coherent rotation. activation volumes or nucleation fields2'3 but Eq. (1) shows
Such an array has up to .J'=2N distinct metastable configu- that a similar effects may occur also due to the presence of
rations and its evolution may then be given by the master interparticle coupling. This conclusion has been reached pre-
equation viously, within a mean field theory, by Lottis et al.4

The determination of the matrix K poses a major prob-
dni/dt= - K (1) lem. We have analyzed"'5 the case of two magnetostatically

k=1 coupled particles described recently by Chen et al.6 The easy
axes of the two particles are aligned with applied field and

where ni is the probability that the system finds itself in the their bond angle /=0 or 7r/2. To the first order of small
ith configuration and K,k is the matrix of transition probabili- coupling strength p (defined below) the magnetization rever-
ties between these configurations. By conservation of prob- sal of the particle pair takes place"16 by single particle switch-
ability 7,in i and hence TiK,k=O for every k. Zero is thus ing events during which one particle remains frozen at the
an eigenvalue of K to which there corresponds the stationary metastable minimum while the other particle reverses in
state of thermal equilibrium. We shall address first the formal magnetostatic field. At larger p both particles deviate initially
properties of Eq. (1): If K is independent of time (constant from the metastable minimum, but only one of them over-
applied field H and temperature T) and if it has no degener- comes the energy barrier while the other returns back 6 and at
ate eigenvalues then the solution of Eq. (1) assumes the even larger p both particles reverse simultaneously.6

simple form n,(t) = YkCkUk)e where u(k) is the eien- We consider here a chain of N identical uniaxial par-
vector corresponding to the eigenvalue rk (r1=0 and utio is ticles with individual energies E,=KV(sin2 01-2h cos 0,)
the thermal equilibrium probability distribution) while the where K is the anisotropy constant, V is the activation vol-
integration constants ck are to be determined from initial ume, and 0, is the angle spanned by the apph!d field H=Hk
conditions. Let further Mi= miM, M, is saturation magne- and the magnetization of the ith particle. The reduced field
tization, be the magnetization of the ith configuration whose h =HIH,, H, = 2KIM,. Following Chen et al.6 we write
reduced nagnetization is m,. The nonequilibrium magneti- Eiu=2Vp[a,.a-3(r.a,)(r.a)] for the interaction energy
zation then becomes of two particles at a distance R from each other,

SpM V/(2KR3) is the coupling constant, a, is a unit vector
M(t) =Ms wke - rk t, (2) in the direction of the magnetization of the ith particle, and

k=1 r=sin Oi+cos Pj, 3=O or ir/2. We assume here the weak

where the weights Wk are defined as Wk
kN- 'Ckl, Im,u(k). Equation (2) may be viewed as an av-

erage, M(t)=Ms(e-)w, over a discrete distribution w nor- 3
0=1,0=1 2113malized by initial conditions, M(O)IM = FkWk, equilibrium 2

magnetization, Mq =M wt .The time dependence of M(t) is 2 , 2x3

determined by the index function Wk and one may encounter --
simple exponential, multiexponential, or logarithmic decay. 4
In either case one may write 2?, N

S(z) -dM(t)/d ln(t/ta) =Ms wkrkte -rk d (3)

k=1

FIG. 1. A schematic representation of the transition matrix K for N=4
(t,, is an arbitrary time scale). Logarithmic decay s particles,. i'=6, wh periodic bounary conditions. Labeled arrows repre-
observed 2 if the the sum S(t) maintains its peak value over sent transitions between individual configurations and their respective rates.
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FIG. 2. The weights wk for N=8 at selected values of reversing applied
field h. The system was initially saturated and kw, =l1. Coupling strength FIG. 3. 'Me derivative S(t) plotted vs the scaled time tr, r2=r2(,h)

p=0.03 for Pl= i/2 and p=0.05 for 8l=0. Ile scaling factor dp= 1.5 and N=8, 0=7r/2 (top), and Pl=0 (bottom). Applied field h =0 (sohd lines) and

4 ,,2 1r2= r2(,h) is the smallest nonzero eigenvalue of K. h =0.05 (dashed lines). Coupling strength p=0 (no marks), p=0.01 (*),
p=0.03 (0), and p=0.06 (*) if 6l=,4/; p0=0,05 (*), p=0.1 (0), and
P=0.15 (*) f 8=O.

coupling limit of sing!e particle reversals, periodic boundary
co n d itio n s, an d n earest-n eig h b o r in teractio ns. T here ex isti i n F g 1 . H r 1 4 K , K 2 - , K 1 = KI

thnolysxideedn relaxation rate

F the wlysigs ieK22=K+2K3+K, etc. For large N we use a separate pro-
fd The 2 gram which classifies all configurations and writes down the

I f T an (' for 0 l FORTRAN code for K=K(,) which is sparse and the
K ,4 initial value problem (1) is fairly easily solved8 even for

ITpT=O (5) large N.

The associated eigenvalue problem is numerically much
K¢5  K6 J. J.l "-*J, 1,(6) more demanding sirice K is not symmetric and its eigenval-

ues are not necessarily real though Re rkK1 40 by construction.
whee K2,+ = f exp[ - q(1 + rex ti and K2+2 In order to gain some insight into the problem we shall re-

= J exp[- q(1 - h) h" h+eK
2

fl) , and strict ourselves here to a small number of particles, Nt8,
h).e,;h with e(0)=4p and e-T/2)=-2p. For the pre- V_<27 , where the eigenvalue problem is easily solvable. I n

factor we take the value7 fo=e 25 Hz and we set all cases M(O)=Ms and n(0)= (see Fig. 1).Then all ei-

q =KV/k8 T= 25 throughout. All possible metastable con- genvalues are real 9 and for N=8 we show the weights Wk in
figurations of four particles ( 1 '=6) are schematically shown Fig. 2 and the corresponding functions S(t) in Fig. 3. The
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two bond angles share a common feature: At very small h field is the main result of this work which was sponsored by
only a single eigenstate is excited and one observes simpie the National Science Council of ROC under Grant No. NSC-
exponential decay regardless of the coupling strength and the 82-0208-M002-35.
h =0 curves are thus almost identical. Thc exception is the
/3 =r/2, P=0.06 curve and we ascribe its irregular behavior
to a breakdown of the weak coupling limit. With growing h I. Klik, C. R. Chang, and X. X. Yang (unpublished).ever hgher igensates ae excted s that he sytem, hid 'I. Klik an C. R. Chang, s e. X Yan (unpublish19) . Kik .R
ever higher eigenstates; are excited so that the system, whi..h 21. Klik and C. R. Chang, Phys. Rev. B 47, 9091 (1993); 1. Klik, C. R.
at zero field exhibited simple exponential decay, relaxes mul- Chang, and J. Lee, J. Appl. Phys. 75, 5505 (1994).
tiexponentially. The two graphs of Fig. 2 are unlike in their 3 M. EI-Hilo, S. H. Uren, K. O'Grady, J. Popplewell, and R. W. Chantrell,

;iaracter: At zero bond angle the weights are highly oscilla- IEEE Trans. Magn. MAG-26, 244 (1990).4D. K. Lottis, R. M. White, and E. Dan Dahlberg, Phys. Rev. Lett. 67, 362
tory (also note the scale) while at 0=iri/2 they resemble, in (1991).
particular at higher fields, a smooth distribution. This leads 51. Kik, C. R. Chang, and J. S. Yang (these proceedings).6W. Chen, S. Zhang, and H. N. Bertram, J. Appl. Phys. 71, 5579 (1992).us to conjecture that at very large N and sufficiently large 7D. P. E. Dickson, N. M. K. Reid, C. Hunt, H. D. Williams, M. El-Hilo, andreversing fields the weights Wk may assume the aspect of a K. O'Grady, J. Magn. Magn. Mater. 125, 345 (1993).
real distribution function and give rise to a field-induced 8 W. H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling, Nu-
magnetic viscosity which vanishes if the applied field is re- merical .edpes. (FortRAN VERsIoN) (Cambridge University Press, Cam-
moved. bridge, 1990), Sec. 15.6.

9For N>12 we find some complex eigenvalue pairs r=rj')+ ir3 ),The finding that the number of open relaxation channels rV),4rV), which correspond to attenuating oscillations between closely
depends, in interacting systems, on the magnitude of applied spaced levels.
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Influence of size and mapnetocrystalline anisotropy on spin canting
anomaly in fine ferrimagnetic particles

D. H. Han, J. R Wang, Y. B. Feng, and H. L. Luo
State Laboratory for Magnetism, Institute of Physics, Chinese Academy of Sciences, Beijing 100080, China

Fine equiaxed )y-CoxFe2-.O 3 (x=0, 0.06) particles with a diameter ranging from 200 to 1000 A
were prepared by chemical precipitation. The average crystallite sizes were determined from x-ray
line broadening measurem ants. Tle saturation magnetization and magnetocrystalline anisotropy of
the particles were determined by using the approach to saturation. An empirical linear dependence
of the specific s-turation magnetization o-, on the specific surface area Sa of the fine crystallites was
obtained in the torm of rr(S) = o'.(-)(1 -ASa). The slope A which reflects the surface spin canting
anomaly is different for -Fe20 3 and -y-Co0 6Fel. 940 3 particles. Under the supposition of the fine
crystallite consisting o" two parts, i.e., the surface layer, whose magnetic moment cannot be turned
entirely along the dircction of the applied field, but makes an average canting angle with the field,
and the inner part, v hose magnetic moment can he aligned along the direction of the applied field,
the above formula c ,n be interpreted well. The different slope A for y-Fe20 3 and y-Coo.06Fel.940 3
particles may be coased by the different anisotropies of the two series particles.

I. INTRODUCTION of 20 kOe. Th-. saturation magnetization of the particles was

More recently the spin canting anomaly and its origin in obtained by a 1/H extrapolation to infinite field.

fine ferrimagnetic particles have experienced a renaissance
of fresh research activities.1 '2 The surface spin canting III. RESULTS AND DISCUSSION
anomaly in fine ferrimagnetic particles was demonstrated All the particles were determined with the structure of
more than two decades ago,3 and it was found that the ^tFe20 3 with a crystalline lattice parameter a0 =8.35 A, and
smaller the particles, the larger the reduction of the saturation no other phase was found. 7 The particles are equiaxed with a
m agnetization. 4 However, the results of the specific satura- small size distribution. The dependence of o on 1/H for se-
tion magnetization decreasing with the reduction of the par- ries C, measured at 295 and 79 K are shown in Figs. 1(a) and
titles or crystalites size have not been explained yet. The 1(b), from which o,, can be obtained by extrapolation to
origin of this phenomenon is still a matter of dispute.2'5 As infinite field. As the result, the average crystallite size D, S,
Co-)-Fe203 particles or crystallites have become the funda- under the assumption of cubic crystallites, as well as os, are
mental structural units of very high den ity magnetic record- listed in Table I. The dept, idence of o, on S,, of series C and
ing media, it is necessary to study the dependence of the F at 295 and 79 K are shown in Figs. 2(a) and 2(b), respec-
specific saturation magnetization (or,) on the specific surface tively. It can be seen clearly that for the two series o,, de-
area (5,,) of the fine crystallites in detail. creases linearly with the increasing Sa at both 295 and 79 K.

In this article, the relationship between o,, and Sa of the These results are very similar to that of Mollard et al.4 and
crystallites of equiaxed -CoFe 2 _.O3 (x=0,0.06) particles
with various sizes are studied. An empirical fotmula of
or,(S)= s(o)(1-AS,) was obtained. The results are well 75
explained with the assumption of the surface spin canting.
The different slope A may be caused by the different
anisotropies of the two series particles. 65 C-A

1I. EXPERIMENT c~"u m ui*65- C-8 C-,A

The equiaxed )-CCoFe 2.. 03 (x=0,0.06) particles with E 5
the diameter from 200 to 1000 A were prepared by chemical C-C 55 C-B
precipitation. The samples with x = 0 are denoted, in the fol-
lowing, as series F, and the ones with x=0.06 as series C, C-D, C-C
respectively. The crystal structure of the particles was deter- 45 -45 C-D,
mined by using a SRA M18XHF x-ray diffractometer. The C-D2
average crystallite sizes were determined from x-ray diffrac- - C-
tion line broadening measurements by using the Scherrer
formula. 6 The morphology of the particles was determined 3..8  2 30 5 115 1 25
by using a Hitachi H-700 transmission electron microscope. 1/H (10"4 0 e- ) 1/H (10 - 0e1 )
The magnetic properties and magnetocrystalline anisotropy

of the particles were measured at 295 and 79 K by using a
LDJ vibrating sample magnetometer with a maximum field FIG. 1. The dependence of o- on 1/H of series F at (a) 295 and (b) 79 K.
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TABLE I. The measured D, S., and ondC TABLE 11. The values of o,(oo) and [(OO)A] by linear regression of or,(So)
vs S. for series F and C at 295 and 79 K.

o,, (emu/g)

Sample D (A) S 0 (m
2 g) 79 K 295 K o-, ) (emu/g) [o.Ac)AI (emUlm2)

F-A 431 28.4 713 66.0 Sample 295 K 79 K 295 K 79 K

F-B 305 40.2 70.1 63.5 F 69.1 73.8 -0.12 -0.08

F-C 151 81.1 67.4 58.9 C 73.9 86.1 -0 17 -0.14

F-D 119 103.3 66.2 57.6
F-E 103 119.1 62.7 53.8
C-A 768 15.9 84.2 71.8
C-B 231 53.1 78.8 65.3 54.50,8 which is consistent with the results of Coey et al.;3
C-C 159 76.8 75.4 60.5
C-D1  106 115.3 72.5 55.6 (3) the crystallites in acicular y-Fe20 3 particles are separated
C-D2  91 134.3 65.2 49.2 by a nonmagnetic grain boundary on the order of 6 A wide; 9

(4) in small particles below the superparamagnetic blocking
temperature, the magnetization direction fluctuates around -.n
average minimum corresponding to an easy direction of

also to that of the estimated data from Berkowitz et al.9  magnetization with average angle (cos O)r. 1°

These dependencies can be expressed as the following em- In order to analyze the effects of the fluctuation on the
pirical linear formula: magnetization reduction of the particles, the coercivities,

measured at 79 K, of samples F-D (242 Oe) and C-D,
's(Sa)=Ts(o)(1-ASa), (1) (2737 Oe) were first taken into Eq. (2)10

where (Sa) is the specific saturation magnetization of the 2K [ ( 25k jT 1/2 ,

particles composed of the crystallites with an average diam- Hc= - (2)
eter D, o,,(o) the specific saturation magietization when Sa

approaches zero, and A the slope of the straight line. The to calculate the effective anisotropy constant K, aind then
values of os(o) and [o-r(oo)A] by linear regression of s(Sa) estimate (cos O)T, respectively. The results are listed in Table
vs Sa for series F and C are listed in Table II. III. From the large differences between the calculated

Vious assumptions have been proposed to explain the (cos OT,C values and the measured ones (cos 0)TM [mea-
decr'.ase of the saturation magnetization with the decrease of sured from the curves of 79 K for samples F-D and C-D 2 in
particles and/or crystallites size. Some of them are, (1) the Fig. 2(b) and Table II, respectively], one knows that the mag-
magnetization is actually reduced by adsorbed water and a netization reduction with the increasing S, cannot be ex-
noncollinear spin arrangement; 3 (2) the nonmagnetic grain plained by the magnetization thermal fluctuation.
boundary may instead be a magnetic boundary in which the We assume that the fine crystallite consists of two parts.
spin suffers considerable canting, aid at 4.2 K the random- The first part is the noncollinear surface layer with a thick-
angle assumption is equivalent to an average canting angle of ness t, whose magnetic moment cannot be turned entirely

along the direction of the applied magnetic field, but makes
an average canting angle a with respect to the field direction.

75 - r-Cooo 6Fe, 9403 (a) The second one is the inner part, whose magnetic moment
can be aligned along the direction of the applied magnetic
field. Under this circumstance the measured o,, of the

E samples is actually contributed by the effective magnetic vol-
ume Veff, not by the geometric volume V0 , i.e.,

55• V&fMs '(S) O 's(),(3

4511 1 I I 1 1 Vop

95 - where p is the density of the corresponding materials and in
(b) this article it is taken as 4.9 g/cm3 for both -Fe20 3 and

-; 85 - .r-CooFe 19403 y-Coo.0 6Fel.940 3 particles.
According to this model and neglecting the small values

75 -of higher powers of t,the relationship between (rand S,,can
be deduced as

65 r- Fe2 03  -

55 I [ I 1 I - TABLE II. The measured Hc, V, (cos O)T,A and the calculated K,

0 30 60 90 120 150 (cos O)rc of samples F-D and C-D2 at 79 K.

S. (Wn/g) Sample H(Oe) V(cm 3) K(erg/cm3) (cos 0)TC (cos 0)rd

F-D 242 8.8x10- 19  3.1X10' 0.98 0.85
FIG. 2. The dependencies of r, on S, of series F and C measured at (a) 295 C-D2  2737 3.9X 10-'9 1.4X 106 0.99 0.76
and (b) 79 K.
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TABLE IV. The measured A, assumed a and calculated t of series F and C. plained with the simple model of the fine crystallite being

consisted of the spin collinear core and the spin canted sur-
Sample T (K) A (m-2g) (deg) t(A) face layer. Under the assumption of the same o,

F 79 1.14X10 -3  54.7 6 Y-Co0oFel 940 3 crystallites show a larger t, 8 and 11 A at
F 295 1.77X10 -3  547 8 295 and 79 K, respectiv Ay, than those of y-Fe 20 3 crystal-
C 79 1.62X10 - 3  54.7 8 lites, 6 and 8 A at the above two temperatures. The different
C 295 2.344.0-2 54.7 11 slopes of ihe different straight lines for series F and C may,)-Fe2O3 4.2 ""54.5' 4-7*

'y-Fe2 O3
d  4.2 2.63X10- 3 b 54.7 1 3b be caused by the di4 ferent effective anisotropies of the two

rFe20 3e 293 1.26X10 3  54.7 6 series particles. The magnetocrystalline anisotropy constants
K1 were determined by using the approach to saturation at

'Measured from M6ssbauer effect. 295 K to be 2.2X105 ergs/cm 3 for series C and 4.4X 104
bMeasured from the relation of o, vs the average particles' size. 3

cReference 8. ergs/cm for series F, respectively. The larger thickness t of
dReference 4. the surface spin canting layer for series C, comparing to that
eReference 9. of series F, may be caused by the larger effective magneto-

crystalline anisotropy of the particles.

IV. CONCLUSIONo0s(Sa) V/eff
0's(.)= = 1- (1 - cos a)ptSa. (4) The specific saturation magnetizations of both y-Fe20 3and y-Co0.06Fel.94 0 3 particles decrease linearly with the in-

Comparing Eq. (4) to Eq. (1), one knows that the measured creasing specific surface area of the fine crystallites. The
linear dependence of ors(Sa) on Sa has the same form to that results can be explained with the model of the spin canted
of the deduced one with an equation of surface layer. The fine crystallites consist of two parts, i.e.,

A = (1 - cos a)pt. (5) the surface layer, whose magnetic moment cannot be turned
entirely along the direction of the applied field, but make an

Therefore according to the measured A in Eq. (1) and the average canting angle with the field, and the inner part,
assumed a in Eq. (5) one can calculate the thickness t of the whose magnetic moment can be aligned along the direction
noncollinear surface layer. of the applied field. With this assumption, the empirical lin-

It is worthy to point out that in Figs. 2(a) and 2(b) there ear formula of o-s and Sa can be interpreted. The different
are obvious differences in slope A between series F and C at thickness t of the surface spin canting layer between series F
the same temperature and between 295 and 79 K for one and C may be caused by the different effective anisotropies
series. At a certain temperature, as shown in Figs. 2(a) and of the two series patticles.
2(b), y-Coo.06Fet. 940 3 particles show a larger slope than that
of y-Fe 20 3 particles. And for a certain series the slope is ACKNOWLEDGMENT
larger at 79 K than that at 295 K. According to Eq. (5) the This work was supported by the National Science Foun-
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Morrish et a!.,8 Mollard et al.,4 as well as Berkowitz et al.9  8A. H. Morrish and K. Haneda, J. Phys. 41, C1-171 (1980).9A. E. Berkowitz, W. J. Schuele, and P. J. Flanders, J. Appi Phys. 39, 1261
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Magnetic properties of nanometer-sized Fe4N compound (abstract)
Y. B. Feng
State Key Laboratory of Magnetism, Institute of Physics, Chinese Academy of Sciences, P.O. Box 603,
Beijing 100 080, China

Nanometer-sized magnetic materials have attracted a lot of attention because of their potential
applications in the fields of ferrofluids, high density magnetic recording, and magnetic refrigeration.
The sol-gel method' has been considered to be effective for creating dispersions of small metal
particles in nonmetallic materials. In this work, nanometer-sized Fe-N compound particles were
prepared by nitrogenating the iron-boron oxide glass powders, which were synthesized by the
sol-gel method from ethylene glycol gel. The magnetic properties of nanometer-sized iron nitride
were measured by a vibrating sample magnetometer (VSM). The specific magnetic moment r is
equal to 132 emu/g and the coercivity H, is 150 Oe. The phase composition was determined by
using an x-ray diffractometer (XRD). The diffraction pattern shows that the sample consisted of a
main phase of Fe4N and a small a-Fe phase. The crystallite size d of the Fe4N particles was
estimated by Scherrer's formula, and is about 12 nm. The nanometer-sized Fe-N compound was also
studied by using Mossbauer spectroscopy. The Mossbauer absorption pattern consisted of a
ferromagnetic component superimposed on a superparamagnetic doublet. The ratio of
superparamagnetic fraction to ferromagnetic is about 13%. It is shown that the sol-gel technique
could be used to prepare ultrafine particles of Fe-N compound.

1K. Yamaguchi et al., IEEE Trans. Magn. MAG-25, 3321 (1989).
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Giant Magnetoresistance E. D. Dahlberg, Chairman

Theory of the negative magnetoresistance of ferromagnetic-normal
metallic multilayers (invited)

L. M. Falicov and Randolph Q. Hood
Department of Physics, University of California, Berkeley, California 94720-7300 and Materials Sciences
Division, Lawrence Berkeley Laboratory, Berkeley, California 94720

Transport properties for a system consisting of a ferromagnetic-normal metallic multilayer are
theoretically examined. The in-plane conductance of the film is calculated for two configurations;
the ferromagnetic layers aligned (i) parallel and (ii) antiparallel to each other. The results explain the
giant negative magnetoresistance encountered in these systems when an initial antiparallel
arrangement is changed into a parallel configuration by application of an external magnetic field.
The calculation depends on (a) geometric parameters (the thicknesses of the layers); (b) intrinsic
metal parameters (number of conduction electrons, magnetization and effective masses in the
layers); (c) bulk sample properties (conductivity relaxation times); and (d) interface scattering
properties (diffuse scattering versus potential scattering at the interfaces). It is found that a large
negative magnetoresistance requires, in general, considerable asymmetry in the interface scattering
for the two spin orientations. All qualitative features of the experiments are reproduced. Quantitative
agreement can be achieved with sensible values of the parameters. The effect can be conceptually
explained based on considerations of phase-space availability for an electron of a given spin
orientation as it travels through the multilayer sample in the various configurations.

I. INTRODUCTION Ge, Ir, or Al) deposited at the Fe/Cr interface lead to changes
in the MR which correlate with the ratio of spin-up and spin-

Ferromagnetic-normal metallic superlattices and down resistivities arising from spin-dependent impurity scat-
sandwiches1' 2 display several interesting properties, such as a tering of these elements when alloyed with Fe. This result is
varying interlayer magnetic coupling 3 and a negative, some- in agreement with the suggestion of Baibich et al.4 that the
times very large magnetoresistance (MR) effect. 4- 15 A few spin dependence of impurity scattering at the interfaces is
examples include (Co/Cu),, (Fe/Cr)n , (Fe/Cu)n , (Co/Ru),,, related to that observed 19 in alloyed ferromagnetic metals
(NiFe/Cu/NiFe), and (NiFe/Ag/NiFe). In these systems the such as Fe, Co, and Ni.
magnetic moment of each ferromagnetic layer is arranged Further confirmation of the importance of the interface
with respect to that of the neighboring ferromagnetic layers in the MR effect was provided by Barth6l6my et al.20 who
either in a parallel or an antiparallel fashion, depending on point out that the experimental data they obtained for epitaxi-
the thickness of the metal spacers and on the quality of the ally grown Fe(001)/Cr(001) multilayers seem to be in agree-
interfaces, ment with a variation of the MR of the form

When the consecutive moments are arranged antiparallel
to each other, the application of an external magnetic field to exp(- tCr/\ *),
the sample iearranges the moments into a completely parallel
arrangement for fields of the order of 1 T. Also, the resistance where tcr is the thickness of Cr layer and X* is a length of
of the sample decreases-negative MR-in all directions (in- the order of the mean-free path. Such a variation of the MR
plane in particular). The MR can vary from a few percent to with layer thickness is expected from spin-dependent inter-
as large as 55% (for Co/Cu at liquid-helium temperatures). 13  face scattering.
A decrease by more than 20% is generally known as the It is important to distinguish clearly between the con-
giant magnetoresistance effect (GMR). cepts of spin-flip scattering and spin-dependent scattering.

Spin-dependent interfacial scattering plays an important The first refers to an event in which, during scattering, an
role in the MR in many different ferromagnetic-normal me- electron reverses its spin orientation; such a phenomenon is
tallic multilayers. Experiments by Fullerton et al.16 indicate normally caused by spin-orbit effects and/or by scattering
that increased interfacial roughness enhances the GMR in from impurities with a localized magnetic moment. Spin-flip
(Fe/Cr),,. Parkin' 7 found that the addition of thin Co layers at scattering is neglected in this contribution. The second one
the interfaces of (NiFe/Cu), enhanced the MR. The MR in- refers to tht- fact that electrons with different spin orienta-
creased monotonically as the Co layer increased to 4 A, then tions experience different potentials and have different
become insensitive to the thickness of the Co layer with a phase-space distributions. Consequently, they have very dif-
MR similar to that of (Co/Cu), despite the presence of the ferent scattering cross sections both in the bulk and at the
NiFe layers sandwiched between thin Co layers. Baumgart interfaces. The latter is extremely relevant for the purposes
et al.18 have found that ultrathin layers of elements (V, Mn, of this study.
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The aim of this contribution is to present a model that The electrons involved in transport are considered as
incorporates spin-dependent interfacial scattering in a more free-electron-like with spherical Fermi surfaces. Within each

: realistic way. While the model presented here is similar in layer the electrons move in a constant potential V,, which
many respects to that .f Camley and Bama921,22 it does not depends on the particular layer i and the spin o- of the elec-
suffer from the shortcomings encountered there in the de- tron.
scription of interfacial scattering. Utilization of a more accu- The electron distribution function is written in the form
rate description of the interface permits a study and separa-
tion of the various scattering mechanisms and their relevance fio(V,Z) =fi(V) +gio(VZ), (2)

in the MR effect. for each layer i and for each spin a, which is independent of
The present model, an extension of the Fuchs- x and y by symmetry. The first term f,,(v) is the equilibrium

Sondheimer theory,23,24 uses a Stoner description 25 of the distribution in the absence of an electric field and g,,(vz) is
itinerant ferromagnetic layers; it introduces different poten- the deviation from that equilibrium in the presence of the
tials for majority and minority spins. Band-structure and electric field. For an electric field of magnitude E in the .i

election-density effects are included only by means of a con- direction, the Boltzmann equation in the relaxation-time ap-
stant, inetal- and spin-dependent potential, and an isotropic proximation reduces to
effective mass for each spin in each layer. The different po- dg, g, jejE +f
tentials in neighboring layers result in coherent potential - + - = (3)
scattering (i.e., refraction) of electrons as they traverse the dz iio-Vz miavz dV '(

interface. The angular-dependent effects are treated by a where i, is the relaxation time in layer i for spin o', and e is
quantum-mechanical matching of the electron wave func- the charge of the electron. The second-order term, propor-
tions at the interfaces. Scattering at the interfaces from im- tional to the product (E .g,,), has been discarded since non-
purities and interfacial roughness are also a source of spin- linear effects (deviations from Ohm's law) are neglected. The
dependent scattering, and they contribute to the present Lorentz-force term, proportional to (vX>Hc), has also been
model through a spin-dependent function, in a way similar to dropped from the Boltzmann equation since it gives an effect
that used by Camley and Bamag. which is orders of magnitude smaller than those z'nsidered

The model predicts the dependence of the MR on the here. 21

quality of the samples (mean-free path), on the quality Because of the nature of the boundary conditions it is
(roughness) of the interfaces, and on the thickness of the useful to divide g, into two parts: gtY(v,z) if vu,0 and
layers. gj'(vz) if v,<O. The boundary conditions for the potential

(nondiffusive) scattering at the (ij) interface then take the
II. THE MODEL form

The in-plane conductivity was calculated for a g 1Sa;j; R j, gi,+Sji;,; o;gj,
multilayer consisting of alternating layers of a ferromagnet
(F) of thickness d,, and a spacer layer of thickness d. The gj Si,1;aRj,;ag_+Sij;j;aTij;,g " (4)

coordinate system is chosen with the z axis perpendicular to Here S,,;k;,, which varies between zero and one, is a factor
the layers. There is complete isotropy in the (x,y) plane. that indicates the degree of potential scattering at the inter-

For each structure the conductivity was calculated for face (i,j) for an electron of spin o arriving at the interface
both an antiparallel alignment, denoted ol, and for a paral- from the layer i and being scattered into the layer k. The
lel alignment, denoted oTT, of the moments of successive F scattering is completely diffusive when S=0 and follows the
layers. The structure repeats itself after four layers (... /Ft/ reflection-refraction laws when all S=1. The notation used
siFl/s/...) in the antiparallel arrangement. In the parallel for the transmission T and the reflection R coefficients is the
arrangement the period consists of two layers (.../FTIs/...). following: T,,,- probability for an electron of spin o, in
Application of a sufficiently large magnetic field to a sample layer i to be transmitted (refracted) into layer j; R,,,,= prob-
in the antiparallel arrangement results in a parallel alignment ability for an electron of spin o in layer i with a velocity
of the magretic moments. The magnetoresistance (Ap/p), is directed towards layer j to be reflected back into layer i. The
defined by equations and boundary conditions, as written, satisfy all

Ap p11-pit lt1-all1 necessary conservation laws.
p pTl - o't1 ' (1) The functional dependence of the transmission and re-

flection coefficients was determined 26 by matching the free-
where p,.(o'. Note that this quantity varies between electron-like (plane-wave) functions and thrir derivatives at
zero and one (or 0% and 100%) whenever the resistance each interface. The solution to this problem, which is identi-
decreases upon the application of an external magnetic field. cal to that encountered in optics for an interface between two

For both alignments the conductivity is obtained by add- media with different index of refraction, is illustrated in
ing the contributions of the spin-up and the spin-down elec- Fig. 1.
trons, calculated separately. This is the two-current model, 19  The current density along the electric field in each layer
which provides a good description of electron transport in i for electrons with spin o is given by
magnetic 3d metals. As mentioned above spin-flip processes,
which mix the two currents, are neglected. Their effect is J(z)V (5)

6596 . A P o , 01.R,(vz)d )vknow to be small at low temperatures. X0(
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Metal i IMetal j jority spins within the F layers and for the spacer metal are
I ST different, since the Fermi velocities are different.) The inter-

SUR faces are treated in two different ways. In the first approach
the angular dependence of the functions Sj;k;,. is neglected

:1 - Sa and the eight functions are replaced by two constants

1 SF,s,F,M SF,s,s;M = Ss,F;s;M = Ss,F;F,M = SM,

SF,s;F;m SF,s;s;m = Ss,F;s,m = Ss,F;F;m = am "

FIG. 1. Schematic diagram of the scattering process at the metal-metal
interface. The parameter S, defines the fraction controlled by the potentials; n this approach the system is defined by 11 constants.
SR is the probability of specular scattering; S,T is the probability of trans- In the second approach the different angular depen-
mission (refraction) into the other metal. dences in various S,,;k;,, are explicitly included.

Results are presented for two different multilayer sys-
tems, (Fe/Cr),, and (Fe/Cu),. In these three metals the iso-

where h is Planck's constant. The conductivity of the tropic effective mass is assumed to be independent of the
multilayer is obtained by averaging over the whole film material and spin orientation with a value

1 mM = mm =ms = 4 .0 X free-electron mass. With this effective
- Jjx io(z)dz. mass the potentials, with respect to the Fermi energy EF

,=film chosen to be at EF=O, are
The MR, (Ap/p), is found by calculating independently VM=-8.23 eV, Vm=-5.73 eV for Fe;

the conductivities rTI and oTT. Many parameters are neces-
sary to characterize a structure. Associated with the electrons Vs = -5.7 7 eV for Cr;
in the F layers are the minority (denoted using a small sub-
script m) and the majority (denoted using a capital subscript Vs= -8.54 eV for Cu.
M) spins with effective masses mm and raM, relaxation times
r'm and rM, and potentials Vm and VM. In the spacer layer s The parameters that remain to be specified for each
the spin-up and spin-down electrons move in a potential VS case-(Fe/Cr), and (Fe/Cu),-in the constant-S approxima-
with an effective mass m. and relaxation time r,. At the tion are altogether five: (a) one relaxation time r, which de-
interfaces, the functions S,;k;,, which vary with angle of pends on bulk sample properties; (b) two geometric param-
incidence, describe the interfacial scattering of the majority eters dF and d,; and (c) two interface scattering parameters
and the minority spins. SM , Sm (diffuse scattering versus potential scattering at the

The values of the potentials are determined by treating interfaces for the majority and the minority spins, respec-
all of the valence s and d electrons as being in a single tively).
free-electron-like b,nd with an isotropic effective mass. In Even with these simplifications, the phenomena under
general the effective mass is taken to be larger than the elec- consideration are complicated functions of the five variables,
tron mass, since the d electrons, which contribute to the den- and the task of describing these dependencies is not simple.
sity of electrons, are in narrower bands than the free- In general terms, and with exceptions, it is found that (Ap/p)
electron-like s electrons. Within the F layers the bands for is a strong function of the interface parameters SM and Sim,
the minority and the majority spins are shifted by a and a relatively weak function of the thicknesses and
k-independent exchange potential, yielding two different the mean-free path. For example, as SM and Sm indepen-
spin-dependent, constant potentials, Vm and VM. The value dently vary between 0 and 1, the calculated (Ap/p) varies
of the exchange splitting is chosen so tha, the difference in between 0% and 92.7% "'- (Fe/Cr), and 0% and 94.4% for
the density of the majority and the minority electrons yields (Fe/Cu) n, when values o dF=20.0 A; d,=10.0 A and
the net magnetic momeLt of the bulk ferromagnetic material. r=5.0X 10-13 s are chosen. Figure 2 shows the regions in the

two-dimensional parameter space (SM-Sm), where (Ap/p) is
Ill. RESULTS greater than 20% for these values of dF, ds, and r. With this

choice of r, the mean-free paths are (i) 4250 A for the
As developed thus far, the theory includes 11 parameters majority-spin electrons and 3540 A for the minority-spin

and eight angular functions: electrons in Fe; (ii) 3560 A for electrons in Cr; and (iii) 4330
three effective masses mm, m,,, and m,; A for electrons in Cu. These values correspond to all mean-
three constant potentials VM, Vm,, and Vs; free paths which are orders of magnitude larger than the film
three relaxation times rM, T,, and rs; thicknesses, i.e., the clean-film limit, where interface effects
two thicknesses dF, and d,; are supposed to be paramount.

and Some of the interesting results of the calculations are
eight interface scattering functions SF,s,F;M, SFs,F,m, illustrated in Figs. 2-6. It was found in general that:

SF,s,s,M' 5SF,s,s,m' Ss,F;s,M' Ss,r,s,m. 5s,F;F,M, and Ss,F,F,m  (a) (Apip) is only a few perce- when SM=Sm, except27

The results presented here include only the cases for when both parameters are close to 1 (see Figs. 2 and 3).
which the relaxation times are identical T'= = TM=T. (b) (Apip), as a funcion of dF, exhibits a variety of
(Note that the mean-free paths of the minority and the ma- behaviors that include (i) a monotonic decrease with increas-
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FIG. 3. Variation of (Ap/p) as a function of S. for the parameters of
0 (Fe/Cr),, 7--5.OX10 - 3 s, dF=d,=lO A and three values of SM: (1)

dashed curve SM=l; (2) chain-dotted curve SM=0.5; and (3) solid curve/ ' sM=o.

scattering at the interface requires the full angular depen-
Stodence of the eight functions Sijk;,. In general -3' the dif-

M 0 fuse scattering is considerably larger for electrons impinging
upon the interface in directions close to the normal. Grazing-
angle electrons are less effectively scattered, and they tend to
be almost completely internally reflected. A common (first-
order) approximation to these functions"' 3 t is

0 Sj;,;o=So exp[-4 2 (k, cos O,)2], (6)

00 05 10 S;,=S exp[- l2 (kio, cos 0,-kj, cos 0)]. (7)

(b) Here, 7 is a parameter which depends on the roughness of
the interface as well as the strength and physical distribution

FIG. 2. The region in the two-dimensional parameter space (SM ,Sm), where of the scattering centers at the interface, k, is the magnitude
(Ap/p)>0. 2 for d,=20 A, d,=10 A, and T=5.0X1O -1 s. (a) Potential of the k vector at the Fermi sphere of the spin-o" electrons in
parameters corresponding to (Fe/Cr),. (b) Potential parameters correspond-
ing to (Fe/Cu). layer i, and 0, is the angle between the electron velocity and

0

ing dF; and (ii) an initial increase followed by a decrease (a
single maximum); in all cases the asymptotic value as dF--oo O .
is zero (see Fig. 4). 0-

(c) (Ap/p), as a function of increasing ds, exhibits either
(i) a continuous monotonic decreL.C, or, more commonly, (ii)
a single maximum at a value of d, of the order of dF; the ...........
asymptotic value as d,-w is also zero (see Fig. 5). Q_

(d) (Ap/p), as a function of the relaxation time 7, either o-
(i) increases monotonically and saturates at a maximum
value, or, more commonly, (ii) increases to a maximum, and
then very gradually decreases (see Fig. 6). 0-

Figure 2 contains information on how the quality of the o
interfaces influences the MR, for specific values of dF, d3, 0 I I

and r. From the figure it is evident that the region of large 00 500 1000 1500 2000 2500
MR is close either to the line SM=I, or to the line S,=1, dF (A)
and away from the line SM = S,,. There is a very large asym-
metry between SM and S, in (Fe/Cr),, but considerably less FIG. 4. Variation of (A,/,) as a function of dF for the parameters of

(Fe/Cr),, d,=10 A, r-'5.OXi0- 13 s and three different values of Sjj and
so in (Fe/Cu),. Sm: (1) chain-dotted curve SM=S,=0.8; (2) dashed curve Sm=O, S=l;

A more realistic approach to the diffuse-versus-potential and (3) solid curve Sm = 1, S,,=0.
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FIG. 5. Variation of (Apip) as a function of d, for the parameters of FIG. 7. Variation of (Ap/p) as a function of 77 for the parameters of
(Fe/Cr),, dF=20 A, 7=5.OX10 - 13 s and different values of SM and Sm: (1) (Fe/Cr),, d,=10 A, dF=20 A and two different values of S,, in Eqs. (6) and
solid curve SM=I, S. =0; (2) dashed curve SM=O, Sm=l; and (3) chain- (7): (1) solid curve SM=Sm 1; and (2) dashed curve SM=0 , S=1.
dotted curve SM =Sm = 0.9.

the normal to the interface; S,r is the overall diffuse scatter- IVMI <I VsJ I VmI.
ing strength at grazing angle 0 = ir/2. It sould be noted that By contrast, a large asymmetry is not present in (Fe/Cu),,
the limit q/=O reduces the approximation to the one previ- Fig. 2(b). Here,
ously discussed. I v,I IVA< IV.

The influence of this angular dependence on the MR is
shown in Fig. 7. As V increases, the MR in general de- This difference in V, has a large effect on the MR, as can be
creases, except for the case in which SM and Sm are very seen in plots of the in-plane current distribution across the
close in value; in the latter, the difference in k vector be- layers.26 Often when (Ap/p) is very large, the current distri-
tween the two spins, and the nonvanishing 7 produce an bution responsible for the large value of oTT is such that it is
asymmetry in the diffuse interface scattering between the highly concentrated in one type of layer, either in the ferro-
spins in the F layers, and thus increases the MR. magnet or in the spacer. This effect, which can be called

channeling, appears frequently when there is a GMR. When

IV. DISCUSSION AND CONCLUSIONS the channeling is in the spacer layer it occurs only when there
is parallel alignment. Channeling in the FM layers, on the

Figure 2(a) shows a marked asymmetry in the depen- other hand, occurs (in one type of F layer for each electron
dence of (Ap/p) for (Fe/Cr), on SM and Sm, i.e., the spin orientation) for both the parallel and the antiparallel
majority- and minority-spin interface scattering have a very configurations. From these considerations the channeling in
different effect on the MR. For this system the spacer layer should be more intimately connected with a

GMR. It should emphasized that channeling is present when
the potentials are differznt; GMR requires, in addition, asym-

" .metric values of S,. Channeling and GMR are strongly
correlated.32

The experimentally observed values of MR in (Fe/Cr),
and (Fe/Cu), multilayers can be obtained by the calculation

0. with a proper choice of the parameters. However, the model
in its present form, which considers all of the valence s and

0-, d electrons as comprising a single band with a single isotro-
pic effective mass, yields effective resistivities pTj and p1[

. which are about an order of magnitude smaller than those

0 measured in multilayer structures. The effective resistivities

10 s 104  10"13  1012 10" 1 0 " °  are too small because the model has too many free-electron-
like conduction electrons: 8 in Fe, 6 in Cr, and 11 in Cu.

"- (s) Proper consideration must be taken of the fact that, in these
metals, s and d electrons contribute very differently to the

FIG. 6. Variation of (Apip) as a function of r for the parameters of (Fe/Cr), transport properties. The narrow character of the d bands has
d,=lO A, d=20 A, and three different values of SM and Sm: (1) chain-
dotted curve S=0 and S,,=0.7; (2) dashed curve Sm,=0.5 and S,=1; and beei. accounted for in the single-band approach by a single,
(3) solid curve SM = 1 and S,,= 0. large, isotropic effective mass, four times larger than the
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ent spins, which vary from layer-to-layer. What is required is bination of geometric and intrinsic metal parameters as long as ,,= ,,
a spin imbalance and a spin-dependent scattering mechanism i.e., the relaxation times for each spin is the same in all layers of the
at the interface, i.e., SMOSm When such a spin-dependent system.
scattering mechanism exists, for example when magnetic im- 2S. B. Soffer, J. Appl. Phys. 38, 1710 (1967).

29V. Bezik and J. Krempask , Czech. J. Phys. B 18, 1264 (1968).purities are present at the interfacc-, the MR is profoundly 3OV. Bezi, M. Kedro, and A. Pevala, Thin Solid Films 23, 305 (1974).

influenced by spatial variations in the density of electron " R. Q. Hood, L. M. Falicov, and D. R. Penn, Plhys. Rev. B 49, 368 (1994).
spins. This is the main cause of the GMR effect in ferromag- 32It should be noted that the channeling effect, per se, does not necessarily
netic multilayers. lead to a GMR, as can be seen from the case shown in Fig. 3 [(Ap/p)=O

for SM = Sm = 1; the current distriuution is nevertheless concentrated in the
ferromagnetic layers]. The GMR appears when, in the parallel arrange-
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Giant magnetoresistance in Co/Cu multilayers after annealing
T. R. McGuire, J. M. Harper, C. Cabral, Jr., and T. S. Plasketta)
IBM Research Division, Thomas J. Watson Research Center, P.O. Box 218,
Yorktown Heights, New York 10598

Multilayer films of [Co 10 A/Cu(t)] 64 with copper thicknesses from t= 10 to 29 A annealed for 1
h at temperatures about 350 'C showed a decrease in sample resistivity at 4.2 K. The giant
magnetoresistance (GMR) maximums for as-deposited films at t = 10 A and t = 23 A shifted with
annealing. The GMR decreased for t= 10 A and t=23 A but increased for t= 19 A and t= 29 A
indicating a complex behavior with annealing. Similarities with granular films are discussed.

I. INTRODUCTION thickness t has values ranging from 10 to 29 A. We previ-

It is known that both granular Cu-Co films 1- 3 and ously reported6 that Co/Cu multilayer films studied by high
multilayer films 4'5 undergo large changes in giant magnetore- angle x-ray and transmission electron microscopy were
sistance (GMR) with annealing. Hylton et al.4 found that found to be polycrystalline with a (111) texture and the Co
sputtered multilayers of Ni8oFe20/Ag have no significant had the fcc structure.
magnetoresistance in the as-prepared state but after anneal- The films are annealed in a vacuum furnace at 350 *C.ing at just above 300 tC a GMR of over 5% at room tem- This temperature was based on that used in other studies 3' 4 as
perature is observed. This GMR is attributed to the breakup well as from a continuous in situ measurement of p vs T for

of NiFe layers because of diffusion of the Ag layer into grain the multilayer film (Co 10 A/Cu 23 A)64 which showed a

boundaries and cracks in the NiFe layers. A discontinuous linear rise in p up to 235 °C followed by a strong decrease at
magnetic layer is created with a distribution of magnetization higher temperatures. Two films for each Cu thickness are
directions which increases the spin-dependent electron scat- annealed; a rectangular one for M and a disc sample for p.
tering causing GMR. They were both measured prior to annealing.

For the Cu-Co system consider first the granular films Magnetic measurements are made with a "quantum de-
where annealing precipitates Co particles from the Cu ma- sign" superconducting quantum interference device magne-
trix. These particles cause large GMR from conduction elec- tometer with the applied field H parallel to the plane of the
tron spin-dependent scattering attributed mainly at the inter- film. The film is initially cooled in a -20 kOe field and then
face of the Co particle with the Cu matrix. In addition measured over the range H= t 20 kOe. The total volume of
resistivity (p) decreases in annealed granular Cu-Co films Co is determined from the rectangular area (approximatelybecause of the increased purity of the Cu matrix as the Co 0.55X1.2 cm2) and Co thickness which is 640 A for thisprecipitates out. series of films. Measured values of saturation volume mag-Annealed multilayers of Cu/Co have been studied by netization M at 4.2 K are listed in the Table I. The saturated
Zhang et al.5 They find for a series of films with varying Cu value for bulk Co at 4.2 K is Mo= 1430 emu/cm3, the listed
thickness that there is a decrease in resistivity with increas- values are scattered about the bulk value. Because of this
ing annealing temperature (T) up to 300 *C. There is also a variation of M we could not determine if there was any
decrease in GMR at 300 'C but in some cases an increase is
found at lower T. The GMR results are mainly for room TABLE I. Data at 4.2 K for as-deposited (d) and annealed (a) [Co 10
temperature. AiCu(t)]64 films.'

It is the objective of the present work to study a similar
series of films as reported by Zhang et al.5 with emphasis on Pm,, Pm,, GMR w M0
low temperature measurements where the GMR is largest. Films Cu() (tf cm) (An cm) (kOe) (emulcm)

Data are given in units of specific resistivity (p) and volume 10 A d 24.5 188 36.3 2.6 1350
magnetization (M) to help in interpretation and for compari- a 15.8 14.0 12.9 3.5 1350
son with previous work. 19 A d 14.1 13.1 7.4 0.5 1450

a 9.4 6.9 36.8 0.9 1470
II. EXPERIMENTAL RESULTS AND DISCUSSION 21 A d 15.9 12.4 28.0 0.3 1360

Our multilayer films are deposited on glass substrates by a 10.1 8.8 14.8 0.5 1360
magnetron sputtering in a 3 m Torr Ar atmosphere. 23 A d 12.8 9.0 42.0 0.7 1430
Multilayer structures are made 6' 7 using computer control a 6.0 5.0 20.0 0.8 1460
where substrates at ambient temperature are moved sequen- 25 A d 10.8 8.6 26.0 0.6 1430
tially over each gun to deposit the Co or Cu layer. The films a 7.4 6.0 23.0 08 1360
have the form Cu 10 Ai[Co 10 A/Cu(t)]64 where the Cu a 8.9 8.1 9.9 0.4 1440

29 A d 8.9 8.1 9.9 0.4 1440

a 9.0 7.6 18.0 0.8 1440'Also at Instituto de Engenharia de Sistemas e Computadores, 1000 Lisbon,
Portugal. 'The films are annealed in a vacuum furnace at 350 'C.
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FIG. 1. Magnetization M and resistivity p at 4.2 K of as-deposited and FIG. 3. Resistivity at 4.2 K for various Cu(t) thicknesses. GMR is calcu-
annealed multilayer film (Co 10 A/Cu 19 A)64 as a function of applied field lated from (pmn.-p.)/pmn.
H. The saturation value Mo for Co is marked by an arrow.

H=1000 Oe the as-deposited multilayer film has almost
change in saturation M before and after annealing, reached saturation while the annealed film is several percent

Figures 1 and 2 shows M vs H plots at low values of H below saturation.
taken from a complete magnetization curve for as deposited Figures 1 and 2 also show resistivity as a function of
and annealed films with t=19 A and Fig. 2 for t=23 A. field for the respective compositions and annealed state. Re-
These plots illustrate a general feature that the annealed sistivity is measured on a disc sample using the van der
samples all saturate more slowly and have a slightly higher Pauw method over the range H = + 18 kOe. In both Figs. 1
coercive field (He) than the as-deposited samples. At and 2 the maximum in resistivity (Pmax) is approximately at

H c.Both Pmax at H, and Pmn at H= 18 kOe are listed in the
3, Table I. The ratio (pmax-Pmin)/Pmmn gives the GMR and this is

I 5 -xI0 ' 'Mo- tabulated as MR(%). We note that MR(%) increases with
annealing for the t = 19 A but MR% decreases for t = 23 A.

10 - The annealed magnetization curves, however, look about the

same for both thicknesses. Figure 3 shows p.a, pm, and
05 NNEAL MR(%) vs Cu(t). Compositions t= 10 A and t=23 A cor-

Li respond to the first two peaks4'7 in GMR as a function of t for
E 00 - as-deposited films. As seen in Fig. 3 the peaks in GMR are

shifting with annealing.
-0.5 -Another change that takes place during annealing i the

(Co OA/Cu 23A) 64  width of the p vs H curve. As shown on Figs. 1 and 2 the
-I 0 .... width of the maximum tegion in the annealed films has in-

...... creased somewhat. We define the half-width (w) of the p vs

12 o H curve as that width in kOe midway between Pmax and Pmin'
We find that w increases at 4.2 K from about 2.6 to 3.5 kOe

A0 for t = 10 A and 0.7 to 0.8 kOe for t = 23 A with annealing
* 9as listed in Table I. This increase in w is opposite to that

found by Hylton et al.4 in NiFe/Ag multilayers where w nar-
ANNEAL rowed with annealing.

, 5 , The decrease in p in Cu/Co multilayers has been attrib-
-02 0.0 02 0.4 06 08 I 0 uted in part to grain growth by Zhang et al.4 We suggest also

H (ke) there is the possibility that any mixing of the Cu and Co at

FIG. 2. Magnetization M and resistivity p at 4.2 K of as-deposited and the interface in the as-prepared film is now changed in some
annealed multilayer film (Co 10 A/Cu 23 A)64 as a function of applied field way by Co precipitation from annealing as found in granular
H. The saturation value Mo for Co is marked by an arrow, films. Since the spin-dependent scattering of the conduction
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electrons is chiefly involved with the interface8 this could III. SUMMARY
cause a change in GMR depending on initial conditions of (a) The peak value of GMR with Cu thickness shifts
the as-deposited film and the annealing temperature. Zhang with annealing at 350 °C.
et al. found that room temperature GMR increased at anneal- (b) There is a decrease of film resistivity as much as
ing temperatures of 250 'C in some of their compositions. It 50% with annealing at 350 C.
appears that the annealing has a complex behavior and that (c) The half-width of the magnetoresistance vs field
there may exist a sensitive threshold of temperatures which curve increases with annealing and this increase correlates
gives the best interface conditions for large GMR. with the slower increase in films magnetization with field.

In addition we had previously pointed out6 that the shape 'J. X. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. Lett. 68, 3749 (1992).

of the p vs H curve for [Co 10 A/Cu 10 A]64 is within a few 2A. E. Berkowitz, M. J. Carey, J. R. Michell, A. P. Young, S. Zhang, F. E.
percent identical with granular Cu-Co films.2 This similarity Spada, F. T. Parker, A. Hutten, and G. Thomas, Phys. Rev. Lett. 68, 3745

suggests that as-deposited multilayer [Co 10 A/Cu(t)], may (1992).3 R. J. Gambino, T. R. McGuire, J. M. Harper and C. Cabral, J. Appl. Phys.
have noncontinuous Co layers that act like a granular par- 75, 15 May (1994).
ticulate. After annealing the discontinuities in the Co layer 4T. L. Hylton, K. R. Coffey, M. A. Parker, and J K. Howard, Science, 261,

1021 (1993).
are no longer the same size and GMR is decreased but in 5 H. Zhang, R. W. Cochrane, Y. Huai, Ming. Mao, X. Blan, and W. B. Muir,

some cases an optimum is reached in terms of discontinuities J. Appl. Phys. 75, 15 May (1994).
as well as interface conditions and GMR is increased. A se- 6T. S. Plaskett and T. R. McGuire, J. Appl. Phys. 73, 6378 (1993).7T. R. McGuire and T. S. Plaskett, IEEE Trans. Magn. MAG-28, 2748ries of annealing temperatures for each composition are (1992).
needed to determine the best T to give maximum GMR. 8P. M. Levy, S. Zhang, and A. Fert, Phys. Rev. Lett. 65, 1643 (1990).
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Magnetoresistance and ragnetization oscillations in Fe/Cr/Fe trilayers
R. Schad, C. D. Potter, R Beli6n, G. Verbanck, V. V. Moshchalkov, and Y. Bruynseraede

Laboratorium voor Vaste-Stoffysika en Magnetisme, KU. Leuven, Celestijnenlaan 200 D, B-3001
Leuven, Belgium

M. Schifer, R. Schifer, and R Gr6nberg
IFF-FZ, Kernforschungsanlage Jilich, Postfach 1913, D-52425 Jilich, Germany

The 2-ML (monolayer) oscillation period has been observed in the magnetization as well as in the
magnetoresistance of Fe/Cr/Fe trilayers. Kerr effect measurements were performed in order to verify
the periodicity and determine the kind of the coupling between the Fe layers. The magnetoresistance
loops show characteristic steps at magnetic field values at which the size of the magnetization
changes.

I. INTRODUCTION situ reflection high-energy electron diffraction (RHEED) was
sne used to monitor the quality of the substrate, the epitaxial

Magnetic multilayers have attracted much attention sinc relationship and the quality of the growth.

they display a wide variety of interesting physical The Fe thickness of the top and bottom layers was 50A

properties.'-" In the Fe/Cr system, the coupling between the Cr thickness varied, respectively, from 4 to 20 A and

adjacent Fe layers was found to switch between ferromag- from 0 to 40 i with slopes of 1 and 2 A of Cr per mm for the

netic and antiferromagnetic depending on the thickness of two samples. The wedges were prepared using a computer

the Cr interlayer.1 This was seen first in a giant magnetore- controlled movable shutter. The wedge direction was chosen

sistance, the amplitude of which oscillated with the thickness parallel to the [010] direction of the Fe/Cr layers (the [011]

of Cr with a period of 18 A.2'3 Magneto-optic Kerr effect direction of the MgO) in order to facilitate alignment with

measurements (MOKE) confirmed this period for the cou- the magnetic field during the MOKE and MR experiments.
piing between Fe layers.5 With improvements in the layering The trilayer was then covered with 30 A of Ag as protection
quality, an additional shot perioud oscillation was seen in against oxidation of the Fe,
FeiCr/Fe trilayers, probed by scanning electron microscopy First, MOKE experiments were performed at room tem-
with spin polarization analysis (SEMPA). 9 The short period perature, using a Kerr effect configuration which is sensitive
oscillation was found to have a length of two monolayers for the longitudinal Kerr effect. The field was applied paral-
and be commensurate with the spin density wave found in lel to the easy [010] axis of the Fe layers. A micrometer
bulk Cr.12 13 However, the SEMPA and MOKE studies were screw was used to move the wedged sample through the laser

performed on trilayers which were grown on Fe whiskers or beam, with an alignment accuracy of 10 w em. The coupling

thick metallic buffer layers, making these samples unsuitable strength between the Fe layers was estimated from the satu-

for electrical transport studies. ration field of the Kerr rotation.
We report here on electrical transport and magneto- Subsequently, one sample was patterned using standard

optical studies performed on Fe/Cr/Fe trilayers grown epi- photolithographic techniques to produce a s;ipe pattern. The
taxially on MgO(100) substrates without any buffer layer. stripes used ". r transport measurements were 80 am wide
Both the magnetoresistance (MR) and the MOKE measure- and about 1 cm long and separated from each other by about
ments clearly display the existence of the short period oscil- 30 ,am. Each stripe has a Cr thickness variation of 0.2 A,, due
lation. At the same time the MOKE measurements are used 3 u.Ec tiehsaC hcns aito f02A u
tiontf the samtie the o g meaeents Faersd to the wedge itself and any possible misalignment during the

to identify the nature of the coupling between the Fe layers. lithography procedure. To measure the MR, leads were at-
This also allows the direct comparison of the Kerr loops with tached to the sample by ultrasonic wire bonding. Four-probe
the magnetic field dependence of the MR. The magnetoresis- measurements were performed at 4.2 K in a cryostat
tance displays steps at values of the magnetic field at which equipped with a superconducting magnet. Since the signal
the absolute value of the magnetization of the sample was relatively small, a Linear Research bridge was used to
changes. measure the resistance versus field data. The sample was

aligned in such a way that the Fe [010] direction was parallel
to the field.

II. SAMPLE PREPARATION In the following the magnetoresistance is defined as the
ratio Ap/ps, with Ap=po-ps, where Po is the resistivity atThe Fe/Cr/Fe trilayers were prepared in a Riber molecu- H =0 Oe and Ps is the saturation resistivity at H =3 kOe. We

lar beam epitaxy (MBE) deposition system (base pressure define the magnetization saturation field as the field, H, at
2X10 - " mbar) equipped with two electron-beam guns and which the Kerr signal reaches its saturation value.
four Knudsen cells. Fe and Cr (both starting materials of
99.996% purity) were e-beam evaporated at a rate of 1 A/s
on MgO (100) substrates held at 150 *C. A homemade feed-

back control system using Balzers quadrupole mass spec- Figure 1 shows a plot of H, from the MOKE measure-
trometers was utilized to stabilize the rate to within 1%. In ments and the MR of the transport measurements versus Cr

6604 J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94176(10)/6604/3/$6.00 © 1994 American Institute of Physics



to, (ML)
0 2 4 6 8 10 12 14 16 tc,=7A

8000

H, (MOKE) 3 .
4 App, 0 - <:0

600 • e

="00 + 0-

2o. " . --
200- 1

*-1000 -500 0 500 1000
00 H l(0e)

0 5 10 15 20 25

tcr (A)

FIG. 1. The saturation field H, (crosses, scale at left) for the Kerr rotation,
and MR (filled circles, scale at right) for the magnetoresistance vs Cr inter-

layer thickness in angstroms and monolayers. The inset shows a plot of the
saturation fields obtained from the MOKE measurements over a wider range 0
oft.

thickness in both angstroms and monolayers. Both sets of

data clearly show four peaks in the range 4 to 10 ML (mono- .1000 .500 0 500 1000
layers). This 2-ML oscillation period is in agreement with H (Oe)
the value reported from SEMPA measurements. 9 The inset in
Fig. 1 shows a plot of the saturation fields over a wider range
of tcr determined from the MOKE measured on a sample C 13A

with a larger variation in tcr. The oscillation with the period
of 18 A in t cr is clearly visible.

Figure 2 shows typical MR and MOKE hysteresis curves
for different values of tcr. With increasing tcr the nature of 0
the coupling changes from biquadratic coupling [at about
tcr=7 A, see Fig. 2(a)], over to a combination of bilinear and
biquadratic coupling [around tc=8.5 A, see Fig. 2(b)] to
again biquadratic coupling [at tc= 13 A, see Fig. 2(c)]. The
arrows on the figures indicate the orientation of the magne-
tization of the top and bottom Fe layers. .300 .200 .100 0 100 200 300

In the case of biquadratic coupling, there is a remnant 1! (Oe)

field at zero applied field and the magnetization vectors in FIG. 2. MR at 4.2 K and Kerr effect at 300 K over applied magnetic field of

the layers of Fe are not parallel, but differ by 900. As the Fe/Cr/Fe trilayers for three different values of to: (a) to= 7 A, showing
field increases, the magnetization of the layers becomes biquadratic coupling: (b) to=8.5 A, showing a combined bilinear and bi-

aligned parallel at the saturation field. The sample with quadratic coupling; kc) to = 13 A, showing biquadratic coupling. The arrows
indicate the direction of magnetization of the two Fe layers. The correspond-

tc=8.5 A is antiferromagnetically coupled at zero field, and ing MR loops show steps at field values at which the size of the magneti-

switches to 900 coupling at a higher field before being satu- zation changes.
rated at Hs. The 900 coupling is explained in terms of biqua-
dratic coupling possibly due to a roughness at the interfaces
of 1 ML monolayer.' 4 In all cases, the total strength of the Figure 2 also shows the measured MR loops for the dif-
coupling is well described by the saturation field. The surface ferent values of tcr. In the case of biquadratic coupling [Figs.
energy per unit area as a function of the individual coupling 2(a) and 2(c)] the MR displays steps at values of the mag-
strengths is given by netic field at which the 90' coupling is saturated. The rever-

co2 osal of the sign of the magnetization at zero field produces
E,= -J, cos O-J2 COS only a step in the Kerr loop but not in the MR. This can be

where J, and J2 are the bilinear and biquadratic coupling easily explained by the fact that the MR is sensitive only to
strengths and 0 is the angle between the magnetization vec- changes in the size of the magnetization but is not sensitive
tors in the two Fe layers. From the MOKE measurements, J I to changes of its orientation.
and J2 can be determined. For example, at tcr= 8.5 A, JI and In Fig. 2(c) the magnetic field values of the steps in the
J2 were found to be, respectively, -0.46 mJ/m 2 and -0.20 Kerr effect (measured at 300 K) and the MR (measured at
mJ/m2. 4.2 K) do not match, a fact which is likely due to the tem-
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perature dependence of the coupling constants. This tempera- This work is financially supported by the Belgian Con-
ture dependence is changing with tCr, which is in qualita- certed Action (GOA) and Interuniversity Attraction Poles
tive agreement with the decrease of H, with increasing (IUAP) programs. RS, CDP, and GV are Research Fellows
temperature at tcr= 13 A [Fig. 2(c)]. supported by respectively the European Community, the Re-

The MR loop at tcr=8.5 A [Fig. 2(b)], corresponding to search Council of the Katholieke Universiteit Leuven and the
the maximum of the MR oscillations, reproduces all four Interuniversity Institute for Nuclear Science.
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Structural and magnetic properties of Co/Ag multilayers
E. A. M. van Alphen, R A. A. van Heijden, and W. J. M. de Jonge
Department of Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

The structural properties and growth of sputtered Co/Ag multilayers were studied with nuclear
magnetic resonance. For samples with a nominal Co thickness of less than 10 A the Co grows in
three-dimensional islands. If the nominal Co thickness is larger than 10-A continuous Co layers are
formed. The relation of the structural properties with magnetization and magnetoresistance is
discussed.

Currently Co/Ag multilayers and Co-Ag alloys are Remarkable is the presence of the bulk Co signal for the
widely studied because of their giant magnetoresistance sample with a nominal thickness of 4 A (2 monolayers) Co
(MR) effects. 1- 3 Since the magnetoresistance and the mag- (Fig. 1). The presence of this signal demonstrates that the Co
netic properties are strongly related to the structure of the did not grow in the layer-by-layer mode but in three-
magnetic layer and the topology of the interfaces, the present dimensional islands, becuase in the case of layer-by-layer
paper focuses on the structural information as can be ob- growth every Co atom would have Ag neighbors. If the Co
tained from 59Co nuclear magnetic resonance (NMR) studies. layer thickness is increased from 4 to 8 to 10 A both the
We also discuss the influence of annealing on the magnetore- interface and the bulk intensity increases and the relative
sistance. The strain in these Co/Ag multilayers has been increase is approximately the same for both. Consequently,
studied previously.4  this implies that the volume to surface ratio remains constant

The Co/Ag multilayers were made by magnetron sput- [see Fig. 2(c)]. This behavior can only be understood if, in
tering on Si [100] at the Michigan State University. The the nominal Co thickness range 4-10 A, the growth mode is
deposition rate was 4 A/s for Co and 8 A/s for Ag. The Ag such that the number of three-dimensional islands increases
layer thickness was 20 A for all the samples, the Co thick- or the islands become larger. (This last option is only pos-
ness varied between 4 and 100 A. The number of repetitions sible when the influences of the edges of the islands are
was 100. X-ray diffractometry confirmed the superlattice negligible.) The bulk intensity [Fig. 2(b)] increases from 4 to
modulations and showed [Ill] texture. 10 A Co with a certain slope. The fact that this line extrapo-

The NMR experiments were performed with a coherent lates approximately to zero also indicates that the growth
spin echo spectrometer at a temperature of 1.5 K. Magnetic cannot be layer-by-layer [such a growth would result in a
fields, larger than the saturation field, were applied parallel to straight line with a positive intersection with the Co thick-
the film plane. The hyperfine field Bhf was obtained from the ness axis; 4 A for perfectly smooth layers and more than 4 A
resonance field B, and the frequency f using the relation for layers with a certain roughness (Ref. 5)].
2 7rf= -ABhf-Br), where y is the 59Co nuclear gyromagnetic For Co thicknesses increasing from 10 to 15 A the in-
ratio (y/27r=10.054 MHz/T).s The transverse magnetoresis- tensity of the interface remains approximately constant [Fig.
tance was measured at room temperature in fields up to 1.3 T 2(a)] while the amount of Co atoms in the bulk i-creases
using a standard four-probe method. [Fig. 2(b)]. The constant intensity of the interface shows tiat

Figure 1 shows the NMR spectra of the 100.(x A for Co thicknesses larger than 10 A apparently a continuous
Co+20 A Ag) multilayers with x=4, 8, 10, 12, and 15 A Co. Co layer is formed and the islands mentioned before have
The integral of the intensity is normalized to the nominal Co merged and cover the whole layer at a nominal thickness of
thickness. Apart from the intensity which arises from bulk 10 A. This implies that the Co layers are build with clusters
Co nuclei around 21 T, a clear contribution at lower fields of Co with a thickness of about 5 ML (monolayers) in the
can a!so be observed. This intensity at lower fields is be- nominal range up to 10 A Co. As an additional check on this
lieved to originate from Co atoms at or near the interfaces conclusion we can compare the interface to bulk ratio of the
(Co atoms with one or more Ag neighbors). The maximum at spectra of 4, 8, and 10 A Co. Clusters with a Co thickness of
17.5 T probably arises from Co atoms at locally flat (111) 5 ML would have at least 2-ML Co at the interface and at
interfaces. Both the interface and the bulk lines are much most 3 ML bulk Co resulting in a bulk to interface intensity
broader than the lines found in Co/Ni and Co/Cu multilayers ratio of at most 3/2 (if tie interfaces are sharp and the islands
were the structure of the Co is mainly fcc.5 This is because are relatively large). Roughness as well as a finite lateral size
the Co in Co/Ag multilayers is a mixture of fcc Co, hcp Co, would result in a ratio smaller than 3/2. The measured bulk/
and Co in stacking faults. interface ratio of about 1 [Fig. 2(c)] fits reasonably in this

Figure 2 gives a survey of the different contributions to model. If we assume that the islands are cubes or cylinders
the spectrum as a function of the Co thickness. The intensi- with a thickness of 10 A and implement the experimental
ties are obtained by dividing the spectra in two parts and bulk to interface ratio of 1, we can estimate the lateral di-
integration of these parts (interface part 15-19.5 T, bulk part mensions of the islands. This approximation results in typical
19.5-23 T). Changing the boundary between the bulk and lateral length scales of about 50 A. Roughness would de-
the interface part a little bit, as well as comparing the height crease this number.
of the interface and the bulk line, give similar results. In this same (simple) growth model we can also predict
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FIG. 1. NMR spectra measured at 1.5 K of 100.(x A Co+20 A Ag) multi- FIG. 3. Magnetoresistance as a function of the nominal Co thickness. The
layers. The integral (between 15 and 23 T) of the spectra are normalized to inset shows the MR of (10 A Co+20 A Ag) as a function of the anneal
the nominal Co thickness. The spectra are corrected for enhancement. temperature. All MR measurements were performed at room temperature

with the applied field parallel to the film plane.

the increase of the bulk to interface ratio above the nominal
thickness of 10 A since in our model all Co above this thick- and Ag. 6 Because the surface energy of Co is much larger
ness contributes to the bulk intensity. The resulting predic- than the surface energy of Ag and because the atomic inter-
tion is shown by the solid line in Fig. 2(c) and fits remark- action between the Co and the Ag atoms is weak,1 Co is
ably well with the data for Co thicknesses just above 10 A. If expected to grow in three-dimensional islands on Ag
the Co thickness is further increased (tco>15/ A) the increase (Volmer-Weber mode) and Ag is expected to grow in the
of the interface intensity [Fig. 2(a), interfaces become layer-by-layer mode on Co. Earlier reflection high-energy
rougher] brings about a deviation of the data with this theo- electron diffraction (RHEED) studies on molecular beam ep-
retical line. itaxy (MBE) grown Co/Ag multilayers8 yielded, for some

The growth mode of the Co/Ag multilayers observed in growth temperatures, similar results, although in this paper
the present experiments is in accordance with the expecta- no information is given about the size of the clusters.
tions based on a comparison of the surface energies of Co The magnetoresistance as well as the magnetization of

the present series of samples has been investigated.9 We will
restrict ourselves here to a few general comments specifically

9 ,',•'" in relation to the structural data observed by NMR.
(Co +20 AAg) ^. The magnetoresistance of these Co/Ag multilayers, de-

6 , S fined as (Bo- R8 =I. 3 T)/R 8~o, is shown in Fig. 3. The
~MR increases strongly for nominal Co thicknesses smaller) 3 nef, than 10 A. As we have seen this is the regime in which the

/~~c 2 )itefc

Co layers are discontinuous. For nominal Co thicknesses

o : :l: ' larger than 10 A (continuous Co layers) the MR is small and
30 1o A almost independent of the Co thickness. The larger MR for

r Tthe discontinuous Co layers might be caused by mechanisms
~ 20 similar as reported by Hyton et aprto for the NiFe/Ag sys-
tetem; isolation of pinholes or interlayer magnetostatic cou-
on 0 o bl t piing. One difference between the present Co/Ag system and

the NiFe/Ag system is that now the transition from continu-
0 t i i [ ous to discontinuous layers is not achieved by annealing but
e bis already present in the as deposited state (for tCo<1 a).

T 3 o The restoration of interlayer (AF) coupling as deduced
.o o from the decrease of the remanent magnetization (M o) in

h prNiFe/Ag does not seem valid for Co/Ag. Although we ob-
i c) ratio served in (Co/20 A Ag) a strong decrease of Mr in the nomi-

na 20 ranbelow 10 A (when discontinuous layers are

0 24foed), w also found an identical decrease in a (6 Th
Co thickness (A) Co+40A~ Ag) multilayer, where the interlayer coupling (if

tan 10Ais we hav seen thls is the eime in Mwich truhe

FIG. 2. Intensity of the interface part (a), the bulk part (b), and the ratio a y is w e dain o analisthoe beaior n o a tis bro he t
between the bulk and the interface part (c), as a function of the nomin Coa
thickness. The dotted lines are guides to the eye, the solid line in Fig. 2(c) s surface) when the continuous layer breaks up in (noninter-
in accordance with the model discussed in the text. acting) clusters. This ultimately results in almost isotropic
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' magnetization for the 4-A Co system and an increase in MR continuous to discontinuous Co layers in this thicknessL due to the transition from a ferromagnetic layer s) tem to an range. A more detailed paper on the MR of Co/Ag multilay-

asF *-bly of decoupled clusters. This effect is enhanced upon ers with discontinuous Co layers is planned. 9
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L Magnetic states of magnetic multilayers at different fields
.R A. Schroeder, S.-F. Lee, R Holody, R. Loloee, Q. Yang, W. R Pratt, Jr.,

and J. Bass
Department of Physics and Astronomy, and Center for Fundamental Materials Research, Michigan State
University, East Lansing, Michigan 48824-1116

The resistance of an as-sputtered magnetic multilayer in zero applied magnetic field can be
considerably different from the maximum resistance measured after the multilayer has been cycled
to above its saturation field. We examine the relation between these two resistances in some Ag/Co,
Cu/Co, and Cu/NiFe multilayers, and its implications for interpreting giant magnetoresistance.

The magnetoresistance (MR) of a magnetic multilayer gest that Hp is not identical to Hc, and M(Hp) may be an
composed of alternating thin layers of a ferromagnetic (F) appreciable fraction of M(H).]
and a nonmagnetic (N) metal is defined as For the CPP-MR, in contrast, we have focused upon
MR(H) = [R(H)-R(Hs)]/R(H), where H, is the in-plane Ho4'5 as the M =0, SU state, for two reasons: (1) MR(Ho) is
magnetic field at which the resistance R(H) saturates at its usually larger than MR(Hp)-and one expects the AP and
lowest value. This quantity can be measured with the current SU states to have the highest possible MRs. (2) It fits better
parallel (CIP-MR) or perpendicular (CPP-MR) to the layer a data analysis6 involving extrapolation from the af regime to
planes. Figure 1 shows the resistance in CIP and CPP geom- the completely uncoupled regime, that we now describe. We
etries, along with the total magnetization M parallel to the and others have shown5'7'8 that a two-current model, in
layer planes, for a Cu(6 nm)/Co(6 nm) multilayer as a func- which spin up and spin down electrons carry current inde-
tion of H. We see that there are two different states of locally pendently through the multilayer, gives a good description of
maximal MRs: one, labeled Ho, the as-grown state at H=O, a wide range of CPP-MR data on Ag/Co,5,6' 9 Cu/Co,6'9 and
which might be associated with the demagnetized state of the Cu/NiFe.10 For multilayers in the AP or SU configurations,
multilayer; and one at H, the state of maximum resistance with fixed F metal thickness tF and fixed total thicknesses
after cycling to above H,. HP is close to the coercive field, tT, this model predicts that the plot of the total resistance Rr
Hc, where M =0. In this article, we provide some new ex- versus number of bilayers N, should be a straight line with
perimental information about MR(H o) and MR(H,), to an intercept on the ordinate a::.s that trai be independently
stimulate more thought about the significance of both quan- determined. This straight line should pass through the data
tities. for AP states and for uncoupled SU states, but not those for

The largest MRs in magnetic multilayers occur when the which significant ferromagnetic coupling is present. Experi-
N-metal layer thickness, tN, is such that the magnetizations mentally we find that such a line fits the data for Ho much
of neighboring F layers are aligned antiparallel (AP) to each better than the data for HP in Cu/Co,6 where the differences
other in zero field-antiferromagnetic (af) coupling. In this between the two sets of data are large. The Ho data for Cu/
case, Hp is essentially zero, and MR(Ho)-MR(Hp). This is NiFe also fits this pattern but the distinction between the Ho
the situation that is standardly modeled, because the mag- and Hp data is small.1'
netic states of the system are known at both limits of the MR. With this background wve now turn to a more detailed
Unfortunately, af coupling gives large values of H5, which examination of the ratio MR(Ho)/MR(Hp) in our sputtered
make such multilayers unsuitable for most applications. multilayers than has hitherto been presented. We first exam-
There is thus interest in understanding the MR when there is ine the ratio under different conditions in different multilayer
only weak coupling between F layers, such as that illustrated systems, and then describe some preliminary tests we have
in Fig. 1. From studies of oscillatory behavior in magnetic made to see whether the Ho states can be restored by demag-
multilayers, we take this regime as tN-_6 nm.1' 2  netizing a sample.

The most direct attack upon the "weak coupling" regime In Figs. 2(a), 2(b) we plot the ratio MR(Ho)/MR(Hp) for
was made by Zhang and Levy,3 who proposed modeling the a series of Ag/Co, Cu/Co, and Cu/NiFe samples with fixed
H = H,, M =0 state as a superposition of statistically uncor- tF = 6 nm, and with tF = tN, respectively.
related (SU) magnetic configurations that satisfy the condi- For "uncoupled'"samples, tN>'6 nm, we see that most of
tion IM,=O. (M, is the magnetization of individual layers.) the Ag/Co and Cu/Co data lie in a band around a ratio of 1.5
They noted that the CPP-MR should be the same for the SU in Fig. 2(a) and around 2 in Fig. 2(b). Importantly, most of
and AP states, but that the CIP-MR should be smaller for the the CIP-MR data for Ag/Co behave very similarly to the
SU than the AP state. CPP-MR data for both Ag/Co and Cu/Co. For these "un-

In the weak coupling regime, the CIP-MR has usually coupled" samples, Ho and Hp thus seem to have similar
been evaluated at Hp, both because this state is reproducible significance for the CPP- and CIP-MRs. This similarity rules
after cycling to above H, and because it occurs near out the possibility that the Ho and Hp states are AP and SU
H,-i.e., near M =0. Zhang and Levy3 have analyzed such states, respectively. For while in CIP this would result in
data in terms of a SU state, and argued that such a state is R (Ho)/R(Hp)> 1, in CPP the ratio would be 1. The situation
needed to explain why the CPP-MR is usually so much for Cu/NiFe is more complex, with some data falling close to
larger than the CIP-MR. [We note that our experiments sug- the data for Ag/Co and Cu/Co, and other data falling around
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FIG. 1. (a) and (b) give the resistances of a [Cu(6 nm)/Co(6 nm)]X60 t(nm)
multilayer in the CPP and CIP geometries, respectively. (c) shows the mag-
netization of the -ame sample. FIG. 2. (a) MR(Ho)/MR(HP) plotted against thicknesses of Ag and Cu for a

variety of multilayers with constant tF=6 nm (b) MR(Ho)/MR(Hp) plotted
against t, the thickness of both the F and N layers, for samples with
ttF tN.

1. The reasons for these variations are not yet understood,
but it should be noted that the uncertainties in the Cu/NiFe
ratios are large partly because the MRs themselves are NiFe, on the other hand, for tcu<10 nm, MR(H)<MR(HP),
smaller than those for equivalent Ag/Co and Cu/Co samples. and MR(H") is larger than both. Here, MR(H") is probably

For the samples with the thinnest Ag layers in Figs. 2(a) the best available experimental estimate for the AP state.
and 2(b), we find MR(H 0)/MR(Hp)<I. Values of this ratio For the Cu/Co and Ag/Co systems, both Ho and Hp seem
below 1 have been found rather generally in Ag/Co samples to be rather well-defined states, in the sense that their prop-
with tAg< 3 nm, as we will show elsewhere.1 2 This may in- erties vary systematically with oth'kr parameters in the sys-
dicate ferromagnetic bridging between the Co layers. Appar- tem. In the uncoupled region, the Ho state seems to corre-
ently-the values -1.5-2 shown in Figs. 2(a) and 2(b) are spond better with the AP state. Once a sample has passed
reoresentative only of weakly coupled samples.

f, as suggested at the beginning, we wish to associate
the H o state with a demagnetized state, then we could hope TABLE I. MR(Ho), and MR(Hi") are the MRs (in percent) of the multilay-
to restore this state by demagnetizing the sample by cycling ers in zero field as prepared, and after demagnetization, respectively.
it through steadily decreasing fields. In Table I we give MRs MR(Hp) is the peak MR after cycling to H,. Layer dimensions are given in
evaluated for H for the states H,,, 11p, and H" which is the im.

zero field state after demagnetization. The first sample is System MR(Ho) MR(Hp) MR(H'O)
strongly af coupled, and the second is f coupled. Here, ex- [Cu(O.8)INiFe(6)]X53 CIP 35 34 34
change forces dominate coercive effects and the MRs are not [Cu(3)/NFe(6)]x40 CP 1 3 1.3 1.3
dramatically different. The third sample is weakly af coupled [Cu(2.0)/Co(1.5)]x 143 CPP 68 58 64
and the remaining samples are uncoupled, and now there are CIP 12 8.2 9 3
significant differences. For Cu(9 nm)/Co(6 nm), MR(H") is [Cu(9.0)/Co(6.0)]X49 CP 61 37 440 [Cu(5.7)/NiFe(l.5)]× 50 CPP 17 26 33
appreciably greater than MR(Hr) but much less than [Cu(3.3)/NiFe(l.5)]X75 CPP 23.6 35 39
MR(Ho). This result supports our assumption that the H0  CP 7.6 8.0 10.5
state is the best candidate to date for the AP state. For Cu/
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Investigation of the magnetic structures in giant magnetoresistive
multilayer films by electron microscopy

L. J. Heyderman and J. N. Chapman
Department of Physics and Astronomy, Glasgow University, Glasgow, G12 8QQ, United Kingdom

S. S. R Parkin
IBM Research Division, Almaden Research Centre, 650 Harry Road, San Jose, California 95120-6099

The magnetic structures which occur in (Co/Ni81Fe19/Co)/Cu multilayer films showing giant
magnetoresistance have been investigated using electron microscoFy. Rather similar fine domains,
with sub-tm dimensions, were found in films comprising 14 and 6 magnetic layers.,. Whilst the
obs-3rved structure depended greatly on the magnetic history of the sample, a combination of
differential phase contrast imaging and low angle diffraction allowed an estimate to be made of the
extent to which neighboring magnetic layers were aligned antiparallel to each other. For both
samples typically two layers were found to have parallel alignment leading to the possibility that
departures from the expected antiferromagnetic behavior are more prevalent at the surfaces rather
than in the bulk of the multilayer.

I. INTRODUCTION layers of the multilayer films and, as such, gave a direct
measure of the net magnetization alignment in the multilayer

In a recent paper the magnetic structures present in giant stack. The LAD patterns were recorded from sample areas
magnetoresistive (Co/Ni81Fe19/Co)/Cu multilayer films with -20 Atm in diameter and the patterns were calibrated by
14 magnetic layers were investigated using various Lorentz reference to a standard diffraction grating specimen.
modes of transmission electron microscopy.1 The films,
which gave magnetoresistance ratios of up to 18% at room
temperature, displayed distinct and rather complex small- II. RESULTS
scale magnetic structures at zero field that were incompatible A Fresnel image of a typical fine domain structure in the
with complete antiparallel alignment of the magnetization in 14-layer sample at near-zero field is given in Fig. 1 (the
adjacent layers. Whilst Lorentz microscopy is one of the few applied field orientation is given by the double headed ar-
techniques with the ability to image submicron domain struc- row). This is the highest magnetic contrast state during mag-
tures, a detailed interpretation of the images is made difficult netization reversal. For comparison, some features of interest
in this instance because information is provided only on the during magnetization reversal in the six-layer sample are
projection of the in-plane component of magnetic induction shown in Fig. 2. As the field was reduced from saturation,
averaged through the multilayer stack. In the present work fine striations which are similar to magnetization ripple were
we have gained further insight into the magnetic structures obs ,rved [Fig. 2(a)]. Reduction of the applied field to zero
by comparing observations in the 14-layer sample with those followed by a small increase in the reverse sense [Figs. 2(b)
in a sample of identical composition but which comprised and 2(c)] led to an increase in the magnetic contrast and the
only six magnetic layers. Furthermore, low angle electron formation of an irregular submicron domain structure similar
diffraction (LAD) has been introduced to provide quantita- to that observed in the original 14-layer film (Fig. 1). Thus
tive data on the degree of magnetic alignment throughout the the generic form of the domain structure formed during mag-
multilayer stack. netization reversal from a saturated state did not change

The multilayer material was chosen to ensr:e that films when the number of magnetic layers was reduced to six.
were soft whilst retaining high magnetoresistance (MR)
values,2 its composition being substrate I30ARul5AColI1
ANiFel5ACoIn X { 19.5 CuI5ACo~lIlANiFeI5ACo I 150ARul.
n + 1 is the number of magnetic layers in the multilayer
stack. The magnetic structures were observed by Fresnel im-
aging and differential phase contrast (DPC) microscopy. The
former is an out-of-focus technique suitable for domain ob-
servations during magnetization reversal. Large in situ per-
pendicular fields were available using the objective lens
field 3 and, on tilting the sample, an in-plane field component
of up to 1000's Oe could be applied. DPC imaging was used
to look in more detail at structures of particular interest and
processed DPC image pairs yielded vector maps of the mag-
netic induction averaged through the magnetic layers.4 LAD
was employed to quantify the total Lorentz deflection suf- FIG. 1. Fresnel image of the near-zero field domain structure (H= 4 e) in
fered by the electrons as they passed through the magnetic the 14-layer sample.
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FIG. 2. Fresnel images of magnetization reversal in the six-layer sample.

Application of higher fields to the six-layer sample,
however, introduced further complexities. In the presence of
a greater reverse field, a high density of 3600 wall structures c
formed as the irregular domain structure collapsed [Fig.
2(d)]. Annihilation of these 3600 wall structures required
field values in excess of 350 Oe. These observations should
be contrasted with what happened when the sample was de-
magnetized along a minor hysteresis loop for maximum field
values between 20 and 30 Oe. Under these circumstances
much larger domains were nucleated [Fig. 3(a)]. Whilst in-
creasing the field from this state once again led to the forma-
tion of 3600 loops, these spanned much larger areas than
those in Fig. 1(d) as a consequence of their originating from
thi. larger domains. Figure 3(b) shows such 3600 wall struc-
tures after the field was removed. Thus substantially different
magnetic structures could be induced in the sample depen-
dent on its magnetic history.

We have investigated the small and large domain struc-
tures discussed above [Figs. 2(c) and 3(a) ] using DPC mi- d
croscopy. One of a pair of DPC images for each of the small
and large domain structures at zero field are given in Figs.
4(a) and 4(b). While the large domains [Fig. 4(b)] are -1 FIG. 4. DPC images of (a) small and (b) large domain structures in the

Atm across, the dimensions of the small domains [Fig. 4(a)] six-layer sample mapped along directions given by the double headed arrow.

are '<1 Am. Using pairs of DPC images sensitive to orthogo- (c) and (d) are vector maps for the regions in (a) and (b), each with a

nal induction components, the vector maps corresponding to scattergram inset.

the regions shown in Figs. 4(a) and 4(b) were formed. These
are given in Figs. 4(c) and 4(d) and clearly show spatial
variations in magnetization orientation and magnitude on a
sub-Am scale. The inset in each vector map is a scattergram
which can be thought of as a two-dimensional histogram of
the in-plane induction components within each area
mapped.4 The scattergram in Fig. 4(c) indicates that all ori-

1 0 urn entations of the projected induction and magnitudes below a
S -21 .certain limit (defined by the width of the scattergram) are

present. The elongation of the scattergram in Fig. 4(d) is

FIG. 3. (a) Large domains induced in the six-layer sample and (b) resulting consistent with the horizontal directionality of Fig. 4(b) but it
3600 wall structures. is clear that, as before, all magnitudes for the projected in-
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despite the fact that the number of layers in the two samples
differs markedly, the extent of the LADs are remarkably
similar and substantially less than that of Fig. 5(a). Indeed
most of the intensity in the diffraction patterns is within an
angular radius of 6 .rad. This corresponds to -25% of the
maximum deflection angle that would be obtained for the
14-layer sample if the magnetization in adjacent layers was
always parallel and -60% of the corresponding quantity for
the 6-layer sample. Mure significantly the observed distribu-
tions resemble what would be observed if, in different areas
of the multilayer film, zero, two, and occasionally up to four
layers were aligned parallel rather than antiparallel to each
other.

III. DISCUSSION AND CONCLUSIONS
We have shown that complex domain structures, depen-

FIG. 5. LAD patterns for (a) a 14-layer ferromagnetically coupled sample at dent on the magnetic history of the sample, exist in

a region of near-180 ° domain walls; the fine domain states of (b) the 14- mult fl h a compston th sure a i
layer sample and (c) the 6-layer sample. multilayer films with a composition that ensures a high value

of MR and relatively low switching fields. In general, the
magnetic contrast is rather low but neither it, nor the geom-
etry of the structures, differs substantially in films compris-

duction from the maximum observed value down to zero are ing both 14 and 6 magnetic layers. A combination of DPC
present. Similar observations were made on the 14-layer imaging and LAD has shown that whilst local areas exist
sample. within the films where the net magnetic deflection is zero, in
- Quantitative information on the magnitude of the pro- most regions, the electrons suffer a small deflection as they
jected induction were obtained using LAD. For comparison pass through. This is consistent with an incomplete antipar-
purposes, an LAD pattern for a 14-layer sample containing allel alignment of magnetization in adjacent layers through-
magnetic layers of the same thickness but with intervening out the multilayer stack. Furthermore, using LAD we have
Cu interlayers of reduced thickness, thereby favoring parallel made a quantitative estimate of the extent to which parallel
alignment of the magnetic layers,' is given in Fig. 5(a). This alignment is present and have shown that the parallel align-
pattern is typical of one from a simple ferromagnetic film ment is usually between two layers, and rarely exceeds four
supporting in-plane magnetization and containing domains magnetic layers. As similar results are found for both 14- and
separated by -180' walls. The two lobes in the LAD pattern 6-layer samples, rather than there being a scaling with the
correspond to the two almost anitparallel domain magnetiza- number of layers, it is possible that parallel alignment is
tion orientations and the circumferential spread in the lobes most frequently found near one or both film surfaces. Further
is an indication of the magnetization dispersion in the investigations involving smaller numbers of layers should
sample. The expected Lorentz deflection, 6 L, for a help to clarify this. We conclude that a contribution of elec-
multilayer supporting parallel magnetization alignment is tron imaging and diffraction techniques provides information
given by 8L=(eXh)fB0 dt, where B0 is the magnetic in- on magnetization processes in complex multilayer structures
duction of the material, X is the electron wavelength, and the that would not be accessible by other experimental tech-
integral is evaluated over the thickness of the magnetic lay- niques.
ers. Assuming saturation magnetization values appropriate to
bulk Co and permalloy, the expected value of 8it. was calcu- b L. J. Heyderman, J. N. Chapman, and S. S. P. Parkin, J. Phys D 27, 881
lated to be 26 /urad. This compares reasonably with the ex- (1994).
perimental value of 23 /Arad. 2S. S. P. Parkin, Appl. Phys. Lett. 61, 1358 (1992).

The LAD patterns seen in Figs. 5(b) and 5(c) are very 3J. N. Chapman, R. P. Ferrier, L. J. Heyderman, S. McVitie, W A. P.

different to that in Fig. 5(a). They were taken from the fine Nicholson and B. Bormans, Inst. Phys. Conf. Ser. No. 138, Sec 1 (lOP,
Bristol, 1993), pp. 1-8.domain structures seen in the 14- and 6-layer samples and 4j. Zweck, J. N. Chapman, S. McVitie, and iH. Hoffmann, J. Magn. Magn.closely resemble the scattergram of Fig. 4(c). Furthermore, Mater. 104-107, 315 (1992).
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Distribution of current in spin valves (abstract)
Bruce A. Gurney, Virgil S. Speriosu, Harry Lefakis, and Dennis R. Wilhoit
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099

We present a model describing the distribution of spin up and spin down currents within the layers
of spin valve structures. With this model and experimentally determined bulk mean free paths we
successfully describe a variety of experimental results, including the variation of resistance and
magnetoresistance with both ferromagnetic and nonferromagnetic layer thicknesses, and the
current-induced field acting on the ferromagnetic layers versos overall current. Our model is based
on an approximate path integral solution of the Boltzmann equation for in-plane transport in a
multiply layered structure. For a given orientation of the magnetizations it calculates the current
density j(r) at each point r for each spin o- throughout the structure. From j'(r) it is
straightforward to obtain the current in each layer for parallel versus antiparallel magnetizations, or
of the current density near interfaces relevant to electromigration. Included in our model are both
spin dependent bulk scattering as well as scattering at interfaces, which are treated as thin layers.
For example, in order to obtain quantitative agreement with experiments with permalloy based
structures it is essential to include spin independent scattering arising from Fe and Ni atoms
rendered nonferromagnetic next to the spacer due to interfacial intermixing. Our results bear directly
on the fundamentals of GMR by successfully describing transport in spin valves using the measured
bulk spin dependent mean free paths of the individual layers. Our results are also of technological
interest because they predict how current affects the MR response to an external field.

A comparison of the giant magnetoresistance and anisotropic
magnetoresistance In Co/Cu sandwich films (abstract)

B. H. Miller, E. Youjun Chen,a) Mark Tondra, and E. Dan Dahlberg
School of Physics and Astronomy, University of Minnesota, 116 Church Street SE, Minneapolis,
Minnesota 55455

By a systematic variation of structures, recent measurements conclude the scattering associated with
the high resistance giant magnetoresistance (GMR) state occurs within 0.25 nm of the magnetic
interface.' We have accomplished a similar measurement that does not require such stringent control
of the sample structure. Instead, the present work uses measurements of the anisotropic
magnetoresistance (AMR) in both the high resistance and low resistance GMR states. The samples
are sandwiches of Co/Cu/Co/CoO with Co thicknesses ranging from 1 to 10 nm and Cu thickness
of approximately 2.5 nm. The AMR is measured with the Co magnetizations aligned parallel to one
another (the low resistance GMR state) and with the Co magnetizations aligned antiparallel to one
another (the high resistance GMR state). The data show that the AMR in the antiparallel
configuration is less than that in the parallel configuration. An analysis that relates the reduced AMR
to !he magnetic interfacial region giving rise to the high resistance GMR state indicates the
scattering occurs within approximately 0.5 nm of the interface.

Supported by AFOSR under Grant No. AF/FA 9620-92-J-0185.
')Currently at Nonvolatile Electronics, 11403 Valley View Road, Eden Prai-

ne, MN.

IS. S. P. Parkin, Phys. Rev. Lett. 71, 1641 (1993).
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Enhanced magnetoresistance in chromium doped Fe/Cr multilayers
(abstract)

Noa M. Rensing and Bruce M. Clemens
Department of Applied Physics and Department of Materials Science and Engineering, Stanford University
Stanford, California 94305-2205

We report enhanced room temperature magnetoresistance of up to 11.4% in sputter deposited Fe/Cr
multilayers when the iron layers are doped with additional chromium. To our knowledge, this is the
largest room temperature magnetoresistance in polycrystalline Fe/Cr multilayers reported to date. In
comparison, the magnetoresistance was 7.5% in a similar, undoped sample made at the same time.
The magnetoresistance of antiferromagnetically coupled Fe/Cr multilayers has been the subject of
considerable study in the past five years. We have investigated the possibility of doping the Fe layers
with additional chromium, in order to increase the magnetoresistance by enhancing the spin
dependent scattering. In one series of samples, the chromium dopant was concentrated into thin
layers within the Fe layer. A 1 A layer of chromium (I monolayer) was deposited at a depth of 4,
8, or 15 A into the 30-A-thick iron layers of the multilayers. The magnetoresistance was enhanced
in all of the samples, to 8% when the doping layer was at 4 A and to 10.5% in the others. In the
second series of samples the iron layers were alloyed with between 1.5% and 50% chromium. The
maximum magnetoresistance was 11.4%, observed in the sample with 20% chromium in the Fe
layers. This is larger than the magnetoresistance in any of the samples where the Cr was
concentrated in a thin layer within the Fe layer, but a given amount of chromium appears to be more
effective in increasing magnetoresistance when it is concentrated in a layer rather than distributed
as an alloy. A 1 A layer of Cr is roughly equivalent to a 3% alloy, but the alloyed sample only
showed 8% magnetoresistance, in comparison to up to 10.5% in the samples with layered doping.

Low field giant magnetoresistance and oscillatory interlayer exchange
coupling in polycrystalline and (111)-oriented permalloy/Au
multilayers (abstract)

S. S. P. Parkin, T. A. Rabedeau, R. F. C. Farrow, and R. Marks
IBM Research Division, Almaden Research Center, San Jose, California 95120.6099

The existence of oscillatory interlayer exchange coupling of ferromagnetic layers via (111)-oriented
noble metal spacer layers is controversial. We present evidence from magnetic and giant
magnetoresistance studies for well-defined antiferromagnetic interlayer coupling in single
crystalline (111) permalloy/Au multilayers. Four oscillations in the coupling are observed as the Au
spacer layer thickness is increased. The oscillation period is =10 A which is significantly shorter
than the period of =11.5 A predicted in Ruderman-Kittel-Kasuya-Yosida based models. Similar
oscillatory interlayer coupling is found in polycrystalline permalloy/Au multilayers prepared by dc
magnetron sputtering. The interlayer coupling strength is significantly weaker in the polycrystalline
as compared to the (111)-oriented crystalline samples. In both cases the coupling strength is weaker
than in comparable structures containing Ag, for which the coupling is weaker than in similar
structures containing Cu. The weakness of the antiferromagnetic interlayer coupling via Au leads to
very low saturation fields, lower than for all other noble and transition metals. Indeed, the saturation
fields are as low as just a few Oersted for sufficiently thick Au layers. Consequently, we find giant
magnetoresistance values of =1%/Oe or greater at room temperature in polycrystalline permalloy/
Au multilayers. These values are the highest values yet reported in multilayer structures and are
comparable to or greater than those recently reported in discontinuous permalloy/Ag multilayers.

J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)16617/1/$6.00 © 1994 American Institute of Physics 6617



Giant magnetoresistance at low fields in [(NixFel_x)yAgl_y]/Ag multilayers
prepared by molecular beam epitaxy (abstract)

R. F. C. Farrow, R. F. Marks, A. Cebollada, M. F. Toney, D. Dobbertin, R. Beyers,
and S. S. P. Parkin
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099

T. A. Rabedeau
Stanford Synchrotron Radiation Laboratory, Stanford, California 94305

The structural changes that accompany the development of GMR (giant magnetoresistance) at low
(G10 Oe) fields in annealed magnetic multilayers1 are of current interest because of potential
applications of such structures in sensors. In this paper we report a study of the development of
GMR in [111]-oriented multilayers comprising ferromagnetic films of a mixture of Ag and
permalloy (Ni.Fei _ , x-0.8) alternating with Ag spacer films. The multilayers were grown by
molecular beam epitaxy (MBE) on Pt(111) seed films on sapphire (0001) substrates at temperatures
in the range 20 to 200 'C. The structure of the multilayers was investigated using x-ray diffraction
and electron microscopy. For a series of multilayers grown with nominally identical ferromagnetic
and spacer layer thicknesses, the magnetoresistance is found to be strongly dependent on both
growth temperature and subsequent anuealing temperature. The multilayers exhibited a negative
magnetoresistance in the as-grown state which more than doubled when the growth temperature was
increased from 20 to 100 *C. However, the highest magnetoresistance (peak 5.6%; maximum slope
0.4% per Oe) was obtained by annealing (at 400 °C) multilayers grown at 100 *C. Transmission
electron microscopy studies of such multilayers showed no evidence for discontinuities or
penetration of the ferromagnetic films by Ag along grain boundaries. Thus, we conclude that
discontinuous or granular multilayers with complete phase separation are not necessary for GMR
with low saturation fields.

The full article appeared in the 15 September 1994 issue of Journal of
Applied Physics on p. 3688.

'T L. Hylton, K. R. Coffey, M. A. Parker, and J. K. Howard, Science 261,
1021 (1993).
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Effects of domains on magnetoresistance (abstract)
Shufeng Zhang and Peter M. Levy
Department of Physics, New York University, New York, New York 10003

Our present understanding of the giant magnetoresistance observed in magnetic multilayered
structures is based on the premise that the layers are either monodomains or that the sizes of the
domains are much larger than all other length scales (mean free path, spin-diffusion length, and
layer thickness) relevant to the magnetoresistance. We extend our theory of magnetoresistance to
include multilayers with small in-plane domains where there is the possibility that their size may be
limited by columnar growth.' We study magnetoresistance in the presence of in-plane domains both
for the current parallel and perpendicular to the plane of layers. The domain boundaries introduce
additional scattering and the direction of the internal current will be different from that of the driven
current. In the presence of spin-dependent scattering, a transverse spin current develops so that the
current in each of the spin channels is "mixed" even without spin-flip processes. Analytical
expressions will be given for limiting cases where the mean free path is either much larger or much
smaller than the layer thickness and the domain size. We find that the domain size is a relevant
length scale and contributes to the spin diffusion length XsdI in the equations that govern the spin
diffusion attendant to charge transport in magnetic multilayers. If one does not know the domain
structure, nor the amount of spin-flip scattering, both mechanisms are equally plausible for
producing spin diffusion which suppresses the magnetoresistance for the current perpendicular to
the plane of the layers.

Research sponsored by the Office of Naval Research.

1J. Bass (private communication).
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F Fe16N2: Giant Moment or Not

(Panel Discussion) A. S. Arrott, Chairman

The synthesis, structure, and characterization of d-Fe16N2 (invited)
K. H. Jack
University of Newcastle upon 7ne and the Cookson Group plc., United Kingdom

Controversy about the magnetic properties of a"-Fe16N2 thin films makes it desirable to examine
bulk material. In the original preparation and crystal structure determination of d' in 1951,
N-austenite (y) prepared by nitriding a-iron powder at 700-750 °C was quenched to give
N-martensite (a') which then gave a+d' on long tempering at 120 *C. The final product was a
mixture of either a+ a" or a+ d'+ y with less than 50%d. Recent repetitions of this preparative
method in three different laboratories have given mixtures with varying amounts of d, again never
greater than 50%, and with magnetic moments of a"-assessed from measurements made on the
mixtures-that show considerable variation. Studies of a' tempering by XRD, and of a'
precipitation from supersaturated N ferrite (a) by high-resolution TEM, both show that slow
ordering of N atoms to produce a" occurs only after localized regions of a' and a reach the Fe8N
composition by a clustering process. Thus a'-Fe8N can be obtained with a tetragonality c/a equal
to that of a", but without the complete N ordering that is characteristic of Fe16N2. This might
explain some of the variability in magnetic properties. The inhibiting effect of oxygen and other
impurities on the nitriding of iron is emphasized, the existence of the da-carbonitride Fe16(C,N)2 is
noted, and possible methods for 100% production of bulk a" are suggested.

I. INTRODUCTION II. ORIGINAL PREPARATION AND
CHARACTERIZATION OF d-Fe16N2

a"-Fe16N2 was discovered and its crystal structure deter- a"-Fe16N2 was first prepared during an investigation of
mined in 1951,1 but its magnetic properties remained unex- the Fe-N system. The solubility of molecular nitrogen in iron
plored until 1972 when Kim and Takahashi z reported an ab- is negligible and so Fig. 1 is not a true equilibrium diagram
normally high magnetization in films obtained by because the nitrogen is not at one atmosphere pressure. Dif-
evaporating iron onto a glass substrate in low-pressure nitro- ferent phases and exact compositions within a phase are
gen. The major phase was a", and from the experimentally readily obtained by nitriding with NH3 :H2 gas mixtures in
determined volume fraction its polarization was calculated as which the N potential, aN = k.PNH3 / p3 , can be precisely
2.76 T, corresponding to an average moment of 2.9 /AB per controlled.
Fe atom. This discovery, neglected for nearly two decades, N-austenite (y) exists above 590 °C and is a fcc arrange-
has inspired much recent activity. Various techniques have ment of Fe atoms with N randomly occupying up to one in
been used to produce films on a variety of substrates with ten of the octahedral interstices. The y' nitride Fe4N also has
very variable results;3- 6 see Table I. Most remarkably, Sugita a fcc Fe-atom arrangement but with onq in four of the octa-
and co-workers 4'5 claim single-crystal d' films, prepared by hedral holes occupied in a perfectly ordered manner; see
MBE on Gao.8lno 2As substrates, with a moment per Fe atom Figs. 2 and 3.
of 3.2 AB at room temperature. At the other extreme, Taka- When y is quenched rapidly from above 600 OC the Fe-
hashi and his colleagues more recently report6 that films pro- atom arrangement changes from fcc to approach that of bcc
duced both by plasma evaporation and by sputtering show no
abnormally large magnetization. A "giant magnetic mo-
ment" seems incompatible with band theory; three indepen- TABLE I. Magnetic properties of a" thin films.

dent calculations7- 9 based on the structure of a"-Fe16N2 give
an average moment of 2.4 AB per Fe atom, i.e., only about Qs T- kg- )  (T) ALB

10% higher than that of a-iron. Reference Method (emu g-1) (104 G) per Fe atom

Because of the controversy engendered by these widely 2 sputtering 296±14 2.76±0.13 2.9±0.2
different observations, it seems essential to measure the 3 N ion 256 2.40 2.5

properties of pure, bulk samples of a"-Fe16N2. So-far, this implantation

has been attempted in three different laboratories, 0-2 but 4,5 MBE 310±10 2.9±0.1 3.2±0.1

again with different results. Reasons for the variability of 6 (i) sputterng 218 2.0 ".
products and possible methods of meeting the objective are a-Fe 220 2.15 2.2

suggested in the present paper.
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FIG. 1. The Fe-N phase diagram.

O Nitrogen atom

a-Fe. However, the N atoms have insufficient time to move FIG. 3. y phase, Fe4N.
from the interstices they occupied in the austenite and the
extra holes created by the fcc-,bcc transition remain empty.
The result is a bc tetragonal martensite (a') of the same When N-martensite (a'), obtained by quenching y, is
composition as the parent austenite, and where up to a maxi- tempered below 590 °C, the phase diagram indicates that the
mum of one in ten of the holes at the midpoints of the c products should be a+ y'. Instead they are a+ d'. The
edges and the centers of the C faces are occupied by N (the Fe16N2 unit cell (Fig. 6) consists essentially of eight (2
NZ sites). Figure 4 shows a variable position for the Fe at- X2X2) distorted bcc cells of a-Fe with N atoms occupying 2
oms; where a hole is occupied, the Fe atoms are pushed apart of the 48 octahedral interstices in a perfectly ordered manner,
in the c direction; when the hole is empty the Fe-atom posi- i.e., 2 of the 16 NZ sites with 16 NX and 16 NY sites com-
tions are the same as in a-Fe. Dimensions of unfilled and
filled octahedra are shown by Fig. 5.

I- Nitrogen oustenite

07

O Iron atoms

Range of posititions for iron atoms
0 Octahedral interstices,I

1 in 10 randomly filled Sites for carbon atoms

FIG. 2. y phase, N-austenite. FIG. 4. a' phase, N-martensite.
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FIG. 5. Unfilled and filled otahedra in bcc a-Fe.

pletely empty. The Fe atoms are in three different crystallo- (iio) ' (ilO)
graphic sites: 4(e) and 8(h) which form the octahedra coor-
dinating the two N atoms and which, within experimental FIG. 7. The structure of d' considered as a distorted fcc lattice.
error, are all equidistant from a N atom; and sites 4(d) which
have no nearest N-atom neighbors.

Figure 7 shows that d viewed along [110] is a distorted the M, temperature-the temperature at which transforma-
y'Fe4N with alternate N atoms missing. Thus, in both struc- tion starts--decreases as the N concentration increases. For
ture and composition, Fe16N2 (=Fe4N0.5) is midway between high-N contents which might be expected to produce high-N
bc a-Fe and fec y'-Fe4N. In all the Fe-N phases (a, a', a', a' phases and hence purer Fe16N2, M, is at subzero tempera-
y, and y') the filled octahedra (NFe6) are all the same size; tures. Also, the stresses set up when y transforms to a' in-
only their numbers and distribution change. hibit further transformation and the effect increases as M,

decreases.
III. THE FORMATION OF a' AND a' PHASES To summarize, low-N-content austenites produce, by

Figure 8 shows x-ray powder photographs of quenching and then tempering, a mixture of a+ a" with onlyN-martensites (a') prepared by quenching austenites ( o). As a small proportion of a". High-N austenites produce more
N-matenites(a' preare byquenhin ausenies (). s a, up to perhaps 50%, but with some a and a large amount

the N content increases, the increasing tetragonality of a' is of nonmagnetic retained austenite (y).

shown by the increasing separation of the component reflex- I ti c rtant tecite y).

ions of the "tetragonal pairs" M2, M4, M6, and M8, i.e., It is also important to appreciate that when a' is tem-
pered at low temperatures, the d" does not form instanta-(101) and (110), (002) and (200), etc. The maximum N con-

tent of y, and hence of the a' that forms from it, is '10 neously. de N atoms in localized regions gradually cluster
N1100 Fe and so it never reaches FeN (12.5 N/100 Fe). together to produce a martensite of higher N content and
Even Fhe andheso t ner reachstgiv Fe (12.5 te). hence of greater tetragonality with concurrent formation of
Even the highest N-martensite must give -Fe+ a' on tem- ferrite. Figure 9 shows x-ray photographs of N martensite
pering; it can never give pure a". Further, a' is not produced (2.0 wt % N; 8.1 N/100 Fe) aged at 80 'C. With increasing
isothermally from V. It is formed only during cooling, and time, the se, aration of the paired reflections M2, M4,

M10 gradually increases, showing increasing tetragonality
and hence increasing N concentration of a'; compare Fig. 8.
Even when the tetragonality c/a reaches that of a', corre-

3' atoms
pir 100
Fe atoms

6.29 56

2 76

.a=572A ------

0 Iron atom Nitrogen atom

FIG. 8. X-ray powder photographs of N martensites (with retained y) with
FIG. 6. Structure of d'-Fel 6N2. increasing N content.
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FIG. 9. X-ray powder photographs of N martensites (2.0 wt % N=8.1
N1100 Fe) aged at 80 oC for increasing times. FIG, 11. Hardness curves for quench-aged N ferrite, 0.07 wt % N.

sponding to an a ' composition FesN, weak reflections due to of -0.5X 106 reveals a structure identical with the classical
N-atom ordering that are characteristic f the Fe16N 2 struc- Guinier-Preston zones in AI:4 wt % Cu; see Fig. 12.
ture are not observed; these appear only after further pro- A combination of techniques, (i) x-ray measurements of
longed tempering. unit-cell dimensions, (ii) internal friction, (iii) transmission

IV. GIN NITOGE FERITEelectron microscopy, and x-ray and electron diffraction, al-
IV. GIN NITOGE FERITElows the complete quantitative characterization of nitrogen in

Another way of producing ol'-Fel6NZ is by precipitation iron and iron alloys; see Jack 13 and references therein. Nitro-

from supersaturated N ferrite. The solubility of N inl a-Fe is gen in the aged N ferrite (a) of Fig. 12 is clustered as a

a maximum at 590 'C, 0.1 wt %=0.4 at. %. On quench aging nonrandom solid solution of disc-shaped GP zones. Figure

a containing -0.07 wt % N, the phase diagram of Fig. 10 13 is an (002) lattice image of a containing 0.05 wt % N,

indicates that -/-Fe4N should be precipitated. Instead, optical i.e., FesooN, after aging for 15 h at 23 VF. The (002) interpla-

and electron micrography, XRD, and electron-diffraction evi- nar spacing of 1.49 A within the cluster corresponds with a

dence, together with the hardness curves of Fig. 11, show composition Fez0N whereas the adjacent ferrite with which

that at 250 'C e/' is first precipitated within seconds and then the cluster is completely coherent has the N-free spacing of

dissolves and is replaced by equilibrium y'. At 120 °C the ol' a-Fe, i.e., 1.43 A. Further aging continues to increase the N

remains and is transformed to 'y' only after very long times. content in the localized clustered regions until, after reaching

After 10 It aging at room temperature the quenched ferrite Fe8N, N ordering slowly occurs to give d-Fel6N2. The 1.57

shows a remarkably high hardness for such a small N con- A spacing shown in Fig. 14 is not unequivocal evidence of

centration with no evidence from optical microscopy of any el' even though this is the d value for (004) of ol' for which

precipitation. Only an electron micrograph at a magnification c =6.28 A. The same d value is shown by the (002) planes

isolid

4Fe4N

100,

0.02 0.06 0.1 6 0oU,

w/o N
FIG. 12. TEM of Fe:0.07 wt % N quench-aged 16 h at 21 F; foil normal

FIG. 10. Par of the Fe-N system. [001.
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FIG. 15. Stress-oriented N-atom clusters in aged Fe:0.06 wt % N.

of a'-Fe8N and evidence of the N-atom ordering character-
istic of d'-Fej 6N2 comes from additional reflections in the
electron- and x-ray-diffraction patterns.

It is worth noting that aging under an applied mechanical
stress produces clusters and then a" platelets in only one

FIG. 13. (002) lattice image of a N cluster (Fe~N) in Fe:0.05 wt % N preferred cube orientation. As shown in Fig. 15, the plane of
(Fe5 ooN) aged 15 h at 23 T.

the plates is perpendicular to the applied extensive stress.
The aging of N ferrite fully supports the evidence of

N-martensite tempering that a'-FesN is obtained in a penul-
timate stage with a tetragonality c/a equal to tha; of a' but
without the N-ordering characteristic of Fe16N2.

V. BULK d'-Fel6N2

The production of bulk a" as powders or foils has fol-
lowed essentially the 1951 preparative method via y and a'.
For reasons given in Sec. III, all three laboratories hve pro-
duced mixtures, the phase compositions of which have been
determined by either XRD10 or M6ssbauer spectroscopy. t , 12

Huang et al 0 claim 56% d' with J = 2.65 ± 0.15 T corre-
sponding to 2.95±0.15 AzB per Fe atom-a 34% increase
over that of a-Fe. Coey et al.tl produce >40% a' with
smaller magnetization values of J,=2.3±0.2 T and 2.45
±0.15 AB at -0 K; these are only about 10% higher than for
a-Fe but are in broad agrement with the band-structure c,'l-culations. Bao et al.t 2 start from hydrogen-reduced Fe203flm and convert up to 30% into a". They claim that the measured
moment is in agreement with a "dramatically large magne-
tization," i.e., o-,= 310 emu g-t, but the experimental evi-
dence for this is not convincing.

V. DISCUSSION AND CONCLUSIONS

The limited work so far carried out or. bulk a"-Fet6N2
has not resolved the controversy concerning the existence of
a giant magnetic moment iron nitride. This is partly due to
preparative limitations whereby less than 50% of the product

FIG. 14. (004) lattice image of d'-Fel6N2 in Fe:0.05 wt % N aged 46 h at mixture is a". The variation in the magnetic properties of
100c. thin films is explicable by liftierences in N-atom ordering,
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re-Mn Fe-Co Fe-N, bcc Fe-N phase with up to 14.5 at. % N is claimed 17 in Japan

0by ball-milling iron powder in NH3 at room temperature,
there is no trace of a and the magnetization decreases rap-

aeCo idly as the N concentration increases. Similar negative re-
A 8 suits were obtained by Factl8 in France.

.20o 00- At temperatures where d is relatively stable (3-250 oC),
A, its nitrogen activity aN is higher than that of the more stable
00 - --', y'-Fe4N and so a higher nitrogen potential is required to

Ordered

400 0x(FeCo produce it by gaseous nitriding; surface nucleation of y'
, must be avoided. By the conventional y-*a'-+oa' route, low-

20 40 60 0' 20 '0 60 0 ' 0 40- N-content austenite transforms completely to low^ 20 40 60 0 20 40 60 0 20 40 60 Nauee
Atomic % manganese Atomic */ cobalt Atomic . nickel N-martensite which, on tempering, gives d+a. If this

,a) (b) (c) mixed phase, prepared as a finely divided (10 Am) powder, is
then nitrided in the appropriate NH3 :H2 gas mixture at

FIG. 16. Phase diagrams: (a) Fe-Mn, (b) Fe-Co, (c) Fe-Ni. <250 °C the a' regions will act as nuclei and will grow at
the expense of a, eventually producing 100% d. In nitrid-
ing, the slowest rate-controlling step is at the surface, and so

and the existence of a'-Fe8N which, superficially, is indistin- it is essential to maintain a scrupulously clean surface and

guishable from d'-Fe16N2 but which might have different clean grain boundaries. Adsorped oxygen or other active spe-

magnetization values, cies (e.g., sulfur) will inhibit completely the nitriding reac-

Bulk preparation of 100% d" is essential. By the conven- tion. Even at 200 °C the diffusivity of N in Fe is high enough

tional route this is possible by extending the N content of y to ensure homogeneity Of 10 A powder particles provided

until it includes Fe8N. Only three elements, Mn, Go, and Ni, that surfaces are perfectly clean. It is now suggested that this

are y stabilizers and extend the y-phase field. From the phase ;uench tempering of low-N-content y, fcl!owed by low-

diagrams of Figs. 16(a)-16(c), additions to Fe of Mn and Ni temperature gaseous nitriding, should also be explored to

reduce markedly the M, temperature but Co does not. Al- produce 100% a/'-Fe16N2.

though detailed phase relationships in the Fe-Co-N system
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Magnetism of d'-Fe16N2 (invited)
Robert M. Metzger and Xiaohua Bao
Department of Chemistry and Center for Materials for Information Technology, University of Alabama,
Tuscaloosa, Alabama 35487-0336

Massimo Carbucicchio
Derartment of Physics, Universit6 di Parma, Wiale delle Scienze, 1-43100 Parma, Italy

The metastable a"-Fe16N2 phase may have a magnetic moment up to 50% higher than that of pure
bulk a-Fe. This article addresses the following issues. (i) Can epitaxial films of a'-Fe 6N2 be
prepared phase pure? Yes, but there are some doubts. (ii) Can powders of a'-Fe16N2 be prepared
phase pure? 'Not yet. (iii) Is the M6ssbauer spectrum due to d'-Fe16N2, to martensite, or to
something else? Most assign it to d-Fe, 6N2. (iv) What is the specific saturation magnetic moment
of d'-Fe16N2? Some claim it is close to that of a-Fe, most claim that it is much larger. (v) Is the high
moment due to d-Fe16N2, or to some other phase?

I. INTRODUCTION 77 K, thus forming a'-N-martensite, then temper the sample
under N2 gas at 120-200 C for several hours, yielding

In 1950 Jack first reported ' 2 the metastable phase d'-Fe6N2. 15 There is a time-to-temperature ('IT) diagram
a -Fe, 6N2 in a study of the Fe-N phase diagram, which re- f 21

sembles the Fe-C phase diagram. 3 The d'-Fe1 6N2 phase is for its formation.
formbled froth e Fe- phasewdiagram th 6<1 , inhase is A second approach is to strain or age a'-N-martensite:
formed from a'-N-martensite FexN with 6<x<1l, in the oriented needles of a"-Fel 6N2 grow at the strain
temperature range 150 °C<T<300 °C by a nitriding, boundaries.22- 5 A third method is to grow Fe films epitaxi-
quenching, and tempering process.2 It also precipitates at the
strain boundaries of supersaturated "nitrogen ferrite" 1ay , on Gpesre N N gs by2mol 0).26 A

(orFeN)an duin th nrma aingofa'Nrtnite4  epitaxy (MBE), on GaAs(100)9 or on In0 2Ga0 8As(10) 2 A
(a-FeN) and during the normal aging of mat nsitm.n fourth way is to grow an Fe film on MgO(100), and then

Kim and Takahashi reported a high magnetic moment implant N+ ions." The first and second methods cannot usu-
(saturation magnetic flux density B,=2.58 T) in a polycrys- ally provide phase-pure "-Fe16N2 ; the third and fourth
talline Fe-N film, deposited by Fe evaporation in N2 on a methods can yield better purity, but in impractically small

glass substrate, and attributed these dramatically large values

to the partial presence of a'-FeI6N2 (estimated B,=2.83 T);5  samples.

this synthesis could not be replicated 6 This B, for d'-FeI6N2
was about 30% larger than that of bulk a-Fe (B,=2.20 T).7

Sugita and co-workers' 9 formed thin films of d'-FeI6N2  III. PHYSICAL PROPERTIES
by molecular beam epitaxy on Fe(100)IGaAs(100); B, was
largest (2.66 T) for the thinnest (7 nm) films. 9 B. rose to 2.8 d'-FeI6N2 crystallizes in the tetragonal space group
T for 100 nm films.10 Nakajima and Okamoto implanted N+ 14/mmm, with three unique Fe positions 2 (Table II). Table
in epitaxial a-FelMgO(100), to get partially ordered III lists the x-ray reflections of a'-FeI6N2 and of other phases
a -N-martensite and d'-FeI6N2; annealing in vacuum at (a-Fe, /-N-austenite, y'-Fe4N, or a'-N-martensite) at the N
150 'C increased the a'-Fe 6N2 fraction from 16 to 24 wt %, mol fractions XN at which the phases are stable closest to the
but the magnetic moments were not dramatic.1t  theoretical XN=0.1 1 of a'-Fe 6N2. Many reflections are

Gao and Doyle formed a'-Fe16N2 on sputtered single overlapped.
layer Fe-N films, with a specific saturation magnetic moment The structure evolves from a-Fe to a'-N-martensite to
of 247 emu g-1.12 An effort to get d'-Fe 6N2 from a-Fe and d'-Fe 6N2, as one adds N atoms gradually in the structure
y'-Fe4N at 300 'C failed.i 3 Takahashi and co-workers re- and tempers it.2'3 In pure a-Fe (bcc), one should consider the
ported on sputtered films containing d'-Fe 6N2, but the mag- "empty" octahedron of four next-nearest neighbor Fe atoms
netic moments were low.14  in the ab plane ("equatorial" Fe-Fe distance=2.866 A), plus

A practical synthesis of a'-Fe 6N2 has been sought in two body-centered Fe atoms along c above and below that
acicular' 5 or equant16 small particles, in larger particles, 17-

1
9  plane ("axial" Fe-Fe distance=2.866 A, axial Fe-equatorial

and in large particles and foils. 7 Opinions differ on the large Fe distance=2.482 A): in its center is the "octahedral hole."
reported magnetic moment: Coey wonders whether one is In the solid solution of N in Fe called a'-N-martensite, the
looking "at revolutionary results or egregious errors."120  entry of an N atom into this hole distorts the octahedron: for

XN=0.08 59, there is a contraction in what becomes the mar-

11. SYNTHESIS tensitic aa,b,, plane (equatorial Fe-Fe distance=2.75 A),
and a dilation in the c,, direction (axial Fe-Fe distance=3.88

d'-Fel6N2 was first made by nitriding Fe, quenching, A); these empty and "filled" octahedra occur randomly
then tempering 3 (Table I). One can start with y-Fe2O3 (ob- along the three axes, to yield a tetragonal unit cell with sides
tained from goethite -FeOOH), reduce it to a-Fe by H2 gas a,,=b,,=2.850 A, c a'=3.091 A for XN=0.0859. 3 The
at 450 °C, nitride under H2:NH3 gas (volume ratio 7:1 to marteasitic nearest-neighbor Fe-N distance (octahedral coor-
10:1) at 650-700 'C, quench the resulting y-N-au,,tenite to dination of Fe around N) is 1.94 A.3'36
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TABLE I. Synthesis conditions (Lab. code: CAM=University of Cambridge, CMU=Camegie-Mellon U., DUT=Delft University of Technology, HIT
=Hitachi Research Laboratory, LBL=Lawrence Berkeley Laboratory, NAG=Nagaoka University of Technology, TCD=Trinity College Dublin, TOU
=Tohoku University, UAL=University of Alabama).

Lab. Starting Sizes Heating temp.PC Quench Tempering temp.PC
code (Ref) material Am [time] (NH3 : H2 ) temp./°C [time] atmosphere

CAM (3) a-Fe powder' <53 am 700-750[?] (1:5-1:20) 25 120 [7-19 d]
CMU(17) a-Fe powder 6-9 pm 660-670 [2-3 h] -196,-269 120-150 [0.5-2 h] vac
DUT(4) a-Fe foil t=200 pm 742- 877 -196 200[?]
LBL(27) a-Fe foil t=100 pm 590 (1:9) -50 <200[?]
TCD(7) a-Fe powder 30 pam 760 [several h] ... 120 [7 d]

a-Fe foils t=25, 100 pm 760 [several h] ... 120 [7 d]
UAL(15) )-Fe 2 0 3  300X60X60 nm 650-700 (1:7-1:10) -196 120-200 [1-4 h] N2
UAL(15) Fe0 85 Mno0 SSO 4  300X60X60 nm 650-700 (1:7-1:10) -196 120-200 [1-4 h] N2
UAL(16) Feo 93Mnoo0 (NO3) 2  70X70X70 nm 650-700 (1:8-1:10) -196 150 [2-6 h] N2

Lab. Substrate Thickness Conditions

HIT(9) FeIIGaAs(100) 7-100 nm MBE 30 nm Fe (0.5 A/s, T=300 °C)+Fe(0.04 A/s, T=150 °C)+N 2 5X10 - 4 Tort
HIT(28,29) InGaAs(001) MBE
HIT(30) InGaAs(001) 50 nm MBE: Fe(0.004 A/s, T=150 °C+N 2 :, NH 3(4 9:1)10-1_10 - 4 Tort

NAG(31) Fellglass 200 nm Sputt.; 150 keV N2" implantation (2-4X 1016 cm- 2)
NAG(11,32,33) FeIIMgO(100) 200 nm Sputt.; 80-150 keV N" impl. (1-1X 1016 cm- 2)+ann.
TOU(14) MgO 200 nm at. plasma evaporation; annealing at 150 °C for 2 h
TOU(14,34) MgO 30-300 nm Sputtering; Ar+N 2 ; annealing at 150 'C for 2-20 h
TOU(35) MgO 3000 nm dc sputt. on MgO+5 nm Fe(001), Ar+N 2 air, ann.
UAL(12) Glass 200-250 nm rf sputtering Fe+N 2(15 sccm)+Ar(6 mTorr)

'Mn added to stabilize the -N-austenite phase at room temperature.

As tempering proceeds, a collective reorientation of the The 002 and 006 reflections have been seen for epitaxial
martensitic c,' axes occurs, clusters or Guinier-Preston and sputtered thin films '1 t 2' 33,35 ,38 but not in powder
zones form, and finally, a full ordering ensues into the tetrag- samples.2

onal a'-Fe16N2  structure: the unit cell axes become One can determine the uptake of N in y-N-austenite or
a,=b,,=5. 7 2  A (-, 2 a,), and cd,=6 .30  A.37  In a'-N-martensite from the unit cell constants,17,36 using the
a'-Fe16N2 , the N atom is surrounded by a distorted octahe- equations in Table III. One can assess the mol fractions of
dron of Fe atoms: four equatorial Fe3 atoms at 2.01 A, two the various phases by calculating 17' 18 x-ray line profiles from
axial Fe2 atoms at 1.95 A. Atom Fel, at Wyckoff site 4d, the solved crystal structures. 39

does not have close N atoms, and should most resemble Fe For epitaxial films, the relative crystal orientation is
in a-Fe. Atom Fe2 (4e) has a distorted octahedron of neigh- a'-Fe16N2(l10)IFe(001), and a'-[001]IFe [110],9,30 and
bors: one axial N, four equatorial Fe3, and one axial Fe2. d'-Fe 6N2(001)jlnGaAs(01). 29.30 For sputtered films on
Atom Fe3 (8h) has seven closest neighbors: one N, two Fe2, MgO, the orientations are a'-Fet 6N,(001)jIMgO(001) and a'
and four Fel. The inclusion of N causes very close Fe-Fe [Ul0]jMgO [100], or a'(211)llMgO(101) and d' [011]jjMgO
distances (Fe2-Fe2 and Fe2-Fe3). One can designate Fe2 as [001]. 14

Inn, Fe3 as 2nn, and Fel as 3nn: this indicates the first, TEM diffraction patterns for 7 nm films of
second, and third nearest-neighbor Fe atoms to the N atom. a'-FejkN2IFeIGaAs show the less intense reflections 200,
In a'-N-martensite the Fe-N distance is quite different for 020, 020, 200; and the more intense ones: 400, 220, 040,
Inn than 2nn, while in cl'-Fe, 6N2 they are very close. The 220, 220, 040, 220, and 400.9 Similar results were seen for
paucity of diffraction data for a"-Fet 6N2 gave only approxi- films of d'-Fe 6N2IIFe(001)lllnGaAs(001), 29 and for sputtered
mate values of the parameters zic (Fe2), and c/a (Fe3). 2  films. 12 TEM ot a'-Fe6N2 has been seen in fine powders. 16

a'-Fe 6N2 is most likely a daltonide, or "line phase," with Spin-polarized linearized muffin-tin orbital calculations
precise N stoichiometry.2'3  yield magnetic moments at the three sites of d'-Fe 6N2

TABLE 11. Crystal structure of d-Fel6N2 : body-centered tetragonal (a =5.72 A, c=6.29 A, space group 14/mmm, #139) (Refs. 1,2).

Site Site symm. x/a y/b z/c First [second] coordination Fe-N

N 2a(4/mmr) 0 0 0 2 Fe2 @ 1.95, 4 Fe3 @ 2.01 A [8 Fel @ 3.24A]
Fel 4d(4m2) 0 1/2 1/4 8 Fe3 @ 2.55 A [4 Fe2 @ 2.86 A] 2 N @ 3.26 A 3nn
Fe2 4e(4mm) 0 0 0.31 1 N @ 1.95 A, 4 Fe3 @ 2.33 A, 1 Fe2 @ 2.39 A Intl

[4 Fe3 @ 2.80 A, 4 Fel @ 2.86 A]
Fc3 8h(mm) 0.25 025 0 1 N @ 2.01 A, 2 Fe2 @ 2.33 A, 4 Fel @ 2.55 A 2nn

[2 Fe2 @ 2.80 A, 4 Fe3 @ 2.84 A]
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TABLE III. X-ray reflections (d) at the specified mol fraction of nitrogen XN, phase codes (F,4,8,A,M), relative intensities (to different scales), and Miller

indices hkl, for the phases c-Fe (code: F; a =2.86645 A) (Ref. 40), -'-Fe4N (code: 4; a =3.795 A) (Ref. 41), d'-FeN (code: 8; a =5.72 A, c=6.29 A) (Ref.
2), -N-austenite (code. A; a =3.646 for XN=0.086 8 using a= 3.5718+0.472 48XN+4.3627X 2 recalculated from Ref. 3; stability range XN=0.0-0.0868
or 0.106) (Refs. 3,42,43), and a'-N-martensite (code: M; a=2.850, c=3.090 for XN=0.0868 using a=2.8659-0.002 69XN-2.0943XN and
c= 2.8665 + 2.965 15XN-4.524 34X4 recalculated from Ref. 3; stability XN=0.0-0.086 8 or 0.1064) (Refs. 3,42,43).

Phase Phase

dlA XN (Rel. int.) hkl dlA XN (Rel. int.) hkl

3.145' 0.111 8(-) 002 1.241)b 0.111 8(28) 224)

2.483 0.111 8( w) 112 1.239)b 0.111 8(28) 332)
2.191 0.20 4(100) 111 1.229 0.111 8(-) 105
2.105 0.0868 A( -90) 111 1.226 0.0868 M( 31) 112
2.116 0.111 8(-) 202 1.191 0.0868 M( 100) 211

2.027 0.0 F( 100) 110 1.187) 0.111 8(86) 314)
2.022 0.111 8(61) 220 1.185) 0.111 8(86) 422)
1.968 0.111 8( w) 103 1.170 0.0 F( 30) 211
1.898 0.20 4(77) 200 1.144 0.20 4(83) 311
1.823 0.0868 A( -51) 200 1.099 0.0868 A( -100) 311
1.626 b  0.111 8(8) 213 1.096 0.20 4(38) 222
1.573) b  0.111 8(11) 004) 1 .0 5 8 )b 0.111 8(43) 404)
1.568)b  8(11) 312) 1 .0 57)b 0.111 8(43) 512)

1.545 0.0868 M( 22) 002 1.053 0.0868 A( -44) 222
1.466 0.111 8(-) 114 1.048' 0.111 8(-) 006
1.433 0.0 F( 20) 200 1.015) 0.111 8(61) 116)

1.430 0.111 8(25) 400 1.011) 0.111 8(61) 440)

1.425 0.0868 M(68) 200 1.013 0.0 F( 10) 220
1.342 0.20 4(67) 220 0 .986)b 0.111 8(46) 325)
1.289 0.0868 A( -48) 220 0 .984)b 0.111 8(46) 206)

1.265 0.111 8(6) 323 0.949 0.20 4(44) 200
0.906 0.0 F( 12) 310

'Seen only in thin films (Refs. 10, 12, 14, 33, 35, and 38).
bd-Fei6N2 reflections that are fairly intense and do not overlap badly with other reflections.

(Table IV), and moments close to experiment for Fe3N and The M6ssbauer spectrum of a'-Fe16N2 differs from that
for y'-Fe4N.744 An augmented spherical wave calculation of a'-N-martensite. The three sextets seen for a"-Fe16N2 can
has been done.45 The maximum magnetic moment is as- be assigned with certainty to the three sites Fel, Fe2, i.i3 of
signed to site Fel. The average calculated values are consid- Table II only if the expected 4:4:8 relative intensities are
erably below the large experimental thin-film values, obtained49 (which identifies the 8h site Fe3) and if the signs

There are qualitative similarities between the Fe-N and of all the electric field gradients are known. The M6ssbauer
Fe-C phase diagram. In the Fe-N diagram, the ordered N-Fe hyperfine fields Hhf= 2 9 6 , 316, and 399 kOe49 were first as-
compounds (line phases, with narrow ranges of XN) are signed to Fe2 (site 4e, Inn), Fel (site 4d, 3nn), and Fe3
y'-Fe4N and -Fe2N; a'-Fet 6N2 is a metastable line phase; (site 8h, 2nn), respectively."0 This assignment is customary
the phases y and e ale stable for wide ranges of XN; for iron alloys and for a'-N-martensite: Hhf (relative to
a'-N-martensite is metastable over a moderate range of XN. a-Fe) decreases for the first nearest neighbors, increases dra-

The name a'-Fet6N2 denotes the occupancy of the unit matically for the second, then converges from above to the
cell and its evolution from a-Fe and a'-N-martensite. An pure a-Fe value for third, fourth, etc., nearest neighbors.50

alternate name Fe8N has been used. 13,'545' 48  For d'-Fel 6N2 this assignment is not supported by the
The M6ssbauer data for d'-Fet6N2 are collected in Table relative M6ssbauer line intensities 215 ,16,38 ,49 or by the band

V, together with comparable data for other phases of interest structure results, which assign the highest moment to site
(a-Fe, a'-N-martensite, y'-Fe4N). Fel.7'44'45 The new assignments in Table V give the largest

TABLE IV. Calculated magnetic moments (in Bohr magnetons AB) at sites in the a"-Fel 6N2 lattice (Refs. 7, 44,
45), and distances from the N atom.

Site (symmetry) Fe-N distance/A Fe-N Calculated AF/IB (Ref)

Fel (4d-im2) 3.26 3nn 2.83(44) 2.81(7) 2.74 or 2.89'(45)
Fe2 (4e-4mm) 1.95 or 1.93a Inn 2.25(44) 2.21(7) 2.30 or 2.29'(45)
Fe3 (8h-mm) 2.01 or 1.79' 2nn 2.27(44) 2.39(7) 2.37 or 2.21'(45)

Average 2.41 2.45(7) 2.45 or 2.40'(45)

'Uses z=0.3060 for position 4e, x=0.222 for position 8h (Ref. 45).
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TABLE V. Mbssbauer spectral parameters (hyperfine magnetic fields Hhf, quadrupole splittings AEQ, and isomer shifts IS against pure a-Fe at room
temperature) for cd'-Fe1 6N2 , and relative population (Fe atom %). Data for other phases (a-Fe, a'-N-martensite, -'-Fe4N) are given for comparison

Hhf AEQ IS Hhf AEQ IS Hhf AEQ IS (Hhf)
kOe mm/s mm/s Fe% kOe mm/s mm/s Fe% kOc mm/s mm/s Fe% kOc Ref.

a'-Fel 6N2(three sextets)
Fel (4d)mm2 (3nn)a Fe2 (4e) 4mm (lnn)a Fe3 (8h) mm (2nn) Ave.
418(1) +027(2) -0.08(2) 302(2) +0.14(5) -0.15(5) 325(5) 0.3(1) 0.1(1) 342 50
372.8 297.9 315.9 325.6 31
400.2 0.15 -0.06 13.9(3) 289.8 0.04 -0.10 19.4(4) 321.7 0.16 0.06 47.2(9) 333.3 38
399 0.12 -0.07 17.9 296 -0.07 -0.09 18.7 316 0.25 0.06 34.9 332 33,49
397 -0.04 0.07 9.7 292 -0.17 0.01 9.7 317 0 15 0.10 15.8 331 15
397(2) -0.12(3) 0.03(4) 8.5(5) 289(2) -0.17(2) -0.11(3) 7.3(3) 318(2) 0.14(3) 0.29(4) 21.8(1.5) 331 16
406 0.25 -0.18 307 0.05 -0.49 316 0.21 0.21 336 7
391 0.26 -0.05 12.5 289 0.16 -0.05 20.6 316 0.32 0.04 37.7 328 34

a"-Fe16 N2 (single sextet) (Refs. 29,30,47) a-Fe (single sextet)e (Refs. 14,50) -austenite (paramagnetic) (Ref. 15)
(460)bxc 341 0.0 0.0 0 -0.04

330d 330 -0.09 0.0 0.37 0.07
326 335 0.17 -0.07

a'-N-martensite (three sextets)
Inn 2nn 3nn and 4nn
314(2) -0.01(5) -0.12(5) 356(2) +0.01(5) 0.01(5) 348(2) +0.08(5) 0.02(5) 50

"/-Fe4N (three sextets)
Fel or la Fe2 or Fe2A or 3c-A Fe2B or 3c-B
345(10) 0.30(8) 215(10) 0.45(6) 52
340.6 0.0 0.24 215.5 -0.22 0.52 219.2 0.43 -0.15 53
366 235 235 51

aThese two assignments are uncertain, and could be interchanged. b This datum is considered incorrect (Ref. 54).

Hhf to Fel, the smallest to Fe2, and the value closest to a-Fe reflection of a"-Fe 6N2 grows in intensity, the saturation vol-
to Fe3. ume magnetization M, increases to a maximum of 2307

From the M6ssbauer hyperfine fields, the magnetic mo- emu cm- 3 .4

ments have been estimated at the sites Fel, Fe2, and Fe3 as The inferred values of the specific saturation magnetiza-
either 3.8, 1.3, and 2.5 AB , 33,4 9 or as 2.98, 2.01, and 2.25 tion os for a'-Fe1 6N2 depend on the reliability of the esti-

AB ,51 respectively. The average Hhf of the three sites of mates of the mol fractions of all the magnetic constituents. In
d-Fe6N2 (weighted 4:4:8 for Fel:Fe2:Fe3), shown as (thf) small powder samples exposed to air, the moment due to
in Table V, is essentially identical to Hhf of a-Fe.t 4 For the pure bulk a-Fe (218 emu g-1) is reduced by passivation of
epitaxial thin films of a'-Fet 6N2 on GaAs, one single M6ss- the surface to maybe 140 emu g-1. This passivation is less
bauer line is reported: 29,30' 47 is this due to low resolution, or important for very large particles and epitaxial films, so the
to a different species?2"t4  bulk value can be used.

An important technological goal is to produce macro- For some laboratories, tempering the nitrided sample at
scopic samples of 100% phase-pure da-Fet6N2 . 'Fable VI 150-200 'C increases the sample magnetization, e.g., from
shows the estimated Fe at. % contributions from various 177 to 189 emu g-',t6 or from 182 to 189 emu g-t; 17 other
samples. High mol fractions of d'-Fet6N2 were achieved by laboratories report no increase, 34 35' 38 or only a modest in-
epitaxy on GaAs9 or by topotactical N+ implantation.4 9 Ni- crease, e.g., from 218 to 226 emu g-.
triding thin foils in NH 3 :H2 yields 40%.7 Large particle pow- The coercivities H, for a'-Fe 6N2 are small; shape an-
ders (6-9 ,m) yield 5 0 %.t7 For small particles, at most 38% isotropy was sought by growing acicular particles.' 5

conversion was reached.tSt 6 For small particles, 7-15 at. % If d-Fet6N2 is heated at 160 'C for 21 days, it decom-
Mn was needed,' 6 while for larger particles Mn was poses to a-Fe and y'-FeaN; 2 a similar decomposition occurs
unnecessary.7" 7 One cannot achieve XN=0.1111 in y-N- if one heats it to 200 'C for one week.60 For a"-Fe 6N2 par-
austenite, so by quenching and annealing, one cannot get ticles (35 at. % Fe; 15 at. % Mn) kept at room temperature
100% a"-Fel 6N2 .51 Ways to obtain phase-pure o'-Fe16N2  for six months the M6ssbauer spectrum did not change.60

have been proposed.55  The high magnetization observed for epitaxial films of
The magnetic data for various samples, and the inferred d'-Fe 6N2 on GaAs or InGaAs(001) decreases reversibly

values for the -Re1 6N2 fraction, are summarized in Table with increasing temperature between -269 *C (B,=3.1 T,
VII. The first few benchmark entries are for bulk and powder A1=3.4 AB) and +400 'C (B= 1.0 T), with a Curie tempera-
a-Fe, and '-Fe 4N, and for recently measured powder ture of 540 'C; above 400 'C this magnetization decreases
samples (6-9 Atm) of a'-N-martensites with different N irreversibly.29 By annealing a rf sputtered film at 500 'C for
contents.'7' The dependence of the high moment on the N 1 h, the moment density increases from about 225 to 253
atom concentration is very roughly linear.2 9 As the 002 x-ray emu g-, and the x-ray lines due to a"-Fe1 6N2 sharpen, while
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TABLE VI. Composition (Fe at. %,estimated by X=x-ray diffraction, M=Mbssbauer spectroscopy) of nitrided
Fe or Fe+Mn films, powders and foils (laboratory codes as in Table I).

Lab. form Est. a-Fe y.N-aust -/-Fe4N a'-N-mart. d'-Fe 6N2  Ref

CMU 6-9 pm powder X 13 31 0 0 56 17,19
HIT 7-100 nmIIGaAs(100) X 15 0 0 0 85 9
NAG 200 rn filmjlglass M,X 65 0 0 0 35 31
NAG 200 nm filmfIMgO X 40 0 0 36 24 11
NAG 200 nm filmIIMgO X 30 0 0 62 8 32
NAG 200 nmi filmIIMgO X,M 28.5 0 0 0 71.5 49
TCD 30 m powder M 61 7 4 0 28 7
TCDl00Am foil M 52; 59 5; 11 11; 10 0 32; 20 7
TCD 25 pm foil M 55; 51 11; 9 0; 0 0 34; 40 7
TOU sputt. film X 27 0 0 0 73 (a'+da") 34
UAL sputt. film X 82 0 0 0 18 12
UAL 0.6 Am powd. +15 wt % Mn M 29 36 0 0 35 15
UAL 70 nm powd.+7 wt % Mn M 55 7 0 0 38 16

TABLE VII. Magnetic properties of reference compounds, of samples containing a"-Fel 6N2, and for pure d'-Fe1 6N2: saturation volume magnetization Ms
(emu/cc=emu cm-3), saturation magnetic flux density Bs (T), specific saturation magnetization as (emu/g=J/T kg), magnetic moment of the average Fe site
AF (A =Bohr magneton), coercivity H, (0e).

Overall sample properties Inferred a"'-Fe16N2 contribution

MS BS O' Ae Hc M, B, O'S F H,
emu/cc T emu/g PA Oe emu/cc T emulg Aft Oe Morphology (Ref.)

Reference data:
1717 2.16 218.0 2.18 ... .. Pure hulk a-Fe (56)

... -140 ... ... .. *~ .. .. ... Powder a-Fe
1392 1.75 193 2.05 . .... ... ... ... Pure bulk -/-Fe4N (57)

.... 180 .. 600 ... . ... ... . Powder y'-Fe4 N (58)

.... 160 .. 1000 .. .. .. Powder y'-Fe4N (13)

.. 2.35 250±10 ... ... ... a'-N-martensitc (inf.) (17,18)

.... 257 . ... ... ... -. .. .. Sputt. a'-N-mart. film (32,33,38)

Film obtained by molecular beam epitaxy:
2050 2.58 -. ... ... 2250 2.83 298 3.0 .~.55 nm epitax. film (5)

.. 2.66 ... ..... 3.0 315 3.2 7 nm epitax. film (9)
233 ... ... ... .- . ... 200 nm epitax. film (31)

.. 2.9.. 3.2 ..~ .. 2.9 .. 3.2 50 50 nm epitax. film (30)
...... .. 2390 .Epitax. fl!m Ijlno 2Ga08As (26)
...... .. 2300 *.. ... ... . Epitax. film llln02Ga,,As (46)

2307 2.9 -.. .. .. ... ... .~ . .. Epitax. film Ijlno 2Gao8As (47)

Foils
.... 205 ... ... ... 2.52 2712 2.34 100 Am foil+NH 3H2 (7)

208 .... .. 238a 2.62 .. 25 Am foil+NH 3:H2 (7)

Sputtered or plasma evaporated films:
.... 247 ... ... .. 315 ... .. 250 nm film~lglass (12)
.... 233 . .-.. ... ... .. . ... 200 rim sputt film+NIlglass (31)
.... 245 ... ... ... . 257 ... .. 200 om sputt., N'iIMgO (32,33,38)

2000 ... ... ... <1 ... . Sputter. films (2 at. % N) (59)
.... 235 ... ... ... ... ... ... ... Plasma evap. JjFejjMgO (14)
.... 218 ... .. .. . ... ... ... Sputt. ijFejjMgO (14)
.... 232 ... ... ... ... 237' ... ... Sputt. IIFejjMgO (34)

220 .. 300 ... ... 225' ... : Sputt. IIFejIMgO (35)

Powders large or small:
.... 210 ... ... ... . 241' 2.40 .. 30jpm powyd. (7)
.... 189 ... . ... ... 285a .. " 6-9 pm powd. (17)
.... 210 .. .. .. 2.66 2862 2.94 .. 6-9 pm powd. (18,19)

170 .. 200 ... ... 310, .. 200 300X60X60 nm powd.+0.15 Mn (15)
.. 189 .. 210 ... ... 30P ... ... 70X70X70 nm powd.+0.07 Mn (16)

'Using 218 or 220 emu g-1 for a-Fe.
b Using 140 emu g-1 for small particles of a-Fe.
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for another sample the same treatment decreases the moment 16X. Bao, M. Shamsuzzoha, R. M. Metzger, and M. Carbucicchio, IEEE
o212 emug - 1, and the a"-Fe16N2  lines Trans. Magn. (in press).disappear.12 films made t or bn tt 7 M. Q. Huang, W. E. Wallace, S. Simizu, A. T. Pedziwiatr, R. T. Obermyer,disappear. 1For by sputtering by evaporation and S. G. Sankar, 1. Appl. Phys. (in press).

the moment drops when the temperature reaches 1
8M. Q. Huang, W. E. Wallace, S. Simizu, and S. G. Sankar, J. Mag. Magn.

200-250 °C.14  Mater. (in press).

Since ad-FeI6N2 powders are not stable above about 19W. E. Wallace and M. Q. Huang (these proceedings)
00C2,6 0 it has been speculated that epitaxial films with 2 M. D. Cocy, Phys. World 6, 25 (1993).200 *C, 14a 21 K. Abiko and Y Imai, Trans. Jpn. Inst. Metals 18, 113 (1977).

large magnetic moments contain a different phase.14  22A. Sato, Y. Watanabe, and T. Mura, J. Phys. Chem. Solids 49, 529 (1988).
23Y. Watanabe, A. Sato, and T. Mura, J. Phys. Chem. Solids 50, 957 (1989).

IV. CONCLUSIONS 24Y. Watanabe, A. Nakano, and A Sato, Mater. Sci. Eng. A 146, 1251
(1991).

a'-Fe 6N2 is a fascinating magnetic system. The evi- 'Y. Watanabe, H. Nozaki, M. Kato, and A. Sato, Acta Metall. Mater. 39,

dence for a very large moment (>280 emt g-1) for 3161 (1991).
26M. Komuro, H. Hoshiya, K. Mitsuoka, Y. Kozono, M. Hanazono, and Y.

a'-Fe16N2 comes from epitaxial thin films, 5 '9 '26 ' 3 1'4u, 7 from Sugita, Mater. Res Soc. Symp. Proc. 232, 147 (1991).

some sputtered films, 12 and from medium 7' 18 and sanall 27U. Dahmen, P. Ferguson, and K. H. Westmacott, Acta Metall. 35, 1037
particle 15"6 studies. Already, a'-N-martensite has a mciment (1987).
considerably higher than that of a-Fe. 18' 32' 33 The high mag- 2Y. Kozono, M. Komuro, M. Hanazono, and Y. Sugita, J. Magn. Soc. Jpn.

15, 59 (1991).
netization of the epitaxial films has even been ascribed to 29y. Sugita, K. Mitsuoka, M. Komuro, H. Hoshiya, Y. Kozono, and H.

some unknown phase. 14  Hanazono, Proceedings of the International Symposium on Third Transt-

The "dissenting" evidence against large moments comes tion Semi-Metal Thin Films, Sendai, Japan, 5-8 March 1991 (Japan Soc.
7 l 7  2 i-implanted films, 3132 33 38  Prom. Sci. Committee 131-Thin Films), p. 12from foils, large particles N ione s''' 3Y. Sugita, K. Mitsuoka, M. Komuro, H. Hoshiya, Y. Kozono, and M.

some sputtered films,14 and from theoretical studies.7,44,45,51  Hanazono, J. Appl. Phys. 70, 5977 (1991).
It is tempting to dismiss the theoretical results, since theory 31 K. Nakajima, S. Okamoto, and T. Okada, J. Appl. Phys. 65, 4357 (1989).

often fails us. All these arguments, pro and con, rest on x-ray 32K. Nakajima and S. Okamoto, Appl. Phys. Lett. 56, 92 (1990).33-1K *Nakajima and S. Okamoto, in Ref. 29, p. 21.ossbauer estimates of the magnetic constituents present 3 K aaiaadS kmti e.2,p 1
or e 34 Migaku Takahashi, H. Shoji, H. Takahashi, H. Nashi, T. Wakiyama, M.
in the samples, and on how well the samples resist to air Doi, and M. Matsui (these proceedings).
oxidation. 35 Migaku Takahashi, H. Shoji, H. Takahashi, and T. Wakiyama, Mater. Res.
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The magnetization of bulk dFe16N2 (invited)
J. M. D. Coey
Physics Department, Trinity College, Dublin 2, Ireland

Evidence for giant magnetic moments in the metastable nitride dFe16N2 is reviewed, with reference
to the related stable nitride 'Fe 4N and aFe. It is concluded from a survey of electronic structure
calculations, Mdssbauer spectra, and magnetization measurements on bulk multiphase samples that
the average iron moment in dFe16N2 at T-0 lies in the range 2.3-2.6 AD. A significantly larger
moment of about 2.9 A. appears on the 4d sites which have no nitrogen neighbors.

I. INTRODUCTION experiment.9 The corresponding average moment per iron
atom /pav is 3.2 A.B at room temperature, rising to 3.5 AB at

Alpha-iron is a weak ferromagnet with an incompletely T-0. Other workers, however, report values of magnetiza-
filled 3dt subband. The electronic configuration is approxi- tion of their thin films which are much closer to that of aFe.8

mately 3d 4
.
43dl24s' 6 4p. 8, giving a magnetic moment per Here we review the evidence of electronic structure cal-

atom AFe=2.2 A.. It is actually the saturation polarization culations, M6ssbauer spectra and bulk magnetization mea-
Js, related to the magnetic moment per unit volume M, by surements regarding the site and average moments in aFe,
J,= /toMs, which is important for technical applications; Js d'Fel6N2, and y'Fe4N. Experimental investigations of
for iron at room temperature is 2.15 T. There is scope for a"Fe 6N2 have been hindered by the lack of bulk, single-
increasing the moment by modifying the density of states phase samples of the metastable d' phase.
and moving the position of the Fermi level in the d band, but
if they are to improve the magnetization, these changes must II. ELECTRONIC STRUCTURE CALCULATIONS
be accomplished with as little increase as possible in lattice
volume. Self-consistent spin-polarized electronic structure calcu-

The greatest polarization that has been achieved in iron- lations have now developed to the point where it is routinely
based substitutional alloys is J,= 2.45 T, in Fe65Co35 . Iron possible to deduce the ground-state spin moments in iron-
ions with atomic moments as high as 5 AD for the 3dT5  group ferromagnetic alloys to within about 0.1 AD. The mo-
configuration of Fe3+ are obtained by charge transfer in ionic ment of iron itself is accurately reproduced." Linearized
compounds, yet J, in ferrites does not exceed 0.6 T because muffin-tin orbital (LMTO) calculations for d'Fe16N2 and
the order is ferrimagnetic and most of the volume is occu- other iron nitrides were carried out by Sakuma 12- 14 and
pied by nonmagnetic 02-. many others, 15"21 varying the unit cell volume, c/a ratio, and

The quest for greater iron magnetization is currently fo- special position parameters. These LMTO calculations are
cused on interstitial compounds, particularly those where ni- based on the atomic spheres approximation, which is well
trogen is accomodated in octahedral voids in the iron lattice.
Nitrogen in cubic -/Fe4N occupies the 1 b body-center site in
an fcc lattice, so the la cube corner and 3c face-center iron
sites become inequivalent. The ordered, metastable iron ni- (a) Fe (Ia)

tride d'Fe16N2 discovered by Jack in 19511 has a related
structure where only half of these octahedral interstices are N
occupied by nitrogen (Fig. 1). The tetragonal cell contains Fe (3c

eight bcc units, and the structure can be regarded as lying
midway between aFe and y'Fe4N.' The 4d site in dFe16N2
is analogous to the la site in y'Fe4N and the 4e and 8h sites
in a'Fel6N2 are analogous to the 3c sites in y'Fe4N, except
that they have only one nitrogen neighbor instead of two. 3 795 A

The magnetic properties of a'Fe6N2 remained unex- (b)

plored until 1972 when Kim and Takahashi produced thin
films where aFe was the major phase by evaporating iron in
nitrogen. Some of these films were found to have a polariza-
tion as high as 2.64 T, and the polarization of pure a'Fe 6N2 F
was inferred to be 2.76 T, corr'.sponding to an average iron
moment of 3.0 /xB .2 In recent years, other Japanese groups
have made films containing N'Fe16N2 by different methods,

with quite variable results.3- 10 Most remarkable are those of 4
Sugita and co-workers at Hitachi, who produced films by
molecular-beam epitaxy on (Gao 8 no2)As substrates where l 5 72
the polarization of Fe16N2 was found to be 2.9 T.5 They have
corroborated their result by a ferromagnetic-resonance FIG 1. Crystal structures of (a) v 'Fe 4N and (b)d'Fe16 N2 .
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TABLE I. Calculated data and experimental results on local and averaged magnetic moments and hyperfine
fields in -'Fe4N.

A (IBiFe) Bhf(T)

Methods Fe(la) Fe(3c) (A) Fe(la) Fe(3c) (Bhr) Ref.

LMTO-ASA 3.07 2.03 2.29 12,14
LMTO-ASA 309 2.11 2.36 -32.8 -24.5 -266 17
LMTO-ASA 3.10 1.94 2.23 -32.8 -24.2 -26.4 15
LMTO-ASA 3.22 2.01 2.32 -36.0 -24.7 -27.6 19,20
ASW 2.98 1.79 2.09 ....... 23
FLAPW 2.98 2.23 2.41 -36.3 -21.7 -25.4 22

Average(calculation) 307 2.02 2.28 -34.5 -23.8 -26.5

Measurements 2.98 2.01 2.25 .. . .... 27
-... 36.6 -23.6 -26.9 21

justified by the charge-density distributions obtained by tion which involves an on-site Hubbard interaction U,44 but
Coehoom et al using a first-principles full potential the approach does not appear to have been tested on a Fe or
(FLAPW) approach. 22 Matar has used the augmented spheri- y' Fe4N.
cal wave (ASW) method 23'24 and there have also been some In a'Fel 6N 2 , 'Fe 4N and other interstitial iron
cluster calculations. 25'26 Results of these calculations for nitrides2 '28 there is a tendency for all iron moments to in-
y'Fe4N and a'Fe16N2 are summarized in Tables I and II, crease as the lattice is expanded by interstitial nitrogen. This
respectively, is counteracted to some extent by sp-d hybridization at those

It can be seen in Table I that the calculations for y'Fe4N iron sites which have nitrogen neighbors. However, iron at-
give average and site moments which agree quite well with oms which are next-nearest neighbors of nitrogen see their
those measured experimentally by magnetization and neu- moments increased. The local density of states for 4d sites in
tron diffraction (2.98 .B/Fe on la, 2.01 AB/Fe on 3c, a"Fe 6N2 and la sites in y'Fe4N indicates strong ferromag-
Aav=2. 25 AB/Fe). 27 In the case of a"'Fe, 6N2 , the atomic po- netism at these sites. The increase of the next-nearest-
sitions depend on two special position parameters,' which neighbor iron moments in nitrides was explained by
have not been determined precisely. However, these param- Kanamori, 29 by analogy with the increase of iron moment in
eters and the c/a ratio can be varied over a reasonable range Fe65Co35 .29 The iron neighbors of nitrogen hybridize with
in the computer. When this is done, there are small variations the nitrogen sp ofbitals, which decreases the spin splitting
in the site moments, but in no case does the average moment and lowers the effective iron potential, especially for the 3dJ.
per iron atom exceed 2.50 AB. An exception is the cluster states. These iron atoms then have some of the character of
calculation of Li, 25 which gives an average moment of 3.3 cobalt in the Fe-Co alloys. Interaction with iron atoms which
ALB/Fe, but this method greatly overestimates the moment of are next-nearest neighbors of nitrogen increases the ampli-
a-Fe, and it cannot be regarded as quantitatively reliable. tude of wave functions at the latter in the antibonding states
Larger moments are also reported in an "LDA+U" calcula- of the 3dJ. band whereas it will decrease the amplitude of the

TABLE It. Calculated data and experimental results on local and averaged magnetic moment and hyperfine

fields in d'Fe 6N2 .

Az (,ulFe) Bhi(T)

Methods Fe(4e) Fe(8h) Fe(4d) (14) Fe(4e) Fe(8h) Fe(4d) (Bhf) Ref

LMTO-ASA 2.27 2.25 2.83 2 39 ... ... ... .. 12
LMTO-ASA 2.30 2.27 2.82 2.42 ... .. ... 13
LMTO-ASA 1.96 2.41 2.91 2.42 -24.1 -25.0 -33.7 -27.0 15
LMTO-ASA 2.13 2.50 2.85 250 ... .. ... ... 16

LMTO-ASA 2.01 2.45 2.99 2.34 ........ ... ... 18
LMTO-ASA 2.30 2.37 2.86 2.48 -24.3 -25.4 -33.7 -26.9 19,20
ASW 2.30 2.37 2.74 2.44 ... ... .... ... 24

229 2.21 2.89 2.40 ... ... . ... 24
FLAPW 2.04 2.33 2.82 2.37 -24.3 -24.1 -33.4 -26.5 22
(DV)-X, cluster 1.98 2.09 2.82 2 25 ..-. ... ... ... 26
Average (calculation) 2.16 2.32 2.85 2.41 -24.2 -24.8 -33.6 -26.9 ...

Measurement (2.33) (245) (3.05) (257) ... ... ... ...
... ... ...-.. . 30.7 -32.3 -41,2 -33.7 21
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FIG. 2. The 57Fe M6ssbauer spectrum of -/Fe4N measured at 15 K.

bonding states of the 3dj band. The decrease of occupied a"Fel 6N2
states in the 3dj. band is compensated by a shift in spectral
weight to occupied states in the 3dT band. Hence the mo- Velocity (mins)

ment of the next-nearest-neighbor iron is raised.
Large iron moments in a"'Fe16N can be achievedin5LMT alcuatirons bymexpding helace ahied 5  FIG. 3. The 5 TFe Mossbauer spectra of (a) a sample containing 40%

LMTO calculations by expanding the lattice. Ishida et al d 'Fe 16N2 measured at 15 K and (b) the spectrum of d'Fe 6N2 after stripping
show that the average iron moment reaches 3.0 AB when the to remove aFe and ,Fe absorption.
lattic- volume is increased by 50%, but the polarization of
the expanded lattice is only 2.0 T.

each with one nitrogen neighbor, should have similar hyper-
fine fields.38 The spectrum of a'Fe 6N2 obtained after strip-

III. MOSSBAUER SPECTRA ping off the other constituents is shown in Fig. 3. Fitted

Before considering the M6ssbauer spectrum of hyperfine parameters are given in Table III.

d'Fel 6N2 , it is useful to look at those of aFe and y'Fe4N,
whose interpretation in unambiguous. Alpha-iron has asingle site with cubic symmetry where the hyperfine field is TAB1LE Ill Mssbauer parameters of aFe, y'Fe4N, and a'Fe16N2, including

hyperfine field (Bh), quadrupole splitting (QS), and isomer shift (IS) relative
33.8 T at T-0. The spectrum of y'Fe4N (Fig. 2) exhibits to metallic iron at room temperature. RA is the percent of the relative area.
two clearly resolved subspectra with hyperfine fields of 36.6

and 23.5 T in an intensity ratio 1:3 which are identified with Temp Bhf IS QS RA
the la and 3c sites, respectively. (The 3c spectrum is split Nitride (K) Sites (T) (mm/s) (%)
into two barely resolved components with a 2:1 intensity aFe 293 Fe(2a) 33.0 0.00 0.00 100
ratio because the field gradient axis may lie parallel or per- 15 e 33.8 0.12 0.00 100

pendicular to the magnetization direction. 17' 30'31 ) The calcu- e2 Fea) 33.9 0.2 0.02 25

lated Fermi contact hyperfine fields agree well with the mea- Fe (3 c)a 21.7 0.32 -0.40 25
surements (Table I). Fe (3c)8  21.4 0.32 0.19 50

The distinctive feature of the M6ssbauer spectrum of
a"Fel(,N 2 is the hyperfine component with Bhf=41 T,21,32 38  15 Fe (0a) 36.6 0.40 0.02 25

which is attributed to iron in 4d sites. The subspectra of iron Fe (3c) 23.5 0.46 0.22 50

in 4e and 8h sites, which form an octahedron around the
nitrogen interstitial, have hyperfine fields of 31 and 32 T, Fe (4e) 30.1 -0.08 053 7.9

respectively. This assignment is in accord with that of Naka- Fe (8h) 31.2 0.09 0.22 15.8

jima et al., based on conversion-electron spectra of ion- aFe 33.0 0.00 0.00 64.7

implanted films,37 and with previous work on bulk yFe 0.0 -0.04 0.24 3.7

samples. 19' 32'38 It also agrees with the order of the hyperfine 15 Fe (4d) 41.2 0.30 -0.13 7 9
fields calculated by Coehoorn et al. using a full potential Fe (4e) 30.7 0.01 -0.46 7.9

linearized augmented plane-wave method.22 Moriya et al.33  Fe (8h) 32 3 0.26 027 15.7

assigned the highest field to the 8h site, but their interpreta- yFe 0.0 0.09 0.25 7.7
tion is inconsistent with the expectation that 8h and 4e sites,
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give the first two terms in Eq. (1), known as the Fermi con-
tact interaction, which depend on the unpaired spin density at
the nucleus.

14 4d Here we adopt an empirical approach to evaluate the
factor A at the three sites in a'Fe16N2. It can be deduced for

e,8h la and 3c sites in y'Fe4N, from the site moments measured
12 by neutron diffraction, 27 and the hyperfine fields in Table II.

The values for daFe16N2 are then deduced by interpolation
between aFe and yFe4N, as shown in Fig. 4. The site mo-

,__ _,_ ,ments and the average iron moment shown in parentheses on
aFe a"Fei6N2 YFe4N the bottom line of Table II are obtained. Note the large mo-

ment of 3.0 AB/Fe on 4d sites, but the average value is only
FIG. 4. The relation between iron site moment and hyperfine field for 2.6 /B/Fe.
a"Fel6N2 interpolated from data on y'Fe4N and aFe.

IV. MAGNETIC MEASUREMENTS

Mitsuoka et al 39 estimated the magnetic moment of bulk
It is not a straightforward matter to infer the site mo- d'Fe16N2 some years ago as 2.6 AB/Fe. There have been

ments from the hyperfine fields. Writing Bhf=A uFe, the several recent reports of magnetic measurements on samples
"constant" A is -15 T/p.B for aFe, but values lying any- containing a significant proportion (<-50%) of
where from -11 to -17 T/AB can be found for different iron a"Fe16N2 

. 19,36,40,41 All materials were prepared by the
sites in iron-rich alloys. (M6ssbauer data usually give the y--+a'--*a" route originally used by Jack,' and described by
magnitude, but not the sign of the hyperfine fields.) There are him in more detail in a preceding paper.42 Nitrogen has a
several different contributions to Bhf which have different solubility range extending up to 10 N/100 Fe in austenite
dependences on Azr. (yFe) which is stable above 590 *C. Nitrogen austenite can

Bhf=BCP +B vat +Borb +B (1) be prepared by heating iron powders or foils in an atmo-
dp. sphere of flowing NH3/H 2 at about 700 °C for several hours,

The leading term Bcp due to spin polarization of the Is, 2s, then rapidly quenching to yield nitrogen martensite, thereby
and 3s core orbitals is strictly proportional to the 3d spin avoiding decomposition into the equilibrium phases,
moment, with A = - 11.3 T/iAB. It is the contribution of the aFe+ '/Fe4N. Prolonged annealing of the martensite at
valence electrons Bva which depends on the chemical bond- 120 °C for 7 days yields samples composed of aFe, yFe, and
ing that varies most with the compound or the sites consid- a'Fet 6N2 in varying proportions. Pure a"Fet 6N2 cannot be
ered. The orbital contribution Borb is often neglected because obtained by this method because the solubility of nitrogen in
the orbital moment is quenched in itinerant ferromagnetic austenite is less than the required 12.5 N/100 Fe. Further-
iron alloys (typically it is less than 0.1 AuB). The classical more, the martensitic transformation is depressed to lower
dipolar field Bd,p at the nucleus is also small (<1 T). Evalu- temperatures as the nitrogen content increases, so the
ations of the hyperfine fields due to spin moments in elec- nitrogen-rich samples tend to contain retained austenite,
tronic structure calculations reproduce the observed trends, whereas the nitrogen-poor ones are mostly aFe.
but tend to underestimate Bhf by up to 5 T.22 The calculations The magnetization of these bulk samples is easily

measured,t19,36,39-4 but none has been found to possess a
magnetization greater than that of aFe. If d'Fe16N, really
has a magnetization os in excess of 300 J T-I kg-, one

300 would expect the nitrogen-poor samples at least to exhibit a
magnetization greater than 220 J T-1 kg-1, the value for

-N aFe.
The inference of the magnetization of the a' phase from

200 -.'- measurements on phase mixtures relies on (i) quantitative
goo N analysis of the phases present and (ii) knowledge of the mag-netization of each one. The phase analysis can be obtained

N00 from x-ray diffraction 4' or M6ssbauer spectra. 9 36 Huang
et al. use x-ray diffraction to deduce o=272-286 J T-1 kg-

at room temperature, corresponding to /Fe= 2 .9 4 
AB whereas

Coey et al. base their quantitative phase analysis on the ab-
00 0 10 020 030 040 050 SOrption areas of M6ssbauer spectra taken at 15 K and de-

S(luiI + l'(100 duce o=225-270 J T-1 kg- corresponding to /F,=2.3-2.6
,20

/ 
( I.I I,,AB and J=2.1-2.5 T. The M6ssbauer method of phase

analysis has the advantage that it probes all the iron in theFIG. 5. Extrapolations to deduce the magnetic moment of pure a'Fei 6N2  sample, not just a surface region as is the case for x-ray
using x-ray intensities for phase analysis. Experimental data sets are those of

Huang et aL (see Ref. 41), circles and dashed line and Coey et aL. (see Ref. diffraction. Bao et al. find that the magnetization of a single
19). squares and solid line. sample is consistent with a large magnetization for the d
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Magnetic and Mossbauer studies of single-crystal Fe16N2 and Fe-N
martensite films epitaxially grown by molecular beam epitaxy (invited)

Yutaka Sugita, Hiromasa Takahashi, and Matahiro Komuro
Central Research Laboratory, Hitachi, Ltd., Kokubunji, Tokyo 185, Japan

Katsuya Mitsuoka
Data Storage and Retrieval Systems Division, Hitachi, Ltd., Odawara, Kanagawa 256, Japan

Akimasa Sakuma
Magnetic and Electronic Materials Research Laboratory, Hitachi Metals, Ltd., Kumagaya,
Saitama 360, Japan

Single-phase, single-crystal Fe16N2(001) films and Fe-li at. %N martensite films of 200-900 A
thickness have been epitax.ally grown on In0.2Ga0 8As(001) substrates by evaporating Fe in an
atmosphere of mixed gas of N2 and NH3, followed by annealing. The saturation magnetizations
47rMs's for Fe16N2 and Fe-N martensite films have been measured to be around 29 and 24 kG at
room temperature, respectively, and almost constant in the above thickness range by using a
vibrating sample magnetometer. 4 7rMs for Fe-N martensite films has been increased with ordering
of N atoms caused by annealing and finally reached around 29 kG for Fe16N2. Mossbauer spectra
have been measured for those films. The spectrum for Fe-N martensite films was a superposed one
with hyperfine fields of 360, 310, and 250 kOe, similar to those previously reported for martensite.
While the spectrum became simpler with ordering, finally reaching a single hyperfine field of 330
kOe for Fe, 6N2. 41rM, of 29 kG for FelNz (3 2 /.n/Fe atom) and 41rM, of 24 kG for martensite
(2.6 AsB/Fe atom) has not been explained based on the conventional band theory of 3d metal
magnetism. Behaviors of M6ssbauer spectra could not be understood based on the conventional
concept either. Thus a new physical concept is likely to be needed for clarification of giant magnetic
moments and M6ssbauer spectra for Fe16N2 and Fe-N martensites.

I. INTRODUCTION In this study, the effect of ordering of N atoms on 4 irM,
and the film thickness dependence of 4 rM, have been in-

In 1972, Kim and Takahashi' found that Fe-N films, vestigated in detail for single-crystal Fe16N2 and Fe-N mar-
evaporated in a N2 gas atmosphere, exhibit 25.8 kG for the tensite films epitaxially grown on Ino.2Gao 8As substrates by
saturation magnetization 47rMs at room temperature, which MBE. Also, the M6ssbauer spectra have been measured for
is bqhier than that of pure Fe by 17%. Furthermore, they those films.
confirmed that the Fe-N films are polycrystalline, consisting
of Fe and FeI6N2 crystallites and estimated the 4irM, of
Fe16N2 to be 28.3 kG from the volume fraction of Fe16N2 in
the films. Fe16N2 is a metastable Fe-N compound with a bct II. EXPERIMENT
structure, which was discovered by Jack 2 in 1951.

Quite recently, Komuro et aL3'4 and Sugita et al.5 have A. Sample preparation
grown single-phase, single-crystal Fe16N2 films of around Fe, 6N2 and Fe-N films were prepared in an atmosphere
500 A thickness epitaxially on In0.2Ga0o8As(001) substrates of mixed gas of N2 and NH3 by using an MBE apparatus
by using molecular-beam epitaxy (MBE) and found that the equipped with electron-beam evaporation sources.
41rMs of Fe16N2 films is around 29 kG at room temperature In0 2Ga0.8As(001) single-crystal wafers were used as sub-
and around 32 kG at 5 K. Those values are equivalent to the strates because the lattice matching between In0 2Ga0.8As
average magnetic moments of 3.2 and 3.5 $B per Fe atom at (5.71 A) and the a axis of Fe16N2 (5.72 A) is very good. The
room temperature and 5 K, respectively. These are truely substrates were etched by using 5:1:0.3 solution of
giant magnetic moments, much greater than the Slater- H2SO4:H 20:H20 2. After that, the substrates were mounted
Pauling curves.6  on a stainless-steel block with indium bonding and cleaned

More recently, 4 7rM, of Fe-N films and powders formed by heating at 675 'C for 5 min in the MBE chamber
by sputtering, 7- 11 ion implantation, 12  and ammonia (<lx0 - 9 Torr). The temperatures of the samples were
nitrification, 13- 15 have been intensively investigated. In many measured at the backside of the stainless block. The purity of
cases, significant increases in 47rM, for Fe-N or Fe16N2 have Fe used as the deposition source was 99.999%.
been found,7 8 A1 -13 although the values are different. In con- The deposition conditions are listed in Table 1. Those
trast to these, Takahashi et al.10 reported that a significant conditions were selected based on the trade off between ep-
increase in 4 rM, is not observed for Fe16N2 films epitaxi- itaxial growth and introduction of around 11 at. % N into
ally grown on MgO substrates by reactive plasma sputtering, deposited films for forming Fe16N2.Among these, the depo-
The reasons for the above different results of 41rM. for sition rate and the gas pressure were most critical. Film
Fe, 6N2 and Fe-N films remain to be clarified, thicknesses were 200-900 A.
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[ TABLE I. Deposition conditions of Fe-N and Fe films on InGaAs(001) 800

substrates. -

Fe-ll at. % N Fe 2 600

Base pressure (Tort) Ii0- I--
Gas N2+20%NH3  vacuum -0 400 0
Substrate temperature (oC) 200 250 W0
Deposition rate (A/s) 0.02-0.03 0.1
Pressure during deposition (Torr) 1-2X10 - 4  5X10- 7  2• _ 200

I-
0

Pure Fe films were prepared on In0.2Ga0.8As(001) sub- 0 200 400 600 800
strates in vacuum of 5X 10-7 Torr for comparison with Fe-N Thickness by feeler (A)
films and reference for measurements. FIG. 2. Comparison between film thicknesses measureZ witb a cross-

sectional TEM and a needle contact feeler gauge.

B. Characterization

Nitrogen concentrations in those films were measured by The crystal structures of the samples were investigated
using x-ray photoelectron spectroscopy (XPS) and Auger by the x-ray-diffraction (XRD) method using monochromatic
electron spectroscopy (AES). Figure 1 shows the intensity Cu Ka radiation. Also, the crystallinity of the films was
ratio of N Is to Fe 2p peaks of XPS versus N concentration evaluated with reflection high-energy electron-diffraction
curve used as calibration. The relationship was obtained us- (RHEED) analysis.
ing standard Fe-N powder samples with various concentra- The saturation magnetizations 4 7rMs's of the films were
tions. Concentrations of Fe-N films used in this study were measured with a vibrating sample magnetometer (VSM).
around 10-11 at. % N as shown in Fig. 1. The depth profile Samples were circular plates of 8 mm diameter which were
of the concentration was obtained by AES. formed very accurately by using photolithography and etch-

The film thicknesses were measured routinely by using a ing using HNO3. Therefore the measurement error of 4 1TMi
needle contact feeler gauge. Some of the obtained values obtained was likely to be less then ±5% (sample volume
were checked by comparing with the thicknesses measured -3%, VSM ±2%).
by using the cross-sectional transmission electron micros- M6ssbauer spectra were measured by using a conversion
copy (TEM) images as shown in Fig. 2. The agreement be- electron-type apparatus. Samples were coated with around
tween both data is very good, suggesting an error of mea- 100 A thick Au layers for protection against oxidation. Be-
surement of less than ±3% with the exception of one point, fore and after the Mbssbauer measurements, 4?rM was

measured and made sure to remain the same by a VSM.

N 
Il. RESULTS AND DISCUSSION

A. Effect of ordering of N atoms on 41M 8

Fe-11 at. % N films of around 500 A thickness were
405 400 395 720 715 710 705 prepared with changing annealing time after the deposition

Binding energy (eV) of the films. Annealing was carried out at 200 °C in vacuum

of 10-8 Torr. Figures 3(a)-3(c) show XRD patterns for unan-
nealed, annealed (40 h), and fully annealed (90 h) samples.

0.6 Fe-18.4at%N _---- In Fig. 3(a), peaks for Fet 6N2(a') are not seen, but only the
(Fe+Fe4N powder) (002) peak for Fe-N martensite (a') is seen at 58.10. This

Q. shows that N atoms are located in disorder. In this case also,
oI samples a RHEED pattern of straight fine streaks is seen, which sug-
U. Fe- 11. gests that the film is a high quality single crystal. In Fig.

3(b), the a"(002) peak appears at around 28.10, but it is much
0.2 -smaller than the peak at 58.10 corresponding to a'(002) and

Z d'(004). The ratio is around 0.04. Taking into consideration
Fe-4.2at/N that the ratio of the peak intensity of d'(002) to d'(004) is

0.0, calculated to be 0.125 for Fe16N2 , the film is considered to
0 10 20 be a mixture of a' and e'; that is, ordering of N atoms

N-concentration (at%) occurs partially. In Fig. 3(c), the d'(002) peak becomes
stronger and the intensity ratio of two peaks is around 0.1,

FIG. 1. The intensity ratio of N Is to Fe 2p peaks of XPS as a function of showing that the film is single-phase Fe16N2 with full order-
N atom concentration in standard Fe-N powder samples along with Fe-N ing of N atoms in a bct structure. This is confirmed by a
films used in this study. RHEED pattern of fine streaks with half period of pure Fe.
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(a) 0.00 0.05 0.10 0.15

A i Intensity ratio, Ici(002)/Ic'(004)+lCC(002)

(-. "FIG.5. The relationship between 4irM, and ordering of N atoms expressed

2 by Ja"(002)/I[d'(004)+a' (002)].

0 kG. For an intermediate film, 4 a'Ms is 27 kG, an intermedi-
ate value of a' and a'. The relationship between 4 wM, and

20 30 40 50 60 ordering of N atoms is shown in Fig. 5. 4 1rM, is increased
(b) 20 (deg) monotonically from 24 kG for a' up to 29 kG for dl' with

ordering of N atoms or the intensity ratio of a"(002) peak to

. - [d'(004)+a'(002)] peaks. The deviation of data is rather
Clarge. This is due to inaccuracy of measurement of weak

.o . dl'(002) peak intensities. However, the above relationship is
C ,W clear.
-.S As shown in Fig. 4, all samples exhibit low remanence.

Possibly stripe domains are formed by strong perpendicular

anisotropy; that is, the magnetization tilts upwards and

downwards from the films plane periodically.

20 30 40 50 60

(C) 20 (deg) B. Film thickness dependence of 417M,

FIG. 3. XRD patterns for unannealed aad annealed Fe-11 at. % N films. (a) 41rMS)s for Fe16N2 and Fe-N martensite films are shown
Unannealed, Fe-N martensite (a'); (b) annealed at 200 'C for 40 h, a'+ d'; as a function of the film thickness from 200 to 900 A in Fig.
and (c) annealed at 200 *C for 90 h, Fel 6N2(d'). 6. For comparison, the data for epitaxially grown Fe films of

the same thickness range measured in the exactly same way
are shown.

Thus the ratio of /'(002) peak to d(004) and a'(002) peaks 4ar M for Fe 16N2 films is around 29 kG and does not

can be a measure of ordering N atoms in Fe-N films. The depend on the film thickness in this range at all. This means

lattice parameters for a" are 6.33 A (c axis) and 5.71 A (a that the giant magnetization for Fe 6N2 originates from the

axis), which are close to previously reported values.2  bulk properties of Fe 6N2, not from the surface. 4 rMa for

Magnetization curves for the above samples measured Fe-N martensite films is around 24 kG and also does not
with a VSM are shown in Fig. 4. 44 a-Mh for an Fe-N marten- depend on the film thickness. Quite large deviations are seen
site (a') film is 24 kG and that for an Fe1 6Nq2(d') film is 29 in the thinner thickness region, but this is due to the diffi-

culty of detecting partial formation of small amount of

7 32

30 Fe8N2 (c')

Uo 0

0o 2 0 FeliatNWci')- .1 2 6 26. o0 elatN(

.10 H (kOe) 024 0 00 coC6

22 Fe

30 20 ' , ' , 1 , ' "
0 200 400 600 800 1000

Film Thickness (A)

FIG. 4. Magnetization curves for unannealed and annealed Fe-li at. % N FIG. 6. Film thickness dependence of 47rM, for Fe16N2 and Fe-N marten-
films as shown ia Fig. 3. a', dotted lic,; a'+d', dashed line; d', solid line. site films along with Fe films.
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FIG. 7. AES profile for an Fe16N2 film. 360

Fe16N2 in Fe-N martensites. Here it should be noticed that
4 7'-M for pure Fe films is around 21.5 kG over the thickness C

range, which is very similar to the bulk value previously I - Ia- (oo4)+1 ,(o2).0.04
reported. This confirms that the accuracy of the measurement
of 4 'rMs of films in the thickness range is very high and the -10 -5 0 5 10

ohtained 4 7rMs's for Fe16N2 and Fe-N martensite are correct. (b) V (mm/sec)

Furthermore, 4 rMs for Fe16N2 was confirmed to be 28 kG
also by FMR16 independently of VSM measurements.

Figure 7 shows a typical AES profile for a 550 A thick - 330kOe

Fe16N2 film. The concentrations of Fe and N atoms are just C
around 89 and 11 at. % for Fe, 6N2, respectively, through the _

film thickness, except for 10-20 A thick regions of the top ,-
and bottom surfaces of the film. This is consistent with the _

above data of 4 'rM, independence on the film thickness. The 1-( /0I2) I,."(o4)+1L, '2)o. 0o

concentrations of impurities such as oxygen atoms are much I

smaller than 1% except for the top surface of the film. -10 .5 0 5 10

(C) V (mm/sec)

C. M6ssbauer spectra FIG. 8. Mossbauer spectra for unannealed and annealed Fe-U1 at. % N films.

M6ssbauer spectra for Fe-N martensite, intermediate, (a) Fe-N martensite (a'), (b) Fe-N intermediate (a'+a'), and (c)

and Fe 6N2 films are shown in Fig. 8. As shown in Fig. 8(a), Fe 1N2(,').

the spectrum for an Fe-N martensite film with 41rM, of 24
kG is a complicated one, being superposed with three kinds hype~fine field comes from that of ls, 2s, and 3s electrons.
of hyperfine fields of 360, 310, and 250 kOe. This is substan- Therefore the above experimental results cannot be said to be
tially similar to previously reported data 7," for Fe-N mar- contradictory based on the simple linear relationship.
tensite foils. The spectrum for a film of partial ordering with
4 'Ms of 27 kG becomes simpler as shown in Fig. 8(b). The
spectrum is still a superposed one, but a hyperfine field of
around 330 kOe appears clearly. For an Fe16N2 film with The magnetic moment for Fe, 6N2 has been calculated
4'M, of 29 kG, the spectrum becomes very clear with the using the local spin-density functional approach by
single hyperfine field of 330 kOe as shown in Fig. 8(c). The Sakuma21 first and then by several scientists. 22- 26 All the
same spectra are observed for five different Fel 6N2 samples calculated average magnetic moments are around 2.4-2.5 AB
prepared at different times. The spectrum is quite different per Fe atom. These are much smaller than the experimental
from previously reported data for Fe16N2 precipitates formed value of 3.2 AB per Fe atom for Fe16N2 and smaller than 2.6
from Fe-N martensite powders' 9 by 100 C annealing and N /tB per Fe atom even for Fe-N martensite. Therefore the con-
ion implanted Fe-N films including Fel 6N2.20 The previous ventional theoretical approach is inadequate for discussion
data are rather similar to that for martensite or intermediate on the issue of the giant magnetic moment. In the above
ones as shown above. calculations, the volume expansion effect and the charge-

The hyperfine field of 330 kOe for Fe, 6N2 is very similar transfer effect between Fe sites due to the introduction of N
to that for pure Fe. Apparently it seems contradictory that the atoms arw treated automatically. Therefore some other new
hyperfine fields are almost the same, although the magnetic effects of N atoms such as local binding between Fe and N
moments are very different. However, the relationship be- atoms should be taken into consideration in addition to the
tween the magnetic moment and the hyperfine field is very above-mentioned two effects. In discussing the issue, it is
complicated and not definite, since the magnetic moment important to notice that the magnetic moment increases with
originates from the polarization of 3d electrons, while the ordering of N atoms from 2.6 to 3.2 MB per Fe atom, al-
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Magnetic moment of a "-Fe16N2 films (invited)
Migaku Takahashi, H. Shoji, H. Takahashi, H. Nashi, and T. Wakiyama
Department of Electronics Engineering, Tohoku University, Sendai 980-77, Japan

M. Doi and M. Matsui
Department of Materials Science, Nagoya University, Nagoya 464-01, Japan

In order to determine the value of the intrinsic magnetic moment of the a" phase, the films of
nitrogen-martensite with various N content were fabricated under various reactive sputtering
conditions. The magnetkt moment of (a "+a')-Fel 6N2 films is discussed in connection with the
change of the unit-cell volume of the bet structure and the degree of N site ordering in
nitrogen-martensite. As a result, it is found that (1) the same structure as bulk a "-Fe16N2 is realized
in the present films, (2) the saturation magnetization o, of the a' phase increases about 4% with
increasing unit-cell volume of the a' phase, (3) the degree of N site ordering from a' to a "-Fe16N2
does not much affect o, and (4) the experimentally obtained maximum value of a, for the
(a "+ a')-Fel6N2 film was 232 emu/g. The intrinsic value of os in the a" phase (in the perfectly
ordered state) is proposed to be no more than 240 emu/g at 300 K.

I. INTRODUCTION a "-Fe16N2 structure was observed,8 even though o showed
2.9 T (=315 emu/g, assuming p= 7.4 g/cm3 for a "-Fe6N);

Recently, the present authors have established synthesiz- (3) os of the fully ordered a "-Fe16N2 films changed revers-
ing prcese for ah fulelyN compound films onlm chgge (100)sing processes for a "-FeI6N 2 compound films on M90 (100) ibly within the temperature range up to 400 °C and an irre-

single-crystal substrates by using both reactive sputtering versible change of o due to the phase transformation from
and plasma evaporation methods." 2  a" to a+ y' was not observed.8 According to the experiment

However, the magnitude of the saturation magnetization by Jack using powder, the a" phase is metastable and it must

o,, for (a"+ a')-Fel 6N2 films with stoichiometric N content decompose into a+ ' phases at about 200 ic*l°

showed 226 emu/g for sputtered films and 232 emu/g for dcmoeit +y hssa bu 0 C1
pasow evporte im s, rsptvee films eu fr- These experimental results lead to a physical conclusion
plasma evaporated films, respectively. The films thus fabri- that the appearance of the giant magnetic moment in

cated did not show any giant magnetic moment, even though a "-Fe 6N2 films proposed by Kim and Takahashi and Ko-

clear formation of (a"+a')-Fe16N2 phase was achieved.

These values of a, in (a"+a')-Fe 6N2 films agree well with muro et al. are not simply attributable to the conventional
these resu e of recenttheoretical band " e l a , 3 a ell a "-Fe16N2 structure. Therefore the origin of the giant mag-
the result of the recent theoretical band calculation, 3 and are netic moment arising from the nitrogen-martensite structure
completely different from the earlier results reported by van- is still under question.
ous groups.4 7  In the present study, in order to determine the value of

Up to now, reported values of o,, of the a" phase (about the intrinsic magnetic moment of the a" phase, nitrogen-
257-315 emu/g) were estimated ones (not directly mea- martensites with various N content were systematically fab-
sured) except for the films synthesized by MBE7 (2.9 T di- ricated under various sputtering conditions. Also, the mag-
rectly measured, a" single phase). The estimation of the netic moment of (a "+a')-Fe 6N2 film is discussed in
value of o in the a" phase was carried out by using experi- connection with the change of the unit-cell volume of the
mentally determined volume-averaged values of as (240- body-centered tetragonal (bct) structure and the degree of N
260 emu/g) 4- 6 after fixing the volume fraction of the a" site ordering in nitrogen-martensites.
phase in whole films which consist of phase mixtures of
a-Fe+a"-Fe 6N2 and/or a+a'+a"+'-Fe4N+'". II. EXPERIMENTAL PROCEDURE

There still exist some physical problems concerning os
of the a"-Fe16N2 phase, especially for the multiphafe films, Fe-N films were fabricated by a facing target-type dc
namely, (1) the big difference among reported values o: o-r in sputtering system under the selected plasma condition (Te
the a" phase, from 257 to 315 emu/g at RT, and (2) quanti- =0.2 eV, Ne=l X1010 cm-3). The base pressure of the sput-
tative evaluation for fixing the volume fraction of the a" tering chamber was below 3X10 - 7 Torr. An Ar-N 2 mixture
phase in whole film. These physical situations lead to a con- was introduced to the sputtering chamber at 5 sccm (standard
clusion that the intrinsic magnetic moment of or, in the a" cc/min) with controlling N2 flow ratio (0%-30%) under a
phase is still unknown. fixed total pressure (1-10 mTorr).

On the other hand, for the single-crystal films with a MgO (100) and (110) single-crystal substrates were
single a" phase prepared by the MBE method,7 there also used. Before the film fabrication, substrates were baked at
exists some physically contradictive problems: (1) No clear 200 'C for 2 h and cooled down to RT. This heat treatment
superlattice lines from the lattice planes including the a axis was carried out in the evacuated sputtering chamber
in the a" phase were detected, even though a perfect site (=2X 10-6 Torr).
ordering of N atoms was realized; 8 (2) the hyperfine field Ii Prior to the fabrication of Fe-N films, an a-Fe underlayer
of the a" phase was nearly equal to that of a-Fe (330 kOe) with thickness of 50 A was deposited on MgO (deposition
and no splitting of Hi due to three different Fe sites in the rate=33 A/min; Ar pressure P,,=5 mTorr). Successively, an
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Fe-N film with a thickness of 3000 A was deposited onto the
a-Fe underlayer (deposition rate=33-240 A/min; pressure -U - 4

of Ar-N2 mixture Ptota4= 1-10 mTorr). C, )

Annealing of the films after an air exposure was carried _ _.0 .2. 3 -

out at 150 C for 2-20 h in a vacuum atmosphere below Z 20
-6 - ~18/TiI

5X10 - ' Tor. o 16 E " -2

Values of the saturation magnetization o,, of the films " 14-2" 'a a

were determined by a vibrating sample magnetometer 1 00Z 1-
(VSM) measurement. Conversion electron M6ssbauer 5

02
(CEM) spectra were obtained at RT. The velocity was re- Z 30 34 38 65 70 75 80
ferred to the pure a-Fe. 26 (deg)

Structure analysis of the films were made with a Co Ka
x-ray diffractometer (XRD) equipped with a graphite mono- FIG. 1. X-ray diffraction patterns for the films fabricated under P,0,=5

chrometer and a pole figure attachment. Schultz's reflection mTort, deposition rate=240 A/min after annealing at 150 °C for 2 h.

method was used for the determination of lattice constants
and preferred orientation of grains. Contents of nitrogen at-
oms in the films were determined by electron spectroscopy In Fig. 1, typical changes of XRD patterns of the films
for chemical analysis (ESCA). Calibration of nitrogen con- after annealing are shown. After annealing, a'(002), which
tents were made by using the value obtained from -Fe2_3N had been observed in an as-deposited state, split into two
foil (24.2 at. % N) for a standard sample. diffraction lines. One corresponds to a "(004) and/or a '(002)

N contents in the films increased with increasing N2 flow with satisfying stoichiometric N content of a "-Fet 6N2 (11
ratio. In the case of the film deposited at Pt tal of 5 mTorr and at. % N). The other corresponds to a(002) of slightly de-
N2 flow ratio of 18%, the N content was found to be about 11 formed a-Fe. Furthermore, simultaneously at around 330 for
at. %, which is the same value as the stoichiometric N con- 20, a "(002), which is the diffraction line from the larger true
tent of the a "-Fet6N2 phase. unit cell of the a" phase, came to be clearly observed. This

fact means that the ordering of N atoms was promoted by

III. RESULTS AND DISCUSSION annealing while retaining the bct structure and the a" phase
with stoichiometric N content was synthesized.

A. Structure The unique diffraction patterns from (103), (105), (112),

According to Jack,t0 '1 in the a' phase, N atoms occupy (114), and (213) planes of the a" phase, including the a axis

randomly the octahedral interstices at the midpoints of the c for (a "+a')-Fe 6N2 film, are shown in Fig. 2. As seen in the

edges of the bct cell (0, 0, 2), and the centers of the C faces,
(1, , 0). As a result, the lattice constant c of the a' phase is
elongated from 2.866 to 3.195 A and the lattice constant a is 4 c-axs

shortened from 2.866 to 2.832 A, respectively, depending on (103)

the N content.(13
The a" phase has an ordered N site location of the oc-

tahedral interstices. The unit cell of the a" phase contains
eight of the expanded bet pseudo-unit cells and has dimen- 0_a,
sions a' = 2a and c' = 2c, where a and c are the lattice con- 2 (deg)
stants of the pseudocell. In the larger true unit cell, the sym- s o. ' ' - - I-
metry is also bct, since the a" phase can be identified by (112)
observing reflections from this larger true unit cell for which (105)
(h +k+ l), Miller's index, is even. Based on this structural 2" 2-

knowledge, phase identification is carried out in the present _
films. o __

In the case of a Mg'"(100) single-crystal substrate, a 2 4 d 4 2 42 (deg)
diffraction line from the (002) plane of the a" phase, 50

a "(002), which is expected to appear around 330 for 20, was(14(23
not observed in an as-deposited state. Only a'(002) was (114)
clearly observed in the high angle region. The peak position " 22 2"

of a'(002) shifted from 750 to 680 for 20 with increasing N2  _

flow ratio. This shift to lower angle of 20 is simply explained 0
by the elongation of the c axis of the bct structure of the a' 72 20 (dg) 664 20 (deg)

phase. By taking into account the N concentration depen-
dence on lattice constants a and c in nitrogen-martensite, FIG. 2. The unique diffraction patterns from (103), (105), (112), (114), and

the N content of the a' phase in the present films was found (213) planes of the a" phase including the a axis for (a "+ a')-Fel6N2 film

to increase with increasing N2 flow ratio. This result agrees fabricated under Pt,,1=10 mTorr, FN2=12%, deposition rate=33 A/min,

well with that of ESCA measurements. and annealed at 150 'C for 2 h.
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6.5 .... TABLE I. Crystal orientation relations between a "-Fe 6N2 and MgO.

6.4
6.3 . . MgO(100) MgO(ll0)

6.2 a "(O01)jIMgO(0O1) a "(211)jjMgO(101)

6.1a "[1l0]IIMgO[100] a "[O11]jIMgO[0O1]
6.0 (1)
5.9 /

,<,5.8 7 -5.7 . emu/g around a N2 flow ratio of 15%. The N content of the

,"5. a films, which showed the broad maximum in o', was nearly
' equal to the stoichiometric N content of Fe16N2 (11 at. %).

-5.9 2 The values of a, for annealed film with stoichiometric N0 7
o5.81 (2) content of Fe16N2 (11 at. %) ranged from 213 to 226 emu/g.
a) 5.7---- . o The average values of o, for Cu-coated films were 228

emu/g for the film consisting of the a' phase and 232 emu/g
5.5 for the film consisting of (a"+ a')-Fel 6N2 phases. The dif-!i a (3) ference of the value of o-, between coated and noncoated
5.8 0 -5.7 (3) ones may mainly be caused by the surface oxidation due to

*"the adsorbed oxygen at the film surface introduced by vent-
5.6 ing the chamber with air. In the case of films deposited on a

5 ... I • ,
0 1 2 3 4 5 6 7 8 MgO(110) substrate, the value of os in (a"+a')-Fe 6N2 was

cos20/sin0+cos20/0 210 emu/g (non-Cu-coated). As a whole, maximum values of

o-, of about 232 emu/g were obtained for (a"+a')-Fe 6N2
films in the present study. This experimentally determined

FIG. 3. The lattice constants a and c of the a " phase, determined by various value was definitely smaller than the value reported as a
unique diffraction lines of the a" phase, plotted against the Nelson-Riley giant magnetic moment of 2.9 T.7
function. Fabrication conditions of the films: (1) P,,a1=10 mTorr,

FN,=16%, deposition rate=240 A/min, annealed at 150 'C for 2 h; (2) the
same as (1) annealed for 20 h; (3) Pt,,= 10 mTorr, FN2 = 12%, deposition 2. Dependence of magnetic moment on unit-cell
rate=33 A/min, annealed at 150 *C for 2 h. volume

figure, the existence of the a" phase was reconfirmed by Figure 4 shows the changes of o- against unit-cell vol-

these clear unique diffraction lines. In order to determine ume of the a' phase with various N contents in an as-

accurate lattice constants a and c of the a" phase, the lattice deposited state. In the figure, 1/8 of the unit-cell volume of

constants a calculated from each plane are plotted against the the bulk a "-Fe16N2 is indicated. Filled marks correspond to

Nelson-Riley function12 (cos 2 0/sin 0+cos 2 0/0) in Fig. 3. In
the figure, the reflections marked (3) correspond to the film
shown in Fig. 2, and those marked (1) and (2) correspond to
(a"+oa')-Fe 6N2 films prepared by different experimental 240 - aa'
conditions. As a reference, the lattice constant c calculated (Cu-coated) '

from a "(002) and a "(004) is also shown as (1). Each ex-
trapolated value of the lattice constants a and c of the
present films coincided with that of the a "-FeI 6N2 precipi- 220 - 0 0 "0
tates in bulk powder reported by Jack.' 0 Therefore it is con- a - o-O 7 o
cluded that the a" phase formed in sputtered films has the CD o Cu-oae0

13 11 (non Cu-coated)

same structure as the bulk a" phase.' 3  E 200
While in the case of a MgO(110) single-crystal substrate,

a preferred grain orientation of (211) and (112) of the a' 10 rTorr H
phase was found in an as-deposited state. By annealing, 0 10 mTorr L
unique diffraction lines of the a" phase, a"(211), and 180 0 5 mTorr H
a "(112), were observed. Therefore it was found that the a" 1 mTorr L

phase with a preferred orientation of (211) of the a" phase -- LL
can also be synthesized even on MgO(110) substrates. 160 " .3 , C,,-
Through the whole result, relationships concerning the crys-

tal orientation between a"-Fel 6N2 structure and MgO are 23 24 25 26 27shown in Table 1. 2,24 2 2 32
Unit cell volume of a' (A-)

B. Magnetic moment
1. Dependence of magnetic moment on N2 flow ratio FIG. 4. The changes of or, against unit-cell volumes: (1) a' phase with

various nitrogen contents in an as-deposited state, and (2) annealed
Values of o-, in an as-deposited state increased slightly (a"+a')-Fe,,N2 films with and without Cu coating. H and L correspond to

with increasing N2 flow ratio, and took a maximum of 220 high (240 A/mm) and low (33 Amin) deposition rates, respectively
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L (02) - I 3 .10n

M 2 200

2- A (non Cu-coated)3000 3500 4000 5200 6000 7000 8000 9000 10000 1800 _L , ,

20 (deg) 80 8 20 40 "

Integrated intensity ratio, R,

FIG. 5. The change of x-ray prurles against annealing time for the film with
stoichiometric N content of the a" phase (11 at. %) sputtered under FIG. 6. The change of o', against the integrated intensity ratio R, for the

10%, and deposition rate=33 A/min. films sputtered under P, 1=10 mTorn, deposition rate=33 and 240 A/min,
P,,1 1 0 mTorr, FN2 , FN2=10% and 16%, non-Cu-coated.

the annealed (a"+a')-Fe 6N2 films with stoichiometric N
content. In the same figure, a, for the Cu-coated films are for 20 h, the integrated intensity of a "(002) increased about

also shown. 20% compared to that of 2 h. On the other hand, the experi-

For the films consisting of a' single phase (in an as- mentally determined value of R, changed from 50 to 28 with

deposited state), the values of o-, increased slightly with the the increase of annealing time.

increment of the unit-cell volume. At the unit-cell volume of Therefore, from these experimental results (1) the in-

about 25.5 A3 (ae' phase with 11 at. % N), o- showed 228 crease of the integrated intensity of a "(002) and (2) the

emu/g on average (Cu-coated) and this value was about 4% change of R, approaching to the ideal value of 8, the increase

higher compared to that of bulk a-Fe. of degree of N site ordering in nitrogen-martensite, which

In the case of annealed (a"+ a')-Fej6N2 films (Cu- directly corresponds to the increase of the volume fraction of

coated), the value of o-, showed 232 emu/g on average, and the ae" phase in the films, is strongly promoted by annealing.

were about 2% larger than that of each as-deposited film, In Fig. 6, the changes of o- in (a"+ a')-Fet6N2 films by

while the unit-cell volume of the a" phase is always con- isothermal annealing at 150 'C are shown against the inte-

stant and coincided with that of the bulk a" phase (see Fig. grated intensity ratio R1. For one film o,, increases slightly

3). The unit-cell volume of the a" phase with 11 at. % N is from 218 (as deposited) to 226 emu/g at R1=36.4 (20 h). On

equal to that of the a "-Fel 6N2 phase within the accuracy of the other hand, for another film, o takes the value of about

this experiment. Therefore the change of a, by annealing in 222 emu/g at R1=49 (2 h) and keeps a constant value even

nitrogen-martensite with 11 at. % N content cannot be dis- though R, approaches to the value of 8. From these experi-

cussed as a function of the change of unit-cell volume of a mental facts, it was found that the degree of N site ordering

bct structure caused by the phase transformation from a' to in nitrogen-martensite does not much affect the increment of

a" phase. In the next section, as a second physical factor the os. The expected values of o-, at R1 = 8 (perfect ordered state

degree of N site ordering in nitrogen-martensite will be dis- in a "-Fe16N2) estimated by the simple extrapolation with

cussed in connection with the change of q,. using the data points of o, against R, are no more than 222-
240 emu/g, a value which is definitely smaller than the giant

3. Dependence of magnetic moment on N site magnetic moment of 2.9 T.
ordering

To evaluate the degree of N site ordering in the bct struc- 4. Dependence of magnetic moment on temperature
ture of nitrogen-martensite, two factors should be taken into Figure 7 shows the temperature dependence of o in
account. One is the change of the integrated intensity of the (a "+ a')-Fel 6N2 films with stoichiometric N content depos-
a "(002) line which is the unique superlattice diffraction ited on MgO (100) and (110) substrates, respectively. Heat-
from the a" phase. Another is the integrated intensity ratio ing and cooling were at 60 °C/h. On heating, the value of
of a "(004)+ a'(002) to a "(002), R1, namely o,, gradually decreased with increasing temperature. Around

," ' " 200 C a sudden discontinuous decrease of a,, from 200 to
R=-[Ia (004)+I (002)1/' (002)" 170 emu/g was observed. With further increasing tempera-

The calculated value of R, is about 8 for the ideal structure ture, o,, decreased monotonously and reached about 130
of the a" phase. 14 emu/g at 400 'C, while on cooling, the change of o- with

Figure 5 shows the change of XRD profiles against an- respect to temperature was completely different from that of
nealing time for the film with stoichiometric N content of the heating, and no sudden change of os was observed. The sud-
a" phase (11 at. %). From these profiles, the intensity of den discontinuous change of o' observed around 200 °C is
a(200) was relatively very weak and any diffraction lines considered to correspond to the phase change from a"+ a'
from the y' phase were not observed. After annealing for 2 to a+y'. Therefore the hysteresis in the o-r-T curve is
h, a "(002) came to be observed clearly. By annealing further caused by this irreversible phase decomposition from
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[ ]"250 TABLE II. Mbssbauer parameters of the film deposited under Pwmi1= 10

mTorr, FN,=16%, deposition rate=240 A/min. Hi is the hyperfine field, I.S.
C'+G the isomer shift, e.q.Q the quadrupole splitting, Hwui the distribution of Hz,

200- MgO(lO0) and area the relative intensity, respectively.
200 MgO(1 00)

Hi IS. e.q.Q. Hwid AreaCL+y +' Site (kOe) (mns) (m/ns) (kOe) (%)

0)150 Fe(l) 289 0.01 -0.05 7.00 21.3
Fe(II) 316 0.17 0.04 7.00 31.3

E Fe(III) 391 0.11 -0.05 7.00 11.2

a-Fe 335 0.02 -0.007 7.00 36.1
200 MgO(110) (As-deposited)

a Fe(l) 289 0.01 -0.05 4.00 17.8
a +y' Fe(II) 316 0.17 0.04 4.00 41.8

150 - Fe(III) 391 0.11 -0.05 400 13.1
a-Fe 335 0.02 -0.007 4.00 27.3
(Annealed at 150 °C for 2 h)(non Cu-coated)

00 0 20 30 4 Fe(l) 289 0.01 -0.05 3.00 20.6
0 100 200 300 400 Fe(II) 316 0.17 0.04 3.00 37.7

Temperature (°C) Fe(III) 391 0.11 -0.05 3.00 12.5
a-Fe 335 0.02 -0.007 3.00 29.3
(Annealed at 150 °C for 20

FIG. 7. The temperature dependence of o-, in the films consisting of the a"
phase deposited on MgO (100) and (110) substrates fabricated under
Pou=10 mTorr, deposition rate =240 A/min, and FN2=16% after an initial

anneal at 150 °C for 2 h. a "+ a' to a+ y '. The temperatures of this phase decompo-
sition for the present films were good agreement with that of
the a "-Fet6 N2 precipitates in bulk powder reported by

*Jack. 10 The temperature dependence of o, observed in
(aA-o present experiments is found to be quite different from that

of Gao and Komuro.' 5,t 6

C. M6ssbauer spectrum

Figure 8 shows the change of M6ssbauer spectra of the
Fe16N2 film with stoichiometric N content by annealing. The

_j "spectrum in each film can be fitted into four hyperfine field
interactions Hi of a phase, Fe(I), Fe(II), and Fe(Ill) of the

(b)1500 C x 2 h. (a"+ a')-Fel6N2 phase. The fitted M6ssbauer parameters are
listed in Table II. As seen in the table, the large value of Hi,
about 390 kOe, due to the Fe(III) site in nitrogen-martensite

i , I was detected in each film. Half widths of the peaks become
t .narrower with increasing annealing time. This result corre-

sponds to the promotion of N site ordering in nitrogen-
martensite caused by annealing, and is in good agreement,_ , D , , _ _ with the change of R, and also the result of ion-im planted

(c)1500 C x 20 h. films reported by Nakajima.14

For the films examined presently, the average value of
Hi was about 325 kOe, which was nearly equal to that of Hi
of a.Fe. Therefore the value of o-, in (a "+a')-Fel6N2 film
of about 232 emu/g determined by VSM was consistent with
the result of Mbssbauer spectrum analysis. Based on the fit-ted Mbssbauer parameters, the volume fraction of a-Fe was

i I I estimated to be 27% and 73% for the (a"+a')-Fet6 N2 phase
-10o-8 -6 -4 -2 0 2 4 6 81Velocity (m/see) in annealed films. Using these values, the value of o-, in the

(a"+ a')-Fet6N2 phase, o'FC16N2' is estimated by the follow-

ing equation:

232" P= OFC1 6N 2 X 0.73 + Oa.FeX 0.27,

FIG. 8. M6ssbauer spectra of (a"+a')-Fe6 N2 film (non-Ci-coated) mea- where o'a.F, is 218 emu/g. The obtained value of oFe1 dN2 is
sured at R.T. (a) As-deposited, (b) annealed at 150 'C for 2 h, and (c)
annealed at 150 'C for 20 h, respectively. The film was deposited under 237 emu/g. Considering this calculated result and the result
Pow= 10 mTorr, deposition rate=240 A/min, and FN2= 16%. of the dependence of or, on R1, the value of saturation mag-
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Enhanced Fe moment in nitrogen martensite and Fe16N2 (invited)
W. E. Wallace and M. Q. Huang
Department of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh,
Pennsylvania 15213
Nitrogen martensite was prepared by treating fine Fe powder with NH3/H 2 gas mixtures at

temperatures around 665 'C. Upon quenching to a temperature Tq, the y phase which had formed
at the elevated temperature undergoes a martensitic transforrmation to form nitrogen martinsite (a'
Fe-N alloy), a tetragonal material. Heat treating this material for 1-2 h at 140± 10 'C produced the
a" phase Fe, 6N2. The a' phase occurred along with y Fe-N. From x-ray line intensities, the amount
of a' phase was ascertained. The a' phase exhibits a room-temperature moment of 250± 10 emu/g.
FeI6N2 is formed along with a Fe and also there is retained N-austenite. Using XRD and
conventional magnetic measurement procedures, one obtained 280±10 emu/g for the saturation
moment of Fe16N2.The experimental Fe moment, 2.88 AB, is in excellent agreement with the most
recent band-structure calculations, 2.85 AB. The ternary systems (FeM),6N2 were studied with
M =Mn or Ni. y Fe-Mn nitride readily forms, but it does not undergo the y-a' transformation. The
a' phase and possibly the d' phase form in the Fe-Ni nitride.

I. INTRODUCTION O'sat = 186 emu/g and T,-761 K. In each case the N atoms
partially occupy the octahedral interstices in the Fe lattice.

Iron nitrides have been known for many years.' Nitrogen The principal structural difference between the y and y'
cannot be introduced into Fe by treating it with nitrogen at phases is that the nitrogens are disordered in y FeN but are
normal pressures (i.e., 1-100 atm). However, iron can be ordered in y' FeN (i.e., FeaN). How ordering of the (non-
nitrogenated to form the y FeN phase by treating it with a magnetic) nitrogens can generate strong ferromagnetism in
mixture of 90 mol % H2 and 10 mol % NH3 at temperatures this material is not immediately evident. It undoubtedly
ranging from about 900 to 975 K. At these temperatures NH3  originates with an altered band structure brought on by or-
is unstable with respect to its constituent elements by -47 dering of the nitrogens. Japanese workers have shown 7'8 that
kJ. With a suitable catalyst, NH3 will deccmpose and gener- nitrogenation of Fe to form the Fe16N2 phase leads to a sig-
ate N2 at pressures in the thousands of atmospheres at tem- nificant rise in magnetization. This has greatly intensified
peratures between 900 and 1000 K. For example, at 665 °C interest in the magnetism of Fe-N alloys.
(938 K), the equilibrium pressure of N2 is -2400 atm. It is In previous publications from this laboratory9" ° it has
well known that Fe and its alloys are effective synthetic NH3  been shown that nitrogen austenite can be formed by the
catalysts and hence under the experimental conditions cited, method of Lehrer2 and Jack, 3 5 i.e., by treating Fe powder
N2 is generated at high pressures, sufficiently high to force N with an NH3/H2 gas mixture at temperatures around 950 K.
atoms into the Fe lattice. This was shown many years ago in In the classic work of Jack, it was shown that upon quench-
a study by Lehrer.2

Nitrogenation of Fe leads to a variety of phases: a, y, y',
e, , a', a'. Fe-N is the terminal solid solution based on a Fe
and it is a simple bcc. The y phase, often called nitrogen We,nt Fercnt Nitro_8 n
austenite, is cubic. The Fe atoms in the y phase are in a fcc - 6,7, 8 9 I,

arrangement with N partially and randomly occupying the 300
octahedral interstices.3 a' and a' are phases derived from the
y phase by a martensitic transformation. Both a' and a1' are 200
tetragonal materials 4 with c/a-1.1. The E phase is one in
which the Fe atoms are in a cph arrangement.5 The phase is 100
orthorhombic.5 Very recently, Suzuki et al.6 hav, reported

the formation of FeN by reactive sputtering and have stated 0
that it exists in the zinc-blende structure. Of the eight known I- 0
Fe-N phases, the present paper is concerned primarily with
only the y, a', and a' phases for reasons brought out below. -i0-

Introduction of nitrogen into the Fe lattice produces
striking changes in the magnetism of phases in which Fe is -200
magnetic. For example, the Curie temperature, shown in Fig.
1, in the e phase varies from 300 to -250 'C as the concen- 15 20 25 30 35
tration is varied, passing though a maximum at the compo- Atomic .rcent Nitrogen
sition Fe78N22.Another startling feature is the difference in
magnetic properties of the y and y' phases. The former is FIG. 1. T, vs composition in c Fe-N alloys, taken from H. A Wiiedt, N. A.
nonmagnetic, whereas the latter is strongly magnetic with Gokcen, and R. H. Nofzinger, Bull Alloy Phase Diagrams 8, 355 (1987),
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1200 TABLE I. a' phase formation by quenching y Fe-N and moment for a'
y (Fe-N) sample Fe-N.

-9 Tq =RT
Moment of a' Fe-N

Composition of alloy Tq (K)' wt % a' phase (emu/g)
720

at.% N
4 6.4 RI"  87 240

480 4 8.1 RT 72 246
N LN 82

240- 1 10.7 RT 0
I LNb 51 260

0." LHeb 56 ...

30 40 50 60 70 80 90 100 3Tq =quench temperature.
20 bRT=room temperature -20 °C; LN and LHe represent liquid N2 and liquid

He, respectively.

FIG. 2 X-ray-diffraction pattern of the Fe-N alloy containing 10.7 at. %

nitrogen which has been quenched to room temperature. The pattern is char- tions needed are given in Table I. The magnetization versus
acteristic of a single-phase fee material. This indicates that by this treatment temperature behavior (see Fig. 3) is used to follow the y-+a'
a single-phase alloy is produced. No a' Fe-N alloy is produced by this
procedure. transformation. The rise in magnetization upon cooling be-

low 150 K is occasioned by the transformation of nonmag-
netic y Fe-N into the strongly magnetic a' phase.

ing, y FeN undergoes a transition into the nitrogen analog of The data of Table I indicate that the y-*a' transforma-
martensite (the a' phase). Jack also found that with heat tion occurs at higher temperatures when the nitrogen concen-
treatment at temperatures ranging from 150 to 200 °C the a' tration is low. The XRD pattern for the alloy containing 10.7
phase transforms into the d' phase, an alloy with the com- atoms of N per 100 atoms of Fe is shown in Fig. 4; this is for
position Fet 6N2. the sample (see Table I) which had been quenched to liquid-

In previous work in this laboratory,9't ° results were ob- helium temperature. This alloy is a two-phase mixture con-
tained that were similar but not identical to those obtained by sisting of the retained austenite phase (y phase) and the mar-
Jack. The principal difference lay in the quenching proce- tensitic (a' phase). The phase composition can be estimated
dures necessary to effect the y--a' transformation. In the from the observed line intensities of the two strongest peaks.
work of Jack, quenching to room temperature was all that There is a complication in that the y (111) and a' (101) lines
was needed to bring about the martensitic transformation, overlap at 20-43*. The contribution of the a' (101) line to
whereas the experience in this laboratory is that cryogenic this line can be evaluated by conventional x-ray-diffraction
temperatures are required, particularly for high N concentra- theory. Using the methodology and nomenclature employed
tions. by Cullity,13 Ia'(o)/Ia,(tot)=Ba'(lo0Ba(lOl), where l.'(o)

This dependence of conversion efficiency on quenching and I'y(1ol) are the intensities of the (110) and (101) lines of
temperature and the necessity to quench to cryogenic tem- the a' phase and the B's are the quantities used by Cullity.
peratures was also observed by Bao et aL.

In the present work, the a' and a' phases have been
synthesized and studied magnetically. Results obtained for 1.0 ,
these alloys are reported herein, as well as those for ternary
alloys in which 10-15 wt % of the Fe has been replaced by
M, where M=Cr, Mn, Co, Ni, Cu, Ti, or Al. N ~ 8.1 at %

T(-c' RT'.U0 K
II. F O R M A T IO N A N D C H A R A C T E R IZ A T IO N O F T H E a ' -_ _ _ K_.. _ _ _ _ _ _ _ ....

AND a' Fe-N PHASES 5 1.0-

A. Experimental details and results obtained for a' a
Fe-N alloys N - 10.7 at %

Tya)- IS0-30 K
A mixture of NH3 and H2 in the ratio H2/NH3-9 was

flowed over 6-9 Am Fe powder at a temperature of 660- , t _, ,
670 °C. The samples were then quenched to temperatures T(K) 200 30

ranging from room temperature to liquid-helium tempera-
ture. The Cu radiation diffraction pattern for the sample con- M - T of samples from y to a, (H=0.5 kOe)
taining 10.7 at. % N12 is shown in Fig. 2. The material con- Cooling., -- euant

sists entirely of y phase within the detection limit of this
technique, perhaps 3%-5%. Upon cooling to liquid-nitrogen FIG 3. Two representative magnetization-temperature plots showing the

or liquid-helium temperatures, transformation of a substan- rise in magnetization at low temperatures. The rise is due to the y-a'
transformation, viz., the conversion of the nonmagnetic y phase into the

tial fraction of the material into the at' form occurs. Ex- strongly ferromagnetic a' phase. The solid and dashed lines are for cooling
amples of the extent of the transformations and the condi- and heating, respectively.
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560 - Tq =LHe

120 0

30 4 0 0 7 80-O 0 0 5 5 9 6 5 6

420 -
280 

8

10 40

30 40 50 60 70 80 90 100 50 53 56 59 62 65 68
20 20

I a" sample I

FIG. 4. X-ray-diffraction nattem for the y alloy in Fig. 2 after cooling to 142 a sample
Fe-N phase. Thus this alloy is a mixture of the y and a' phases. 107

The B's involve the structure factor (Fand 71

the Lorentz polarization. Using the expression and the mea- 711
sured value of I,,'(110), one can calculate/a'(lOl). Knowing 6-
this, one can readily evaluate 1,(1l1), the contribution of the y
phase to the intensity of the peak at 20-43*. Once this is 0
known, one can evaluate the volume fraction V of the a' 50 53 56 59 62 65 68
phase in the mixture from the expression: 20

I,,(,ol)/Iy(ti) = VBa,(1ol)/( 1- V)B (ll).

One can also make this calculation using other lines, A(200), FIG. 5. Segments of the XRD patterns for a' and a' phases. Lines are
shifted and a new peak (213) appears. These changes and the rise in mag-a (netism are indicative of the a'-,' transformation.

The volume fractions calculated by this procedure can be
combined with the known densities to find the wt % of the
phases present in y, a' two-phase alloy. Up to 87% of the y The lattice constants a and c are very close to those
phase has been transformed (see Table I). reported by Jack, a = 5.718 A and c =6.290 A. The mag-

Results for several samples and involving different netic moment of the three-phase mixture increases from 182
quenching conditions are shown in Table I. The moment cal- to 189 emu/g as the a' phase transforms to a1 '. To evaluate
culated for a' Fe-N is 250±10 emu/g. the el' moment, it is necessary to know the phase composi-

tion of the alloy. This information is obtained by the proce-
B. Experimental details and results obtained for d' dure described in detail in Ref. 9. A representative sample
Fe-N alloys was estimated to contain 56% a', 13% a Fe, and 31% y. The

estimated moment is -285 emu/g for a". The enhanced FeThe procedure to form a' Fe-N is as follows: (1) a' is moment of a' Fe-N was observed in many samples. Results
first formed by the procedure described above. (2) It is then are summarized in Table II. It seems well established that Fe
heat treated at 140±10 C (i.e., tempered) for 1-2 h, at in Fe16N2 has an enhanced moment 30% larger than that for
which temperature the N atoms become sufficiently mobile a Fe.
to redistribute , -r the interstitial sites and convert the
N-martensite into Fet 6N2.

A number of samples containing the a' phase were heat TABLE 1I. Phases in tempered a' Fe-N and the moment of Fe16N2 . Two
treated in this fashion to form the a' phase. Typical and independent samples were studied for the 9.4 and 10.7 samples and three
characteristic XRD lines, (213) and (004) of the d' phase, independent samples were studied for the 10.0 sample.
were observed after the tempering treatment (Fig. 5). This wt % of phases
sample contained 10.0 at. % N. The original alloy was Fe Composition of y phase Fe16N 2 magnetic moment
rich compared to Fe] 6N2; hence, as the a phase formed, a (at. % N) y a d' (emu/g)
Fe precipitates out. Thus there are four indications of the 8.1 16 35 49 272
al-' conversion: (1) the appearance of lines characteris- 9.4 25 23 52 280
tics of a Fe in the XRD pattern (see Ref. 9), (2) the devel- 25 27 48 283
opment of the (213) line for the a' phase, (3) shifts of other 10.0 30 11 59 28331 13 56 286
diffraction lines--(202), (220), (400), (224), and (422)- 35 13 52 283
with respect to the positions of the lines in the original mar- 10.7 45 7 48 283
tensite phase, and (4) the rise in moment during tempering. 53 8 39 286
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y (Fe-Mn)-N sample
-0 Tq =RT

300 -

01 0.
200 - C1 ('40.

100 Z 100 7(Fe-Ni)-N sample

0 A4 (- cooling,---- heating

30 40 50 60 70 80 90

20 0 50 10 150 200 25t) 3M)

T(K) (t1=0.5 kOe)

FIG. 6. XRD pattern of the nitride of Fe-Mn (15 wt %). Impuiity peaks are
noted at 20=34.5*, 40.5°, and 58.50, which are identified as originating with
Mn nitride. FIG. 8. TMA of the sample in Fig. 7. Irreversible transformation of y-+a'

begins at about 275 K.

III. MAGNETISM OF (Fe,M) 16N2 WITH M=Mn OR NI peaks at 20.34.5', 40.5', and 58.5' originate from Mn ni-
Experiments have been carried out to prepare and char- tride, as was confirmed by making the Mn nitride and study-

acterize (FeM)16N2 in which M=Cr, Mn, Co, Ni, Cu, Ti, or ing it by XRD. The magnetic moment of this sample was
Al. Because of space limitations, only results for the system -13 emu/g. There was no evidence of the a' or d' phase.
in which M =Mn or Ni will be presented. According to Bozorth, 14 Fe-Mn alloys in the y region are

A. Experimental details nonmagnetic. Therefore we conclude the moment of this
sample is due to a very small amount of the bcc Fe-Mn

Fe-M (15 wt %) with M=Mn or Ni was prepared by impurity phase.
mechanical alloying using a high-energy SPEX 800 ball mill. The Fe-Mn (15 wt %) nitride was cooled to 10 K in an
The milled powders were heat treated for 20 min at tempera- effort to induce the y--a' transformation. This effort was
tures of 300-800 'C. The original powders were 100-300 unsuccessful, as evidenced by the facts that (1) tie XRD
mesh. The procedures for nitriding and magnetically charac- un as ednd by the fact ta (n)tedpattern was unchanged and (2) the moment was unaffected;
terizing the samples were as those used for Fe powder, ex- there was no effect comparable to that in Fig. 3. This obser-
cept that higher temperatures for nitriding were employed. vation is not in conflict with the findings of Jack 3

The nitrogen contents were estimated from the measured lat-

tice parameters of the nitride.9  C. Results for the Fe-NI nitride

B. Results for Fe-Mn nitrides 1. Formation of the a' phase

Fe-Mn (15 wt %) was nitrided at 700-720 °C and then The situation here is more interesting than that for

quenched to room temperature. Figure 6 shows the XRD Fe-Mn nitrides. Figure 7 shows the diffraction pattern for

pattern of one of the Fe-Mn nitrides. Analysis of the pattern Fe-Ni (15 wt %) nitride. This is a nitrogen austenite with

shows the majority phase to be fcc. Three small impurity a=3.601 A. This material was obtained by nitriding the
alloy powder (made by mechanical alloying) at 710-720 'C

800 280

700 - y (Fe-Ni)-N sample 28 a'(Fe-Ni)-N sample
800 Tq =RT 240 -N600 - -'. Tq = LN,

200 -.

400 - 16

300 0 120 - _
200 - 80 -

100 ______4

0
30 40 50 60 70 80 90 0

20 30 40 50 60 70 80 90

20

FIG. 7. XRD pattern of the nitride of Fco8Nio15, showing it to be an
austenite. FIG. 9. XRD pattern of Feo &sNio is nitride.
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.- N s systems dilute in nitrogen undergo the martensitic transfor-
a" aTqe-Ni)-N saitzple mation at higher temperatures is counterintuitive. A possible

ST Lexplanation for this surprising behavior is related to the ex-

istence of Fe4N, the /, phase, which is quite stable. As the
/ nitrogen content increases, the y phase becomes more like

the -/ phase and becomes more stable. It is more resistant to
too the martensitic transformation, requiring lower temperature

to bring on the y--a' transformation.
so. At present, information is lacking as to T, and the an-

isotropy of the a' and d' phases. In regard to To, as tem-
perature is incrm.ased a' and d transform into a Fe and VI,

.50 4 making evaluation of Tc difficult, if not impossible. The

20 presence of large amounts of a Fe in the a" preparation ob-
scures the true anisotropic features of Fe16N2. Efforts are
under way to prepare d Fe-N which is freer of y and a Fe.

FIG. 10. Enlarged regions of the XRD pattern for the sample in Fig. 9. One disconcerting feature of the studies of Fe16N2 has
been that band-structure calculations have failed to indicate
an enhanced Fe moment. See, for example, the results ob-

and quenching to room temperature. This sample exhibited a tained by Sakuma.15 however, a very recent treatment by Lai
moment of 48 emu/g. This moment is ascribed to the pres- et al.,16 including electron correlation effects, gives an Fe
ence of a small amount of a' phase in the sample. Upon oment of 2.85/ B for Fe1GN 2 . This is in excellent agree-
cooling to 10 K, the magnetism of the sample increases strik- ment of 28p reN t hi in eeent agree-
ingly and irreversibly at temperatures 275-200 K (see Fig. 2.8 .p y,

8). It appears that upon cooling to low temperatures the 2.88 A.

y---a' phase transformation is taking place. The measured Strong evidence emerges from this study that Fe in

moment rises to 186 emu/g. XRD (Figs. 9 and 10) confirms Fe16N2 has a 30% enhanced moment compared to a Fe.

the formation of the a' phase. Its axial ratio is lower than 'See, for example, W. B. Pearson, A Handbook of Lattice Spacings and

that of Fe8N. For a', c=2.952 A, a=2.855 A, and Structures of Metals and Alloys (MacMillan, New York, 1948), p. 984.

c/a-1.03. 2E. Lehrer, Z. Elektrochem. 36, 383 (1930).
3K. H. Jack, Acta Crystallogr. 3, 392 (1950); Proc. R. Soc. London, Ser. A
208, 200 (1951).

2. Possible formation of the ol' phase 4K. H. Jack, Proc. R. Soc. London, Ser. A 208, 216 (1951).
Low-temperature heat treatrient produced a further rise 5K. H. Jack, Acta Crystallogr. 5, 404 (1952).6K. Suzuki, H. Morita, T. Kaneko, H. Yoshida, and H. Fujimori, J. Alloys

in moment. Heat treating 1 h at 120 and 150 °C gave mo- Compounds 201, 11 (1993).
ments of 193 and 197 emu/g, respectively. This provides 7T. K. Kim and M. Takahashi, Appl. Phys. Lett. 20, 492 (1972).

suggestive evidence that under these conditions a' is being 8M. Komuro, Y. Kozono, M. Hanazono, and Y Sugita, J. Appl. Phys. 69,

transformed into a". However, this postulate was not con- 5126 (1990); 70, 5977 (1991).
9M. Q. Huang, W. E. Wallace, S. Simizu, A. T. Pedziwiatr, R. T. Obermyer,

firmed by diffraction measurements. The characteristic d' and S. G. Sankar, J. Appl. Phys. 75, 6574 (1994).

(213) line was not detected. 10M. Q. Huang, W. E. Wallace, S. Simizu, and S. G. Sankar, J. Magn. Magn.
Mater. 135, 226 (1994).

1"X. Bao, R. M. Metzger, and M. Caibucicchio, J. Appl. Phys. 75, 5870
IV. CONCLUDING REMARKS (1994).

12Concentration in this case is number of nitrogen atoms per 100 atoms ofThe magnetism of Fe-N alloys present many interesting Fe. For simplicity, this is termed at. %.

features. The divergent magnetic behavior of the y and y' 1
3B. D. Cullity, Element of X.ray Diffraction (Addison-Wesley, Reading,

phases was referred to above. V is nonmagnetic, where y' is MA, 1978), p. 411.
14 R. M. Bozorth, Ferromagnetism (Van Nostrand, New York, 1951), p. 234strongly ferromagnetic and yet, these alloys are structurally sA. Sakuma, . mvagn. Magn. Mater. 102, 127 (1991).

very similar, differing only in the way the (nonmagnetic) 1
6 v. Y. Lai, Q. Q. Zheng, and W. Y. Hu, J. Phys. Condens. Matter 6, L259

nitrogens are arranged in the interstitial sites. The fact that (1994).
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Enhancement of the formation of Fe16N2 on Fe films by Co additions
(invited)

Yoshiharu Inoue, Shigeto Takebayashi, and Toshio Mukai
Advanced Materials and Technology Research Laboratories, Nippon Steel Corporation, 1618 Ida, Nakahara-
ku, Kawasaki 211, Japan

Effects of Co additions on the formation of Fe16N2 have been investigated by observing nitrides
formed on thin-film surfaces. Thin films of Fe-Co alloys with a (100) surface sputter-deposited on
MgO(100) substrates are exposed to a mixed gas of NH 3 and H2 . The 16:2 nitride was observed to
form on a surface of Fe-10 at. % Co film at a nitriding temperature of 500 'C. The formation
temperature is 50 'C higher than for pure iron. The amount of the formed 16:2 nitride has been
found to be 3X larger for Fe-10 at. % Co than for pure iron.

I. INTRODUCTION 550 *C. Annealing and nitriding were performed sequentially

There has neen much attention to Fe16N2 since reconfir- in an infrared furnace. The heat pattern is shown in Fig. 1,

mation of its giant magnetization (2.9 T) by Kor. turo et al.,1 The structure of the nitride was determined by x-ray diffrac-
which was stimulated by Kim and Takahashi's pioneering tion using Cu Ka radiation. The morphology of the nitrides

c wwas observed through an optical microscope ani1 a scanning
work.2 Fel 6N2 (16:2 nitride) is a metastable compound as
discovered by Jack.3 The crystal structure i. body-centered electron microscope. Detailed analyses were performed by

tetragonal (bct) consisting of eight bcc cells distorted by in- transmission electron microscopy (TEM) using a Hitachi 200

terstitial N atoms. There are number of studies on the struc-

ture of nitrided ion-based alloys such as Fe-Ti, Fe-Mo, and troscopy). TEM foils were prepared by ion milling. The
i 4  samples were milled from the substrate side in order to re-

Fe-Ni. However, the enhancement of formation of the 16:2- veal the surface structure.
type nitride by the third element additions has not been re-
ported so far.

The purpose of the present paper is to show the first III. RESULTS AND DISCUSSION
experimental evidence that Co enhances the 16:2 nitride for-
mation. The following two points are considered to choose Figure 2 shows the x-ray-diffraction patterns for pure
Co as the third element. The first point is that Fe maintaais a iron and Fe-10 at. % Co nitrided at 450-550 °C for 30 min.
bcc structure even after alloying with the third element; this For pure iron, the Fe16N2 peaks were observed at a nitriding

is essential because Fe16N2 has an analogous bct structure. 3  temperature of 450 'C, as shown in Fig. 2(a). At a nitriding
The second point is that the third element does not undergo temperature of 500 *C, the Fe4N peak appeared instead of
preferential nitridation; its chemical affinity for N is weaker the Fe16N2 peak, as shown in Fig. 2(b). In the case of a
oi comparable to that of Fe. Co meets the above two require- nitriding temperature of 550 *C, the intensity of the Fe peak
inents. drastically decreased and the intensity of the Fe4N peak in-

A surface-iitciding method is used for this investigation, creased as compared to the case of 500 *C, as shown in Fig.
The formation of iron nitrides on bulk iron surfaces on NH 3  2(c). This result indicates that the pure iron film is almost
gas-nitriding was studied by Inokuchi et al. 5 They reported converted to a Fe4N film.
that needle-shaped Fel 6N2 precipitates form on the (100) sur-
face. The pre-.-nt paper demonstrates ttat the Co-contained
16:2 Aitride is granular and its amount is lorger than the pure
iron case.

T=750 0C, t=120min nitride
"1. EXPERIMENT

Fe-Co alloy films with a (100) surface were prepared as I
follows. First, Fe was deposited onto a MgO(100) single- T=450-5500C
crystal tustrate and successively Co was deposited onto the t=15-60min
Fe layer Sputtering was performed with an Ar gas using an
ECR made for Fe and a usual magnetron for Co. The total NH3
film thickness is 500 nm. The composition of Co was [ H2 +
changed up to 30 at. % by changing the film thickness of Co. I H2

Alloyi'ng was performed by annealing at 750 °C for 120 min
in a flowing H, gas. X-ray diff:ac:ion showed that the (100) -

orientati"n of the film is maintained after annealing, homogenization nitriding
The films were exposed to a mixed gas of 75% NH 3 and

25% H2 . The nitriding temperature was ranged from 450 to FIG. 1. Heat pattern tor alloying and nitriding.
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pureiron Fe-aOatCo
(a) 450*C 55gO200 Fe2OO (d) 450-C * Pc-Co

e6N26N

(b)500°C (e) 500°C

6 (FcCo)16N2OU

rc4N -Ijm

i-.20 20050CPcC FIG. 4. Bright field image of a granular precipitate on a Fe-lO at. % Co film
V -nitrided at 500 C for 30 min and the corresponding electron-diffraction

e200 pattern. The indices of the 16:2 nitride are also shown in the diffraction
pattern.

FeAN
10 (rcCo4N For Fe-10 at. % Co, no nitride peaks were observed at a

V200
60 - nitriding temperature of 450 'C as shown in Fig. 2(d). At a

20 40 6 8020 40 60 '' 8o nitriding temperature of 500 °C, a strong 004 peak of the
20 (deg.) 20 (deg.) 16:2 nitride was observed. The 002 peak of the 16:2 nitride,

which is an order reflection peak of the 16:2 nitride, was
apparently observed [see Fig. 2(e)]. At a nitriding tempera-

FIG. 2. X-ray-diffraction patterns for pure iron and Fe-10 at. % Co nitrided. apre o b [se Fg 2e] At:a nitrid e mera -
The nitriding temperatures are (a) 450, (b) 500, and (c) 550 C for pure iron
and (d) 450, (e) 500, and (f) 550 C for Fe-10 at. % Co. The nitriding time in Fig. 2(f). The intensity of the 4:1 nitride 200 peak is very
is 30 min. The mark (*) indicates the peaks from the MgO substrate, weak as compared to that of the pure iron, indicating that the

formation of the 4:1 nitride is suppressed by Co additions.
The nitridation behavior for the 16:2 nitride is different

in the following two points. The formation temperature of
the 16:2 nitride is 50 °C higher for Fe-10 at. % Co than for
pure iron. The amount of the formed 16:2 nitride, which was
calculated from the x-ray peak intensities, is 3X larger for
Fe-lO at. % Co than for pure iron.

Figures 3(a) and 3(b) show the scanning electron micro-
scope images of the 16:2 nitride which formed on a pure iron
film nitrided at 450 C and a Fe-10 at. % Co film nitrided at
500 °C, respectively. For the pure iron case, the morphology
of the nitride is needle shaped. For the Fe-10 at. % Co case,
granular precipitates were observed. From the x-ray-
diffraction pattern in Fig. 2(e), the granular precipitate is
assumed to be the 16:2 nitride.

Mb Fe-10at%Co'

Fe

Co

I10 ..m 5 1
- 5Energy (eV)

FIG 3. Scanning electron microscope images of the 16:2 nitride formed on
(a) a pure iron film nitrided at 450 C for 30 min and (b) a Fe-10 at. % Co FIG. 5. EDS spectrum taken from a granular precipitate of the 16:2 nitride
film nitrided at 500 C for 30 min. formed c a Fe-lO at. % Co film (the same precipitate as shown in Fig. 4).
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RD.CuK , crease in the Co content results in no nitride peaks, indicat-
a)pure iron Fe2- ing harder nitridation for higher Co contents.

I RAN "The stability of the Co-contained 16:2 nitride is dis-
* cussed as follows. Due to a 10 at. % Co substitution, the

(b) Fe-5atCo C-Co lattice parameter of the bcc Fe-Co phase increases by 0.16%\1 / Fe C relative to that of the bcc pure Fe.6 Assuming that the atomic
(F. .C)AN volume of Co is the same as that of Fe, we presume that the

W interstitial sites are wider in the Fe-Co lattice than in the Fe

2 (c) Fe-10at%Co (FeCoi6N2 lattice. This idea is supported by the fact that the solubility of
* nitrogen is increased by Co additions.7 The 16:2 nitride is

*considered to be a nitrogen-ordered form of the tetragonal
Td) Fe-20at%Co Fe-N solid solution, which is derived without changing the

basic arrangement of Fe atoms in the bcc structure. There-
fore, it can be speculated that the Co-contained 16:2 nitride
also forms with less strain energy, leading to a higher stabil-

40 50 60 70 ity. The observed enhancement of formation of the 16:2 ni-
20 (deg.) tride by Co additions can be related to the improvement of

the stability of the 16:2 structure. Suppression of the 4:1
nitride formation by Co additions, as described in Fig. 2,

FIG. 6. X-ray-diffraction patterns of Fe-Co films with various Co contents may also benefit the 16:2 nitride formation.
nitrided at 500 *C for 30 min. The film compositions are (a) pure iron, (b)
Fe-5 at. % Co, (c) Fe-10 at. % Co, and (d) Fe-20 at. % Co. The mark (* IV. SUMMARY
indicates the peaks from the MgO substrate.

We have newly found that Co additions enhance the for-
mation of the 16:2 nitride. Granular 16:2 nitrides were con-

TEM observations were performed for the granular pre- firmed to form on a (100) surface of Fe-10 at. % Co alloy.
cipitate formed on Fe-10 at. % Co film. Figure 4 shows a The formation temperature is 500 °C, which is 50 °C higher
bright field image of the granular precipitate and the corre- than that for pure iron. The amount of the 16:2 nitride is 3 X
sponding electron-diffraction pattern. As shown in the dif- larger than for pure iron. It is suggested that Co stabilizes the
fraction ?attern, we can observe weak spots at the midpoints 16:2 structure.
between 000 and 400 spots. These spots are indexed by the
200 order reflections of the 16:2 nitride. Figure 5 shows an ACKNOWLEDGMENT
EDS analysis spectrum taken from the granular precipitate. The authors are greatly indebted to Dr. Okumura of Nip-
The Co content of the precipitate was determined to be al- pon Steel Corporation for his helpful discussion.
most the same as that of the matrix bcc phase. From these
results, the granular precipitate is determined to be a Co- 'M. Komuro, Y Kozono, M. Hanazono, and Y. Sugita, J. Appl. Phys. 67,

contained 16:2 nitride, which can be denoted by 5130 (1990).
(Fe,Co)1 6N2 . 2T. K. Kim and M. Takahashi, Appl. Phys. Lett. 20, 492 (1972).3 K. H. Jack, Proc. R. Soc. London, Set. A 208, 216 (1951).Figure 6 shows the x-ray-diffraction patterns for Fe-Co 4 K. H. Jack, Proceedings of the International Conference on High Nitrogen

films with various Co contents nitrided at 500 'C for 30 min. Steels 88, 1989, p. 117.

For pure iron, only the Fe4N peak was observed. As the Co 5Y. Inokuchi, N. Nishida, and N. Ohashi, Met. Trans. 6A, 773 (1975).
content increases, the intersity of the 4:1 nitride peak de- 6W. B. Pearson, A Handbook of Lattice Spacings and Structures of Metals

and Alloys (1958).creases. At Fe-10 at. % Co, the 4:1 nitride peak disappeared 7V. Raghavan, Phase Diagrams of Ternary Iron Alloys (1987), Part 1, p.and instead a strong 16:2 nitride peak appeared. Further in- 167.
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Properties and measurement of scanning tunneling microscope fabricated
ferromagnetic particle arrays (invited)

A. D. Kenta)
IBM Research Division, T. J. Watson Research Center, P 0. Box 218, Yorktown Heights, New York 10598

S. von Molnir
Florida State University, Center for Materials Research and Technology, 406 Keen Building, Tallahassee,
Florida 32306

S. Gider and D. D. Awschalom
Department of Physics, University of California, Santa Barbara, California 93106

The low temperature magnetic properties of arrays of scanning tunneling microscope (STM)
fabricated ferromagnetic particles have been studied as a function of their dimension using a novel
high sensitivity Hall magnetometer. Iron deposits with controlled shape and nanometer scale
diameters (-25 nm) are formed using a STM to decompose a metalorganic precursor [Fe(CO) 5] in
the active area of the measurement device. The hysteresis loops change significantly in going from
nearly isotropic to oriented high aspect ratio (6:1 length to diameter) filamentary particles. In
particles of intermediate aspect ratio and diameter the largest coercive field of 2.7 kOe is observed.
This b. as well as the characteristics of the Hall magnetometer (spin sensitivity of 10-14 emu/
Hz 1/2) . ribed.

I. INTRODUCTION and growth.5 We have set out to study smaller noninteracting
particles in which the competing effects can be highlighted

The physical properties of ferromagnetic particles con- by systematically varying the particle dimensions.
tinue to be an active area of fundamental experimental and It is the purpose of this article to show how this is ac-
theoretical research. Advances in lithographic and measure- complished in scanning tunneling microscope (STM) nano-
ment techniques are now permitting some of the basic tenets lithographically produced small particle systems. STM and
in the field of small particle classical magnetism to be criti- chemical vapor deposition techniques have been used to fab-
cally tested. For example, measurements of a single acicular ricate nanometer scale diameter (-25 nm) iron particles with
y-Fe20 3 particle' and electron beam fabricated rectangular a range of shapes from nearly isotropic to filamentary. De-
permalloy particles 2 are not consistent with the Nel- posits are fabricated directly in the active area of a newly
Brown 3 theory of thermally assisted magnetization reversal developed high sensitivity Hall magnetometer. With this de-
over a simple potential barrier. Usually this theory is the vice hysteresis loops of dilute particle arrays comprising
starting point in the analysis of more complex particulate 100-600 particles (<10 - 11 emu) have been measured at low
media which have a distribution of sizes, shapes, and inter- temperature. Moreover, the magnetic characteristics have
actions. Magnetization reversal in elongated particles has been studied for a variety of particles sizes and shapes. In
also recently been re-examined theoretically. In idealized particles of intermediate aspect ratio (2.2:1 height:diameter)
filaments Braun4 finds that spatially localized magnetization and diameter the largest coercive force is observed. This ob-
fluctuations increase the switching rates and hence reduce the servation is not consistent with the well-known classical co-
measured coercivities at finite temperature relative to the herent or incoherent modes of reversal.3 '6 Further, from the
N6el-Brown theory. Real samples, of course, contain de- hysteresis loops and array geometry we estimate the particle
fects, ends, and surfaces that are not considered in this work magnetization and interparticle interaction strength.
but which are expected to play an important, if not dominant, We begin with a brief review of the materials fabrication
role in the physics of magnetization reversal. Of fundamental technique and characterization. 7 This is followed by a discus-
interest is the mechanism of reversal in real particles- sion of the magnetic measurements and analysis on particles
whether it is a classical coherent (Nel-Brown, Braun) or of systematically varied geometry.
incoherent mode or, alternatively, heterogeneous nucleation

II. FABRICATION

"'Present address: Department of Physics, New York University, 4 Washing- Iron particles are formed by using a STM to decompose
ton Place, New York, NY 10003. iron pentacarbonyl [Fe(CO) 5] which is metered ato the mi-
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FIG. 1. Scanning electron micrographs (at a 450 tilt) show the particle and
array geometry of a subset of samples we have fabricated and measured: (A) V
diameter 42±7 nm, height/diameter (c/a) 1.3±0.3, (B) diam. 29±2 nm,
c/a 2.2±0.3, (C) diam. 17±1 nm, c/a 5.8±0.5.

FIG. 2. Schematic of the Hall magnetometer showing the device layout and
bridge measurement circuit. The sample is deposited into one Hall cross
while the other serves as a reference. I and I' are independent currentcroscope's ultrahigh vacuum chamber (P=2× 10 -1° T). To sources that float with respect to one another.

initiate the growth the substrate-tip bias is raised to 15 V and

a current of 50 pA maintained in the presence of 30 /tTorr of
Fe(CO)5. The STM feedback loop is active and maintains a
constant current and thus constant height between the tip and GaAs/Gao.7A0.3As two-dimensional hole gas sample

growing deposit. When the deposit has reached the desired [n2D=3X 10" cm-2, ' (5 K) =105 cm2/V s)] was wet chemi-

height above the surface the tip is retracted to stop the cally etched into the form depicted in Fig. 2 and a thin (30heigt aovethe urfce he ip i reraced t stp te rm) gold gate deposited over the active area of the device.
growth. The tip is moved to another location and the process T) ln e dh s o r the ctv and v o f the d e d

repeated to form arrays. The linewidths for the current and voltage probes ranged

Characterization by both Auger electron spectroscopy from 1 to 10 Am and the heterointerface was 100 nm below

(AES) and transmission electron microscopy (TEM) indicate the surface. STM deposits were subsequently grown in the
active area of one of the Hall crosses. The difference in Hall

that relatively pure iron deposits are formed under these con-

ditions. TEM shows that these consist of a polycrystalline voltage between this sample cross and a closely spaced ref-

bcc iron interior surrounded by a contamination coating in erence is measured using a bridge circuit (Fig. 2). With the

which the grain size is approximately the inner core diam- bridge properly balanced, the resulting output voltage V is

eter. AES reveals greater than 70 at. % Fe with a carbon proportional to the sample contribution to the magnetic in-

remainder. The fact that the bcc phase is formed is evidence duction. This contribution can then be calculated using the

for greater purity of the deposits in their interior since the measured Hall coefficient so that AB = V/RI where R is the

equilibrium phase of the Fe-C system above 0.4% carbon is Hall coefficient (-0.2 II/G) and I is the measurement cur-

fcc.8  rent. Typically we use a 6.5 Hz ac current (-1 AA/rms) and

The scanning electron micrographs in Figs. 1(A) and lock-in detect the difference signal V.

1(C) show the extremes in dimensions we have fabricated In practice, a difference voltage is present even in the

and studied. The particle geometry, with the long axis per- absence of a magnetic sample due to small variations in the
pendicular to the substrate surface, is highlighted in the ob- Hall crosses (typically -0.1%). This imbalance results in alique view presented in the micrograph. Note that from Figs. signal proportional to the applied magnetic field which isi(A) and i(C) the particle diameters progressively decrease minimized by adjusting the ratio I to I' at high fieldfrom 42 to 17 nm while the ratios of height to diameter (H>HC, the coercive field).
increase from 1 to 6. Alhehthghthese measurements serveea The large Hall response (-0.2 V/G) in combination
ancbas frompto6Arin ug h tice imesns ntaminatios with good coupling of small samples to the device results ina b asis fo r co m p aring p article d im ensio n s, co n tam in atio n an e c l nt s i s n i iv y .F o e x m e , h e b er d f e d
built up during observation as well as the finite resolution of nexe si sensitivty.1 F x, t obsevie
the SEM cause systematic overestimates of the actual par- nois o 0.1 sensitiv(t 01 K) in a 2 ium2 devicetidle size.9 The inter'particle distance is approximately 130 implies a spin sensitivity of 10-14 emu/H.z/ 2. Typically, sig-

ticl sie.9Theintipatice dstace s aproimaely130 nals from the STM arrays are 10 times this noise level. Innm and was chosen to minimize, as much as possible, the additiom the sTM arks ar a time rane of n
effect of interparticle interactions while building up enough addition, the sensor works over a large range of magnetic
overall moment for measurement. Magnetic measurements field and temperature. At low temperature, ballistic transport
have been made on these samples as well as on some of (on the scale of the magnetic arrays) reduces the responsiv-

intermediate dimensions. ity. The quantum Hall effect and the associated nonlinear
dependence of Hall voltage on magnetic field also changes

III. MEASUREMENTS the response at low temperature and high field. Both the
decreasing hole mobility and thermally activated switching

Measurements were made using a P,.,vel high sensitivity of defects in GaAs cause the noise to increase with tempera-
magnetometer based on the Hall response in a semiconductor ture. We have successfully used this magnetometer from 1 to
heterostructure. In contrast to integ~aied superconducting 80 K with some decrease in performance with increasing
quantum interference device microsusceptometers,' 0 this de- temperature (T>50 K).
vice allows for systematic investigations over a wide range An array of particles of intermediate size [those in Fig.
of applied fields and temperatures. A high mobility I(B), referred to as sample (B)] placed in the active area of
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H (kOe)

4.0Fm FIG. 5. Hysteresis loops as a function of particle dimensions. Measurements
on sample (A) 5 K, 250 Oe/min, (B) 15 K, 1 kOe/min, and (C) 5 K, 500
Oe/min. These variations in measurement time and temperature do not affect

FIG. 3. SIM micrograph of a STM fabricated array [sample (B)] placed in the curves on the scale presented (as seen in Fig. 4). The increased noise in
the 10 /4mX2.5 am active area of a Hall magnetometer. (C) is due to the smaller dimensions of the Hall cross (2 Am 2). In this case,

the sample consists of only 100 particles with a total moment of -2X 10-13
emu.

the magnetometer is shown in Fig. 3. An external field is
applied perpendicular to the plane of the device and hence
parallel to the long axis of the particles. Hysteresis loops are and is approximately 2.7 kOe. The magnetization reversal
measured starting from a saturating field, ramping at a con- occurs over a range ±0.4 kOe about the value. In Fig. 4(d),
stant rate to the opposite field polarity and then back. Figure as a check, the same measurement was made using two ref-
4 shows the difference in induction, which is proportional to erence crosses, neither of which contained a sample. This
the sample magnetization, plotted versus the external field. shows no hysteresis and only a small deviation from a con-
Measurements were made at different temperatures and ramp stant value.
rates. Under these conditions the coercive field has only a Magnetic measurements were made on arrays (A), (B),
slight dependence on the measurement time and temperature and (C) in Fig. 1 in order to study the dimensional depen-

dence of the magnetic properties (Fig. 5). The shapes of the
hysteresis loops change significantly in going from the

8 nearly isotropic particles of sample (A) to the filamentary

particles in (C). Most notably, the loops are increasingly
square with more abrupt magnetization transitions. The
change in sample magnetization also decreases due both to

6 the geometry of the samples as well as to the decreasing
moment per particle. The coercivity initially increases in
more anisotropic particles [(A) to (B)]. Surprisingly, this is
followed by a decrease in the more filamentary particles of

4 -sample (C). Samples intermediate in dimensions to (B) and
C (C) appear to confirm this trend.

The loop shape for sample (A) is close to that expected

2 from the Stoner-Wohlfarth theory' for noninteracting
d uniaxial particles with randomly oriented easy axes. For in-

stance, the remanence is 0.46 times the saturation magneti-
zation close to the 0.5 predicted by SW. The coercivity is 640

0 r, 7 , 7 .. Oe. Within this model the anisotropy field is H,/0.48 or 1.33-4.0 -2.0 0.0 2 0 4.0

4 (k-e) kOe. Small deviations from isotropic shape would account
for this entire anisotropy although a crystailine contribution

FIG. 4. Hysteresis loops for sample (B) measured from negative to positive might also be present (bcc Fe 6 -540 Oe). The demagnetiza-
saturation and back showing the difference in induction, which is propor- tion factors of a prolate ellipsoid of iron with axial ratio 1.17
tional to the sample magnetization, versus external field. (a) 15 K, dH/dt is sufficient to explain this and within the range of measured
=250 Oe/min, (b) 15 K, I kOe/min, (c) 5 K, I kOe/min, and (d) the differ-

ence between two reference crosses with no sample 5 K, 1 kOe/min. Plots particle asymmetries [c/a = 1.3±0.3, Fig. I(A)]. For the ori-
are offset for clarity. ented elongated particles [samples (B) and (C)] increasingly
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TABLE 1. Summary of particle properties.

No. of
Sample particles diam (nm) c/a m (emu/particle) H, (0e) diam (nm)b

A 500 42 ± 7 1.3 ± 0.3 1.0 X10 -14 1324a 21
B 600 29 ± 2 2.2 ± 0 3 5.4 X 10- 5  2700 9
C 100 17 ± 1 5.8 ± 0.5 1.6 X 10-  2050 4

"Anisotropy field determined from the measured coercivity and the SW model.
bMagnetic core diameter inferred from the magnetic moment and particle shape.

square hysteresis curves are also expected on the basis of the magnetization transition. Interactions are less important in
SW theory. In contrast to sample (A), these particles' easy samples (B) and (C) due to their smaller moment per par-
axes are not randomly oriented but expected to be aligned ticle.
with their long axes.

From the change in induction in going from positive to IV. DISCUSSION
negative saturation the magnetic moment per particle can be
estimated. In the dipole approximation this change in B field Changes in the coercive force with dimensionality, nota-
perpendicular to the heterointerface averaged over the sensor bly the decrease in high aspect ratio smaller diameter par-
area is given by tides, are not consistent with conventional coherent10 or in-

coherent modes of spin reversal.6 For instance, the curling
2m f 1 mode, which is applicable only in larger diameter particles,

AB=- dr 2T Js [z2+(r-r,)2 1 2  predicts an increase in coercive field with decreasing diam-
eter. In both coherent reversal and fanning models the coer-

f(3z 2  cive field increases with aspect ratio. For reference, coherent
× 1- [z2+(r-r,)2]], (1) reversal in an iron particle of axial ratio 2.2 [like sample(B)], would require a field of 5.7 kOe-twice the observed

where m, the magnetic moment per particle, is the quantity value. Fanning, which postulates decoupled grains, at least
of interest; r is a vector in the plane of the surface; r, the can account for the magnitude of the observed switching
position of the ith particle; S the surface of the Hall cross, field.
and z the distance from the dipole's center to the heteroin- Recently, Braun has considered the role of nonuniform
terface. The integral over the rectangular surface S of the magnetization fluctuations in reducing the coercivity at finite
Hall cross can be performed analytically and then summed temperature in elongated particles. 4 It is therefore worth es-
over particles numerically to solve for m. This calculation timating whether this theory applies to our measurements.
approximates the actual nonuninform field distribution irom Fluctuation effects are important when the thermal energy is
the array geometry and position in the Hall bar by a spatially comparable to the barrier height. For uniform coherent rever-
homogeneous average field in estimating the moment. For sal, at zero field, the barrier is KV, the anisotropy volume
sample (B), we find m=5.4X10 - t3 emu. This is a factor of product. To be specific, for sample (C) this is 104 K. At low
approximately 10 smaller than an estimate based on the bulk temperature this implies that such reversal cannot occur until
moment of Fe and our observations of the particle size. As the applied field is very close to the intrinsic (zero tempera-
previously mentioned, it seems appropriate to assume that ture) coercivity. For example, at 5 K the particles switch
the magnetic volume is smaller than that found from SEM when H/H,-0.9, with our measurement times. In Braun's
measurements. Taking the measured magnetization of bcc Fe theory, the energy is no longer proportional to the volume
(1700 emu/cm3) gives a magnetic volume of 3 X 10- 17 cm 3 or but the cross-sectional area of the particle, 8 \JR7-c A. This
equivalently a magnetic core only 9 nm in diameter, com- is the energy density of a domain wall times the cross-
pared to the 29 nm diam measured from Fig. I(B). This sectional area, A. J is the exchange constant and c the lattice
interior size is consistent with TEM observations on similar spacing. An estimation of this energy for sample (C) is also
deposits.9 Within this analysis, the aspect ratio of the mag- 104 K. Thus spatially nonuniform reversal requi;res the same
netic volume would also be greater than the measured value, amount of thermal energy as the uniform case due both to the
The results for the other samples are summarized in Table I. large exchange and anisotropy energies. Only in far more

From the particle moment the strength of the dipolar filamentary particles does the nonuniform mode dominate.
interactions between particles can be estimated. For a square These estimations suggest that fluctuations cannot account
lattice of oriented dipoles with spacing a, the interparticle for the observed reduction in coercivity.
interaction field due to nearest neighbors is 4m/a 3. For As an alternative to the above models, the particle ends,
sample (A) this is 20 G. Substantial contributions result from surfaces, and defects might play an important role in deter-
the long range nature of the dipole interactions. Including mining the magnetic properties. For example, large demag-
oriented neighbors out to four lattice spacings (48 particles) netization fields such as occur at the particle ends would
results in a field of 40 G. This is still much less than the favor a heterogeneous nucleation and growth of reversed do-
anisotropy field and will play a role only in the tails of the mains as occurs in bulk ferromagnets. 5 Reversal would con-
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Magnetic properties of amorphous nanocolumns created by heavy ion
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Recent studies have demonstrated the possibility of inducing amorphous latent tracks in metallic
materials by GeV heavy ion irradiation. In the present work, 0.880 GeV 238U beams have been used
to induce ferromagnetic amorphous nanocolumns in nonmagnetic crystalline YCo 2 films. The loss
of crystallinity deduced by x-ray analysis is in good agreement with the one determined by magnetic
measurements. The Co magnetic moment in the columns is approximately equal to 1 ,uB, as in bulk
amorphous YCo 2, but the ordering temperature (150 K) is strongly reduced with respect to the bulk.
Magnetization measurements reveal the nanocolumns to be single domain. A perpendicular
anisotropy is observed in samples irradiated at the smallest fluencies, which is interpreted to be due
to shape anisotropy. A progressive decrease of the anisotropy with increasing fluence is observed
and qualitatively described in terms of dipolar interactions between columns. At low temperature,
the coercive field reaches 650 Oe. A simple nonuniform magnetization reversal process is suggested.

I. INTRODUCTION atomic disorder and of the relatively weaker density. In ad-
dit;on, the surrounding of a given Co atom is Co richer in the

The formation of defects by GeV heavy ion irradiation amorphous state where atoms are more or less distributed at
through inelastic scattering with the target electrons has re- random, as compared to the crystalline state where Y-Co
cently been demonstrated for amorphous or crystalline me- bonds, chemically favored with respect to Co-Co bonds,
tallic materials. - 4 In particular, it has been shown that above can better be formed.
an electronic stopping power threshold, the target could be Crystalline thin films of YCo2 were prepared and subse-
locally amorphized. Two models have been proposed to de- quently irradiated by U heavy ions in an attempt to induce
scribe the formation of amorphous latent tracks, based either amorphous tracks. The results of structural and magnetic
on the mutual repulsion oi highly ionized atoms (Coulomb analyses performed prior to and after irradiation are pre-
explosion model5) or the heat transfer via phonons (thermal sented in the following.
spike model6). Transmission electron microscopy (TEM) ob-
servations have revealed that under certain conditions, the II. EXPERIMENT
irradiation-induced defects were stabilized in the form of cy-
lindrical amorphous tracks along the ion path (latent tracks), The samples were deposited at room temperature by dc
with diameters in the range 20-50 .9 In this study, we sputtering with a deposition pressure of 1-3X10 - 3 Torr. Two

show that in Y-Co alloys it is possible to induce amorphous sets of films were prepared with the following compositions:
ferromagnetic nanocolumns in a nonmagnetic crystalline ma- Si(100)/Ta 1000 A/YCo2 1.5 um/Ta 1000 A (samples A) and
trix. This allows magnetization reversal processes to be stud- Si(100)/Ta 500 A/YCoj 1 2300 A/Ta 500 A (samples
ied in an assembly of nanocolumnis with a relatively well-
defined size and shape, in which the amplitude of the dipolar
interactions can be varied through the total fluence of the ion 2
beam . - ) 0y Y Co

The formation of ferromagnetic columns in a nonmag- co 0 rytalhne
netic matrix is possible due to the fact that the magnetic * Amorphous
properties of the binary Y-Co alloys depend drastically on 1
whether the material is crystalline or amorphous. It is well 0 0:
known that in Y-Co compounds, the Co magnetic moment 0

0 o 0decreases as the Y content is increased through electron U A B*

transfer into the 3d band and 3d-4d hybridization' (Fig. 1). I I 1 4 *4
As a result, Co-rich crystalline compounds are ferromagnets, 0 1 0.7 0.5 0.3

whereas compounds richer in Y then YCo2 are Pauli para- Co concentration (x)

magnets. However, amorphous Y-Co alloys are ferromag-

netic up to an Y:Co ratio of the order of 1:1.11 This is due to FIG. 1 Co atomic magnetic moment as a function of Co concentration in

the higher localization of the 3d electrons in the amorphous Y-Co binary alloys (after Ref. 11). The arrows labeled A and B indicate the

state when compared to the crystalline state, as a result of stoichiometry of the series of samples A and B, respectively.
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integrated intensities are decreased. We ascribe this loss of
FIG. 2. Detailed view of the XRD patterns showing the 311 and 222 most crystallinity to the appearance of irradiation-induced amor-
intense reflections in the irradiated samples. The symbols refer to samples
irradiated at fluence: Al and BI at 1012 ions/cm 2, A2 and B2 at 5X×01 2  phous regions. A shift of the peaks toward smaller Bragg
ions/cm 2, A3 and B3 at 2X 10 3 ions/cm 2.For reference, the XRD patterns of angles is also observed, which we ascribe to irradiation in-
the as-annealed samples are also shown (full line), duced stresses. A detailed analysis of this effect is reported

elsewhere. 14 The percentage p(F) of amorphized YCo2 in
the irradiated samples can be deduced by comparing the peak

B). The compositions and thicknesses of the films were de- integrated area of the 311 Bragg reflection for each series of
termined by Rutherford backscattering (RBS) and transmis- samples to the one measured before irradiation (Fig. 3). The
sion electron microscopy (TEM). The as-deposited films equation describing the kinetics of defect creation can be
were subsequently vacuum annealed at 550-600 'C for 1 h expressed as: 15

in order to crystallize the YCo 2 phase. The samples were
then irradiated by 0.880 GeV 238U ion beams at the GANIL dv = (t-)- '2,
accelerator in Caen, France. Three ion fluencies were se- dv(
lected: 1012 ions/cm 2 (samples Al and B1), 5.1012 ions/cm 2  where o" is the amorphization cross section, o2 is the exclu-
(samples A2 and B2) and 2X 1013 ions/cm2 (samples A3 and sion cross section, v is the amorphized volume and V, the
B3). Structural characterization was performed by quantita- total sample volume. The exdlusion cross section accounts
tive x-ray diffraction analysis (XRD) on a 0-20 diffracto- for the fact that an ion track can be recrystallized if an in-
meter with Cu Ka wavelength. The magnetic properties were coming ion happens to hit a ring around it. This exclusion
determined between 4.2 K and room temperature using either ring implies that a complete amorphization of the samples is
a VSM or a SQUID magnetometer. impossible. In particular, it defines a minimum separation

distance between the amorphous columns. Solving Eq. (1)
III. STRUCTURAL CHARACTERIZATION leads to

XRD and TEM analyses revealed the as-deposited films V o1

to be amorphous and the annealed films to be crystalline. The p(CF) = V o1 + o2 (1 - e- ( + 02)P). (2)
latter showed the diffraction pattern of the fcc YC0 2 Laves

phase. 12 Samples A appeared to be single phase while in Assuming that defects consist of latent tracks expanding
samples B, apart from the YC0 2 Bragg reflections, some ad- across the film thickness, o1 and o-2 can be expressed as
ditional peaks corresponding to a phase which could not be TD2

unambiguously identified were observed. However, consid- 41 =
ering the mean stoichiometry of the alloy (YCo,,t) and the
phase diagram of the Y-Co binary alloys, 13 one can iufer that ,i(D2 -D 2 )
this phase could most likely be Y9 Co7 and estimate the frac- o2 = 4 (3)
tion of YCo 2 to be about 30% of the total volume. Y9Co7 is

nonmagnetic in both the amorphous and the crystalline where DI is the diameter of the amorphous latent tracks and
states. 12  D2 the diameter of the exclusion ring. Equations (2) and (3)

A detailed view of the YCo2 311 and 222 peaks is rep- were fitted to the experimentally deduced p((k) enabling DI
resented in Fig. 2 for both sets of samples. When the irradia. and D2 to be determined. The fit yielded D1=25 A and
tion fluence is increased, the peaks are broadened and their D2=50 A for samples A and D1=50 A and D2=60 for
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FIG. 4. (a) Magnetization curves of the as-deposited samples A measured in E 0
an applied field perpendicular (dashed line) and parallel (full line) to the film
plane. Inset: magnetization curves of the same samples after heat treatment.
(b) Magnetization curves of the as-deposited samples B measured in an
applied field perpendicular (open symbols) and parallel (closed symbols) to -60J
the film plane. Inset: magnetization curves of the same samples after heat -2 0 2
treatment. H(kOe)

samples B. The reasons for the difference in the track diam- FIG. 5. Hysteresis loops measured in samples A in applied fields perpen-
dicular (full line) and parallel (dashed line) to the film plane. Insets: firstetcrs for both series of samples, as well as for the reduced magnetization curves measured along the easy directions. (a) Sample AI

recrystallization effects in samples B [revealed by the linear- irradiated at 1012 ions/cm 2, (b) sample A2 irradiated at 5X 1012 ions/cm 2, (c)
ity of p(qF) up to higher fluencies] remain unclear. Differ- sample A3 irradiated at 2X 1013 Ions/cm 2 .
ences in the microstructure of the specimens could play a
role. A smaller average grain size, for example, can reason-
ably be expected to influence the processes involved in de- rial or from the presence of magnetic crystallized phase,
fect creation and annealing. TEM observations are in richer in Co than YCo 2 which could result from Y oxidationprogress. through the Ta capping layer.

In samples B, the spontaneous magnetization of the as-
deposited amorphous films is weak (25 emu/cm 3). This is a
consequence of the large Y content (see Fig. 1). The magnv-

IV. MANETIZATION MEASUREMENTS tization curves measured in-plane and out-of-plane are simi-
A. Magnetization measurements of unirradlated films lar. A significant susceptibility is present up to 10 kOe. This

is ascribed to superimposed paramagnetism, in agreementMagnetization measurements at 10 K have been carried with the fact that the alloy stoichiometry is close to the criti-
out on both the amorphous as-deposited A and B samples as cal concentration for the disappearance of magnetism. After
shown in Fig. 4. For samples A, a large susceptibility is heat treatment, the spontaneous magnetization is further re-
obtained when the field is applied in the film plane. The duced to 5 emu/cm 3, a value similar to that measured in
spontaneous magnetization is 360 emu/cm3, corresponding to annealed samples A.
approximately 11A/BCo in agreement with the value already
reported for bulk a-YCo2.n When the field is applied per-
pendicular to the film plane, the magnetization varies accord- B. Magnetization measurements on irradiated
ingly to the demagnetizing field slope, which indicates that samples
magnetocrystalline anisotropy may be neglected with respect After irradiation, magnetization measurements were ini-
to shape anisotropy. After the crystallization heat treatment tially performed on thermally demagnetized samples. The
in-plane magnetization measurements of the same sample susceptibility of the virgin magnetization curve measured at
yield a very small residual magnetization of the order of 5 10 K along the easy direction is shown in the insets of Figs.
emu/cm3 (inset of Fig. 4). This residual ferromagnetic con- 5 and 6. In all samples, the initial susceptibility is weak until
tribution can either originate from residual amorphous mate- the field reaches values of the order of the coercive field
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H(kOe) with the value of 30% estimated in Sec. III.

The temperature dependence of the magnetization mea-
FIG. 6. Hysteresis loops measured in samples B in applied fields perpen- sured in a field of 10 kOe for the A samples is shown in Fig.
dicular (full line) and parallel (dashed line) to the film plane. Inset: first 7(a). This large field value was chosen to minimize possible
magnetization curves measured along the easy directions. (a) Sample BI
irradiated at 1012 ions/cm 2 , (b) sample B2 irradiated at 5 X 1 0 i2 ions/cm2 , (c) superparamagnetic contributions. The magnetization de-
sample B3 irradiated at 2X 1013 ions/cm 2. creases rapidly with temperature. An average ordering tem-

perature can be located at about 150 K. The curves
M(T)Ip' (qF)M~a)(T), which compare the temperature de-
pendence of the nanocolumns magnetization in the different

measured on the hysteresis cycles. Considering the small size samples, normalized through the factor p'(cF) to account for
the different proportions of amorphous phase in each sarple,etof the nanocolumns deduced from the analysis in theav are identical [Fig. 7(b)]. However, there are serious &ifer-section, this can be attributed to single dom ain behavior. e c s w t h e p r t r e e d n e o h a n t z t o

The magnetization loops measured at 10 K are reported ences with the temperature dependence of the magnetization
in Figs. 5 (samples A) and 6 (samples B). The magnetization in bulk amorphous YCo2: The rate of decrease of M(T) is
increases as the fluence is increased. This confirms the for- ehc a nthe Curie t ature iscreed t t 380cK
mation of amorphous ferromagnetic YCo2 through irradia- f orarhu of th can be sc
tion. The fraction of amorphized film in samples A, p dimensionality of the nanocoluns.
deduced from the variation with the ion fluence of the spon-
taneous magnetization M(F) and normalized with the ion C Anisotropy in Irradiated samples
fluence and normalized to the magnetization of bulk amor-
phous YCo2, M~a), is reported in Fig. 3. p(k) is in good The comparison of hysteresis cycles obtained for H ap-
agreement with the values of p(4 ) deduced from XRD plied, respectively, in-plane and out-of-plane shows that in
analysis. Assuming continuous amorphous columns with di- samples irradiated at the lowest fluence (Al and B1) the
ameter D1 one deduces that the Co moment is ,=1.0+_0.2 magnetization tends to be perpendicular to the film plane.
/B/Co in all samples. This agrees with the value measured in This is consistent with the formation of elongated magnetic
the as-deposited amorphous films. A similar analysis can be columns by irradiation since shape anisotropy favors the
carried out for samples B. However, because the sample is magnetization to lie along the column's long dimension. A
not single phase, the measured magnetization normalized to remanent magnetization, whih amounts to 0.2 M,, is how-
bulk YCo2, M (A)M a) must be multiplied by a factor a to ever obtained for the in-plan- hysteresis loop, which reveals
match with p(qI) values deduced from XRD. A value a=4 is that the magnetization is not perfectly perpendicular to the
obtained. 1/a represents the volume fraction of the YCo2  film plane. This can be due either to mie tracks not being
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bols). Inset: variation of EA as a function of M 2. (samples A).

exactly perpendicular to the film plane or to the magnetiza- tinuous elongated latent tracks were observed. 7 TEM obser-
tion deviating of the column axis. Further microstructural vations are in progress in order to reveal the exact mor-
studies will be required to clarify this point. phology of the tracks in our systems.

The anisotropic behavior of samples A may however be The anisotropy was also measured in samples A2 and
discussed by neglecting to first approximation the deviation A3, irradiated at higher fluences. When the fluence is in-
of the magnetization from the perpendicular direction. At 10 creased to 5X× 1012 ions/cm 2 (sample A2) the magnetization
K, the anisotropy energy for the sample Al is EA = 1.55 x 104 curves are approximately identical whatever the direction of
erg/cm 3 and the deduced mean anisotropy field is HA = 1.6 the applied field is. When the fluence is further increased to
kOe. The temperature dependence of the anisotropy energy is 2X 1013 ions/cm 2 (sample A3), the easy magnetization direc-
identical to that of M 2 (Fig. 8). This confirms that the an- tion lies in-plane. From the identical temperature dependence
isotropy of the magnetic columns is dominated by shape an- of the reduced magnetization in the three samples [Fig. 7(b)],
isotropy. Magnetocrystalline bulk or surface anisotropy may one can assume that the columns are identical whatever the
be neglected, in agreement with the low anisotropy value fluence is. The variation of the anisotropy field with the ion
observed in the as-deposited Y-Co amorphous films (see Sec. fluence must then originate from the rise of interactions be-
IIB). tween columns. Exchange interactions are generally isotropic

To analyze the properties of sample Al, the total energy in nature and it is thus legitimate to first order to consider
for a single column can be written as dipolar interactions only. However, such dipolar interactions

a (a1 2depend drastically on the initial zero-field magnetic configu-
E=27rNuIM ) cos2 o+2 7rN±Ma)2 sin2 0 ration which in turn depends on exchange interactions be-

+27rp(D)Ma)2 cos2 O-27rN±p(4))Ma)2 sin 2 0 tween particles. For amorphous YC02 columns embedded in
a Pauli paramagnetic matrix of crystalline YCo2, exchange

-M(a)H sin 0, (4) interactions between columns may be mediated by itinerant
wher N .a3d electrons of the matrix. The very strong decrease in an-

where N1 and N1 are the demagnetizing field coefficients, isotropy observed with increasing ion fluence suggests that
respectively, along the column's long dimension (perpen- large dipolar interactions develop as the density of tracks in
dicular to the film plane) and perpendicular to it (parallel to increased. This implies ferromagnetic coupling between
the film plane), and 0 is the angle between the magnetization neighboring columns, i.e., the formation of correlated re-
direction and the film normal. The two first terms in Eq. (4) gions with large average magnetization. This justifies the for-
represent the particle self-dipolar energy, the two next terms mulation used in Eq. (4) to express dipolar interactions.
represent the interparticle dipolar energy (see further) ex- The anisotropy field variation calculated for samples A
pressed in the continuous medium approximation [i.e., according to Eq. (5) is reported in Fig. 9. It accounts for only
equivalent to the demagnetizing field created by a continuous half the total anisotropy variation. This suggests that the con-
film of magnetization p(FD)Ma)] and the last term is the tinuous medium approximation is not valid, especially at
Zeeman energy. From Eq. (4), the anisotropy may be related large ion fluencies. Statistical fluctuations in the column's
to the demagnetizing field coefficients through distribution function, which would locally increase the dipo-

HA4T{NI[1 -p()]-Nii-p(I)}M. (5) lar interactions may have to be considered. Another possibil-
ity is that irradiation in recrystallized regions induces the

From Eq. (5) and with N11 + 2N_ = 1, the values N11-0.1 and formation of magnetic columns whose shape anisotropy is
N1 -0.45 are obtained. These values suggest that the nano- not as large as that of columns formed during first irradia-
columns in ,ample Al are not ideally elongated. The same tion.
feature has been reported for NiZ' 2 alloys in which discon- A discussion of the anisotropic behavior in samples B
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F leads to a very similar conclusion. It is not included in this 1 Experimttarticle. YCo00 2 0 Calculation
D. Coercivity -,

The low-temperature value of the coercive field reaches 2 0.5 _A1
H,=650 Oe in sample Al, that is half the value of the mean A3
anisotropy field. It is known that for coherent rotation H, is
equal to HA .However, in the case where shape anisotropy is A2
involved, nonuniform magnetization processes, such as curl- 0
ing, are, in general expected to occur and to reduce the co- 01 2
ercive field to values much lower than 1/2 HA. The rather Fluence(1013 ions.cm 2)
large value of the coercive field in the present case can be
understood by considering that, as a consequence of the
small diameter of the magnetic columns, curling cannot oc- FIG. 10. Calculated (open symbols) and experimental (closed symbols) val-

cur. A simple nonuniform process can be considered, consist- ues of the coercive field as a function of the ion beam fluence (samples A).

ing in a progressive reversal and rotation of the magnetiza-
tion about the column axis. To the very first approximation,
the dipolar energy is reduced by a factor of 4 with respect to observed anisotropy in these systems has been attributed to
a uniform magnetization perpendicular to the column axis shape anisotropy. A magnetization reversal process has been
(coherent rotation). The exchange energy is discussed in which dipolar interactions are not fully mini-

o 2  AU1-12  mized because of the very small diameter of the magnetic
E~x =fAIIdz (6) columns. Further microstructural analysis and new irradia-Z I Iz tion experiments on other intermetallic compounds contain-

where A is the exchange constant, 0 the angle between adja- ing magnetic rare-earth elements are needed to allow a better

cent moments, and I the length over which rotation occurs. 1 understanding of the underlying mechanisms at the origin of

is obtained by minimizing the exchange energy with respect anisotropy and coercivity.
to the dipolar energy. One obtains tS. Klaumunzer, M.-d. Hou, and G. Schumacher, Phys. Rev. lett. 57, 850

[2-v (1986).
1- . (7) 2A. Audouart, E. Balanzat, G. Fuchs, J. C. Jousset, D. Lesueur, and L.

M Thom6, Europhys. Lett. 5, 241 (1988).

With A =5X10-7 erg/cm 16 and M()=360 emu/cm 3, the do- 3 A. Dunlop, D. Lesueur, J. Morillo, J. Dural, R. Spohr, and J. Vetter, C. R.
minh All lengh is e 160 a Acad. Sci. Paris 309, 1277 (1989).
main wall length is/1=600A,. 4A. Audouart, E Balanzat, S. Bouffart, J. C. Jousset, A. Chamberod, A.

The coercive field can be estimated from the above by Dunlop, D. Lesueur, G. Fuchs, R. Spohr, J. Vetter, and L Thom6, Phys.
expressing that for H=H,, the Zeeman energy MHcl is Rev. Lett. 65, 875 (1990).

the sum of the dipolar and exchange energies. This 5 R. L. Fioeischer, P. B. Price, and R. M. Walker, J. Appl. Phys. 36. 3645
equal to h(1965).
yields H,=800 Oe, which is in reasonable agreement with 6M. Toulemonde, E. Paumier, and C. Dufour, Radiat. Eff. Defects Solids
the experimental value. For the samples A2 and A3 the co- 126, 201 (1993).

ercive field is reduced to 300 and 150 Oe, respectively. This 7 A. Barbu, A. Dunlop, D Lesueur, and S. Averback, Europhys. Lett. 15, 37
(1991).

abrupt decrease can be explained by considering that migne- 8G. Fuchs, F. Studer, E. Balanzat, D. Groult, M. Toulemonde, and J. C.

tostatic interactions will pr3duce an additional demagnetiz- Jousset, Europhys. Lett. 3, 321 (1987).

ing field expressed in the continuous medium approximation 9 M. Toulemonde and F. S:uder, Philos Mag A 58, 799 (1988).

as 41rp(4:)M, Comparison between the experimental and 10K. H. J Buschow, in Ferromagnetic Materials, edited by E. P. Wohlfarth
(North-Holland, Amsterdam, 1980), Vol. 1.
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LMagnetic wire and box arrays (invited)
Atsushi Maeda, Minoru Kume, Takashi Ogura, and Kazuhiko Kuroki
New Materials Research Center, Sanyo Electric Co., Ltd., 1-1 Dainichi-higashimach4 Moriguchi, Osaka~570, Japan

Takashi Yamada, Madoka Nishikawa, and Yasoo Harada
Microelectronics Research Center, Sanyo Electric Co., Ltd., 1-18-13 Hashiridani, Hirakata, Osaka 573,
Japan

Ferromagnetic wire and box arrays with widths and spacings in the range of 2-0.6 /m were
successfully fabrcated utilizing high-resolution electron-beam lithography and lift-off techniques.
The box arrays possessed a unique magnetic switching mechanism. As the magnetic field decreased,
the magnetic coherency between the boxes which are in a row first disappeared. Domain wall
motion in each box occurred in the next step. The demagnetizing fields observed in the wire arrays
with short spacings were different from those calculated by a model, in which the wires are isolated
from each other. Ferromagnetic resonance measurement implied the appearance of interwire
dipole-dipole interaction. Multilayered wire arrays were also prepared to study the magnetoresistive
characteristics.

I. INTRODUCTION Ni8oFe 2o/Co/Cu/Co multilayered wire arrays. The resist por-

The physical properties of materials with an artificial tions were finally removed with acetone. In order to study
superstructure have attracted much attention.1'2 This is be- the effect of the interwire or interbox interactions, arrays
cause the effects from the periodicity and size are expected with various widths (w) and spacings (s) between 0.6 and 2
to be significantly different from those in the bulk states. In Atm were prepared. The artificial periodic structures formed
the past study, we have shown that metallic superlattices pre- were observed by scanning electron microscopy (SEM).
pared by molecular-beam epitaxy possess unique structural 3  Other structural characterization was done by x-ray diffrac-
and magnetic 4 characteristics. An artificial periodicity along tion (XRD) with CuKa radiation. Magnetic hysteresis loops
the film normal plays an important role in this uniqueness. were measured at room temperature using a vibrating sample
Therefore, two- or three-dimensional composition modula- magnetometer. Bitter patterns were observed under magnetic
tion in materials should be proposed as the next research fields less than 55 G. The FMR measurements were made
target. Though atomic-level control is still not possible in the with an electron spin resonance spectrometer operated on the
preparation of such artificial structures, fine patterning in X band at 300 K. Magnetoresistance (MR) was measured at
submicron size can be made using various lithography tech- room temperature in a four-terminal geometry with a direct
niques. In the field of magnetism, microscopic arrays of fer- current ().
romagnetic particles are prepared to study the basic prob-
lems, such as demagnetization process and interparticle Ill. RESULTS AND DISCUSSION
interaction.5'6  A. Structural characteristics of Ni80Fe20 arrays

In the present study, periodic arrays of ferromagnetic
wires and boxes are fabricated as the first step toward two- or All Ni80Fe20 wires and boxes prepared in this study have
three-dimensional modification. The magnetic properties are a thickness oi 50 nm. Figure 1(a) shows the SEM images of
discussed on (he basis of results obtained from hysteresis the wire arrays with various widths and spacings. It is found
loops, Bitter patterns, and ferromagnetic resonance (FMR) that the widths are equal to the spacings as designed. The
measurement. As one of the applications of the artificial linearity and edge structure of each wire are good enough to
structure, mag toresistive characteristics of multilayered discuss the physical properties. In the present study, we con-
wire arrays are ,lso studied. firmed that the specimen with a width and a spacing of 0.6

Am possesses a sharp artificial structure. Though the box
II. EXPERIMENT arrays also showed a clear periodic structure, the shape of

each box rounded with increasing the exposure resolution, as
The wire and box arrays were fabricated utilizing high- shown in Fig. l(b). The XRD patterns of the Ni80Fe20 arrays

resolution electron-beam lithography and lift-off techniques. showed no peaks in the middle-angle region. The measure-
1-Am-thick poly(methyl methacrylate) resist films coated on ment system used possesses sufficient sensitivity to detect
Si (100) wafers were directly exposed by an electron beam the diffraction from tne arrays. Therefore, the crystallinity of
with acceleration voltages between 25 and 50 kV. The typical the Ni80Fe20 wires and boxes is concluded to be low.
exposure area (equivalent to sample size) was 1OX 10 mm2.
After baking at 473 K under N2 atmosphere for 20 min, they
were developed using methyl isobutyl ketone. Next, Ni80Fe20  B. Magnetic characteristics of NlaFe 2o arrays
alloys (wt %) which form simple wire or box arrays were The hysteresis loops obtained for the Ni80Fe20 box array
deposited at the room temperature on to a lithographic resist with a width and a spacing of 1 Am are shown in Fig. 2.
mask. Ion beam sputtering was used for the preparation of When the magnetic field (H) was applied parallel to a side of
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I1 FIG. 3. Bitter patterns of Ni8oFe2 box arrays with a width and a spacing of
11 2 Am under (a), (h) 55 G and (c) zero field. The applied field direction is

0. 6gm described.

direction was in accordance with that of the applied field.
FIG. 1. SEM images of NiFe2 (a) wire and (b) box arrays with various derein cohereatte wre o the box arrays
widths (w) and spacings (s). Here, no coherent patterns were observed in the box arrays

with large spacings. Consequently, the interbox distance is

expected to be rponsible for the appearance of the mag-
the square (see Fig. 3). The magnetization (M) increased netic coherency. Whether the boxes interact with each other
and/or decreased in two steps. The same behavior was also or whether they are isolated from each other is a most inter-
observed in the M-H curves measured under the condition esting problem in the magnetism of the arrays. From this
where the magnetic field was applied at an angle of 450 to a point of view, the above results are important. With decreas-
side of the square. These observations suggest the presence ing field, the patterns between the boxes disappeared and the
of two kinds of magnetization switching mode in the box domain structure in each box became clear [see Fig. 3(c)].
arrays. Figure 3 shows the Bitter patterns of the box array Therefore, the demagnetization process observed in the box
with a width and a spacing of 2 /Am. Under 55 G, only a dim arrays can be understood as follows. As the first step, the
pattern was observed in each box, indicating the incomplete magnetic coherency between the boxes disappears with de-
saturation. In contrast, under the same field, some patterns creasing magnetic field. The linear change of the magnetiza-
were linearly present between the boxes which are in a row. tion, which is in the second step, reflects the wall motion in
This indicates that magnetic coherency was induced in the each box.
box arrays. As shown in Figs. 3(a) and 3(b), the coherence Figure 4 shows the M-H curves obtained at room tem-
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FIG. 2. M-H curves of Ni8oFe2o box arrays with a width and a spacing of 1 FIG. 4. M-H curves of NisoFe2o wire arrays with a width and a spacing of
pim. (a) and (b) were measured under the condition where the H was applied I pim. (a) and (b) were measured under the condition where the H was
parallel and at an angle of 45', respectively, to a side of the square. applied parallel and perpendicular, respectively, to the stripes.
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FIG. 5. Experimental (0) and calculated ( - ) Hd values of Ni8oFe2 wire
arrays with various widths (w) and spacings (s). 500 1750 3000

H (G)

perature for the Ni80Fe20 wire arrays with a width and a FIG. 6. FMR spectra of N:goFe20 wire arrays with a ,idth and a spacing of
I mt. (a) and (b) were measured under the condition where the static fieldspacing of 1 /.tm. Rectangular loops were observed when the was applied parallel and perpendicular, respectively, to the stripes.

magnetic field was applied parallel to the stripes. The hyster-
esis feature indicates that the magnetization switching is at-
'-ibutable to only domain wall motion. The coercive field dicular to the rf field. As shown in Fig. 6(a), when the static
increased with decreasing wire width. Under the condition field was applied parallel to the stripes, uniform precessional
where the magnetic field was applied normal to the stripes, mode was observed. On the other hand, under the condition
the magnetization linearly changed with increase and/or de- where the magnetic field was applied normal to the stripes
crease in the magnetic field. The feature shows that only and parallel to the array plane, midtiple resonances were ob-
magnetization rotation is responsible Ir the switching pro- served at higher field than the main resonance. Such multiple
cess. Based on the magnetic data described above, the shape resonances are similar to that corresponding to spin wave
anisotropy is found to be induced in each wire, resulting in a excitation.9 However, the thickness of each wire is smaller
magnetic easy-axis along the stripes. Here, no MR change than the wavelengthi of the spin wave. In addition, the mul-
was observed when the magnetic field was applied parallel to tiple resonances observed in the present study were strongly
the stripes. Consequently, the induced anisotropy is con- dependent on the width and spacing in the wire arrays, as
cluded to be extremely strong. This prompted us to prepare shown in Fig. 7. Therefore, some other mechanism must be
multilayered wire arrays as described in Sec. I!I C. The de- proposed for the wire arrays. In this context, we note the role
magnetizing fields (Hd) in the wire arrays were studied as
the function of the width and spacing. Since the total field
(He) for hard-axis saturation as noted in Fig. 4(b) is the al-
gebraic sum of the anisotropy field (Hk) and the Hd ,7 the Hd (a)

value was experimentally determined by using Eq. (1)

Hd=Hf-Hk. (1)

In the present study, 5 0e, which has been obtained for a
Ni 8oFe20 thin film with no patterns, was used as the Hk value. -
In contrast, the Hd of the wire arrays, in which the wires are (b)
isolated from each other, can be calculated from the geom-
etry and the saturation magnetizations

Hd=:tM / w, (2)

where t is the thickness (50 nm), M, the saturation magne- (
tization of the Ni80Fe, 0 (10 000 G), w the wire width. As
shown in Fig. 5, Hd exponentially increased as the w and s
values decreased. Here, ;t is worth noting that the difference
between the experimental and calculated data increases with
decreasing width and spacing. This suggests that the wires -

interact with each other. However, the observation does not 5 00 1 7 50 3 000
prove it because both of the w and s values are parametrized. It (G)

Therefore, a FMR measurement was carried out on the wire FIG. 7. FMR spectra of Ni8oFe2o wire arrays measured under the condition

arrays. The samples were in a uniform rf field at 9.224 GHz where the static field was applied perpendicular to the stripes. The width and

in a TEot I cavity. A static magnetic field was applied perpen- spacing were (a) 1.0, (b) 1.5, and (c) 2.0 A.m.
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0.5 - 5 where the magnetic field was applied normal to the easy axis,

(a) (c) the MR change in the wire array was likely steeper than that
in the film, as shown in Figs. 8(b) and 8(d). The relation
between the MR change and the demagnetization process of
these samples is currently under investigation.

1 1 5 IV. SUMMARY
0 (b)(d

Wire and box arrays of Ni80 Fe20 with widths and spac-
ings in the range of 2-0.6 Am were successfully fabricated
utilizing high-resolution electron-beam lithography and lift-
off techniques. Bitter patterns of the box arrays indicated that

0 0 magnetic coherency is induced between the boxes which are-100 0 100 -100 0 100
-1(G) 0 (G) in a row under the magnetic field. Two kinds of magnetiza-

tion switching modes were present in the box arrays. The
FIG. 8. MR curves of NigoFe20 (6.0 nm)/Co (0.6 nm)/Cu (2.3 nm)/Co (4.0 demagnetizing fields of the wire arrays with short spacings
nm) multilayered wire array (a), (b) and film (c), (d). (a), (c) and (b). (d) were larger than those calculated by a model, in which the
were measured under the condition where the magnetic field was applied wires are isolated from each other. The multiple resonances
parallel and perpendicular, respectively, to the easy axis. observed in the wire arrays implied the appearance of inter-

wire dipole-dipole interaction. The magnetoresistive charac-
teristics of the NisoFe20/Co/Cu/Co multilayered wire array

of dipole-dipole interactions in the stripes. This is because er i narl tudied.

the dipolar coupling is effective over a long range. In the
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parallel.11- 13 However, the magnetic moment is expected to 157, 178 (1991).
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Ferromagnetic filaments fabrication in porous Si matrix (invited)
Sergey A. Gusev, Natalia A. Korotkova, Dmitry B. Rozenstein,a) and Andrey A. Fraerman
Institute for Physics of Microstructures, Russian Academy of Sciences, 46 Ul'janova St.,
603600 Nizhny Novgorod, Russia

We have fabricated Ni filaments by nickel precipitation into a porous silicon matrix, making Ni
filaments of about 200 A in diameter and 30p.um in length separated by -500 A silicon walls. This
composite material demonstrates strong magnetic anisotropy perpendicular to the surface due to
shape anisotropy of the Ni filaments.

I. INTRODUCTION composition: NiCI2-6H20 185g/&; boric acid 45 g/l; pH

When a silicon wafer is electrochemically etched by an- =3.0. Nickel precipitation was carried out at 1-3 V, 50 Hz,

odization in hydrofluoric acid solutions a porous silicon (PS) and 18-20* C with nickel counterelvetrode. The nickel con-

is formed. Choosing appropriate etching conditions centration profile were studied by x-ray microanalysis with a
LINK analyzer mounted on the electronic microscope, scan-

(electrolyte composition and current densities) which is spe-
cific for each silicon type, one can get a PS structure with ning along the sample split in the pore direction by the elec-
cylindrical micropores oriented perpendicular to the surface. tronic spot. The Si Ka and Ni Ka lines intensity distribution
The remarkable properties of PS that are pertinent here are (ron d the elements cnction pi
that its pores are very uniform in diameter and length, that along the sample depth are presented in Fig. 2.
the pores are parallel and the pore density, pore length and
diameter can be controlled rather easily by varying electro-
chemical parameters and silicon doping.'. Typical pore diam-
eters which could be obtained are in the range of 10-1000 A C. Magnetic properties
and pore length is practically unlimited and controlled only

by etching time. We used PS as a matrix to form ferromag- To investigate magnetic properties of the obtained me-
netic filaments by electrodepositing nickel into the pores. dium a ferromagnetic resonance (FMR) study of samples
Starting the research we assumed this material to have a was carried out with electron paramagnetic resonance (EPR)
large perpendicular anisotropy due to shape anisotropy of spectrometer PS100X at ff 9.45 GHz in the magnetic fields
ferromagnetic filaments. Some properties of small aniso- up to 7 kOe. The angular anisotropy along the nickel fila-
tropic magnetic particles in nonmagnetic matrix have been ments with the value in the range 300-2000 Oe depending
previously reported for Fe needles into A120 3 matrix2'3 and on the sample structure. A representative angular dependence
for Co rods in the same matrix. 4' 5 In the present article we corresponding to 800 Oe uniaxial anisotropy is shown in
report on our experiments on the Ni filaments in porous Si Fig. 3.
matrix. The hysteresis curves for this sample were measured by

vibrating sample magnetometer (VSM) and are presented in

II. EXPERIMENT AND RESULTS

A. Anodization

We have anodized a n-type Sb-doped 0.01 fl cm silicon
substrate in the HF:ethanol (1:1) solution at 18-20* C with a
dc current (100 mA/cm2) for 5 min, getting the PS layer of
30 .m thickness. A JEM 2000 EXII electronic microscope
was used to study PS structure. Scanning electron micros-
copy (SEM) observations of the sample split (Fig. 1) re-
vealed that the pore diameter and the average separation be-
tween pores are -200 and -500 A, respectively.

B. Nickel precipitationC

After PS formation, nickel was electrodeposited into the
pores using ac electrolysis in an electrolyte of the following

FIG. 1. SEM image of the porous silicon sample split along the pores.
Substrate: n-type Si 0.01 fl cm; electrolyte: HF:ethanol (1:1); etching cur-

')Email: rozen@imp.nnov.su rent: 100 mA/cm2 . Average pore diameter, length 200 A, 30 Ain.
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FIG. 2. The Si Kor and Ni Ka lines intensity distribution (corresponding
with elements concentration profiles) of metaiiiLed porous layer determined
by x-ray microanalysis.

Fig. 4. The difference between the perpendicular and in-
plane loops confirms the presence of perpendicular magnetic
anisotropy.

III. CONCLUSION M

The carried out magnetic measurements shows the per-
pendicular anisotropy material fabrication. Our investigation
of this medium structure revealed that this material repre- NORMAL
sents a set of nickel filaments with diameters _ 200 and
length -30 /tni separated by 500 A silicon walls. It is
known, that in a ferromagnetic cylinder with radius less than
the exchange length magnetization is uniform along the
radius.5 The calculated exchange length for nickel is about -2000 2000
300 A. So one can expect quasi-one-dimensional magnetic H, Oe
properties for the obtained Ni filaments with smaller diam-
eters -200 A).

3.50

_FIG. 4. Perpendicular (a) and in-plane (b) hysteresis loops measured by
(D VSM for a Ni-filled porous Si sample.
t3.00
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Single-domain magnetic pillar array of 35 nm diameter and 65 Gbits/in.2

density for ultrahigh density quantum magnetic storage
Stephen Y. Chou, Mark S. Wei, Peter R. Krauss, and Paul B. Fischer
Department of Electrical Engineering, University of Minnesota, Minneapolis, Minnesota 55455

Using electron beam nanolithography and electroplating, arrays of Ni pillars on silicon that have a
uniform diameter of 35 nm, a height of 120 nm, and a period of 100 nm were fabricated. The density
of the pillar arrays is 65 Gbits/in.2-over two orders of magnitude greater than the state-of-the-art
magnetic storage density. Because of their nanoscale size, shape anisotropy, and separation from
each other, each Ni pillar is single domain with only two quantized perpendicular magnetization
states: up and down. Each pillar can be used to store one bit of information, therefore such
nanomagnetic pillar array storage offers a rather different paradigm than 'ne conventional storage
method. A quantum magnetic disk scheme that is based on unifor!.ly embedding single-domain
magnetic structures in a nonmagnetic disk is proposed.

I. INTRODUCTION process. The sample was immersed in a nickel sulfamate
Perpendicular magnetic recording media have been con- type plating bath and nickel was electroplated into the tem-

sidered by many as the media that will offer the largest stor- plate openings until the nickel thickness was near the tem-
asidy.Prevumany, seeiathawll fferelargretor- plate thickness. The plating rate, which is a function of plat-
age density. Previously, several perpendicular recording me- ing current, template diameter, and template thickness, was
dia were developed and investigated. These include Co-Crfixed at 45 nm/m for our work.
thin films with vertical grains,1'2 barium ferrite powder with Aer elecrating was rmove .

a perpendicular c axis, 3 and vertical ferromagnetic pillars After electroplating, the PMMA template was removed.

plated through porous Al films 4 or plastics films with nuclear After fabrication, the pillars were examined using a
ra i t d t ac s n alth s e i , h i m tr5f m g ei scanning electron m icroscope (SEM ) to verify the pillar di-

radiated tracks.5 In all these media, the diameter of magnetic mensions. The resulting nickel pillars are uniform and have
grains and the magnetization direction have a broad continu- desired shape anisotropy. Figure 2 show- SEM micrograph
ous distribution; the spacing between the grains varies and is of a pillar array having a diameter of 35 nm, a height of 120
uncontrollable; and each bit of information is stored over at of a threre an a ato of 35 Theight of hasleast several magnetic grains. nim, and therefore an aspect ratio of 3.4. The pillar array has

In order to explore the ultimate size of a magnetic bit a period of 100 nm, and thus has a magnetic storage density
an od ertoexplore the ultimate spacing be n n g magnetic bit of 65 Gbits/in.2 which is two orders of magnitude higher thanand the ultim ate spacing betw een neighboring m agnetic bits t e s a e o -h -r t r g .T e p l a s h v yi d i a

(therefore storage density), to improve understanding of the the sethert st he lls h
fundamental magnetics, and to develop new magnetic de- shape with very smooth sidewalls.
vices of high speed and high ocnqity, we have fabricated I. Electron Beam Lithography

ultrahigh density arrays of single-domain nickel pillars using e- c- e-
electron beam nanolithography and electropl...ng. The
unique advantage of nanolithography is that the dimension of PMMA

each pillar as well as the spacing between the pillars can be Gold 1.

well controlled and uniform. Due to small size and shape Silicon

anisotropy, each pillar is a single domain with magnetization
perpendicular to the substrate. Moreover, each magnetic pil-
lar can be used to store one bit of information. In this article 2 Development

we will discuss the fabrication vrocess, magnetic force mi- F-1[' F
croscope (MFM) measurements, and the possibilities of a
novel new recording paradigm, ifered by these pillars.

II. FABRICATION OF MAGNETIC PILLAR ARRAYS Nickel
3 Nickel Electroplatng Nce

A schematic of our fabrication process is shown in Fig.
1. A thin gold plating base was deposited or a silicon sub-
strate. A high resolution election beam resist, polymethyl
methacrylate (PMMA), was then spun onto the substrate.
Depending upon the desired pillar height, the thickness of
the PMMA is typically 130 nm; however, 720 nm thick
PMMA was also used in some cases. Dot arrays with diam- 4. PMMA Removal

eters from 35 to 40 nm and spacings from 50 to 1000 nm
were exposed in the PMMA using a high resolution electron
beam lithography system with a beam diameter of 4 nm. The
exposed PMMA was then developed in a cellosolve and
methanol solution creating a template for the electroplating FIG. 1. Schematic of nanomagnetic pillar array fabrication process.
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III. THEORETICAL ANALYSIS

We discuss the theoretical analysis of the nickel pillar
arrays here and the characterization in the next section. First,
theoretical calculation indicates that each nickel pillar should
be single domain. Using Aharoni's formulas, the diameter for
a prolate nickel spheroid with an aspect ratio of 3.4 to be
single domain should be 52 nm or smaller.6 In our case, the
pillar diameter is 35 nm and therefore should be single do-
main.

Second, if each pillar is used to store one bit of informa-
tion, such nanoscale pillar array storage has a rather different
paradigm than the conventional storage. In conventional stor-
age, each bit of information is stored over a number of mag-
netic grains which have a broad distribution in grain size,
spacing, and magnetization direction. These distributions

F0 will result in the variation of the total magnetization of each
35q nm bit stored and gve rise to noise in reading. In the single-

domain pillar array on the other hand, each bit is stored in a
pillar which has only two quantized magnetization values: up

FIG. 2. SEM image of Ni pillar array of 35 nm diameter, 120 nm height, or down in direction but equal in magnitude. Therefore,

and a 100 nm spacing. The density is 65 Gbits/in. 2 and the aspect ratio is oi fo reci s u e s mal.C t develoe
3.4. noise for each bit should be small. Certainly development of

fabrication processes for these nanomagnetic pillar arrays is
just the first step towards realization of this paradigm; meth-
ods for writing and reading information in such a media stillFigure 3 shows a SEM micrograph of a second sample need to be developed.

that was fabricated using 720 nm thick PMMA to obtain

taller nickel pillars. These pillars have an average diameter
of 75 nm, a height of 700 nm (therefore an aspect ratio of
9.3), and a period of 100 nm. Compared with the pillars in
Fig. 2, these tall pillars have a cone shaped sidewall with an We have attempted to use a high resolution magnetic
angle of 1.60 from vertical. Such cone shape results from the force microscope (MFM) operating at 300 mTorr to examine
fact that during the plating, the Ni pillars conformed with the these ultra-high density pillar arrays, but were unsuccessful.
PMMA template that has a cone shape due to significant The primary reason is that since the topology image and
electron scattering in the thicker PMMA during the lithogra- magnetic image are intertwined in MFM, the aspect ratio of
phy. our nanomagnetic pillars is so large that the topology image

completely masks the magnetic image. Despite the difficulty
in characterizing these nanomagnetic pillars, MFM measure-
ments showed that horizontal nanomagnetic bars of 35 nm
thickness and nanoscale widths are single domain, support-
ing our theoretical estimation that the nanomagnetic pillars
should be single domain as well. 7

Two other possible methods may be able to characterize
the nanoscale magnetic pillars: scanning electron microscopy
with polarization analysis (SEMPA) and magnetooptical
Kerr effect microscopy (MOKE). Currently, we ar- pursuing
these two studies. SEMPA analysis forms images by scan-
ning a focused electron beam across a sample and detecting
the spin polarization of secondary electrons. The magnitude
and direction of the secondary electron's spin polarization is
directly proportional to the magnitude and direction of the
magnetization of the sample being scanned. MOKE analysis
measures the magnetization of the pillars versus the mag-
netic field by detecting the rotation of polarization state of
light reflected from a ferromagnetic sample. We have built a
detection system that can detect a signal-to-noise ratio near
10-8 and are building a special probe station that will enable
us to focus the laser beam to a diameter of 3-4 A.m and

FIG. 3 SEM image of Ni pillar array of average 75 nm diameter, 700 nm
height, and a 100 nm spacing. The density is 65 Gbits/in.2 and the aspect position the beam to a specific location of the sample within
ratio is 9.3. 2 .tm accuracy.
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Second, the quantum disk can track every bit individu-
Nonmagnetic ally, but the conventional disk cannot track all of its bits.

This is because that in quantum disk each bit is separated
Magnetic 0 (Dfrom others by nonmagnetic material, but in the conventional

0 g disk many bits are connected. The individual-bit-tracking
ability allows precise positioning, lower error rate, and there-
fore ultrah",h density storage.

Finally, reading in the quantum disk is much less jitter
S a than that in the conventional disk. The reason is that in the

conventional disk the boundary between bits is ragged and
not well defined, but in the quantum disk each bit is defined
with nanometer precision (can be less than the grain size)
and is well separated from each other.

VI. SUMMARY
Using electron beam nanolithography and electroplating,FIG. 4. Schematic of a quantum magr.etic disk which consists of prepat- arrays of Ni pillars on silicon that have a uniform diameter of

terned single-domain magnetic structures embedded in a nonmagnetic disk.
35 nm, a height of 120 nm, and a period of 100 nm were
fabricated. The density of the pillar arrays is 65

V. QUANTUM MAGNETIC DISK Gbits/in.2-over two orders of magnitude greater than the
state-of-the-art magnetic storage density. Because of their

Based on these artificially patterned single-domain mag- nanoscale size, shape anisotropy, and separation from each
netic structures, we propose a new paradigm for ultra-high other, each Ni pillar is single domain with only two quan-
density magnetic disk: Quantum Magnetic Disk.8 As shown tized perpendicular magnetization states: up and down. Each
in Fig. 4, a quantum magnetic disk consists of prepatterned pillar can be used to store one bit; such nanoscale pillar array
single-domain magnetic structures embedded in a nonmag- storage offers a rather different paradigm than the conven-
netic disk. Each bit in the quantum magnetic disk is repre- tional storage method. Certainly development of fabrication
sented by a prefabricated single domain magnetic structurethathasa uifom ad wll-efind sape a reseciied processes for such magnetic recording media is just the first
that has a uniform and well-defined shape, a prespecified step towards realization of this paradigm; methods for writ-
location, and most importantly, a quantified magnetization ing and reading information with such a media still need to
that has only two states: the same in value and opposite in be developed. MFM characterization of these pillars is un-
direction. In other words, the shape, magnetization, and lo- successful at the moment due to large aspect ratio. Charac-
cation for each bit in a quantum magnetic disk are all quan- terization using SEMPA and MOKE is in progress. Finally,
tized and predefined during the disk manufacturing. On the based on the artificially patterned single-domain magnetic
contrary, in a conventional magnetic disk where a bit is tiot structures, a new paradigm for ultrahigh density magnetic
defined at disk fabrication, the shape and magnetization of recording media-the quantum magnetic disk is proposed.
each bit have a broad distribution and the location of a bit
can be anywhere on the disk. The quantum magnetic disk ACKNOWLEDGMENTS
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Magnetic properties of nanostructured thin films of transition metal
obtained by low energy cluster beam deposition
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Clusters of iron, cobalt, and nickel are produced in a laser vaporization source. The size distributions
of the incident clusters are checked by time-of-flight mass spectrometry before deposition at low
energy. Studying the near threshold photoionization, Co, and Ni,, clusters exhibit an icosahedral
structure while for iron, no clear structure emerges. Neutral clusters were deposited on different
substrates at room temperature with thicknesses up to 100 nm in view to determine their structure
and magnetic properties. A limited coalescence of the clusters is observed from high-resolution
transmission electron microscopy. No icosahedron has been observed but cuboctahedron and
interface twins between adjacent particles have been clearly identified in Ni films. Grazing incidence
x-ray diffraction experiments reveal a classical phase with grain size around 6 and 4 nm for Fe and
Ni films, respectively but an anomalous fcc phase for Co films and a very low grain size of 2 im.
The density of films determined by x-ray reflectivity was estimated to represent only 60%-65% of
the bulk density. Magnetic behaviors studied by ferromagnetic resonance and SQUID magnetization
measurements have been interpreted using the correlated spin glass model. M6ssbauer spectra
performed on Fe films at zero field revealed the presence of 20% of iron in the form of thin
nonmagnetic oxide skin surrounding Fe grains which allow to find 2.2 A.B per magnetic iron atom
in agreement with macroscopic magnetic measurements. Nevertheless we found an anomalous
reduced atomic moment for Ni film.

INTRODUCTION Our challenge in depositing transition metal clusters is to
synthesize new phases where the anomalous crystallographic

Recently, magnetic properties such as exchange coupling structures of free clusters would be kept and to study the
or giant magnetoresistance mainly observed in metallic mul- specific magnetic behavior of these weakly correlated enti-
tilayers have been detected in other nanostructured systems. ties on a substrate. Once more, w- .how that our technique
For example, Berkowitz et al1 and Xiao et aL2 observed gi- leads to a random compact cluster stacking (RCCS). 3 Thus
ant magnetoresistances in ultrafine Co-rich precipitate par- magnetic results could be interpreted by random anisotropy
ticles in a Cu-rich matrix. These samples were prepared by model with a scale law and in terms of localization of spin
coevaporation taking advantage of the low solubility of Cu in waves.
Co. However, though this technique is limited to nonmiscible
components, the adjustable cluster diameter is a w param-
eter in addition to the distance between particles as in thin EXPERIMENT
film layers. Thus, studies on clusters and cluster assembled Our cluster source is based on the technique of laser
materials are of increasing interest. vaporization. 3- 5 Roughly, a plasma is created in a vacuum

The laser vaporization source of the laboratory3 allows cavity by Nd-YAG laser light. Synchronized with the laser, a
the obtention of an intense cluster beam of any size distribu- high pressure (5 bars) helium pulse, iiijected in the cavity by
tion (from few to a thousand atoms per cluster) and the syn- a nozzle, thermalizes the plasma and cluster growth occurs.
thesis of cluster assembled materials, even of the most re- The nascent clusters are then rapidly quenched during the
fractory and of the most complex ones. The cluste- size following isentropic expansion into vacuum (10-7 Torr).
distribution is checked by time-of-flight mass spectrometry Cluster size distributions are analyzed in a time-of-flight
before deposition. Our source producing cold clusters with mass spectrometer. Studying the near threshold photoioniza-
low kinetic energy, incident clusters do not fragment on the tion (performed with a frequency-doubled tunable dye laser
substrate and may conserve their intrinsic structures. Thus pumped by a XeCl excimer laser), mass spectra of Co, and
we succeeded in the stabilization of very small size Ni,, clusters exhibit oscillations and a series of magic num-
fullerenes (C.0-C32), never previously observed experimen- bers (n=13,55,147,309,561,...) corresponding to an
tally. We clearly evidenced that deposited carbon clusters icosahedral or cuboctahedral atomic shell structure in the ob-
presented the in flight-clusters fingerprint. 3  tained mass range (50-800 atoms per cluster). A finer analy-
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sis allows us to conclude for the icosahedral structure.6 For Experimental ...

iron clusters, the results are not so simple, indicating a com- -Simulated curve

petition between different regimes.6  0.05

Then, free neutral clusters are deposited with a kinetic
energy in the 10-20 eV range on different substrates at room
temperature with thicknesses up to 100 nm in view to deter- 0.04

mine their structure and magnetic properties.

SAMPLE CHARACTERIZATION 0.03

The typical size of supported clusters obtained from
high-resolution transmission electron microscopy (HRTEM) 0.02

was about 2-6 nm for an initial size distribution centered Z
around 150 atoms for Fe and 300 atoms for Co and Ni clus- E,

ters, respectively. No icosahedron was observed but cuboc- Z 0.01
tahedra and interface twins between adjacent particles was
clearly identified in Ni films. Quasispherical grain morphol- . .
ogy existed in Fe film which could correspond to a bcc 0 F,

rhombic dodecahedron [110] according to the Wulff's *I F. "
theorem. 7 Grazing incidence x-ray diffraction (GIXD) ex- LJ Ji Metaic Fe

periments exhibit a classical bcc phase for Fe films but a fcc .0.01 .8.4 0. 4... 12

phase for both Co and Ni with a grain size extracted from the 12 .8 .4 0 4 8 12

peak width of about 6, 4, and 1.5 nm, respectively, in agree- VELOCITY mm/s

ment with electronic diffractions and TEM observations. The
classical structure of cobalt being hcp, the fcc phase ob- FIG. 1. M6ssbauer spectra obtained on a Fe150 film at 300 K.

served in Co films m- Pht be related to the icosahedral struc-
ture of the incident cluser beam. In fact, the icosahedron is
expected to be the precursor of the fcc crystal. The small The macroscopic magnetic behavior of our films has
grain size and the reminiscence of a free cluster structure been studied using ferromagnetic resonance (FMR) and mag-
confirm the limited coalescence process due to a weak diffu- netization measurements (SQUID). FMR curves roughly tra-
sion of metallic clusters on the substrate even at room tern- duced a thin film behavior" but revealed several resonance
perature. magnetic fields due to anchorage of spin waves at the surface

Rutherford backscattering spectroscopy showed that (when the applied field is perpendicular to the surface of the
these porous films are composed of 20%-30% of oxygen for film). The coercive field at 300 K is about 100 Oe for cobalt,
70%-80% of metals. The density of the films, determined by 50 Oe for iron, and lower than 10 Oe for nickel and increases
x-ray scattering at very low angle in 0/20 mode and from at 10 K up to 1000 and 500 Oe for Co and Fe films, respec-
rocking curve around the critical angle of the total reflectiv- tively. The value of the saturation magnetization was related
ity, was estimated to represent only 60%-65% of the bulk to the density value and to the quantities of oxides. For iron
density.8  in agreement with M6ssbauer results, the classical atomic

moment of 2.2 AB per magnetic iron atom is retrieved. On

MAGNETIC PROPERTIES the contrary we found a strongly reduced value in Ni film.
The atomic moment per Ni atom has been estimated to be

M6ssbauer spectra performed at room temperature on Fe equal to 1/4 of the bulk value (taking into account the film
films without magnetic field revealed the presence of the density). By extrapolating the magnetization curve versus
sextet of the metallic iron (with hyperfine field around 332 temperature, the Curie temperature T, has been found to be
KOe and representing 80% of the signal) and of two doublets around 350-400 K. Thus the magnetization reduction can
corresponding to 20% of ferric oxide (Fig. 1). Whereas the not be uniform, otherwise T, would be much more reduced.
common isomer shift of both nonmagnetic signals is equal to This could be due to the presence of dead magnetic layers
0.4 mm/s compared to the metallic iron, the quadrupolar similar to that observed in Fe films and/or to antiferromag-
splittings respectively equal to 0.9 and 2.4 mm/s allow us to netic coupling between Ni particles via Ni shell. Magnetore-
differ two types of oxide. The first one is identified as a thin sistance measurements and magnetization under high mag-
layer of nonstoechiometric Fe30 4 or/and a mixture of sto- netic field are in progress in view to see respectively an
echiometric Fe30 4 and y-Fe20 3 phases9 (in agreement with important negative magnetoresistance and a second transi-
the GIXD experiments on the most oxidized films'°). The tion of the saturation magnetization.
second one, not identified so far could be related to a free- We fitted the approach to saturation of the magnetization
cluster oxidation. These results allow to describe the sup- using the Chudnovsky model. 12' 13 The experimental law of
ported clusters as pure iron core surrounded by a thin skin (2 approach to saturation in magnetic systems is perfectly fitted
or 3 monolayers 7) of non-magnetic oxide. On the other hand, by the formalism of the random-anisotropy amorphous mag-
the intensity ratio of the sextuplet (321123) evidences a ran- nets. In the Chudnovsky's model, 12 a physical parameter is
dom spatial distribution of the magnetization at zero field. deined
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FIG. 2. Magnetization law in approaching saturation obtained on a Fe 50  (with a H -2 law) whereas at high temperature the exchanges
film at 300 K. dominate (with a H-11 law), the transition occurring around

200 K.
In conclusion, these first results lead us to pursue this

12 2 study to elucidate some other ch.- "-ristic magnetic param-
( /2KRa eters of the layers (Tc, e.g., antitcrroiiagnetic coupling in Ni

1 A - -films, and complete magnetic study on promising Co films).
where Ra, is the distance over which the local anisotropy axes In particular, x-ray absorption measurements will allow us to
wereaite adistce overxwich te ocaltansotropp axtes locally describe crystallographic and magnetic atomic envi-
are correlated and A is the exchange constant. The parameter ronment in view to explain the anomalous atomic moment in

X is the critical boundary between the correlated spin glass n i E iets with col usats ar en r

(CSG) regime (X<l) and the speromagnetic state (X>1). Ni films. Experiments with cooled substrates are in progress

One can define the ferromagnetic correlation length to attempt to stabilize the icosahedral structure which is ex-

Rf=Ra/X 2. The best fit 10'13 of the curve on Fe films (Fig. 2) pected to lead to specific magnetic properties.
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Size effects on switching field of isolated and interactive arrays
of nanoscale single-domain Ni bars fabricated using
electron-beam nanolithography

Mark S. Wei and Stephen Y. Chou
Department of Electrical Engineering, University of Minnesota, Minneapolis, Minnesota 55455

Isolated nanoscale Ni bars with a length of 1 Am, a width from 15 to 300 nm, and interactive bar
arrays with a spacing from 200 to 600 nm were fabricated using electron-beam lithography and were
studied using magnetic force microscopy. The study showed that the virgin magnetic state of bars
with a width smaller than 150 nm was single domain and otherwise multidomain. It also showed that
the switching field of isolated bars initially increases with decreasing bar width, then reaches a
maximum switching field of 740 Oc at a width of 55 nm, and afterwards decreases with further bar
width reduction. Furthermore, it was found that the switching field of the interactive bars decreases
almost linearly with reduction of the spacing between the bars.

I. INTRODUCTION acetone which dissolved the PMMA templ e and lifted off
Understanding the behavior of a single domain magnetic the nickel on its surface, but not the nickel on the substrate.

particle and the interaction between the particles is very im- After fabrication, bar widths were determined using a scan-

portant, because these particles are the basic constituents of ning electron microscope (SEM) and the bar width presented

many magnetic recording materials. However, previously here is the measured bar width.
most experimental studies of magnetic particles were made For isolated bars, the bar length was fixed at 1 /sm, butmost the bar width varied from 15 to 300 nm. The spacing be-
in an ensemble of such particles and the properties of a

tween isolated bars is 10 zm. Figure 1 shows a scanning
single particle were inferred only through extrapolation. Due een ioapoa bar ithra 1 nm width.

to large variation in particle dimensions, randomness of mag- For iterai ba a t bar with and lenth e

netization and unavoidable interaction, detailed information Fit na ctive th ang etwee

about single particles and their interaction is smeared out.

Due to advance in nanofabrication technology, now it is bars along the long axis is 2 Am, but the spacing between the

possible to nanoscale magnetic particle arrays with precise bars along the short axis varies from 200 to 600 nm. There-
psie toap, nansaeimagThisopnsupneticprticeraies fore the interaction between bars is primarily along the shortsizes, shapes, and spacing. This opens up new opportunities axis, and the bar arrays can be regarded as isolated rows of
to understand thle fundamentals of microniagnetics and de- oedmninlitrcieary.Ti svr ifrnvelo ne manetc maerils.Recntl, th fist epoted one dimensional interactive arrays. This is very different
velop new magnetic materials. Recently, the first reported from that in Ref. 1 where the bars were coupled primarily
study of nanoscale permalloy bars fabricated using electron aom the in Ref. 1 wher ate b a rcon rimoriiy
beam lithography was carried out by a joint team from the long the long axis. To illustrate the fabrication resolution
University of California at San Diego and IBM. 1' 2 In that
study, isolated bars had a fixed length of 1 Am and a fixed
width of 133 nm and interactive bar arrays had a fixed spac-
ing with the strongest coupling along the bars' long axis.

In this article, we present the fabrication and investiga-
tion of isolated Ni bars with a width varying from 15 to 300
nm and interactive Ni bar arrays with a spacing varying from
200 to 600 nm with the strongest coupling in the bars' short
axis. Furthermore, we report and discuss the effects of bar
width and spacing on the switching field of these isolated
and interactive bars.

II. FABRICATION OF NANOMAGNETIC BAR ARRAYS

Tht isolated and interactive nanomagnetic nickel bars
were fabricated using electron-beam nanolithography and a
lift off process. In the fabrication, a resist, polymethyl meth-
acralate (PMMA), was first spun onto a silicon substrate. A
high resolution electron beam lithography system with a
beam diameter of 4 nm was used to expose bar arrays in the
PMMA. The exposed PMMA was developed in a cellosolve . ...
and methanol solution to form a resist template on the sub-
strate. A nickel film, 35 nm thick, was evaporated onto the FIG. 1. SEM image of a high aspect ratio isolated Ni bar that is 1 Am long
entire sample. In the lift off, the sample was submersed in and 15 nm wide.
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FIG. 3. MFM image of a Ni bar which is 1 Am long and 100 nm wide. The
FIG. 2. SEM image of interactive bar arrays. Each bar is 200 nm long, 20 bright spot stands for the north pole and the dark spot stands for the south
nm wide and 35 nm thick. pole.

and uniformity, Fig. 2 shows a large array of Ni bars which along the direction of its easy (i.e., long) axis; and the bars of
are 200 nm long, 20 nm wide, and 150 nm apart along the wider width are multidomain. A MFM image of a 100 nm
short axis and 100 nm apart along the long axis, despite the. wide isolated bar is shown in Fig. 3.
fact that such dense bar arrays were not able to be resolved in It was found that the magnetization switching field of an
our magnetic force microscopy (MFM) study. isolated bar is a strong function of width, as shown in Fig. 4.

The switching field first increases with decreasing bar width,
reaches a maximum switching field of 740 Oe at a bar width

III. MFM MEASUREMENTS of 55 nm, then decreases with further reduction of the bar
width. The initial increase in the switching field is becauseThe nanomagnetic bars were studied using a custom the bar is changing from muitidoniain to single domain. The

built MFM that was modified from a commercial atomic tebri hnigfo utdmi osnl oan h
later decrease is likely due to the fact that thermal energy

force microscope (AFM). The MFM was operated in ampli- becomes comparable to magnetization switching energy.4

tude detection mode at -200 mTorr vacuum for a high sen- Compared to the study in Ref. 2, where the permalloy
sitivity. The MFM tips are the ordinary AFM cantilevers bars of a width 133 nm had a switching field greater than 400
coated with 30 nm of cobalt and have a resonance frequency Oe, the Ni bar with the same width studied here has a switch-
of 18 kHz. These soft tips give better sensitivity but poorer ing field about 100 Oe less. This could be due to two reasons.
resolution than that of a harder tip. First, nickel film on Si surface has significant stress, so there

In measuring the switching field of the isolated bars, the
sample was first saturated in a fixed direction along its easy
axis using a 2000 Oe magnetic field and a MFM image was 800
taken to determine its magnetization. Then a test field was
applied in the opposite direction and returned to zero. The 700 ,

sample was examined under MFM again to see if its magne- 600
tization flipped. If the bar flipped, a smaller test field was 0.
applied in next measuring cycle, otherwise a large field was
applied. This process continued until the switching field of a 400

nickel bar was located within 10 Oe. 300
2 00

Cf2 200

IV. DATA AND ANALYSIS 100

A. Isolated bars 0 0 . . .100 150 200 250

Before the isolated bars were put into any magnetic field, Bar width (nm)

MFM images of the sample were taken. These images FIG. 4. Switching field of isolated bars vs bar width The maximum switch-

showed that for bars of a width smaller than 150 nm, the ing field is 740 Oe for 55 nm wide bars. The bars are 1 Am long and actual

virgin magnetic state is single domain with magnetization bar width was measured using SEM
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FIG. 6. Percentage of bars that switched vs the applied magnet;c field for
interactive bars with a spacing along the short axis of 200, 400, and 600 nm.
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neighbor bars increases and will help a bar to flip. Third, the
FIG. 5. MFM image of one-dimensional interactive bar arrays with 400 nm broadness of the switching field distribution is about 100 Oe
spacing. which is due to bar interaction as well as size variations.

may be a magnetostriction effect which decreases the net V. CONCLUSION
anisotropy. Second, Ni has strong crystalline anisotropy but We have fabricated nanoscale isolated magnetic bars
permalloy does not. with different bar widths as well as interactive bar arrays

The critical width for superparamagnetism can be esti- with different spacing. 5 The switching field was measured
mated from the switching field vs size curve. The switching using MFM. The SEM micrographs show that these Ni bars
field of a particle of volume V, can be described by the have good uniformity and very high aspect ratio. The MFM
equation hc,=l-(Vp/V)0'5, where h,, is reduced coercivity studies show that bars with a width smaller than 150 nm
and Vp, is the volume below which the particle is superpara- were single domain and the switching field depends strongly
magnetic. The equation can be rewritten in terms of the bar on the width (therefore the aspect ratio) of the bar. The
width W:h,, =I -(Wp/W) 0 5. By fitting the switching field of switching field of the isolated bars first increases with de-
the bars with a width smaller than 55 nm, Wp is found to be creasing bar width, then reaches the maximum switching
18 nm. field of 740 Oe with 55 nm wide bars, and afterwards de-

creases with further reduction of bar width. The switching
B. Interactive nanomagnetic bars field of interactive bars decreases almost linearly with the

The interactive bar arrays that were studied using MFM reduction of spacing. The broadness of switching field distri-

have a bar width of 100 nm and a spacing between bars of bution for interactive bar arrays is 100 Qe.

0.2, 0.4, and 0.6 Am, respectively, along the short axis. Fig- ACKNOWLEDGMENTS
ure 5 shows a MFM image of these bar arrays. The switching
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Susceptibility and high field magnetization have been measured for Y(Col _xMx)2 (M=A, Fe, and
Ni). YCo2 exhibits a metamagnetic transition at 69 T. Ni doping in YCo2 increases the critical field
(B,), while Fe doping decreases it. These changes can be elucidated with the band picture of
metamagnetism. B, of YCo2 exhibits a positive shift proportional to the square of temperature. In
the paramagnetic region of Y(Co l -,xAlx)2 with x-<0.11, the susceptibility is enhanced with Al and
a sharp metamagnetic transition with lower B, is observed. The susceptibility becomes maximum at
a finite temperature Tmax. B, in the ground state is proportional to Tmax. These experimental results
are discussed with a new theory based on a spin fluctuation model. The susceptibility and the
metamagnetic transition are found to be very sensitive to pressure.

I. INTRODUCTION imply that the behavior of X(T) also originates from the spe-
cial shape of the DOS.

Ultrahigh magnetic fields over 100 T are now available Thermodynamical properties of an itinerant electron
for fundamental research on magnetism. One of the most magnet are dominated by the effect of spin fluctuations. In
interesting subjects in ultrahigh magnetic fields is itinerant fact, magnetic properties of a weakly ferromagnetic metal at
electron metamagnetism, that is, a first-order field-induced finite temperatures are successfully elucidated with the spin-
transition from the paramagnetic to the ferromagnetic state in fluctuation theory developed by Moriya. 14 However, the re-
a d-electron system. Since this phenomenon was predicted to lation between the temperature dependence of susceptibility
occur by Wohlfarth and Rhodes,1 many theoretical and ex- for an exchange-enhanced paramagnet with metamagnetism
perimental studies have been made to elucidate it. and its magnetization process remains unknown.

We have systematically studied the magnetization pro- In the present study, we have studied the magnetization
cess of various Co-based Laves phase compounds in mag- process and susceptibility for a typical metamagnetic com-
netic fields up to 120 T. We observed clear metamagnetic pound YCo2 and pseudobinary systems Y(Co-, M,)2 (M
transitions in Y(Co,AI)2 (Refs. 2 and 3), Y(Co,Fe) 2 (Ref. 4), =AI, Fe, and Ni) to clarify the origin of the transition and
Sc(Co,Al) 2 (Ref. 5), Lu(Co,AI) 2 (Refs. 6 and 7), Lu(Co,Sn) 2  the anomaly of X(T). The metamagnetic transition is ex-
(Ref. 8), Lu(Co,Si)2 (Ref. 9), Lu(Co,Ga) 2 (Ref. 10), YCo2  pected to be very sensitive to pressure. 15 We have also ex-
(Refs. 11 and 12), and LuCo2.12 Adachi et al. found a meta- amined the effect of pressure on the magnetization process
magnetic transition in the paramagnetic pyrite Co(S,Se)2* 3 and the susceptibility of the Lu(Col - ,Ga,) 2 system.

All of the above compounds have characteristics of a
strongly exchange-enhanced Pauli paramagnet: the electronic 11. EXPERIMENTAL PROCEDURE
specific heat coefficient and the magnetic susceptibility are
very large. Moreover, the temperature dependence of suscep- The Laves phase compounds Y(CoI-,M,) 2 (M=A, Fe,
tibility X(T) is anomalous: X(T) increases with temperature and Ni) and Lu(Col , xGax)2 were prepared by arc melting in
and then decreases through a maximum at a finite tempera- an argon atmosphere, followed by annealing at 900-950 'C
ture T= Tmax. These facts suggest that the itinerant electron for a week. All the specimens are confined to be single phase
metamagnetism and the appearance of a maximum in X(T) with the cubic Laves phase structure by x-ray diffraction.
come from the same origin. Itinerant metamagnetism is con- rhe obtained ingots were powdered for magnetic measure-
sidered to originate from a special shape of the density-of- ments.
states (DOS) curve for a d-electron system in the vicinity of High magnetic fields up to 42 T were produced using a
the Fermi level.' On the other hand, the origin of the unusual wire-wound puls. magnet with a duration time of about 10
behavior of X(T) observed in a strongly exchange-enhanced ms. Ultrahigh magnetic fields up to 120 T were generated by
paramagnet is not well understood. However, the above facts means of a fast capacitor discharge into a single-turn coil
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with a 100 kJ capacitor bank. Duration time of the pulse field 06

is about 7 ps.
The magnetization in puised high and ultrahigh magnetic j Co2 T=10Kfields was measured using an induction method with a set of 04!

compensated pickup coils. For the magnetization measure-
ment in ultrahigh magnetic fields, the powder sample was F
molded into a rod of 1.5 mm diameter and 5 mm length with L
epoxy resin (Stycast #1266) to avoid an eddy current effect. 5- 02

The magnetization under high pressure was measured using
an extraction-type magnetometer, with a high pressure clamp
cell made of Cu-Ti alloy, in steady magnetic fields up to 7 T.
The specific heat was measured at low temperatures in mag- o 20 40 60 80 1OO
netic fields of 0, 6, 10, and 14.6 T using a conventional heat 08

pulse method with a mechanical heat switch. The tempera-
ture was measured with a carbon-glass resistor thermometer
calibrated in magnetic fields.

III. RESULTS AND DISCUSSION 04-

First we show the magnetization of YCo2 (Refs. 11 and I
12) and LuCo 2 (Ref. 12) at low temperatures in ultrahigh 02

magnetic fields up to about 100 T. Sharp metamagnetic tran-
sitions can clearly be seen around 70 T with small hysteresis.
In ScCo2 , however, we could not find a transition up to 120 U0 2 0 40 60 0 100 20 40 60 so 100

T. The critical field of the transition in the ground state (Be) Magnetic Field ('r)

is determined to be 69 T for YCo2 and 74 T for LuCo2. Here,
we define B 0 from the average of two positions at which the FIG. 1. Magnetization process for YCo, and LuCo2 in ultrahigh magnetic

differential susceptibility dMIdB becomes maximum in the fields up to 100 T
increasing and decreasing field scans. The values of magne-
tization in the paramagnetic and ferromagnetic phases at B 0
are 0.17 and 0.44 MB/Co for YCo,, and 0.15 and 0.64 sB/Co
for LuCo2. The magnetization jump due to the transition is substituted for Co in YCo2. Fe substitution shifts the Fermi
AMO.27 AB/CO for YCo2 , which s apparently smaller vel to the lower energy side, while the Ni substitution shiftsthan AM=0.49 MBA/Co for LuCo,. The high field suscepti- it to the higher energy side.th n A = .9 AB C o u o, h i h fi l u c pi As an exam ple, w e show in Fig. 2 the dM /dB curve of
bility for both compounds is still large in the ferromagnetic Y(Col-Nix)2 in an increasing field scan. The B0 Of YCo 2phase. This indicates that the magnetization is not com- YCo N) 2 ianncesgfelsa.ThB 0 ofYophaeTsur icate by t the magnetiztration iobtained in this study is 72 T, which is slightly higher thanpletely saturated by the metamagnetic transition.

Yamada et al.16 estimated the magnetization in the that shown in Fig. 1. The position of B 0 rapidly moves to
ground state as a function of magnetic field for SCCo 2, the higher field side with increasing Ni content. In addition
YCo2, and LuCo, by calculating the electronic structure of to the movement of B,0, significant broadening of the tran-
d-electrons in magnetic fields. They assumed that the volume
does not change in magnetic fields. The calculated magneti-
zation process exhibits an itinerant metamagnetic transition. .' ...

at 120, 89, and 94 for ScCo,, YCo,, and LuCo2, respec-- (Coi._N,)z2
tively. A sharp peak being just below the Fermi level in DOS T=10K
plays an important role in these transitions. The peak comes / xo
mainly from the d component of Co atoms. As the external
field is increased, the Fermi level for the minority spin band a
approaches the peak of DOS and eventually a transition to a
larger moment state occurs at a certain field. The estimated M --) \ 050

B 0 for YCo2 and LuCo2 is larger by 20 T than the observed
ones. Yamada and Shimizu 15 have suggested that a magneto-
volume effect reduces the value of Bo. The reduction is \ 20%
roughly evaluated to be -13 T for YCo2. The evaluated B 0
becomes very close to the observed one by considering the .30%
magnetovolume effect. 60708090100

In order to get further information to support the band Magne60c Feld (T)

picture for the observed metamagnetic transition, we exam- M

ined the change of B 0 produced by the shift of the Fermi FIG. 2. Differential susceptibility dMIdB of Y(Col -, Ni,) 2 measured in an
level.17 A small amount of 3d transition metals Fe and Ni are increasing field scan.
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sition becomes apparent in the concentration region of FIG. 5. Critical field of YCo2 in an increasing field scan as a function of
X>0.015. temperature.

The values of B,0 obtained for Y(Col-,,Ni,) 2 and
Y(Col _..Fe,) 2 are plotted in Fig. 3. Ni substitution results in
a linear increase of B, 0 in the investigated concentration re- to be contradictory to the rigid band model, in which sym-
gion x--0.03. In the case of Fe substitution, on the other metrical changes are expected at least for small doping. In
hand, B,0 decreases. The observed change of Be due to Ni the case of simultaneous doping with equal amounts of Fe
and Fe substitution can easily be understood with the band and Ni, no change of B 0 is expected from the model. How-
model of metamagnetism. Since excess d-electrons produced ever, an appreciable increase of 2 T is observed for x = 2% in
by Ni substitution increase the distance between the Fermi Y(Co _(Feo0sNio.s)) 2 as shown in Fig. 3. It should be noted
level and the peak position of DOS, the condition for the that the volume change due to the substitution is negligibly
metamagnetic transition is satisfied at a higher field. On the small and gives no effect to Bo. A theoretical study on the
contrary, a decrease of B is rpected by Fe substitution. The change of B,0 due to the substitution is now in progress.
change of B, can qualitatively be explained with a simple At finite temperatures, spin fluctuations are excited in a
rigid band model. However, the magnitude of the observed metamagnetic compound. The metamagnetic transition is af-
change in B, is apparently different for these two systems, fected by the spin fluctuations. Figure 4 shows the dMdB
We obtain JdB,/dxl = 7.2 T/%Ni for Ni substitution and curve of YCo, at several temperatures for an increasing fieldIdBo/dxl =4.5 T/%Fe for Fe substitution. This fact seems scan. The metamagnetic transition is very sharp at low tem-

peratures, but it broadens rapidly with increasing tempera-
ture. We determine the temperature, at which the first-order

II |metamagnetic transition becomes second order (hysteresis in
YCo2 80K the magnetization curve disappears), as TO= 100 - 10 K. The

critical field B,(T) shows a positive shift proportional to T2

at low temperatures, as shown in Fig. 5.
I 45K In RCo 2 (R:nmagnetic rare-earth element) compounds,

-. the Co site is exposed to an exchange field from the R sub-
2", lattice. As the temperature decreases, ferromagnetic or ferri-

30K magnetic ordering is realized in RCo2 and is accompanied
with a metamagnetic transition of the d-electron system (the

] Co sublattice). The Curie temperature T, corresponds to the
• __19K -metamagnetic transition point. If T, is lower than To, the

magnaetic transition of RCo2 should be first order. In fact, the
transitions of ErCo2 (T,=30 K) and HoCo2 (T,=76 K) are

8K first order and those of TbCo2 (T,=232 K) and GdCo2
(Tc=405 K) art; second ordor. 18

The positive shift of B,(T) suggests that the entropy of
7 8 9the d-electron system is -educed by the metamagnetic tran-60 70 80 90

Magnetic Field (T) sition. The entropy reduction comes from the suppression of
spin fluctuations by the transition, leading to a decrease in

FIG. 4. Differential susceptibility dM/dB of YCo2 for several temperatures the coefficient y for the electronic specific heat. Here, we
measured in an increasing field scan. evaluate the decrease of y from the temperature dependence
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of the critical field. On the first-order phase boundary, the FIG. 7. Temperature dependence of susceptibility for Y(Col _,Al,) 2. Small
Clausius-Clapeyron relation is satisfied arrows indicate the position of T.sx.

dH(T) AS

dT AM' As already described in the introduction, we have found

where AS and AM are changes in entropy and magnetization the fact that every metamagnetic compound has a maximum
across the phase boundary. Since Hc(T) [=B,(T)/ii0 ] is in X(T). We examined the relation between the susceptibility

proportional to T2, AS is proportional to T. This indicates and the magnetization process using the Y(Col -Alx)2
that y is discontinuously decreased by the metamagnetic system.3 We show X(T) for this system in Fig. 7. X(T) of
transition. Using the experimental values of YCo 2 increases with temperature and becomes maximum
dBIdT= 1.85 X 10- ' T/K2 and AM=0.27 ptBICo, we ob- around 240 K. At higher temperature it obeys a Curie-Weiss
tain the decrease of y for YCo2, Ay= -11 mJ/K 2 mol. law. With increasing x, X(O) is more enhanced. Compounds

In order to confirm directly the reduction of y caused by with x - 0.11 exhibit behavior typical of a strongly exchange-
the metamagnetic transition, we measured the specific heat enhanced paramagnet like YCo 2. Above x=0.12, the com-

of Lu(Coo.91Gao o9)2 with low Bo in steady magnetic fields.8  pound becomes weakly ferromagnetic.23 The temperature at
Figure 6 shows the specific heat together with the magneti-
zation as a function of magnetic field. The "y value, which is
35.5 mJ/K 2 mol in zero field, decreases during the metamag- 300 - -80
netic transition and becomes 25 mJ/K 2 mol in the ferromag-
netic state. The decrease of y due to the transition, Ay=
-10.5 mJ/K 2 mol, is consistent with that estimated from o,0"Y(Col-xAlx)2

B,(T) Of YCo 2  
60

The resistivity of the metamagnetic compounds YCo2, 200-
LuCo2, and ScC0 2 shows a temperature dependence ofp(T)=po+AT 2 at low temperatures.' 9 The coefficients A 0 o

and y for these compounds are very large compared with . 40

isostructural compounds with small susceptibility, such as Tmax 0

ZrCo 2 and HfCo2 . Baranov et al. 19 have found that YC0 2, I
LuCo2, and ScCo2 satisfy the Kadowaki-Woods relation 100-
(Ref. 20), A/y= 1.0 X 10- 5 fl cm(K mol/mJ) 2, as well as ,20
heavy fermion compounds. This relation can be explained in 0

terms of spin fluctuation theory.21 These results indicate that \ 0__ \ 0
the resistivity of metamagnetic compounds is dominated by xC
spin fluctations. In RCo2 the resistivity is also very large 0 1 I 0
above TC, but it is abruptly reduced at T. 22 The abrupt 0 0.05 0 10 0.15

reduction mainly comes from the suppression of spin fluc- X
tuations due to the metamagnetic transition, as suggested by FIG. 8. Values of Bo and Tn. for Y(Col-,Al) 2 as a function of x. x,

the decrease of y observed ill YCo 2 and Lu(Co0 9 1Ga0 9)2. indicates the critical concentration tor the onset of ferromagnetism.
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0.61 .. Y(Co1 -.xAlx) 2  system, a simple linear relation

T=4.2 K T=10 K Bco/Tma=0. 29 T/K is satisfied. Similar relations are found
in some pseudobinary systems such as Lu(Co xmlx)2, 7 and
Hf(Co1 -. Fe.) 2.24 These facts suggest that the appearance of

0.4- a maximum in X(T) is strongly related to the occurrence of.11 .09 07 .06 .03 x=0 metamagnetism and both phenomena have the same origin:

the susceptibility maximum is also associated with a special/ ! / ~~~~shape of the DOS curve in the vicinity of the Fermi level.Yaaa5 o h tnrn

2 -2Recently, Yamada2 developed a theory of the itinerant
electron metamagnetism at finite temperatures based on the

- Y(Col.xAI )2 - spin fluctuation model. Characteristics of the itinerant meta-
magnet at finite temperatures are examined by the theory.

o__The equation of state for the itinerant system is written in the
0 20 40 60 80 100 ground state as

Magnetic Field (T)
H (M ) =aM +bM 3 +cM 5, (2)

FIG. 9. Low temperature magnetization process of Y(Col -,A],) 2. where a is the inverse susceptibility. The coefficients b and c
are expressed in terms of the density of states and its deriva-
tives at the Fermi level. The condition for the occurrence of

which the susceptibility becomes maximum, Tmax, decreases a metamagnetic transition26 is given by
rapidly in accordance with the enhancement of X(O). The
concentration dependence of Tm is indicated in Fig. 8. Tmax 3 ac 9
systematically decreases as x increases. a>0, b<0, c>0, and "6<b"g< -" (3)

Figure 9 shows the !ow temperature magnetization of the
Y(Col-xAlx) 2 system.3 All the compounds with x--0.09 ex- At finite temperatures, the coefficients are renormalized by

hibit sharp metamagnetic transitions. The critical field Bco is thermal spin fluctuations. The coefficient a is transformed

plotted together with Tmax in Fig. F. Bco decreases nearly into

linearly with increasing x. Above x=0.08, however, Bco ex- A(T)=X(T) -=a+ b~p(T)2 + - cp(T)4, (4)
hibits an anomalous change. In the weakly ferromagnetic
phase 0.12-<x<0.15, ferromagnetism and metamagnetism where 6P(T)2 is the thermal average of the square of the
coexist. This may come from heterogeneity of the system. fluctuating magnetic moment in the paramagnetic state.
The critical concentration, at which the critical field becomes 6p(T) 2 is a monotonically increasing function and is propor-
zero, is estimated to be xc=0.12 from the x dependence of tional to T2 at low temperatures. Under the condition (3), the
Bco in the concentration range x-0.08. This x, coincides susceptibility X(T)=A(T) - has a maximum at a finite tem-
with the onset of ferromagnetism. It should be noted that the perature T= Tmax due to thermal excitation of spin fluctua-
concentration dependence of Bco is very similar to that of tions. This means that both the metamagnetic transition and

Tma x . We Dlot Bo against Tmax in Fig. 10. In the the maximum ot X(T) originate from the electronic structure
of d electrons. The temperature dependence of the critical
field is expressed as

100 , Bc(T) =B,0 + a p(T)2 , (5)

Fwhere a is a function of b and c. This indicates that Bc(T) is
increased by the effect of spin fluctuations, consistent with

Y(Coi.xAlx)2 the observed B,(T) for YCo,. The linear relation between

B,(T) and Tmax, Bco/Tmax=const, is derived by the theory.
x=0 This is also consistent with the relation between Bco and

0.02 Tmax observed in the Y(Col .xAlx) 2 system. Moreover, the

temperature T0, at which the first-order metamagnetic tran-
50 0.04 sition disappears, can be estimated using the experimental

values of Tmax and X(O)IX(Tmax). The estimated To is 104 K
0.06 for YCo2 with Tma=240 K and x(O)/X(Tmax)= 0 .50. This

007 value is in good agreement with the experimental result of
0.09 To = I 00± 10 K. The observed characteristics of the itinerant

metamagnet are successfully elucidated with this theory
,, based on the spin fluctuation model.

,o t Finally, we show the pressure effect on the magnetiza-
0 0 20 3 tion process and the susceptibility of Lu(Col .Gax) 2

• Itiner-
Tmax (K) ant metamagnetism is expected to be very sensitive to high

pressure since it comes from the shape of the DOS curve in
FIG. 10. Critical field Bo vs T,,. for Y(Co 1 .-A], ) ,. the vicinity of the Fermi level. Figure 11 shows the pressure
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15 The observed increase of Tmax indicates that the pressure
• .,. . _* oeffect decreases both DOS at the Fermi level and the en-

-" i ." :', * ,hancement factor. The large reduction of x((Tmax) suggests

0 10 A.* . that the spin fluctuations are much suppressed by the appli-
E 10 - A A A A cation of pressure. In the present study we cannot determine

0 o • • the relation between BO(P) and Tmax(P) under high pres-

. * ~ kbA arsure with the same sample. However, the simple relation
* , ' 4.5 kbar Bco(P)lTmax(P)=const may be satisfied.

5 6.5 kbar In conclusion, we have successfully observed metamag-" u 8.4 kbarit netic transitions in YCo 2 and LuCo2 at Bco=69 and 74 T.
Lu(t 0. 8 Ga0 12)2 The change of Beo due to Ni and Fe doping in YCo2 suggests

0 I-L I I that the transition originates from a special shape of the DOS
0 2 4 6 8 curve around the Fermi level. Bc(T) of YCo2 shows a posi-

Magnetic Field (T) tive shift proportional to T2 at low temperatures. In the
Y(Col -xAlx) 2  system, we have found the relation

FIG. 11. Pressure effect on the magnetizatio!' process of Lu(CoossGao 12)2 at Bco/Tmax=const. These experimental results can be ex-
4.2 K. plained by theory based on a spin fluctuation model. We have

observed the suppression of spin fluctuations due to meta-
magnetic transition. The metamagnetic transition at,! suscep-

dependence of the magi:etization process for tibility are sensitively changed by pressure.
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Local and nonlocal density functional studies of FeCr
David J. Singh
Complex Systems Theory Branch, Naval Research Laboratory, Washington, DC 20375

Local spin density approximation and generalized gradient approximation calculations are reported
for ferromagnetic B2 FeCr. Both shear elastic constants are found to be positive, indicating
metastability of the B2 structure. Both the moments of the Fe and Cr layers are ferromagnetically
aligned, with the Fe moment being considerably depressed. This is in contrast to the behavior for
thicker films. The evolution of the behavior as a function of the layer thickness is addressed using
supercell calculations. It is found that Fe monolayers in bcc Cr are ferromagnetically aligned with
the neighboring Cr moments, while thicker Fe layers are antiferromagnetically aligned with the
adjacent Cr layers.

INTRODUCTION B2 FeCr: STRUCTURAL AND ELASTIC PROPERTIES

Fe/Cr multilayers have become the focus of intense in- Spin polarized LSDA and GGA total energy and elec-

vestigation over the past few years in part because of the tronic structure calculations were performed for lattice pa-

discovery of oscillatory interlayer coupling and giant magne- rameters between 5.20 and 5.45 a.u. Lattice parameters and

toresistance (GMR) in this system. Although CsCl (B2) bulk moduli were obtained by fitting these to the Birch equa-

structure FeCr does not exist in the Fe-Cr phase diagram, 1  tion of state. This procedure yielded an LSDA lattice param-

the system is of interest not only because of the possibility of eter of a =5.23 a.u. or 2.77 A and a bulk modulus of 297

growing it layer by layer with molecular beam epitaxy GPa. The present lattice parameter is 1.3% smaller than the

(MBE) but also because it may be viewed as alternating 5.30 a.u. obtained by Moroni and Jarlborg using the LMTO

(001) layers of Fe and Cr, thus forming the low thickness method,2 while the bulk modulus is 10% larger. Converged

limit in the Fe/Cr/Fe multilayer family. LSDA calculations for 3d magnets typically give lattice pa-

This article reports local spin density approximation rameters that are 2% to 3% smaller than experiment and bulk

(LSDA) and generalized gradient approximation (GGA) cal- moduli that are 25% to 40% too large, even though elastic

culations used to investigate the electronic, magnetic, struc- and other properties when calculated at the experimental lat-

tural, and elastic properties of this phase. The results are in tice parameter are in close agreement with experiment. 9 In

general accord with an earlier LSDA linearized muffin-tin contrast GGA calculations typically yield lattice parameters

orbital (LMTO) calculation of the electronic structure, lattice and bulk moduli in much better agreement with experiment

parameter, and bulk modulus for this phase.2 Enhanced for these materials. The calculated GGA lattice parameter for
bonding, reduced Fe moments, and an unexpected parallel FeCr is a =5.33 a.u. which is approximately 2% larger than

alignment of the Fe and Cr spins is found. This alignment is the LSDA value, but still 2% smaller than is obtained by

opposite to that observed in multilayers. Calculations were applying Vegard's rule to bcc Fe and Cr; this suggests en-

performed for several multilayers with different Fe and Cr hanced bonding in FeCr. The GGA bulk modulus is 256 GPa.

layer thicknesses in order to understand the parallel align- Elastic constants were calculated within the LSDA but are

ment and the regime in which it occurs. the likely more realistic GGA lattice parameter, using the
procedure of Mehl et al.9 This results in fairly stiff shear
elastic constants, C4 4 =150 GPa and C11-C 12 =230 GPa.
These large values, which suggest strong bonding, suggest

METHOD that B2 FeCr is a metastable phase, and therefore that this

The present self-consistent calculations were performed phase may be grown epitaxially to large thicknesses.

using the general potential linearized augmented planewave
(LAPW) method3'4 with a local orbital extension s to relax the B2 FeCr: ELECTRONIC AND MAGNETIC PROPERTIES

linearization of the 3d bands. Unlike the LMTO calculations The LSDA band structure and electronic density of states
of Ref. 2, this method imposes no shape approximations on (DOS) are presented in Figs. 1 and 2, respectively. The
the charge density or potential. LAPW sphere radii of 2.25 Fermi energy falls in a peak in the majority spin DOS, per-
a.u. were used with well converged basis sets derived from haps related to the fact that the B2 phase is thermodynami-
an interstitial cutoff of 16 Ry. The Brillouin zone sampling cally unstable. Both the minority and majority spin d bands
were performed using a 163 special k-points mesh, which are partially occupied. The similarity of the Fe an' Cr pro-
yielded 120 points in the irreducible 1/48 wedge of the jections of the DOS is remarkable. This reflects hybridization
simple cubic zone. The multilayer calculations were per- between the Fe and Cr d orbitals. This is also seen in the
formed using a 123 mesh in the cubic zone whic was folded magnetic moments. At a =5.33 a.u., Fe and Cr spin moments
down into the appropriate tetragonal zones. The LSDA cal- of 1.21 1 B and 0.61 1As were obtained within the LSDA. The
culations were performed using the Hedin-Lundqvist 6 func- interstitial polarization is very small as expected. Moroni and
tional with the von Barth-Hedin spin scaling;7 GGA calcu- Jarlborg2 report LSDA values at their calculated lattice pa-
lations used the recent Perdew-Wang functional.8  rameter of 5.30 a.u. At that lattice parameter, I obtain mo-
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FIG. 1, LSDA band structure of B2 FeCr. Majority (minority) spin bands FIG. 3. Total and projected spin magnetization in AB per formula unit vs
are denoted by heavy (light) lines. The dashed horizontal line denotes the lattice parameter for B2 FeCr.
Fermi energy.

ments of 1.164 AB and 0.635/A B for Fe and Cr, respectively. antiparallel and were close to their bulk elemental values).
These values are 0.060 B larger for Fe and 0.05r smaller This is in sharp contrast to what is known about the interface
forthe a aortose 006 lRefor F.Te and 0.05t ismalr between thicker Fe and Cr layers where the Fe and Cr mo-
for Cr than for those of Ref. 2. The Cr moment is only
slightly enhanced relative to bcc Cr, while the Fe moment is ments are antiparallele t 'n u As shown in Fig. 3, the moments
strongly reduced. Further, the Fe and Cr moments are aligned vary slowly over the entire volume range studied and in par-

of 1 ticular the parallel alignment of the Fe and Cr moments per-
in FeCr (coincidentally the total spin moment o .82 B IS sists. This result, which is qualitatively int accord with the
what would be expected if the Fe and Cr moments were earlier calculations of Moroni and Jarlborg2 and also holds in

GGA calculations, can be rationalized in terms of the elec-
60 tronic structure. In the B32 stiucture each Fe atom is sur-

rounded by eight Cr atoms and vice versa-a favorable en-
40 vironment for d bonding. As mentioned, the electronic
20 Total [structure shows strong Fe-Cr hybridization as reflected in the

0_ similar projected DOS for the two species. This similarity
arises in three ways, a charge transfer from the Fe to the Cr

20 atoms, parallel alignment of the spin moments, and a strong

40 reduction in the Fe moment. Evidently, the bonding energy is
sufficient to bring these things about in B2 FeCr.

V1 40 FeCr MULTILAYERS
020 CB20 CRegarding FeCr as a stack of single (001) Fe and Cr

S0' -- layers, one may consider the effects of changing the layer
o thicknesses. For thicker Fe layers, each interface Fe atomo 20. 'V) would be coordinated by four Cr atoms and four Fe atoms in

40 the next layer, which depending on the layer thickness would
20 Fe be interior or interface Fe atoms. Similarly, one may consider

changing the Cr layer thickness. In order to study these situ-
0 ations, LSDA supercell calculations at the bulk Fe lattice

20 parameter were performed for several such stacks, as shown
40 in Table I. These are denoted as FeCr,, where n is the thick-

ness of the Fe layers and m is the thickness of the Cr layers.
60 . GGA calculations, which, were performed for the stacks con-
-0.8 -0.6 -0.4 -0.2 0 0.2 taining four and fewer layers yielded similar results but with

E (Ry) larger Cr moments consistent with previous GGA calcula-
tions for bulk Cr.t12

FIG. 2. Total and projected DOS of B2 FeCr. Majority (minority) spin
contributions are shown above (below) the axis. The dashed vertical line The results show that thickening the Cr layer does not
denotes the Fermi energy. change the parallel interface alignment provided that the Fe
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[ TABLE I. Projected spin moments in /UB/atom of Fe.Crm (001) stacks. The found that FeCr is elastically stable and is likely a metastable
projections are onto the LAPW spheres. The alignment of the spin moments phase. A parallel alignment of the Fe and Cr moments is
is given by the sign. In cases where there are more than one inequivalent Fe found; this may be understood in terms of strong hybridiza-
or Cr atom, the moments are given in order of the distance from the inter-face; Fe, and Cr, are the interfacial atoms. tion apparent in the electronic structure. Calculations for

Fe-Cr multilayers show that the interfacial Fe and Cr mo-
n m M(Fel) M(Fe) M(Fe3) M(Cr) M(Cr2) ments remain antiparallel, except in the case when the Fe is

1 1 1.36 . ... 0.52 .. a single atomic layer thick, in which case a novel parallel
1 3 1.33 .. ... 0.30 -0.27 alignment is found.
2 1 2.09 ...-.. . 0.41 ""

3 1 1.92 2.49 -.. . 0.35 . "

5 1 1.99 2.44 2.36 -0.42 ."
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Temperature-dependent electronic structure and ferromagnetism
of bcc iron

W. Nolting
Humboldt-Universitit, Lehrstuhl Festkbrpertheorie, Invalidenstrasse 110, 10115 Berlin, Germany

A. Vega
Departamento de Fisica Te6rica, Universidad de Valladolid, 47011 Valladolid, Spain

The influence of electron correlations on the temperature dependence of the electronic structure of

ferromagnetic bcc iron is investigated by the use of a many-body evaluation of a generalized model
of magnetism. The one-particle part of the model Hamiltonian is taken from an LDA band-structure
calculation. The model contains only two parameters, an intraband Coulomb interaction U, and an
interband exchange J. With U= 1.8 eV and J =0.2 eV the self-consistent model solution yields a
T=O moment of about 2.04 /B and an exact Curie temperature of 1044 K. Details of the magnetic
behavior of Fe can be traced back to a striking temperature variation of the quasiparticle density of
states. Typical differences in the magnetic behavior of Fe and Ni are worked out.

I. INTRODUCTION Hu is an intraband Coulomb interaction of Hubbard-type

Decisive features of band ferromagnets like Fe, Co, and (Um+Jmm-U Vm)

Ni can be traced back to electron-correlation effects in the 1
relatively narrow 3d subbands, which only weakly hybridize H U2  (4)
with the 4s and 4p bands. The Fe valence band contains
eight electrons, about seven of them have predominantly d The second term is an interband exchange interaction
character. Current state-of-the-art band structure calculations (Jmm' -J Vm A n'), which has exactly the same structure as
within the "local spin density approach" (LSDA) are a.(e to the interaction part of the sf(sd) model
account for ground state properties of Fe quite reasonably.
However, up to now a convincing theory does not exist for Hj= -JI o',mSm. (5)
the temperature-dependent electronic structure, from which i'r
magnetic key quantities, such as the C'rie temperature, the + _ +
magnetization curve, and the exchange splittings can be de- aim is the electron spin operator [ #TimCimtCmi,

e -- C LTzm0,5(nsmT-nmi)]. SIm is a fictitiousrived. Tim --eiml W) C m 

spin, "seen" by an electron from subband m and built up by
electron spins from all the other subbands

II. THEORETICAL MODEL *m
S.m 0",m, .(6)

Although prototypical magnetic materials like Fe, Co, ,
Ni, Gd, EuO, NiO,..., belong to rather different classes of
magnetism, they should be describable by one and the same The third term in Eq. (3) is a spin-independent direct Cou-
theoretical model and by use of very similar approaches to lomb interaction between electrons from different subbands
the sophisticated many-body problem. Our model Hamil- ((=0,5(Um- 0,-5Jmm,) Vm- m')
tonian mom'1 nmm=m(7

H=Ho+Hl 1 H&= 2 0 Ta nlmnim' ; ni raY nm,("

has already been applied in preliminary works to some of the i,m,r

above-mentioned materials. 1- 3 The single-particle part reads Since there is no direct spin dependence in Hj, this partial
Hamiltonian will not execute a direct influence on typical

H Ti(m)c+,c~m-X sm(k)C+m~rCkm.r" (2) magnetic phenomena. We therefore neglect it in the treat-
ijm, kma ment of Fe.

The indices i,j mark the lattice sites and o- marks the spin We believe that H, contains all the interactions which

projection. In the case of Fe the band index m runs over the are vital for the magnetic correlations and the temperature

3d subbands. It is commonly accepted that the important dependence of the electronic structure. For a realistic com-

aspects of band ferromagnetism are sufficiently well ac- parison to experimental data, however, we have to reintro-

counted for by intraatomic direct (Umm,) and exchange duce the influence of all the other interactions by a proper

(Jmm') terms only. These terms can be rearranged in the renormalization of the single-particle energies. This is done

following illustrative way:2  by an LSDA-band-structure calculation.
LSDA

H,=Hu+Hj+H. (3) sm(k)- m  (k). (8)
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We perform this LSDA calculation along the line given in III. RESULTS
Ref. 4, for paramagnetic Fe in order to avoid a d'ouble count-
ing of the magnetic interactions which are already covered The two model parameters U and J have been fitted to

by the model-Hamiltonian part H1 . A more detailed justifi- get a self-consistent ferromagnetic solution with a phase

cation is given in Ref. 7. Starting from an s,p,d basis we transition of second orde. at TC, and a T=O magnetic mo-

pick out the five eigenstates with highest d character and ment as realistic as possible (U= 1.8 eV; J=0.2 eV). In the

number them according to increasing single-particle energy same spirit we determined in Ref. 1 U and J for Ni.

by m = 1,2,...,5 [sl(k)_- ' ' <
5(k)]. The energies Em(k) for all It turns out that the possibility of a ferromagnetic ground

k from the first Brillouin zone form the mth subband. In this state is mainly due to the intraband Coulomb interaction U,

way he 3d band is decomposed into five nondegenerate sub- while the exchange J influences the actual values of the mag-

bands. netic quantities. To realize ferromagnetism the coupling pa-

The many-body problem posed by our model Hamil- rameter U/W mn (Wm: width of the mth 3d subband), the

tonian is not exactly solvable. However, the decomposition electron density nm (0--nm 2), as well as the hole density,

(3) of the interaction part can conveniently be exploited, 2 -nm, have to exceed certain critical values, which depend

since the partial operators Hu and Hj are well known from on the given lattice structure. Furthermore, an upper limit for

simpler models of magnetism. The starting point is the re- U/Wn appears, above which the magnetic phase transition is

tarded one-electron Green function of first order.5

The m = 1,2 subbands are completely filled and therefore

(k,,C .+ \\- h (9) magnetically inactive. The m=3 and 5 subbands
C ;Ckin~ E = _~LDA(k) -,_km ,(E) [n3(T= 0) = 1.346, n5(T= 0) =0.704] have convenient occu-
solution of which can be written in terms of the pations for a ferromagnetic ground state (Fig. 1). The m =4

the formal slf-en owcan subband, however, is for all temperatures exactly half filled
fundamental self-energy ito n (E). (n4=1, Fig. 1) and has therefore a strong tendency to anti-

Via the definition ferromagnetism, which competes with the ferromagnetic ten-

( (uJ)(+ dency of the m =3 and 5 subbands. According to our model
(10) solution for bcc iron the ferromagnetism of the in i and 5

the self-energy parts M(Ul)(E) of the full self-energy subbands dominates and forces the in principle antiferromag-
k,nf netic m =4 band by interband exchange (J) into a ferromag-

k,(E)--M (E)(U)+M (E)(E) (11) netic order. So, the situation is very much more complicated
(E km()aE+ kthan in Ni, where only the uppermost m =5 subband is mag-

may be introduced. In the next step we define "effective" netically active,' because the in = 1,2,3 bands are fully occu-
single-particle energies pied and the m =4 band contains only very few holes.

77(x) (k,E)= LDA (k)+M (E) (xy=UJ; x y) (12) All magnetic properties of the band ferromagnet Fe can
be understood as direct consequences of the temperature-

for an "effective medium" Hamiltonian dependent quasiparticle density of states (QDOS)

Hl= n(k;E)ck c,,+HA. (13) p(15(E) - - (Heft  kin - --E Im<<Ckn, ;Ckm,))E, (5
km o o 71" k k

In general H will be energy dependent and non-Hermitian, which is plotted in Fig. 1 for four different temperatures, and
but th.e resulting Green function is the same as in Eq. (9). separately for the five 3d subbands. The total QDOS is of
The advantage lies in the fact that the "effective-medium" course nothing else than the sum of the five partial densities.
Hamiltonian poses a formally simpler many-body problem The T dependence of the two lowest subbands (m = 1,2) is
than the "original" model Hamiltonian (1). For each x(x exclusively due to interband exchange with the magnetically
= U,J) we try to find a reasonable approach to the corre- active m =3,4,5 subbands. In the latter two different correla-
sponding "effective" Green function. This means that for tion effects are produced by the intraband interaction U.
x= U we solv the "Hubbard problem," for which we use There is a splitting into two quasiparticle subbands, which
the self-consistent moment method from Ref. 5. For x=J persists for all temperatures, and an additional spin splitting
one meets the "sf problem," which we approximate by use of each of these bands, which disappears for T- T,. The
of the moment-conserving decoupling procedure, developed latter is still enhanced by the interband exchange. The weight
in Ref. 4. The resulting self-energy parts ("area") of the lower o-quasiparticle band szales with the

M(U,,)()=F[E;,... (14) probability for the propagating electron to find a lattice site,
kmi,, (U JEF ;km7a(E),(' which is not preoccupied by a (-o) electron of the same

depend via q on the respective other self-energy part. Fur- subband. This probability is zero for fully occupied bands.
thermore they will contain several thermodynamic expecta- Therefore the m = 1,2 subbands do not split. The weight of
tion values, indicated in Eq. (13) by ('..). It is the main the upper quasiparticle subband is proportional to the prob-
requirement of our procedure that all these averages can be ability that the o- electron does meet a (-o-) electron of the
represented in terms of the full self-energy, so that a closed same subband. A special case is the in =4 subband, which is
set of equations is guaranteed, which can be solved self- half filled and at T=0 fully spin polarized. So a I electron
consistently for the quantities of interest, has no chance to meet a . electron, and a t electron, brought
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O5f

-0.5 four subbands behave like the m = 1 and 2 bands of Fe. They
)V do not split, because the spectral weight of the lower quasi-

.1.5 particle subband is zero. Only the m =5 band shows the qua-
15 - siparticle splitting which persists for all temperatures and is

m5 -of order U. Because U=6 eV in Ni, the lower quasiparticle
0.5' - subband of the m =5 band lies some 6 eV below the chemi-

-50.5 "',Ucal potential A and is nothing else than the famous "Ni 6 eVI;' , I e Isatellite." In principle, the m=3, 4, and 5 subbands in Fe-1.5

30 .2.0 .10 0.0 1.0 2.0 30 4.0 exhibit the same behavior as the Ni m=5 band. Because of
Energy (eV) the smaller U, however, all the quasiparticle subbands are

melting together avoiding therewith a feature which could be
FIG. 1. Ouasiparticle density of states p,, of the five 3d subbands as a denoted as "satellite." On the other hand, the "quasiparticle
function of energy for four different temperatures [T=O K: solid line; splitting" gives rise to a "noncollapsing" exchange splitting
T=900 K: dotted line; T=1025 K: broken line (large bars); T=1044
K=T,: broken line (small bars)]. Upper halves for o=l, lower halves for above T.
o'=1. Bars on the energy axis mark the chemical potential A. The T dependence of the magnetic moment, plotted in

Fig. 2, follows directly from the respective T dependence of
the QDOS. The model solution reproduces exactly the ex-

into the system, cannot avoid a double occupancy. Conse- perimental value for the Curie temperature T,= 1044 K. The
ciuently, the upper T- and the lower I-quasiparticle subbands T=0 moment amounts to 2.035 Afi, being therewith only
disappear at T=O. For finite temperature collective spin ex- slightly smaller than the experimental value (-2.2 Ay). The
citations become dominant for this subband, introducing a actual value of the moment -nends sensitively on the total
spin disorder. An electron, picked out of the sample by a number of d electrons, which it :ot uniquely established. We
photoemission experiment, ; then with finite probability a I took n3d= 7.05 from Ref. 4. Another choice can slightly alter
electron. This causes the appearance of a lower the calculated T=0 moment.
I-quasiparticle band. For analogous reasons there grows out
an upper 1 band for T>0. Above T, the spin asymmctry Nolting, W. Borgiel, V. Dose, and Th. Fauster, Phys. Rev. B 40, 5015

(1988).
d,,: pears, but the splitting into a lower and an upper sub- 2W. Nolting, T. Dambeck, and G. Borstel Z. Phys. B 94, 409 (1994).
band persists. This explains the "noncollapsing exchange 3W. Nolting, L. Haunert, and G. Borst-l, Phys Rev. B 46, 4426 (1992).

splitting" in the Fe band structure, observed in spin-resolved 4 D. A. Pap iconstantopoulos, Handbook of the Band Structure of Elemental

photoemission.6 It is interesting to compare these features to Solids (Plenum, New York, 1986).
ip ctnis . In i nlyres t couppermost sefeasubbans 5w. Nolting and W. Borgiel, Phys. Rev. B 39, 6962 (1989)

the Ni spectrum.' In Ni only the uppermost m =5 subband is 6E. KIsker, K. Schroder, W. Gudat, and M Campagna, Phys. Rev. B 31,
partially filled, and therefore magnetically active. The first 329 (1985).
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Theory for itinerant electrons in noncollinear and incommensurate
structured magnets (invited)

J. K bler, L. M. Sandratskii, and M. Uhl
Institut fir Festk6rperphysik Technische Hochschule, D-64289 Darmstadt, Germany

Itinerant-electron systems are described that can form a variety of magnetic-moment arrangements.
These are dealt with quantitatively by using energy-band theory and the local density-functional
approximation; the theoretical and computational basis is briefly reviewed and results are presented
for quite general collinear and noncollinear moment arrangements and states having
incommensurate helical order characterized by a wave vector q. Some examples presented here are
Fe3Pt-Invar, fcc-iron precipitates, and tetragonal iron. Furthermore, finite-temperature effects
become tractable; the magnetovolume effect in Fe3Pt-Invar serves as an example. Finally, the
problem of biquadratic exchange in Fe-Cr multilayers will be discussed briefly.

I. INTRODUCTION III where we point out that transverse spin fluctuations con-

This overview is intended to demonstrate how we use tribute in an essential way to the formation of the Invar

the local density-functional approximation 1'2 to do ab initio anomaly; this leads to an understanding of the Invar effect

calculations for magnetic properties of materials possessing a that, though it relies on the existence of high-spin and low-
variety of magnetic-moment arrangements like ferromagnets, spin states, does not require them to be near degenerate. Thus
collinear and noncollinear antiferromagnets, and incommen- our results yield a magnetovolume anomaly without the
surate spiral or helical magnets. Our treatment of the elec- somewhat artificial near degeneracy that was thought to be
tronic and magnetic properties of these itinerant-electron sys- so essential in previous theories (for a review concerning the

tems has grown out of a long development connected with latter see, e.g., Refs. 16, 17). In connection with the problem

the work of Korenman and Prange, Heine, Moriya, and many of yp-Fe we will then discuss some new estimates concerning
others. 3- 10 This is not the place to discuss the similarities and tetragonal Fe that is produced today by epitaxial growth. We
differences in our work compared with the many previous will close our overview with a discussion of some new but
theories. Let it be said that Korenman1 treated the vector preliminary results concerning the observed' 8- 20 magnetiza-theoies Le itbe aidtha Kornma trate th vetor tion steps and biquadratic coupling in Fe-Cr multilayers.
nature of the magnetic moments formed by the itinerant elec-
trons like we do. But unlike Korenman's, our calculations are I!. THEORETICAL BACKGROUND
self-consistent concerning the charge and spin densities
and-if desired-the interatomic magnetic moment arrange- TeElrLgag qain htmnmz h oa
and desienergy as a functional of the density matrix define an effec-
ments. tive single-particle Hamiltonian 12 which for spin-polarized

Our theory was applied previously to a number of cases electrons forming a noncolhnear magnetic order may be
some of which are the noncollinear magnetic states of Mn3Sn wenns for as 21

(Ref. 12), the problem of fcc-Fe (y-Fe) (Ref. 13), the case of written in bispinor form as

Fe3Pt-Invar (Ref. 14), and the problem of ThMn 2 (Ref. 15)
which is an antiferromagnet on a frustrated lattice. H(r)= -V2 1+ U (1)

After a brief description of the theoretical background in s

Sec. II we will highlight the problem of Fe3Pt-Invar in Sec. Here U(0,3 , ,O4i1 ) is the standard spin-i2rotation matrix

( cos(0, I2)exp(i" 3 , /2) sin(0sv/2)exp(-i, 3, /2) (2)
U(,osj ) _ -sin(0,,I2)exp(ik s i2) cos(0 s /2)exp(-i0 s /2)I'

which describes the transformation between a global and a (v(r, ) 0
local spin coordinate system to be defined subsequently. We Vv(rj")= 0 (4
use the label j to designate the unit cell and the label v the
basis atom. The polar angles 0j,,Ojv give the direction of is the spin-polarized potential of the atom at site (v) in the
the local magnetization, in Cartesian coordinates local frame of reference. The potential is unambiguously

given by functional derivatives of the total energy in the
local density approximation;12,22 it is centered at
r .,=r-,-,-R, and is assumed to vanish outside its atomic
sphere, fl," The local frame of reference is defined as fol-

with respect to a global coordinate system and lows; designating by p,, the density matrix integrated over
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the atomic sphere fiJI, i.e., pj1  26-28, where the total energy, E(m), of the state having a
=fl Mi r  e the *(r) are solutions magnetic moment m per unit cell is obtained from a con-
of the Schr6dinger equation with the Hamiltonian given by strained variation.
Eq. (1), we define the local frame of reference by those polar For a general noncollinear spin structure the constrained
angles for which is diagonal. variation must be formulated as
Strictly speaking, one should make this transformation at ev-
ery point in space and Korenman et al.3 show what this en- = E[m(r)]
tails. But we believe the essential physics is obtained by
making an atomic-sphere approximation, thus averaging over()
the local directions in each sphere this way replacing a fine- +1 b, m(r)d3r-rmn , (6)
grained mesh by a coarse-grained mesh given by 'he atomic V \ foV I
spheres. When the polar angles are chosen to render the in- where on the left-hand side {mrJ is the set of desired mo-
tegrated density matrix diagonal we call the angles self- ments at the sites (At). On the right-hand side the vector
consistent. parameters b, can be treated as magnetic fields acting on the

The polar angles O., and 0, cano spin densities of the corresponding atoms. The component of
model any desired collinear or noncollinear moment arrange- b, parallel to m, stabilizes the magnitude of the moment and
ment. However, to guarantee translational invariance most the perpendicular component counteracts the torque that is
general types of order require larger magnetic unit cells (su- produced by the nondiagonal density matrix. In self-
percells) than the crystallographic (chemical) unit cell. This consistent spin arrangements the density matrix by definition
can quickly lead to an insurmountable numerical problem. is diagonal in the local frame of reference; thus in Eq. (6) the
Fortunately there exists a type of magnetic order that does vectors m(r),m ,b,, are parallel and we may drop the vector
not require such large supercells. It is a helical or spiral orderSHerring.2 3  symbols. These conditions apply to our calculations when wethat was, to our knowledge, first described by Hrig" use planar spin spirals which are defined by 0,,=900 for all

Here the direction of the magnetic moment of each atom in sites (v).

the unit cell rotates around the z axis with a particui.r wave The variation of Eq. (6) yields the Hamiltonian

vector q which is defined by specifying the polar angle, as

Oj,,=O,, , ,= P,+q.R,. Herring introduced a generalized l(r)=V 2 1+ (
translation operator which combines a spin rotation with a
space translation; it is constructed such that it commutes with
the Hamiltonian forming an Abelian group, isomorphic with X [V,,(r,,,)+ o/b,(r,,)]U(Oj,,,k,,). (7)
the group of ordinary space translations. Therefore a gener- Here the constraining fields [b,(rj,)=b, inside the sphere (v)
alized Bloch theorem for the eigenfunctions exists which and zero outside] must be adjusted such that the resulting
may be labeled by a k vector as usual. This means that for moments coincide with the those wanted: ffl m(r)d 3r
any choice of the vector q it is the chemical Brillouin zone
that constitutes the domain for the k vectors to be used for ,,. We emphasize that the Hamiltonian, Eq. (7), is not
sampling the elements of the density matrix. Details can be diagonal in the spin quantum numbers, a fact that leads tofound in Refs. 23, 24, 13, and 14. spin-hybridized energy bands.'" 3'29 Therefore the concept of

fouding te generlie B h t m wd e d t two Fermi energies for bands with different spin indices can-not be applied here. Instead, to do the actual constrainedwave functions e k(r) in terms of the atomic bispinor func-tioefuctons (r) icalculations for noncollinear configurations one proceeds it-in the following form: eratively as described in detail in Ref. 14.

k(r) C ,L (k)U+ Ok,,L(r). (5) III. RESULTS AND DISCUSSIO4
vLO

We will begin with the case of Fe3Pt-Invar stating some
Here the coefficients Cv ,,(k) are obtained by minimizing the very basic facts first. It crystallizes in the Cu3Au structure
expectation value of the Hamiltonian using the variational and is ordered such that Pt occupies the cube corners and Fe
method and for the basis functions, Ok,,(r), we employ the face centers. The atomic-sphere approximation used in
augmented spherical waves (ASW)25 defined in the local our calculations requires the choice of sphere radii for the
frame of reference; details may again be found in Refs. 13 constituents which were such that the atomic spheres were
and 14. neutral to within about 0.2 electrons per sphere. To a good

At this stage we can calculate the total energy as a func- approximation this leads to a minimum in the total energy at
tion of the volume and a given type of magnetic order, most a given volume and is found to require equal sphere radii for
notably of the wave vector q, whereas the value of the local all volumes and states of magnetic order considered.
magnetic moment normally is tY , result of a self-consistent The ground state of Fe3Pt is calculated to be ferromag-
calculation. However it is advantageous to know the total netic for a sphere radius, S, of S=2.79 a.u. possessing mag-
energy, as a function of the volume, the q vector, and the netic moments of mFp= 2.67 AB and mpt=0.27 MB. The cor-
magnetic moment (comparable to a thermodynamic poten- responding lattice constant is a 3.77 A which is somewhat
tial). For a ferromagnet this was achieved in the past by the larger than the experimental lattice constant of a =3.73 A.30

so-called fixed-spin-moment method, see, for instance, Refs. The calculated magnetic moment corresponds to m =2.07 ILB
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FIG. 2. Contours for Fe3Pt of the cohinear contribution to the total ,'nergy,
FIG. 1. Total energy per unit cell of Fe3Pt as a function of the Wigner-Seitz E,, see Eq. (8), in mRy per unit cell. S: Wigner-Seitz radius in atomic units
radius, S. NM: nonmagnetic, FM: ferromagnetic, and SM: spiral magnetic. and m: magnitude of the magnetic moment in iB.

per atom which is slightly smaller than the experimental Fig. 2 the collinear and in Fig. 3 the noncollinear contribu-
value of m =2.16 /UB per atom quoted by Shimizu.31 Our tion to the total energy. Here, from Fig. 3 we find for a giv-n
results differ somewhat from the results of previous local moment, m, the value of q corresponding to the state
calculations 32 (see also Ref. 17) in particular in the numerical with the lowest total energy and from Fig. 2 the relevant
values of the total energy difference between the ferromag- value of the volume, v. Figure 3 shows that for m >2.6 /B
netic and nonmagnetic states, the values of the equilibrium the energy is lowest in ferromagnetic order and for m<2.6
lattice constant, and the equilibrium magnetic moment. This $B the energy is minimized by a spin-spiral structure with
is so because our calculations are not relativistic in contrast values of q lying in the interval from 0.2 to 0.3. Note that the
to the older calculations where the scalar-relativistic wave
equation (SRWE)33 was used. In the earlier stages of these
calculations we noticed that results for Fe3Pt obtained with- Eq(mq)

out relativistic corrections were closer to experimental
ground-state properties than those obtained with the SRWE.
We thus purposely dropped the relativistic corrections. This
is our only justification for the approach used here.

Continuing with the discussion of our results we find E (mRy)
that spin-spiral states having 0=90° for all sites (v) possess
the lowest total energy for a wide range of volumes smaller
than the calculated equilibrium volume. Furthermore, the 20

collinear antiferromagnetic state is higher in energy than the 10
ferromagnetic state. The total energy as a function of the 0
atomic-sphere radius is shown in Fig. 1 for the nonmagnetic, .10
ferromagnetic, and spin-spiral states. The lowest energy for a
wide range of volumes is obtained approximately for
q=0.25. This can be translated into the angle between the
moments of two neighboring ferromagnetic planes obtaining
about 90".

Numerical experiments showed that the total energy can
0.4

be written as 3
0.3 . - " 2.5

E(v,m,q) =Ec(,m) + at(v)Eq(m,q). (8) q 0.2 1 5

Here a(v) is a slowly varying scaling factor which for the 01 0 i
volume range investigated is a(v)=(Vo/V)4, where vo is the 0 0
equilibrium volume. The first term on the right-hand side,
EC) we may call the collinear and the second, E q, the non- FIG. 3. Contours and surface for Fe3Pt of the noncollinear contribution to
cne a ctrlbutl o t he o a l n ery. th ise mpiri, rhe - the total energy, Eq, see Eq. (8), in mRy per unit cell. m: magnitude of the
collinear contribution to the total energy. This empirical re- magnetic moment in it and q: magnitude of the spiral vector in units of
lationship greatly facilitates the discussion, so we show in 21r/a along the (1,1,1) axis.
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the magnetic contribution of platinum, the Curie temperature
30 - .is given by Tc=J()(mo+2)/3mo. Here the exchange pa-

---------------------- .. rameter J(0) is calculated by

J(0) BZH fd qAE(q),

where AE(q)=[E(v0,m0,q)-E(v0 ,m0 ,0)] 13 is the total en-
..... ergy per Fe atom counted from the ground state and f1BZ is

. '..the volume of the Brillouin zone. Our calculations give
-. fTc=435 K, which is in good (probably fortuitous) agree-

-10 ment with the experimental value of ordered Fe3Pt, TC=430
-10Pt (+q) K. 17 We hasten to point out that we do not imply here that the

- " (clocalized-electron picture is appropriate for a description of

the magnetovolume effects.
0 200 400 600 To estimate the spin-wave stiffness constant D we use

the following expression (Ref. 35): D = (4/mo)

FIG. 4. Expansion coefficient a as a function of temperature T calculated Xlimq.. 0 AE(q)/q 2, with AE(q) defined above, we obtain
for )-Fe and Fe3Pt; (I) using only collinear states (c) and (11) including the value of D =135 meV A2 which should be compared
collinear and noncollinear states (c+q). with the value of D = 80 meV A2 for Fe72Pt28 1736

Let us now briefly turn to the case of y)-Fe which was
discussed in great detail in Ref. 13 and 14. Here it suffices to

noncollinear portion of the total energy Eq(m,q) has a clear point out that the magnetic structures that can occur with low
tendency to increase for large m, see Fig. 3. In particular the total energy depend sensitively on the volume. In agreement
noncollinear contribution, Eq(m,q), is negative for states with older work3 7 - 3 9 we find that there exist ferromagnetic
with small moments, (m<2.6 /LB), and positive for states states having high magnetic moments at volumes larger than
with large moments, (m >2.6 /zB). If we assume that the the bcc-equilibrium volume. New in our calculations is the
calculated energy surfaces are also realized at finite tempera- occurrence of spiral magnetic states at volumes larger than
tures, this contribution upon heating leads to a preferable the equilibrium volumes but having lower total energies than
occupation of noncollinear states having local magnetic mo- the ferromagnetic states. We could show that these states are
ments smaller than the ground-state value of m0=2.67 AB. being measured by neutron diffraction experiments on y-Fe

In Ref. 14 we described a rather simple-minded scheme precipitates in copper.40 Since these states occur at large vol-
for statistical averages showing that the excited states mod- umes (in contrast to Fe3Pt where they occur at small vol-
eled above give indeed important contributions to thermody- umes, see Fig. 1) they are responsible for the large positive
namic properties. We do not, however, claim to have a con- thermal expansion coefficient that is shown in Fig. 4.
sistent scheme that enables us at the present stage to compute The object of these previous calculations was either iron
thermodynamic potentials and the magnetic phase transition. in the bcc structure (a-Fe) or in the fcc structure (-,-Fe).
Still, using the computed energy surfaces we calculate the Since at constant atomic volume the bcc structure can be
temperature dependence of the magnetic contribution to the continuously deformed to the fcc structure, the latter appear-
expansion coefficient, a(T), from the derivative with respect ing as a body centered tetragonal with a value of c/a =VI,
to the temperature of the average value of the specific voi- we now describe results of new calculations in which we
ume (v(t)). The calculations were done with and without focus our attention on the possible magnetic states of tetrag-
taking into account noncollinear states and the result is onal iron with l-c/a< v2. These states may occur in epi-
shown in Fig. 4 which also contains results for y-Fe to be taxially grown iron, but we remind the reader that our calcu-
discussed shortly. It is seen that with the use of only collinear lations are for bulk materials and not for surfaces. Thus, in
magnetic states the coefficient a(T) is positive at very low view of possible effects due to lowered dimensionality, our
temperatures and nearly zero for higher temperatures. Inclu- results should be understood to describe real cases perhaps
sion of noncollinear configurations leads to a negative sign only semiquantitatively. In Fig. 5 we show the total energy
of a(T) over a wide temperature range; this is one of the counted from some suitable but arbitrary origin and the local
most prominent effects associated with Invar. The thermal magnetic moment for three different volumes labeled by the
expansion coefficient due to magnetic effects has been ob- Wigner-Seitz radius Rws as a function of the spiral q vector.
tained experimentally. 34 Its sign and order of magnitude are The value of Rws=2.646 corresponds to the equilibrium vol-
in agreement with our results, although the functional form, ume of bcc iron and it is seen that bcc Fe (c/a = 1) is stable
especially an experimental peak slightly below Tc, is not for q=0 which is the ferromagnetic state; up to about c/a
brought out by our calculations. = 1.2 iron is ferromagnetic, but fcc Fe at this volume is non-

The information on the total energy of spiral structures magnetic at q=0 having a metastable spiral magnetic state
can also be used for a rough estimate of both the Curie ten- with a reduced magnetic moment at about q =0.6. At a some-
perature, Tc, and the spin-wave stiffness constant, D. The what larger volume (Rws= 2.67) the range of stable ferro-
Cu:Ae temperature Tc can be estimated within the mean field magnetic states is increased, 1<c/a<1.3, but fcc Fe still
approximation to the Heisenberg Hamiltonian. Neglecting appears to have a spiral magnetic state. For a large volume
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OD 'separate values of A1 and BI are obtained to be about one
- 2 10 025 order of magr'tude larger than the experimental estimates.

2 Furthermore we emphasize that in our calculations the spin-
133 12 > E vntogoureutartettvatbsanorsi-

r1 1 5M orbit coupling, i.e., the magnetocrystalline anisotropy, and
020 any roughness between the layers were neglected. Therefore,

/bi quad t h results ai tentative at best and or simu-

10 .13 12- 0 lated multilayer may not really represent reality, we conclude
12 .2 _10 LU that the biquadratic coupling is an intrinsic property that is

l -- (2 <1 due to certain features in the electronic structure of the Fe-Cr
-20 RWS=2646- 0 RWS2.67 - Rws276 -20 layers that still need to be clarified.

.4 8 .4 8 .4 .8 IV. CONCLUSION
q q q

For itinerant-electron magnets we succeeded in describ-
ing the vector nature of the magnetic moments whose mag-
nitude and direction are treated in noncollinear constrained

FIG. 5. Total energy and local magnetic moment of iron as a function of q, moment calculation as independent variables for an ab initio
the magnitude of the spiral vector in units of 2ir/a, for three different vol- calculation of the total energy. This supplies the energetics of
umes labeled by the Wigner-Seitz radius, Rws; the parameters labeling the spin fluctuations and enabled us to make a step--although
different curves give the values of c/a, c/a=1: bcc Fe, c/a=v7: fcc Fe, crude-in the direction of determinipy finite-temperature
values in between: tetragonal iron. properties. Our calculations describe the magnetovolume

properties of Fe3Pt and the results agree with experimental
facts in a semiquantitative way, notably with the Invar be-

corresponding to Rws= 2 .76 fcc Fe is now barely stable in a havior. On first sight it does not appear surprising that in
ferromagnetic state, but we may speculate that its Curie tem- Fe3Pt with increasing temperature the magnetic moment and
perature could be rather low because the flatness of the total thus the specific volume decrease. One should bear in mind,
energy as a function of q signals small interatomic exchange however, that the decreasing magnetic moment is not the
constants. usual decreasing thermal average but is brought about by

We will close this section by discussing new but prelimi- longitudinal spin fluctuations that are triggered by transverse
nary results for Fe-Cr multilayers. This modern topic has fluctuations.
received considerable attention recently by many research Furthermore, we discussed the possible states of tetrag-
groups whose work, unfortunately, we have no space to cite onal iron and estimated the volume at which fcc Fe is ferro-
here properly. Concentrating instead on the work of only the magnetic by studying the total energy as a function of the
Julich group 18 - 20 and only on a few salient facts we may spiral q vector. Finally we calculated the energetics of reori-
state that depending on the spacer (chromium) thickness, enting antiferromagnetically coupled Fe layers in Fe-Cr and
iron layers experimentally appear to be coupled ferromag- estimated the ratio of the bilinear and biquadratic exchange
netically, antiferromagnetically, or in a 90' configuration. constants concluding that the biquadratic coupling might be
One therefore postulates that the exchange coupling between of intrinsic origin.
Fe layers can be written as H,=-At.cosO-Bt.cos20
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[ Verwey transition in magr mite: Mean-field solution of the three-band model
S. K. Mishra, Z. Zhang,a) and 8. Satpathy
Department of Physics and Astronony, University of Missouri, Columbia, Missouri 65211

The nature of the Verwey transition in magnetite (Fe3O4) within a three-band spinless model
Hamiltonian is examined. These bands, which arise from the minority-spin t2g orbitals on the Fe(B)
sublattice, are occupied by half an electron per Fe(B) atom. The Verwey order-disorder tiansition
is studied as a function of the ratio of the intersite Coulomb repulsion U1 and the bandwidth W. It
is found that the electrons are ordered beyond the critical value of Ul/W-0.25 in essential
agreement with the results of the one-band Cullen-Callen model. For larger values of U1/W, a
Verwey-like order is exhibited where the electrons occupy alternate (001) planes. The model
predicts a transition from the metallic to the semiconducting state with the band gap 'Acreasing
linearly with Ul beyond the transition point.

I. INTRODUCTION model and, since there was no reliable estimate for U1 t until
1-3 our recent work,7 the applicability of the Cullen-Callen

The Verwey transition in magnetite is a well-known model to magnetite remained unclear.
metal-insulator transition characterized by a decrease of two Recently we have examined the electronic structure of
orders of magnitude in conductivity as temperature is de- magnetite using density-functional methods with the local
creased below the Verwey temperature of T,-120 K. The spin-density approximation (LSDA).7 Based on this work,
transition is accompanied by an order-disorder transition, we have obtained a three-band electronic Hamiltonian for the
where in the simplest ionic picture, Fe2+ and Fe3+ ions order motion of electrons on the B sublattice of magnetite. In this
on the B sublattice of the spinel structure, interacting via article, we discuss the results of a mean-field solution of the
Coulomb forces. Examining this picture quite early on, three-band model. We find that both (a) the order-disorder
Anderson4 pointed out the remarkable property of the spinel transition and (b) the metal-insulator transition can be de-
B sublattice that the short-range part of the Coulomb inter- scribed within the three-band model.
action is minimized by -(3/ 2)N2 different configurations of
the ions where N is the number of sites on the B sublattice.
The long-range part of the Coulomb interaction, on the other II. THE MODEL HAMILTONIAN
hand, is minimized only by a few of these configurations. The crystal structure of magnetite consists of three sub-
The Verwey transition may therefore be interpreted as a loss lattices, viz., the oxygen sublattice and the Fe(A) and the
of long-range order (LRO) above T. with no abrupt change Fe(B) sublattices. The magnetic moments within each Fe
in the short-range order (SRO). This interpretation is consis- sublattice are aligned in the same direction, while the two
tent with the entropy change at the Verwey transition ob- sublattices are aligned antiferromagnetically. Since there are
tained from specific heat measurements, twice as many atoms on the B sublattice as on A, there is a

This ionic picture, while providing a reasonable descrip- net magnetic moment with a magnitude of 4.1 Af per Fe304
tion of the order-disorder transition, does not provide any formula unit.
quantitative description of the transition from metal to insu- In our e, i er work,7 we have calculated the density-
lator. Issues unaddressed include questions such as: What are functional spin-polarized electronic structure of magnetite,
the charge carriers in magnetite? Is the conductivity via mo- which is schematically shown in Fig. 1. As seen from the
tion of ions or does one has to think of itinerant electrons? In figure, the majority-spin bands are semiconducting, while the
fact, subsequent to Anderson's work, a number of models minority-spin bands are metallic, a picture also obti ined by
have been proposed to describe the mechanism of electrical Yanase and Siratori from independent calculations.8 The
conduction and simultaneously the order-disorder transition. presence of only the minority-spin electrons at the Fermi
These include the itinerant one-band electron model of energy is consistent with the spin-polarized photoemission
Cullen and Callen,5 and the molecular polaron or bipolaron experiments of Alvarado et al.9

pictures of Yamada and Chakraverty,6 etc. The t2, orbitals of the Fe(B) atoms form the electron
itinerant electron model of Cullen and Callen de- bands at the Fermi energy Ef with the t2g bands occupied by

scribes the Verwey transition in terms of motion of electrons half an electron per Fe(B) atom. The electron count is such
on the B sublattice. The Hamiltonian consists of a nearest- that the presence of these "extra" electrons makes the va-
neighbor hopping integral t and the intersite Coulomb inter- lency of half the B site atoms Fe 2 and the other half B site
action U, between nearest neighbors. In a seminal work,5  atoms have the valency of Fe +3 . The picture that emerges
Cullen and Callen studied this model and in fact found an then is that the "extra" electrons move on the background of
order-disorder transition below a critical value of Ulft-2.2. Fe+3 atoms on the B sublattice in agreement with the tradi-
However, there was no justification for the origin of such a tional view of charge transport in magnetite.4

The electronic structure provides justification for the
')Present address: Department of Physics, North Carolina State University, conventional picture of conduction via Fe(B) electrons mov-

Raleigh, NC 27695. ing on the B sublattice. However, unlike the one-band pic-
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FIG. 2. Ground-state energy as a function of U1 . The dashed curves corre-
spond to energies in the limit of zero hopping (no kinetic energy term) for
various configurations. The configurations are characterized by the mean

Density of states occupation of the xy,yz,zx orbitals on the four Fe(B) atoms, viz., (1)
{1/2,0,0; 1/2,0,0; 1/2,0,0; 1/2,0,0}, (2) (1,0,0; 1,0,0; 6*0), (3) {1,1,0; 9*01,
and (4) {12. 1/6). The Coulomb energy of the four configurations are (1)

FIG. 1. Schematic picture of the electronic structure in magnetite as ob- E=3U,, (2) E=2U1 , (3) E= U0 , and (4) E= Uo/3+3U 1 . Even though
tained from the density-functional band calculation (Ref. 7). The minority the Coulomb energy of configuration (1) is relatively high, the large kinetic.
spin t2g electrons on the Fe(B) sublattice play the key role in charge trans- energy gain for this configuration makes it the ground state for lower values
port. of U1 . Configuration (2) wins beyond the transition point of U1-,0.38 eV

because of its lower Coulomb energy.

ture of Cullen and Callen, we now have the three t2g bands
(xy, yz, and zx), which leads to a three-band electron model
on the B sublattice periodicity of the spinel structure, which means the electrons

3 3 can occupy any of the twelve orbitals [four Fe(B) atoms X
three orbitals/atom] in the unit cell. In the standard mean-

Ht,,0aa1+ ."= . U , A,,jV. (1) field approximation, we have

Here a,+(a,) are the creation (annihilation) operators of the n,1njv=(nj)ns,+njA(n,,,)
- (n,,)(n,,,). (2)

electron on the B sublattice with i, /u being the site and Incorporating the first two terms in the band-structure part of

orbital indices (xy,yz,zx), respectively, n,, is the corre- Eq. (1), the total energy may then be written as a sum over

sponding number operator, and (ij) denotes summation over the occupied one-electron eigenvalues 8, minus the Coulomb
nearest neighbors (NN). The Hamiltonian (1) consists of a energy

tight-binding NN hopping term (the band-structure term) EF

plus the Coulomb interaction term. E= E e-ECoulomb" (3)
The values of the electronic parameters in the Hamil-

tonian (1), calculated from "constrained" density-functional
methods, 7 have the following values for magnetite: (a) the The mean electron occupations (n,,) are calculated from the

hopping integrals t dd,=-0.41 eV, tddff=0 .0 5 eV, and eigenfunctions of the Hamiltonian (1), which in turn depends

ldd,=O.l
2 eV, resulting in an average t-O.13 eV and a on (n,,). These are then determined self-consistently. The

bandwidth of W=1.55 eV and (b) the Coulomb parameters procedure is thus to diagonalize the 12X12 Hamiltonian ma-

U0=4.1+0.5 eV, U1=0.3-0.4 eV, and U2 -0.05-0.1 eV. trix for each k point in the Brillouin zone and find the (n,)

Here the on-site Coulomb repulsion is denoted by U0 and the from the eigenvectors of the occupied states. We then go

first and the second NN Coulomb terms are denoted by U, back and find the eigenvalues and eigenvectors taking these

and U2, respectively. Since U0 is much larger than U t and new values of (n,,) in the Hamiltonian. The process is re-

t,,,, double site occupancy is prevented in view of the fact peated until (n,,) values have converged, which then corre-

that there are half as many electrons as the B sites. Although sponds to the minimum energy configuration. We performed

a small value of U2 is necessary to stabilizet ° the experimen- the eigenvalue summation in the expression (3) with 216 k

tally observed "Mizoguchi structure" at low temperatures," points in the full Brillouin zone.

a structure where the unit cell is doubled, U2 is an unimpor- The calculated ground-state energy is shown in Fig. 2 as

tant parameter for our purpose here. In our study below, we a function of the parameter U1. The dashed curves refer to

choose the values of Uo=4 eV and U2=O, leaving thereby the energies of selected configurations without the band-

the only relevant parameter U 1 W in the Hamiltonian. structure term, i.e., in the limit of zero bandwidth. Without
the band-structure term, the ordered phase, denoted by con-

III. MEAN-FIELD SOLUTION figuration (2) in Fig. 2, has the lowest energy for all values of
U 1 <2 eV. This phase has the electron configuration where

We study the Verwey transition by solving the Hamil- two of the four sites in the unit cell have an electron each and
tonian (1) in the mean-field approximation. We retain the the other two sites are empty. However, with the inclusion of
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FIG. 3. The calculated Cullen-Callen order parameter m1 as a function of
the nearest-neighbor Coulomb energy Ul. FIG. 4. Band gap as a function of the nearest-neighbor Coulomb energy U1 .

A metal-insulator transition is seen at the value of U1=0.38 eV.

the band-structure term, the disordered phase, viz., configu- IV. CONCLUSION
ration (1), with half an electron on each site, has the lowest
energy for the smaller values of U1. For higher values of U1, In conclusion, we have studied the three-band model for
the Coulomb energy of configuration (1) becomes progres- the Verwey transition in magnetite in the mean-field approxi-
sively larger and the ordered phase, configuration (2), wins mation. The Verwey transition is described in terms of the
over thereby resulting in a structural phase transition as in- order-disorder transition of the t2g "extra" electrons on the
dicated in the figure. Thus the transition is a result of the B sublattice. Whether these electrons are ordered or not de-
competition between the kinetic energy (band-structure en- pends on the relative strengths of the Coulomb energy and
ergy) and the Coulomb energy. the kinetic energy, characterized by the Coulomb parameter

The ordered phase is similar to the Verwey order with U1 and bandwidth W, respectively. For lower values of the
electrons occupying alternate (100) planes in the cubic struc- Coulomb parameter, a disordered state is favored, while a
ture. The so-called "Mizoguchi" structure," inferred to be larger value results in an ordered state with the crossover
the structure of magnetite at low temperatures, where the taking place at the ratio Ut!W-0.25. The ordered state in
unit cell has doubled compared to the cubic cell, is not re- our calculation has a Verwey-like order, where alternate
produced in our calculation because we have restricted our- (001) planes on the B sublattice are occupied by the "extra"
selves to the cubic unit cell of the spinel structuie. To study electrons. We have shown earlier l° that given the degree of
the nature of the transition, we define the order parameters freedom (larger unit cell) the kinetic energy term destabilizes
following earlier authors:5  the Verwey order into the experimentally observed Mizogu-

m = (nt +n2-n 3-n 4)/2, chi order. Finally, even though the Verwey transition occurs
as temperature is changed, our present results pertain to zero

m2=(n 1-n 2+n3-n 4)/2, (4) temperature with the Verwey transition taking place as elec-
m3= (hn_ n2-n3+n4)/2, tronic parameters are varied. We are currently studying the

Verwey transition within a finite-temperature mean-field
and theory. Preliminary results indicate that our model can ex-

plain the experimentally observed Verwey transition as a
n =(n 1 2 n 3+n4) = 2. function of temperature12

Here n, = 1  1 (n,,). For perfect order m = 1, while for per-
fect disorder m I=0. 'N. F. Mott, Metal.Insulator Transitions (Taylor & Francis, London, 1964).

The calculated order parameter mt as a function of the 2 E. J. W. Verwey, Z. Krist. 91, 65 (1935); E. J. W. Verwey and P. W.
Coulomb parameter U1 is shown in Fig. 3, where we also Haayman, Physica 8, 979 (1941); E. J. W. Verwey, P. W. Haayman, and F.
reproduce the results of the one-band Cullen-Callen model. C. Romeijn, J. Chem. Phys. 15, 181 (1947).

There is a rather sharp transition around the value of 3For an overview of the Verwey transition in magnetite, see Philos. Mag.
42, 327 (1980).Ut-0.38 eV in both the Cullen-Callen model and the 4 P. W. Anderson, Phys. Rev. 102, 1008 (1956).

present three-band model. The order parameters m2 and m3  5j. R. Culler. and F. R. Callen, Phys. Rev. B 7, 397 (1973).
are zero everywhere except the transition region correspond- 6y. Yamada, iiilos Mag. B 42, 377 (1980); B. K. Chakraverty, Solid Staten iCommun. 15, 1271 (1974).ing to "multiple order," an issue we have not examineu yet 7Z. Zhang and S. Satpathy, Phys. Rev. B 44, 13 319 (1991).
in any detail. 8 A. Yanase and K. Siraton, J. Phys. Soc. Jpn. 53, 312 (1984).

We have also calculated the mean-field electronic eigen- 9 S. F. Alvarado, W. Eib, F. Meier, D. T. Pierce, K. Sattler, H. C. Siegmann,
values (band structure). The bands are metallic until the trar~ and J. P. Remeika, Phys. Rev. Lett. 34, 319 (1975).

vnS. K. Mishra and S. Satpathy, Phys. Rev. B 47, 5564 (1993).
sition point beyond which a band gap develops with the ga. i1M. Mizoguchi, J. Phys. Soc. Jpn. 44, 1512 (1978).
value increasing linearly with U, as shown in Fig. 4. 12M. Samiullah et al. (to be published).
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[Wannier states in magnetite
Trao Her and Carel Boekema
Physics Department, San Jose State University, San Jose, California 95192-0106

Magnetite exhibits the well-known metal-insulator transition at the Verwey temperature (Tv) near
123 K. Neither the physical origin nor the conduction process above Tv is well understood. Using
the Cullen and Callen tight-binding Hamiltonian, the "extra" fully spin-polarized 3d conduction
electrons in the B sublattice are described. By introducing a covalency parameter r, the Wannier
states for these conduction electrons can be characterized. Only for the lower singlet subband, does
the r value point toward delocalization. The results reveal that the Wannier states in magnetite are
a mixture of localized and delocalized electron states.

I. INTRODUCTION The unit cell has two molecules and thus four B sites. These
The debate on the origin of the Verwey phase transition four B sites share two 3d* conduction electrons and are half

in magnetite (Fe30 4) and its unusual physical properties ob- occupied. The ferrimagnetic Neel temperature of 858 K and

served above this transition still continue.' Fe304 is a mixed- Hunds's rules impose that these 3d* electrons are fully spin
valence oxide material that undergoes a metal-to-insulator polarized below RT. In the trigonally distorted octahedron,
transition at the Verwey temperature (Tv) near 123 K. Sev- the d3(z)2-r2 electron state is the lowest in energy; z' being
eral models, ranging from electron hopping to broadband parallel to the (111) axis. At the comers of a cube, the four B

conduction, have been proposed for the conduction mecha- sites form a tetrahedron, the unit of the B sublattice. For this
nism above Tv. The local-magnetic-field anomaly2 in Fe30 4  atomic unit, the quadruplet (available for the two 3d* elec-
observed at twice Tv (Tw) has provided new stimulus in trons) will split into a singlet and a higher triplet electron
magnetite studies, and clearly marked the temperature inter- state, when considering an attractive potential at the B sites.
val [Tv,Twi, for which precursor effects related to the Ver- Cullen and Callen (CC) introduced the following one-
wey transition occur. band Hamiltonian for these 3d* electrons in the B

Fifteen years ago, Mott and othersa suggested that sublattice:5

above Tv Fe30 4 behaves like a Wigner glass, in which the H,#=H{1+exp(2ikr,,)}, a,,8=0,1,2, or 3 (1)
"extra" 3d electrons (3d*) randomly occupy one-half of the ao
B sites. According to Mott,3 the electric properties of such a and
glass are best described by a narrow (polaron) band, Further- Ha,= 0, a = 0,1,2, and 3, (2)
more, combined experimental evidence involving muon-spin
research (ASR), Moessbauer effect spectroscopy, and neu- where a and 3 are B sites in the atomic unit, H is a negative
tron scattering studies strongly support this picture of constant transfer integral and is of the order of -0.05 eV,2a,2b

phonon-assisted electron hopping above Tv.2a Direct experi- and ra is a vector between sites a and /3. In case the ob-
mental proof of the Mott-Wigner glass state in Fe30 4 has tained Wannier states show substantial delocalization, we
been provided by the observation of the AsSR cross- may need to use the three-band Hamiltonian as proposed by
relaxation effect at Tw. 2  Zhang and Satpathy.ib The total Bloch function 4)(r) for the

Despite the progress made in recent years, additional 3d* electrons reads
study is needed. Some questions still remain: Are these 3d* 3
electrons localized and, is the Hubbard approach as per- D= E c,(k)q,,, (3)
formed by Ihle and Lorentz4 justified? A study of the Wan- ,=o
nier states of these "hopping" 3d* electrons could provide
answers to these questions and shed light on the origin of the where
Verwey phase transition. We have used the established N
Cullen and Callen (CC) Hamiltonian5 as a starting point of a a=N- 1/2 Y {exp(ikR,)}q(r-R,-t,). (4)
our Wannier study of magnetite.

R, is the B sublattice vector and t,, is the B site vector within
the atomic unit.

II. TIGHT-BINDING METHOD The Wannier function W is defined as

Magnetite, which can be well described by
(Fe 3+)a[Fe3+-l]Bo 4 , is a ferrimagnet and has an inverse W(rR,)=N , exp{ik(Rj-R,)}ca(k)Jj.
spinel structure. The Fe ions at the A sites do not play a role k i a

in the conduction mechanism. The Fe ions in the B sites are (5)
surrounded by six oxygens in an octahedral environment. The Wannier states are then evaluated to be
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The estimated values for r have been obtained by summing
c,(k)ca(k) i,'iP/ (6) over 150 k points; these are estimates because complete con-

k a 3 vergence for the k sums has not been obtained. As one can

The c,(k) are determined from solving see from the table, only one state has become delocalized.
3 When the temperature increases from 0 K, this state is being

I {Ha-EV(k) Sc,}c#=0, a=0,1,2, and 3, (7) emptied. However, the available (excited) empty states, es-

pecially the doublet state, are localized in this CC descrip-
tion. Therefore, we see no need to use a three-band Hamil-

where the eigenvalues EV(k) are obtained from the determi- tonian (see above); for now, the CC H,1, appears to be
nant equation sufficient, and approximately correct.

IH.,-E(k)Sa I=0. (8)

In nearest neighbor (nn) approximation, we then have IV. DISCUSSION AND CONCLUSIVE REMARKS

As T--0 K, only the lower and upper singlet bands will
W Ic.(k) 2 l 2' be occupied. Only at X (1,0,0) in the Brillouin zone, these

k a singlets touch; otherwise, a gap exists having an effective

nn width of the order of JHJ. Thus, at sufficiently high tempera-
+E I c*(k)c,,(k)0*pq,. (9) tures of about Tv or Tw (when thermal energies are in the

k ,a' order of 0.01-0.02 eV), a localized behavior of the 3d*
states is predicted. The upper singlet and doublet (narrow)

In order to describe electron overlap and transfer, we bands are primarily responsible for the conduction process;
introduce the mixing parameter r for each subband this is consistent with the Mott-Wigner glass description.

nn Above Tw, our Wannier picture supports the idea of

F={E 22 c*(k)c,,(k)} / I Ic(k)12}. (10) (phonon-assisted) electron hopping. However, this depiction
k aa' k a is incomplete: the strong localization indicates the necessity

to take into account Hubbard-like terms, as has been done (in
When the covalency parameter r is negative or zero, anti- the extreme limit) by Ihle and Lorentz4 to describe the Cou-
bonding and/or localization are indicated; when positive, lombic 3d*-electron interactions. Also, Mishra and
more covalency and delocalization are present in the Wan- Satpathylc have used Hubbard-like terms (together with the
nier states. CC H,,/p) to study the atomic charge ordering below Tv.

Our present results reveal that the Wannier states in mag-
III. CALCULATIONS AND RESULTS netite are a mixture of localized and delocalized electron

states. Evidence for such a mixture is also exhibited in theSolving for the eigenvalues EV(k)'s of the CC Hermit- electronic properties of the high-To cuprates. Similarities be-
ian matrix H,,/a is straightforward, and can be performed ana- tween the electronic and geometrical structures of Fe3 4 and

lytically. An important feature is that for all k directions a ti204 and eomercnductrs ofgge and

degenerate doublet exists independent of k; this doublet was LiTi2 e4 and CuO-based superconductors suggest Wannier
patof the tiiplet (see above) at k=O. The obtained eie- studies may provide substantial clues on the conductionpart oeigen- mechanisms of these transition-metal oxides. Further work is

values fully agree with the literature values.5 The broadening in progress.
of the upper singlet (departing from the k=0 triplet) and the
lower singlet is in the order of 13HI (an estimate could be
between 0.1-0.2 eV). To solve for the eigenvectors c,(k),
we have transformed the 4X4 Hermitian into a real symmet- ACKNOWLEDGMENTS
ric 8 x8 matrix following a standard recipe. In this way,ric X8 atri folowng astadardrecpe.In tis ay, This work is supported in part by Research Corporation.
Mathematica provides the eigenvectors in a convenient and thiwk is surte in part by Reerh C orati
correct way. We thank Fay Sharifi and Stephen P. Weathersby for their

In Table I, the results on F and other relevant informa- assistance, stimulus, and discussions.
tion are given.

'(a) See Conference Proceedings of the International Cavendish Meeting
TABLE I. Results on I'. (Seotember 1979), Philos. Mag. B 42, 327 (1980); (b) Z. Zhang and S.

Satpathy, Phys. Rev B 44, 13319 (1991), (c) S K. Mishra and S Satpathy,
3d* I" W*W Occupancy ibid. 47, 5564 (1993); (d) E. De Grave et al., ibid. 47, 5881 (1993); (e) J
bands parameter state 0 K Broadening H. Park et al., APS Bull. 39, 204 (1994); T. Her et al., ibid. 39, 205

(1994); S. Satpathy et al., ibid. 39, 850 (1994).
Doublet - 1.45 very localized 0 0 2 (a) C. Boekema et al., Phys. Rev. B 33, 210 (1986) and references therein,
Upper -0.0 localized 1 -I2HI (b) Hpf. Int. 31, 487 (1986); (c) Philos. Mag. B 42, 409 (1980).

singlet 3N. F. Mott, Metal-Insulator Transitions (Taylor & Francis, London,
L.ower +2.9 delocalized 1 <12111 1974).

singlet 4 D. IhIe and B. Lorentz, Philos. Mag. B 42, 337 (1980).
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Orbital ordering and magneto-optical effects in CeSb
V. R Antropov and B. N. Harmon
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A. I. Liechtenstein
Max-Planck-Institut fur Festkiirperforschung, D-70506 Stuttgart, Germany

The influence of on-site Hubbard correlations on electronic structure and magneto-optical spectra of
CeSb have been studied. As the new key mechanism to produce the large magneto-optical signal is
linked to the interaction between the anisotropy of the Coulomb matrix and m-dependent p-f
hybridization, this effect suggests a systematic search for materials with large magneto-optical
effects.

Cerium monopnictides with the NaCl-type of structure total energy. This is in agreement with the first and second of
are prototypical materials belonging to strongly correlated Hund's rules, with energy differences among the 4f configu-
low-carrier-density systems which have attracted attention rations arising from anisotropic Coulomb and crystal field
for their unusual spectral and magnetic properties and the effects. One should note that the symmetry of such orbitals is
difficulties in explaining them. There are controversial inter- not cubic anymore, and that Jahn-Teller tetragonal distor-
pretations of the double peak structure of valence-band pho- tions give a lower energy. The spin-orbital coupling (-0.5
toemission spectra,' different explanations for the de Haas- eV) lifts the degeneracy of the m =-+3 states according to
van Alphen (dHvA) data, 2 and limited understanding of the Hund's third rule and the lowest energy corresponds to the
nature of the structural phase transitions for these systems. I-3T) one-electron state. The spin and orbital moments are
Among the pnictides CeSb has a special position. In addition equal to -0.92 /.B and 2.86 /B, respectively, yielding a total
to the anomalies inherent to all monopnictides, CeSb has a magnetic moment of 1.94 aB , which is close to the experi-
large magnetic anisotropy together with a small crystal field mental value obtained for the antiferromagnetic (AFM)

splitting,4 an extremely complicated magnetic phase dia- ground state (2.10±0.04 /B).5

gram, including a type of Devil's staircase at low In this article we consider only the one-determinant

temperature, 5 and the largest known Kerr angle.6 It turns out LDA+U singlet ground state. The ground state band struc-
that the widely used local spin density approximation ture of CeSb (with spin-orbital coupling) is shown in Fig. 1.
(LSDA) fails to predict many of the ground and excited state The f bands are split by approximately 6 eV, and the singly
properties: the value of the equilibrium magnetic moment, occupied f band is located at 2.3 eV below the Fermi level.
the additional orbits found in de Haas-van Alphen experi- All unoccupied f bands are at approximately 3.7 eV above
ments, the small density of states at the Fermi level, and the EF and the broadbands which cross the Fermi level are

magneto-optics.2, 7  formed by Sb p states. This picture of the CeSb electronic
In this communication we have used the so-called structure is in agreement with the phenomenological p-f

LDA+U method in rotation-invariant form8 to describe the mixing model.' 0 '

ground state electronic structure and the anomalies of the The density of states (DOS) is shown in Fig. 2(a) and is

magneto-optical spectra of CeSb. Some details of the method quite different from the LSDA DOS [Fig. 2(b)]. There is a
were published in Ref. 9. It turns out that the results of the large reduction of the density of states at the Fermi level withwer pulisedin ef.9.It urn ou tat he esltsof he our LDA+IJ value of N(EF)=6.5 st/Ry- 1 compared to the
self-consistent band structure of CeSb are similar to those of LDA value of NE0)=6. Th y cop ad toththe mpiica p- miingmodl'0 ' ad ladsto mprve- LDA value of about 150 st/Ry- l. The occupied f band withthe em p irical p -f m ix ing m odel m l  and leads to im prov e- m sl h r c e n e a t n a v r n s t o i ament in the description of the magneto-optical (MO) spectra, mostly m = -3 character interacts in a very anisotropic way

en us the fu-iptionotemnetil -rtivisticO) etrar with the Sb p bands (see Fig. 3) and even pushes one of theWe used the full-potential scalar-relativistic linear

muffin-tin orbital (LMTO) method 2 to calculate the self- p states (mostly m =1 character) above the Fermi level along

consistent band structure of ferromagnetically ordered CeSb
(this corresponds to the high field state obtained in MO ex-
periments) with the LDA+U functional (1) and the atomic 7- .
sphere appioximation (ASA) LMTOit method with spin-
orbital coupling in the second-order variational step to inves- o
tigate the magneto-optical spectra. The integration over the
Brillouin zone has been done by the tetrahedron method with -
69 k points for the self-consistent field (SCF) calculation and -

about 1000 k points in the 16 BZ for optical matrix elements. T'
The low temperature experimental crystal structure for CeSb _
with a 0.2% tetragonal distortion was used.3  

0 222 2 O 0 2 2

Without spin-orbital coupling it was found that the
Hartree-Fock-like one-electron 4f spin "up" states with FIG. 1. Band structure of ferromagnetically ordered CeSb. Both rydberg and
predominantly m =3 and m =-3 character have the lowest electronvolt scales are shown.
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FIG. 4. Interband off-diagonal optical conductivities of CeSb (in 10s s-').

The theoretical curve does not include broadening from quasiparticle life-

time effects or experimental resolution.

level, together with the large spin-orbital coupling of Sb p

0-q 0.'S 0.6 0. 7 states (-0.6 eV) leads to particularly strong MO effects.

ENERGY (Ry) The nondiagonal part of the conductivity tensor (Fig. 4)

is in better agreement with experimental MO spectra614 than
FIG. 2. (a) Total density of states of ground state for the ferromagnetically the LDA result7 which qualitatively disagrees with experi-
ordered CeSb in LDA+U. The narrow peak at 0.38 Ry is predominantly ment. A serious problem however is the small magnitude of
1=3, m=-3, and o'=+1 in character. The Fermi level is shown by the
arrow. (b) Total density of states of ground state for the ferromagnetically the negative peak at 0.3 eV in comparison with the experi-

ordered CeSb in usual LSDA. The two large peaks correspond to 4f "up" mentally predicted MO spectra. This particular peak is of
and "down" states. interest because the small value of the diago-a' conductivity

near this energy helps produce the largest measured Kerr

the r-Z direction, but not in the F-X direction. The aniso- angle of any material. The thesretical Ok of 5' (at 0.3 eV) is

tropic p-f interaction helps explain the anomalous magnetic large, but still smaller than the predicted value (>15') or

properties of CeSb (Ref. 13) with strong magnetic anisotropy measured value (of about 140 at 0.5 eV).

in the ferromagnetically ordered phase {our calculated value Analysis of MO matrix elements shows that the main

of magnetic anisotropy as the total energy difference with the contribution to the peaks in Ocy(w) at 0.3 and 0.9 eV comes

magnetic field along [001] and [110] directions is 2.4 meV from the transitions from p to d bands near the Fermi level.

(standard LSDA calculations give 0.54 meV)}. Such aniso- Among those states the radial functions consist of an atomic-

tropic p-f mixing for different m subbands near the Fermi like p orbital around the Sb site and tails of states from
surrounding sites which have some d-like symmetry within
the Sb sphere. These are exactly the p bands which interact

p Sb -f ce strongly with the occupied Ce f band and are pushed above
a. EF along the r-Z direction and stay below EF along F-X.

One of the interesting consequences of such anisotropy
[which comes from the symmetry breaking nature of the

b. LDA+U approach (see Fig. 3)] is that the orbital angular
Ucharacter (m quantum numbers) is further separated than

would occur from just the spin-orbit coupling alone. Espe-

m= -3 cially large contributions to o,y(co) may be predicted for sys-
tems with such a big anisotropy of the f electron angular

m=1_ momentum density. For CeSb there is strong hybridization of

Cone particular f orbital and one p orbital with significant
ee -1 energy shifts near the Fermi level where spin-orbital splitting

=- Fermi level of p states is also large. With the same mechanism it may be

m= .3 possible to produce strong MO effects using f-d anisotropic
hybridization (with materials like CePt, CePtSb, and so on).

FIG. 3. Schematic picture of Hubbard-induced anisotropy formation in In any case anisotropy induced contributions to MO may
frame of LDA+U for CeSb. (a) Normal LDA structure of p and f bands in affect significantly the off-diagonal conductivity (but not the
CeSb. (b) A shift o one f state of Ce (predominantly with m = - 3 charac-
ter). (c) The results of strong p-f hybridization and the creation of a highly diagonal part), and may be another consideration for increas-
polarized structure of p states of Sb. ing the MO effect in searching for new MO materials.
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Magnetic properties of Sm 2(Fe,V) 17Ny coarse powder
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Magnetic properties and crystal structures of Sm2(Fe,V)17Ny alloys were studied. Crystal structures
of Sm2Fe17- ,Vx alloys varied from Th2Zn17 (x=0-1) to ThCu 7 (x = 1.5), and ThMn12-type (x=2)
as a function of vanadium content (x). The alloys were nitrogenated at 823 K for 4 h, and in all
cases resulted in the expansion of the crystal lattice. The nitrogenated and annealed Sm2Fe15.5V1 5Ny
coarse powders with 20-74 /tm particles showed Hcj of 342 kA/m (4.3 kOe) without fine grinding.
It is supposed that one of the reasons of the high coercivity is due to the microstructures of the
particles.

INTRODUCTION the main phase for the alloys varied from Th2Z 117 (x=0-1)

Since the discovery Of Sm 2Fe, 7N3 8 compounds,' a to ThCu7 (x = 1.5), and ThMn 12 type (x = 2), with the increase
number of studies concerning their application for permanent of vanadium content. A negligible amount of a-iron is ob-

nubr fstdescncrin heraplcain o prann served in all alloys of x =0-2, and the SmFe., phase is ob-
magnets have been reported.2'3 It is well known that fine served for alloys of x=1.5 and 2. This is explained by the
grinding, nanostructures, and zinc bonding methods for those fact that iron-rich ThCu7 and ThMn 12 phases compared to the
alloys improve the coercivity. High energy products around t Z has ear whac an samarium-rich
160 MJ/m3 (20 MGOe) for bonded magnets have been ob- Th2Zn17 phase appear with accompanying samarium-rich

tained by compacting an anisotropic fine powder with a SmFe2 phase in highly vanadium substituted alloys. The

resin. 4 5 However, very high compaction pressures are re- composition of the TbCu7-type phase for the Sm2Fe, 5 V, 5
quired to achieve the above value. Because of that reason, alloy is estimated to be Sm,0 ,(FeV)899 from the analysis by

EPMA, and is found to be nearly the same as that reportedcoarse powders are more advantageous for preparing high elsewhere. 6 Sm2Fet 7TxVx alloys were all nitrogenated at 823

In this study, the nitrogenaton of SM2Fe,7.,V, alloys K for 4 h, resulting in the expansion of the crystal lattice

were performed and their magnetic properties were investi- without a change in structure.
gated in detail. It was found that Sm2Fe15.5V1.sNy coarse Figure 2 shows the coercivity of nitrogenated
powder showed the highest coercivity among those alloys Sm2Fel7_xVxNy alloy powders as a function of x value. It is
and was suitable for bonded magnet materials e found that Hcj is strongly dependent on the value of x for

these alloys. The value of 120 kA/m is obtained for the pow-

der of x= 1.5 which is not finely ground. In particular, the
EXPERIMENT nitrogenation conditions for Sm2Fe15.5Vj 5 alloys were varied

Sm2Fe, 7 _.Vx (x=0,0.5,1,1.5,2) alloys were prepared by in order to study their magnetic properties.
induction melting and homogenizing at 1373 K for 12 h, and Figure 3 shows x-ray diffraction patterns of
ground to 20-150 /.tm in particle size. These powders were Sm2Fe, 5 5V1. 5Ny alloys nitrogenated at 773-848 K for 4 h.
nitrogenated at 773-873 K for 4 h under 0.8 MPa of N2  Nitrogen contents of these alloys are also shown in the fig-
atmosphere, a-i some were subsequently annealed at 823 K
for 2-16 h. ,N igenated Sm2Fe,5.sV 5 alloy powders were
studied in detail as these showed the highest coercivity com- S ch2zn"
pared to other alloy powders. Crystal structures and magnetic • S 0 TM,

properties of these powders were measured by x-ray diffrac-
tion with Cu K,, radiation and vibrating sample magnetom-
etry (VSM), respectively. The nitrogen content of alloy pow-
ders after a nitrogenation was calculated by the mass change
and calibrated from a LECO analyzer (TC-436). A scanning .
electron microscope (SEM) and an electron probe microana- = 5 o
lyzer (EPMA) were also used for the analysis of microstic-
tures of alloy powders. 1•

RESULTS AND DISCUSSION 25 30 35 40 45 50
2 E (Deg)

Figure 1 shows x-ray diffraction patterns of
Sm 2Fe, 7 _,Vx (x =0,0.5,1,1.5,2) alloys. Crystal structures of FIG. 1. X-ray diffraction patterns of Sm2Fe 7 _,V, (x=0,0.5,l,I 5,2) alloys
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FIG. 2. Coercivity of Sm2Fel 7 -VxNy alloy powders nitrogenated at 823 K FIG. 4. Coercivity of Sm2Fej 55V1 5NY powders annealed at 823 K for 2-16
for 4 h as a function of x value. h after nitrogenation at 773-848 K for 4 It.

ure. Reiiection peaks of the ThCu7-type phase are shifted at 823 K for 4 h. High Hcj is also obtained for the 7X7X7
toward the lower angle and are broadened with increasing mm ingot as denoted by V in the figure. The reason for the
temperatures and the peaks of the SmFe2 phase are sup- decrease in Hj after the annealing of the powder nitroge-
pressed by the nitrogenation. Nitrogen contents of these al- nated at 848 K is due to an acceleration of a decomposition
loys are considerably higher than those of Sm2Fel 7N3 _8 al- of the principal TbCu7 phase. The distribution of nitrogen
loys nitrogenated by N2 gas. In addition, it was found that atoms in particles by EPMA observation showed little
nitrogen contents of an ingot of 7X7X7 mm in dimension change during annealing. The effect of annealing on the co-
were as high as those of powders prepared by similar nitro- ercivity is now under study.
genation conditions. Nitrogen atoms are thought to be dif- Figure 5 shows the hysteresis loop and magnetization
fused into the lattice and crystal boundaries. Heat treatment curve of anisotropic Sm2Fet5 .5 Vl.5 NY powder with 20-74
is performed in order to help diffusions of nitrogen atoms, Am particles nitrogenated at 823 K for 4 h and annealed at
because the distribution of nitrogen atoms in coarse powders 823 K for 16 h. As shown in the figure, Hcj of 342 kA/m
compared to fine powders is thought to be heterogeneous.7  (4.3 kOe) and a remanence of 1.08 T are obtained from the

Figure 4 shows the coercivity of Sm2Fe 5 5V 1.5NY pow- coarse powder. Little change in particle size of the powder
ders annealed at 823 K for 2-16 h after nitrogenation at after the nitrogenation was observed, however, a few cracks
773-848 K for 4 h. It is found that annealing after nitroge- on the surface of the particles were observed by SEM. A
nation remarkably enhances the coercivity. Hj of nitroge- feature characteristic of pinning is observed in the magneti-
nated powders before annealing increases with increasing ni- zation cur, e of the present compound. This is distinct from
trogenation temperatures and has a value of 116 kA/m for the behavio of Sm2Fe1tN 3 although the reason for this dis-
848 K, where the x-ray diffraction peaks are fairly broadened tinction is not yet clear.
and the crystal perfection is lowered as shown in Fig. 3. The Figure 6 shows the dependence of Hcj for
annealing time also affects the coercivity which increases Sm2Fe1s.5V15Ny and Sm2Fet 7N3 powders on particle size.
with time. The highest value in Hj of 330 kA/m is obtained Sm2Fe15.5Vt.5Ny particles were prepared by sieving the nitro-
for the powder annealed at 823 K for 16 h after nitrogenation genated and annealed powders with 20-150 #m particles,

while 1-3 Am particles were prepared by grinding using a

O 5 TbCu

Sm2Ne3 s NY 1510 SmFe5* k .. 1 5 i J (T)
0 0 0befe

N 43% 0
o o 73 K

N 4 85% o a-Fe 848 K. -10-)

25 30 35 40 45 50 -1 5

2G(Deg.)
FIG. 5. Hysteresis loop and magnetization curve of anisotropic

FIG 3 X-ray diffraction patterns of Sm2Fe15 5V 5Ny alloys nitrogenated at Sm2 Fe15 5V1 5Ny powder nitrogenated at 823 K for 4 h and annealed at 823
773-848 K for 4 h K for 16 h.
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FIG. 7. SEM picture of nitrogenated and annealed Sm 2Fe15 5V1 5N , powder.

FIG. 6. Dependence of Hd of Sm 2Fe15 5V 5NY and Sm 2Fe17N3 powders on
particle size.

ing. A feature characteristic of pinning was observed in the
magnetization curve of the coarse powder, although this kindjet mill after annealing. The data of Sm2Fe17N3 particles pre- of pinning could not be observed in the behavior of

pared by the authors were reproduced from Ref. 8. Both f p

powders show high coercivity for particles of 1-3 Am. An

increase in Hcj for the fine particles can be explained by the
behavior of single magnetic domain particles.9 On the other ACKNOWLEDGMENT
hand, the values of Hcj for Sm2Fel5.5V1.5Ny are several times The authors thank Professor H. Yamamoto of Meiji Uni-
higher than those for Sm2Fe17N3 for the particles of 20-150 versity for valuable discussions for this study.
Atm, and are not affected by particle size.
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M6ssbauer study of R2Fe17 Cx (R=TbDy) as-quenched
intermetallics compounds

Hua-Yang Gong,a) Bao-Gen Shen, Lin-Shu Kong, Lei Gao, Wen-Shan Zhan,
Zhao-Hua Cheng, and Fang-Wei Wang
State Key Laboratory for Magnetism, Institute of Physics, Chinese Academy of Science, 100080 Beijing,
People s Republic of China

Intertetallics compounds Dy2 Fe17C, (x = 1.5,2.0,2.5,2.8) and Tb2Fe17Cx (x = 1.5,2.0,2.5) have been
successfully prepared by the melt-spinning method. The x-ray-diffraction patterns and the
thermomagnetic curves show that they are single phase with the rhombohedral Th2Zn17-type
structure, except for Dy2Fe17C2.8 and Tb2 Fe17 C2 5 which have a small percentage of a-Fe. 5 7 Fe
M6ssbauer spectra were measured at 12 K and room temperature to study both the magnetic
properties of R2Fel 7 Cx on a local scale and the effect of the interstitial C atom on the Fe atoms. It
is found that the effective hyperfine fields of the various Fe sites decrease in the order
6c>18 f>18h>9d. The average effective hyperfine fields Hff at 12 and 293 K do not change much
with C concentration x in agreement with the moment of the Fe atoms obtained by magnetic
measurements at 1.5 K. It can be concluded that the effect of C is to enhance the exchange
interaction between Fe-Fe atoms, which is sensitive to the distance of Fe-Fe atoms. The C has little
influence on the moments of Fe atoms.

I. INTRODUCTION the surface velocity of the copper wheel between 0 and 47
mn/s. The ribbons obtained were about 1 mm wide and 20-30

Introduction of interstitial nitrogen or carbon atoms into m Thik.

R2Fe 17 intermetallic compounds results in a significant im- X-ray-diffraction measurements were performed on the

provement of the magnetic properties of these compounds. melt-spun ribbons using CoKe radiation to identify the

The carbides R2Fe17C, (x-2.5), prepared by a gas-solid re- phase components and determine the crystallographic struc-

action, have unit-cell volumes about 6.5% larger, Curie tem- the curie at determine the tem-

peratures of 760 K, and room-temperature anisotropy fields perature dependence of the magnetization measured in a vi-

of 15±0.5 T. These carbides are promising new materials brating sample magnetometer in a magnetic field of 1 kOe.
for applications as permanent magnets, however, their draw- The 57Fe M6ssbauer spectra were recorded using a
back is high-temperature unstability. In our previous work constant-acceleration spectrometer (Oxford MS-500) in
we have discovered that the carbides R2Fei 7Cx with high transmission geometry with a 57Co source. Temperature con-
carbon concentration can be prepared by melt spinning. The trol to better than ±0.1 K was achieved by the use of a
melt-spun R2Fet 7CX compounds were found to be stable at proportional temperature controller. The data were analyzed
high temperature and to retain the ThEZn17-type or using a least-squares-fitting program.
Th2Ni17-type structure up to at least 1273 K. We have suc-
cessfully obtained the melt-spun R2Fe17Cx (R=Y, Gd, Tb,
Ho, Er, and Tm; x=0-3.0) compounds and systematically III. EXPERIMENTAL RESULTS AND ANALYSIS
studied their structure and magnetic properties. 2- 5 In this ar- X-ray-diffraction experiments show that the cast com-
ticle, we report the M6ssbauer effect spectra of R2Fe1 7 Cx  pounds R2FeI7Cx (R=Tb, Dy, 1.5-x--2.8) are single phase
(R=Tb, Dy, x = 1.5,2.0,2.5,2.8) compounds prepared by melt with the rhombohedral Th2Zn17-type structure. Table I lists
spinning, the lattice parameters, unit-cell volumes, Curie temperatures,

and M.. The addition of C to the R2Fe17 leads to an expan-
sion of the unit cell. The Tb2 Fe17C2.5 compound has a unit-

II. EXPERIMENT cell volume about 5.6% larger than that of Tb2 Fe17 . For
Dy2 Fe 17C2 8 the unit-cell volume expansion is about 6.3%

Iron and carbon were first arc melted into Fe-C alloys, compared with the carbon-free compound. The T, of these
and then R, Fe, and Fe-C alloy were melted, by arc melting compounds is found to increase with increasing C concentra-
in an argon atmosphere of high purity, into homogeneous tion. It is commonly assumed that the Curie temperature of
buttons with the compositions R2FeIC x (R=Tb, Dy, rare-earth-iron compounds is determined by the Fe-Fe,
1.5-<x--2.8). For homogeneity the ingots were melted sev- R-Fe, and R-R interactions. In general, the Fe-Fe interaction
eral times. The purities of the elements used were at least is dominant, the R-R interaction is negligible, and the influ-
99.9% After arc-melting, the ingots were melt spun under a ence of R-Fe interaction yields the difference in T, among
high-purity argon atmosphere on the surface of a rotating the different rare-earth compounds. The increase in Curie
copper wheel. The quenching rate was varied by changing temperature of the carbides or nitrides is mainly due to the

increase in the Fe-Fe ferromagnetic interaction which results
')Also with Iron and Steel Research Institute of Wuhan Iron and Steel Co., from the increased interatomic distance produced by the car-

430080 Wuhan, People's Republic of China. bon or nitrogen.

J. Appl. Phys. 76 (10), 15 November 1994 0021.8979/94/76(10)/6711/3/$6.00 © 1994 American Institute of Physics 6711



TABLE I. Structure and magnetic data for Ib2Fel7C. and Dy2Fe17CX.

Compounds a (A) c (A) V (A3) AV/V (%) Tc (K) M, (/AB)

Dy 2Fe1 72 8.767 8.312 516.0 367
Dy2Fe 17C15  8.621 12.454 804.6 4.0 578 15 4
Dy 2Fe17C2 0  8.645 12.449 814.6 5.2 626 16.1

Dy2Fe 7C2 5 8.669 12.585 820.1 6.0 680 150
Dy 2Fe17C2 8  8.667 12.613 822.5 6.3 676 17.0
Tb2Fe172 8.473 8.323 517.5 404'

Th 2Fe17 C, 5 8.643 12.465 806.4 3.9 610 16.4

Th 2Fel7Oz0  8.664 12.536 814.9 5.0 656 17.4

Tb2Fe 1702.5  8.680 12.559 819.5 5.6 698 23.6

'Reference 6.
bReference 7.

The 57Fe M6ssbauer spectra of Dy2Fe1 7C, (x=1.5,2.0, For DY2Fe1 7C, and Tb2FelT7Cx a further subdivision of
2.5,2.8) and Tb2Fe17C, (x=1.5,2.0,2.5) at 12 and 293 K are the 18f, 18h, 9d sites into two groups with a relative inten-
shown by dots in Figs. 1 and 2. There are four crystallo- sity ratio of 1:2 is assumed. The relative intensity ratios for
graphically nonequivalent Fe sites, denoted in Wyckoff no- each of the spectral components were constrained to
tation by 6c, 9d, 18f, and 18h for the Th2Znl7 structure type. 6:6:12:6:12:3:6, corresponding to 6c, 18fl, 18f2, 18h,
However, when the easy magnetization direction is perpen- 18h 2, 9d1, and 9d2 in the crystal structure. Relative areas of
dicular to the c axis, the spectra consist of more than four the lines in each sextet were constrained in the ratio
independent subspectra. Owing to differences in angle be- 3:2:1:1:2:3, as is required for a randomly oriented power
tween the magnetization direction and the direction of the sample. Different linewidths were used for the inner, middle,
principal axis of the electric-field gradient tensor, the crystal- and outer pairs lines. To assign the subspectra to the various
lographically equivalent iron atoms of a given subgroup will sites, we refer to our previous 57Fe M6ssbauer studies of
become magnetically nonequivalent. 8 In addition, the mag- Er 2Fcl 7C2. Below the spin-reorientation temperature Tsr, 9 it

netic dipolar fields also make the situation complex. Accord- was found that acceptable fits can be obtained by assuming
ing to a calculation of the field gradients by means of a point that the hyperfine fields decrease in the order of 6c > 18f
charge model and calculations of the magnetic dipole field, >18h>9d. Therefore, we analyzed the spectra of
the 2:17 compounds with magnetization direction perpen- Dy2Fe 7C, and Tb2FeI7C, in the same way.
dicular to the c axis should be analyzed in terms of seven The results of the fitting procedure are shown by the
independent subspectra. However, for DY2Fe17C2.8 and solid curves in Figs. 1 and 2. The average hyperfine fields are
Tb2Fe17C25 we use eight subspectra to count in the a-Fe weighted by the contribution of the various sites. The aver-
contribution, age hyperfine fields of Dy2Fet7Cx and Tb2Fel7Cx at 12 and

293 K are plotted as a function of C content in Fig. 3 which
illustrates that the hyperfine fields are almost independent of

T=293K T=12K C content. For DY2Fel 7C,, Hff even shows a small decrease
as the C concentration increases. It has been found that the
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FIG 1. 57Fe Mossbauer spectra of Dy 2Fe,7 C, at 12 and 293 K. The solid FIG. 2. 57Fe Mossbauer spectra of Th2Fel 7C. at 12 and 293 K. The solid
curves are fits to the spectra curves are fits to the spectra.
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340 of interstitial C atoms on the Fe sublattice is different from
v Ttrr=)2K) that of N atoms due to their different electronic configura-

320 v Dy(If=2K) tion. Nitrogen has a larger electronegativity than that of car-
300 bon.
280

0 Tb(T=293K)
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Magnetic properties of Tm2Fe17CX (0 x 2.8) compounds prepared
by melt spinning

Bao-Gen Shen, Lin-Shu Kong, Lei Cao, Hua-Yang Gong, Fang-Wei Wang,
Zhao-Hua Cheng, and Jian-Gao Zhao
State Key Laboratory of Magnetism, Institute of Physics, Chinese Academy of Sciences, P.O. Box 603,
Beijing 100080, People's Republic of China

The formation, structure, and magnetic properties of Tm2Fe17Cx compounds with x=0, 0.5, 1.0, 1.5,
2.0, 2.5, and 2.8 were studied. The samples with x-1.0 were arc melted and heat treated at 1370 K
for 14 h. The carbides were prepared by melt spinning at appropriate quenching rates of v, = 10-20
m/s for 1.5-<x-_2.5 and by the crystallization from corresponding amorphous for x=2.8. X-ray
diffraction and thermomagnetic measurements show that all samples studied are single phase with
the hexagonal Th2Ni17-type structure except for Tm2Fe17C2.8, which contains a few percent of a-Fe.
The lattice parameters a,c and the unit-cell volumes v increase as the carbon concentration x
increases. The Curie temperature is found to rise with x from 260 K for x =0 to 669 K for x =2.8.
The saturation magnetization M, at 1.5 K is found to be 92.2-97.1 emu/g as x varies from 0 to 2.8,
and the carbon concentration dependence of the Fe moment is approximately constant
(2.12 ±0.04/zB). The spin-reorientation transitions are observed. The spin-reorientation temperature
is found to increase with the carbon concentration for x--1.5, and then has a slight decrease with x
for x>1.5.

I. INTRODUCTION g were melt spun on the outside of a copper wheel rotating
works- 3 we have shown that the interstitial with the surface speeds of 0-47 m/s. Ribbons about 1 mm

In previous 1  3 w hve shon trat ca be wide and 20-30 /.m thick were produced. X-ray-diffraction
carbides R2Fe17Cx with higher carbon concentration can be measurements were made to determine the single-phase and
prepared by the melt-spinning method. These carbides are crystallographic structure. The magnetizations at 1.5 and 300
found to be single phase up to carbon concentration x = 2 for K were measured by using an extracting sample magnetome-
R=Y and Gd and x=2.8 for R=Dy, Ho, and Er. As com- ter with a field up to 65 kOe. The Curie temperatures were
pared with the carbon-free parent compounds, the unit-cell determined from the temperature dependence of the magne-
volume expansion in the carbide with x=2.8 is about tization measurnd by using a vibrating sample magnetometer
6%-7% and the Curie temperature increase is about 400 K, under a field of 1 kOe. The spin-reorientation temperatures
which are comparable to those of corresponding nitrides or
carbides produced by solid-gas reaction. It is notable that the ture curves measured at an ac magnetic field of less than
R2Fel 7Cx compounds obtained by melt spinning are stable at 10e.
high temperatures at least up to 1000 OC. 1- 3 We have re-

ported the formation, structure, and magnetic properties of
R2Fe17Cx (R=Y, Gd, Tb, Dy, Ho, and Er) compounds. - 5 For
Tm2Fe17 Cx with x<1.4, a number of investigations have III. RESULTS AND DISCUSSION
beer made, however, when the carbon concentration x is X-ray-diffraction measurements show that the arc-
higher than 1.5, the carbides have not been investigated in melted ingots Tm2Fe17C. with x< l are single phase with a
detail because the interstitial carbon concentration is limited hexagonal Th2Ni, 7-type structure. When the carbon concen-
to about x=1.5 by arc melting and is not well controlled by tration x is greater than 1.5, the TmEFel7 Cx ingots show a
a gas-solid-phase interstitial modification. In this article, the multiphase structure with a-Fe coexisting with the rare-earth
structure, intrinsic magnetic properties and spin reorientation carbides and the 2:17 phases. The amounts of a-Fe phase
are reported for melt-spun Tm2 Fe17Cx compounds with the increase with increasing carbon concentration and become a
higher carbon concentration of up to x = 2.8. majority for x-2.0; however, the single phase of Tm2Fe1 7Cx

with 1.5--x-<2.5 can be obtained by melt spinning. The as-

11. EXPERIMENT quenched samples revealed a hexagonal Th2Ni1 7 structure. It
is found that the formation of the single-phase Tm2Fe17Cx is

Iron (99.9% in purity), thulium (99.9%), and Fe-C alloy sensitive to the quenching rates. The optimal quenching rates
(99.8%) were melted by arc melting in an argon atmosphere are only a relatively narrow range of 10-20 m/s. For x =2.8,
of high purity into homogeneous buttons with composition the preparation of single-phase compound is difficult by di-
Tm2Fe1 7Cx (x =0, 0.5, 1.0, 1.5, 2.0, 2.5, and 2.8). The alloys rect quenching; however, the sample of almost single phase
were melted several times to ensure homogeneity. After can be obtained by the crystallization from a corresponding
melting, the ingots with x-<1.0 were then annealed in a steel amorphous Tm2Fe17C2 8 alloy prepared at a speed of 47 m/s.
tube in a highly purified argon atmosphere at 1370 K for 14 Figure 1 shows the example of the x-ray-diffraction patterns
h, resulting in the formation of single-phase compounds of with CoKa radiation for the Tm2 Fe 7 Cx compounds with
the 2:17-type structure, while for x> 31.5 the ingots of about 3 x=0.5, 1.5, and 2.8.
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FIG. 2. Temperature dependence of the magnetization measured in a field of
1 kOc for Tm2 Fe17C2 s.

Tm2Fe]7C2 8

oms. The increase of Curie temperature with x demonstrates
that the introduction of interstitial carbon atoms results in the
increase of Fe-Fe interactions in Tm2Fet 7Cx . It seems rea-
sonable to suggest that the volume expansion has an essential

30 40 50 60 effect on the Curie temperature.
20 The saturation magnetizations M,(1.5 K) and M,(300 K)

measured by using an extracting sample magnetometer in a
FIG. 1. X-ray-diffraction patterns of Tm 2Fe 7 C, with x =0.5, 1.5, and 2.8. field of 65 kOe at 1.5 and 300 K, respectively, are also sum-

marized in Table I. The M,(1.5 K) of Tm2Fel7Cx is found to
be 92.2-97.1 emu/g, as x varies from 0 to 2.8. A small effect

The lattice constants and unit-cell volumes of of the interstitial carbon atoms on the M,(1.5 K) is observed.
Tm2Fet7 C, compounds are listed in Table I. Both lattice pa- The antiparallel coupling between the rare-earth spin mo-
rameters a and c, and the volumes v dilate upon carbonation ment and the Fe moment for heavy-rare-earth compounds
and rise monotonically with increasing carbon concentration, leads to ferrimagnetism. For Tm2Fet 7Cx, the saturation mo-
which is consistent with the reported results for the melt- ment s can be expressed as
spun R 2Fe17C, with R=Dy, Ho, and Er.t - 3 The relative cell
volume increase Au/v is 1.0%-6.8% as x increases from 0.5 = 1 7 /F- 2 Tm, (1)
to 2.8, also shown in Table I. For x =2.8 the value of Av/v is where /F and A'/m are the Fe and Tm magnetic moments,
comparable to that of the corresponding nitrides or carbides respectively. The pr can be assumed to be 711B, which is
produced by gas-solid reaction.6  the moment of a free Tm3+ . According to Eq. (1), the Fe

Curie temperature T, of Tm2Fe17C, were determined magnetic moment is obtained, as shown in Table I. The AR

from the temperature dependence of magnetization measured is found to be 2.12±0.04AB, being almost independent of
at a field of 1 kOe. As an example, the magnetization versus carbon concentration.
temperature curve for x =2.8 is shown in Fig. 2. Values of T, The room-temperature saturation magnetization M,(300
are listed in Table I. T, is fou, . to rise remarkably with K) is found to increase with increasing carbon concentration
increasing carbon concentrations. When x=2.8, T, is about for xa1.5, then has an approximately constant value of
400 K higher than that of the parent compound Tm2Fet7 . In 123.4 emu/g for x--1.5. The increase of the M,(300 K) at
rare-earth Fe-rich compounds, the Curie temperature de- lower carbon concentration is due to the enhancement of the
pends mainly on the exchange interactions between Fe-Fe Curie temperature which shifts the thermomagnetization
atoms, which is sensitive to the distance between Fe-Fe at- curve to higher temperature.

TABLE I. Structure and magnetic parameters of Tm2 Fe1 7O, with 0:Ex<-2.8.

a c v Av/v "c  M,(300 K) M,(l.5 K) Ju Atp T,,
Composition (A) (A) (A3) (%) (K) (emu/g) (emu/,) (t) (pB) (K)

TmFe17 8.422 8.278 510.9 260 80.7 927 21.36 2.08
Tm2 Fe 17Co5  8.469 8.308 516.0 1.0 432 108.0 95 6 22.13 2.13 144
Tm2Fe17C10  8.499 8341 521.8 2.1 517 1110 97.1 22.59 2 15 178
Tm2Fe17C1 s 8.546 8.351 528.2 3.4 558 124.0 94.7 22.13 2.13 216
Tm2Fe17C20  8.567 8.348 532.9 4 3 604 123 1 93.8 22.02 2.12 221
Tm2 Fe17C2 5 8.617 8.406 540.5 5.8 624 1239 92.2 21.74 2.10 209
Tm2 Fe 17C2 8  8.640 8.443 545.8 6.8 669 122.7 95.4 22.55 2.15 208
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FIG. 3. Temperature dependence of the ac susceptibility of Tm2Fe17C, with
x=2.0 and 2.8. ACKNOWLEDGMENTS

This work was supported by the State's Sciences and

The spin reorientation in Tm2Fe17Cx is observed from Technology Commission and The National Natural Science
the measurements on ac susceptibility versus temperature Foundation of China.
curves. Examples of these measurements are shown in Fig.
3. The spin-reorientation temperatures Ts, are summarized in
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Kerr microscopy observation of carbon diffusion profiles in Sm 2Fe 1 7Cx

J. Zawadzki,a) R A. R Wendhausen, B. Gebel, A. Handstein, D. Eckert, and K.-H. M6iller
Institut fiir Festkirper und Werkstofforschung Dresden, D-01171 Dresden, Germany

The effect of carbon diffusion from CH4 gas into coarse Sm2Fe17 powder on the magnetic domain
structure (MDS) was studied at room temperature by means of the magneto-optical polar Kerr
effect. The diffusion occurs initially along preferential paths and then through the bulk. A gradual
variation in the MDS through incompletely carburized grains was observed, which reflects local
changes in spontaneous magnetization and magnetic anisotropy. This suggests the existence of
smooth "bathtublike" carbon concentration profiles. An acceleration of the carburization process
caused by cracking of grains during the diffusion was observed. The diffusivity R of carbon in
Sm2Fe17 at 450 °C was estimated to be 2.5 X 10-16 m2/s. For Sm2Fe17 C2 2 the domain-wall energy
density is y=3.1 X 10-2 J/m2, the dom ..i-wall thickness 8=3.3 nm, the single-domain particle size
Dc -0.3 Am, and the exchange constant A =8.1 X 10- 12 J/m.

I. INTRODUCTION to get a high carbon content. After these heat treatments the
R l mfollowing nominal carbon contents were obtained: x-0.8,
Recently much attention has been focused on the ternary 1.2, 1.3, and x-2.2 (x being the number of carbon atums per

interstitial Sm 2Fe17Zx (Z=NC) phases with rhombohedral formula unit). The amount of absorbed carbon was checked
Th2 Znt7-type crystallographic structure. Sm 2Fei 7Zx con- by the combustion method with C0 2 determination, After
pounds can be formed, e.g., by melting processes in the case carburization the owders were examined b XRD. An addi-
of carbon' or by heating Sm2Fe17 powder in nitrogen- or tional phasre e aied bywd A addi-

carbon-containing gases at elevated temperatures. They have formed by thermomagnetic measurements. For magneto-

excellent intrinsic magnetic properties, which can exceed optic ine on p es rem en eox rein
2-5 optic investigations powders were embedded in epoxy resin.

those of Nd2Fei 4B.2 5 For instance, by absorbing carbon the These specimens were polished using emery papers and dia-
Sm2Fel 7 compound changes its magnetic anisotropy from mond pastes. The MDS observations were performed at
planar to uniaxial, connected with an anisotropy field up to
about 16 T.4 Simultaneously, a substantial increase of the room temperature with polarized light in a Jenapol micro-

Curie temperature from 389 K up to about 700 K is ob- scope equipped with a high-resolution camera and an image

served. Nitrogen has a similar or even more pronounced ef- analyzer. The domain contrast was provided mainly by the

fect on the magnetic properties of Sm2Fe17. Understanding magneto-optical polar Kerr effect, which depends on the

of the coercivity mechanism in Sm2FetTC, materials requires component of maplietization normal to the surface.

the knowledge of their microstructure as well as their mag-
netic domain structure (MDS). Fundamental parameters con- Ill. RESULTS AND DISCUSSION
trolling the nucleation as well as the pinning mechanism are
the domain-wall width 8, the wall energy density y, and the Figure 1 shows the typical temperature dependence of
single-domain particle size D,. Until now, however, no in- magnetic polarization (measured at a small magnetic field)
formation on the MDS of Sm2Fet 7Cx has been available, for Sm2Fel 7Cx samples with different carbon contents x. For

This article focuses on the MDS in the SmyFel 7CX series medium values of x the sharp magnetic transition of SmyFet7
and its evolution during the carburization process. at 120 *C is diminished and a small step appears near

400 'C. For Sm2Fe17C22 only one sharp transition is ob-
served at 415 'C. Therefore, it can be assumed that in par-

II. EXPERIMENTAL DETAILS

The Sm2Fe17 alloy was prepared by melting elemental
Fe with Fe-50 wt % Sm master alloy under argon in an in-
duction furnace. The cast ingots were homogenized at
1000 °C for one week in a sealed glass ampoule filled with ., -

argon. The structure and phase composition were examined "
by x-ray diffraction (XRD) using Co Ka radiation as well as E x 1.3
by metallographic techniques. The homogenized ingots were 0
coarsely crushed. Powder fractions with particle sizes from .
160 to 500 /m and 30 to 60 Am were used. The powder was
then exposed to CH4 gas at a pressure of 0.6 bar. The coarse
powder was carburized at 450 'C for 40, 160, and 200 h. For 00
comparison finer powder was carburized at 500 'C for 96 h Tempratue 360 4

Temperature ( °C)

a)On leave from. Institute of Physics, Polish Academy of Sciences, A] Lot- FIG. 1. Thermomagnetic analysis of Sm2 Fe1 7C. for different values of x

nik6w 32/46, 02-668 Warsaw, Poland. (Applied field PoH=0. 1 T, temperature sweep dT/dt=20 K/rm)
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FIG. 2. Development of carbon diffusion layers in Sm2 FeI7 after carburiza- FIG. 4. Gradual change of the domain structure in a partially carburized
tion for 40 h (nominal composition of the sample is Sm2Fel 7C8 8). The grain (nominal composition of the sample is Sm2Fe17C1 2).
laminar magnetic domains with strong Kerr contrast show the distribution of
the uniaxial phase.

a very strong Kerr contrast in opposition to the noncarbur-
ized ones, where only a relatively weak contrast was ob-

tially carburized powders thin surface layers of the grains served.
have a composition near to that of Sm2Fe17C2.2. The distribution of domains characteristic for the

The photographs show typical MDS for Sm 2Fe17C, with uniaxial phase suggests that the carburization process is ini-
nominal carbon contents x - 0.8 (Fig. 2), x' -1.2 (Figs. 3 and tially controlled by grain-boundary diffusion and then by dif-
4), x - 1.3 (Fig. 5), and x - 2.2 (Fig. 6). Obviously the car- fusion into the bulk of the grains. In the sample of nominal
bon absorption has a strong influence on the MDS. In car- composition Sm2Fe 17C0.8 carburized regions were observed
burized regions the MDS is that of a magnetically uniaxial mainly along cracks and grain boundaries (see Fig. 2). At
compound with a large anisotropy field. Simple wavy or this stage, the grains consist of a carburized outer shell and a
complex starlike MDS with spikelike closure domains (see, noncarburized core. Because of the higher diffusion rate
for instance, Figs. 3 and 5) were observed in some grains, close to sharp edges of the grains compared to round ones,
This indicates that the c axis (magnetically easy direction in the internal rim of the carburized shell became oval after
the carburized phase) is oriented nearly perpendicularly to some time. It shrinks then to the center, gradually decreasing
the polished surface in these grains. Laminar or wedge do- the Sm2Fe17 core and finally results in carburization of the
mains appear in the carburized regions of grains with the c whole grain (see Fig. 4). The inhomogeneous carbon diffu-
axis parallel or nearly parallel to their surface (upper-left- sion can induce mechanical stress and strain resulting in
hand-side part of Fig. 3). The pure Sm2Fe1 7 phase reveals cracks or even in decrepitation (see Figs. 2 and 3). This
sometimes a coarse irregular domain pattern typical for basal increases the surface area of the powder and makes the dif-
plane anisotropy magnets. The characteristic feature of the fusion process more effective. For instance, Fig. 5 shows
MDS in Sm2Fe 7Cx series is that the carburized regions show often-observe' circular microcracks arising from inhomoge-

neous stress profiles.

1

40 pmn.
" ''i, 20 p.m

FIG. 3. Typical domain patterns observed for the nominal composition
Sm2 FeI7 C 2 showing fully and partially carburized grain regions (carburiza- FIG. 5. Circular cracks caused by inhomogeneous stress profiles during
tion time 160 h). carburization (nominal composition of the sample is Sm2 Fe 7 C 3).
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e estimation we assumed x-d. In order to avoid the influence
of geometrical effects of the grain size on the Sm2FeTC
layer thickness, we considered only very big grains with flat
edges. The value obtained is R=(2.5-0.5)X10 - 16 m2/s,
which is of the same order of magnitude as that reported in

4*f Ref. 2 for nitrogen.
The wall energy density y was determined for a

Sm2Fe17C2.2 sample, in which all the grains were homoge-
* neously carburized. For this purpose the MDS in large grains

,with the easy axis normal (or almost normal) to the polished
. grain surface was analyzed. The Bodenberger-Hubert

10'llm, approach9 was used for the analysis of the characteristic star-
0, Itlike surface domain patterns like those in Fig. 6. It can be

-7 ,shown that the average surface domain width w in the basal
plane (perpendicular to the easy axis) for large grains in

FIG. 6. Starlike domain structure in a large grain with the magnetically easy polycrystalline material is independent of the grain size and
direction perpendicular to the polished surface (nominal composition is is given by w = 1uofly/J, where P3 is a geometrical factor
Sm 2Fel7C2 2)- depending on the type of surface domain structure. We

adopted the value of /3 as determined for uniaxial highly
anisotropic materials in Ref. 9. We obtained an average sur-

Our observations of the MDS in SmzFe1 TCx series sug- face domain width w of (0.93±0.09) Am. Using a value of

gest also that the carbide is rather a single gas-solid solution 1.43 T for the saturation polarization J , this yields a wall
with a continuous range of carbon contents than a two-phase energy y of (3.10.3)X 10-2 J/m2. From this, the single-

domain particle size, D, = 5. 6T0~ 2 i ,03 m hmixture of carbon-poor and carbon-rich phases. A gradual d Dc= .oy/J 2, is Dc 0.3 tm. The
change of the MDS across the grains was observed in the standard continuum model for a domain wall7 gives in a first

Sm2Fe17 powders heated under CH4 atmosphere for 160 and approximation the relations A = y/1 6K 1 for the exchange

200 h. For instance, Fig. 4 shows the domain pattern in a constant and 8= ryI4K 1 for the domain-wall thickness. Us-
grain with the c axis perpendicular to its polished surface. As ing the anisotropy constant K1 =7.4 MJ/m3 calculated from
can be seen the MDS becomes finer as the distance from the demagnetization 6 3 we o =8.1× 1012 J/m
grain boundary increases. According to models of the MDS, and 8=3.3 nm.
developed for uniaxial materials, 6 assuming a constant crys- 1 R. B. Helmhodt and K. H. J. Buschow, J. Less-Common Matter 155, 15

tallite thickness, the main domain width is approximately (1985).
proportional to ytt3J- 2/3, where is is the saturation polariza- 2J. M. D. Coey, H. Sun, and Y. Otani, in Proceedings of the Sixth Interna-

tion. The domain-wall energy can be expressed as tional Symposium on Magnetic Anisotropy and Coercivity in Rare-Earth-
Transition-Metal Alloys, Pittsburgh, 1990, p. 36.

y=4(A K)/,7 where A and K1 are exchange and anisotropy 3J. M. D. Coey, H. Sun, Y. Otani, and D. P. F. Hurley, J. Magn Magn.
constants, respectively. Therefore, the decrease of the main Mater. 98, 76 (1991).
domain width can be attributed to a diminution of A or K, in 4H. Sun, Y. Otani, and J. M. D. Coey, J. Magn. Magn. Mater. 104-107,

the regions with smaller carbon content. 1439 (1992).
5J. M. D. Coey, R. Skomski, and S. Wirth, IEEE Trans. Magn. MAG-28,

By determination of the carburized layer thickness d at 2332 (1992).
initial stages of carburization the estimation of the diffusion 6R. Szymczak, Acta Phys. Polon. A 43, 571 (1973).
rate is possible. The diffusivity R of carbon atoms of 450 C 7S. Chikazumi, Physics of Magnetism (Wiley, New York, 1964).

S8G. E. R. Schulze, Metallphysik (Akademe, Berlin, 1967).was calculated according to the equation for the average dis- 9 R. Bodenberger and A. Hubert, Phys. Status Solidi A 56, 637 (1979).
placement x of diffusing particles with the Brownian move- '0K.-H. Muller, D. Eckert, P. A. P. Wendhausen, A. Handstein, S. Wirth, and
ment: R=x2/2t, 8 where t is the carburization time. In our M. Wolf, IEEE Trans. Magn. MAG-30, 586 (1994).
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Neutron-diffraction study on the structure of Nd(TiFe) 12Nx
and Nd(TiFeCo) 12Nx alloys

Shu-Ming Pan
General Research Institute for Nonferrous Metals, CNNC, Beijing 100088, People's Republic of China

Hong Chen, Zu-Xiong Xu, and Ru-Zhang Ma
Department of Materials Physics, University of Science and Technology Beijing, Beijing 100083,
People's Republic of China

Ji-Lian Yang and Bai-Sheng Zhang
Institute of Atomic Energy, Beijing 102413, People's Republic of China

De-Yan Xue, and Qiang Ni
Shatoujiao New Materials Factory, Shenzhen 518081, People's Republic of China

The preference of nitrogen atoms in Nd(FeTi)12N. and Nd(FeTiCo) 2 Ny alloys have been studied by
neutron diffraction. The results show that Ti atoms are preferentially to occupy the 8i sites, but Co
atoms enter the 8f rather than the 8i site. Nitrogen atoms occupy the 2b sites in Nd(FeTi) 2Nx and
Nd(FeTiCo)12Ny•

I. INTRODUCTION III. RESULTS AND DISCUSSION

A ternary Fe-rich R(MFe)12 (M=stabilizing elements) All the samples are of single phase except for a very
alloy with tetragonal ThMn12 structure has been studied little amount of a-Fe coexistence found by x-ray diffraction
extensively. 12 The Curie temperature of SmTiFell is lower analysis. The nitrides of RTiFell were found to maintain
than that of Nd 2Fe1 4B and its lower saturation magnetization their original tctragonal structure, space group 141nimm, but
leads to the theoretical (BH)max of SmTiFenl only half that of with slight increases in cell volumes. This increase in lattice
Nd 2Fe 4B.3 It is shown that Curie temperature, iron moment, parameters is highly anisotropic (mainly in the basal plane).
and magnetocrystalline anisotropy increase drastically with Neutron-diffraction measurements were performed on
the addition of nitrogen atoms.4'5 RTiFet 2Nx compounds Nd(FeTi)t 2Nx and Nd(FeTiCo)12NY alloys to determine the
have been observed to possess different intrinsic magnetic site occupation of nitrogen atoms. The results obtained from
properties from their original counterparts RTiFelt .6 It has neutron diffraction data fit are listed in Tables I and II. I can
been shown that the Curie temperature of RTiFetlN x in- be seen from Tables I and II that Ti atoms still prefer to
creases by about 150-170 K and the Fe moment increases by occupy the 8i sites in agreement with Ref. 6, but Co atoms
17%. In particular, RTiFeiN x has an easy axis with a strong enter the 8f site rather than the 8i site. The occupation of
anisotropy field at room temperature for R=Nd, Th, and Dy. nitrogen atoms in NdTil 12Co 094Ny is the same as that in
Owing to the fact that the easy uniaxial anisotropy is a pre- Y(TiFe)12N., in which nitrogen atoms enter the 2b site. The
requisite for a magnetic material with high coercive force, to quantities of nitrogen atoms entering interstitial position are
understand the effects produced by nitriding it is necessary to x=0.43 and y =0.395 for Nd(FeTi)12N, and Nd(FeTiCo), 2NY
investigate the crystallographic structures of these nitrides. alloys, respectively. The position of the N atom was found to
The determination of the site occupation of nitrogen atoms is correspond to the 2b site of the tetragonal space group,
a key prerequisite to the calculation of the electronic struc- which gives rise to noticeable displacements of the 8j metal
ture or crystal-field interactions in the nitrides. For this rea-
son, we have carried out a neutron-diffraction and M6ss-
bauer spectra study on the Nd(FeTi) 12Nx  and TABLE 1. The structural paiameters of Nd(FcTi)12N. from neutron-

Nd(FeTiCo) 12Ny alloys. diffraction data The atomic coordinate parameters (in units of the cell con-
stants a and c) are x, y, z, i is the number of atoms on different sites; K, is
the moment value (11) in the z direction; R is the consistent factor; RN and
Ru are quality-of-fit indices for the nuclear and magnetic scattering, respec-

1I. EXPERIMENTAL DETAILS tively; X2 is the iesidual value.

The samples used were prepared by arc melting of the Atom site x y z i K(pq1)

high-purity (99.9%) primary materials under purified argon
atmosphere. The buttons were melted at least three times to Nd (2a) 0.0000 0.0000 0.0000 2.000 0.976

achieve homogeneity. Then the alloy buttons were smashed Fe (80 0.3544 0.0000 00000 5.754 2.120
Ti (80 0.3544 0.000 0.0000 2.246 0.000

into powders. Nitrides were prepared by passing puried ni- Fe (8j) 0.2661 0.5000 0.0000 8000 1920

trogen gas at atmospheric pressure over finely ground pow- Fe (8f) 0 2500 0.2500 0 2500 8.000 1 720

der samples at 500 'C for 3 h and at sufficiently high rates of N (2b) 0.0000 0.0000 0 5000 0.860 0000

flow to ensure enough absorption of nitrogen, followed by R (%) 098
rapidly cooling to room temperature. X-ray diffraction analy- RN (%) 0.98

Rm (%) 089

sis was used to detect phase structure. Neutron-diffraction 1.87

data were collected at room temperature.
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TABLE II. The structural parameters of NdTi1 12Co0 94Fe9 94Ny from atoms still prefer to occupy the 8i site, but Co atoms enter

neutron-diffraction data. the 8f rather than the 8i site. The nitrogen atoms prefer to

Atom site x y z n Kz (AS) occupy the 2b site.

(2a) 0.0000 0.0000 0.0000 2.00 1.20
(8i) 0.3582 0.0000 0.0000 5.58 1.70 ACKNOWLEDGMENTS

Ti (8i) 0.3582 0.0000 0.0000 2.42 000
Fe (8j) 0.2837 0.0000 0.0000 8.00 1.50 This work was partly supported by the National Natural
Co (8f) 0.2500 0.2500 0.2500 1.88 1.0 Science Foundation of China and the State Key Laboratory
N (2b) 0.0000 0.0000 0.5000 0.79 0.00 of Magnetism, Institute of Physics, Chinese Academy of Sci-
R (%) 1.60 ences.
R, (%) 1.59
RM (%) 1.74
x

2  1.08
1Y-C. Yang, B. Kebe, W. J. James, J Deportes, and W B. Yeloin, J. Appl.
Phys. 52, 2077 (1981).2K. H. J. Buschow, J. Appl. Phys. 63, 3130 (1988).3 y.-C. Yang, X.-D. Zhang, S.-L. Gc, Q. Pan, L.-S. Kong, H.-L. Li, J.-L.

positions. The increase in Tc and cell volume are in good Yang, B -S. Zhang, Y.-F. Ding, and C.-T. Ye, J. Adpl. Phys. 70, 6001
agreement with the vlues reported in Refs. 2 and 7-9. The (1991).

short metal-metal distances (between the 8f sites) remain 4j. M. D. Coey and H. Sun, J. Magn. Magn. Mater. 87, L251 (1991).
5Y.-C. Yang, X.-D. Zhang, L.-S. Kong, 0. Pan, S.-L Ge, in Proceedings of

almost unchanged after N insertion and can be derived di- the l1th International Workshop on Rare Earth Magnets and their Appli-

rectly from cell parameters. cations, Pittsburgh, PA, October, 1990, Vol. 2, p. 190.6K. H. J. Bus bow, in CEAM Report, edited by 1. V. Mitchell, 1989.
7M \nagnostou, C. Christides, and D Niarchos, Solid State Commun. 78,
68i '991).
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Synthesis and magnetic properties of PrFe 12 _x.MOx and PrFe12_MoxNy

0. Kalogirou, V. Psycharis, L. Saettas, and D. Niarchos
National Center for Scientific Research "Demokritos, "Institute of Materials Science, 153 10 Ag. Paraskevi,
Attik Greece

A series of iron-rich ternary intermetallics PrFe 12 _,Mo, (x = 0.5, 0.75, 1.0) and their nitrides have
been prepared by arc melting, annealing at 12'73-1393 K and water quenching. A single-phase
structure of the ThMn12 type has been obtained for x=1.0 when annealed at 1345 K (with
a-Fe<5%). The lattice constants are a=8.5978(2) A, c=4.7795(3) A. The alloys exhibit planar
anisotropy, a Curie temperature of 498 K, and a room-temperature magnetization of 120.4 A m2/kg
prior to the nitrogenation. After nitrogenation the anisotropy changes to uniaxial, the Curie
temperature increases to 681 K, and the room-temperature magnetization becomes 136 A m2ikg. A
lattice expansion corresponding to 2.4% of the cell volume is observed. In the x =0.5 and x = 0.75
alloys, a secondary 2:17 phase is also present, besides the 1:12-type structure. The peritectic
decomposition temperature is 1393 K for all samples.

I. INTRODUCTION trides were formed by heat treating fine powders (<37 sum)
of the alloys in purified N2 gas at 723 K for 12 h. TheThe ternary Fe-rich R-Fe-M alloys related to the tetrag- samples were characterized by x-ray powder diffraction

onal ThMn 12-type structure, and especially their nitrides, (XRD) (Siemens D500, CuKa radiation with a diffracted-

have been extensively studied during the past few years as beam m n mDor, Revd analisn theromag-

potential candidates for permanent magnet applications due neti c analysis a ne aniotopy

to their relatively high Curie temperature, saturation magc- w assi means of xa o rdifacin ormay

tization, and favorable magnetocrystalline anisotropy) The y y pf g

tetragonal phase can be stabilized only by replacing iron with netically aligned powder samples. Magnetization curves
a small amount of a third element such as M=Ti, Mo, V, Cr, were measured using a Quantum Design superconducting
etc quantum interference device (SQUID) magnetometer with a

One significant result of introducing nitrogen into the maximum field of 5 T at room temperature.

1:12 phase is the observed change in the magnetocrystalline
anisotropy from planar for non-nitrided compounds to
uniaxial for nitrided ones2 due to the change of the second- Alloys with the composition PrFelMo (x= 1.0) can be
order crystal-field parameter A20 from negative to positive as prepared by arc melting and annealing at 1273, 1348, or
in the case of Nd.3 Among the light-rare-earth elements Pr 1373 K. All annealed alloys present the ThMn]2-type struc-
has a negative aj like Nd. Thus the magnetic properties of ture with some a-Fe impurity (less than 10%). At 13Q3 K the
Pr(Fe,Mo) 12 and Nd(Fe,Mo) 12 nitrides are expected to be 1:12 phase almost disappeared due to a-Fe precipitation in-
similar; however, since it has been reported that Pr does not dicating that 1393 K exceeds the peritectic decomposition
form the 1:12 phase4 no attention has been paid to the syn- temperature of PrFelMo. The lowest a-Fe content was ob-
thesis of this compound. Recently Yang et al.5 have reported tained after annealing at 1348 K for 3 days and was calcu-
the preparation of PrFe10.5Mo1 5 and its nitride. Sun et al.6  lated to be 5% by the Rietveld analysis. For this sample a
have reported that the solubility range in the YFe12-,Mox complete crystallographic analysis was performed. The crys-
system is 0.5--x-<4.0. On the other hand, it has been shown tal structure parameters (unit-cell dimensions, atom posi-
that the intrinsic magnetic properties of RFel2_,MoNy im- tions) for the sample with nominal composition PrFe11Mo
prove with decreasing Mo concentration. 6'7 Thus, we exam- were determined by applying the Rietveld refinement
ined the existence range of PrFel2_.Mo, between method8 and using as starting structural parameters the ones
0.5--x-1.0 and have succeeded in synthesizing at least the given in Refs. 9 and 10. Following the procedure described
x=1.0 member of the series in the form of the ThMn12-type in Ref. 9, it was concluded that the Mo atoms occupy the 8i
structure. The structural and magnetic properties of the par- site. The Mo atoms per formula unit were calculated as
ent PrFel 1Mo compound and the related nitride have also 0.92(7), very close to the nominal value of x= 1.0. The iso-
been studied. tropic thermal parameters B were kept constant during the

refinement and equal to the values given in Ref. 10. The
II. EXPERIMENT calculated a-Fe content is 5% wt. The lattice constants,atomic positions, and bond distances are listed in Table I.

The PrFe 12 -.Mox (x=0.5, 0.75, 1.0) samples were syn- The Rietveld diffraction patterns (observed, calculated, and
thesized by arc melting, with --99.9% pure constituents, in difference patterns) are shown in Fig. 1.
an argon atmosphere. The ingots were wrapped in tantalum The Curie temperature of PrFel1Mo as determined by
foil, annealed in vacuum at various temperatures between TGM was 498 K. No other ordering temperature was ob-
1273 and 139. K for 3 days and then water quenched. Ni- served, except that of a-Fe. The room-temperature magneti-
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TABLE I. Crystallographic data for PrFej1Mo compound (space group: J4/mmm). Unit-cell dimensions:
a=8.5978(2) A, c=4.7795(3) A, and V=353.31 A3. Agreement indexes (R factors): Rp=6.67, R, =11.65,
RB=8.4 6 , and R,-=3.91%.

Atom Site x y z Occupancy

Pr 2a 0.0 0.0 0.0 1.0
Fe,/Mo 81 0.3618(3) 0.0 0.0 0.77(1)/0.23(1)

Fe, 8j 0.2720(4) 0.5 0.0 1.0
Fe/ 8f 0.25 0.25 0.25 1.0

Bond distances

Pr-Fe, X 4 3.111(3) FFeX2 2.772(3)
Pr-Fe, X 8 3.091(2) -Fex 4 2.467(1)

Fe,-FeX 1 2.376(4) FerFeiX 2 2.391(4)
-Fe, X 4 2.921(1)
-Fe, X 2 2.623(3)
-Fej X 2 2.652(2)
-Fef X4 2.640(1)

zation at 5 T of PrFet1Mo is 120.4 A m2/kg. This value was improvement is observed in the saturation magnetization,
deduced taking into account the a-Fe content, 5%, as calcu- i.e., 8.4 and 15.1 A m2/kg higher than those of PrFeIo.5Mo1 5
lated from the Rietveld analysis. After nitrogenation the Cu- and PrFe05 Mot.sNY, respectively. 5

rie temperature increased by about 180 K reaching 681 K. In Fig. 3 the XRD spectra of the non-nitrided and ni-
The room-temperature magnetization of the nitride at 5 T trided PrFet1Mo compounds and the corresponding spectra
reached a value of 136 A m2/kg (Fig. 2). Nitrogenation re- of magnetically aligned powders, bounded on double-side
suited in an increase of a-Fe content. The given magnetiza- tape with a magnetic field normal to the plane of the sample
tion value was calculated considering the a-Fe content, 15%, holder are shown. As shown in Fig. 3(b) the intensity of the
as found from preliminary M6ssbauer spectroscopy. The (0 0 2) reflection of the aligned non-nitrided sample de-
unit-cell dimensions for the nitrided compound are creases and the intensities of the (2 4 0), (0 3 1), (2 3 1), and
a =8.649(2) A, c=4.835(3) A, and V=361.70 A3. The unit- (1 4 1) increase indicating planar anisotropy. The opposite
cell expansion is 2.4% comparable to the other 1:12 nitrides behavior of the corresponding reflections was observed in
leading to a value of y - 1. The magnetization values confirm the nitrided sample indicating uniaxial anisotropy [Fig. 3(d)].
recent experimental observations that a lower Mo concentra- Such a change from planar anisotropy for the parent com-
tion improves the magnetic properties of RFet 2 _xMo x and pound to uniaxial for the nitrided one has been observed in
their nitrides.6'7 The Curie temperatures of PrFettMo and the case of the x=1.5 compound as well.5 This is probably
PrFettMoNy are 43 and 41 K higher than those of due to the sign change of the second-order crystal-field co-
PrFe 0 5Mot.5 and PrFeto 5Mot 5Ny, respectively.5 A similar efficient in the Pr site by analogy to Nd.3'4

The PrFe12_xMox alloys with x=0.5 and x=0.75 were
annealed at 1273, 1348, 1368, and 1393 K. As found by both

700-

F 3 U
Q) 150,•

- PrFePeMo

: o E a ... PrFe 1 MoN
100 -

I,! II l I It I i 111111 llll I 11111111 i l I tIS : 50(300 K)

100 5 5 0
35 40 45 50 55 60 65 70 75 80 85 90 95 100

2-theta

FIG 1. Rietveld refinement patterns for the PrFcn1Mo compound. The ob- "0 1 2 3 4 5 6
served intensities are shown by dots and the calculated ones by the solid H (T)
line. The position of the Bragg reflections are shown by small vertical lines
belov, the pattern The line at the bottom inidicates the intensity difference FIG. 2. Room-temperature niinetization cures of randomly aligned pow-
between the experimental and the refined patterns. ders of PrFel1Mo before and after nitrogenation
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f was observed. As in the case of the x = 1.0 samples, anneal-

PrFe,1 MoNy ing at 1393 K of the x=0.5 and x=0.75 samples resulted in
0 the precipitation of a-Fe. It was concluded that the peritectic

4 1 decomposition temperature of PrFe12 .xMo x is around
4 w1390 K.C14 0 +

oe) 0 ot ) - C14 IV. CONCLUSION

d)i This work has demonstrated that useful properties of the
derivatives of the ThMn 12-type structure alloys such as
PrFelMo studied in this work can be obtained by proper
heat treatment and second transition-metal concentration. As
in other ThMn 12-type alloys nitrogenation enhances further
the magnetization, Curie temperature, and anisotropy. To our
knowledge this is the first time that the PrFelMo (x=1.0)
and the related nitride have been synthesized and character-

0 C' I +field ized. It is expected that further improvement can be obtained
0 + concerning the system PrFe 12_xMo.Ny (0.5<-x--1.0, y =0,1)
' 0 0 0 0- C4by proper heat treatment and is part of our current work.
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2:17 and a-Fe content, were observed at 1348 K and at 1368 9V. Psycharis, M. Anagnostou, C. Christides, and D. Niarchos, J. Appl.
Phys. 70, 6122 (1991).

K for the x=0.5 and x=0.75 samples, respectively. After ")o Moze, L. Pareti, M. Solzi, andW. 1. F. David, Solid State Commun. 66,

nitrogenation a mixture of 1:12 and 2:17 nitrides and a-Fe 465 (1988).
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Study of permanent magnetic properties of the 1-12 nitrides with Nd and Pr
Ying-Chang Yang, Qi Pan, Ben-Pai Cheng, Xiao-Dong Zhang, Zun-Xiao Liu,
and Yun-Xi Sun
Department of Physics, Peking University, Beijing 100871, People's Republic of China

Sen-Ling Ge
Beijing University of Posts and Communications, People's Republic of China

The permanent magnetic properties of isotropic and anisotropic powders of R(Fe,Mo)12Nx
compounds, where R=Pr and Nd, were investigated by using mechanical alloying and a
conventional milling process. For the isotropic magnetic powders, a coercive force of up to 9 kOe
and a maximum energy product of 6.6 MGOe were obtained in Nd compounds, while with the
anisotropic powders a maximum energy product of 12 MGOe was achieved. In the isotropic
Pr(Fe,Mo)12Nx compounds the best result were 4.5 MGOe for (BH)max and 6.0 kOe for ,H. The
temperature dependence of coercive force has been investigated in a temperature range between 300
and 500 K, and the results are reported in a comparison with that of Nd-Fe-B magnets.

I. INTRODUCTION II. EXPERIMENTS

Findings of the nitrogenation effect on the magnetic Alloys were prepared by arc melting of 99.9% pure ma-
properties of rare-earth intermetallic compounds have re- terials in an argon atmosphere, followed by a heat treatment
cently made a great progress in the field of hard magnetic around 1000 'C for 1 week. The nitrogenation was carried
materials. These important developments in magnetism and out at 400-600 *C for 2-4 h in high-purity N2 gas at atmo-
magnetic materials have shown that great improvements in spheric pressure. The nitrogenated powder was then further
the magnetic properties can be achieved by introducing in- pulverized into fine powder by a ball mill. The hysteresis
terstitial nitrogen or/and carbon atoms. This is particularly loops of the samples were measured by vibrating sample
important for permanent magnet materials, which require magnetometer (VSM) with a field of up to 20 kOe in a tem-
large values of magnetization, uniaxial anisotropy, high Cu- perature range from room temperature to 600 K. Some
rie temperature Tc, and coercivity at or above room tempera- samples were magnetized with a pulse field of up to 40 and
ture. In 1990 the nitrides Sm 2Fel7Nx and Nd(Fe,M) 12Nx, 100 kOe.
where M=Ti, V, Mo, W, etc., were discovered, 1,2 and the Mechanically alloyed powders were produced in a high-
studies of the new hard magnetic materials based on RE-Fe energy ball mill, starting with Pr-Mo-Fe and Nd-Fe-Mo alloy
nitrides spread worldwide. We have reported that for the powders. Magnetic amorphous powders were made by mill-
RE-Fe nitrides having the ThMnl2-type structure the intersti- ing process for 1-10 h under argon atmosphere. The pow-
tial nitrogen atoms not only have a crucial effect of increas- ders were then heat-treated in the temperature 750-950 'C
ing Curie temperature and saturation magnetization, but also for 40 min to form the crystallized 1-12 phase, in a vacuum
give rise to a profound change in magnetocrystalline anisot- of 10- 3 Pa. Nitrides were prepared by passing purified nitro-
ropy. Due to these effects, Nd(Fe,M)12N. and Pr(Fe,M)12Nx  gen gas over the crystallized 1-12 phase at atmospheric pres-
became well-known candidates for permanent magnet sure at 500 'C for 1-4 h.
applications. 3- 6 Compared to the case of 2-17 nitrides, be- Anisotropic magnets based on Nd(Fe,Mo)1 2N, nitrides
cause of the difficulty in stabilizing the 1-12 phase with a were prepared by a conventional milling process. The pow-
light rare earth, more problems have been encountered in der samples of cylindric,'l shape (ID3x4 mm) were aligned
developing high-performance magnets based on the 1-12 ni- with a magnetic field of 10 kOe and fixed in epoxy resin.
trides. However, from an economic point of view, the 1-12
compounds present special interest due to the lower price of III. RESULTS AND DISCUSSIONS
Nd than Sm. In addition, the 1-12 nitrides have a lower ratio
of rare earth to transition metal than the 2-17 nitrides. Ac- All the samples were found to crystallize in the
cordingly, it is worth studying the 1-12 nitrides concerning ThMn12-type structure, and, no second phase was observed
the formation conditions of good single phase, improvement before and after nitrogenation. As an example, the x-ray-
on the intrinsic magnetic properties, and creation of high diffraction patterns of PrFe 0 5Mo1 5 and their nitrides are
coercivity. As we know, a strong easy-axial anisotropy is the shown in Fig. 1.
origin of a large coercive force, however, the coercivity is a A. Isotropic powders
very sensitive property and depends on microstructure
formed by the processing treatment. In this work we have Isotropic magnetic powders based on Pr(Mo,Fe)12N, and
succeeded in preparing the single phase of NdFe 0 5Mo1 5 and Nd(Mo,Fe)12N, were prepared by using a mechanical milling
PrFe 05 Mo1 5, as well as their nitrides. The key problems process. In both cases of Nd(Mo,Fe) 12 and Pr(Mo,Fe) 12 , the
dealing with magnet manufacture and the prospect of the x-ray-diffraction patterns and thermomagnetic curves show
1-12 nitrides in the permanent magnet development are dis- that there are no other magnetic phases (such as a-Fe). It is
cussed. important to mention that in order to obtain a desirable co-
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2 0 nealing temperature of 770 °T for 40 min, measured at room temperature.

FIC 1. X-ray-diffraction patterns of (a) PrFe1o5Mo15 and (b) The best results were obtained in Pr(Mool3FeosT)loN x ,

PrFe1oMo1N. which has a large coercive force combined with a high rem-
anent magnetization. A higher coercive force, e.g., iHc=8.9
kOe, is achieved for Nd(Fe,Mo)t1A, with the same process

ercivity, no a -Fe second phase associated with the starting and is seen in Fig. 3(b). As in the case of the mechanically
alloys is required. Figure 2 shows the variations of coercive allowed powders, no sensitive orientation effect is observed.
force, saturation magnetization, and remanence as a function Thus, the mechanically alloyed powders are isotropic. From
of crystallized temperature Of Pr(Moo.J3eo.87)IoNx. From the the virgin magnetization curves an obvious jump is observed,
figure it can be seen that intrinsic coercive force depends which is characteristic of a pinning mechanism for the coer-
sensitively on crystallization temperature with the optimum cive force. The critical field at which the jump occurs corre-
crystallization temperature 770 C. spnds to the value of the coercive force. This behavior sug-

A coercive force of 6.0 kOe is obtained for the Pr ni- gests that the coercive force in the case of mechanical
trides with a crystallization temperature of 770 C for 40 rain alloying is determined by a domain-wall pinning. For the
and a nitrogenation treatment at 500 C for 2 h. Figure 3(a)
indicates the magnetic hysteresis loop which was obtained at
an annealing temperature of 770 C for 40 min and followed
by a heat treatment at 500 °C under N2 atmosphere for 2 I.

4

0 
t

TC*C 0 50 00 t (hr.)

FIG. 2 'Ihei variations of coercive force , , saturation magnetization M , ,
and remanence M, as a function of crystallized temperature for FIG 4. The variation of coercive force as a function of milling time for

Pr(Mo,Fe)N samples. Nd(Fe,Mo)N x powder samples
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TABLE I. Coercive force 11, vs magnetizing field H. of Nd(Fe,Mo) 12N. •

Mill time (h) 19 49 59 64 107 ' tb)

,Hc (kOe)' 2558 3.880 4.133 4.326 5.171 10
,Hc (kOe)b 3 894 5.168 5.209 5.561 6.305 '-".

'Samples were magnetized and measured at H=20 kOe O. 4
bSamples were magnetized at H=100 kOe and measured at H=40 kOe. " s-*..

isotropic samples, the theoretical values of square ratio 0 .f -

should be 0.5; our results are larger than this value indicating 300 EE (Ko )
that the samples are far from saturation at the applied field of
20 kOe. FIG. 6. Temperature dependence of coercive force: (a) ,H, of

NdFe10 5 Mol sN. mechanical alloy powders; (b),Hc of Nd2Fel 4B; (c) ,Hc of

B. Anisotropic powders Pr(Mo0 13Feo 87)1oN. mechanical alloy powders; (d) ,H, of NdFe 0 SMoj5N,
anisotropic powders

Figure 4 indicates the variation of coercive force as a
function of milling time for Nd(Fe,Mo)12N5 . It is clear that
the coercive force depends sensitively on particle size of the manence cannot be obtained simultaneously. Figure 5 is re-
powders, i.e., it increases with grinding time, reaching a lated with a larger remanence, but a smaller coercive force
maximum, then decreases after prolonged milling. The in- for Nd(Fe,Mo)t 2Nx . Their permanent magnetic properties
trinsic coercive force ,Hc of the powders prepared by the are summarized below, respectively: ,=2.6 kOe, Br =9.1
milling process exhibits a large dependence of the magnitude KG, (BH)max = 12.0 MGOe. All these measurements were
of the magnetic field Hm applied before the coercive force made with a magnetizing field of 20 kOe. The coercive force
measurements. Table I shows ,H, for the same sample under is larger when using a higher applied field as indicated in
different magnetizing field. For the powders with the opti- Table I. Figure 6 plots the temperature dependence of coer-
mum milling time, a coercive force of 5.2 and 6.3 kOe was cive force for three kinds of samples: One was prepared by
obtained by using a magnetizing field of 20 and 100 kOe, milling process, the other two by using mechanical alloying.
respectively. The magnetizing-field dependence of iH, is In a temperature :ange from room temperature to 100 °C the
characteristic of domain nucleation. This behavior is differ- temperature coefficient of coercive force for both samples is
ent from that of mechanical alloying powders mentioned -0.5%/K. For a comparison, the temperature dependence of
above. Anisotropic magnets can be made by using the pow- coercive force of Nd 2Fe14IB magnets is presented also in Fig.
ders prepared by milling methods; however, the saturation 6. The temperature coefficient of ,H, for the latter is
magnetization and remanence were found to degrade with -0.6%/K. Among the 1-12 nitrides the Curie temperature of
milling. Thus, the optimum values of coercive force and re- Nd(Fe,Mo)12Nx and Pr(Fe,Mo) 12Nx is lower. Thus, it may be

expected to improve the temperature stability of the magnets
based on the 1-12 nitrides by a substitution of Mo with an-

10. 4UTM kGs) other element, such as Ti, V, etc.

5 'J. M. D. Coey and H. Sun, J. Magn. Magn. Mater 87, L251 (1990).
2 y.-C. Yang, S.-L. Ge, X.-D. Zhang, L.-S. Kong, and 0. Pan, in Proceed-

ings of the Sixth International Symposium on Magnetic Anisotropy amid
Coercivity in Rare Earth Transition Metal Alloys, edited by S. G. Sankar-20 10 10 20 (Carnegie Mellon University Press, Pittsburgh, 1990), p. 190.

H kOe) 3 Y-C. Yang, X.-D. Zhang, L.-S. Kong, Q. Pan, and S -L. Ge, Appl. Phys.
Len. 58, 2042 (1991)4 G. Wet and G. C. Hadjipanayis, IEEE Trans. Magn. MAG-28, 2563
(1992).5 M. Endoh, K. Nakamura, and H. Mikami, IEEE Trans Magn. MAG-28,
2560 (1992).

'Y.-C. Yang, Q. Pan, X.-D. Zhang, J. Yang, M.-H. Zhang, and S.-L. Ge,
FIG. 5. Hysteresis loops of NdFe 0 sMo 5 N, powders for 20 h milling. Appl. Phys. Lett. 61, 2723 (1992).
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Structural and magnetic properties of Ce(FeM) 12Nx interstitial compounds,
M=Ti, V, Cr, end Mo

Qi Pan, Zun-Xiao Liu, and Ying-Chang Yang
Department of Physics, Peking University, Beijing 100871, People's Republic of China

Stabilizing the 1-12 phase with cerium was possible using a special heat treatment. The structural
and magnetic properties of Ce(Fe,M)12 and their nitrides, for M=Ti, V, Cr, Mo, etc., were
investigated using x-ray-diffraction and magnetic measurements. The effects of interstitial nitrogen
atoms on lattice parameters, Curie temperature, saturation magnetization, and magnetocrystalline
anisotropy are reported. A profound change was found on the magnetocrystalline anisotropy. As an
example, in the case of CeMo 2FeONx, the easy magnetization direction changes from c axis to the
basal plane depending on the nitrogen content x.

I. INTRODUCTION 11. RESULTS AND DISCUSSIONS

During the last few years, a lot of work dealing with the A. Crystallographic structure
rare-earth (RE)-Fe nitrides having the ThMn 12-type struc- The samples before nitrogenation were found to be crys-
ture has been conducted for the purpose of permanent mag- tallized in single ThMn12-type phase for M=Ti, V, Mo. The
net development. 12 Because of the difficulties in forming the only exception is Cr, which contained a little 2-17 phase.
1-12 phase with cerium, few reports were concerned with After nitrogenation, the Ce(M,Fe)I 2Nx maintains the same
cerium compounds. The cerium ion often possesses a rela- structure, but with an increase in the lattice parameters. The
tively higher valence (Ce4 ) in the RE-iron intermetallics3 lattice parameters a and c, unit-cell volume V, and relative
Generally, the Ce-Fe compounds have smaller lattice param- change in unit-cell volume upon nitrogenation AV/V of
eters, lower Curie temperatures T, and less spontaneous Ce(M,Fe)12Nx , in comparison with Ce(M,Fe)12, are all listed
magnetization than other rare-earth compounds; thus, it is in Table I. As an example, x-ray-diffraction patterns of
expected that the interstitial nitrogen atoms may have more CeTiFel, are illustrated in Fig. 1(a). The unit-cell volumes
significant effects on magnetic properties of the Ce com- increase from 2.7% to 3.5% compared with their original
pounds. In addition, Ce4  is nonmagnetic, and it is hoped to counterparts.
obtain useful information associated with the iron sublattice
behavior. A study on the Ce nitrides is not only of signifi-
cance for basic research, but there is also a potential techni- B. Curie temperature and saturation magnetization
cal application. Since there is a lot of cerium in inexpensive The Curie temperature Tc, saturation magnetization o-,
mischmetal, an investigation on the formation and magnetic anisotropy field HA, and easy magnetization direction
properties of Ce nitrides might be useful for developing low- (EMD) of Ce(M,Fe) 12 and their nitrides are summarized in
cost magnetic materials. Table II. The interstitial nitrogen atoms have an effect of

In this work we succeeded in stabilizing the Ce(FeM)1 2  increasing the Curie temperature. The T, of CeTiFel 1Nx is
compounds and their nitrides, where M=Ti, V, Cr, and Mo. raised from 485 to 710 K by introducing the nitrogen atoms
The effects of interstitial nitrogen atoms on lattice param- into the CeTiFeii compounds. This effect may be due to the
eters, Curie temperature, saturation magnetization, and mag- expansion of the unit-cell volume after nitrogenation.
netocrystalline anisotropy are reported. The effect of the interstitial nitrogen atoms on the en-

hancement of saturation magnetization is significant. The
II. EXPERIMENT molecule moment is increased from 17.4 /B to 21.88 AB

with M=Ti, or from 13.6 /B to 18.6 /B with M=V in the
The samples were prepared by arc melting 99.5% pure Ce(M,Fe)12 , etc. Since Ce 4+ is nonmagnetic, the increase of

materials in a purified argon atmosphere, followed by a heat
treatment at 600-1000 'C for 1 week. Nitrides were pre-
pared by passing purified nitrogen gas at atmospheric pres- TABLE 1. The lattice parameters a and c, unit-cell volume V, and relativesure over finely ground powder samples at 400-600 °C for change in unit-cell volume upon nitrogenation AV/V of Ce(M,Fe) 12N,, in

comparison with Ce(M,Fe) 12 .
1-5 h, followed by rapidly cooling to room temperature.
X-ray diffraction and chemical analysis were made to deter- Compounds a (A) c (A) V (A) AV/V (%)
mine the structure and the weight percentage of nitrogen. CeTiFen  8.542 4.779 348.7 ...

The powder samples of cylindrical shape were aligned in a CeTiFe11 N, 8.574 4.872 358.2 2.7

10 kOe field and fixed in epoxy resin. Magnetization curves CeV2 Fe10  8 503 4.758 344.0 ...

were measured on aligned powder samples with a field of up CeV2 Fe10 N, 8.646 4.761 355.9 3.46

to 70 kOe K by using an extracting sample magnetometer. CeMo 1 5Fe 10 5  8535 4 766 347.2 ...

The Curie temperature was determined from o-T curves CeMo1 sFeo sN, 8.617 4.821 358.1 3.2
CeMo02 Fe10  8.585 4.799 3537 ...

which were measured by a vibrating sample magnetometer CeMo2Fe1QN08 8.674 4842 364.3 3.0
in the temperature range from 300 to 1000 K.
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the saturation magnetization represents an increase in the
iron atomic moment.4 So far, the increases of T, and the FIG. 2. Magnetization curves along and perpendicular to the origination

magnetic moments have been regarded as being attributed direction at 1.5 K and room temperature between CeMo 5Fe105 and

mainly to the volume expansion (about 3% in average), as a CeMol 5Fej 0 5N.

magnetovolume effect, but, that is not enough. The nitrogen
atoms enhance the Fe moments not only through lattice ex- retically before or after nitrogenation. So the experimental
pansion but also by changing the electronic bonding nature, results are even more important in obtaining information
which was calculated by Sakuma.5  about the iron sublattice behavior.

On the basis of the x-ray-diffraction patterns on aligned

C. Magnetocrystalline anisotropy samples, we can obtain the magnetocrystalline anisotropy of
C nMthetorstraeh cCe(M,Fe)t 2 and their nitrides. The x-ray-diffraction patterns
In the most rare-earth compounds, 4 f electrons are ex- of magnetically aligned powder samples of CeTiFell are

pected to be well localized compared with the d and s elec- shown in Fig. 1(b): a drastic increase in (002) rcflections and
trons in the transition-metal compounds. So the single-ion diminution of (hkO) lines reveals that it has an easy axial.
model is used effectively dealing with the magnetocrystalline Figures 2 and 3 are the comparison of magnetization curves
anisotropy in the rare-earth-ion sublattice. In the case of iron along, and perpendicular to, the origination direction at 1.5 K
sublattice, owing to the itinerant properties of 3d electrons, and room temperature between CeMol 1Fe 0 5  and
the situation becomes more complicated. It is not easy to CeMot.5FetosNx, CeTiFett, and CeTiFel1 Nx . It can been
calculate the changes in magnetocrystalline anisotropy theo- seen that after nitrogenation the anisotropy is decreased. In

TABLE I. The Curie temperature T,, saturation magnetization q,, anisotropy field HA , and easy magnetiza-
tion direction (EMD) of Ce(M,Fe) 12 compounds and their nitrides.

oa (emu/g) HA (kOe) EMD

Compounds T, (K) T=1.5 K T=300 K T=1.5 K T=300 K T=300 K

CeTiFell 485 129.586 108.245 35 15 axis
CeTiFeuN, 710 151.006 135.743
CeV 2Fe1o 425 99.209 75.515 20 10 axis
CeV 2FeioN, 725 128.304 116.292 weak axis
CeCrFelo 433 95.139 59.999 12 8 axis
CeCr2Fe1 0 Nx  685 132.546 111.514 plane
CeMol 5Fe1 0 5  386 111.256 76044 23 10 axis
CeMol sFe10 5 N. 612 13156 108.758
CeMo 2Fej0  340 64.697 40.608 axis
CeMo2 Fe 0 N0 8  500 97.427 75.880 plane
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FIG. 3. Magnetization curves along and perpendicular to the origination
direction at 1.5 K and room temperature between CeTiFell and CeTiFelIN,

the compounds with Ce, iron is the only magnetic atom, so 26
the behavior of CeMol 5Felo.sN x anisotropy represents
changes in the anisotropy on the iron sublattice. FIG. 4. The x-ray-diffraction patterns of CcMo 2FeoN, : (a) x =0 nonaligned

In order to determine the effect of interstitial nitrogen samples; (b) x=O aligned samples; (c) x=O 2 aligned samples; (d) x=0.5

atoms on the magnetocrystalline anisotropy of the iron sub- aligned samples; (c) x=0.8 aligned samples.

lattice we made samples of CeMoFeloNx where x=0, 0.2, IV. CONCLUSION
0.5, 0.8. The x-ray diffraction patterns of CeMo 2Fe0Nx are We have succeeded in forming Ce(M,Fe)1 2 compounds
plotted in Fig. 4: (a) x=0 nonaligned samples; (b) x=0 and their nitrides with ThMn1 2-type structure. The nitrides
aligned samples; (c) x=0.2 aligned samples; (d) x=0.5 increases both the Curie temperature and spontaneous mag-
aligned samples; (e) x=0.8 aligned samples. The x-ray- netization, and makes significant changes in magnetocrystal-
diffraction pattern on aligned samples of CeMo2Feo in Fig. line anisotropy which depends on the nitrogen content x. The
4(b) shows that the EMD is along the c axis due to the experimental results indicate that at room temperature the
drastic increase in (002) reflection and diminution of (hkO) easyrmeta tindic t at room temperature the
lines. After the absorption of a certain quantity of nitrogen, basal plane, contrary to the CeM o2Fej0 compounds.
the EMD deviates from the c axis, as indicated in Fig. 4(c)
for CeMo 2Fel0 N0 2 because the relative intensity of the (202) ACKNOWLEDGMENT
line is larger rather than the (002) line. As expected, a pro- This work was supported by the National Natural Sci-
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c axis to basal plane with increasing the nitrogen content x. 5A. Sakuma, J. Phys. Soc. Jpn. 61, 4119 (1992).
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The magnetic properties of a series of Tb2Fe17 _xA1x solid solutions, with nominal x compositions
of 0, 2, 3, 4, 5, 6, 7, and 8, have been studied by neutron diffraction and M6ssbauer spectroscopy.
Neutron-diffraction data indicate that the compounds all crystallize with the Th 2Zn17 structure and
that the aluminum atoms are excluded from the 9d site and show a distinct preference for the 6c site
only for an aluminum content greater than 6. The unit-cell volume increases by approximately 1%
per aluminum atom substituted in the formula unit. The magnetic moment per formula unit,
measured at 295 K, shows very little change for x less than or equal to 4, but decreases rapidly with
increasing aluminum content for higher values of x. M6ssbauer spectral results indicate that all the
samples are ferromagnetically ordered at 85 K. However, at 295 K Tb2Fe9AI8 is paramagnetic and
Tb2Fe 0Al7 is either paramagnetic or has at most very small ferromagnetic moments. An analysis of
the magnetic spectra with a basa" magnetic model is successful for x values of 5 or less; however,
at higher x values an axial model for the magnetization is required, indicating the presence of a spin
reorientation with increasing aluminum content and decreasing temperature. The weighted average
hyperfine field decreases approximately linearly by 21 kOe per substituted aluminum atom at 85 K
and more rapidly at 295 K. As expected, the isomer shifts increase with ir.creasing aluminum
content as a result of interatomic charge transfer and intraatomic iron 4s-3d electronic
redistribution.

The discovery' that the addition of interstitial nitrogen rhombohedral Th2Znt 7 structure at higher concentrations.
could dramatically increase the Curie temperature of R2Fe17  Furthermore, its Tc increases with increasing aluminum con-
and, in some cases, change the magnetic anisotropy from tent at low aluminum concentrations.I °

basal to axial has led to a renewed interest in these com- The Tb2Fet 7 _,Al, samples were prepared from 99.9%
pounds. The primary reason for the increased Tc is the ex- pure elements by arc melting followed by annealing at
pansion of the lattice caused by the interstitial nitrogen.2 The 900 °C for more than 3 weeks. The phase purity of the
lattice may also be expanded by partially substituting the samples was checked by x-ray diffraction which indicated
iron by other elements,3 and an investigation of such par- that the Tb2FetT7 -Al x samples with nominal x values of 2
tially substituted compounds may lead to a better under- and higher crystallized with the rhombohedral Th2Zn, 7 struc-
standing of the magnetization process and consequently to ture. This limiting composition for the rhombohedral phase
solid solutions possessing better magnetic properties. In the is considerably lower than that reported by Oesterreicher and
R2Fel4_..AlB solid solutions, 4' 5 aluminum causes both the Boller10-

1
2 and may be due to the higher annealing tempera-

coercive and the anisotropic fields to increase with only ture used for the samples in our study.
slight decreases in the magnetization and T(. Partial substi- The neutron-diffraction patterns were measured 6 and
tution of iron atoms by aluminum in CeFel 7, Y2Fe,7 , refined' 3"14 by the same methods as reported earlier. The
NdFet7 , Dy 2Fe, 7, and Ho2 Fe1 7 causes the unit cell to ex- M6ssbauer spectra were measured6 and fit' 5-'7 as reported
pand and the Tc to increase with aluminum content at lower earlier. The spectra that indicated ferromagnetic ordering
aluminum concentrations.3 

6-8 In Tb2Fe14B the terbium mag- were fit with four or seven magnetic sextets corresponding to
netic moments are aligned antiparallel 9 with the iron mo- the fou; or seven magnetically inequivalent iron sites ex-
ments and a similar antiparallel magnetic structure is ex- pected for an axial or basal orientation of the magnetization
pected in Tb2Fet 7 _,Al,. It has been reported' o," that and the site point symmetry.
TbFet 7 _.Alx crystallizes in the hexagonal Th2Nil 7 structure The Curie temperature of the Th2Fet 7 _ A1x solid solu-
at aluminum concentrations up to an x of 3.8 and in the tions increases with increasing aluminum content at lower

aluminum concentrations and reaches a maximum at an x

'Present address. Van der Waals-Zeeman Laboratory, University of Amster- -3.18 The results of the refinement of the 295 K neutron-
dam, NL-1018 XE Amsterdam, The Netherlands. diffraction patterns of these solid solutions are given in Table
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TABLE I. The lattice and positional parameters, site occupancies, and moments in Th 2Fe1 ,Al., as measured
by neutron diffraction at 295 K.

SCompound T2Fe15AI2 Tb2Fe14AI3 Tb2Fel3A14 T2FeI2A'S Tb2Fe11A16 Tb2FenoAI7 Tb2FegA] s

x refined 1.98 3.14 4.08 5.10 6.06 7.16 8.12

a (A) 8.5768(2) 8.6011(2) 8.6212(1) 8.6625(1) 8.6942(1) 8.7482(1) 8.7874(1)
c (A) 125191(4) 12.5549(3) 12.5872(2) 12.6307(3) 12.6501(2) 12.6988(3) 12.7270(3)
c/a 1.460 1.460 1.460 1.458 1.455 1.452 1.448
V (A3) 797.5 804.4 810.2 821.3 828.1 841.6 851.1
Tb, 6c, z 0.3413(4) f 2"'(3) 0.3406(3) 0.3433(2) 0.3417(3) 0.3458(2) 0.3480(2)
Fe/Al, 6c, z 0.0958(3) (1 0.0941(2) 0.0962(2) 0.0993(1) 0.1002(3) 0.1028(4)
Fe/Al, 18f, x 02964(2) 0.2 ,,i) 0.2896(1) 0.2893(1) 0.2920(1) 0.2905(2) 0.2928(2)
Fe/Al, 18h, x 0.1676(1) 0.1684(1) 0.1690(1) 0.1697(1) 0.1681(1) 0.1683(1) 0.1677(1)
Fe/Al, 18h, z 0.4921(2) 0.4920(1) 0.4895(1) 0.4895(1) 0.4882(1) 0.4905(1) 0.4904(1)
%A], 6c 14.4 21.0 24.6 32.9 41.3 72.4 94.0
%AI, 9d 0.0 0.0 0.0 0.0 0.0 0.0 0.0
%AI, 18f 9.8 18.8 23.4 31.4 41.4 57.6 68.8
%A], 18h 18.4 266 36.4 42.6 45.8 37.6 35.2
R factor 5.88 5.24 5.26 5.09 4.46 4.84 4.97
R, factor 6.80 6.10 5.95 6.17 5.46 5.73 5.78
R. factor 10.1 8.23 5.07 8.48 9.67 14.0
X, 2.57 2.49 2.56 2.61 2.62 2.50 2.54
k4t Tb, 6c (,uB)  -4.5(l) -4.3(l) -4.1(1) -4.1(1) -3.5(1) -0.6(1) ..

jL, Fe, 6c (.B) 2.7(2) 3.0(1) 3.1(1) 3.3(1) 32.3(1) 0.6(1) ...

p, Fe, 9d (I.A) 1.9(1) 1.9(1) 2.0(1) 1.8(1) 1.7(1) 0.6(1) ...

X., Fe, 18f (ta) 1.9(1) 2.0(1) 2.1(1) 2.0(1) 1.9(1) 0.6(1) ."

p,, Fe, 18h (AB) 1.5(1) 1.8(1) 1.6(1) 1.6(1) 1.1(1) 0.6(1)
p/cell (B) 56.7 57.6 55.5 46.2 34.5 14.1 ...

p/formula (pa) 18.9 19.2 18.5 15.4 11.5 4.7 ".

(z)/p(x) 0.0 0.0 0.0 0.0 1.2 infinite ...

I. The lattice parameters increase approximately linearly with The M6ssbauer spectra of the Tb2Fel 7 -Alx solid solu-
x as was found' 9 to be the case for the related Nd2Fe, 7TxAlx  tions have been measured at 85 and 295 K. The spectra were
solid solutions, but the increase differs from the behavior initially fit with either four or seven broadened magnetic
found for the c lattice parameter in Tb2Fet 7_xGax , which sextets which represent the expected number of magnetic
increases up to an x of 6 and then remains constant at higher
values. The unit-cell volume of Tb2Fet 7-xAl x increases lin-
early by 8.9 A3 per aluminum, a value which is similar to
that of the gallium solid solutions.20  100 6c

As is shown in Fig. 1, the aluminum completely avoids 0
the 9d crystallographic site, the site expected to have the
smallest Wigner-Seitz cell volume.' 9 In contrast, at ' t up 80
to an x of 6, the aluminum somewhat favors the 18h site and 70 -8t
occupies the 6c and 18f sites almost randomly. At x values
above 6 these trends change and aluminum highly favors the E 60
6c and 18f sites. A rather similar occupation has been
observed 19 in the Nd2Fe 17_xAl solid solutions and ex- <
plained on the basis of the differing near-neighbor environ- c 40
ments of the different sites. . 18h

The compositional dependence of the magnetic moments a 30
derived from the neutron-diffraction 9 scattering is given in 20

220
Table I, and shown in Fig. 2. As expected on the basis of the

terbium crystal field,20 the terbium magnetic moments are 10
antiferromagnetically exchange coupled to the iron moments 9d
which are in the basal plane of the unit cell for x values of 5 0

and less. At larger x values a spin reorientation occurs such 1 __....... .__________
that, in Tb2FeloAl 7, the magnetization is axial. Unfortu- 0 1 2 3 4 5 6 7 8 9 1o
nately, 'lb 2Fe9 Al8 is paramagnetic, at least at 295 K. The iron Aluminum Content x

mcment on the 6c site increases gradually for x values up to FIG. 1. The percentage of aluminum found by neutron diffraction on each

6, whereas the other iron moments remain approximately of the four crystallographic iron sites in the Th2Fel 7-,A, solid solutions.

constant for x between 0 and 6. The dashed line represents random occupation by aluminum.
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Structure and magnetic anisotropy of Sm2Fe17 _xAlxC (x=2-8) compourds
prepared by arc melting

Zhao-Hua Cheng, Bao-Gen Shen, Jun-Xian Zhang, Fang-Wei Wang, Hua-Yang Gong,
Wen-Shan Zhan, and Jian-Gao Zhao
State Key Laboratory of Magnetism, Institute of Physics, Chinese Academy of Sciences, P.O. Box 603,
Beijing 100080, People's Republic of China

In previous work it was discovered that the 2:17-type rare-earth-iron compounds with high carbon
concentration could be formed by the substitution of Ga, Si, or Al, etc., for Fe in R2Fel 7Cx . The
effect of Al substitution for Fe on the structure and magnetic anisotropy of Sm 2Fe1 7C has been
investigated. Alloys with the composition of Sm2Fe]7 _xAlxC (x=2, 3, 4, 5, 6, 7, and 8) were
prepared by arc melting. The carbides are single phase with rhombohedral Th2Zn17-type structure
except for Sm 2Fe17C which contains a small amount of a-Fe. The addition of Al results in an
approximately linear increase in the lattice constants and the unit-cell volumes. The Curie
temperature T, is found to increase slightly when x--3, then decrease rapidly with increasing Al
concentration, while the room-temperature saturation magnetization decreases monotonic ally with
the addition of aluminum. X-ray-diffraction and magnetization measurement studies of
magnetic-field-oriented powders demonstrate that the samples with x-_6 exhibit an easy c-axis
anisotropy at room temperature and the room-temperature anisotropy field increases from 5.3 T for
x=0 to about 11 T for x=2. Further substitution decreases the anisotropy field. For the sample with
x=2, the room-temperature anisotropy field is higher than that of NdEFe 4B, and the saturation
magnetization is about 110 emu/g. In this alloy, the substitution of a small amount of other elements,
such as Co, Ni, etc., may yield a further improvement in its magnetic properties. Thus, it is possible
that these carbides can be used as the starting materials for producing high-performance 2:17-type
sintered permanent magnets.

I. INTRODUCTION 1400 K for 5 days followed by quenching into water. Ingots
were then ground to yield powders and oriented in an applied
field of 2 T in an epoxy resin. X-ray-diffraction (XRD) ex-

rhombohedral Th 2Zn17-type or hexagonal Th2Ni 17-type struc- periments were performed on powder samples using CoKa
ture are found to have an excellent intrinsic magnetic radiation to determine the phase structure as well as lattice
properties;' however, the poor high-temperature stability of constants and unit-cell volume. The Curie temperature T,
SmEFe 7 C, and Sm 2 Fe1 7N, compounds prepared by gas-solid was derived from the temperature dependence of magnetiza-
reaction methods restricts the possible application of these tion r(T) curves measured by a vibrating sample magneto-
materials as permanent magnets. Our previous studies have meter in a field of 700 Oe. The anisotropy fields HA were
shown that the heavy-rare-earth-iron compounds R2Fe17 C. obtained from the magnetization curves measured along and
with high carbon concentration (x--3.0) could be obtainedwiomelth inni ng. concerintratinsicoule protied perpendicular to the aligned direction by using the magneto-
from melt spinning. Their intrinsic magnetic properties meter with a magnetic field up to 7 T. The saturation mag-
are comparable to those of the corresponding carbides pre- netization at 300 K was obtained from fitting the experimen-

pared by gas-solid reaction. It was noteworthy that they tal data for M(H) vs H using the law of approach to

could be stabilized at high temperature (above 1000 'C). It satation.

was, however, still difficult to synthesize Sm 2FeT x with saturation.

x_-1.5. Recently, it was discovered that highly stable
Sm 2Fel7 Cx with x-<3.0 can be formed by the substitution of III. RESULTS AND DISCUSSIONS
Al, Ga, or Si.5- 7 In this work, the effect of the substitution of The XRD study demonstrates that all Al-containing al-
Al on the structure and magnetic anisotropy of Sm 2Fe17C is loys are single-phase compounds with the rhombohedral
reported. Th2Zn17-type structure and no significant diffraction from

impurity phases, especially bcc a-Fe, is observed. For ex-

II. EXPERIMENT ample, Fig. l(a) shows the typical XRD pattern of
Sm 2Fe 1AI6C; however, Sm2Fe17C contains a few percent

Iron and carbon were first melted together in an induc- a-Fe of impurity phase. This fact implies that the addition of
tion furnace to form Fe-C alloy with a lower melting tem- Al can help the formation of the 2:17-type carbides with high
perature. Then Fe, Sm, Al, and Fe-C alloys were melted by carbon concentration.
arc melting in a high-purity argon atmosphere. Elements The lattice constants a,c and the unit-cell volume v of
used were at least 99.9% pure. An excess of 10%-20% Sm SmFe 7 -,AIC compounds are summarized in Table I. It
was added to compensate the evaporation during melting, can be seen that these both show a linear dependence on Al
The ingot alloys were melted at least four times to ensure concentration as we would excepted on the basis of a simple
homogeneity, then annealed under an argon atmosphere at model imolving atomic volumes. To a good approximation,
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FIG. 2. The Curie temperature of Sm 2Fel7_,AC and Sm 2Fe17 _Al as a
function of Al concentration.

of Sm 2Fe17 _xAlx increases more sharply when x<-3. It is
commonly assumed that the magnetic ordering temperature
in rare-earth-iron compounds is determined by the Fe-Fe
exchange interactions. The generally low values of T, in

30 40 50 60 R2Fe17 compounds result from the relatively small Fe-Fe dis-
2 O tance in these materials. The increase in Curie temperature

corresponds to an increase in the positive Fe-Fe exchange
FIG. 1. CoKa radiation x-ray-diffraction patterns of Sm2 Fe1 AI6C prepared coupling as a result of increased interatomic distance. Jacobs
by arc melting: (a) unoriented powders, and (b) oriented powders. et al. have shown that this coupling increases with increasing

Al content up to about x=3 in R2Fe 17-AI with R=Y, and
Ho;8 however, for the carbides, the interstitial carbon atoms

therefore, the substitution of larger Al atoms for Fe merely have already enlarged the interatomic distance. Both C and
produces an expansion of the lattice. This result is consistent Al atoms will influence the Curie temperature and the effect
with that of R2Fe17 .Al with R=Y, Ho,8 and Sm.9 The fact of Al atoms on the Curie temperature is not significant.
that the ratio c/a is, within experimental uncertainty, inde-
pendent of the Al content of these carbides indicates that the
expansion of the lattice caused by the substitution of larger
Al atoms for smaller Fe atoms is essentially an isotropic 120.00
process.

The Curie temperature Tc of Sm2FelT7 -. AlxC versus Al
concentration is shown in Fig. 2. For comparison, the Tc of 100.00 -"
Sm2Fe17 x.Ax is alo presented in this figure.9 For the car-
bides, T, is found to increase slightly when x-<3, then de- 80.00 o

'0
t

crease rapidly with increasing Al concentration, while the T, -- 0
E

60.00 -o
'

0

TABLE 1. Structural parameters for Sm 2Fel 7 ,AIC compounds. 4 0.0 Sm 2 Fe, 5 A12C
40.00 /

Compounds a (A) c (A) v (W) c/a oo
0

xZ-O 8.644' 12.476' 807.3 1.443 20.00 o9
x=2 8.674 12.506 814.0 1.441 p
x=3 8.709 12.575 826.0 1.444 ,
.x =4 8.716 12.617 830.0 1.447 0.00
x=5 8.755 12.664 840.2 1.447 0 2 4 6 8
x=6 8.764 12.723 846.2 1.451 H (T)
x=7 8.806 12.787 858.7 1.452
x=8 8.816 12.809 862.1 1 451 FIG. 3. Magnetization curves of Sm 2 FesAIC at 300 K along and perpen-

_ dicular to aligned direction, solid and open circles are for parallel and per-
'Reference 11. pendicular to the aligned direction, respectively.
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140 temperature anisotropy field of Sm 2Fel7 -xAlxC is found to
increase from 5.3 T,10 for x =0, to 10.8 T for x =2. Further

120 F substitution decreases the anisotropy field. This means that
,0, the addition of Al in Sm 2Fel7_xAxC has a very significant

100 - influence on the magnetocrystalline anisotropy. Earlier re-
ports indicated that the addition of Al in Sm 2Fe17 compounds

80 can develop a room-temperature uniaxial anisotropy when
E x_-2,6'9 without the need to introduce interstitial nitrogen or
Q)

60 carbon atoms. For the sample with x =2, the Curie tempera-
A1 \ture is about 560 K, the room-temperature saturation magne-

40 Sm 2 Fe 17 l-x xC tization is about 110 emu/g, and the anisotropy field at room
temperature is 10.8 T. The value of HA is much higher than

20 that of Sm 2Fe17C and Nd 2Fe14B (8 T), but the saturation
magnetization is somewhat lower than that of the Al-free

0 compound. In this alloy, the substitution of a small amount of
other elements, such as Co, Ni, etc., or the reduction of the
Al concentration may yield a further improvement in the
hard magnetic properties. Thus, it is possible that these car-

9 bides can be used as the starting materials for producing
high-performance 2:17-type sintered permanent magnets.

In summary, single-phase Sm 2FetT-xAlC compounds
6 with 2-<x-8 have been prepared by arc melting. The addi-

tion of Al in these materials can not only help the formation

Sm2 Fe1 T5 Al C of the 2:17-type rare-earth-iron compounds with high car-
bon concentration, but also improve the hard magnetic prop-

3 erties. For the samples with x=2, the Curie tempeiature is
about 180 K higher than that of Sm 2Fe1 7 and comparable
with that of Nd2 Fet4B, and the anisotropy field is much

0 higher than that of NdFel 4B an I SmFe17C. The present
2 4 work suggests that Sm 2(Fe,AI)17 Cx magnets with appropriate

carbon concentration can be a starting material for sintered
permanent magnets.
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Uniaxial magnetic anisotropy in Fe-rich 2:17 compounds with sp
substitutions

R. A. Dunlap and Z. Wang
Department of Physics, Dalhousie University, Halifax, Nova Scotia B3H 3J5, Canada
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The magnetic properties of single-phase 2:17 compounds of the composition Sm 2Fe 17 -T yCoyM x
with M=A] and Ga and x and y in the range 0-5 are reported. The Curie temperature is found to
increase for the y =0 samples with increasing x up to a maximum at x = 3 for M=AI and x =4 for
M=Ga and a monotonic increase with increasing y for all x and M. Samples with x<2 showed an
easy-plane magnetic anisotropy at room temperature while samples with x>2 showed a
single-phase uniaxial anisotropy. The addition of Co is seen to increase the saturation magnetization
and the anisotropy field.

I. INTRODUCTION tures were obtained by calorimetric techni. .es. Magnetiza-
tion curves were obtained at 10 K wit . ,andard inductionThe rare-earth-iron compounds of the composition magnetometer in applied fields up to 3.0 T.

R2 Fe17 are of potential commercial interest as they possess

good thermal stability and the large Fe content yields high
saturation magnetization; however, two severe drawbacks III. RESULTS
have limited the practical application of these compounds as X-ray-diffraction studies indicate that all compounds are
hard magnetic materials; (1) the relatively low values of the of the rhombohedral Th2Znl 7 structure. A typical pattern is
Curie temperature" '2 and (2) the lack of a room-temperature illustrated in Fig. 1(a) and cell volumes are given in Table I.
uniaxial anisotropy. While many rare-earth-cobalt com- The measured magnetic anisotropies and Curie temperatures
pounds do not suffer from these drawbacks, they are cer- are also given in the table. The presence of a uniaxial anisot-
tainly not as attractive for commercial applications from an ropy observed in some of the samples is illustrated in Fig.
economic standpoint. 1(b). The unit-cell-volume dependence of the Curie tempera-

Recent studies concerning methods by which the techni- ture is illustrated in Fig. 2 for the Sm-Fe-Al and SM-Fe-Ga
cal magnetic properties may be improved have been con- compounds. The magnetic properties of the Sm-Fe-Co-Al
cerned with the preparation of materials with either substitu- compounds arc summarized in Fig. 3. AM o is defined as the
tional or interstitial impurities. Results have shown that the difference between the easy- and hard-axis magnetization ex-
substitution of Co, Ni, Al, and Si, for Fe, at least up to a trapolated to zero applied field and is a measure of the
certain point, increases the Curie temperature (see, e.g., Refs. strcqgth of the magnetic anisotropy field.
1-3) and recent evidence has indicated that the substitution
of sufficient quantities of Al or Ga for Fe can induce a room-
temperature anisotropy in these materials. 4' 5 Interstitial hy-
drogen, carbon, and nitrogen can yield substantial increases
in the Curie temperature (see, e.g., Refs. 6 and 7). Although
C and N interstitials favor the formation of a uniaxial o

anisotropy, the presence of interstitial H has been shown to i
be detrimental in this respect.8 In the present work an inves- .

tigation of the effects of sp (i.e., Al and Ga) substitutions on .
Sm-based compounds is reported.

II. EXPERIMENTAL METHODS

Samples of SmFet7x_,-CoyMx, with M=AI and Ga (b)
and x and y in the range of 0-5 were prepared by arc melt-
ing components followed by grinding to a powder with an
average particle size of about 20 /m. Powders were annealed
under argon at 1273 K for 72-100 h and water quenched. .,.,,,,, ....

Structural properties were investigated using a Siemens I I .
D500 scanning x-ray diffractometer. Room-temperature 20 40 60 80
magnetic anisotropy was determined from x-ray-diffraction 20(°)

patterns of powder samples which were mixed with epoxy FIG I Room-temperature CuK x-ray-diffraction patterns for Sm2 Fel 4Al3

resin and aligned in a magnetic field of 1.0 T. Curie tempera- (a) nonoriented and (b) field oriented
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[" TABLE I. Unit-cell volumes, magnetic anisotropies, and Curie temperatures 400
of the series of Sm2Fe17T,.yCoyM, compounds with the Th2Zn17 structure. 4

M x y V (A3) Anisotropy T (K)

0 788 planar 391 30( a

At 1 0 798 planar 417
Al 2 0 805 mixed 452 S
Al 3 0 809 uniaxial 471 , 200 4 0-
A] 4 0 818 uniaxial 451 -30

Al 3 1 810 uniaxial 533 0-

Al 3 2 807 uniaxial 578100 (b) 20
Al 3 3 803 uniaxial 625
Al 3 4 800 uniaxial 663 >
Al 3 5 798 uniaxial 698 10
Ga 1 0 795 planar 468 45 -
Ga 2 0 802 mixed 540 - 0 0
Ga 3 0 809 uniaxial 570 0
Ga 4 0 817 uniaxial 580 o (
Ga 5 0 823 uniaxial 555 40 __(_

Ga 3 3 804 uniaxial 712

35

IV. DISCUSSION AND CONCLUSIONS 0 1 2 3 4 5

The value of the Curie temperature in these materials 2 is y (at% Co)

primarily dependent on the magnitude of the exchange cou-
pling between transition-metal (TM) atoms Jr. This be- FIG. 3. Composition dependence of the magnetic properties of

comes more positive and increases T, as larger nonmagnetic Sm 2Fe 14 _yCoYAl 3 compounds: (a) coercivity at 10 K, (b) AMo=difference
between easy- and hard-axis magnetization at 10 K, and (c) M s (saturation

atoms are substituted for Fe. Beyond a certain point, how- magnetization) at 10 K and 1.0 T.

ever, a decrease in J.r and T, results from either the further
dilution of the magnetic species or the further increase in
Fe-Fe neighbor distances or both. The rare-earth-transition- crease in Curie temperature with the substitution of Co for
metal (RE-TM) coupling 3 JRT and the RE-RE coupling JRR Fe is indicative of a strong Ferromagnetic Fe-Co coupling.
are substantially smaller than JTr and are relatively indepen- In contrast to earlier reports2 that the substitution of Al
dent of interatomic distances. As illustrated in Fig. 2, the or Ga for Fe in Sm2 Fe17 does not alter the planar anisotropy,
changes in T, as a function of atomic volume which result the present results clearly show that in compounds with
from the substitution of Al are substantially less than those x>2, a uniaxial anisotropy is observed. The net magnetic
which result from the substitution of Ga. As this difference is anisotropy is determined from the sum of the Fe and the
not expected on the basis of atomic volume, it is presumably rare-earth sublattice anisotropies. The rare-earth sublattice
due to the 3d coupling between Ga and Fe, which is not a anisotropy is determined by the product of the second-order
factor for the Al-containing compounds. The substantial in- Stevens coefficient aj, which reflects the form of the 4f

charge distribution and the second-order crystal-field param-
eter. A° is negative in the 2:17 compounds, 6'9't1 and a nega-

600 tive product qjA° gives a uniaxial contribution, it is in cases
where aj is positive, as for Sm, that an easy-axis anisotropy

0 ° , is favored. The present studies indicate that increasing the sp

550 0 content (at least up to x = 5) increases the uniaxial contribu-
+) tion from the Sm sublattice as a result of an increase in the

magnitude of the negative A2.4 These changes can be under-

S500 stood in terms of the electronic structure of the RE
environment." The principal contribution to the electric-field

0 gradient experienced by the Sm 4f shell results from the
450 - o details of the RE 5d and 6p electron charge density which

(a) must match that of the neighboring atoms on the Wigner-
Seitz (WS) boundary. These are the 1 8f TM sites which lie

400 - in the basal plane of the Th2Zn 17 structure as illustrated in
0 IFig. 4. The existence of sp atoms in those sites in Al- and

790 800 810 820 830 Ga-substituted compounds has been demonstrated by
V (A3) Weitzer et al. t2t3 The large electron density at the

WS boundary of the 18f sp atoms is analogous to the case
FIG 2 Measured cell volume dependence of the Curie temperature for of N or C interstitials in the basal plane and yields a large
SmnFe1 , ,M compounds for (a) M=AI and (b) M=Ga. negative A2.
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- 9cpreparation methods such as e.g., ball milling is required in
order to achieve improvement in coercivity. T'e properties
for the materials prepared in the present work are consistent
with the requirements for perpendicular recording materials

Sand are comparable to commercially viable materials such as
CoCr films. The present compounds also have the advantage

of allowing for the design of materials with specific charac-
teristics which are tailored to particular recording applica-
tions. Further investigation of these materials for this appli-
cation is warranted and will enable compositions and
processing techniques to be refined.

FIG. 4. 18f site configuration around the Sm atoms in the rhombohedral
Th2Zn7 structure. ACKNOWLEDGMENTS
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Magnetic properties of R2Fe17 _xGax compounds (R=Y, Ho)
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Structural and magnetic properties of the R2Fe17._xGa x compounds (R=Y, Ho, 0-<x-<6) have been
investigated. All investigated Ho 2Fe17 - xGax compounds with x >2.5 crystallize in the Th2Zn17-type
structure and the others in the Th2Ni17-type structure. The substitution of Ga for Fe leads to an
increase in lattice constants a, c, and unit-cell volume, a decrease of the average Fe moment, and
a maximum of the Curie temperature as a function of the Ga concentration at x=3, for both
Y2Fel,7 xGax and Ho 2Fe17 _xGa x compounds. The high magnetic field leads to a spin phase
transition from the ferromagnetic to the canted phase. The critical field B, of the transition decreases
with increasing Ga concentration. The exchange interaction constants JTr between Fe-Fe spins and
JRT between R-T spins have been derived from a mean field analysis of Curie temperature. It has
been found that Jrr increases at first, going through a maximum at x=3, then decreases with
increasing x, whereas JRT is almost independent of the Ga content, which is consistent with the
result obtained from a mean field analysis of the high field magnetization curves of the
Ho 2FelT7 xGax.

I. INTRODUCTION the direction of the applied field. Magnetization versus tem-

Since Coey and Sun reported that the introduction of perature curves were measured in a field of 500 Oe by means

nitrogen leads to a remarkable improvement in the magnetic of the vibrating sample magnetometer (VSM) between tem

properties of R2Fe17 compounds, I which makes these com- peratures from 300 K to 800 K. The Curie temperature were

pounds interesting materials for permanent magnets, the derived by 02 vs T plot.
structural and magnetic properties of the interstitial nitrides
have attracted much attention. In order to fully understand III. RESULT AND DISCUSSION
the interaction in these nitrides, it is necessary to first under- X-ray diffraction patterns showed that the Ho 2Fc, 7 .Ga.
stand the exchange interaction of the R-T and T-T spins in compounds for x2.5 crystallize in Thi-,th, and for x>2.5
their parent compounds. Previous studies of these interac- ccrystallize in Th2  Ni1 and s on oftios hve how imrovmen intheproertes f tese crystallize in ThZni 7, as shown in Fig. 1. 1 he substitution of
tions have shown improvement in the properties of these
compounds by substituting other atoms for Fe or R.2'3 In this a larger radius Ga atom for the Fe atom makes the
paper, the influence of the substitution of Ga for Fe on the ThzNil 7-type structure unstable. The values of lattice param-

magnetic properties of RFel 7 ,Ga, (R=Ho, Y) compounds eters a and c are given in Table 1. The substitution of Ga for

has been studied. The exchange interaction of the R-T and Fe results in a linear increase of the lattice constants in

T-T spins in these compounds has been calculated based on HoFe17 -Ga, compounds, reflecting the larger radius of the

a mean field analysis of the Curie temperature of Ga atom.

R2Fel7_xGax (R=Y, Ho), which are then compared with the
results obtained by the mean field analysis of the high field
magnetization curves of Ho2Fel 7-,Ga,.

II. EXPERIMENT H0 8,

The HoFel7_xGa, (x=0, 0.25, 1.0, 2.5, 4.0, and 6.0)
and Y(FelixGax)17 (x=O, 0.06, 0.12, 0.20, 0.30, and 0.40) 0o2Fe, AGa

compounds were prepared by arc melting the constituent el-
ements of 99.9 wt % purity or better, and followed by an-
nealing in an argon atmosphere at 1473 K for 4 h. X-ray o,,
diffraction was performed on powdered samples using Cu-

Ka radiation. Magnetization measurements at 4.2 K have
been performed in the High Magnetic Field Installation at the Ho2F,,a6

University of Amsterdam.4 The measurements were done on
powder particles about 30 /.m, which are sufficiently small 25 30 35 40 45 50 5b

to regard them as monocrystalline. During the magnetization 20

measurement, the particles are free to rotate in the sample FIG. 1. The x-ray diffraction patterns of HoFce 7 -,Gd,. =(), 25, 4.0,
holder, so that they can orient their magnetic moments into and 60
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[ TABLh 1. The lattice constants (a and c), Curie temperature (T,), saturation magnetization Ms (Am 2/kg), and
average iron magnetic moment (jeF,) for Ho2Fel 7 _xGa. and Y2Fel7-,Ga, compounds The data between pa-
rentheses a and c (±0 005 A); Tc (±5 K); Ms (±0 1 Amr2/kg); /Fc (±0.02/.LB/Fe).

a c TC  M, AR

x (A) (A) (K) (Am 2/kg) (MB/Fe)

Y2Fe17  8.492 8.315 337 166.6 1 98
Y2(Feo 94Gao 0 6)17  8522 8.332 426 1520 1.94
Y2(Feo SsGao 12 )17  8.559 8.348 475 137.8 1.91

Y2(Fe0 80Ga0 20 )17  8.601 8.369 513 119.7 1 85
Y2(Feo 70Gao 30 )17  8.650 8.392 484 99.5 1.79
Y2(Feo0 6Gao04) 17  8.706 8.412 379 81.0 1.74
Ho2Fe17  8.431 8.303 360 69.4 2 11
Ho2Fel6 75Gao 2 8.458 8.314 380 668 2.11
Ho2Fe160 Gaj 0  8.482 8325 425 58.5 2.10
Ho2 Fe1 4 "a2 5  8.520 8.352 505 437 2.09
Ho2Fe130 Ga4 0  8.584 8.392 518 20.4 1.91
Ho2Fe II0Ga 6 0  8.639 8.434 450 0.4 1.83

The Curie temperature T, of the Ho 2Fe1 7 _xGax and a-Fe impurity phase to the magnetization, which could be
Y2Fel7_x.Gax rises rapidly at first with x, going through a deduced from the high temperature magnetization measure-
maximum at about x=3, and falls quickly with x, as shown ments. In the evaluation of the magnetic moment per iron, it
in Fig. 2. The values of Tc for these compounds are also was assumed that the moment of Ho is independent of the Ga
listed in Table I. The Curie temperature is mainly determined content, and the value is the same as that of the free Ho ion
by the Fe-Fe exchange interaction, which is sensitive to the (10B). It can be found that the average Fe ion moment
Fe-Fe distance. Therefore the increase of Tc for the com- decreases with increasing Ga content, as shown in Table I.
pounds with x<2 with x may be partially associated with the In the rare earth-transition metal intermetallics, there arc
lattice expansion upon the substitution of Ga for Fe. On the three types of the interactions, namely the R-R interactions
other hand, it has previously been found that Ga, like Al in between the magnetic moments within the R sublattice, the
YFe1 7 _xAlx compounds, preferentially occupies the 6c T-T interactions between the magnetic moments of T sub-
sites. - 7 Therefore the substitution of Ga for Fe may decrease lattice, and the R-T intersublattice interactions. Among
the negative exchange interaction between Fe-Fe at 6c sites them, the T-T interaction is the strongest and the R-R in-
and increase the Curie temperature of these compounds. The teraction is the weakest, and is usually neglected.8 According
decrease of the Curie temperature for the compounds with to the mean field analysis of Curie temperature, 8 JRT and
x>3 increasing with the Ga concentration is due to the de- JFeFc can be expressed by
crease of the average iron magnetic moment and the reduced
iron concentration. JRT = RgTB2NTn RT/2ZRT(gR- 1)(9T- 1), (1)

The saturation moment of Ho2Fe 7_xGa, and 3kT,=aFeFe+(aFFe2+4 a RFeaFeR) "/, (2)
Y2Fet 7TGax decreases with increasing Ga concentration.
The average iron magnetic moment 9Fe was derived on the where
basis of the saturation magnetization o- measured at 4.2 K.
The o-, values have been corrected for the contribution of aFeFe=ZFeFJFeFeSFe(SFe+ 1), (3)

aRFear R=ZRFeZFeRSFe(SFe+ 1 )(g- 1 )2J(j + 1 )JRF2 ,

(4)

500 -- JFrFeaFeaFe/ZFFeSFCSFe+ 1), (5)

where a, is the microscopic exchange coupling parameters,
400 J,, is i-j exchange constants, nRT expresses the macroscopic

molecular field coefficients, gR=8 and j=1 for Ho, the or-
bital moment of the Fe atom is assumed to be quenched, so

500 oone takes gT 2 , JT=ST, and ST=/AFe/ 2 . Z,, is the number of
the nearest j neighbors of the t ion, N, is the numbers of the

400 I i atom per formula unit. The JFCFc and JRF, were calculated
using Eqs. (1)-(5). The values Of JFeFR and JRFR as a function
of Ga content are shown in Fig. 4. It can be seen that JRFe is

ao0 almost unchanged with x; however, Jirr increases with the
0 1 2 3 4 5 6 7 Ga content for x<3, going through a maximum at about

x=3, and then decreases for x>3, as shown in Fig. 4. The
FIG. 2. Ga content dependence of the Curie temperature T, of Y2Fe-,_,Ga, JRT can also be calculated from a mean field analysis of the
and tioFe1 _,Ga,. high field magnetization curves. 9 For ferrimagnetic R-T in-
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FIG. 3. The high field magnetization curves of Ho 2FelT7 -Ga x . FIG. 4. Ga content dependence of the exchange interaction constants JFeF
and JRF in Ho2Fe17 -,Ga x.

termetallics, in the fields beyond a critical field strength sis of Curie temperature. It has been found that J.r increases
Bcr,I=nRTIMT-MRI (MT and MR are the magnetization of at first, going through a maximum at x=3, then decreases
the R and T sublattice, respectively), the exactly antiparallel with increasing x, whereas JRT is almost independent of the
R and T moments start to bend toward each other. The total Ga content, which is consistent with the result obtained from
magnetization is described by M=B/nRT and thus a mean field analysis of the high field magnetization curves

dM of the Ho2Fet 7 -xGa x . JFFe is about four times JRFe" The
-d- [nRT]- (6) critical field Bcri decreases with increasing Ga concentra-

tion.
where M =[MR2+MR2 +2MRMT cos(r)]"2.

The parameter nRT can be derived from the high field ACKNOWLEDGMENT
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Magnetic properties of Sm2(Fel-xGax)17 compounds and their nitrides have been studied.
Substitution of Ga for Fe leads to an increase in lattice constants. Introduction of nitrogen results in
a further increase in lattice constants. Substitution of Ga for Fe causes a dramatic change of the
Curie temperature of the Sm 2(Fel-xGax)1 7 compounds. When x=0.2 the Curie temperature is
enhanced by about 200 K. X-ray-diffraction patterns of aligned samples of Sm 2(Fcl-xGax)17
compounds show that alloys with x=0.15, 0.20, and 0.25 exhibit uniaxial anisotropy at room
temperature. The introduction of nitrogen made the samples with x-<0.4 exhibit uniaxial anisotropy
at room temperature. The Curie temperature of the nitrides decreases with the Ga concentration. The
anisotropy fields of the nitrides derived from the high-field magnetization. The changes of the
magnetic anisotropy, saturation magnetization, and the moment of the Fe atoms in the nitrides and
their parent compounds with Ga concentration are discussed.

I. INTRODUCTION Amsterdam.8 The anisotropy fields of the nitrides were de-
Recently many studies on improving the magnetic prop- rived from the intersection point of the high-field magnetiza-erties of R sFet7 compounds have been performed. The most tion curves measured wth the field applied parallel and per-

striking improvements, the strong enhancements of the Curie pendicular to the aligned direction. The saturation
temperature and uniaxial anisotropy, have been achieved by magnetization was deduced from os-1/B plots.
absorption of nitrogen.' The magnetic ordering temperature
and other magnetic properties can also be improved by up- III. RESULTS AND DISCUSSION
taking hydrogen or carbon as well as by substituting some
elements such as Al, Si, and Co for Fe in R2Fel7 Based on x-ray powder diffraction, all the investigated
compounds.2- 7  Sm 2 (Fel _ Ga,)17 compounds and their nitrides crystallize in

In the present work we have focused our attention on the the ThZn, 7-type structure. A small amount of impurity was
crystal structure and magnetic properties of Sm 2(Fe -,Ga,)17  found in a few samples. Ga substitution for Fe does not

(x 0-0.5) compounds and their nitrides, especially on mag- change the structure of SmFe 7 , but leads to an expansion of
netization and magnetocrystalline anisotropy. The uffects of the unit cell (Fig. 1). This result may be ascribed to the larger

Ga substitution for Fe and of the introduction of interstitial atomic radius of Ga atom compared to Fe. After introduction
nitrogen on the Curie temperature, the magnetic anisotropy, of nitrogen, the volume of the unit cell further increases; but,
and the saturation magnetization have been determined, the magnitude of increase is smaller than that resulting from

the Ga substitution. The nitrogen content introduced into the

II. EXPERIMENTAL METHODS compounds, determined by weighing, decreases linearly with
Ga concentration from 2.6 for x=0 to 1 for x=0.5. One can

All Sm2 (Fe -. Ga.), 7 host compounds with x=0, 0.01, conclude that the substitution of Ga for Fe prevents the in-
0.02, 0.04, 0.07, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, and 0.5 troduction of nitrogen.
were prepared by arc melting. The nitrides were formed by The Curie temperatures of Sm 2 (Fe l _- , Ga. )17 compounds
heating the powder samples of Sm,(Fel-xGa,)17 compounds and their nitrides are shown in Fig. 2. This figure clearly
in a mixture of NH 3 gas and H2 gas under a pressure of 1 atm displays that the Curie temperature of Sm2(Fel_,G a,)17
at 720 K for 20 min. compounds first goes up, passes through a maximum at

X-ray diffraction was employed to determine the struc- about x =0.2, then decreases with increasing Ga content. The
ture, phase composition, the lattice parameters, and the an- initial increase of T, is mainly due to the volume expansion.
isotropy of aligned samples. The thermomagnetic o-T curves At higher Ga concentration, the average iron magnetic mo-
were measured by means of a vibrating sample magnetome- ment decreases dramatically and causes a decrease in T, .6

ter in a field of 0.05 T. The Curie temperatures T, were This variation of T, may also be associated with preferential
derived from o2-7 plots. substitution of Ga atoms for Fe atoms. 9 Ga atoms preferen-

The high-field magnetization curves were measured at tially substitute for Fe atoms at the sites responsible for
4.2 K in high fields up to 21 and 35 T for the host con- negative exchange interaction. The Curie temperature of the
pounds and their nitrides, respectively, at the University of nitrides decre.ses monotonically with Ga concentration.
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FIG 1. X-ray-diffraction patterns of Sm2(Fe l -Ga,) 17 compounds and their X-0.3
nitrides with x =0.0 and 0.5. J

Ux-0.2

When x-<0.2, the Curie temperature of the nitrides is higher
than that of their parent compounds, this indicates that the A-0.1
introduction of N atoms results in an enhancement of the
exchanf e interaction.10  X-0.0

X-ray-diffraction patterns at room temperature with 30 35 40 45 50 55 60

CoKa radiation for the aligned samples of Sm2 (Fe _xGax) 17  26

show that the samples with x=0.15, 0.20, and 0.25 exhibit
uniaxial anisotropy; the others are planar [Fig. 3(a)]. X-ray-
diffraction patterns of Sm2(Fe lGax)I TNy [Fig. 3(b)] show FIG. 3. (a) X-ray-diffraction patterns with CoKa radiation for aligned

samples of Sm 2 (Fe-Gax)1 7 compounds with x =0.10, 0.15, 0.20, 0.25, and
that the samples with x-<0.3 exhibit uniaxial anisotropy at 0.30, (b) x-ray-diffraction patterns with CoKa radiation for aligned samples

room temperature. Ga substitution for Fe in of Sn 2(Fe l -,Ga,)17 NY compounds with x=0, 0.1, 0.2, 03, and 0.4.

Sm 2 (Fel-xGax)17 compounds enhances the transition tem-
perature of the anisotropy from easy plane to easy c axis.

This may be attributed to a change of the second crystal-field
coefficients Amo at the rare-earth sites in Sm2(Fel-XGax) 17

750 , compounds toward a more negative values. After the uptake
of the N atoms, the A20 becomes more negative, u 

1
2 which

700 SmyFel-Gax)iTNY makes the samples of Smz(Fel1 xGa )t7 Ny with x 0.3 have

650 V Sm,(F'e Gax) 17  
uniaxial anisotropy at room temperature.I - The saturation magnetization of Sm 2(Fel-,Ga,) 17 and

600 their nitrides decreases monotonically with Ga concentration.

550 - , In order to get more information about the influence of Ga
substitution on the magnetization, the average iron magnetic

50 -' -moment /e was calculated on the basis of the saturation
/, magnetization measured at 4.2 K. In the process of evaluat-

450 / ing AFe, it was assumed that the magnetic moment of the Sm450 -V 'ion is independent of the Ga concentration, and that its mag-
400 1 netic moment was same as that of free Sm ion. Our results

imply that both in the nitrides and in the parent compounds
35o - - l - the iron moment /Fe decreases monotonically with Ga con-

0O0 0 1 0 2 0 3 0 4 0 5
0olil 0 0 1011 X) 0 0centration. The average iron moment decreases with Ga con-

centration from 2 .11/B for x=0 to 1.51/IB for x=0.5 for the

FIG. 2. Ga concentration dependence of the Curie temperature for nitrides and from 1 .9 6/iB for x=0 to 1 .54 /B for x=0.5 for
Sm 2(Fe1 _,Ga,) 17 compounds and their nitrides. the parent compounds. This is a reduction of the Fe moment
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16 pounds the N atoms preferentially occupy 9e sites which are
the nearest to the Sm atoms. The N atoms influence the crys-
tal field at the Sm sites -resulting in a significant increase of

• 12A2o of the Sm atoms, 1
' so that the uniaxial anisotropy of

the Sm sublattice increases. Ga substitution for Fe prevents
CLO- the introduction of N atoms, so that the anisotropy field of

0 a 8 Sm2(Fe1_Ga)j 7Ny Sm 2(FeI _.xGa,)17Ny decreases with Ga concentration.
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Structure and magnetic properties of arc-melted Sm 2(Fel _xCOx) 14Ga 3C2
compounds

Bao-gen Shen, Lin-shu Kong, Fang-wei Wang, Lei Cao, Bing Liang,
Zhao-hua Cheng, Hua-yang Gong, Hui-qun Guo, and Wen-shan Zhan
State Key Laboratory of Magnetism, Institute of Physics, Chinese Academy of Sciences, P.O. Box 603,
Beijing 100080, People's Republic of China

The effects of the substitution of Co for Fe on the formation, structure, and magnetic properties of
Sm2Fe14Ga3C2 compounds wefe studied. Alloys with composition Sm2 (Fel- Cox)14Ga3C2 (x=0,
0.1, 0.2, 0.3, 0.4, and 0.5) were prepared by arc melting. X-ray diffraction shows that these alloys
are single phase compounds of the rhombohedral Th2 Zn17-type structure. The lattice constants a and
c, and the unit cell volumes v of Sm2(Fe l xC ox) 14Ga 3C2 compounds decrease monotonically with
increasing cobalt concentration. It is found that the Curie temperature increases from 615 K for x =0
to 666 K for x=0.5. Room-temperature saturation magnetization is 90.3 emu/g for x=0, and it
decreases to 79.6 emu/g at x =0.5. All compounds of Sm 2(Fel x C Ox ) 14Ga3 C2 studied in this work
exhibit an eas is anisotropy at room temperature. The anisotropy field is higher than 90 kOe
for x-<0.2, ana it decreases slightly with x--0.3.

I. INTRODUCTION field of 65 kOe. The Curie temperatures were determined
from the temperature dependence of magnetization measured

In our previous work, -3 it was found that the partial by a vibrating sample magnetometer and a magnetic balance
substitution of Ga, Al, or Si for Fe in REFe 17C, helps the in a magnetic field of 1 kOe. The aligned samples for anisot-
formation of high-carbon rare-earth iron compounds with a2:1-tye srucure Itis oun tht te hgh-arbn R~eIC x ropy field measurements were prepared by mixing the pow-
2:17-type structure. It is found that the high-carbon R2FeI7C., der with epoxy resin and then aligning in a magnetic field of
compounds by the substitution of Ga, Al, or Si exhibit a high 10 kOe. The anisotropy field was determined from magneti-
thermal stability, in contrast with the carbides or nitrides pro- zation curves measured along and perpendicular to the ori-
duced by the gas-solid reaction. We have prepared success- entation direction by using the extracting sample mag-
fully single-phase compounds of R2(Fe,M) 17Cx (R=Y, Nd,
Sm, Gd, Th, Dy, Ho, Er, and Tm; M=Ga, Al, or Si; and netometer with a magnetic field of up to 65 kOe at room

x-<3.0), with the rhombohedral Th2Zn17-type or hexagonal temperature.

Th2Ni 17-type structures by arc melting, and studied their for-
mation, structure, and magnetic properties.' - 4 It was found Ill. RESULTS AND DISCUSSION
that the arc-melted Sm 2(Fe,M)17C. compounds with x--1.5 X-ray diffraction measurements show that the
and relatively lower M concentration have a Curie tempera- Sm2 (Fe -. Co,) 14Ga 3C2 alloys with x-<0.2 prepared by arc
ture of higher than 600 K, and exhibit an easy c-axis anisot- melting are single phase with the rhombohedral
ropy at room temperature and have an anisotropy field of Th2Zn17-type structure. No significant diffraction from the
higher than 90 kOe. The SmE(Fe,M)i 7C, compounds are impurity phase is observed. For x>0.2, the samples exhibit a
novel hard magnetic materials for sintering permanent mag- predominant 2:17 phase and a few percent a-Fe as a second
nets. A high-coercivity of 15 kOe at room temperature was phase. However, the single-phase compounds with x>0.2
obtained in the Sm 2(Fe,Ga)17C compounds by melt were obtained by melt spinning at a speed of 20 m/s. Both of
spinning.1' In ,his paper, the structure and magnetic proper- the arc-melted and melt-spun Sm,(Fe1 -,Co,) 14Ga3C2 car-
ties of SmE(Fe1 _xCox) 17C, (O0<x 0.5) compounds prepared bides are found to be stable at high temperature. The stability
by arc melting are reported. of the samples results from the substitution of Ga, which

helps the formation of the high-carbon rare-earth iron com-

II. EXPERIMENT pounds with a 2:17-type structure.1 ,2'4

The lattice constants a and c, and the unit-cell volumes
The Sm2(Fe 1 -xCox) 4Ga 3C2 alloys with x=0, 0.1, 0.2, v obtained from the x-ray diffraction patterns of

0.3, 0.4, and 0.5 were prepared by arc melting in an argon Sm 2(Fe1 xCo)1 4Ga 3C2 compounds with 0-<x--0.5 are
atmosphere of high purity. The raw materials of the Sm, Fe, shown in Fig. 1 as a function of Co concentration. The sub-
Co, Ga, and Fe-C alloy were at least 99.9% pure. The ingots stitution of Co for Fe in the Sm 2 Fe1 4Ga 3C leads to a reduc-
were melted at least four times to ensure homogeneity. An tion of the unit-cell volume. An approximately linear de-
excess of 4.5% Sm was added to compensate for the evapo- crease of the unit-cell volume with x is observed. For x =0.5,
ration of Sm during melting. X-ray diffraction measurements the unit-cell volume reduction is about 2.8%, compared with
on powder samples were performed using Co K, radiation to the cobalt-free compound. A similar result was also observed
identify the single phase and determine the crystallographic in other Fe-Co-based compounds.
structure. The room-temperature saturation magnetization The saturation magnetization M s  of
was measured by an extracting sample magnetometer in a Sm 2 (Fe l -,Co,) 14 Ga 3C 2 compounds is shown in Fig. 2(a) as
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FIG. 3. X-ray diffractions pattern of magnetically aligned

0 01 0.2 X0.3 04 05 Sm 2(Fe1 _ ,Co,) 14Ga 3C2 powder samples, with x =0.2

FIG. 1. The lattice constants a and c, and the unit cell volumes v of tonic decrease of the unit cell. In general, the Fe-Fe interac-
Sm 2(Fel _,Co, ) 14Ga 3C2 compounds as a function of Co concentration. tion is dominant in the Fe-rich rare-earth iron compounds. In

the Fe-based compounds by the substitution of cobalt, the
Curie temperature is mainly determined by the Fe-Fe, Fe-

a function of Co cmg n tonntration x. The room temperature Co, and Co-Co interactions. It has been shown previously
saturation magnetization of these compounds is essentially that the exchange interaction between Fe-Co atoms is
constant at 90 emu/g for x <0.3. However, higher Co con- stronger than those between Fe-Fe or Co-Co atoms, result-
centration (x>0.3) decreases M,. ing in the increase of T. .8

Figure 2(b) shows the Co-concentration dependence of All compounds studied in this work exhibit an easy
the Curie temperature T, of Sm 2(Fe xCOx)1 4Ga3 C2 com- c-axis anisotropy at room temperature. Figure 3 shows the
pounds. The Tc is found to increase monotonously from 615 x-ray diffraction patterns of magnetically aligned powder
K for x =0 to 666 K for x =0.5. In a previous study, it was samples of Sm 2(Fet  Co)t 4Ga3C2 , with x=0.2. A strong

shown that the introduction of interstitial carbon6 or the sub- (0,0,6) reflection and the absence of (h,k,0) indicates

stitution of Ga for Fe7 in the Sm2Fel7 compound results in the characteristics of an uniaxial magnetocrystalline ani-
the strong increase of Curie temperature. The enhancement sotropy. Figure 4 shows the magnetization curves of
of T, can be suggested to be mainly due to the lattice expan- Sm2(Fe _ -,Co,) 14Ga 3 C2 (x =0.2) compound measured along
sion induced by the introduction of carbon atoms and the and perpendicular to the aligned directions at room tempera-
addition of Ga atoms. However, the increase of the Curie ture. The magnetocrystalline anisotropy field HA estimated
temperature with increasing x in Sm2 (Fel -CO,) 14Ga3C2- is from magnetization curves is shown in Fig. 2(c) as a func-
observed, although the substitution of Co results in a mono- tion of Co concentration x. The HA is found to be greater

than 90 kOe for x--0.2, and it decreases slightly with
increasing Co concentration. The anisotropy fiela of

95 Smz(Fe1 x Cox)t4Ga3 C2 (x-0.5) is comparable with that of
1 Nd2Fe14B.

85 ! (a)

75 - 1 _..__.. -_ _100

Sm2(Fej ,CojjGa3 C2  //

650 (b) o 75

600 ____

95 j io.

< 85. 25 Sni2(Fe Coo 2)14Ga 3C2

75 1 1 1 o1
0 01 02 0.3 04 05 0 1 - A. ____

x 0 10 20 30 40 50 60 70
11 kOe

FIG. 2. The room-temperature saturation magnetization M, (a), the Curie
temperature T, (b), dnd the room-temperature anisotropy field "A (c) of FIG. 4. The magnetization cures of the oriented Sm 2 (Fe1 -Co,) 14Ga 3C
Smz(Fei -Co,) 14Ga3 C2 compounds as a function of Co concentration. (x -0.2) sample measured along and perpendicular to the aligned directic s
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[ Neutron diffraction and Mossbauer effect study of the structure
of DySixFel 1 _xCoN alloys
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DySixFell-xCo (x=0.5, 1.0, and 1.5) alloys and their nitrides are studied by x-ray diffraction,
M6ssbauer effect and neutron diffraction experiments. The results show that both Si and Co atoms
can occupy the 8f and 8j sites, and more preferentially occupy the 8f sites. Nitrogen atoms as
interstitial atoms enter into the 2b site. The nitrides have high Curie temperatures. The results of
M~ssbauer spectroscopy indicate that nitriding increases the hyperfine fields of all Fe sites.

I. INTRODUCTION III. RESULTS AND DISCUSSIONS

ThMn 12-type Fe-rich ternary compounds R(Fe,T) 12, in The x-ray diffraction patterns indicated that
which R is a rare-earth element and T is a stabilizing element DySixFe1 -.,Co alloys were nearly single phase with the te-
like Ti, V, Cr, Si, et al.,'1- 4 have a high iron content and a tragonal ThMn 12-type structure. The nitrided alloy had high
large a/c ratio, and high values for saturation magnetization, Curie temperature with T,=450 °C and high saturation mag-
Curie temperature, and magnetocry.talline anisotropy can be netization with 8= 146 A M2/kg.
expected. The Sm-containing compounds especially show The neutron diffraction experiment was carried out at
uniaxial anisotropy with an anisotropy field of up to 90 KOe, room temperature and the neutron diffraction pattern is
but the coercivity of samples prepared by standard powder shown in Fig. 1. 'Table I shows the parameters for the crystal
metallurgy techniques does not exceed 1 KOe. The applica- and magnetic structures of DySiFe10CoN0 42 alloys. Co at-

. of mechanical alloying or rapid quenching is more suc- oms preferentially occupy the 8f and the 8j sites and N
cessful in achieving high coercivity, but the saturation mag- atoms enter into the 2b site. The Si atoms occupy the 8f and
net;zation of the samples is no higher than 1.35 T. Coey5 and 3j sites as previously reported for SmFe 12_,Six compounds
Yang et al.6 discovered th,.i the magnetic properties can be in Refs. 2, 8, and 9.
improved by introducing nitrogen atoms into the lattice in- M6ssbauer spectra were obtained for DySiFe I_,Co (x
tersti'ially. This work reports on such a study, by means of = 1.0 and 1.5) and their nitrides. The distribution of the Si
neutron diffraction and Mbssbauer spectroscopy of the struc- atoms over the different lattice sites changes the near-
ture and magnetic properties of novel intermetallic com- neighbor environment of the Fe atoms and broadens the lines
pounds in which Fe is substituted by Co and Si atoms and of the subspectra. Fitting of the M6ssbauer spectra was done
nitrogen atoms are introduced interstitially, assuming that the Si atoms preferentially occupy 8j and 8f

sites. For x=l.0 and 1.5, overall intensity ratios of
7.7:7.2:7.2 and 7.7:6.2:6.2 for 8i:8j:8f were imposed, re-

11. EXPERIMENTAL DETAILS spectively. The assignment takes into account the nearest-

Samples of DySi, FelI -Co (x=0.5, 1.0, and 1.5) were
prepared by arc melting together with the raw elements w, ith
purities of Dy(99.9%), -e(99.8%), Co(99.5%), and
Si(99.999%). Melting was carried in a high purity argon at-
mosphere. The ingots were crushed into powder (< 100 Am)
in C2H50"' Nitriding was carried out by heating powder J
samples %, 500 'C for ! h in nitrogen atmosphere. The phase
d.,tection was carried out by x-ray diffiaction. Curie tem-
peratures and saturation magnetizations were measuied on a
vibrating sa.mple magnetometer (VSM,,). Neutron diffraction
was usca for ana!yzing the structure and the lattice occupa-
ti.,n of N atoms. M6ssbauer spect, . were collected using a 10 20 30 40 50 60 70 80
ronventional constant dcceleration spectrometer with a 57Co 29

(in Pd) source. The velocity scale was calibrated using an
a-Fe absorber at room temperature. FIG I The neutron diffraction pattern of DySiF.10 CoN0 4 at 300 K.
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TABLE I. The structural parameters of DySiFeloCoN0 42 obtained from neu- inner ones, indicating the presence of a distribution of Hhf.
tron diffraction data at 300 K. x,y,z are atomic coordinate parameters, N is The M6ssbauer spectra showed that nitriding makes the hy-
the atomic number on the different lattice sites, Kz is the magnetic moment perfine fields of all Fe sites increase.

value in the z direction; R is the consistent factor; R is the consistent factor

for nuclear diffraction, Rm is the consistent factor for magnetic diffraction, IV. CONCLUSIONS
x2 is the residual value.

(1) The neutron diffraction study of DySiFe 0CoN0 42
Atom site x Y z N Kz(.B) shows that the Si and Co atoms preferentially occupy the 8f

Dy (2a) 0.0 0.0 0.0 2.0 -4.471 site and N atoms enter into 2b site.
Fe (8i) 0.2989 00 0.0 7.226 1.511 (2) Nitriding increases the hyperfine fields of all Fe sites.
Si (81) 0.2989 0.0 0.0 0.004 0.0000
Fe (8j) 0.2789 0.5 0.0 7.284 1.132 ACKNOWLEDGMENTS
Si (8j) 0.2789 0.5 0.0 0.744 0.000
Co (8j) 0.2789 0.5 0.0 0.672 1.132 This work was partially supported by the National Natu-
Fe (8f) 0.25 0.25 0.25 5.490 1.012 ral Science Foundation of China and the State Key Labora-
Si (8f) 0.25 0.25 0.25 1.182 0.000 tory of Magnetism, Institute of Physics, Chinese Academy of
Co (8f) 0.25 0.25 0.25 1.328 1.012 Sciences.
N (2b) 0.0 0.0 0.5 0.835
R% 4.37 1K. Ohasi, T. Yokohama, R. Osuga, and Y. Tawara, IEEE Trans. Magn
R,% 4.27 MAG-23, 3101 (1987).
RM% 6.19 2 K. H. Buschow, J. Appl. Phys. 63, 3130 (1988).
x
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1.44 3B. de Mooij and K. H. J. Buschow, Philips J. Res. 42, 246 (1987).
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neighbor environment of each respective site and the Fe-Fe Transition Metal Alloys, Pittsburgh, PA, October 25, 1990, p. 366y. C. Yang, L. J. Kong, S. H. Sun, D M. Gu, and B. P. Cheng, J. Appl.
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the site (8i), which had the largest TM coordination. The 7
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The band structure and magnetic properties are studied for RFenTiNx (R=Y, Nd, Sm; x=0,1)
rare-earth iron intermetallic compounds using the linear muffin tin orbital with the atomic sphere
approximation (LMTO-ASA) method. In order to elucidate the role played by the rare-earth atoms
in these compounds, a full electron calculation is performed using a semirelativistic spin-polarized
LMTO-ASA method in the local spin density approximation (LSDA) regime. The 4f electrons of
the rare-earth atoms are considered to be valence electrons in the self-consistent calculations., For
NdFe11TiN, a calculation in which the 4f electrons are treated as core-frozen states is also
performed, and is compared with the full electron calculation. The effects of N atoms in these
compounds are also discussed.

I. INTRODUCTION factors completely. Hence, treatment of the 4f electrons as
valence electrons in the band calculations is necessary.

The rare-earth iron ternary intermetallic compounds In this work, the full-electron self-consistent spin-
have attracted great attention as promising new permanent polarized band calculation for PFe 1 TiN, (R-Y, Nd, and
magnetic materials. Theoretical first-principle calculations Sm; x=0,1) has been performed using the semirelativistic
regarding these materials are few, because of the complexity LMTO-ASA method. The frozen core approximation is used
of these systems and the presence of the rare-earth 4f elec- for the inner close shells for simplification. The maximum I
trons. In early works, band structure calculations of the elec- is taken as 1max= 3 for R, lmax =2 for Y, Fe, Ti, and =max 1
tronic structure of these materials often focused on the Y for N. The crystal structure of RFe11 TiNx is as shown in Ref.
compounds. For instance, Jaswal et aL and Sakuma 2 have 2 and the lattice parameters are from Refs. 2 and 8. The ratio
calculated th,, electronic structure of Y2Fe 7Nx (x=0,3) and of the atomic sphere radius is rR :rFC :rT,= 1.23:1.00:1.10 for
YFe11TiN x (x=0,1), respectively, using the LMTO-ASA RFe11Ti and rR:rFC:rT,:rN= 1.40:1.15:1.25:1.00 for
band method. Choosing Y rather than the rare-earth atoms RFe1 TiN x . As a comparison, a calculation of electronic
avoids the trouble of considering 4f electrons, but these sys- structure for NdFe11 TiN is also performed, with the 4f elec-
tems differ from the realistic materials that have applied trons of Nd in a frozen core approximation.
prospects. These results using Y may only provide some
qualitative discussion about the rare-earth iron compounds. It II. RESULTS AND DISCUSSION
is better to perform the electronic structure calculations for
realistic systems. Jaswal 3 has used a simple method in which A. Magnetic moments
the 4f states were treated as frozen-core states for Nd 2Fe14B. The magnetic moments of R, Fe, anu N (for x = 1) atoms
Hummler et al.4 have studied R2Fe 4 B (R=Gd, Th, Dy, Ho, in RFe1 1TiN, compounds are listed in Table 1. In the case of
and Er) using a so-called "open core" approximation in x=0, the Fe(8i) atoms have the highest moments and the
which 4f electrons are not allowed to hybridize with other Fe(8f ) atoms have the lowest ones. The average moment of
valence electrons. The latter approximate method can only Fe atoms is 2 .14,ub, 2 .2 3 #b, and 2 .15Mb for YFe11Ti,
consider the effects on the 4f energy level by the crystal field NdFe1 1Ti, and SmFej1 Ti, respectively. These results are simi-
and the possible hybridization and charge transfer are ne- lar to those of Asano et al. for YFe Ti5 and those of Jaswal
glected. Recently, Asano et al.5 have studied the electronic for NdFe,,Ti.8 The calculated magnetic moments are slightly
structure of RFe12A (R=Y, Ce, Gd; A=N, C), and the 4f higher than the experimental values. This discrepancy seems
electrons were treated as valence electrons. Their results in- to possess a systematic character and is insensitive to the
dicate that the calculation of the electronic structure can ex- radius of atomic sphere used in different works. It is inter-
plain the experimental results in the frame of the Stoner- esting to note that the magnetic moments may slightly de-
Wohlfarth theorem. In their work, the role of N or C atoms pend on the number of k points used in the band calculation.
are not discussed sufficiently. Zeng et al.6 have calculated There are 126 k points in the irreducible Brillouin zone in
the electronic structure of R2Fe17N3 _,5 (R=Sm, Nd, and Gd; our self-consistent calculation, which is smaller than the 215
6=0,3) using the cluster method. Their results imply that k points used by Asano et al.5 but larger than the six k points
there are relatively strong hybridizations between 4f and used by Jaswal.s The calculated total magnetic moments of
other valence electrons. Many experiments also show that transition metal atoms ire 22.60/t b , 23.57gb, and 22.76/Lb
there exist differences in the properties of R-Fe-A corn- for YFe1 Ti, NdFe 1 Ti, and SmFe 1 Ti, respectively. In the
pounds for different rare earths, especially for light rare LMTO calculation, the nonzero contribution of the orbital
e irths. This differe.cz ;,mnot be attributed to the de Gennes moment for rare-earth atoms was not evaludted. Due to the
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[TABLE I. Calculated local and total magnetic moments (in /b/atom and AIb/f.u., respectively) for RI IiN,(:=Y, Nd, and Sm, x=0,1).

YFe 1 TiN. NdFelTiN. Sm' e11TiN.

x=0 x=1 x=0 x=1 x=0 x=1

R(2a) -0.42 -0.34 2.73 289 5.19 -5.69
(0.00) (0.00) (271) (1.38) (0.55) (-0.28)

Fe(8j) 2.25 2.25 233 2.25 225 2.18

Fe(8f) 1 72 2.17 1.88 2.11 1 77 2.05

Fe(8i) 2.54 2.62 2.56 2.61 2.51 2.62

Ti(8t) -0.94 -1.02 -0.96 -0.99 -0.89 -103
N(2b) .".. 0.10 0.07 009

Fe 2.14 2.32 2.23 2.30 2 15 2.25
(aver.) (1.69) (198) (1.69) (1.98) (1.69) (1.98)
Total 22.14 24.28 26.29 27.24 27.91 18.15

(18.57) (21.75) (21.27) (23.22) (19.12) (21.23)

The bracketed data are experimental data from Ref. 12, f.u. denotes the formula unit, and Fe (aver.) represents the average Fe magnetic moment.

magnetic anisotropy, the magnetic moments of the rare-earth ments of Fe. This coupling becomes antiferromagnetic
and iron atoms may be not collinear. In Table I, only the spin (AFM) for the SinFe11TiN compound. This fact is qualita-
moments are listed for the rare-earth atoms. The moment of tively in agreement with the measurement results of Yang
each Y atom is -0.42Ab, which comes from the polarization et al.I
of the 4d, 5s electr" - The spin moment of Nd and Sm in
RFe11Ti is 2 .7 3Mb . 'jib, respectively. Due to the ne-
glecting of spin orbit ,.rng and the orbital moment in our B. Density of states
semirelativistic LMTO-ASA calculations, one cannot com- The calculated partial density of states (PDOS) of

pare the spin moments directly with experimental magnetic YFeutTi and YFe11TiN are similar to that of Sakuma. 2 After
moments of rare-earth ions. However, our calculations will uptaking N, the 3d band of Fe atoms become narrower, due
describe the coupling of moments between Fe and rare-earth to the increased distance between Fe atoms. The PDOS of
atoms. The self-consistent calculations reveal a ferromag- majority moment of the 3d band is slightly low, which pro-
netic coupling between the spin of Fe and Nd (or Sm) in Nd duces an enhancement of the moment of Fe and a reduction
(or Sm) FeniTi compounds. The moment of each Ti atom is of the DOS at Fermi surface Ef. Then the reduction of
-0.94/t b, -0.

96/zb, and -0.89Ab for Y, Nd, and Sm com- N(Ef) is responsible for the increase of Tc in these com-
pounds, respectively, which is antiferromagnetically coupled pounds. There is explicit hybridization between 3d of
with the Fe moments. This antiferromagnetic coupling be- Fe(8j) and N 2p at an energy about 6 eV below El. The

tween Fe and Ti is stm;lar to that of YFe8T4 discussed by effect of the presence of N atoms is not only changing the
Coehoorn. 9  crystalline field, but also producing a hybridization between

The magnetic moment of Fe atoms are increased by the electrons of N, Fe(8j), and Y.
uptake of nitrogen, which is in agreement with experiments. The PDOS of SmFenITiNA (x=0,1) are shown in Fig. 1.
The largest Fe moments are still associated with the Fe(8i), The essential situation is similar to that of Y compounds,
but the largest increment of moments are associated with the except for the PDOS of the rare-earth atoms. These facts
Fe(8f ) atoms, which is 0.55$ b , 0.2 31Lb, and 0 .2 8Mb for confirm that the discussion based on the calculated results of
YFettTiN, NdFe1 1TiN, and SmFentTiN, respectively. The Y compounds can give a qualitatively correct conclusion
moments of Fe(8j) atoms, which are the nearest neighbors about magnetic moments. From these figures, the spin polar-
of N atoms, are not changed for YFe11TiN, and even show a ization of the N 2p band in these magnetic materials is
small reduction for NdFenTiN and SmFentTiN. The mo- small. The main contribution of the N 2p band is around the
ments of Ti are still antiferromagnetically coupled to the Fe energy of -4.5--8.0 eV. It is worthwhile to point out that
sublattice, and have a -0.1 .b inci ement. There is a moment the difference between the full Jectron and frozen 4f calcu-
of 0.1/ b on N atoms due to the spin polarization of s,p lation reveals the effect of interaction among the 4f electrons
electrons. The average moment of Fe atoms is 2.32 Lb, of rare-earth atoms, 3d of Fe(8j), and 2p of N atoms. The
2 .3O b , and 2.251'b for Y, Nd, and Sm compounds, respec- hybridization is taking place among not only N 2p, Fe(8j)

tively. It seems to be a general trend that the magnetic mo- 3d and 4s, R(Nd, Sm) 5d and 6s, but also 4f of Nd or Sm.
ment of Fe in iron nitride depends on the distance from It is interesting to point out that, for the case of SmFe11TiN,
neighboring N atoms. The results of Fe4N, Fel 6N2, °  although we begin with a ferromagnetic coupling between
RFeI7 N3 ,6 and RFeliTiN show that tile lowest magnetic mo- moments of R and Fe, the self-consistent calculation gives an
ment of Fe always corresponds to th,. nearest neighbor of a N antiferromagnetic coupling between Fe sublattice moments
atom. The moments of Nd in Nd compounds and that of Sm and a Sm 4f moment, which is in agreement with the Lxperi-
in SmFe11Ti are ferromagnetically (FM) coupled to the mo- ments of Yang et al. " Jt is well known that the spin-orbit
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Magnetic properties and molecular field theory analysis of RFel 0MO2 alloys
Xie Xu and S. A. Shaheen
Department of Physics and Center for Materials Research and Technology (MARTECH), Florida State
University, Tallahassee, Florida 32306

The RFeloMo 2 compounds (R=Y, Nd, Gd, Dy) with ThMn12 type structure have been synthesized,
and their magnetizations have been investigated in the temperature range from 2 to 800 K using a
SQUID magnetometer. The Curie temperature, saturation moments, and measurements, as well as
molecular field analysis of the temperature dependence of the magnetization are reported. Our work
demonstrates that the molecular field analysis based on a two-sublattice model is capable of quite
accurately describing the temperature dependence of the magnetization for the RFeloMo2
compounds. The results also suggest that the moments of the R and Fe sublattices are nearly
collinear in a large temperature range. According to the calculated molecular field coefficients, we
find that the magnetic interactions are dominated by exchange between iron 3d electrons, and, on
the other hand, tile strength of the R-R interaction has even the same order as that of the R-Fe
interaction.

I. INTRODUCTION where H is the applied field, MR(T) and MFc(T) represent

The Fe-rich ternary compounds RFejTM, (R=rare the magnetic moment per rare earth ion and per Fe ion, re-

earth or yttrium, TM=Ti, V, Cr, Mo, Si, etc.; x=1 or 2)1-5 spectively, at temperature T. The factor d converts the mo-
ment per RFe1O0o2 in ItB to Gauss: d = NA IB p/A , where NA

have attracted much attention as possible candidates for per- 3

manent magnet applications. They crystallize in the tetrago- is Avogadro's number, p is the density of RFeloMo 2 in g/cm 3.

nal ThMn1 2 type structure with space group 14/mm.1 In this andA is the formula weight of RFe1 oMo2 . nRR, nRF , and n
structure, the R atoms occupy the crystallographic 2a site are the molecular field coefficients, which describe the R-R,

and the 3d atoms occupy the 8i, 8j, 8f sites. The molecular R-Fe, and Fe-Fe magnetic interactions, respectively.

field theory (MFT) is commonly used to describe the tem- The temperature dependence of each sublattice magneti-

perature dependence of magnetization in the R-T com- zation is governed by a Brillouin function:

pounds, and it has been shown to be quite successful. 6 In [MR(O)HR(T)\
this paper, we present studies of the RFeloMo 2 series with MR(T)=M R(O)B JR(k T) (3)
R=Y, Nd, Gd, and Dy. The molecular field theory based on

a two sublattice model 2 was used to analyze the experimental / Mr(0)HF(T)\
data. MF(T)=MF(O)BJ\ kBT )' (4)

where MR(O) and M(0) are the magnetic moments of R
II. EXPERIMENT and Fe at zero temperature, respectively. JR and JF are the

Samples for this investigation were prepared by arc individual R and Fe angular moments.

melting appropriate amounts of Fe, Mo, and rare earth ele- In the calculations, the free ion moment is used for the

ments (Y, Nd, Gd, and Dy) under a purified argon atmo- rare earth ion, i.e., MR(O)=gJJR, and M(O) can be de-

sphere. As cast samples were vacuum annealed at 1000 'C duced from the observed low temperature moment:

for a week. All samples are almost single phase, as deter- MO(O)=[MXp(O)±MR(O)]I0, (5)
mined by both x-ray powder diffraction and thermomagnetic
analysis. A Quantum Design SQUID magnetometer with an where "-" applies for the light rare earths Nd and Y, and
external field up to 5.5 T was used to measure the magneti- "+'' applies for the heavy rare earths Gd and Dy.
zation of powdered samples in a temperature range from 2 K The coefficients n, are determined by numerically solv-
to their Curie temperatures. The expeimental values of the ing Eqs. (l)-(4), under the condition that the calculated total
Curie temperatures (Tc) were determined by means of the moments,
linear relationship M 2(T) oc(1 -TITc) near the Tc(T< Tc). M 1ot(T) = MR(T) ± IOMr(T), (6)

111. ANALYSIS AND RESULTS correspond best with the experimental data. This is done by
minimizing the percentage deviation,

According to the two sublattice MFT, the molecular field Y I M xp(T,) -Mto(T,) I
acting on the R sublattice and Fe sublattice is separated, and R = 100 V T(7)

can be expressed, respectively, as follows: Mcxp(T,)

HR(T) = I+ d[11RRMR(T) + 101RFMFT)] (1) where Mep(T,) is the magnetization observed at temperature
T,. No other constraints are imposed. From Fqs. (3) and (4),

IIT(T)=H+d[IOn M(T)+11RFMR(T)], (2) the Curie temperature in the zero field is related to the n,, by

6754 J Appl. Phys 76 (10), 15 November 1994 0021-8979/94/76(10)/6754/3/$6.00 © 1994 American Institute of Physics



TABLE I. Density p, rare earth gyromagnetic ratio gj, and total angular momentum JR used in MFT calcula-
tions. nF, nRF, and nRR are the computed molecular field coefficients The MFT calculated Tc and experi-
mental Tc are listed. R% is the quality-of-fit index defined by Eq. (7).

P MR(O) Mp(O) R% T (K)

R (g/cm 3
) gj JR (AB) (PB) nFF nRF nRR (%) cal. exp.

Y 8.03 1.73 4562 3.5 327 350
Nd 7360 1.53 8780 2000 1900 4.0 445 420

Gd 8.0 2 7 1.65 6300 -2500 2300 4.0 465 480
Dy 7.83 43 10 1.61 6120 -1100 1000 3.0 383 390

Tc the calculations and the MFT coefficients for each RFe1oMo 2

compound by solving Eqs. (1)-(7) numerically are also sum-
(nFFa+nRRI 3 )+ /(nFFa+nRRfl)2-4af(nFFnRR-nF) marized in Table I. The moment of an Fe atom at 0 K is

2aft about 1.7 LB in these compounds. We chose JF=I.0 in the

(8) calculations.
In Figs. 1-4, the temperature dependence of the magne-

where tization for four RFeIoMo2 compounds is plotted. The data

a- [3JR/(JR+1)][kBIBdMR2(O). are represented by circles, while the MFT calculation results
for total moment Mtot(T), rare earth sublattice moment

[J/(-l)][ d (9) MR(T), and Fe sublattice moment MFe(T) are indicated by
I OMI(0) solid, dashed, and dot-dashed lines, respectively. MFT with

For compounds with R=Y, we have a single coefficient (nFF) provides a quite reasonable descrip-
tion of the temperature dependence of the magnetization for

nFF 2 YFetOMo 2 , as Fig. 1 shows. The percentage deviation be-Tc=---f 11OnFMT(O)[(JT+ 1)/3JT][ud/kB]. (10) tween the measured and calculated values is R=3.5%, and

Tca=327 K is about 6% lower than the observed Curie tem-
Table I summarizes the experimental information, such perature of 350 K.

as low temperature magnetization Ms(0) and Curie tempera- Figures 3 and 4 show that the two-sublattice model with
ture Tc of RFejoMo2 intermetallics. The low temperature the assumption of ferrimagnetically coupled R and Fe mo-
magnetization M,(O) was measured at 2 K in a field of 3 T ments yields results in excellent correspondence with the
by means of a SQUID magnetometer. The parameters used in data for GdFeloMo 2 and DyFeoMo2 . The Curie tempera-

tures calculated are consistent with the experimental values.
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FIG. I The temperature dependence of the magnetization of YFe1 0Mo 2
Circles represent the experimental data and the solid line represents the FIG 2 The temp rature d,pendemcI of the magnetization of NdFcOMo2
MFT results Circles represent the experimental data. Lines represent the MIT results

J Appl, Phys., Vol. 76, No 10. 15 November 1994 X Xu and S A Shaheen 6755



20 -'-----r--r--r I 1' I ' ' 1 '' ' ' 'I ''''llI'' I ''''
I .... "'" -DyFe o°

GdFe o 2  1 10  210 215 -

15 MFe \

aM

\ ,Dy \ -MFe

=0 " 0 !0 =,, L

5 M 55 M~Gd\

00

0 200 400 600 0 100 200 300 400 500

Temperature (K) Temperature (K)
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Our calculations demonstrate that the two-sublattice intermetallic compounds, one may have to consider the ef-
MFT is quite successful in describing the temperature depen- fect of crystal field interactions on the R sites.
dence of magnetization in the RFe1 oMo2 series. The results
also suggest that the moments of R and Fe sublattices are 'K. Ohasti, T. Yokoyamo, R Olsugi, and Y. Tawara, IEEE Trans. Magn.
nearly collinear. In all instances, we found that nFF is the MAG-23, 3101 (1987).
largest of the computed molecular field coefficients (cf. Table 2J F. Herbst and J. J. Croat, J. Appl. Phys. 53, 4304 (1982).
I). This implies that the magnetic interactions are dominated 3E Belorizky, J. Appl. Phys 61, 3971 (1987)
by the exchange between 3d electrons. On the other hand, 4Z. Liu, J. Magn Magn. Mater. 87, 63 (19W)5H S. Li, Z W. Zhang, and M. Z. Dang, J. Magn Magn. Mater. 75, 159the strength of the R-R interaction cannot be neglected, as it (1988).
has nearly the same magnitude as that of the R-Fe interac- 6Q. 11. QOao, Q Wang, X. P. Zhong, and 1. L. Luo, J. Magn Magn. Mater.
tion. Such behavior seems to a common feature in a number 110, 170 (1992).

os 5  7H. Rut-Wang, Z. Zhong-Wu, H. Bin, K. Jian-Dong, Z. Zhi-Dong, X K
of R-T compounds, for example, RFe3 , R2o17 , RFetoVj, 7  Sun, and Y. C. Chuang, J. Magn Magn Mater. 119, 180 (1993).
and R2Fe 14B. 8 These observations suggest that, in order to XL Huai-Shan, Z. Zhong-Wu, and D Mei-Zhen, J. M gn. Magn. Mater. 71,
obtain a more realistic account of magnetic behavior in R-T 355 (1988).
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Magnetic alignment in powder magnet processing
S. Liu
University of Dayton Research Institute, Dayton, Ohio 45469-0170

A strong magnetic field is used to align single-crystal powder particles in the process of producing
sintered powder permanent magnets, including hard ferrites and rare-earth permanent magnets. The
applied magnetic field aligns the easy direction of magnetization of each particle, owing to strong
crystalline anisotropy. Shape anisotropy, existence of particles containing multigrains, and physical
interlock between particles reduce the degree of alignment. This study provides a quantitative
analysis of magnetic alignment in powder magnet processing. We assume (1) the powder particle is
a single crystal; (2) it has the shape of an oblate spheroid and its short axis is the easy direction of
magnetization; and (3) the applied magnetic field is strong enough to overcome the resistance of
alignment. By applying the minimum-energy principle, it was concluded that the necessary and
sufficient condition for a complete magnetic alignment is that the magnetocrystalline anisotropy
constant K, of the particles is greater than its shape anisotropy constant Ks, provided the applied
magnetic field is strong enough. When Ks>K 1 + 2K 2 , the angle between the short axis of the oblate
particle and the direction of applied magnetic field is 900, and when K1 < K,<-K + 2K 2 , the angle
is arcsin J(K,-K,)/2K2.

The fabrication of powder magnet materials involves a ment. These assumptions are appropriate for several reasons.
comlicated multistep process. For example, the production First, the size of the powder particle used for powder magnet
of high performance sintered Sm2(Co,Fe,Cu,Zr) 17 permanent production is usually in the range of 1-5 Am, far smaller
magnets involves seven major steps: melting and casting, than the grain size of the starting materials. Therefore, most
homogenization, crushing and milling, magnetic alignment powder particles can be considered single-crystal particles.
and compacting, sintering, solid solution treatment, and ag- Second, all powder magnet materials are of uniaxial crystal
ing. Each step includes three or more process variables. A structure (hexagonal, rhombohedral, or tetragonal), and the
quantitative analysis of each step in powder magnet process- basal plane is the most densely packed crystal plane. Break-
ing would lead to an insight into the physical and/or chemi- ing into particles having a shape similar to an oblate spheroid
cal processes involved in each step. This is not yet possible with its c axis to be the short axis rather than a prolate

for all steps in the processes due to the complexity of the spheroid with its c axis to be the long axis during crushing

problem. Magnetic alignment is perhaps the simplest step in and milling is an energetically favorable process. Actually,

the whole processing procedure for producing powder mag- needle-like particles (prolate spheroid) are seldom observed

nets; therefore, it is possible to explore this step in some for either hard ferrites or rare earth-transition metal alloys.

detail. Third, in practice, the applied magnetic field for powder

The most useful magnets are anisotropic with a single alignment is either a dc magnetic field of 20-30 kOe or a

preferred axis of magnetization, requiring that the c axes of pulse field of 70-100 kOe. These fields are proved strong

all grains in the sintered magnet are aligned parallel. This is enough to overcome any resistance of alignment.

achieved by applying a magnetic field strong enough to align When a magnetic field is applied, the shape anisotropy

the particles against the frictional force, and then compacting tends to align the long axis (a axis) parallel with the direc-

to immobilize them in this state. The crystal texture is main- tion of the applied field. On the other hand, the crystalline
taimed through the subsequent sinterhig and homogenizing if anisotropy tends to align the short axis (c axis) parallel with
properly conducted.' Magnetic alignment is used to produce the applied field. Obviously, the orientation of the particle in
all types of anisotropic powder permanent magnets, includ- a given applied field is determined by the balance between
iall typeofaisotro owder perTmand en magnets ncud- the shape anisotropy energy and the crystalline anisotropy
ing, energy, rather than simply by the strength of the fid. Sup-

If all particles are perfect single-crystal spheres, or if the ene the tan the strnt of the fiedpose the angle between the c axis of the oblate particle and
long axes of all particles happen to be the easy direction of the direction of applied field H is 0, as shown in Fig. 1, the
magnetization, then perfect alignment can be obtained, pro- shape anisotropy energy, E5 , and the crystalline anisotropy
vided the applied magnetic field is strong enough. Obviously, energy, Ec, of the particle are
the real case is more complicated. Shape anisotropy (if the
long axis of a particle does not happen to be the easy direc- Es=K, sin(90-k )=K, cos2  , (1)
tion of magnetization), the existence of particles containing E s
multigrains, and the physical interlock between particles re-
ducc the degree of alignment, respectively, where K, is the shape anisotropy constant and

Assume (1) the powder particle is a single crystal; (2) it K, and K2 are the crystalline anisotropy constants of a
has the shape of an oblate spheroid and its short axis is the uniaxial crystal, which all powder magnets, including hard
easy direction of magnetization; and (3) the applied magnetic ferrites and rare earth magnets, belong to. The total energy of
field is strong enough to overcome the resistance of align- the system is
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F L TABLE 1. Angle t0 corresponding to the minimum energy condition.

H Relation among

K2  K,, K1 , and K2  For minimum energy
1 K =Kj aqy 0b

K2 =0 K>K1  
90

SK,<K, 0o

Ks>K,+2K2  90

K,>O K,<K, 0 °

K Ks K 1 + 2K 2  arcsin (K -K )/EK2

C For a minimum energy condition, we have

a 2+2K 2 2  sin 24=0. (9)

It is obvious that the first two solutions of Eq. (9) are 41 =0*
and 02=90° . In order to determine 41 corresponding to the
minimum energy, we calculate the secondary derivative,

~d 2E

-- =2(KI -Ks)cos 2(k+ 2K2 (sin2 24

FIG. 1. Orientation of an oblate spheroid in a magnetic field. + 2 sin2 4k cos 24). (10)

If K 1 >K,, when 4=0, we have cos 201= 1, sin 201=0, and
sin2 4=0. So, d2E/d 2>0. Therefore, E has a minimum

(3) value. Substituting 4=90' into Eq. (10) yields

and the minimum energy condition requires "= 2[Ks-(Kt+2K2) (11)

dE2
-=0. (4) when Ks>K l + 2K 2 , d2E/d412>o. Thus, E has a minimum
d41 value.

Let us determine the angle 41 corresponding to the minimum If 4:90(, 0090' , and 00<4<900, then sin 20:i600, and
energy condition by the following two steps. Eq. (9) becomes

Step I. Considering only a single anisotropy constant, dE
K 1. -=(K-K)+2K2 sin 0=0 (12)
In this case, Eq. (3) becomes d (1

E=K sin2 41+K, cos2 41. (5) or

For the minimum energy condition, we have sin 2 0= (Ks-KI)12K,,

dE 4 = arcsin (K - K )/2K2 , (13)

d K sin 241-K, sin 24=(Kt-Ks)sin 241=0. (6) and obviously K, must not be smaller than K1 , and Ks-K t

must not be greater than 2K 2 . The secondary derivative of E,If K1 =K2 , 4 can have any value (but not only 450, as com-mo se=K,cans ay lea y o). e If ut not othnly d45', w c with respect to 41, should be evaluated at the angle 4 for
which dE/d41=O. It is obvious from Eq. (12) thatsin 241=0 or 41=0 or 900. In order to determine 4, corre-

sponding to the minimum energy condition, the second de- d2E
rivative, = K 2  sin 24. (14)

d 2 E-
dE2KE When 0°<46<90' and KE>0, d2Ed4 2>0; thus E has a
d41-=2(Kt-Ks)COS2.0, (7) minimum value. The above results are summarized in

Table I.
should be positive. If K, >Ks , when 0b=0' , cos 24= 1, and TalL
shuld e post. Iferefore, whathe in i val00. cos 2411,andIt is obvious that increasing the strength of the applied
KI<K , when 4P=90' , cosTE =-, dE d 2 > , E also magnetic field only helps to overcome the resistance of
has the minimum value, as shown in Table 1. alignment caused by the physical interlock between particles,

Step mI.ingi valuec oni n Tblh K abut cannot align the powders unless Ks<K t . In other words,
Step II. Taking into consideration both K1 and K2. the necessary and sufficient condition for a complete mag-

In this case, Eq. (3) becomes netic alignment is K<Kl , provided the applied magnetic

E =(K t -K)sin E 41+K 2 sin4 46+K,. (8) field is strong enough. This conclusion was supported by our
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TABLE II. Data summary for crystalline anisotropy constants of 1.0

(Sm1 _._.Pr5Ndy) 2(COi vFe,)17 (106 erg/cm3 ).

x y V K, K 2  Reference 0.9-

0 0 0 32 3

0 0 0.2 43 3
0 0 0.3 35 1.4 4 0'

0 0 0.4 14 3 
2

0 0.1 0.2 29 5

0 0.3 0.2 16 5 L
0 0.5 0.2 15 5 M 0.7-
0 0.5 0.3 11 5
0.3 0 0.3 17 5 Sm 1 .xLRx(CobaFe 28 Cu.06Zr.0 2 ) 7 ,7 8

0.6 1 -LR-Nd
2- LR - Pr

experiments of Nd, Pr substituted Sm 2TM17 permanent mag-
nets. Table II summarizes crystalline anisotropy constant val- 0.51
ues for (Sml-xyPrxNdy)2(Col-vFe)17. Table III lists the 0 0.1 0.2 0.3 0.4 0.5 0.6

calculated demagnetizing factors and shape anisotropy con-
stants for a oblate spheroid with various a/c ratios, r. Equa- LR content, x

tions used for these calculation are as follows: 2

Nc=4.7r 2/(r 2 -1 )[1- V1/(r 2 -1 ) sin- _,1r2-- r, FIG. 2. Dependence of B,14irMo on LR content, x.
(15)

powder particles during the sintering process) turns back to
Na=0.5(4r - Nc), (16) the nearest easy magnetization direction. If the powder par-

K= O.5(Nc - Na)M2 . (17) ticles are perfectly aligned and this crystal texture is main-
tained during the sintering process, then the demagnetization

It can be seen from comparing Tables II and III that for curve in the first quadrant would be a straight line parallel to
magnet alloys of (Smjx_yPrNdy)2(COl_,Fe,)t7 in most the horizontal axis, and the ratio of Br/47rMs would be equal
cases, KtI>K,. This means that crystalline anisotropy domi- to 1. In another extreme, if the powder particles are of a
nates. However, with further extensive increasing Fe substi- completely random distribution, then, according to Chika-
tution for Co, or with further extensive increasing Pr and/or zumi's calculation,6 Br/4 7rMs would be equal to 0.5. There-
Nd substitution for Sm, it is possible for K, to drop to a level fore, for a material with uniaxial crystal structure, the ratio of
lower than K. This would decrease the degree of alignment Br/47rMs should have a value ranging from 0.5 (correspond-
and reduce values of remanence, Br, and the maximum en- ing to a completely random distribution) to 1.0 (cortspond-
ergy product, (BH)max, of the magnets. For powder perma- ing to a perfect alignment). So, Br/47TMs can serve as a
nent magnet materials with uniaxial crystal structure, the de- good measure for the degree of particle alignment.
magnetizing curves in the first quadrant are more or less like In practice, 4 7rM 10 , the magnetization value in a 10 kOe
a straight line, and the slope of this line reflects the degree of applied magnetic field, is a good approximation to
powder alignment. What happens in the first quadrant de- 47TM,. Figure 2 shows the dependence of Br/47rMto
magnetizing process is that the magnetization vector in every upon the light rare earth (LR) content, x, for
grain (each individual grain was developed from one or more Sml -xLRx(CObaiFeo 28Cuoo6Zro.o2) 7 78 with LR=Nd or Pr. It

can be seen from Fig. 2 that Br/47TM10 drops sharply when
x exceeds 0.3. The author believes this indicates that the

TABLE Ili. Calculated demagnetizing factors and shape anisotropy con- crystalline anisotropy constant K, is no longer greater than
stants (for M=1000 G). its shape anisotropy K, when x>0.3 for this particular mag-

K, net composition.
r N, N k 101, rg/cm3)

1K. J. Strnat, in Ferromagnetic Materials, edited by E. P. Wohlfarth and K.
1.5 5.60 348 1 06 H J. Buschow (Elsevier, Ncw York, 1988), Vol. 4, p. 180.
2 663 2.97 1.83 2 B. D Cullity, Introduction to Magnetic Materials (Addison-Wesley,

3 7.98 2.29 2.85 Reading, MA, 1972), pp. 57, 243.

5 9.43 1.57 3.93 3 R. S. Perkins, S. Gaiffi, and A. Menth, IEEE Trans. Magn. MAG-Il, 1431
10 10.82 0 87 4.97 (1975).
50 12.18 0.19 5.99 4 R. W Lee, IEEE Trans. Magn. MAG-15, 1762 (1979).

100 1237 0.10 6 14 5 C J. Willman and K S. V. L. Narasimhan, IEEE Trans. Magn. MAG-21,
41r 0 6.28 1976 (1985).

6S Chlikazumi, Physics of Magnetism (Wiley, New York, 1964), p 241)
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F Sputter synthesis of TbCu 7 type Sm(CoFeCuZr) films with controlled easy
axis orientation

H. Hegde, P. Samarasekara, R. Rani, A. Navarathna, K. Tracy, and F. J. Cadieu
Department of Physics, Queens College of CUN, Flushing, New York 11367

Single phase TbCu7 type films of Sm(CoFeCuZr) have been sputter synthesized for a range of
sputter gas pressure, deposition temperature, and two different gas species: Ar and Ar50%Xe. The
magnetic and crystallographic properties of these films as a function of sputter deposition
parameters have been studied. Films synthesized at temperatures near their crystallization
temperatures at sputter gas pressures exceeding 60 mTorr of Ar50%Xe, had a strong c-axis in-plane
texture. The remanent magnetization ratio for measurement perpendicular to the film plane versus
in plane was close to zero for such films. X-ray diffraction patterns of these films showed only (hkO)
type reflections. At gas pressures around 30 mTorr predominant reflection was (111) type. The
perpendicular to the in-plane BR ratio for such films was around 0.55. For films with in-plane c-axis
texture, in-plane Br of 9.0 kGauss and coercivities in the range 3-10 kOe were possible. Pressures
of Ar and Ar50%Xe correlated roughly in the ratio 1:2 for the synthesis of films, with comparable
crystallographic and magnetic properties.

I. INTRODUCTION allow fluorescence discrimination. Magnetic measurements

Permanent magnets based on the Sm 2(CoFeCuZr)17  were performed using a VSM for fields up to 18 kOe. Film

rhombohedral 2-17 type structure are extremely attractive compositions were determined by electron excited x-ray

because of their high temperature stability, fairly high satu- fluorescence using a PGT System 4 Plus unit coupled to a

ration moment, and energy product. 1 2 Such magnets consist scanning electron microscope.

of a cellular structure of 2-17 regions with SmCo5 based
grain boundaries to enhance the coercivity.3 The magnetic 111. RESULTS AND DISCUSSION

properties of such two phase cellular structures are very sen- The Sm concentrations in the films were dependent on
sitive to thermal treatments. In contrast to this, TbCu7 type sputter gas species, pressure, and deposition temperature due
single phase film magnets that exhibit a high degree of in- to the high volatility of Sm and the preferential scattering of
plane c-axis texture and energy product have been sputter the low mass TM atoms out of the sputtered atom beam.7

synthesized in recent years. 4 The TbCu7 type films are single However, the relative concentrations of the TM atoms in the
phase, whereas bulk samples of similar composition exhibit films were fairly constant, at 24, 9, 3, and 1 for Co, Fe, Cu,
the cellular structure. The magnetic properties of the single and Zr, respectively. These TM relative concentrations were
phase sputtered film samples exhibit optimal magnetic prop- about the same as in the target.
erties as deposited and are very insensitive to subsequent All films in this study exhibited the TbCu 7 type disor-
thermal treatments. Such films are extremely important in dered crystalline phase, even though the target magnets were
applications involving magnetic biasing of magnetoresistive, a 2-17 cellular based structure. For the deposition tempera-
magneto-optic, microwave devices, etc.5- 7 We have now ture range, 300 'C-475 °C, and Fe concentration used, 'he
studied the texture change and resultant change in magnetic ordered 2-17 phase was not formed.8 The crystallite c-a'ds
properties of these permanent magnet TbCu7 type films, as a orientation was found to depend on the deposition tempera-
function of their sputter deposition parameters. ture, as shown in Fig. 1. At lower temperatures, the films

were strongly c-axis in-plane textured. As the temperature

II. EXPERIMENT was raised, the degree of in-plane texturing was reduced.
Even with a modest increase in temperature of 55 'C, from

The films in the study were sputter synthesized from the initial temperature of 345 'C, crystallites with the c axis
commercially available 2-17 bulk magnets of the type oriented away from the film plane were observed, as indi-
Sm 2(CoFeCuZr)17 . The films were deposited on polycrystal- cated by (hkl) reflections, li00, in Fig. 1. As the net easy
line A 203 substrates. The film thickness were generally in axis direction deviates from the film plane, the ratio of the
the 2 u range. The deposition temperatures for all films in remanent magnetic moments, in directions perpendicular to
this study exceeded the minimum temperature required for the film plane versus in-plane increases.9 This is clearly seen
their crystallization, so that they were directly crystallized as from Fig. 3(a). For Ar50%Xe, at 60 mTorr pressure, this ratio
deposited, with no post deposition heat treatments required. is only 0.07 for a deposition temperature of 345 'C, increas-
Two varieties of sputter gases were used, 100% Ar, and equal ing to 0.40 at 450 'C. However, for 100%Ar, a, 60 mTorr
mixtures of Ar and Xe referred to henceforth as Ar50%Xe. pressure, the degree of the c-axis in-plane texturing was
For all films in this study, the target to substrate distance was rather poor for all deposition temperatures tried. The texture
held constant at 5 cm. The crystal phase and film texture change with pressure is shown in Fig. 2. At deposition tem-
were determined with Cu K, radiation by x-ray diffracto- peratuie of 345 'C for sputter gas Ar50%Xe, the films could
meter measurements using a Si(Li) solid state detector to be formed with the c-axis ln- Iane texture at pressures of 60
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25 35 45 55 65 75 a ~ FIG. 3. Variations of ratios of remanent magnetizations perpendicular to the
Cu K film plane to that in plane for films synthesized in 100%Ar and Ar5O%Xe.

Cu K. (a) Variation with temperature at 60 mTorr pressure. (b) Variation with pres-

sure at temperature 345 C.

FIG. 1. The texture change with deposition temperature, for films synthe-
sized in Ar5O%Xe at 60 mTorr pressure. X-ray diffraction is using CuK.
radiation. sures below 45 mTorr, Fig. 5. This is due to defects caused

by increased energy bombardment of the growing film at
lower pressures. Previous calculations have shown that tomTorr and above. For sputter gas 100%Ar, a similar pure completely thermalize the sputtered atoms, the pressures re-

in-plane texture could only be obtained at pressures exceed- quire a raroun 60 ms, t  he r e r rp

ing 120 mTorr. In terms of texture control, this suggests that quired are around 60 mTorr of Ar5O%Xe.' 0 The rather sharp
6ng20 mTorr.nem of -Axture is coqu entr ths a uet s tt deviation of coercivity from its correlated behavior with Sm60 mTorr of Ar50%Xe is equivalent to about 120 mTorr at%,iFg.4 y

ofat. %, in Fig. 4, below 345 'C, is attributable to incomplete
The fm mcrystallization of the film. High resolution SEM studies of
The film magnetic properties and their Sm at. % are the films have not revealed any type of cellular structure, as

shown in Fig. 4 and Fig. 5. The coercivities of the films are observed in bulk 2-17 type magnets.

found to be strongly correlated to the film Sm concentration. No attempt to saturate the film magnetization was made,

This is attributable to the increase in the magii, tocrystalline due to the large fields required. However, the 4M s values

anisotropy of the 1-7 phase with Sm concentration. However, of the films are exected to decrease with increased Sm con-

a fairly significant departure in the correlated behavior of Sm centration. For expectedtere i A r ease fm Sm

at.% ad cercvit isobervbleforfils frme a prs- entatin. orfilms sputtered in Ar5O%Xe, the film Sm
at. % and coercivity is observable for films formed at pres- at. % is given in Fig. 4, and Fig. 5, as a function of deposi-

tion temperature at 60 mTorr pressure and as a function of
gas pressure at a deposition temperature of 345 'C. Figure 4
and Fig. 5 also show the remanance Br, energy productI _ P --304

co ~ ~~P =45y P. -o -
0 17 V-

C-, :.. 0 - -o... 15

S P =60pi

4 1
300 350 400 450

25 35 45 55 6 75 85 Temperature(C)

2 0 Cu K. FIG. 4. Variation with deposition temperature, of renlanent magnetization

BR (open circle), coercivity HH (triangle), energy product BHma, (shaded
FIG. 2. The texture change with pressure, for films synthesized in Ar50%Xc circle), and Sm at. % (square) Magnetic measurements are in the film plane
a 345 C. X-ray diffraction is using Cu K,, radition. Films synthesized in Ar5O%Xe, at 60 mTorr.
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2 ~. For films sputtered in Ar at pressures around 120 mTorr,

o~s . /-N -the general variation of texturing with temperature was simi-

- lar to that of films sputtered at 60 mTorr of Ar50%Xe, show-
" ing the pressure equivalence of these different gas species, in

Z ' ' " -' - --- --

75 - terms of their thermalization efficiency.
4/ ( "- In conclusion, the magnetic properties and texture con-

5 , trol of sputter synthesized TbCu7 type permanent magnet
5 films have been studied in terms of their sputter deposition

25 / ca parameters. The sputtering parameters for the best in-plane

25 .c-axis texture, the optimum energy products, and coercivity

have been identified. The pressure equivalence of two types

0 25 50 75 125 of gas species ii terms of their thermalization efficacy has

been established
Pressure (mTorr)

FIG. 5. Variation with pressure, of remanent magnetization BR (open circle), ACKNOWLEDGMENT
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Metastable Nd 2(Fe1 -xCox) 23B3 (0<X 1 .0) compounds with the 2:23:3-type
structure

Bao-gen Shen, Bo Zhang, Fang-wei Wang, Jun-xian Zhang, Bing Liang, Wen-shan Zhan,
Hui-qun Guo, and Jian-gao Zhao
State Key Laboratory of Magnetism, !nstitute of Physics, Chinese Academy of Sciences, P.O. Box 603,
Beijing 100080, People's Republic of China

Amorphous Nd2(Fel xC ox )23B 3 (0:--<x<1.0) alloys were prepared by melt spinning at a speed of 47
m/s. When the amorphous samples were annealed at 900 K for 20 min, they crystallized to the
metastable 2:23:3 single phase for all x. A detailed study of structure and magnetic properties of
metastable Nd2(Fe1 _xCo )23B 3 compounds has been made by x-ray diffraction and magnetization
measurements. They are body-centered cubic, and the lattice constant decreases linearly from
a =14.16 A for x=0 to 13.86 A for x=1.0. The Fe atom moment /Fe for Nd2(Fel1 x(o x)2 3B3 was
found to increase with x from 2 .0 2/zB for x =0 to 2 .17/$B for x =0.8, when the Co atom moment /Co
is assumed to be constant, as made in previous papers for crystalline Fe-Co alloys. The Curie
temperature T, is found to increase monotonically with increasing x from 659 K for x =0 to about
1218 K for x = 1.0. The thermomagnetic measurements showed that when the Nd 2(Fe _xCox) 2 3B3

compounds were heated to certain temperatures, they decomposed to Nd2(Fe,Co)14B and a-(Fe,Co)
phases. The decomposition temperature of metastable compounds was about 990±15 K, and was
almost independent of the Co concentratiort x.

I. INTRODUCTION pared by melt spinning in an argon atmosphere in a polished
Cu drum of 20 cm diam with a speed of about 47 m/s and
were then annealed in a steel tube in a vacuum of 10- 5 Torr

materials, a number of investigations on rapidly quenched at different temperatures and times.
Nd-Fe-B ternary alloys systems have been reported. Most a y dif fratnsmeasuremeswof tesestuiesfocs o thir hrd agnticproertes, X-ray diffraction measurements were performed on the
of these studies focus on their hard magnetic properties, annealed ribbons using Co K, radiation to identify the phase

while the investigations on crystallization behaviors and
components and determine the crystallographic structure.

magnetic properties of amorphous Nd-Fe-B alloys are rela- The cye e termne the cogphic sructe.'

tively fewer. Buschow et al 1 studied the crystallization of mined from the temperature dependence of magnetization.
amorphous alloys of Fe-rich compshon in the Nd-Fe-B3 High-field magnetization measurements at 1.5 K were made
system, and found a novel ternary compound Nd2Fe2B3. on these samples using an extracting sample magnetometer
The compound is metastable magnetic. Its crystal structure is
body-centered cubic, space group 143d, the lattice constant

a = 14.19 A.2 Shen et al.3 have prepared amorphous alloys in
a wide composition range of the Nd-Fe-B system, and stud- Ill. RESULTS AND DISCUSSION
ied the phase diagram of crystallization and magnetic prop-
erties of the metastable phase. A study of crystalline phases The Nd 2(Fei _.Cox)23B3 alloys prepared at a speed of 47
of amorphous Nd2Fe 23B3 and the formation and magnetic m/s were amorphous, and its x-ray diffraction pattern exhib-
properties of metastable Nd 2Fe23B3 compound has been ited a diffuse broad maximum. The amorphous ribbons an-
made using x-ray diffraction and magnetization nealed at different temperatures of higher than their crystal-
measurements. 4 Gou et al.5 have reported the powder neu- lization temperature produced different crystalline phases.
tron diffraL "'n study of magnetic structure of metastable For the annealing temperature of about 900 K, the amor-
Nd 2Fe23B3 c, npound. In order to obtain more information phous samples crystallized to the metastable Nd 2(Fe,Co) 23B3
about the structure and magnetic properties of metastable phase. When the annealing temperature was higher than 925
compound, we have studied the effect of the substitution of K, the a-(Fe,Co) phase appeared, coexisting with the
Co for Fe on the crystal structure and magnetic properties of Nd2(Fe,Co)23B3 phase.
Nd 2Fe23B3 compound. In this paper, some results of the in- Figure 1 shows an example of the Y-ray diffraction pat-
vestigation are reported. terns of Nd2(FelxCo,)23B3 (x=0.2 and 1.0) after annealing

at 900 K for 20 min. It is found that with increasing Co

II. EXPERIMENTAL concentration, the diffraction line was shifted to higher
angles, indicating that the lattice constants decrease with x.

Iron (purity, 99.9%), cobalt (purity, 99.9%), neodymium The present study shows that the substitution of Co for Fe in
(purity, 99.9%) and Fe-B alloy (purity, 98.6%) were melted the Nd2Fe, 3B3 compound does not change its crystal struc-
by arc melting in an argon atmosphere of high purity into ture. The complete substitution obtains a new single-phase
homogeneous buttons with the compositions compound of Nd 2Co 23B3 . The crystal structure of the
Nd 2(FelxCo.) 23B3 (x=0, 0.2, 0.4, 0.6, 0.8, and 1.0). Amor- Nd 2(Fe,Co) 23B3 compound is body-centered cubic, space
phous ribbons about 1 mm wide and 20 /.tm thick were pre- group 143d. The lattice constant calculated from the x-ray
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FIG. 1. X-ray diffraction patterns of metastable Nd 2(Fe1 ,Co,)23B3 COM-
pounds with x=0.2 and 1.0.

which is the moment of a free Nd3+ ion, the average mag-
netic mome, "/Fe+Co per Fe+Co atom can be obtained, ac-

diffraction patterns are found to decrease linearly from cording to /.i,= 2 3/2F+Co+ 2LNd. The composition depen-
a=14.16 A for x=0 to 13.86 A for x=1.0, as shown in dence of the average moment /!Fe+Co may be written as
Table I. 2Fe+Co=/tF.(1-)+/CcX, where /Fe and iCo are the effec-

X-ray diffraction and thermomagnetic measurements tive magnetic moments per the Fe atom and the Co atom,
showed that the Nd,(Fe,Co)23B3 compounds obtained by the respectively. A study of Collins et al.7 on the crystalline
crystallization from corresponding amorphous alloys were Fe-Co alloys using polarized neutron diffraction demon-
metastable. When the compounds were heated to certain strated that the average moment /!Fe per Fe atom increases
temperature To, as shown in Fig. 2, they decomposed to with increasing Co concentration, and the average moment
Nd2(Fe,Co)14B and a-(Fe,Co) phases. The decomposition ACo per Co atom remains an essential value. Similar results
temperature of the metastable compounds was about 990±15 were found in other Fe-Co-based alloys.8 If acCo of
K, and was almost independent of the Co concentration x. Nd 2(Fe l -. Co x) 233 3 is assumed to keep the constant value of

Figure 3 shows the magnetization o of metastable 1.2 0p/. (the value of A co in Nd 2Co 23B3 compound), the /Fe
Nd2(Fel xCox)2IB3 compounds at 1.5 K as a function of the iL found to rise with increasing Co concentration from
external field H. The spontaneous magnetization ors(1.5) at 2.02,B for x=0 to 2.17/t8 for x=0.8.
1.5 K were obtained by a liner extrapolation of magnetiza-
tion curves to H=O. The o-,(1.5) shows a monotonic de-
crease with increasing Co concentration from 184 emu/g to
113 emu/g as x increases from 0 to 1.0, as shown in Table 1. 200

A similar result was observed in other Fe-Co-based alloys. 6  X=O
The magnetic moment per unit formula /is of 15- 0.2

Nd2(Fel..XCO.,)! 3B3 compounds is shown in Fig. 4(a) as a
function of Co concentration x. The A is found to decrease 0.4

from 52.9/B for x=0 to 3 3 .9 /tB for x=1.0. If the magnetic So
moment of the Nd atom /.Nd is suggested to be 3.27/tB,

E 25 0.8

TABLE I, The lattice constant a, saturation magnetization o-, at 1.5 K and 1 0
the Curie temperature T, of Nd 2(Fe _Co,)23B3 compounds. 100

(A) a, (emu/g) T (K) 7Nd 2(Fe1  Co,)23B3

0.0 14.16 184 659
0.2 14.11 177 831
0.4 14.06 162 -978 50
0.6 13.99 146 -1097 0 20 40 60

0.8 13.90 129 -1156 H (kOe)

1.0 13.86 113 -1218
FIG. 3. Magnetization curves of Nd2 (Fe 1 Co,), 3B3 compounds.
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found to increase monotonically from 659 K for x=0 to
50 about 1218 K for x=1.0. The variation of T, with x was

(a) different from that of the crystalline Fe-Co alloys and some
Aamorphous Fe-Co-based alloys,6,8 in which T, showed a
:E. 40 [ dmaximcni value. According to the average molecular-field

model, the Curie temperature is directly proportional to the
30 exchange interactions between magnetic atoms and the

1200 -number of nearest-neighbor magnetic atoms. For
Nd2(Fe_ .Cox) 23B3 , the T, depends mainly on Fe-Fe ex-

io0 -change interactions for the Fe-rich region or Co-Co ex-
(b) change interactions for the Co-rich region. The strong in-

00-: oocrease of T, with x for Nd2(Fe -Co.)23B 3 compounds
indicated that the contribution of the exchange interactions

600,1 0.2 0.4 0.6 0 8 .0 between the Co-Co atom on Tc was much larger than that
x between Fe-Fe atoms.
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Magnetic properties of (Nd0.9R0 1)5Fe17 with R=Sm, Gd, and Y
Cong-Xiao Liu, Yun-Xi Sun, Zun-Xiao Liu, and Chin Lin
Department of Physics, Peking University, Beijing, People's Republic of China

Magnetic properties of (Nd0 .9R0 .1)5Fe17 have been investigated. Samples were prepa"-d by arc
melting and annealed at 600 °C for 48 days. X-ray diffraction and thermomagnetic analyses showed
that the samples are almost single phase with the Nd 5Fe,7 structure when R=Sm, Gd, and Y, but this
structure cannot be formed when R=Pr. The effects of R substitution on saturaticn magnetization,
Curie temperature, and lattice parameters are reported. X-ray diffraction analyses of aligned
powders suggests that these samples have basal plane anisotropy. The magnetization does not fully
saturate along the field in a field up to 70 kOe although the magnetization curves show the
characteristic behavior of a soft ferromagnetic material.

I. INTRODUCTION we substitute 10% of Nd in Nd5Fel7 by other rare earth ele-
ments and investigate their structural and magnetic proper-Recently, a revised Nd-Fe phase diagram, including the ties.

new stable phase Nd5Fel 7, was reported.' The crystal struc-

ture of Nd5Fel 7 belongs to the hexagonal space group II. EXPERIMENT
P63/mcm, with 12 formula units per cell.2- 4 Magnetic Samples were prepared by arc melting (Ndo 9Ro1 ) and Fe
measurementsd'6 showed that ne is a ferromagnet with in the proportion of I to 3 under a purified argon atmosphere,
Tc503 K and saturation magnetization 162 emu/g at 4.2 K. with R=Nd, Pr, Sm, Gd, and Y. The samples were annealed

Mossbauer spectra were fitted with five Fe sites, yielding an in vacuum at 600 'C for 48 days. Structural analyses were
average Bf2=3 0.7 T at 10 K, from which an average Fe carried out on powdered samples with a Rigaku D/MAX-RB
moment of 2.12 PzB is deduced. X-ray diffraction analyses of diffractometer using Cu Ka radiation. X-ray diffraction and
magnetically aligned powders suggest basal plane anisot- dfrcoee sn uKrdain -a ifato n
magneTiclypalnd pso cnsider d u sto ba p nisig thermomagnetic analyses showed that the samples are almost
ropy. This compound is not considered to be a promising single phase with the Nd5Fe17 structure when R=Nd, Sm,
permanent magnetic material. On the other hand, a .high Gd, and Y. Small amounts of metallic rare earth elements andcoercivity Sm-Fe-Ti phase was produced by sputtering, R2Fel7 were found in some samples. The Nd5Fe 7 structure
mechanical alloying, 9 and melt spinning. 0 This Sm-Fe-Ti could not formed when 10% of the Nd was substituted by Pr.

phase was identified as having the Nd 5Fe17 structure by x-ray Magnetic measurements were performed with an extrac-

indexing.4 The substitution of V and Ti for approximately tion magnetometer, in a field up to 70 kOe on bulk polycrys-

10% of Fe yields a systematic expansion of the unit-cell
volume." Binary m5Fe 17 was also s"Because talline samples. Powdered samples were aligned in a field ofvolmeJ Bnar Sm~e7 ws asosynthesized. n'1 cus 10 kOe at room temperature and fixed in epoxy resin. The

the Stevens factor aj is of a different sign for Sm and for Nd, e aton dire as deterinedoby ray dif

Sm 5Fe17 has uniaxial anisotropy. Magnetically hard Sm 5(Fe, easy magnetization direction was determined by x-ray dif-

Co, Ti) 17 phases have been synth- by a conventional fraction analyses of aligned powders. Thermomagnetic

powder metallurgical method.' 2 Sm 5(Fcu. 94Ti0 06)1, showed a
room-temperature coercivity ,H=21.5 kOe. In this work, 3.00 k

(a)

2d~ 150k-9

40 "

S20

N Nd (b)

0 050k

0I

300 400 S00 600 _

T (K) 0 35 4S

FIG. 1. Thermomagnetic curves of (Nd0 ,R0 1 )5 FeJ7 with R=Nd, Sm, Gd, FIG. 2 X-ray diffraction patterns of (NdogSm0 1 )5 Fe 7 (a) Magnetically
and Y. aligned, (b) random powder.
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TABLE I. Lattice parameters, Curie temperature and saturation magnetiza- 200

tion at 1.5 K.
a a(A) c(A) To(K) Ms(AB~fu)

NdsFc1 7  20.207 12.341 507 48.2
(Ndo 9Sm0 )SFel 7  20.204 12.354 508 48.9

(Ndo 9 Gdo )SFe 17  20.226 12348 526 43.7
(Nd0 9Y0 1)5Fe17  20.207 12354 499 47.5 0

curves at temperatures higher than room temperature were
measured by a vibrating sample magnetometer operating at a
low field. The Curie temperature was determined by plotting 0 r 7
M2 vs T near Tc and extrapolating the linear part to M = 0. It 0 20 40 60 80

may be slightly :higher than that determined by the "kink- H (kOe)
point" method.2

FIG. 4. Magnetization curves at 1.5 K for (Ndo 9R0 1)5 Fe17 , with R=Sm, Y,

Ill. RESULTS AND DISCUSSION and Gd.

Thermomagnetic curves of (Nd0 9R0.l)sFel 7 with R=Nd,
Sm, Gd, and Y are shown in Fig. 1. Gd substitution increases
Tc slightly and Y substitution decreases T. A small amount 1.5 K are shown in Fig. 3. Magnetization curves at 1.5 K forof R2Fe 7 is observed in the Y-substituted sample. X-ray dif- (Ndo9Ro 1)5Fet 7 with R=Sm, Y, and Gd are showtn in Fig. 4.
f ptteris oferved mnteicalyalined ansanmpl poderay d The samples do not fully saturate along the field in a field upfraction p atterns of m agnetically aligned and random pow der to 7 ed e o th la g in p ne m n t cr s l i e a -to 70 kOe, due to the large in-plane magnetocrystalline an-

(Ndo.9Sm o t)5Fel 7 are shown in Figs. 2(a) and 2(b), respec-
tively. The intensity of the (314) reflection, which is the isotropy. The saturation magnetization M was deduced by
strongest in random powders, is reduced in aligned powders. fitting the data to a law of the type
The intensities of (hkl) with 1=0 are enhanced. The (004) M=M(1 -a/H-b/H2).
and (006) reflections are still weak. This suggests that the The results are also listed in Table . Y has no magnetc
sample has basal plane anisotropy. Similar results were ob- The aeto en of I. is no makethe
tained for Gd and Y substituted samples. Lattice parameters average Fe moment to be 2.o7iAB 5 and Nd moment 2 44aB
and Curie temperatures of these samples are listed in Table I. the fe o Y and Nd moment with/.he

The initial composition of these samples is off- the effects of Y and Gd substitution are in agreement with the
stoichiometric. However, considering that there is negligible c u ves of i
loss in weight in the are melting, the materials should have substituted, the effects are evident. The substitution of Pr
rare earth metals, as in the starting composition. Nd, Sm, and sbs the effect ure evide the sbiity of Pr
Gd are antiferromagnetic ordering at 1.5 K. Their contribu- destroys the NdsFet 7 structure. Y lowers the stability of thetions to magnetization are negligible in our experiments, so structure, the R2Fe1 7 phase appears. Gd has the lak;est de
tions th magnetization of (Nd 9Rol)Fet 7 ar deduced from Gennes factor. It enhances T, but decreases magnetization,
that the magnetizations ofdue to the antiferromaguetic coupling between Gd and Fe.
the measured values. The magnetization curve and !he mag- The formation of quasibinary (Nd,Sm)sFel. reveals a possi-
netic hysteresis loop in the second quadrant for NdsFet 7 at bility that a uniaxial anisotropy could be obtained by increas-

ing the substitution of Sm for Nd. Further investigations are
in progress.

200
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New permanent magnetic MnBiDy alloy films

Fang Ruiyi, Fang Qingqing, Zhang Sheng, Peng Chubing, and Dai Daosheng
Department of Physics, Peking University, Beijing 100871, China

We have studied the magnetic properties of MnBiDy films fabricated by the thermal coevaporation
method and annealed subsequently in a vacuum oven at temperatures of 350 'C-425 'C. The
thicknesses of these films are in the range from 60 to 1200 nm. X-ray diffraction analyses have
confirmed that those samples have an hcp structure. Magnetic measurements revealed that the
saturation magnetization o-,=46-78 emu/g, remanence ratio R=0.67-0.98, coercive force
/gHc=2.2-7.3 kOe, and magnetic energy product (BH)m=3.3-14.3 MGOe. These values are
sensitive to the film thicknesses. It was found that p1-c reaches a maximum at d-400 nm.

I. INTRODUCTION oxidation. The as-deposited samples were annealed in a
vacuum oven (2X 10-6 Torr) at different of temperatures

Recently, studies on the permanent magnet films are con-

centrated on rare earth-transition metal compounds and al- 350 °C, 375 °C, 400 'C, and 425 'C for 4 h. The composi-

loys. The films of SmCo5 and SmCo-based systems exhibit tion of all samples were analyzed by electron probe and an

very high in-plane anisotropy, and high magnetic energy Auger profile. These reqults show that the samples exhibit

r1MGe. In Sm-Co 2:17-type films, the the component ratio of Mn:Bi:Dy of about 1:1:0.10.5 So we
energy product can each 20 MGOe.2 NdFeB films have a refer to these samples as MnBiDy. The crystal structure of

high intrinsic coercive force with an energy product about 12 the prepared films was analyzed by x-ray diffraction. It

MGOe, 3 but with a relatively low Curie temperature. The shows that the films have the NiAs structure with their c axes

SmlFe12-type allow films exhibit a perpendicular anisotropy perpendicular to the film plane. The magnetic hysteresis

with energy product 20.7 MGOe. 4 Generally, these films are loops at room temperature were measured with a VSM (LDJ

deposited at very high substrate temperatures of 500 'C- 9500).

700 'C and are necessary to apply an external magnetic field
(-2 kOe) during the process of deposition for controlling the III. RESULTS AND DISCUSSIONS
growth of out-plane texture. Figure 1 shows the hysteresis loops of MnBiDy films for

We have prepared new permanent magnet films of MnBi several film thickness (d=60, 257, 377, 622, 913, and 1200
doped with rare earth elements Dy and Sm by using the nm) at the external magnetic field He=0-2.0 T. The satura-
vacuum deposition method. In this paper the magnetic prop- tion magnetizations of the MnBiDy films for all annea.ing
erties are reported. temperatures decreases as d increases for d<300 nm. ' ihi,

can be explained by the increase in the amount of free Bi and
Bi3Mn 2 phases as the film thickness increases. This is cort-

MnBi films doped with Dy or Sm were fabricated by firmed by the x-ray diffraction analysis. The intrinsic coer-
using thermal evaporation at a vacuum of I X 10-6 Torr. First cive force pHc as a function of d is shown in Fig. 3. #H,
a Bi buffer layer of suitable thickness was deposited onto a increases with d for d<400 nm. This may be caused by the
glass substrate cooled by liquid nitrogen; then Mn, Bi, and nucleation. Then pHc decreases as d increases for d>400
Dy (or Sir.), with an atomic ratio of 2:1:0.10 were simulta- rm; this is due to the domain rotation during the demagne-
neously deposited onto the buffer layer with a different thick- tizing process. The reasons are given as follows.
ness, ranging from 60 to 1200 nm. Finally, a Si0 2 overlayer
of about 300 nm was deposited to prevent samples from

80

le

S40
I" I 0

-1.0 -0.5 0 0.5 1.0 1.5 2.0 300 600 900 1200

External magnetic field (Tesla) thickness(nm)

FIG 1. Hysteresis loops as a function of film thicknesses d = 60 nm (a), FIG. 2. Thickness dependence of the saturation magnetization of MnBiDy
d=257 nm (b), d=377 nm (c), d=622 nm (d), d='3 nm (e). and fiins annealed at 350C (0), 375 'C (*), 400°C (V), and 425 C (7)
d= 1200 nm (f) for MnBiDy films, for 4 h.
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FIG. 3. Thickness dependence of the intrinsic coercive force of MnBiDy T I I I I

films annealed at 350 'C (0), 375 *C (0), 400 'C (V). and 425 °C (V)
for 4 b. FIG. 5. The 41rM-Hi and B-Hi hysteresis loops of the MnBiDy film an-

nealed at 375 'C for 4 h. d=230 nm, pHc=5 kOe, 13Hc=4.7 kOe, and
(BH)m 8.3 MGOe.

The intrinsic coercive force may result from three irre-
versible magnetization processes: (a) nucleation and growth
of the reverse domain; (b) domain wall pinning; and (c) ir-
reversible domain rotation. In order to identify which process rotation. According to the domain rotation model for films
the Hc comes from for MnBiDy films, we also measured the with uniaxial anisotropy, the value of Hc is estimated to be
magnetic hysteresis loops for those films under various mag- about 3.7 kOe for the d=913 nm sample, which is nearly
netic fields, as shown in Fig. 4. Evidently, as d=60 and 143 equal to the experimental data (about 4.0 kOe at the mag-
nm, the Hc value increases with the applied field, but the netic field of 2 T).
magnetization does not var,' with the field when the field is According to the measured data of the hysteresis loops,
high. This feature reveals that Hc results from the nucleation we can obtain the magnetization 4 7rM and magnetic induc-
and growth. This is also confirmed by the observation of tion B as a function of the intrinsic magnetic field Hi (see
nucleation processes using polarized light microscopy pat- Fig. 5) by using the relations Hi=He-NM and B=Hi+47rM,
terns. As d= 622 and 913 nm, the shape of hysteresis loops is when N is the demagnetizing factor (N=47r for films when
completely different from those for d =60 nm, indicating He is perpendicular to the plane, and the effective anisotropy
that the coercivity does not result from the nucleation and field is neglected). Then, the maximum magnetic energy
growth. Hence, we suggest that it results from the domain product (BH)m as a function of film thickness d, which is

shown in Fig. 6, can be obtained. It decreases quickly as d
increases for d-<350 nm, and then remains as a constant for

60 r i-.. .. d>350 nm. This can be understood due to the behaviors

40 - related to thickness dependence of the p-c and magnetiza-
01 LJ $UL9tion of these films.

o40 (b)-In conclusion, we have prepared MnBiDy permanent
-40 *) -2 magnet films with a large magnetic energy product and also
-80 i-_._ - - --- '--studied the saturation magnetization, coercive force and

80 .. .. -r -r-- (BH)m as a function of film thicknesses for these films.

.401

I / I I I II
2 0-40 (() -

S40 40-5r 8-4
- 80 16 1- 2 16 11

40,g e e III

40' ~ 2

FI.480----4
18-12 -8 0 6 12 18-16 -12 -6 0 6 12 16 0 200 400 600 800 1000 1200

FIG. 4 Hysteresis loops of MnBiDy film with different thicknesses (a) 60 I hickness (n)
nm, (b) 143 nm, (c) 257 nm, (d) 377 nm, (e) 622 nm, and (f) 913 nm. Theapplied fields are 1, 2, 3, 4, 5, 8,12, and 18 kOc from the inner to exterior. FIG 6. Thickness dependence of the (BH)m of MnBiDy films
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Symposium on Neutron Scattering Studies
of Vortex Structures in Superconductors J. Lynn, Chairman

Neutron scattering studies of the vortex lattice in niobium and M122
superconductors (invited)

N. Rosov, J. W _ynn,a) and T. E. Grigereita)
Reactor Radiatior Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899

The magnetic flux lattice undergoes a melting transition not only in high-T c oxide superconductors,
but also in conventional superconductors, as recently observed in superconducting niobium films.
Small-angle neutron scattering was used to investigate the properties of the magnetic flux lattice in
a large, high-quality single crystal of niobium. The small London penetration depth of niobium
gives a large magnetic scattering signal, and the use of a high-quality single crystal eliminates other
unwanted scattering (from twin boundaries, voids, etc.). The signal-to-noise ratio is therefore
improved by several orders of magnitude over the best available measurements of high-T c oxide
superconductors. A sixfold hexagonal pattern of peaks is observed in the mixed state
(Hcl<H<Hc2) at all temperatures. These peaks are resolution limited below the irreversibility
line; above it, the width in the transverse direction increases with temperature due to the vortex
dynamics. Close to H, 2, the radial widths of the peaks also broaden. The increase in broadening is
a direct observation of a transition to a disordered phase. Nevertheless, the basic hexagonal pattern
of peaks is maintained throughout the mixed state, indicating that a correlated flux fluid exists in the
reversible regime. Some results on the vortex lattice in superconducting DyBa2Cu30 7 are presented
and some of the possible exotic states resulting from the coexistence of antiferromagnetic order and
superconductivity are described.

I. INTRODUCTION Irreversibility lines have also been recently observed in
niobium, which is an ideal candidate for neutron studies of

The melting of the flux lattice in high-temperature oxide nibuwchsandeladdtefretontdesfTeromelttorin ofrthelx lat in higtematureamoxide the vortex lattice, with the combined benefits of large signal
superconductors is currently a subject of great fundamental adlwbcgon u oteaalblt flre ih

and practical interest. The early discovery of an irreversibil-

ity line' in the cuprate superconductors suggested that the quality single crystals. Pure, defect-free niobium has a
basic vortex behavior was quite different from previously Ginzburg-Landau parameter K 01 0.77, just slightly greater
known superconductors, perhaps due to the much higher than the minimum value (1/V2) for type II behavior. In addi-
critical temperature T,. Neutron scattering studies of the tion, niobium is a material for which K can be dramatically
melting process to probe the exact nature of the melting tran- increased by the influence of defects such as grain bound-
sition would be most interesting, especially since techniques aries or by the introduction of impurities. Neutron diffraction
such as Bitter decoration are restricted to low fie',4. 1ltnfor- experiments on the flux line lattice in niobium have been
tunately, the very nature of the high-T, superconductors performed over the last thirty years, beginning with a study
makes observing such a melting transition via neutrons ex- by Cribier et al.2 that explicitly demonstrated the existence
tremely difficult. The London penetration depth XL in the of a triangular vortex lattice, and continuing with much more
oxide superconductors is a factor of 4 or 5 larger than for detailed work by groups at Jiilich 3 and Oak Ridge. 4 The sub-
niobium (for which XL-350 A). As a result, the neutron

n i t fm sequent work focused on the interaction of the flux latticescattering intensity from the flux lattice, which goes as Li4  with the crystalline lattice, concentrated mainly on the region
is much smaller for the high-T, materials. An additional
technical difficulty is that presently available large single of the phase diagram well below the upper critical field
crystals of 123 superconductors have grain boundaries, twin Hm2(T). The work5 that we review here extends the measure-
boundaries, and various other defects that give rise to scat- ments to the Hc2(T) line.
tering in the same small-angle region as the vortex scatter- In the first part of this article we describe the basics of
ing. This dramatically reduces the signal-to-noise ratio for the neutron scattering experiments and the features of the
the vortex scattering, and makes the vortex scattering pattern vortex lkttice over the (H,T) plane in niobium. We continue
much more difficult to study. with a description of our detailed measurements of the melt-

ing of the vorle'c lattice in niobium and conclude with a
')Also at the Center for Superconductivity Research, Department of Physics, descriptioa of some recent work on rare-earth 123 supercon-

University of Maryland, College Park, MD. du-tors.
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II. EXPERIMENT Nb uorteH Lattice
A. Neutron scattering ~ a 1  m  mE

The bulk of the experimental results described here were "
obtained on the 30 m small-angle neutron scattering (SANS)
spectrometers of the Cold Neutron Research Facility at the
National Institute of Standards and Technology. Both spec-
trometers operate in the same way: A beam of neutrons mod-
erated by a cold source is incident on a neutron velocity
selector, which produces a triangular wavelength distribution
of neutrons with AX/-15%. The neutrons pass down a long
(Z15 m) variable-length flight path with a pinhole collimator
at each end, which fixes the incident neutron momentumk.
After the sample there is another variable-length flight path
to a multidetector, which allows the simultaneous collection
of data over some range of momentum transfer Q=k--kf. iU E E ;

Our sample is a 95 g single crystal of niobium, 9 cm in
length, with a diameter of 1.25 cm. The cylinder axis is the (a)
[110] crystallographic axis, which was oriented perpendicu-
lar to the applied field. The neutron beam illuminated a sec-
tion of approximately 1 cm diameter near the midpoint of the
cylinder. Initial measurements were performed in a flow cry-
ostat with an Al vacuum shroud and 77 K heat shield that .
was mounted in a. clectromagnet with holes for the neutron
beam drilled through the pole pieces. Later measurements
were performed in a horizontal superconducting magnet cry-
ostat specially designed for SANS measurements, with .. ,
single-crystal sapphire windows along the beam path to re-
duce unwanted cryostat scattering.

At low temperatures a crystalline vortex lattice is
formed, and the scattering pattern of neutrons from the flux
lattice directly reveals the reciprocal lattice. Our experimen-
tal configuration involved applying the magnetic field nearly
along the incoming neutron direction k.. In this case, the
possible momentum transfers for all six 10 reflections are .
approximately parallel to the plane of the detector, so a pat- (b)
tern such as Fig. 1 will appear on the detector. The simulta- FIG. 1. (Top) Sixfold scattering pattern as observed on the two-dimensional
neous appearance of all six spots in this case results from multidetector from single crystal niobium at T=4.5 K and poGH= 0 . 12 T. The

gray-scale image is logarithmically scaled. (Bottom) Pattern of a single dif-some domain structure in the formation of the lattice. If the fraction spot obtained at 6.85 K and poH=0.12 T. Here the gray scale is
lattice is formed carefully, it is possible to observe a single linear.
diffraction spot as in Fig. l(bottom).

This pattern [Fig. l(top)] was collected in two minutes.
In comparison, a similarly sized single crystal of YWa 2Cu 30 7  space of the 10 reflection, which occurs at a momentum
(Ref. 6) requires the subtraction of a zero-field cooled back- *
ground scan from the applied field scan, each of which takes
several hours counting time. The excellent quality of the Nb Q10= 22 B o.  (1)
single crystal-with an almost complete lack of sample-
dependent small-angle scattering, incoherent scattering, and In the HI1k , configuration, there are a number of ways to
absorption-not only allowed the rapid collection of data in view the data. One way is a "radial scan," which is per-
the low-temperature regime, but in fact permitted the analy- formed by summing the scattering at a particular Q around a
sis of the behavior near the Hc2 phase boundary, where the portion, or all, of the detector [see Fig. 2(a)]. These scans (or
signal is drastically reduced. sums, in this case) determine the translational correlations

The reciprocal lattice of a triangular lattice with lattice between the flux lines in the lattice. Another possibility is a
constant a is a self-similar triangular lattice with lattice con- "transverse scan," a sum of the scattering over a small range
stant a* 4 7rva. Since the flux quantum of Q as a function of angle 0 around the detector [see Fig,
0k=2.068X0 -  Tm2 and the area per flux quantum is 2(b)], which gives the angular correlations between the flux
V¢a2/2, we can relate the internal magnetic field B to the lines. Finally, we can perform rocking scans [see Fig. 2(c)],
lsttice parameter by 0 0=vJBa 2/2. The position in reciprocal where the intensity in a particular region if the detector is
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10  produce the required cancellation. The boundary conditions
( radial scan on the field imply a demagnetizing field, due to the sample

0H =:0.15 T magnetization, that opposes the applied field, and so

E H I-= Happ- 7M, (2)

where 7 is the demagnetization factor. In the case of an
P 101infinite right cylinder with a field applied perpendicularly to

t the cylinder axis 7= 1/2, the H inside the sample is actually
2 Happ in the Meissner state. For the internal field to reach the

101 J lower critical field Hct, a field Happ= Hnc needs to be ap-
0 0005 001 0015 0.02 0025 003(A-') plied.

160 1 For HappAf-Hci, flux will penetrate the sample. The
(b) 4tases cnFrHp

140 transverse scan competition between the shorz-range repulsion and long-T--2.5 K
120 IoH = 0.15 T range attraction of the fluxoids initially causes the formation

of domains of flux lines with a density Bo determined by the
M strength of the long-range attraction. In this intermediateo 800o mixed state (IMS), the sample magnetization is

M 60 M=fBo/-H, where f is the fraction of the sample in the
40 vortex state. As the applied field is H appH+ /M, in the

20 IMS the relation between the applied field and the internal
0o fields is

0 50 100 150 200 250 300 350

610 0 (deg) Happ= (1 - i7)H+f 77(B o//to). (3)
(c) rocking scan In our experimental configuration, f increases linearly from

50l0' I\ T =4.S '°=•5 a~p=Hl o1 _
g04 5 1T 0at H ll to 1 at Happ= yHcl + TB 0/ 1t 0 H 2 With fur-

410' ther increase of Hpp above H 2, the flux lattice density in-

=310, 0.20. L.---2 creases throughout the sample. Just below H 2 the flux lat-

0 FWHM tice achieves its highest density, and ultimately, at
210'L Happ=Hc2, the sample magnetization goes to zero and the

11o' sample is no longer superconducting.
We thus expect to observe the following behavior as a

0 .05 1 15 2 25 3 function of field in a SANS measurement: For Happ<-Wml
w (deg) the sample is in the Meissner state and there is no scattering.

30 Just above AHct flux penetrates the sample and is confined to4000 (d) main X, = 2.3s A 10 FLL
beam T = 2.2 K regions with constant flux density Be; elsewhere in the
*\ Io'~ 0.15T sample, the flux density is zero. At this point, a scattering

2 30o 200 pattern can be observed, with a lattice spacing corresponding
• 00146 to the flux density Bo,

1 2000 FWHM

1000 1 an= B0. (4)

o01 015 This lattice spacing remains constant while the scattering
20 (deg) intensity increases linearly with field, until Happ=tI, where

the flux lattice fills the entire sample. Above H 2, the flux

FIG. 2. Various summations of the Fig. l(top) pattern: (a) Radial and (b) density increases, but the scattering intensity decreases as th
transverse scans at T=2.5 K and poH=0.15 T. (c) Rocking curve of Nb as fluxoids overlap each other and the contrast is consequently
collected on the SANS spectrometer total intensity in the peak as a function reduced. The sample magnetization is M=B/pto-H, so the
of magnet angle. (d) Radial scan of 10 peak with improved resolution per- flux density is then B =/.Ot[Happ-(1- 7)H]IY. Exactly this
formed on the BT-7 reflectometer behavior has been observed for niobium by Christen et al.4

We can also make the SANS measurements as a function

recorded as a function of magnet rotation angle w. In this of temperature in a constant applied field. Since

configuration, the rocking scans primarily determine the H= -M+B/Io, then
straightness of the flux lines. B =/o(Happ+ M, (5)

B. The flux line lattice in Nb for our experimental configuration. As the magnetization is
negative and approaches zero near the superconducting

In the Meissner state, the magnetic field in the sample phase boundary, the flux density increases as the phase
must vanish, i.e., B=0. The qgnetization M of the sample boundary is approached, and so the diffraction peaks move
then depends directly on the applied magnetic field Happ to out from their low-temperature position. Since the magneti-
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FIG. 3. (a) Intensity of the 10 peak as a function of temperature and (b) intensity, and so allow the extrapolation of the intensity to
linearized plot of f(I) vs T4, showing the extrapolation to obtain Tc(H). zero and the determination of Tc(H) [Fig. 3(b)]. From our

temperature scans we were able to determine the H 2 phase
zation goes to zero at l2, the demagnetization factor does boundary. In addition, we immediately noticed that (i) the
not affect the determinatton of the upper critical field, ind temperature dependence of the scattering was smooth, with

the magnetic scattering will disappear at Ha H, 2. no discontinuities; (ii) the scattering intensity was not lost
app= until just below the extrapolated H,2 line; and (iii) we al-

Ill. MELTING OF THE FLUX LATTICE IN NIOBIUM ways had a sixfold pattern-no ring of scattering ever ap-
peared. Not only did the scattering from the vortices main-

The obser-..ion of irreversibtlity lines and the implica- tain its hexagonal symmetry at all fields and temperatures in
tion of melting phenomena occurring in the flux lattice of the the mixed state, but it was locked by the crystalline anisot-
high-T, superconductors prompted a reexamination of "con- ropy, since we consistently observed the same orientation for
ventional" superconductors to see if similar phenomena were the sixfold diffraction pattern over many different experi-
possible in these systems. Drulis et al.7 observed irreversibil- mental configurations.
ity effects from flux depinning in vibrating reed measure- If, however, we examined the widths of the peaks in the
ments on cold-rolled niobium foils. Later work by Schmidt radial and transverse directions as a function of temperature,
et al.8 demonstated the existence of a magnetic irreversibil- we found (see Fig. 4) that at some temperature T,(H) well
ity line in sputtered Nb films that followed the expectations below T,(H), an intrinsic width developed in the transverse
for a melting line. direction. This width determines the degree of orientational

One would naively expect that the melting of the flux correlations. The radial width remained resolution limited
line lattice might be manifested by a sudden transition from until some higher temperature T,(H), whereupon it also de-
the low-temperature hexagonal pattern of Fig. I to an isotro- veloped an intrinsic width. We also measured the scattering
pic ring of scattering on the detector, indicative of an isotro- pattern from the vortex lattice on the NIST BT-7 reflectome-
pic liquid state. We therefore performed field cooling mea- ter. The spectrometer resolution here is a factor of 3 better
surements, starting well above the superconducting transition for radial scans than the corresponding SANS resolution [see
at constant Happ, and then slowly (<0.1 K/5 min and even Fig. 2(d)]. We observed the radial width increase above the
slower near the H, 2 line) lowered the temperature, collecting resolution limit with the reflectometer at the same tempera-
scattering patterns at various temperatures. Care was taken to ture as we had observed on the SANS, and this therefore
avoid overshooting the new temperature set point on chang- lends confidence the intrinsic radial widths develop at higher
ing the temperature. From our discussion above, we expect temperatures than the intrinsic transverse widths.
the intensity to appear just below To(H), as the magnetic To further clarify the nature of these two transitions, we
contrast appears, and this is in fact what happens [see Fig. performed isothermal field sweeps and found that the peak
3(a)]. We note that since K is small for our niobium sample, intensities and widths were reversible above the T, line and
the two-fluid model does not exactly apply; however, we hysteretic below. The restoration of the reversible behavior
have used the T4 behavior of the London model to guide us above T, leads us to believe that we have observed the onset
in linearizing the temperature dependence of the scattering of a correlated flux fluid state above T. This state may not
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FIG. 5. Phase diagram H vs T for Nb as determined by neutron scattering. FIG. 6. Radial sum of the difference pattern between field-cooled and zero-
The H, and H, 2 boundaries are indicated, as are the points where the radial field cooled Dy123 at T=10 K and po1 1=0.5 T. The peak position indicates
and transverse widths broaden. that the lattice is close to triangular.

be a hexatic phase, since in hexatic systems both the traps- on the linewidth at Tt, and the lattice would not melt until
verse and radial widths appear to be coupled and therefore the intrinsic radial width begins to develop.
the intrinsic widths would be expected to develop together.9  Given the correlation between the onset of irreversibility

Figure 5 displays the experimentally determined phase in the isothermal scans and the abrupt onset of an intrinsic
diagram for our niobium crystal. The lower and upper critical transverse width in the constant field scans, we believe that
fields have been determined via neutrons by the respective the first explanation is the correct one. We cannot entirely
onset and loss of scattering from the flux lattice. We can rule out the second; however, in either case we observe a
estimate from the two-fluid model that K - i'Hc2 /He, correlated flux fluid, due to the non-negligible interactions of

2. This is larger than the value of K 0.8 obtained for high the crystal with the vortices. It is interesting to note that
purity and defect-free niobium.4"10 Our sample and those of broadening in the radial and transverse widths, similar to
Drulis et al.7 and Schmidt et al.8 are high purity niobium; what we have observed for this two-dimensional system, has

however, the various preparation methods created samples also been observed in melting transitions in two-dimensional
with varying defect and grain boundary concentrations, as colloidal suspensions. 11

reflected by the value of K. Those samples with larger K have
a larger H,2(T): the K-7 cold-rolled foil7 higher than our IV. THE FLUX LINE LATTICE IN MAGNETIC M123
sample and the K-10 sputtered film8 still larger. The phase SUPERCONDUCTORS

diagram also shows T,(H), T,(H), and the irreversibility line The coexistence of antiferromagnetism and supercon-
Tih(H). The irreversibility line and T,(H), which we identify ductivity poses the question: What is the effect of an under-
with a melting curve, are well below that reported for the lying magnetic order on the vortex lattice? The high-Tc com-
cold-rolled foils, 7 which is lower again than the melting pounds DyBa 2Cu3o 7 and ErBa2Cu30 7 are already known to

curve for the sputtered niobium films.8 This supports the rea- have a very well-defined zero-field ordering of the rare-earth

sonable expectation chat Tin depends on the pinning strength moments at low temperatures (TNwle1 K) (Ref. 12) without

and defect density. significant detriment to the superconductivity. We have ob-

The broadening is definitely dynamic in origin, and there served the l a ea2n t s e cal of

are two possibilities for the behavior which we observe. The y ux at 10tK in a a i fiele Fig. 6w

first possibility is that the onset of broadening in the trans- above at wher e on eld exect any ec

verse width indicates a transition to an orientationally disor- frome on g omterare ert sulate. pe ak

deredfrom the ordering of the rare-earth sublattice. The 10 peak

higher temperature is associated with the loss of translational appears at Q10=0.0105 A-, which is expected for a vortex
lattice that is close to triangular, as has been observed by

order. In this case, the low-temperature phase is crystalline, Keimer et aL 3 in YBa 2Cu3OT.
the transition to an orient tionally disordered phase occurs at At lower temperatures there are several possible interest-
T1(H), and a correlated flux fluid exists above T,(H). ing behaviors. Above the onset of long-range rrder, the en-

The second possibility is that the transverse broadening hanced susceptibility of the rare-earth moments would allow
is "lattice dynamical" in origin, associated with the same a suseti b of the rare-earth momentswouldtallow
soft shear mode of the vortex lattice that would be involved aevarati the rre-eth motalignet that u
in melting. This would imply that if much higher instrumen- quantized, the addition of the Dy magnetization My Will
tal resolution were available, we would see wings of inelastic then give a new momentum transfer for scattering from the
scattering on the sides of an elastic Bragg peak. The present vortex lattice
(best available) resolution would convolve the elastic and
inelastic scattering into a single broadened peak. In this case,
we would be observing the effect of the inelastic scattering QM1o0=27r V2Mo(H+My)/v o. (6)
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Extensive small angle neutron scattering experiments have been conducted on the vortex system in
YBa 2Cu 30 7 in a magnetic field range of 0.5 T< H-<5 T, and with various orientations of the
magnetic field with respect to the crystallographic axes. For H parallel to the c axis, the vortex
lattice is oblique with two nearly equal lattice constants and an angle of 730 between primitive
vectors. One principal axis of the vortex lattice coincides with the (110) direction of the crystal
lattice. It is shown that this structure cannot be explained in the framework of a purely
electrodynamic (London) model, and that it is intimately related to the in-plane anisotropy of the
superconducting coherence length. When the field is inclined with respect to the c axis, the uniaxial
anisotropy due to the layered cr .,tal structure of YBa2 Cu30 7 becomes relevant. The interplay
between the square in-plane anisotropy and the uniaxial anisotropy leads to both a continous
structural transition and a reorientation of the vortex lattice as a function of inclination angle. For
the largest inclination angles, the vortex lattice decomposes into independent chains.

I. INTRODUCTION superconducting transitions at -93 K. The microstructure of

The vortex system in the cuprate superconductors has these samples has been extensively characterized by trans-
received a high level of attention mostly because of its novel mission electron microscopy. Prominent microstructural fea-

tures are /.m sized YBaCUO 5 inclusions with a total volumephase behavior inferred from transport experiments at high
temperatures and high magnetic fields. Small angle neutron fraction -10%, twin boundaries of average separation -900
scattering (SANS) is applicable in high magnetic fields and A extending in the (110) or (I iO) crystallographic directions,
capable of measuring the relevant correlation lenghts of the and stacking faults perpendicular to the (001) direction. The
vortex lattice. SANS is therefore very promising as a tool to latter two features occur on length scales comparable to int-
further elucidate this behavior. However, since the signal in- ervortex distances and therefore give rise to backgrouno
tensity at high temperatures is very small, these experiments small angle scattering in the experimentally ielevant range of
are difficult. Our approach has therefore been to first develop scattering angles. This (temperature independent) back-
a thorough experimental description of the vortex system at ground is comparable to or larger than the magnetic scatter-
low temperatures as a function of field strength and field ing from the vortex lattice and must be subtracted from the
orientation with respect to the crystallographic axes, before raw data.
studying thermal effects in detail. We have found that the All experiments were performed on the NG-3 and NG-7
behavior of the vortex lattice is very rich even at low tem- SANS spectrometers at the Cold Neutron Research Facility
peratures. In particular, our experiments indicate a close re- of the National Institute of Standards and Technology. We
lation between the structure of the vortex lattice and the. mi- mostly used the standard horizontal-field scattering
croscopic electronic structure of YBa 2Cu30 7 . The following geometry' with the neutron beam almost parallel to the mag-
is a preliminary summary of these studies. netic field. Horizontal magnetic fields of 0.5 T or less were

generated by an electromagnet, larger fields were achieved in
II. EXPERIMENTAL DETAILS a horizontal-field superconducting magnet. For some experi-ments we also used a vertical-field electromagnet.

Our sample is a disk-shaped single crystal of YBa2Cu30 7  The experimental geometry is illustrated in Fig. 1. The x
of volume -2.5 cm3 and mosaicity -1.5". The sample is too (horizontal) axiF in this figure is the magnetic field direction.
large to fit into a superconducting quantum interference de- The scattered .ieutrons are collected as a function of the co-
vice (SQUID) magnetometer, but small pieces cut off from ordinates y and z perpendicular to the field by an area detec-
samples prepared under identical conditions showed sharp tor behind the sample. During the experiment the angle be-
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FIG. 1. Coordinate system illustrating the experimental geometry of our
experiments. The x axis is the magnetic field direction. The neutron beam is
almost parallel to the magnetic field (i.e., the scattering angle is small). The
angle 0 (rotation angle around , relative to the x axis) can be changed
during the experiment. The orientation of the crystalline axes with respect to
x,y,z is chosen by orienting the crystal outside the cryostat. Two different
crystal orientations are shown: (top) (100) parallel to 2 and (bottom) (110)
parallel to i. The axes 9 and , perpendicular to the magnetic field are the
horizontal and vertical axes in the diffraction patterns below.

tween the neutron beam and the magnetic field (i.e., the
scattering angle 0) can be varied, and the sample can be
turned around the vertical 2 axis without remounting the
sample. We denote the angle between the crystalline (001)
direction and the magnetic field by 0. The crystallographic
direction coinciding with the i axis is selected by orienting
the sample by x-ray and thermal neutron scattering outside
the cryostat. We chose three different sample orientations: (i)
(100) parallel to 2 (Fig. 1, top); (ii) (110) parallel to 2 (Fig. 1, FIG. 2. Grey scale images of SANS diffraction patterns taken for (top)
bottom); and (iii) a low-symmetry crystallographic direction H=0.5 T, 0-10', obtained by rotating around a low-symmetry crystallo-
parallel to 2 (not shown). A uniform flux profile within the graphic direction and (bottom) 11=2 T, 0=0.

sample is achieved by field cooling the crystal for each crys-
tal orientation. Typical counting times for high quality dif-
fraction patterns are several hours. the magnetic field is aligned with the (001) crystalline

In order to optimize both resolution and signal intensity, direction. 3 This pattern was subsequently shown to consist of
different spectrometer settings were chosen at each magnetic two sixfold symmetric patterns with 900 relative orientation.4

field. We mostly used neutrons of wavelengths 5 or 6 A and However, the angular resolution of these patterns was not
wavelength spread AX/X=0.31, source and sample apertures sufficient to determine the structure of the vortex lattice for
of 5 and 1.27 cm diameter, respectively, Pnd source-to- this field orientation in detail. We have now used the im-
sample distances between 11 and 13 m. A parameter of par- proved angular resolution achievable in higher magnetic
ticular importance is the angular resolution in the plane of fields to resolve this issue definitively. The bottom panel of
the area detector (yz plane in Fig. 1). At a given wavelength Fig. 2 shows that a total of 16 weak and 4 strong Bragg
and source aperture (chosen to optimize the neutron flux on reflections can be resolved for fields of 2 T and above. (Note
the sample), this quantity is primarily controlled by the dis- that all patterns shown here are for O fixed. Since by Bragg's
tance between the sample and the detector.2 For larger mag- law each reflection corresponds to a different 0, not all of the
netic fields (corresponding to larger scattering angles), 20 spots appear in a single pattern. The remaining spots can
smaller sample-to-detector distances can be chosen, and the be moved into the resolution volume by adjusting tO appro-
angular resolution is improved. On the other hand, because priately.)
of the decreasing form factor the signal-to-background ratio The real-space lattice corresponding to this diffraction
becomes worse for larger fields. We found that data of opti- pattern, shown in Fig. 3, can be regarded as intermediate
mal overall quality could be taken for H=2 T. between triangular (with an angle of 0= 60' between primi-

tive vectors) and square (corresponding to 3=90'). In a high
Ill. VORTEX LATTICE SYMMETRY AND ELECTRONIC resolution measurement at H= 2 T we obtained /3P(73±1)'.
STRUCTURE We also found that the lattice constants differ by (5t5)%;

Early SANS experiments on YBa2Cu30 7 for H=0.8 T the unit cell area satisfies the flux quantization rule within
revealed a diffraction pattern with fourfold symmetry when the experimental accuracy. We can therefore not distinguish
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F Domain 1 Domain 2 tion patterns of these four domains results in the experimen-
* . 000 0 tally observed pattern of Fig. 2; the four strong reflections

* * * * 1 . . . .originate from two domains, the 16 weak reflections from
one domain. A deconvolution of the patterns for H=0.5 T
and H=5 T which takes the appropriate spectrometer reso-
lution into account yields the same value for fl. Note that

(11) with the spectrometer settings that had to be chosen for
H=0.5 T two of the weak spots could not be resolved com-

Domain 3 (110 Domain 4 pletely (Fig. 2, top).
• When H is precisely aligned with the c axis, Oese four

* .domains are degenerate and occupy equal fractions of the
.* sample volume. However, the degeneracy between the do-

. •mains is lifted even by a subtle inclination of the field with
•4 Vt. •respect to the c axis. Tilting often favors two of the domains
* over the remaining two, as shown in Fig. 2. The mechanism

for creation of this domain imbalance will be discussed in
FIG. 3. Real-space structures corresponding to the diffraction patterns of the next section.
Fig. 2. The top pattern of that figure is taken under conditions in which only The oblique structure we observe is manifestly different
two of the domains are populated (1 and 2, or 3 and 4). In the bottom pattern
all four domains are populated. from the triangular lattice expected when the vortices interact

purely electrodynamically. We have therefore evaluated the
Gibbs free energies of vortex lattices with different /, taking

experimentally between oblique (unequal lattice constants, the nonzero extent of the vortex core into account. In the
space group p2) or rectangular (equal lattice constants, space London approximation, the Gibbs free energy density can be
group c2mm) vortex lattice symmetry. As the figure indi- written as5

cates, four domains with different orientations of the unit cell B 2  1 HB
are observed. One of the nearest-neighbor directions of the G = >6- (
vortex lattice coincides with either the (110) or the (1i0) 1 T + XQ -(

direction of the crystal lattice. Superposition of the diffrac- where X-1500 A is the penetration depth, B is the magnetic
induction, and the sum runs over all reciprocal lattice vectors

1200 Q. The finite extent of the vortex core is approximated by a

.circular "hard core" cutoff Qmax= 27T/ , where -15 A is the

600 in-plane coherence length. At each applied field H and for
each 3 the magnetic induction, B, is computed by numeri-
cally evaluating dGI9B =0. While at low magnetic fields our

0 calculation is insensitive to the size of the vortex core and

2000 reproduces the well-known free energy minimum at 3=60',
G(/3) becomes extremely sensitive to the core cutoff in fields

1000 of several tesla. Typical numerical data are shown in Fig. 4.
This means that the structure of the vortex core begins to

H-2T have a significant influence on the structure of the vortex
toE 0 lattice in the field regime investigated in our experiments.
U. The shape of tht. vortex core and the behavior of the supet-

2000 conducting order parameter near the core reflect the underly-

0--
H-5T

5000
H-7T

2500

0

.2500

-5000
900 80' 700 600 500 400

FIG. 4. Numerically computed Gibbs free energy density of a vortex lattice
with space group c2mm and angle 03 between primitive vectors (Fig. 3),
relative to the triangular lattice (,8=60'). The calculations are based on
Eq. (1) with h=150OAand =16A. The numerical errors are much smaller FIG. 5 Contour plot of SANS pattern for Hi=2 T, 0=20'. obtained by
than the symbol size. rotating around (110).
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ing microscopic electronic structure of the superconductor, in YBa2Cu 30 7. In particular, the energy gap in the (110) direc-
particular the spatial variation of the energy gap. tion is extremely small and possibly zero, which may lead to

The link between the microscopic electronic structure a long range interaction between vortices. Nevertheless, the
and the mesoscopic structure of the vortex lattice is provided directional variation of the energy gap in the CuO 2 planes is
by the gap equation in a magnetic field. Even for an isotropic a plausible explanation for the observed coupling between
Bardeen-Cooper-Schrieffer (BCS) superconductor this vortex lattice and crystal lattice orientations.
equation is difficult to solve at a general magnetic field. Ad- We4 and others3 had previously attributed this unique
ditional difficulties arise in the cuprates because the func- orientation of the vortex lattice to pinning by twin bound-
tional form of the gap equation is still under debate. How- aries. However, the persistence of this orientation even as the
ever, as first shown by Abrikosov,6 the equations simplify field is inclined by up to 400 with respect to the twin bound-
significantly near the upper critical field, where the magnetic aries is difficult to reconcile with this model. Moreover, the
induction is almost uniform. While for isotropic supercon- persistence of the same structure over an order of magnitude
ductors the equilibrium vortex lattice structure is the triangu- in magnetic field which we have now observed argues
lar lattice near He2,7 a c2mm structure of the type we ob- against a significant influence of twin boundaries on the vor-
serve here has been observed before in the cubic tex lattice structure and orientation. (Whereas at H=0.5 T
superconductor Nb, s when the field is oriented in a fourfold the intervortex distance is comparable to the average twin
crystallographic direction. This observation was explained boundary spacing, at H=5 T it is almost five times smaller.)
theoretically by Takanaka, 9 who solved the gap equation of a Since near Hc, the size of the vortex core is negligible
superconductor with a cubic Fermi surface and found that in compared to the intervortex distance, vortex core effects can-
general structures of c2mm symmetry have lower free ener- not play a role in determining the vortex lattice structure and
gies than the triangular lattice. The angle /3 between primi- orientation in very low magnetic fields. Indeed, Bitter deco-
tive vectofs depends on the degree of Fermi surface anisot- ration experiments near H,1 have revealed the expected tri-
ropy through the parameter (e"4 ), where 9p is the azimuthal angular lattice with an orientation unrelated to any crystal-
angle in the yz plane perpendicular to the magnetic field, and line high-symmetry direction. 12

,1
5 We thus expect a crossover

the brackets denote an average on the Fermi surface. We between an orientationally degenerate triangular lattice and
have parametrized the Fermi surface extracted from photo- the oblique structure with unique orientation in an interme-
emission experiments'0 by two harmonics invariant under diate field range. There are some indications that this cross-
the point symmetry of the lattice over actually occurs at a very low field, as expected for a

large gap anisotropy: For B-0.0065 T, close to the largest
E(p) =EFo+EFp sin2 ( cos2 9P, (2) field for which the Bitter decoration technique is applicable,

with EFI-EF2 , and obtain (e' 4
p) EF1/16E ,o. According Dolan et al.13 observed a structure that is completely consis-

to the numerical calculations of Ref. 9, this value of (e' 49) tent with the one we observed (Fig. 3), except that 3=(65'
corresponds to6=63*, much closer to 60' than the angle we ±50). Note that these measurements were taken in un-corrspods o /3630 muh coserto 00 han he ngl we twinned sections of YBa2Cu3 07 crystals, further supporting
observe. The origin of this discrepancy is likely to be an

energy gap anisotropy contributed by the pairing interaction our argument for an intrinsic origin of the coupling between

in the cuprates. It is already known that significant modifi- the crystal lattice and vortex lattice. The field independence
,cut of 0 in the field range we have investigated suggests that 6l

cations to the standard gap equation are needed to account of aitefieldtrane a its tha vu
for the large directional variation of the energy gap observed
in photoemission experiments on Bi2Sr2CaCu2O8+. 11 An-
other possible origin of the quantitative discrepancy between IV. TILT-INDUCED STRUCTURAL TRANSITION
theory and our observations is an in-plane penetration depth
anisotropy, which various authors have determined to be be- We observe a potentially related structural transition as
tween -1.1 (Ref. 12) and -1.5.13 While a quantitative ex- the magnetic field is inclined by an angle 0 with respect to
planation of our data thus has to await more elaborate calcu- the c axis. This transition is superposed by an overall distor-
lations based on realistic gap equations, it is remarkable that tion of the vortex lattice due to the quasi two dimensionality
the symmetry of the vortex lattice is correctly predicted by of the electronic structure.4'16 For inclination angles up to
an analysis whose only ingredient is the fourfold symmetry 0-60', the structure of the vortex lattice remains dominated
of the vortex core. by interactions within the CuO 2 sheets. The vortex lattice for

A more "xtensive treatment of anisotropic vortex lattices small 0 can thus be thought of as the projection of an isotro-
in type-II superconductors with a small ratio of penetration pic two-dimensional lattice onto the field direction. This ef-
depth to coherence length has been given by Teichler, 14 who feet gives rise to an elliptical distortion of the vortex lattice;
considered a cubic superconductor with an anisotropic pair- the semimajor axis ot the ellipse coincides with / X 6, and
ing iateraction. The resulting gap anisotropy leads to an at- the aspect ratio is cos 0 for small 0. (As three-dimensional
tractiv, interaction between the vortices, in addition to the interactions become relevant for larger 0, the aspect ratio
electrodynamic repulsion. The magnitude of the attractive becomes V/E2 sin2 0-,-cos2 0, where E-0.2 is the penetration
interaction is largest in the direction of minimum energy gap, depth anisotropy.)
which is the (110) direction in Bi2Sr2CaCu208+,(Ref. 11) In addition to this overall anisotropy, we observe a con-
and presumably also in YBa 2Cu30 7 . Teichler's analysis will tinuous structural transition of the in-plane isotropic lattice
likely need substantial modifications in the case of as a function of 0. The angle /3=730 observed for 0-0 de-
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smaller angle with respect to the twin boundaries, because
the vortices have to bend less in order to gain advantage of
the pinning energy. Although, as discussed above, the struc-

I ture and orientation of the vortex lattice are determined by
electronic energies that are presumably much larger than pin-
ning energies, pinning effects appear to provide enough cn-
ergy to select between otherwise degenerate domains.

It may not be coincidental that the triangular structure
observed in inclined fields is just the structure expected in

the London limit, since the in-plane vortex lattice is only
sensitive to a reduced field component H cos 0 perpendicular
to the CuO2 sheets. Moreover, for large 0 the effective core
size shrinks because of the reduced coherence length in the

q, c-axis direction. Electrodynamic effects should thus become
* more relevant for larger inclinations. Detailed numerical cal-

• -_culations to test these ideas are currently underway.

V. TILT-INDUCED REORIENTATION AND VORTEX
CHAIN STATE

In agreement with this general scenario, we observe a
reorientation of the vortex lattice into the unique orientation
predicted by the anisotropic London model when the incli-

FIG. 6. (Top) contour plot of SANS pattern for H=0.5 T, 0=60", obtained nation is achieved by rotating around (100). In this case the
by rotating around a low-symnietry crystallographic direction. (Bottom) pro- orientation favored by the in-plane energy gap anisotropy is
jection of two isotropic triangular lattices in the CuO2 layers onto the field
direction for the same geumetry. - -e lattices are oriented such that nearest- different from the orientation favored by the anisotropic elec-
neighbor pairs point in either the (110) or the (liO) direction. One of these trodynamic interactions between the vortices. For small 0 the
domains is highlighted. electrodynamic energies favoring the hX(f/X ) direction

as the nearest-neighbor direction are small, 17 and the in-
plane anisotropy determines the vortex lattice orientation. As

creases continuously and reaches /=60 °, corresponding to the shielding currents around the vortices begin to flow in the
the triangular lattice, for 0--50 ° (Fig. 6). The nearest- c-axis direction for large 0, in-plane anisotropy etfects di-
neighbor direction remains the in-plane (110) direction. minish and the electrodynamic effects associated with the

While the structural transition occurs for all three experi- uniaxial penetration depth anisotropy begin to dominate. The
mental geometries discussed in Sec. I, the domain structure crossover between these two orientations is gradual and be-
of the observed lattice depends on the crystallographic direc- gins at 0-70' in this geometry, coming to completion for
tion chosen as the axis of rotation. If the field inclination is 0-80o.
achieved by rotating around (100), all four domains of Fig. 3 In the large-0 orientation, the vortex lattice can be con-
continue to be populated. However, once 83 has reached 600, sidered as a collection of chains with locked periodicity ex-
domains 1 and 2, as well as domains 3 and 4, become iden- tending in the f/X (h X ) direction. Because of the penetra-
tical. If the rotation axis is (110), a two-domain lattice is tion depth anisotropy, the distance between the chains is
observed (Fig. 5). For the two observed domains, the projec- much larger than the nearest-neighbor distance within the
tion of (110) is parallel to the directioni X(HX), i.e., the chains. Based on calculations in the London limit, an ex-
y axis in Fig. 1. [Note that the diffraction pattern can be tremely small modulus for shear in the chain direction has
obtained from the real lattice by a 900 rotation and rescaling, been predicted,' 8 thus causing a decoupliag of the chains
and that because of twinning (110) and (1i0) are superposed even for very weak pinning disorder or thermal fluctuations.
in our crystal.] This is the nearest-neighbor direction favored This vortex chain state has indeed been observed in Bitter
by the uniaxial anisotropy reflecting the quasi two- decoration experiments in very low magnetic fields.' 9 We
dimensional electronic structure. 17 The uniaxial anisotropy have observed the same instability :. fields of 0.5 and 2 T. Its
can thus lift the degeneracy between the domains, experimental signature is a continuous broadening of all

We have also chosen an experimental geometry in which Bragg reflections not exclusively associated with the distance
the inclination is achieved by rotating around a low- between the chains. For 0=800 only the two reflections with
symmetry crystallographic direction such that (110) and Bragg planes parallel to the chain direction remain sharp and
(i) subtend identical angles with the rotation axis. 4 In this observable. Note that all of our diffraction patterns were
case we also observe a two-domain lattice for small 0, al- taken after field cooling the sample to low temperatures. The
though the uniaxial anisotropy does not distinguish between disordered vortex chain state is thus presumably frozen in at
the two domain pairs. However, the vortices in the two do- high temperatures.
main pairs subtend different angles with respect to both sets We have carefully measured the width of the "rocking
of twin boundaries. 4 Pinning interactions between vortices curves" of the vortex chain state reflections at H=0.3 T,
and twin boundaries favor the pair of domains subtending the using a vertical-field electromagnet. This measurement pro-
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A flux-line lattice (FLL) was observed in a single crystal of Bi2.15Sr1.95CaCu2O8 +x (BSCCO) using
small-angle neutron scattering methods. The sample has a superconducting transition at 85 K. The
flux-line lattice is observed to melt. evidenced by the rapid disappearance of diffracted intensity as
the temperature is increased above a field-dependent melting temperature. Diffracted intensity due
to the vortex lattice also falls off as the applied field is increased. It is believed that this is a
manifestation of the transition of the three-dimensional flux lines into two-dimensional pancake
vortices. The Bragg intensity of the FLL peak is inversely proportional to the fourth power of the
London penetration depth (XL). Hence, the temperature (T) dependence of the order parameter can
be measured quite accurately from the intensity of the Bragg spots at different temperatures. In
BSCCO with an applied field of 50 mT, the measured T dependence appears linear. The low-T
behavior is of great interest for an understanding of the underlying mechanism for superconductivity
in these materials.

INTRODUCTION bution. Extremely clear decorations have been seen by a
number of groups, both in the conventional as well as in the

In type-i superconductors, an applied field is completely high-T, materials. It is also the method by which defects in
screened till the field strength exceeds the critical field. A vortex lattices were first observed. More recently, scanning
higher field causes the superconductor to become normal, tunneling microscopes equipped with a magnetic tip have
that is, nonsuperconducting. In 1957, Abrikosov1 in his been used to look at the field distribution in conventional
theory of type-Il superconductors predicted the existence of superconductors. The most serious limitation of both these
the "mixed" state, where flux carried by quantized flux lines techniques is that they probe only the surface. Also, the fields
or vortices penetrate the bulk material, causing parts of the used to get a good decoration must be quite low to distin-
superconducting material to become normal. This occurs for guish between the cores. To their advantage, samples can be
applied fields (B) such that HI1<B<H,2, where Hc1 and quite small. Invariably, more perfect samples can be obtained
H, 2 are the lower and upper critical fields, respectively, when large size is not required.

The interaction between vortices is repulsive, hence vor- The properties of the flux lattice as a function of field
tices form a lattice which maintains the maximum distance and temperature are important both for a better understand-
between them. Each vortex line contains a total flux equal to ing of the nature of the interaction causing pair formation in
the flux quantum qo=hc/2e, where h is Planck's constant, c high-T, superconductors and also for applications of the ma-
is the speed of light, and e the charge of an electron. Hence terial in devices. Using small-angle neutron scattering
the total number of flux lines in the sample is determined by (SANS), the temperature (T) dependence of the London
the external applied field. depth is vital information that can be measured. In the Lon-

The arrangement of flux lines was first observed in Bitter don model, the intensity of the Bragg peaks is proportional to
patterns or decoration experiments. When a thin layer of the inverse fourth power of the London penetration depth;
finely ground ferromagnetic particles are deposited on the because of this strong dependence, this length can be accu-
surface of a superconductor which is then cooled in a field, rately determined. Of all the high-T, superconductors,
the magnetic dust settles at the normal cores of the vortex. YBa 2Cu30 7 (YBCO) is of particular interest in applications
The resulting decoration reflects the underlying field distri- since the large pinning, due to twin plane defects, leads to
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high critical currents. However, the transition mechanism in 2-/ /D 0 1/2

high-T, superconductors is a topic of ongoing debate and the d= N4 --
high density of the twin plane defects in the samples of
YBCO that have been studied cast some doubt on whether or where B is the applied field and 4F0 is the flux quantum. (The
not the observed temperature dependence is intrinsic or due intervortex spacing, a, = d/cos 30.) For an applied field of
to the defects combined with the fact that the temperatures 100 mT, this distance is approximately 1350 A, correspond-
involved are quite high and thermal effects can be substan- ing to a q value of 0.0047.A-l. Hence, the angles at which
tial. Hence, measuring the temperature dependence of the this scattering can be observed are small. The vortex is a line
order parameter in a material with relatively few defects, of magnetic flux; the lateral extent of the field distribution is
such as our sample of Bi2.15Srl.95CaCu2Os±x (BSCCO), is determined by the London penetration depth, \L. The inten-
quite important. sity of a diffraction peak, Ihk , is given by

In addition, it has been clear for some time that YBCO / \ 2 2 2 2
and BSCCO behave quite differently. BSCCO is much more 271. I 1 Xn 1 B
anisotropic than YBCO. A variety of vortex structures that "o 4) qhk" h \' (2)
have been suggested for high-T, superconductors in general where I0 is the incident neutron flux, lu the neutron magnetic
vortex lattice melting with increase in temperature and 3d- mc..itent in Bohr magnetons (g= 1.91), V the sample volume,
2d dissociation have been invoked to explain experimental X, the neutron wavelength, XL the London penetration depth,
data. Although this is expected in YBCO as well, the effects B is the applied magnetic field, and (o is the flux quantum.
in BSCCO were larger and occurred at lower fields and tem- The London depth is approximately the half-width .at
peratures because of its larger anisotropy. It was apparent half maximum of the field distribution of a single flux line,
that the B-T phase diagram for BSCCO was not dull. hence there is less contrast for larger XL. For niobium,

The anisotropy of the high-Tc superconductors is, in XL-400 A, whereas for the high T, materials, it is at least
general, nominally uniaxial since the a-b (basal plane) an- three times larger. The signal to be measured is therefore
isotropy is fairly small and the c axis is considerably larger. lower by approximately two orders of magnitude. Also, the
In BSCCO, the crystal structure is nearly tetragonal with the signal for the first-order reflections, barring other complica-
a/b ratio close to unity and c-5.5a. Consequently, the high tions, is relatively independent of the applied field except for
symmetry configuration for the observation of the vortex lat- a geometrical 1/q factor. On the one hand, there is less con-
tice is with the applied field parallel to the crystallographic c trast between the peak and valley at a higher field due to
axis of the crystal. The information about the ratio of the larger number of flux lines; on the other, the number of scat-
in-plane effective mass to that out of plane is obtained from terers is higher which b,,Jances the equation. However, there
FLL's in the geometry where the applied field is at a large is considerable gain in utilizing a larger field in order to get
angle to the c axis of the crystal. away from the incident beam and the metallurgical scattering

In the last few years, we have carried out SANS experi- as much as possible in order to increase the signal to noise
ments in the high-Tc superconductors YBCO and BSCCO. In ratio.
this article we discuss the measurements that we have made In order to obtain the integrated intensity, the rocking
of the flux lattice in single-crystal samples of BSCCO both curve (or mosaic width), AO, of the Bragg scattering must be
with the field parallel to the c axis and with the field at an measured. This mosaic is a measure of the straightness of the
angle of up to 15' from the c axis. We also discuss the flux lines along the applied field direction or a measure of the
experimental technique and the information that it gives in length over which they remain straight. If it is assumed that
some detail. the mosaic is entirely due to finite sample size (i.e., flux-line

length), the lower limit on this length is determined. A scat-

EXPERIMENT tering object of finite size leads to an extended object in
reciprocal space. If it is assumed that the flux lines are

Small-angle neutron scattering experiments were first straight over length 1, the Fourier width on reciprocal space
suggested by deGennes and Matricon. 2 (Since neutrons have is given by
a magnetic moment, they interact with the field modulation 27r d
caused by an array of flux lines.) Shortly thereafter, a Bragg - q = A 0, hence 1= - (3)
diffraction peak from a flux-line lattice corresponding to the

predicted triangular arrangement was observed by Cribier Because the measured rocking width convolutes this length
and co-workers 3 in a single-crystal sample of niobium on effect with any meandering of the flux lines away from the
which a magnetic field was applied. Since then, extensive field direction, 1 is a lower limit on the length of the lines.
measurements have been made in Jiilich4 and Oak Ridge, 5 on Data were taken on the small-angle spectrometer at Ris6
niobium as well as other conventional superconductors, National Laboratory using an incident neutron wavelength of
probing the details of the lattice structure, the effect of de- nearly 20 A and a &/X of 18%. The lowest applied field was
fects, the exact nature of the form factor and of the 200 mT.
temperature-dependent order parameter. The sample used for most of these measurements was a

The d spacing, d, of the first-order reflection of a trian- platelike single crystal weighing 180 mg. This sample had a
gular isotropic lattice, determined solely by the applied field (crystal) mosaic width of approximately 0.50. Other samples
and the flux quantum, is given by were also studied briefly thus far; all had a nominal compo-
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FIG. 1. The flux-lattice signal seen in a difference measurement between there appears to be no anisotropy within the measured errors

field-cooled (40 roT) and zero-field-cooled data. in the plane. That is, the T dependence of the Bragg peaks

aligned along b compared to the peaks 600 from b show no

sition given by Bi2 5Sr1.95CaCu2Os+x. The samples appear significant difference. However, it must be emphasized that

to be untwinned; front and back faces had the same relative the linear slope at low temperatures does not imply d-wave

orientation of the a axis in x-ray characterizations, superconductivity, the interpretation of the T dependence is
still an open question.

At a temperature that is dependent on the applied mag-
RESULTS AND DISCUSSION netic field, we observe the rapid decrease of the intensity

At the lowest temperatures, with the applied field (50 associated with melting of the flux lattice. The melting oc-

mT) parallel to the c axis of the sample, the flux-line lattice curs at the same temperature at which finite resistance ap-

was seen 6 in the difference signal between field-cooled and pears within the the superconducting state. The melting line

zero-field-cooled runs, shown in Fig. 1. The lattice has six- in the B-T phase diagram appears to coincide with measure-

fold symmetry and is aligned with the crystalline b axis in all ments of the irreversibility line. The schematic B-T phase

the samples measured. It is likely that the samples are un- diagram from neutron scattering and magnetic measurements

twinned since the flux lattice consists of only one domain. (A is shown in Fig. 3. The solid line in the figure is found by

twinned crystal would give rise to a second domain rotated using the relation8

by 90'.) The mosaic width of this lattice was approximately 4 1
1.2(2)0, giving a minimum flux-line length of approximately B3D(Tm)- {[4v/ 1)+ 1122 " -([V21l+] '/z } ['YkBThbOJ

10 /im. From the integrated intensity, the London penetration X20

depth obtained for BSCCO at the lowest temperatures is ap- 1- (TminTc)" 12

proximately 1800 A, not significantly different from YBCO. T T ) (4)

As the applied field was increased, the signal intensity mc

decreased faster than expected from the (I1q) factor. The with the Lindemann melting parameter, CL=0. 2, the mass

signal intensity began to decrease as the field was raised ratio, /=140 2, the in-plane London penetration depth at

above 50 mT and for fields above 100 mT, no flux lattice was zero temperature, Xab(O) = 18 0 0 A, and n = 3.3. This line is in

observed at all. We believe this to be a manifestation of the good agreement with the observation of flux-lattice melting

dissociation of three-dimensional flux lines into 2d pancakes. observed here as well as by the muon spin rotation measure-

This was also observed in ASR measurements 7 on samples ments. It is reasonable to assume that this decrease in inten-

prepared by the same method. The 3d-2d transition occurs sity represents the melting of the 3-d lattice. Careful analyses

at the same field that appears to be independent of tempera- show no broadening or any other indication that the flux line

ture. is approaching the melting temperature. We do not see any

The intensity, which is inversely proportional to the signal at all above Tm even though a ring of scattering is

fourth power of the London penetration depth, decreases lin- expected, presumably because the disordered flux liquid is

early at low temperatures in BSCCO, as shown in Fig. 2. not a strong enough scatterer to give a measurable count. The

This is unlike conventional s-wave superconductors where coherent Bragg signal could not be seen in the raw data but

intensity changes very little for T less than about T,13. Also, only in a difference as stated earlier. Hence it is not unex-
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120 , ratio resulted in very odd behavior. In this system, when the
Sangle E was increased, the signal from the vortex lattice

dropped sharply at a moderate applied field of 30 mT. In fact,
s o vie d ar e t

Irreversibl e 2d Flux Melt by the time 0 was increased to 15, no measurable scattering
pancake vortices was observed. The loss of intensity could arise due to melt-

ing at a lower temperature when El is increased, but this is
80 inconsistent with the ASR data7 in which a three-dimensional

lattice is clearly seen for larger angles at the same field. It is
6 .possible that the c axis is a preferred direction for the flux

u. 60 line (in a manner similar to YBCO, although twin plane de-
". E fects are thought to cause the effect in that compound), per-

40 z haps because the currents prefer to flow in the a-b plane. To
test this hypothesis, we searched for the scattering signal
with the q vector perpendicular to the c axis but did not

20 Irreversible observe any. (NOTE: In the latter configuration, the field
3-d flux lattice direction was 0 from the incident neutron direction and the c

axis was now parallel to the incident neutrons.) More experi-
0 ' ' ments are planned in order to elucidate this matter. Clearly,

0 20 40 60 80 100 much more remains to be learned about these superconduct-

Temperature (K) ing systems.
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Neutron diffraction from the vortex lattice in the heavy fermion
superconductor UPt3 (invited) (abstract)

R. N. Kleiman, -1. Aeppli, D. J. Bishop, C. Broholm, E. Bucher, N. Staichelli, and U. Yaron
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

K. N. Clausen, B. Howard, K. Mortensen, and J. S. Pedersen
Rish National Laboratory, Roskilde, Denmark

The heavy fermion superconductor UPt3 is thought to have a d-wave pairing ground state. The
principal experimental evidence for this consists of the anisotropy of the power-law behavior
observed in transverse ultrasound and A+ SR measurements. The observation of a complex phase
diagram in the superconducting state in ultrasound, torsional oscillator, and specific heat
measurements may be a further indication of an unconventional pairing state. Theoretical
investigations suggest the possibility of vortex lattices that are unconventional in their symmetry,
their quantization, or the structure of their composite vortex cores. Transitions between such exotic
vortex lattices are in principle allowed and could explain the observed features at H"-0.6 H, 2 (for
H116) and H"-O.3Hc2 (for HI-1-). Neutron diffraction is an ideal bulk probe ot the microscopic
properties of the vortex lattice. We have studied the vortex lattice with H.1- and T-50 mK in the
field range 0.75<H<10 kG. The structure of the vortex lattice and the quantization of the vortices,
in addition to the London penetration depth, X\L, the coherence length, 6, and the effective mass
anisotropy are all well determined by our measurements l The lattice is oblique hexagonal with
conventional quantization. Its anisotropy can be explained by considering a combination of Fermi
surface and gap anisotropy. However, the lattice does not appear to change near the transition
between superconducting phases identified by other techniques.

1R. N. Kieiman, C. Broholn, G. Aeppli, E Bucher, N. Stuchelli, D J

Bishop, K. N. Clausen, K. Mortensen, J. S. Pedersen, and B. Howard,
Phys. Rev. Lett. 69, 3120 (1992).
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Small angle neutron scattering from the vortex lattice in 2H-NbSe2 (invited)
(abstract)

R L. Gammel, U. Yaron, D. A. Huse, R. N. Kleiman, B. Batlogg, C. S. Oglesby,
E. Bucher, and D. J. Bishop
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

T. E. Mason and K. Mortensen
Rish National Laboratories, 4000 Roskilde, Denmark

We report on small angle neutron scattering studies of the flux-line lattice in single crystal
2H-NbSe 2. For fields inclined with respect to the c axis, we find distortions and form factors
consistent with Ginzburg-Landau corrections to the London equations with a mass anisotropy
F=10.1_0.9. The flux lattice orientation, however, remains pinned to the crystal lattice for all tilts
studied, in disagreement with the orientation defined by anisotropic London theory.' For fields
below 2 kG parallel to the c axis, the peaks are no longer resolution limited. The correlation lengths
extracted are history dependent, and show that the lattice is annealed when a current greater than the
critical current is applied. This occurs both when a direct transport current is used, or an induced
current in a zero field cooled experiment. The annealing is seen in both the transverse and
longitudinal correlation lengths, and calls into question the relationship between the
Larkin-Ovchinnikov correlation length and the measured critical currents in this system.

1 P. L. Gammel et aL, Phys. Rev. Lett. 72, 278 (1994).
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Giant Magnetoresistancesin Granular Magnetic Systems G. Hadjipanayis, Chairman

Giant magnetoresistance in sputtered Cr-Fe heterogeneous alloy films
K. Takanashi, T. Sugawara, K. Hono, and H. Fujimori
Institute for Materials Research, Tohoku University Sendai 980-77, Japan

We have observed large negative magnetoresistance (MR) in Cr-Fe heterogeneous alloy films
sputter deposited on heated substrates. The largest MR, 37.3% at 4.2 K and 14 T, appears around the
Fe concentration of 20 at. %. While a large substrate temperature dependence of MR is observed
when the Fe concentration is lower than 20 at. %, MR does not vary noticeably with changes in the
substrate temperature when Fe concentration exceeds 20 at. %.

I. INTRODUCTION strate is denoted as h/c-Cr1 xFex. The background pressure

Recently, giant magnetoresistance (GMR) in heteroge- of the sputtering chamber was approximately 1x 10-6 Torr.

neous aloy films such as Cu-Co,1'2 Ag-Co,3' 4 and Ag-Fe,4- 6  Sputtering was carried out in an atmosphere of Ar gas atines whih filmsguc ars C 'of nanometer size are ho- 5X10 - 3 Torr by applying a power of 500 W. The distance
in which ferromagnetic particles onanetiz are ho- between the target and the substrate was 100 mm. The depo-
mogeneously distributed in the nonmagnetic matrix, has sition rate was typically 1.5 A/s, and the films were 1-2 Am
been attracting much interest. GMR was found in multilay- thick. The microstructure of the samples was observed by aerdC/efrtefrttime; 7 s however it has never been tik h irsrcueo h ape a bevdb
ered Cr/Fe for the first time; 8loyse i is ther ren 120 kV transmission electron microscope (TEM), Philips
reported in Cr-Fe heterogeneous alloys. This is the first re- CM12. TEM specimens were prepared by ion milling after
port on GMR behavior in sputtered Cr-Fe heterogeneous al- mechanically grinding the substrate. The Ar ion current for

Cr-Fe has an isostructure two phase region below 475 C ion milling was set to be 0.5 mA at 4 kV. Magnetoresistance
but the solubility limit of Fe in Cr is considerable. The (MR) was measured at 4.2 K by the conventional four-probe

but he oluiliy lmitof e i Cris onsderble Th o- method. An electromagnet was used in a low field range ofphase is present in the temperature range from 475 to meth. an eleco magnet was used in ig h
821 °C, which makes high temperature annealing for induc- u0.6 T, and a superconducting magnet was used in high
ing phase separation without an appearance of oa phase dif- fields up to 14 T. Magnetization versus applied magnetic
ficult. Above 821 °C, Cr and Fe are entirely miscible. 9 These field (M-H) curves were measured at 4.5 K in the range of
features are in contrast to the Cu-Co, Ag-Co, and Ag ":e ±5.5 T, using a SQUID magnetometer (Quantum Design,
systems, in which GMR has been reported in the heteroge- MPMS).
neous structure. In such alloy systems, the heterogeneous
structure can been obtained upon annealing nonequilibrium
solid solutions prepared by sputtering or rapid quenching. In
the case of Cr-Fe, however, post-deposition annealing is not
app-opriate for phase separation because of the slow kinetics.
Hence, in the present study, we have deposited Cr-Fe alloy
films at elevated temperatures. Sputter deposition on heated
substrates is expected to promote phase separation due to
surface diffusion which is many o-lers of magnitude faster
than the volume diffusion that would otherwise control the
kinetics of the post-deposition annealing.' 0

II. EXPERIMENT

Cr-Fe heterogeneous alloy films were prepared by the rf
sputtering method on Si substrates heated up to 200 *C. For
comparison, Cr-Fe homogeneous alloy films were also pre-
pared by rf sputtering on Si substrates cooled by liquid ni-
trogen. The composition of the alloy films was varied from 0
to 40 at. % Fe by the number of Fe sheets (10X10 mm2) on
a Cr target (ql00 mm). The composition of the films was
determined by inductively coupled plasma ICP) emission FIG. 1. Bright field TEM images and selected area diffraction patterns of (a)

spectroscopy analysis. In this article, the sample with the Fe a Cr83 9Fe16 1 film sputtered on the heated substrate (h-Cr63 9Fe1 6 ) and (b) a

concentration of x at. % deposited at the heated/cooled sub- Crs 3 1Fe 169 film sputtered on the cooled substrate (c-Cr8 3 1Fe16 9).

6790 J. Appl. Phys 76 (10), 15 November 1994 0021-8979/94/76(10)/6790/3/$6.00 © 1994 American Institute of Physics



(a) (b) (c) 50

10 -*--¢) h'Cr- 40 C 0 o heated 1
-- - 30 - 0/cooled
-20 0

-30 -20
-40 :01. . . . .

,, 10

00000 0 / *. ! , I .i

E -200 ..0 ....... .... .. 0 10 20 30 40 50
.5 0 5 10 15 -5 0 5 10 15 -5 0 5 10 15

H(T) H(T) H(T) x ( at.%

FIG. 3. Fe concentration, x, dependence of the MR ratio in Cr _. Fe, alloy
FIG. 2. MR (upper) and M-H (lower) curves of (a) a Cr897Fe103 film films sputtered on the heated (open circles) and cooled (closed circles) sub-
sputtered on the heated substrate (h-Cr897Fe103) and a Crs9.FelO.9 film sput- strates.
tered on the cooled substrate (c-Cr89.1Fe,0 9), (b) h-Cr790Fe21 0 and
c-Cr 78 3Fe21.7, and (c) h-Cr71 4Fe28 6 and c-Cr69,Fe 30 3. The MR curve is
represented as the resistivity normalized by the maximum around zero field,
Aplp,,., as a function of applied field, H. In the M-H curves, the values per
Fe volume are shown.

cooled substrate becomes easier with increasing x. The con-
centration dependence of the MR ratio, [p0 ax-p(H=14

III. RESULTS AND DISCUSSION T)IPmax, is shown in Fig. 3. The MR ratio has a maximum
around x=20 at. % for both heated and cooled substrates,

Figures 1(a) and 1(b) show bright field images and their similarly to other systems such as Ag-Fe.5 However, the MR
corresponding selected area diffraction patterns (SADP) of ratio for the cooled substrate is smaller th., that for the
h-Cr83.9Fe16.1 and c-Cr 83.tFe16.9, respectively. The SADPs in- heated substrate at x<25 at. %, and no difference is seen at
dicate that the films consist of a bcc phase. The average grain x>25 at. %.
size is 200 nm for h-Cr8 3.9Fe16.1 and 70 nm for c-Cr8 3.Fe 16 9, The negative MR behavior observed in samples grown
respectively, indicating that cooling by liquid nitrogen re- on cooled substrates is considered to be equivalent to that
duces the grain size remarkably. For the h-Cr8 3.9Fet6.1 reported for various spin glasses." - t 3 We have also prepared
sample, small specks can be seen within a grain. The size of homogeneous bulk Cr-Fe alloys by the solution treatment,
the specks is approximately 2 nm and these distribute homo- and confirmed a similar MR behavior.14 In the spin glass
geneously within the grain. Such specks are seen in many state, single Fe atoms and/or small Fe clusters with a few Fe
grains, although the appearance of the image varies depend- atoms distribute in a Cr matrix randomly. The magnetization
ing on the orientation of the grains. This specklike contrast is vectors of the Fe atoms and clusters lie in different direc-
probably due to the presence of Fe-rich ferromagnetic iso- tions. Therefore, the MR and the magnetization do not satu-
structural particles. The formation of these particles is con- rate easily. By heating substrate phase separation may
sidered to be a result of the phase separation which pro- progress during the film growth. In this case, large ferromag-
gressed during the film growth on the heated substrate. netic Fe particles, the average size of which is estimated to

Typical examples of MR and M-H curves are shown in be 2 nm, are formed as shown in Fig. 1(a). Consequently, the
Figs. 2(a)-2(c). The MR curves represent the normalized MR and the magnetization for the heated substrate changes
resistivity, Ap/pmax, as a function of applied magnetic field more steeply in low fields than those for the cooled substrate;
H. In the M-H curves, the values of magnetization are cal- the MR ratio for the heated substrate is larger than that for
culated per Fe volume. The results of two specimens with a the cooled substrate. However, Figs. 2 and 3 indicate that the
similar composition but grown at different temperatures are shape of the MR curve and the magnitude of the MR ratio do
displayed in the same figure. Negative MR is observed for all not depend on the substrate temperature at x>25 at. %. The
the samples. Interestingly, the maximum value of MR as reason for this is considered to be as follows: In a concen-
large as 37.3% is observed in h-Cr790Fe2,to. However, MR trated region, even if Fe atoms are randomly distributed in
does not saturate even at 14 T for all the samples. At the Fe the Cr matrix, the density of Fe atoms is so high that a
concentrations of x<10 at. %, the resistivity for the films considerable amount of Fe atoms couple ferromagnetically to
grown on the cooled substrate decreases almost linearly as a form a magnetic clustert 5 The size of the magnetic clusters
function of the magnetic field. On the other hand, the resis- may be comparable to that of Fe particles precipitated by
tivity drops more steeply in the low field region for the films heating the substrate. Consequently, the difference between
grown on the heated substrate. As the concentration of Fe the MRs for the heated and cooled substrates disappears in
increases, the discrepancy bet ,een the MR curves for the the concentrated region. The fact that the MR has a maxi-
heated and cooled substrates diminishes and both are almost mum around x=20 at. % also suggests that ferromagnetic
the same at x>25 at. %. A similar tendency is seen for the coupling of Fe atoms becomes dominant when x becomes
M-H curves. The magnetization for the heated substrate larger than 20-25 at. %. In fact, by neutron diffraction,
saturates more easily than that for the cooled substrate in the Burke et al.t5 showed that the onset of ferromagnetism was
low x region, and the saturation of the magnetization for the around 19 at. % Fe in bulk Cr-Fe alloys.
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L_ Origin of giant magnetoresistance effect in granular thin films

Atsushi Maeda, Minoru Kume, Satoru Oikawa, and Kazuhiko Kuroki
New Materials Research Center, Sanyo Electric Co., Ltd., 1-1 Dainichi-higashimachi, Moriguchi, Osaka
570, Japan

Though the demagnetization process of granular Co-Ag films became steep by adding permalloy
layer, slow saturation in the magnetoresistance (MR) curves was maintained. In addition, the MR
characteristics of granular Fe-Ag films prepared under a magnetic field, in which strong magnetic
anisotropy was induced, were isotropic. The disagreement between the MR and magnetic
characteristics implies that ferromagnetic granules are not responsible for the giant MR (GMR)
effect. The MR ratio of the granular Fe-Ag films considerably increaseu at thicknesses less than 20
nm. In such ultrathin films, the features of the MR curves corresponded well with those of the
magnetization curves with slow saturation and no hysteresis. These results suggest that the GMR
effect in the granular systems is attributable to superparamagnetism.

I. INTRODUCTION magnetic field (H) up to 1.5 T was applied parallel to the
current. In the present study, the MR ratio is displayed as

Giant magnetoresistance (GMR) effect in the Fe/Cr follows:
multilayerl has stimulated a great deal of investigation of the
magnetotransport properties in the various multilayered and AMR=AR/R(1.5), (1)
sandwiched materials. Since the interlayer diffusion strongly where AR is the MR change, RmaxR(1.5), and R(1.5) is the
influences the physical properties of such structures, the or- MR at H=1.5 T.
gin of the GMR effect is believed to be an interfacial spin-
dependent scattering.2- 5 Recently, it has been observed that
the GMR effect is also present in granular materials compris-
ing mutually insoluble magnetic and nonmagnetic metals Very recently, we have indicated that the Co-Ag/
and/or alloys. 6'7 These results demonstrated that the GMR permalloy double-layered structure possesses a steep magne-
effect is not restricted to multilayered structures and that ad- tization change.' 0 This occurred because the ferromagnetic
ditional opportunities exist for technological applications, granules in the granular Co-Ag layer were magnetically
However, the transport phenomena in the granular systems dragged by the Permalloy layer with a soft magnetic nature.
are not much understood. So far a few models have been However, saturation was not observed in the MR curves of
used for an explanation of the GMR effect. 8'9 Though mag- the double-layered films with a steep demagnetization pro-
netization of the granular films is saturated at low fields, the cess. Such disagreement between the MR and magnetic char-
MR curves show a slow saturation.1t We consider that such acteristics is also observed in granular Fe-Ag films prepared
disagreement between the MR and magnetic characteristics under a magnetic field (Hex= 130 Oe) which was applied
is a key in the understanding of the mechanisms for the parallel to the film plane. Figure l(a) shows the M-H curves
GMR effect in the granular systems. measured under the condition where the H was applied par-

In the present study, based on the experimental results
for Fe-Ag films prepared under a magnetic field, ferromag-
netic granules are pointed out to be not responsible for the 15

GMR effect in the granular systems. Detailed thickness de- (a)

pendence study suggests that the GMR effect is dominated E

by fine granules with superparamagnetic characteristics. 0 o

1 52 -H I1 lex

o.., + . ....... lililex

II. EXPERIMENT -1 i0 0 0
f (G)

To study the effects of the applied field, the Fe-Ag films 4

were prepared by rf sputtering under a magnetic field (b) 7 -II'ix]

HX= 130 Oe. The thickness dependence was studied on the jit u lexL~ 111l Ilexgranular Fe-Ag films that were prepared under zero field. 2 ItIIl.
The details for the preparation have been described

previously." An electron probe microanalyzer (JEOL JXA- K !
840) was used for the elemental analyses. Magnetization (M) o
and hysteresis loops were measured using a vibrating sample f o (G)

magnetometer (TOEI VSM-3S). The MR was measured at
room temperature, about 293 K, in a four-terminal geometry FIG. 1. M.It (a) and MR (b) curves at room temperature of 100-nm-thick

with an in-plane direct current (J) between 0.01 and 1 mA. A Fe48Ag52 film prepared under a magnetic field.
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FIG. 2. MR ratios of Fe48Ag52 films with variou. thicknesses (t). The bro- FIG. 3. MR changes of Fe48Ag 52 films with various thicknesses (t).
ken line indicates the critical diameter of Fe granule estimated by theoretical
calculation.

allel (H-x) and perpendicular (HH)totheH n the Fe48Ag 52 ultrathin films showed the M-H curves with slow
all )anpr rto the Hsaturation and no hysteresis. In addition, the features of the

film plane. Here the thickness of the sample was 100 nm. It MR curves corresponded well with those of the M-H curves.
is found that magnetic anisotropy was induced in the pre- This is in contrast to the disagreement between the MR and
pared samples. This is probably because the applied field M-H data in the Co-AgfPermalloy double-layered films and
dominated the easy axis direction of the ferromagnetic gran- the Fe-Ag films prepared under a magnetic field. The above
ules. In contrast, the MR characteristics were independent on results indicate that the growth of the granules is restrained
the arrangements between the J, H, and H, as shown in with decreasing the thickness as we expected. It is also sug-
Fig. 1(b). This indicates that the MR characteristics are gested that the small granules with superparamagnetic char-
maintained to be isotropic in the samples prepared under a acteristics mainly contribute to the GMR effect in the granu-
magnetic field. These results for the Co-Ag/Permalloy lar systems. Figure 5 shows the thickness dependence of
double-layered films and the Fe-Ag films prepared under a saturation field (II) associated with the MR characteristics.
magnetic field suggest that the GMR effect is not attributable Here the H, is defined as the value of the magnetic field
to the ferromagnetic granules. In the granular systems, there- corresponding to the MR ratio at a value 80% below each
fore, other magnetic components must be proposed as scat- MR ratio [see Fig. 5 in Ref. 11(b)]. The H, decreased with
tering centers. In this respect, we note small magnetic gran- increasing the MR ratio in the ultrathin films. Toward the
ules with superparamagnetic characteristics. Though the application for thin-film sensor devices, it is extremely im-
contribution of the superparamagnetic components are neg- portant that the MR ratio increases and H, decreases with
ligibly small in the magnetic properties of the granular ma-
terials, the transport properties are probably influenced by
them.

The magnetic property of granules changes from ferro-
magnetic to superparamagnetic as the granule size
decreases.t2 Therefore, the existing ratio of the superpara- 3 (

magnetic granules is expected to increase with decreasing the (a)

thickness of the granular films. This idea prompted us to
prepare the granular "ultrathin" films. Figure 2 shows the \ o
thickness dependence of the MR ratio in Fe48Ag52 films that
were prepared under zero field. Here the MR ratio is normal-
ized relative to the MR ratio of the 90-nm-thick sample. The 000 2000

MR ratio considerably increased at thicknesses less than 20 If (G)
nm. It is interesting that this thickness is close to the "critical 2

diameter" of the Fe granule (25 nm), below which the Fe is (b)
theoretically estimated to be superparamagnetic.13 Here the I
value of R(1.5) necessarily increased with decreasing thick- -,, -
ness. Therefore, it is noteworthy that the MR ratio increased I
in spite of the increase in the R(1.5) value. This means that 0
intrinsic chan-e in the MR, which is estimated from AR in 0

-2000 0 2000
Eq. (1), is extremely large in the ultrathin films. From a 1t (G)
quantitative study, it was found that the MR change is about
60 times as much as that in the "bulk" films which are FIG. 4. M-II (a) and MR (b) curves at room temperature of 16-nm-thick

thicker than 90 nm (see Fig. 3). As shown in Fig. 4, the Fe4SAg 52 film.
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12 esis were observed in the M-H curves, whose features corre-

sponded well with those of the MR curves. These results
suggest that the larger ferromagnetic particles are not as ef-
fective as the smaller superparamagnetic particles to the
GMR effect in the granular systems. This is probably be-

- a cause of the small surface to volume ratio of the former.
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Evolution of structure and Tagnetoresistance in granular Ni(Fe,Co)/Ag
multilayers: Dependence on magnetic layer thickness

X. Bian, X. Meng, J. 0. Str6m-Olsen, Z. Altounian, W. B. Muir, and M. Sutton
Centre for the Physics of Materials and Department of Physics, McGill University, 3600 University Street,
Montria4 Quebec H3A 2T8, Canada

R. W. Cochrane
Dipartement de Physique et Groupe de Recherche en Physique et Technologie des Couches Minces,
Universit6 de Montr~a4 C.P 6128, Succ. Centre-Ville, Montrial, Quebec H3C 3J7, Canada

Structural and magnetoresistance results on annealed sputtered (Ni81Fe19, Ni66Fe 16Co18)/Ag
granular multilayers are presented. Structural evolution has shown that highly (111) textured,
discontinuous layered structures can persist on annealing up to 400 'C. The average magnetic
particle size is controlled by the annealing temperature and the initial magnetic layer thickness. No
giant magnetoresistance was observed in the as-deposited films, while significant MR was found
after annealing between 300 °C and 400 °C. Magnetoresistance over 30%, together with a small
saturation field, was found at 4.2 K for a starting magnetic thickness of 4 A. Increasing the magnetic
layer thickness to 20 A greatly improves the magnetic thermal stability, and leads to high
magnetoresistive sensitivities of up to 0.35%/Oe in a field of 10 Oe at room temperature. The
magnetization hysteresis, anisotropy, and magnetic interaction in such a granular multilayer are also
discussed.

I. INTRODUCTION and Ag were adjusted to yield films of magnetic composition
between 20 and 55 at. %. Total film thicknesses were 750-Since the observation of giant magnetoresistance (GMR) 1200 A. The heat treatment was carried out, either under a

first in antiferromagnetically coupled multilayers, '2 and later
in uncoupled granular alloy films,3,4 structural and magne- vacuum of better than 2X 10-6 Torr or under a flow of 5% H2and 95% Ar.
totransport properties have been intensely studied in a vari-

ety of artificially inhomogeneous structures. High negative The structural characterization of the samples were per-

GMR, which is essential for magnetoresistive sensor appli- formed using low- and high-angle x-ray diffraction using

cations, is found in these system and is shown to be related Cu-Ka radiation and a transmission electron microscope. The

to the interface spin-dependent scattering, and is associated film compositions, as determined by electron microprobe
with the reorientation of the magnetic moments in either a measurements, were found to be within 4% of the nominal

coupled multilayer structure or an immiscible granular values. The magnetoresistance measurements were carried
alloy. 1,3 However, the magnetic fields required to achieve out using a four-terminal geometry and a high-resolution acmagnetic saturation and a significant magnetoresistive effect bridge.' 0 The current was in the plane of the film, with the
are generally too large to be useful in low-field device appli- magnetic field either in the film plane and perpendicular to
cationse the current (transverse pT) or perpendicular to the plane (per-

Annealed NiFe/Ag multilayers, however, have shown pendicular p.L). 11agnetic hysteresis data at 300 K were ob-
low-field GMR.5- 8 We have recently extended these studies tained using a magneto-optic Kerr effect (MOKE) magneto-
by annealing NiFe/Ag multilayers containing ultrathin NiFe meter with the applied field in the plane of the film.

layers. Larger enhancements in GMR at 4.2 K were found
for annealed multilayers and low saturation fields were also
observed by controlling the size and shape of the magnetic 111. RESULTS AND DISCUSSIONS: Ni81Fe19/Ag
precipitates. 9 In this paper, we report the magnetic layer MULTILAYERS
thickness dependence of annealed (NiFe,NiFeCo)/Ag multi- (Ni81Fe19t/Ag20 A)30 multilayers with tN,Fe=4-20 A
layers on me structural, magnetic, and transport properties. were deposited on glass substrates and followed by anneal-

ing under vacuum. The low-angle x-ray reflectivity spectra
reveal superlattice peaks for all the as-deposited samples,

II. EXPERIMENT down to a bilayer thickness of A=24 A (with a 4 A layer of
magnetic component), indicating a well-defined composi-

A series of (Nis1Fe19,Ni66Fe16Co18)/Ag multilayers with tional modulation along the growth direction. The corre-
individual magnetic layers, ranging from 4 to 20 A and Ag sionding high-angle x-ray diffraction and electrop diffrac-
layers of 20-40 A were prepared by dc magnetron sputtering tion for these samples show that the multilayer films have
at room temperature from separate targets of Ni81Fe19, coherent interfaces and a highly textured structure with (111)
Ni66Fe16Co,8 , and Ag onto both glass and oxidized Si sub- orientations normal to the film plane. Figure 1 shows the
strates. The base pressure was less than 2X 10- 7 Torr. The high-angle x-ray diffraction patterns for a multilayer with
deposition rates were typically 1.4-1.6 A/s in 7.5 mTorr ar- tNFe= 2 0 A at different annealing temperatures. Highly tex-
gon. The individual layer thicknesses of the magnetic alloys tured Ag(lll) and NiFe(1ll) structures can be seen in the
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and 400 °C for 10 min. FIG. 2. Temperature dependencies of (a) Ap/p and (b) saturation field H
for three NiHgFa samples with layer thicknesss, as indicated.

annealed samples. As illustrated in Fig. 1, superlattice coher-
ence persists for samples annealed up to 400 'C. Further an- found in the samples annealed at 300 'C with a saturation
nealing above 450 'C, however, dissolved the superlattice field generally less than those observed in cosputtered granu-
structures, as shown by the disappearance of the satellite lar films of similar compositions. 3'4 As tNiFe increases to 20
peaks around the two primary Bragg peaks, indicating sig- A, a substantial decrease of the GMR is observed. This result
nificant interdiffusion during annealing. Similar structural is expected, since for high NiFe concentrations, the surface
changes in annealing, found from high-angle x-ray diffrac- to volume ratio decreases, thereby reducing the interfacial
tion, were observed for all the NiFe thicknesses studied here. spin-dependent electron scattering. 1 However, the saturation
However, low-angle x-ray reflectivity data show that, except field is greatly reduced as the magnetic layer thickness is
for very thin NiFe layers (4-6 A), the compositionally increased. Similar behavior was found for samples annealed
modulated layer structures persist, even after annealing at at 450 'C, except that the values of the GMR and HS are
450 'C, indicating a well-spaced discontinuous multilayer lower, due to the growth of magnetic precipitates.
structure. The average NiFe grain sizes, D, corresponding to An important aspect of increasing tNFe is the improve-
different tNiPe, estimated from the high-angle diffraction ment of the magnetic thermal stability. Figure 2 shows the
peak width, range from 60 to 250 A for samples annealed at temperature dependence of GMR and Hs . Cooling the
450 'C, as shown in Table I. As the annealing temperature is samples down from 300 K to 4.2 K increased Ap/p by a
increased, the high-angle NiFe (111) x-ray peak intensity in- factor of 7 for the sample with tN,Fe=

4 A, but only by a
creases and becomes sharper, indicating the growth of NiFe factor of 2 for the sample with tNiFC= 2 0 A. Interestingly, the
particles.7  MR values for these samples are comparable at 300 K. The

For a wide range of NiFe thicknesses (4-20 A) and Ag saturation fields show behavior similar to those of GMR. A
spacer 20 A, the as-deposited multilayers show no GMR at large increase of Hs for thinner NiFe samples are seen at
room temperature. However, large MR was found for temperatures below 50 K, compared to a relatively flat varia-
samples annealed between 300 and 450 °C at both 4.2 and tion for the thickest NiFe sample. The strong temperature
300 K. Data obtained at 4.2 K are shown in Table I. For the dependences of the GMR parameters for the samples with
,amples with ultrathin NiFe layers (-4-6 A), which is con- ultrathin NiFe layers were shown to be related to the super-
sidered as granular in nature, GMR as large as 30% was paramagnetic properties of the small magnetic precipitates. 9

TABLE I. Dependence of magnetoresistance parameters on tNtF¢ for samples annealed at 300 'C and 450 'C, data obtained at 4.2 K. p and Ps are the

resistivities at H=0 and H'= Hs , respectively.

Sample 300 'C 450 *C

tN.Fe PO Ap AP/Ps HS PO Ap Ap/ps H s  D
(A) (.fl cm) (j4l cm) (%) (Oe) (A1 cm) (41l cm) (%) (Oe) (A)

4 9.94 2.30 30.0 2000 5.95 0.945 18.8 1400 60.0
6 9.93 1.98 25.0 1700 5.76 0.630 12.3 1150 80.0
8 ............ 5.49 0.59 12.0 1050 95.0

20 10.93 0.296 2.8 50 ... ......... 250.0
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FIG. 3. Room temperature magnetoresistance for multilayers with the form
Si02 /Nb5O A/Ag20 A NiFcCo20 A(Ag4O A/NiFeCo20 A)4/Ag20 AJNblOO
A, in different heat-treatment states, as indicated. The curves show one-half FIG. 4. Magneto-optic Kerr effect (MOKE) measurements for the samples
of the MR vs H cycle, shown in Fig. 3, (a) as-deposited, and annealed for 10 min at (b) 325 'C, (c)

350 'C, and (d) 360 C.

IV. LOW-FIELD GMR STRUCTURE hysteresis loop gradually tilts and the remanence magnetiza-

Although large GMR values have already been obtained tion decreases, suggesting the formation of a fractional anti-
in a variety of multilayers and granular alloys, the magnetic ferromagnetic spin configuration. Annealing above 370 'C
fields required are usually large. In a multilayer structure, increases both the remanencc and the coercivity; correspond-
low saturation fields are possible by choosing a structure ingly, the GMR sensitivity decreases. Although a small in-
with small antiferromagnetic coupling.t 2 A recent report has plane anisotropy was found in the as-deposited sample, the
shown that very low field GMR is obtained in an annealed hysteresis loop difference of the in-plane magnetic easy and
NiFe/Ag multilayer structure, with a typical magnetic layer hard axes vanishes after annealing above 300 °C. Therefore,
thickness of 20 A.5 The large value of the magnetoresistive one could conjecture that under a minimum in-plane anisot-
sensitivity, over 0.8%/Oe, was ascribed to the balance of ropy, low-field GMR and high sensitivity are promoted as the
magnetostatic and local antiferromagnetic interaction be- results of the balance of magnetostatic interaction and local
tween the plate-like islands in the annealed layer structures. antiferromagnetic coupling.5

We have prepared similar structures by substituting the mag-
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Magnetoresistance in (Fe-Co)/Ag films
A. Tsoukatos,a) D. V. Dimitrov, A. S. Murthy, and G. C. Hadjipanayis
Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716-2570

The structural and magnetotransport properties of (FeyCojy)i00_ Agx films were studied as a
function of composition. Giant magnetoresistance (GMR) values were measured in these granular
films, with the best GMR obtained for the composition (Fe0 .3 3Co0 .67) 27Ag73 , with values of 29% at
30 K and 11.7% at 300 K. XRD and TEM results have shown a fcc crystal structure with a relatively
homogeneous microstructure. Magnetic data for the samples with the best GMR indicate a
superparamagnetic behavior. The narrow peak in thermomagnetic data and low blocking
temperature suggest a small and uniform size distribution of magnetic granules. A summary of the
electrical transport properties is presented, in relation to the structural, microstructural, and magnetic
properties.

I. INTRODUCTION ranging from 5 to 50 nm), irrespective of the Ag or Fe-Co
relative composition. All the observed selected area diffrac-Giant magnetoresistance has been recently observed in to SD elcin eesll u oA.Teasneo

transition1 mea2utlyr, opst im,' 3 an 1nbo tion (SAD) reflections were solely due to Ag. The absence oftransition metal multilayers, 1 composite films, and in bro- diffraction rings characteristic of elemental Fe or Co or some
ken multilayers. 4 The origin of GMR is attributed to spin- FeCo structure is reminiscent of Co(Fe)/Ag granular films. In
dependent scattering at the interfaces between magnetic and 9eosrcuei eiicn fC(e/ggaua im.Inonmandetic regions. 5 The ighes be t e orer of the latter system,9 the absence of Co(Fe) reflections was at-nonmagnetic regions. 5- The highest GMR, of the order of tributed to the very small size of Co(Fe) granules (1 nm),

150%, was observed in multilayers,8 but the highest sensitiv- triute obeved o f hen gres (E was

ity, about 1.2%/Oe, was found in broken multilayers.4 Both which were observed only when high resolution TEM was

of these systems require very stringent preparation tech- used.
niqus, hic mae thm dffiultto e usd fr pactcal The dependence of GMR values on composition in (Fe-niques, which make them difficult to be used for practical Co)/Ag is shown in Fig. 3. It is seen that for a fixed ratio

applications. On the other hand, granular films are much between Fe and Co (y), the GMR values form a well-defined

easier to prepare, but the studies, to date, showed low sensi-

tivity and high saturation fields. This study was performed in bell-shaped curve. All these curves show maxima that lie intivty nd ig sauraio filds Ths tud wa prfomedin the region of 65%-70% Ag. The magnitude of GMR drops
an effort to improve the sensitivity and lower the saturation sigin we t he magnite becom s

field in (Fe-Co)/Ag films by investigating the dependence of which corresponds to the theoretical estimation for the per-

these parameters on the composition, structure, size, and colation point of granular solids.' 0 For the samples with a
density of magnetic granules. small percent of magnetic material (less than 20%), the den-

sity of magnetic granules is small, giving rise to a small
II. EXPERIMENTAL PROCEDURES scattering surface area and a large separation between the

granules, leading to small GMR values. Figure 3 also shows(Fey~l~yn00_~gxgranular films with y =0-0.4 and that the GMR values for Fe-Co/Ag films are consistently

x=30-80 were prepared using magnetron sputtering from lower than those of the Co/Ag films prepared under identical

Fe-Co and Ag targets on water cooled substrates. Carbon conditions. However, for y.33 and x0.73, comparable

coated copper grids, Al foils, kapton, and glass were used as values were observed, with a maximum {[R(H)-R(0)]/

substrates. The predeposition pressure was 3X 10_ 8 Torr, and R(0)} of 29% at 30 K and 11.7% at 300 K. The prominent

sputtering was done in a 5 mTorr Ar pressure. X-ray diffrac- feaur of all F aml as The omnet

tion (XRD) and transmission electron microscope (TEM) feature of all Fe-Co/Ag samples was the lower magnetic

studies were used to determine the crystal structure and mi-
crostructure of the samples. A SQUID magne-
tometer, with a maximum applied field of 55 kOe, was used
for the magnetic and the electrical transport measurements in Y(,)Ag(tO0-\)

the temperature range of 10-300 K. The four-probe tech- 7 o := o e03)(o(7)

nique with the field parallel to both the current and the film
surface was used for the GMR measurements. 300

7 '00
III. RESULTS AND DISCUSSION - -

The XRD (Fig. 1) and TEM results (Fig. 2) have shown 100 -

a fcc crystal structure with uniform microstructure (grain size )
3 10 15 W0

a)Present address: Center for Materials Research and Analysis, 112 Brace

Lab, University of Nebraska, PO. Box 880113, Lincoln. NE 64588-0113. FIG. 1 X-ray ditfractiuon patterns of samples with different Fe-Co content.
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FIG. 4. Field dependence of GMR at 30 K.
(a)

slope of the curve decreases with a further increase of the
magnetic content. The peak vanishes for the sample with
63% magnetic content. Magnetization curves (Fig. 6) taken
on the samples with the best GMR, at different temperatures,
show small coercivity (100 Oe at 20 K and a negligible value
at 300 K) and lack of saturation, even for fields up to 55 kOe
[the magnetization curve at 300 K seems to achieve satura-
tion, because et the higher signal from the diamagnetic sub-
strate (kapton)). These results are indicative of the superpara-
magnetic behavior of the samples, having a small grain size.
A notable feature here, however, is that although the magne-
tization does not show complete saturation, the magnetiza-
tion at 10 kOe is 95% of the magnetization at 55 kOe. This is
in contrast to the Co/Ag samples with the same percentage of

(b) magnetic material, which never approached saturation, even
for fields as high as 55 kOe2."

FIG. 2. (a) BF micrograph showing a fine uniform microstructure, (b) cor- The thermomagnetic data for the samples showing the
responding SAD pattern showing only the Ag rings highest GMR values (Fig. 7) confirm their superparamag-

netic behavior. The low blocking temperature, of the order of
fields required for the saturation of magnetoresistance, which 25 K, is suggestive of a very small size of the magnetic
results in sharper GMR (H) peaks compared to their Co/Ag particles, which is consistent with the absence of SAD re-
counterparts. This point is clearly demonstrated in Fig. 4. flections and XRD peaks. The narrow peak is indicative of

The GMR vs H curves taken for samples with different the uniform size distribution of magnetic particles.
magnetic content (Fig. 5) show that for a small amount of the
magnetic material, the magnitude of GMR smoothly in- IV. CONCLUSIONS
creases with increasing field. For samples with a magnetic We observed high values of GMR in Fe-Co/Ag granular
content of about 30%, it is seen that the magnetoresistance films with values of 29% at 30 K and 11.7% at 300 K. The
increases and the curve appears to have a peak at around GMR saturating fields ore lower than those in Co/Ag. The
H=0. The magnitude of the peak becomes smaller, and the

0 1
3,') f -2~ \,"-"-
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FIG. 5. Dependence of GMR on magnetic field and the amount of magnetic
FIG. 3. Dependence of GMR on Ag content in (Fe)Co_))xAgjo0_x films. componeat.
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Interaction effects and magnetic ordering in GMR alloys
S. J. Greaves, M. EI-Hilo, and K. O'Grady
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In this paper AgNiFe alloy films were examined both before and after annealing. Characterization
of the samples and examination of interaction effects was carried out by measuring the temperature
decay of remanence, initial susceptibility, and magnetoresistance. The temperature decay of
remanence reveals that annealing widens the distribution of energy barriers, which is indicative of
grain growth. The behavior of the initial susceptibility as a function of temperature is analogous to
that found in spin glasses. From these measurements, it is believed that interaction effects in these
systems are small.

I. INTRODUCTION A second useful measurement is the variation of initial
susceptibility with temperature. For a zero field cooled pro-

Recently, there has been a growing interest in giant mag- cess this behavior is well known and gives a peak at a tem-
netoresistance (GMR) materials, which are being considered perature T= T .2 If the distribution of energy barriers origi-
for applications such as sensors and read/write heads in re- nates from a distribution of precipitate sizes, then well above
cording systems. Materials that exhibit GMR may be multi- Tg and over a limited range of temperature, the initial sus-
layers or alloys. In granular alloy films such as AgNiFe, the ceptibility, x, is given by3

giant magnetoresistance arises from spin-dependent electron
scattering within and at the boundaries of the grains con- bC0  (3)
tained within the Ag matrix. The size of these precipitates X,(T) + To tt'

and the interactions between them affects the orientation of where TO =TO B, T, is the total ordering temperature over
the spins, and hence the magnitude of the magnetoresistance. that limited range of temperature. Toi represents the contri-

In disordered magnetic materials, the first step in their bution of interactions to Totot and T0 B, = "T eif represents
characterization is the measurement of the energy barrier dis- the correction for the blocking effects that arise, due to the
tribution. This measurement is made by cooling the sample fact that there is a distribution of blocking temperatures.
in the zero field to the lowest temperature, where all the Equation (3) was derived by fitting the tail of the distribution
moments are blocked and unable to fluctuate over their en- function to f(y) = ry -3 in the limited range of temperature
ergy barriers (AE). Then the saturation remanence of the examined, where y=a/b and b=exp(-/2) and oa, is the
magnetic compound is measured as a function of tempera- standard deviation of f(y), since a lognormal distribution of
lure, this variation is given by1  energy barriers is assumed.

According to this analysis of the temperature variation of
Mr(T) =Mr(0) (y)dy, (1) the initial susceptibility, and with the help of the energy bar-

Yc,, rier distribution data obtained via the decay of remanence
measurement, the interaction effects in the AgNiFe alloywhere Mr= Mr/Ms is the reduced iemanence relative to the flscnb xmnd

saturation magnetization of the system, y = AEIAE is the

reduced energy barrier relative to the average barrier AE and II. EXPERIMENT
f(y) is the distribution function of reduced energy barriers.
which, in this formalism we assume to be independent of T. The films examined consisted of silver, which formed
ycnt is the reduced ciitical barrier above which the moments the bulk of the material, together with nickel and iron, the
are unable to fluctuate on a given time scale. Using this ferromagnetic components that form precipitates in the silver
criterion of the critical barrier, yc, is given by matrix. The size of these grains, and hence the GMR, may be

controlled after deposition by annealing of the film, which
AEcrit  T causes growth of the grains.

Ycrit =  = = , (2) The films were produced by rf sputtering onto glass sub-
AE T8  strates in 8 mTorr argon pressure from a base pressure of

better than 2X 10- 7 Torr. The films were between 200-300
where AEcfnt=kT ln(tfo), t. is the measuring time and fo nm thick and the deposition time was 1 min. The film com-
is a frequency factor associated with these fluctuations. tB is positions were varied by changing the configuration of the
the average blocking temperature of the system, at which sputtering target. Films were generally 78±5 atomic percent
fluctuations are taking place over the average barrier. Ac- silver, with the rest consisting of nickel and iron in a range of
cording to Eq. (1), the differential of the temperature decay proportions. Annealing was carried out at three different tem-
of remanence curve shows directly the distribution of energy peratures: 600 'C, 650 'C, and 750 'C under vacuum, using
barriers f(AE/AE) = f(TB/Tt). halogen bulbs as heaters.
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FIG. 1. Temperature decay of remanence data for the as-deposited and
annealed films.

FIG. 3. Initial susceptibility, X , for as-deposited an annealed samples after
cooling in zero and 50 Oe fields.

Magnetic Tneasurements were made with a PAR4500
VSM. Measurements of the initial susceptibility were made
after zero field cooling using applied fields of i50 Oe over a The energy barrier distribution for the as-deposited sample
temperature range from room temperature to 4 K. The shows that there is some degree of bimodality that disappears
samples were cooled in zero field. Further susceptibility when the sampe sampled. The data also shows that themeasurements were made at T> Tg while cooling the sample distribution becomes broader after annealing, which may be

in a 50 Oe field. Temperature decay of remanene measure- due to precipitate grewth arising from coagulation of neigh-
mentF were made over the same temperature range, measure- boring precipitates or alloying. The analysis of the decay of
mnents of the resafor were made after saturating in a t 1.2 the remanence curve for the annealed sample gives a value of
T fi ed. Magnetoresistance was measured using a four point =r10 K and e=1.3, however, i is difficult to fit the curve
probe for the as-deposited sample, since a bimodal distribution is

present.

III. RESULTS A ediD DISCUSSION Figure 3 shows the temperature variation of reduced ini-

Figure 1 shows the measured temperature decay of re- tial susceptibility: ,()= x,(T)Ms(T), where M:(T) is the

manen e curves for two films of composition 78.9% Ag, saturation magnetization. Curves are shown for cooling in
11.3% Fe, and 9.7% Ni before and after annealing at 650 TC. the zero applied field and cooling in a 50 Oe field. The

We see that the value of ,.(0) can be extrapolated to 0.5, samples exhibit typical spin-glass behavior. From the figure,

i.e., the Stoner-Wolfarth value for a system with randomly the values of initial susceptibility for the annealed sample are

oriented easy axes. 4Analysis of this data according to Eq.' (1) larger than those of the as-deposited sample, and also the

gives the energy barrier distribution. Figure 2 shows the dis- position of the peak in the zero field cooled curve is shifted

tribution of energy barriers or the distribution of blocking to a higher temperature. This behavior can be attributed to

temperatures obtained from the decay of remanence curves.
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FIG. 2. The energy barrier distributions, f(ye,), for the as-deposited and

annealed films. FIG. 4. Magnetoresistance for the two films.
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0o2 . . . . . change of Ap(H) and AM;/ 2(H) for both samples examined.
The data clearly shows that the rate of change of Ap(H) is

/ lnp)IdH greater for the annealed sample. This data also shows that for

_ 00 d dl4/H the as-deposited sample, the variation of d[Ap(H)]/dH and
U. d[AM 2(H)]/dH is similar, whereas for the annealed sample
3: the d[Ap(H)]IdH curve deviates from the d[AM 2(H)]IdH

S o, 0 curve; this is particularly apparent at low fields. This result
can be explained in terms of recent calculations,6 in which,

s-deposited due to interaction effects, the Ap(H) curve does not follow
S.0001 0the AM2(H) curve at low fields. This is because the magne-

toresistance is influenced by the short range correlation be-
tween neighboring precipitates, whereas the behavior of

0o2 , A I , , , A/ 2 is an average over the whole system. The data for the
.12 *8 .4 0 4 8 12 annealed sample shown in Fig. 5 shows that the deviation of

Applied Field (kOe) the d[Ap(H)]IdH curve from the d[AM 2(H)]IdH curve is

not large, which again suggests that interaction effects are

FIG. 5. Comparison of d(Ap)/dH and d(AM 2)/dH for the annealed and small in this sample. This result is consistent with the mag-

as-deposited films, nitude of the ordering temperature T0,=5 K, obtained from
the initial susceptibility data.

the fact that the precipitates are larger in the annealed IV. CONCLUSIONS
sample. In this paper, a method of examining and characterizing

Analysis of X71 versus temperature for the annealed interaction effects has been presented. The temperature de-
sample according to Eq. (3) gives a total ordering tempera- cay of remanence is found to give useful information about
ture of Totot=-50 K. Using the data for the energy barrier the energy barrier distribution that can be used to examine
distribution obtained for this sample, we calculate a value for interaction effects, in conjunction with initial susceptibility
TBi of -55 K. Subtracting this from Toter gives a value for measurements. From the examination of the initial suscepti-
To, of 5 K that arises due to interaction effects. This value of bility data and a comparison of the resistivity and magneti-
To, indicates that the interaction effects in this sample are zation curves of the annealed sample, the effects of interac-
small. tions are found to be small. These effects are believed to play

Figure 4 shows the GMR curves measured at room tem- a significant role in the increase in the GMR effect as the
perature before and after annealing. We see that the GMR sample is annealed.
effects in the annealed sample with the larger precipitates are
greater than in the as-deposited film, and Ap increases from
1.3% to 4..in as the sample is annealed to 650 c. 1D. P. E. Dickson, N. M. K. Reid, C. Hunt, H. D. Williams, M. EI-Hilo, and

K. O'Grady, J. Magn. Magn. Mater. 69, 276 (1987).
Since neither samples exhibit remanence or coercivity at 2j. I. Gittleman, B. Abeles, and S. Bozowski, Phys. Rev. B 9, 3891 (1974).

room temperature, we may compare the field dependence of 3K. O'Grady, M. EI-Hilo, and R. W. Chantrell, EA03 INTERMAG 1993.

Ap(H) and AM 2(H), where AM2 = [M(-)-Mf(H)]2 . This 4 E. C. Stoner and E. P. Wohlfarth, Philos. Trans. R. Soc. London Ser. A

cm5 de, 599 (1948).
comparison is based on the model of Gittleman et al, de 5J. I. Gittleman, Y. Goldstein, and S. Bozowski, Phys. Rev. B, 5, 3'J9
scribing the relationship between the magnetoresistance and (1971).

the magnetization of the system. Figure 5 shows the rate of 6M. EI-Hilo, K O'Grady, and R. W. Chantrell (these proceedings).
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Magnetic structure of the spin valve interface
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Nonferromagnetic atoms present at Ni/Cu and Permalloy/Cu interfaces in sputtered spin valve
magnetoresistive layered structures have been shown to cause reduced magnetoresistance. Hei e we
show that a model in which the moments on the Ni atoms in the interfacial region of N;'Cu are
reduced substantially by interdiffusion with Cu is consistent with the experimental results. In
contrast, we believe that moments persist at the permalloy/Cu interface, which first principle total
energy calculations suggest will be disordered at finite temperatures. These reduced or disordered
moments are expected to significantly reduce the GMR.

I. INTRODUCTION majority d-wave phase shifts) of fcc Ni, Fe, and Co are all
similar and close to that of Cu. As a consequence of this

It is clear from experiments 1- 4 that an understanding of matching of potentials, interfaces in these materials that have
the chemical, physical, and magnetic structure of the inter- no imperfections other than a substitutional intermixing of
faces in magnetic multilayers is an important part of under- the constituent atoms are predicted to scatter majority spin
standing the giant magnetoresistance (GMR) effect in these electrons only weakly, whereas the scattering of the minority
systems. Here we report on experiments and calculations spin electrons at the interfaces (and in the bulk for Permal-
aimed at elucidating the magnetic structure of these inter- loy) is predicted to be very strong. The GMR arises in part
faces. because these majority carriers that carry most of the current

For some time, the moment as a function of the total do not scatter strongly at either interface for the case of fer-
amount of magnetic material deposited in Cu/Permalloy/Cu romagnetic layer alignment, but scatter strongly off of one of
and Cu/Ni/Cu sandwiches, as well as Ni/Cu and the interfaces in the antiferromagnetic case. Another contri-
Permalloy/Cu and other spin valves, has been measured,1 - 3,5  bution to the GMR arises because of the difference in ferro-
and the moment found to be less than expected fro , the magnet spin up and spin down mean-free paths, so that ma-
amount of Ni and Fe deposited. In particular, for nickel jority carriers that traverse the interface unhindered can
thicknesses less than Tnf (thickness nonferromagnetic) no travel a large distance before scattering, but minority carriers
moment was observed, but with a further increase in thick- continue 'o be strongly scattered throughout the ferromag-
ness, the moment increased linearly with a slope given by the netic layei 8 In this paper, we attempt to present a coherent
bulk magnetization. This showed that a nonmagnetic region picture of the disorder present at the Cu/Ni and Cu/
is formed at the interface, and that away from the interface Permalloy interfaces and its effect on the GMR amplitude.
relatively undisturbed ferromagnetic material is present. The
thickness Tar corresponded to roughly one atomic layer of II. DIFFUSION MODEL OF NI/CU CONCENTRATION
Ni0.8Fe0.2 per interface for the "as deposited" sample and PROFILES
increased to approximately four atomic layers after anne?.ilng Ni differs from Fe and Co, in that it loses its moment as
at 320 'C. For Ni/Cu, the missing moment was equivalent to a substitutional impurity in Cu. At low temperature, the solid
approximately 2.5 atomic layers of bulk Ni. A direct corre- solution moment per atom is observed both experimentally 9

lation of Tnf with loss in GMR was observed, and was inter- and theoretically l° to decrease from its value of 0.6UB in
preted as arising from spin-independent scattering caused by pure Ni at about /ltB per atomic fraction Cu. This decrease is
the nonferromagnetic atoms near the interface. This scatter- due both to the dilution of Ni by Cu and to the decrease of
ing reduces the number of majority carrier electrons that can the Ni moment, which vanishes at around 60% Cu. At room
traverse the interface unhindered and penetrate into the fer- temperature the moment decreases faster, vanishing at about
romagnetic layer."'3' 5  30% Cu.

The need to understand the magnetic structure of GMR We shall investigate a model in which Cu atoms migrate
interfaces takes on added importance in light of experiments into the magnetic layer, where they reduce the nearby mo-
in which atoms of third elements added to the interface ments. To model interfaces with different amounts of inter-
greatly modify the GMR amplitude;6 in particular, small mixing, and to make connection to the annealing data, we
amounts of Co at the Permalloy/Cu interface greatly increase consider initially abrupt interfaces that we allow to interdif-
the GMR effect.4 Also, first principles calculations 7 predict fuse for increasing amounts of time, resulting in more inter-
an extremely large GMR effect for multilayer systems, such mixing. For Ni/Cu, the atoms are of similar size, and the
as Permalloy/Cu/Permalloy or Co/Cu/Co. This large c,lcu- equilibrium phase above 322 'C is a slightly clustering solid
lated GMR arises, because the majority spin potentials (and solution. Therefore, it is reasonable to assume that hopping
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probabilities are species independent. Thus, the concentra- 10

tion on a layer should obey a one-dimensional diffusion
equation of the form 8

d-O'D -Ck+ 1 (Ck I+Ckl) ,

E 6
where Ck is the concentration of Cu on the kth plane and oD -

is the number of out of plane jumps per second per site. This ,
equation is easily solved in terms of the dimensionless time, -

-- o-Dt, for an initially perfect periodic multilayer consisting a,
of ncu planes of Cu followed by 'IN, planes of Ni. Unfortu-
nately oD is not available, and since the experimental depo- 2

sition and annealing includes several successive tempera-
tures, the mapping from T to t is not even linear. However, 0
the mapping should be independent of ncu and nN. This 0 2 4 6 0 10 12 14

(a) Time (arbitrary unit
allows us to qualitatively compare our calculated loss in mo-
ment and interfacial width with those obtained from magne- 18

tometry and x-ray reflectance.1 ' Specifically, we calculate the 16 1
concentration profile Ck(7) as a function of T for a periodic
stricture initially consisting of 25 [111] planes of Cu fol- 14 E

lowed by n N, planes of Ni. As r increases, mixing occurs and 12

the concentration profile evolves.
We are interested in fcc [111] layers, where each atom a 10

has six neighbors in its plane and three neighbors in each of E B

the two neighboring planes. To obtain a rough picture of the 'a '8

dependence of the moment on the tl'tckness of the Ni layer, 6

nNi, we approximate the moment on a Ni atom by the aver- 44
age Ni moment in a random alloy, with the same average
number of Ni nearest neighbors as the Ni atom under con- 2
sideration. With this assumption, the total moment can be 0 _ _o_ _ _

determined as a function of intermixing, calculated from Eq. (b) 5 10 ans eoste 30 35 40

(1) for different numbers of Ni planes. In Fig. (a), we show

the total moment per unit cell of a multilayer consisting of 25 FIG. 1. (a) The total spin magnetic moment as calculated in the model is
shown as a function of T for various nN,. The number of Ni planes goes

Cu pla:. .-s followed by nN, planes calculated as a function of from 2 in the lower left corner to 20 at the top. (b) Magnetization (expressed

7" using the room temperature data for the moment as a func- in terms of an equivalent number of planes with bulk moments) vs the

tion of concentration. number of planes deposited. Calculated and experimental results are shown

These results show that, depending on 7" (i.e., intermix- for Cu/Ni/Cu sandwiches.

ing), when only a few Ni layers are present, there is no
moment, but that as Ni layers are added, a point is reached
when the moment appears; the moment then increases almost tha of anF m in pire s onfirmd byour calculation of the moments in Permalloy/Cu/Permalloy
linearly. In Fig. l(b), the net moment versus the number of sandwiches with interfacial mixing, as shown in Table I. We
Ni layers is plotted for 7-=5, along with room temperature find that the moment on Fe actually increases slightly for
(RT) measurements. The value, 7=5, was chosen to give the atomstha the nomina lly iese ight de-
bestatoms in the nominally Cu layer, while the Ni moment de-tative agreement with experiment, we propose that our creases. Thus, although it may be possible to model the miss-

simple diffusion model provides a plausible description of ing moment at Permalloy/Cu interfaces similarly to our treat-

the concentration profile, and may be the explanation for the ment of the Ni/Cu interfaces, an alternative or additional
missing moment at Cu/Ni interfaces. The intermixed region explanation for the missing moment at Permalloy/Cu inter-

is predicted to be somewhat larger than the number of layers
corresponding to the missing moment, in general agreementcorh-re n toastemintssig m , iFABLE I. Calculated moments on Ni and Fe near Permalloy Cu interfaces.

with x-ray mIt is assumed that three layers have interdiffused with a simple linear diffu-

sion profile.

III. PERMALLOY/CU INTERFACES Layer No. %Ni %Fe %Cu Ni moment (/uB) Fe moment (,uB)

In the case of Permalloy (Feo.2Nio 8)/Cu interfaces, the 1 80 20 0 0.521 2.897
situation is more complicated. Fe, which contributes as much 2 80 20 0 0.478 2.8953 60 15 25 0,395 2.914
to the total moment of Permalloy as Ni, is unlikely to have 4 40 10 5 0.326 2.935
its moment reduced by mixing at the interface, since the 5 20 5 75 0.242 2.943

moment of an Fe atom as an impurity in Cu is greater than 5_ 20_ 5_ 75_ 0.242 _ 2.943
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TABLE J1. Calculated energy differences and moments for ferromagnetic and disordered-local-moment Per-
malloy and Permalloy 0.5Cu0.5.

System Relative energy (mHa) Ni moment (uB) Fe moment (AB)

Ferromagnetic NiO.8Fe0.2 0.00 0.570 259
Disordered local moment NiO.8Fe0.2 1.70 0.050 2.55
Ferromagnetic Ni0.4FeO.1CuO.5 0.00 0.292 2.54
Disordered local moment Ni0.4FeO.lCu0.5 0.33 0.023 2.51

faces is that as an Fe atom becomes increasingly surrounded interface. Probably more important, however, is the ability of
by Cu and very weakly magnetic Ni, its moment becomes cobalt to maintain its ferromagnetic alignment, even in the
increasingly decoupled from the moments of its neighboring presence of dilution by Cu. To test this idea, we performed
magnetic atoms, i.e., the exchange interaction is substantially total energy calculations for an equiconcentration fcc
weakened and the spins disorder. cobalt-Cu alloy in its ferromagnetic state and in the disor-

In order to test this hypothesis, we calculate the total dered local moment state. The ferromagnetic state was more
energy of Ni, Permalloy, and a hypothetical Permalloy-Cu stable by 2.1 mHa. Thus, we predict that the ferromagnetic
alloy, both in the ferromagnetic state and in a state with exchange interaction in fcc cobalt, even when diluted by
disordered local moments.1 2 These calculations provide a 50% Cu, is stronger than in Permalloy with no dilution.
rough idea of the relative energy cost for disordering the
moments in the presence of the exchange coupling, which ACKNOWLEDGMENTS
attempts to align them ferromagnetically. These calculations
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A theory of the electrical conductivity of homogeneous random alloys based on the Korringa-
Kohn-Rostoker coherent potential approximation (KKR-CPA) is generalized to treat an
inhomogeneous alloy in which the concentrations of the constituent atoms can vary from site to sie.
A special case of such a system is an epitaxial multilayer system. We develop the thenry ior such
systems and show how it can be implemented by using the layer Korringa-Kohn-Rostoker
technique to calculate the electronic structure. Applications to magnetic multilayers and to the
calculation of the giant magnetoresistance are discussed.

I. INTRODUCTION tential difference across the sample. For an inhomogeneous
system, this may differ from the average applied field and it

Recently, there has been great interest in the transport may be different for different spins.8

properties of layered magnetic materials because of the dis- For a homogeneous random alloy, the current and ap-
covery of a new form of magnetoresistance, '2 which may plied field can be assumed to be uniform, so that one can

have important practical applications. The transport proper- define a single conductivity that is also uniform,

ties of layered materials have been the subject of several J,-= Yo E,. This is the conductivity that is given by the
theoretical investigations already. Fuchs,3 and later Kubo-Greenwood formula"1 2

Sondheimer,4 obtained a solution to the semiclassical Boltz-

mann equation with boundary conditions appropriate to a h /
thin film. Barns and co-workers extended this approach to Or s (a--
the case in which the film has several layers with differing N a,,'a
scattering rates. Levy and co-workers 6- 10 used the more rig-
orous Kubo-Greenwood theory," 1" 2 which avoids certain X 8(EF- Ea) (2)
conceptual difficulties associated with the semiclassical ap-
proach. The work described in this paper also starts from the
Kubo-Greenwood linear response formula, but it is based on where j. is the current operator, j.=-(- ihe/me)d/dr,, fl is
quantities calculable from first principles electronic structure the volume per atom, and N is the number of atoms. The
theory. We do not assume that the scattering is weak or that quantum states ia) in Eq. (2) represent the exact eigenfunc-
the electron wave functions are those of free electrons. The tions of a particular configuration of the random potential,
only necessary inputs to our calculations are the atomic num- and the large angle brackets indicate an average over con-
bers and concentrations of the atoms in each layer. figurations.

Our approach is based on the Korringa-Kohn-Rostoker In order to define a nonlocal site-dependent conductivity,
coherent potential theory for transport in homogeneous ran- A4, we define the current density at site i for spin s as the
dom alloys.' 3 We first generalize this theory so that it can be average of the current density over the atomic cell at that
applied to the case in which the concentrations of the con- site, J" = fl f n drJP(r). We also assume that the local
stituent atoms can vary from site to site, then we treat the field, E' (r), is constant over each atomic cell. Thus, we write
particular case of layered systems. Finally, we show how this Ohm's law in a discrete form, in which the current at site i is
theory can be implemented using the layer Korringa-Kohn- related to the local electric field at site j through the two-
Rostoker technique. 14  point conductivity function, o-'J,

,1,s_2 OrI,sEl,$. (3)
II. CONDUCTIVITY OF INHOMOGENEOUS ALLOYS J -= o" _ (

We define the nonlocal conductivity o',(r,r') as the lin- The superscript s on the local field indicates that it can be
ear response of the current of electrons of spin s at point r in Thensupersrnt s o n emalied c at it a.b
direction At to the local applied field at point r' in direction v, spin dependent, as has been emphasized by Camblong et al.8

The local field will be determined after the nonlocal conduc-
f ( tivity is determined by the requirement of current continuityr= dr's o ,,(r,r')E(r'). (1) in the steady state, 2, dJ'(r)/dr,,=O.

The intersite conductivity, i is given by Eq. (2), with
Here, "local applied field" means the change in the local the matrix element integrals (aljja') and (a'Ijla) restricted
electrostatic field that arises due to the application of a po- to sites i and j, respectively, and can be seen to depend on
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the imaginary part of Green's function, 1aja)(aj.EF- Ea). It We follow Rcf. 13 to average the two particle Green's
can be written in terms of the Green's function, G(rr';EF), function and obtain an expression for the conductivity of the
by writing form

p (pp')&',(NF+itp,EF+i7,p'), (4) 7'mh f L 3 74 , (9)
P,=1 = ±9)

where 7 is infinitesimal, and where where the function .Y is given by

& I]- h d r|, a r 'i iv c
(Z 1 ,z 2 )= fdrf dr' ](r)Gs(rrf;zj)j,(r') TL'LI LIL2'LL

If'''ZIZ) - ja i f LL2

X GS(r ' ,r;z 2 ). (5) a czk ak gkjvak Ck1+21C k qLLIXLIL2 L2L3XL3L4"L4L, (10)

Following Ref. 13, we write Green's function in terms of L, ka

the scattering path operator of multiple scattering theory, where the second term is the vertex correction, and M , is
'Land the local solution to the Schr~dinger equation on

a particular average over the matrix elements for the various
site i, L (r,z), types of atoms that may occupy site i,

h
2

2 GS(ri,r,)= Z',s(r,)r L2ZL2(r!)+S.T. (6) Mi'= c DiaMiaDia. (11)
LIL 2  a

The scattering r3th operator r is a "representation" of Equations (9)-(11) are the generalization of the KKR-CPA
Green's function within the angular momentum space, and theory of transport to an inhomogeneous alloy. The generali-
depends on the atomic t matrices, t's, calculated from the zation from the results of Ref. 13 is straightforward because
self-consistent atomic potentials, and on the structure con- the CPA self-consistency condition is a single site condition
stants, which depend only upon the positions of the atoms. and therefore can be applied independently on each site. For
The singular term in the Green function (S.T.), which in- a general inhomogeneous alloy, this theory would be difficult
volves the irregular solution to the local Schr6dinger equa- to implement, because it would be hard to calculate the scat-
tion, can be omitted from the calculation of the conductivity tering path operators " !J. However, for a layered system that
because it does not contribute to Eq. (4). Thus, we write the retains a two-dimensional periodicity, implementation is fea-
conductivity in the form sible, as we describe in the next section.

o'-4mtZI ,Z2) 4m, III. APPLICATION TO LAYERED SYSTEMS

£ LIL 2L3L4  In this section we consider a special case where the con-

×(MIA's(z 2 ,z1)r'S z) centration of the alloy can vary from layer to layer, but is
4 12Z uniform within each layer. The CPA average is performed on

XMLi! (Z1 ,Z2) T"LL(Z2)), (7) the atomic sites to produce an effective layered system that
3 3has a two-dimensional periodicity. We use a notation in

where the dipole matrix element is given as which a site labeled by i in Sec. II and representing any

- l, h lattice site in the three-dimensional crystal acquires two la-
M-i'feh bels: i-Ii, where the upper case I distinguishes different'L L Z,2 _ d ZLs(r, zl)V#ZL(r, z2).

1me 2 in, l, I L2  atomic layers, and the lower case i labels a site within layer
(8) I. The probability of site Ii being occupied by an atom of

So far, we have not made any serious approximations in type a depends only on the layer index, I. Thus, suppressing

evaluating the linear response to the applied field. Under the angular momentum, Cartesian, and spin indices, we can

certain circumstances, it may be computationally feasible to write Eq. (9) as U" tJJ 4M2/Th3fj,);flyhJj. The inter-
evaluate Eq. (7) directly, however, in this paper we use the layer conductivity can then be written in the form
coherent potential approximation (CPA) to put this equation or J=N7 X, & tah, where N1 is the number of atoms per
into a more tractable form. The CPA is a technique for "self- layer.
consistently" averaging over the atomic configurations. The Because of the two-dimensional periodicity (after the
individual atomic t matrices, t, are replaced in the CPA by CPA average), we can relate the scattering path operator that
"coherent" t matrices, t. The self-consistency condition for connects any two sites-J to a scattering path operator that
determining these "coherent" t matrices is xacx ' J 0. Here connects layers through an integral over the two-dimensional
xal describes the scattering caused by replacing a coherent t Brillouin zone, of area fl,
matrix by one for an atom of type a at site j, and is given by J(

xaJ=Ama) DaJ, where Am 'J is the difference between the r IJI __ I d d2q r (q)e q (R,- Rd. (12)
inverse of the coherent t matrix and the t matrix for an atom -

of type a on site j, Am " )= (t4)- (t] ,and D is given These layer scattering path operators r can be calculated
by Da)(1- J AmaC)- . using the layer KKR formalism. 4
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The final expression for the conductivity is expressed in film may decrease. This giant magnetoresistance systems can
terms of matrices indexed by the layer numbers, be calculated directly using the results derived in this paper

I.J= (_ 4m2e/rhal,)M lt J, where by calculating the conductivity for the case in which alter-
nate ferromagnetic layers are aligned parallel or antiparallel.

-- d2q T f(q)M '(q) Calculations that we have performed for cobalt-copper-
fanz Ccobalt sandwiches using the formalism of this paper imple-

mented within the layer-KKR technique in the "CIP" ar-
call-'fd2q 7 c (q)xr- IC X7Oc (q). rangement show that the major contributions to the

magnetoresistance arise from terms, o" 1J, in which I and J
(13) are atomic layers adjacent to the ferromagnetic-spacer inter-

faces, and are on opposite sides of the spacer layer. Details of
The local fields can be determined after o" IJs is obtained, these calculations will be published elsewhere.

by using J" = 1KofKSEKS, and the condition that the current
for each spin must be continuous in the steady state. Two
geometries are commonly discussed. If the field is applied
parallel to the layers, sometimes referred to as "CIP" for Work at Oak Ridge was sponsored by the Department of
"current in the plane," the local fields will be uniform by Energy Assistant Secretary of Defense Programs, Technol-
symmetry and equal to the average applied field. Thus, the ogy Management Group, Technology Transfer Initiative un-
overall conductivity will be given by or=t- lYKstloaKs, der Contract No. DEAC05-84OR21400 with Martin Marietta
where t1 is the thickness of layer I and t is the total film Energy Systems. Work at Tulane University was partially
thickness. If the field is applied perpendicular to the layers, supported by the Louisiana Quality Education Support Fund
JI.s, will be independent of I for each spin. Thus, under Grant No. LEQSF (1991-1994)-RD-A-30.
JS= XKoKEKS, and the local fields can be obtained by in-

verting oIKs, 1M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, P.

Etienne, G. Creuzet, A. Friederich, and J. Chaezelas, Phys. Rev. Lett. 61,
EIS 1 [ ( °s)-1]y K J s = J P _KJS 22472 (1988).

K K s (14) G. Binasch, P. Griinberg, F. Sauerbach, and W. Zinn, Phys. Rev. B 39,
K K 4828 (1989).

This allows the current to be expressed in terms of the volt- 3K. Fuchs, Proc. Cambridge Philos. Soc. 34, 100 (1938).
a d r ap A V, as JS A V/xtpK ,  4E. H. Sondheimer, Adv. Phys. 1, 1 (1952).

age difference across the sample, AV As j. Barnas, A. Fuss, R. E. Cameley, P. Griinberg, and W. Zinn, Phys. Rev. B

In this case, the resistivity for each spin (neglecting spin-flip 42, 8110 (1990).
scattering) is given by ps- XIKt Ps , and the conductiv'- 6P. M. Levy, S. Zhang, and A. Fert, Phys. Rev. Lett. 65, 1643 (1990).
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overall conductivity. 9H. E. Camblong and F. M. Levy, Phys. Rev. Lett, 69, 2835 (1992).

The giant magnetoresistance effect is observed in lay- 1aH. E. Camblong and P. M. Levy, J. Appl. Phys. 73, 5533 (1993).

ered films in which ferromagnetic layers alternate with non- "R. Kubo, J. Phys. Soc. Jpn. 12, 570 (1957).2 D. A. Greenwood, Proc. Phys. Soc. London 71, 585 (1958).magnetic spacer layers. If the moments on neighboring fer- 13W. H. Butler, Phys Rev. 31, 3260 (1985).
romagnetic layers are brought into alignment by the 14 j. M. MacLaren, S. Crampin, D. D. Vvednsky, R. C. Albers, and J. B.
application of a magnetic field, the electrical resistance of the Pendry, Comput. Phys. Commun. 60, 365 (1990)

6810 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Butler et al.



[ The effect of interactions on GMR in granular solids
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R. W. Chantrell
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In this article the effects of dipolar and exchange interactions on the magnetoresistance curves in
granular solids has been calculated using a generalized 3-d Monte Carlo model. This model allows
the final configuration of magnetic moments to be calculated as a function of concentration,
temperature, and magnetic field. The results show that interaction effects give rise to a finite
resistivity in small magnetic fields. The magnitude of this finite magnetoresistance is found to
increase with increasing concentration. Thus the maximum change in MR with field is found to be
lowered by the interaction effects.

I. INTRODUCTION value obtained at zero field (i.e., starting from a demagne-
tized state). This effect was attributed to interaction effectsThe magnetoresistance phenomena have recently re- btentes-aldatv antcrgos

ceived major attention due to its potential application in thin ord t ve aneunambg ion

magnetic sensors and recording heads. The first attempt to Th inerto econite bio Miganar

obtain a simple description for the magnetoresistance was

made by Gittleman et al.1 who showed that the change in or quasigranular systems we have used a generalized 3-d
Monte Carlo model in which the quantity (PI"/.)can be

resistivity with magnetic field is directly proportional to the Mne del as ahuct teatu fild, and
momet t moentcorrlaton f te nighbrin grinsav- examined directly as a function of temperature, field, and

moment to moment correlation of the neighboring grains av- other variables.

eraged over all configurations

p(H)OC --- , (1) II. MODEL

The model consists of a cubic cell in which the positions
whereb, and g, are the magnetic moments of the ith and Jth of the particles are generated randomly. The particle sizes

For systems which contain uniform, noninteracting su- were generated according to a log-normal distribution func-

perparamagnetic particles (i.e., all the moments fluctuate tion and fitted randomly within the cell without their posi-

thermally) the statistical average of (1A,./1A)// along the tions being overlapped. Anisotropy effects were also consid-

field direction gives ered and the particles easy axes were generated randomly.
According to this arrangement the axis system for any par-

[L(b) (2) ticle within the cell is described in Fig. 1 where the total

where ,M[ =MIMs=L(b)] is the reduced magnetization of energy of the ith particle is

the system, L (b) is the Langevin function with b = IHIkB T, E=KVi sin 2 a-/1,. HT, (3)
where H is the field acting on the grain, kB is Boltzmann's
constant, and T is the absolute temprature. In Ref. 1 inter- is the magnetic moment of the particle, with ab the satura-
action effects were represented by -" mean-field term which tion magnetization of the bulk material, and V the particle
was added to the applied field (Ha), i.e., H+Ila+XM. olume of the toal and the particle
However, this way of representing interaction effects has al- volume. HT(HT, Hr' 'nu) is the total field that particle
ways been criticized particularly when the problem is related experiences which is the vector sum of the applied field and
to inhomogeneous systems and hence the strength of the in- the dipolar and exchinge fields arising from neighboring par-

teraction field is not directly proportional to M. ticles j

In general and particularly at low temperatures, the mag- [3(p j ' ) r) r,, -+c* ,
netoresistance curves exhibit hysteresis effects and plots of HTdH, + j Ygj, (4)
Ap(H)=p(c)-p(H) as a function of field, give a peak 1 ) [ d, i 1*)

near the coercivity, where p(-) is the maximum resistivity in where the applied field (Ha) is chosen to be along the z axis.
a saturating field.2'3 In the case where no hysteresis is ob- The second term of Eq. (4) r -presents the vector sum of the
served Eq. (2) has been adapted to analyze the MR curves total dipolar fields arising from neighboring particles while
and estimate the average volume of the cluster in Co-Ag the third term represents the vector sum of the exchange
granular systems. 4 In other Co-Ag systems the MR data are fields with C* being the average exchange coupling between
observed not to follow the M2 law particularly in the region the grains whose surfaces lie within a distance comparable to
of low fields which was attributed to different magnetic the interatomic spacing (--10 A). The range of the dipolar
phases within the sample. However in Ref. 5 and at low field is chosen to be at a distance of 3 D, from the particle
temperatures where hysteresis is observed, the value of under investigation where D. is the median diameter of the
Ap(H = H,) i.e., Apmax was observed to be different from the particles. This range is chosen because the dipolar field aris-
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FIG. 1. Axis system for a particle within the cell. Temperature (K)

FIG. 2. The calculated short-range correlation of moments during the ther-
ing from other particles located outside this range becomes mal demagnetization process.

very small (<4%). The calculation is based on the energy
minimization of Eq. (3) where the final configuration of mo-
ments is obtained after several hundred iterations for 0 and tem to the Curie temperature and then cooling down slowly
q$. Therefore, the magnetoresistance is calculated as in zero applied field. Figure 2 shows the temperature varia-
pOC(,t, ,ijt) where the correlation range is taken over the tion of the short-range correlation of moments during the
neighboring particles, i.e., the short-range correlation. More thermal demagnetization process. These data show that there
details of this model and how the calculation is performed is a finite positive correlation which increases with concen-
for both superparamagnetic and blocked particles are to be tration due to the increase in the interaction strength within
published elsewhere. 6

III. RESULTS AND DISCUSSION

All the calculations were made using a primary cell Ap(H)=p(co)-p(H)
which contained 400 particles. The particles generated were
chosen to have a median diameter of Dm =60 A with a stan-
dard deviation of o-0.15 and an effective anisotropy con- -1 r=0 2
stant of K=2X 106 erg/cc. These parameters were obtained 0.8 o- P1=0.3

for a fine particle system containing cobalt particles in pre-
vious experimental work.7 For this system the MR curves
were calculated as a function of concentration. One advan- e
tage of this study is that the distribution of particle sizes was
invariant with particle concentration, thus any changes in the ,,
behavior was due entirely to interaction effects. However, in
real alloy films the distribution will not be invariant with 0 4

concentration and an extended report on this matter is in /
preparation.6 In these calculations a value of C*=0.05 was
used in order to keep the exchange interaction effects small
and the total interaction effect will then be dominated by
dipolar interactions.

Before starting the calculation of the MR curve, the ini- 0 I

tial configuration of the magnetic moments (i.e., the demag- -6 -3 0 3 6

netized state) was achieved by thermal demagnetization. This
technique produces demagnetized states which are equiva- Applied field (kOe)
lent to those obtained via an ac demagnetizing technique. 8
Thus the demagnetized state was achieved by taking the sys- FIG 3. Calculated MR curves at T=5 K for Co particles
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Ap(H) and AM2  Figure 4 shows the MR curves at room temperature (T
=300 K) for the sample with e=0.2 . In this case all the

2 particles are superparamagnetic and the system exhibits no
AM- (H) remanence and coercivity. Also on the same figure AM 2 data
-- p(H) are shown where AM2= 2(o)-MR2(H) and M is the re-

duced magnetization of the system. It is clear from the data
0.8 -=0.2 that the Ap(H) curve starts to deviate from the AM 2 curve as

the field is reduced and at low fields the Ap(H) exhibits a flat
region which is lower than AM 2. This result can be under-
stood since A R 2 is a measure of the average correlation over
the whole system whereas the Ap(H) data give the degree of

0.4 short range correlation between the neighboring particles. At
low fields the short-range correlation is insensitive to field
changes and only gives small changes in the magnetoresis-
tance. These results also shows that even at room tempera-
ture the short-range correlation is still significant which in-
dicates that interaction effects in random systems decrease

0 I the values of Ap(H)max.
-5.0 -2.5 0 2.5 5.0

IV. CONCLUSIONS
Applied Field (k~e) In this article the effects of interactions on the behavior

of GMR in idealized granular systems is examined using a

FIG. 4. Calculated room-temperature MR curves for Co particles, generalized 3-d Monte Carlo moad. Calculations of the
short-range correlation of moments as a fuitction of field are
partially consistent with the observed MR curves in random

the system. This result suggests that the moments have systems. These calculations show that due to interaction ef-

formed a vortex structure where the correlation over a short- fects the Ap(H0) is different from that for AP(H)max. Also,
range compared to the particle diameter is positive, whereas we the inht thedpends n ot folloan Md
if this range is extended further a negative correlation is ob- law due to the fact that MR depends on the short-range order
tained (see the dotted line in Fig. 2 which represents the whereas the magnetization is an average over the whole sys-
correlation of moments over a range of 3 Dm where Dm is the tern.
average diameter of the system.

Figure 3 shows the calculated MR loops at T=5 K for tj. I Giteleman, Y Goldstein, and S. Bozowski, Phys. Rev. B 9, 3609
concentrations e=0.2 and 0.3, starting from the demagne- (1972).
tized state and increasing the field to positive saturation and J. Q. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. Lett. 68, 3749 (1992).

3 A. E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, D. Rao, A. Star,
then to negative saturation. These data for AIH) are typical S. Zang, F E. Spada, F. T. Praker, A. Hutten, and G. Thomas, J. Appl.
and show that the value of Ap(H=0) is lower than that for Phys. 73, 5320 (1993).
Ap(H)max due to the fact that there is a finite positive corre- 4 M. R. Parker, J. A. Barnard, D. Scale, and A. Waknis, J. Appl. Phys. 73,

lation of moments in the demagnetized state. Also, these data 5512 (1993).
5J. F Gregg, S. M. Thompson, S. J. Dawson, K. Ounadjela, C. R. Staddon,

show that as the concentration increases Ap(H)max decreases J. Hamman, C. Fermon, G. Saux, and K O'Grady, Phys. Rev. B 49, 1064

which indicatt:s that interaction effects in random systems (1994).
depress the MR values and then decrease the maximum 6M. EI-Hilo, K. O'Grady, and R. W. Chantrell (unpublished).

change in magnetoresistance for the system. Figure 3 also 7 K. O'Grady, R. W. Chantrell, J. Popplewell, and S. W. Charles, IEEE
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We report the observation of the GMR effect in spinodally decomposed Cu-20Ni-2OFe thin films.
A AR/R value as high as 6.5% was observed at room temperature. In contrast to the commonly
observed temperature-dependent behavior of AR/R increasing at low temperature; thin film shows
a decrease in AR/R at 4.2 K. The dependence of the GMR effect on various deposition parameters,
such as substrate temperature has been studied. The observed giant magnetoresistance behavior in
Cu-20Ni-2OFe films is most likely related to the field-induced decrease in electron scattering in a
pseudosuperparamagnetic material, as well as the spin-dependent scattering at the two-phase
interface and in the ferromagnetic phase.

Giant magnetoresistance (GMR) type ferromagnetic/ netic properties were studied by using a vibrating sample
nonmagnetic superlattice structure was first discovered in a magnetometer. The microstructure of thin films was studied
Fe/Cr system, 1 and later in other systems, including Co/Cu, by high resolution transmission electron microscopy (TEM)
Fe/Cu, Co/Ag, etc.2'3 Recently, negative magnetoresistance using JEOL 4000 microscope operated at 400 kV, after
in granular alloys, consisting of ferromagnetic particles dis- sample thinning by ion milling at 77 K.
persed in a nonmagnetic matrix, was also found in Cu-Co The Cu-20Ni-2OFe film was first deposited onto a sub-
thin films,4'5 as well as in other thin film systems, for ex- strate at a temperature of 77 K with an Ar accelerating bias
ample, Ag-Co, Cu-Fe, and Au-Co.5- 7 While many combi- of 200 V and under a pressure of 4 mTorr. Figure 1 shows
nations of ferromagnetic-nonmagnetic phases are possible in the room temperature and 4.2 K magnetoresistance (MR)
granular alloys, the systems that exhibit the GMR effect are ratio versus the applied magnetic field for this film. The MR
restricted to those that are essentially not soluble to each ratio was defined here as Apm/Ps or ARm/R, where p, (or
other in the solid state. R,) is the electrical resistivity or resistance near the satura-

In our previous reports, giant negative magnetoresis- tion field. The electrical resistivity of the film in zero field is
tance was created in spinodally decomposed Cu-Ni-Fe bulk about 24 dp cm at room temperature and 14 pD cm at 4.2
alloys with artificial layer-like structures, in both the K. As the field strength is increased, the electrical resistivity
ferromagnetic-nonmagnetic and ferromagnetic-ferromag- of the film decreases continuously. The as-deposited sample
netic two-phase states.8'9 The superlattice-like structure with exhibits a negative room temperature magnetoresistance ra-
a size scale of 10-30 A was obtained, either by anisotropic tio of about 6.5% at H=60 KOe. The MR ratio versus H
defocmation or by proper heat treatment of spinodally de- curve is not saturated at the maximum applied field, and
composed Cu-20Ni-2OFe alloys. In this study, the creation hence the m-ximum magnetoresistance ratio attainable must
of the ultrafine and spinodally decomposed microstructure of
Cu-20Ni-20Fe thin films by triode magnetron sputtering is
reported, and the giant magnetoresistance and magnetization 7 , ,
results are presented.

The Cu-20Ni-20Fe (wt.%) alloy thin films were pre- 6

pared by dc magnetron triode sputtering from a 57 mm diam 5 295 K
target. The films with a thickness of 1000-5000 A were
sputtered onto Si(100) single crystal substrate under various 4 -
sputtering conditions. The substrate temperatures during F 42K
sputtering were changed from 77 to 500 K. Variotcs acceler- c 3
ating bias voltages, applied between the target and the sub- 2
strate, ranging from 75 to 250 V were used in the sputtering.

The film thickness was determined by Rutherford Back- 1
scattering Spectrometry (RBS). The crystal structure and tex-
ture of the deposited films were investigated by x-ray diffrac- 0
tion (XRD) using K, (Cu) radiation. The magnetoresistance -60 .40 -20 0 2o 4o 60
(MR) measurement were made using the conventional four- - 4 -0 0

point probe method with a magnetic field applied in the film H (KOe)
plane. The measurements were carried out at various tem- FIG. 1. MR ratio vs H curves at room temperdture and 4 2 K in a Cu-

peratures (4.2 K-295 K) and fields up to 60 KOe. The mag- 20Ni-2OFe thin film.
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FIG. 3. Spinodally decomposed microstructure in the as-deposited

FIG. 2. M-H loops for the as-depositcd film and bulk Cu-20Ni-2OFe alloy. Cu-Ni-Fe film.

be higher than 6.5% measured at the field of 6 T. The mag- is on the order of 10-30 A. Thus, the observed giant mag-
netoresistance ratio of the sample in Fig. 1 was also mea- netoresistance in the as-deposited Cu-Ni-Fe film is attrib-
sured with magnetic fields up to 2 T, applied porpendicular to uted to the extremely fine-scale spinodally decomposed
the film surface. When the demagnetizing field is taken into structure, the presence of which is further confirmed by mag-
consideration, essentially the same magnetoresistance behav- netization measurement, as well as by XRD and TEM. The
ior as for the in-plane field orientation was observed. Thus, bulk spinodally decomposed Cu-20Ni-2OFe alloy (Cunife
the possibility of significant anisotropic magnetoresistance 1, a common permanent magnet material) with a particle size
contribution is eliminated. of -500 A was found to exhibit a magnetoresistance ratio ofShown in Fig. 2 is the M-H magnetization hysteresis only about 0.6% at room temperature, with fields up to 6 T in
loop at room temperature, measured with the maximum field our previous report. r Here we show that the promotion of the
of 2 T for the as-deposited film. The M-H Icon for the bulk our preis re ee w w the p romotionmoe' magnetoresistance effect in the spinodally decomposed
Cu-20Ni-20Fe alloy sample is also shown as a dotted curve Cu-Ni-Fe alloy could be achieveo through microstructure
for comparison. The as-deposited film exhibits a relatively modification by a sputtering process, in addition to the an-
small hysteresis with a relatively lower coercivity (Hc) oflesstha -2 Oe a emaenc rato (rI~) o --. 2,and isotropic deformation or heat treatment methods reported inlesstha 20Oea rmanece atio(MrMs)of .2,and the previous papers.
a saturation (M,) of 130 emu/cm3, which suggests a film Upon cooling from room temperature to 4.2 K, the film
microstructure with very fine particle size of the ferromag- exhibits a decrease of electrical resistivity by a factor of 1.7
netic phase, almost close to the superparamagnetic regime. (from 24 to 14 /, cm). In contrast to the resistivity, the

However, the bulk sample with particle size of -500 A has a Arm, defined as (PoPs), decreases by a factor of 3.3 (from

coercivity of 620 Oe, a remanence ratio of 0.87, and satura- 1.4 to 0.4d cm). The net result is that the room tempera-

tion of 200 emu/cm 3. Essentially, similar M-H behavior is ture MR ratio is higher than that at 4.2 K as shown in Fig. 4,

observed at 4.2 K, except with slightly larger hysteretic be- which is opposite to the commonly observed tendency of

havior for both samples. wh i i ncrasie to te m p er ee

The x-ray diffraction study indicates that the main dif- MR ratio increasing at lower temperatures.

fraction peak in the XRD pattern of this as-deposited film Comparing the MR ratio versus H curve to the M-H

are, respectively. (111), (200), and (220) in the order of in- curve, the saturation field for the M-H curve appears to be

tegral intensity for both the Cu-rich and the (Fe, Ni)-rich
phases, as their lattice parameters are very close to each
other and the peaks overlap due to the slight shift and broad- 7 T T-r-- 35
ening of the peaks. This suggests that polycrystalline struc- 6 -p-M- 30
ture exists in this as-deposited Cu-20Ni-2OFe film, and the
composition fluctuation and phase separation in it is small, as P p -. ,A- 25

indicated by diffraction peaks without significant splitting. , 4- -20
Figure 3 shows the decomposition structure with a -30 A c 3
size composition modulation in the as-deposited Cu-Ni-Fe I -- - - ..- 15
film. The Moire fringes in the TEM image suggests that the 2 - A 1Oppm 10
(Fe, Ni)-rich phase (the darker phase in Fig. 3) has a lattice 1 5..-"
parameter slightly different from that of Cu-rich matrix. The /
relative volume of the two phases is approximately 50% 00 00 120 240 360
each. The particle size iii the present film is comparable to Temperature (K)
the layer thickness, and the interlayer spacing between the
ferromagnetic layers in GMR-type superlattice films, which FIG. 4. MR ratio and resistivity vs temperature.
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4 MR ratio versus T, curve shows a strong dependence of MR
ratio on Ts. It increases from 1.2% to 3.2% after the sub-

3.5 Bias 130 v strate temperature is lowered down to 200 K or below. The
PAr = 4 mTorr measurement at room temperature indicates that higher coer-

3 - civity, magnetization (at H=2 T) and remanence magnetiza-
tion ratio (Mr/Ms) are obtained for the films deposited at

e higher T,. For example, the magnetization for the film de-
a: 4.0 posited at 500 K is -380 3m:,!n3 at room temperature,

which is about 2.5 times that for the film deposited at 77 K.
In general, the films deposited at higher temperatures show
more significant hysteresis behavior of M-H loops.

1.5 Higher substrate temperatures tend to increase the par-
ticle size (or wavelength in a spinodally decomposed struc-

,10 , 600 ture) and compositional segregation. The Cu-20Ni-20Fe
020 400 600 film deposited at low T, below 300 K is composed of small

T' (K) particles (clusters) with comparatively smaller compositional

variation, and gives small coercivity and a remanence mag-
FIG. 5. Substrate temperature dependence of the MR ratio (for H=2 T) for netization ratio, which indicates a superparamagnetic-like
the Cu-20Ni-2OFe film. behavior at the measurement temperatures. For the substrates

at higher T5, the larger driving force for the sputtered par-

significantly lower than that for the corresponding magne- ticles to diffuse and coalesce in the film enhances the particle

toresistance curve (Fig. 1). Although the exact mechanisms growth, and phase separation. It is noteworthy that the en-

not fully understood are still obscure, the GMR behavior is ergy (and mobility) of the impinging atoms on substrate sur-

believed to be related to the spin-dependent scattering, which face during sputter deposition is much higher than that of

is reduced when the angle between the magnetization of ad- bulk materials at nominally the same temperature as T,. The

jacent layers of magnetic grains (domains) is decreased. It is magnetoresistance ratio (measured at H=2 T) is substantially

thus expected that the GMR and magnetization will be di- reduced from 3.2% for the film with T,=77 K to 1.2% for

rectly related. the film with T,=500 K. This is most likely due to the par-

However, in view of the much lower saturation field for ticle coarsening at higher T,, which will raise the superpara-

the M-H curve than that for the magnetoresistance curve, as magnetic blocking temperature (Tb for the (Fe, 4i)-.ich

well as the abnormal temperature dependence of MR, it is clusters and reduce the degree of superparamagnetic fluctua-
tion.

speculated that the GMR mechanism in the present film may We are greatly thankful for the partial financial support
be qualitatively different from the general feature describedby previous investigators. Similar to the as-deformed from the National Science Council of Republic of China uin-

by pevius nvetigtor. Siila totheas-efomed der Contract No. of NSC 83-0208-M007-083PC. We also
Cu-Ni-Fe alloy wire, the observed MR, as well as its tem- dernContract No. of NSC measurCme lo
perature dependence, could be explained in terms of the acknowledge the assistance in RBS measurement provided
mechanism proposed by Dieny et aL o The magnetic excita- by Dr. S. Y. Hou at AT&T Bell Laboratories.
tions in the nearly superparamagnetic film, which is sup-
ported by the M-H curve data, as well as the XRD and TEM
observation, lead to strong, but not necessarily spin- 'M N. Baibich, J. M. Broto, A. Fert, F Nguyen Van Dau, F. Petroff, P.

dependent, electron scattering. Such excitations are reduced Etienne, G. Greuzet, A. Friedench, and J. Chazelas, Phys. Rev. Lett. 61,
2472 (1988).

by an applied field, and lead to the observed MR behavior. At 2S. S. P. Parkii, R Bhada, and K. P. Roche, Phys. Rev. Left. 66, 2152

lower temperatures, they are significantly reduced, and hence (1991).
the field-related decreasing of resistivity becomes smaller 3 W P. Pratt, Jr., S.-F. Lee, J. M. Slaughter, R. Loiec, P A Schroeder, and
than at higher temperatures. This gives the negative tempera- J. Bass, Phys. Rev. Lett 66, 3060 (1991).4 A. E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, S. Zhang, F. E.
ture dependence of the MR ratio for the film. However, the Spada, F T Parker, A. ttutten, and G. Thomas, Phys Rev. Lett. 68, 3744

contribution of spin-dependent scattering at the two-phase (1992).

interface and in the ferromagnetic phase to the GMR phe- 5J. Q Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. Lett. 68, 3749 (1992).

nomenon could not be ruled out in this study. Further studies 6 M. J. Carey, A P. Young, A. Starr, D. Rao and A. E. Berkowitz, Appl
Phys Lett. 61, 2935 (1992).

are necessary to verify the exact role of various mechanisms 7 R. Von Helmolt and J Wecke,, Appl. Phys. Lett. 64, 791 (1994)

involved. 8 L. H. Chen, S. Jn, T H. Tiefel, and R. Ramesh, Appl. Phys. Lett. 64, 1039

Figure 5 describes the substrate temperature (T) depen- (1994).

dence of the MR ratio measured at room temperature in 9 L. H. Chen, T. H. Tiefel, S Jin, S H Chang, and R Ramesh, Phys. Rev.
B 49, 9194 (1994)

Cu-20Ni-2OFe thin film samples, prepared with an acceler- 10B. Dieny, S. R Teixera, B. Rodmacq, C. Cowache, S. Huffret, and J.
ating bias of 130 V and under Ar pressure of 4 mTorr. The Pierre, J. Mag. Magu. Mat 130, 197 (1994).
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Relaxation of magnetoresistance and magnetization in granular Cu 90Col0

obtained from rapidly quenched ribbons
P. Allia, C. Beatrice,a) M. Knobel,a) P. Tiberto,a) and F. Vinaia)
Dipartimenio di Fisica, Politecnico dt Torino, 1-10129 Torino, Italy

Bulk granular Cug0Co10 systems displaying a negative giant magnetoresistance (GMR) were
produced by submitting melt-spun ribbons to conventional annealing and dc joule heating in order
to induce diverse microstructures. Room-temperature GMR values up to 9% at 20 kOe were found
in samples produced using both kinds of thermal treatments. An evolution from a superparamagnetic
towards a ferromagnetic behavior has been observed in samples sibmitted to different heat
treatments. A long-time, nearly logarithmic relaxation of the magnetic remanence has been
measured after fast removal of a magnetic field of 10 kOe. The progressive randomization of the
magnetic moments also gives rise to a corresponding increase in the zero-field electrical resistance.

I. INTRODUCTION thickness 5X 10- 5 m) were submitted either to furnace an-

A strong negative magnetoresistance has been observed nealing in Ar atmosphere at Ta =440 and 500 'C for I h, or
to dc joule heating in vacuo. The latter treatment was per-in certain granular magnetic materials where clusters of a formed by clipping the samples between copper electrodes

ferromagnetic metal such as Co or Fe are dissolved in a re ycipn h ape ewe opreetoe
metallic matrix such as Cu or Ag. 12 Although the interest for (electrode distance IX 10-1 m), and subsequently applying

these granular magnetic systems is obviously enhanced by an -lectrical current I of constant intensity for 60 s. The
the possible applications of the giant magnetoresistance ef- lec 'cal resistance R was continuously monitored by mea-fect (GMR), a great research effort is being focused on a suring the voltage drop across a standard resistor, in order to

number of open problems concerning their fundamental detect thermal and structural changes occurring in the
i.'4  samples.10 A detailed description of the technique is givenproperties.3' The magnetoresistance behavior of these het- elsewhere.t

erogeneous alloys was first observed in deposited thin
films.5 '6 Melt-spinning techniques have been successfully ex- Room-t,.mperature measurements of magnetization

ploited to produce bulk metastable solid solutions where su- curves and magnetoresistance were performed on both as-

perparamagnetic and ferromagnetic clusters may be devel- quenched and annealed ribbon strips. The magnetic moment
oped by effect of suitable annealing treatments.7,8 of each sample was measured as a function of the applied

The technique of joule heating under a direct electrical field H by means of a vibrating sample magnetometer (LDJ/
current, where the temperature of a metallic ribbon strip Is VSM model 9500) up to H= 10 kOe. The field behavior of
crrentcally wh reaseby the tem a u e fectc rontp i the electrical resistance was measured up to H=20 kOe in
dramatically increased by the joule effect, has recently the same magnetometer through a conventional four-contact
proven to be a most effective method to produce nanostruc- technique. The magnetic field was applied either in the rib
tured ferromagnets starting from compositionally homoge- bon's plane, perpendicular to the bias current (transverse
neous, melt-spun ribbons.9  configua n , rpnormlly to the b a e (transverse

In this article, we report on the magnetic and transport configuration), or normally to the ribbon plane (perpendicu-
properties of a set of CuCo granular bulk systems obtained ar configuration).
by submitting the rapidly quenched alloy either to conven-
tional annealings, or to dc joule heating under different cur- Ill. RESULTS AND DISCUSSION
rents for the same time. The latter technique allows one to Hysteresis loops give information about the development
easily produce materials with GMR comparable to the ones of Co clusters. The values of magnetic remanence ( Me) and
found in conventionally annealed materials. The superpara-
magnetic component of the considered granular magnetic coercivity (H,) of selected samples are reported in Table I

materials is particularly evidenced by a significant relaxation along with the saturation magnetization M, determined by

of the magnetic remanence. In correspondence of this
gradual reduction in the magnetic order, the zero-field elec-

TABLE 1. Magnetic hysteresis paraincters of various granular CugoColo
trical resistance of the samples is observed to steadily in- samples. Treatment times: joule heating 60 s; furnace annealing: 3600 s

crease with time. The GMR ratio is defined in the text.

II. EXPERIMENT Treatment tl, (Oc) A, (emu/g) Al, (emu/g) GMR (%)

As-quenched 42 0.12 77 -1.7A rapidly quenched CugoCol0 alloy was obtained in -ib- 7 A (2.8X 107 A/m2 ) 141 0.53 10.0 -6.3

bon form by planar flow casting in controlled atmosphere on 8 A (3.2X 107 A/m 2) 185 1.4 10.9 -5.5

a CuZr drum. Strips cut from the ribbon (width 5X 10 - 3 m, 9.25 A (3.7X10 7 A/m2 ) 198 1.4 15.2 -6.2
10 A (4X 10

7 
A/in

2
) 208 4.6 13.0 -0.5

440 'C 187 1.2 12.5 -73
alistituto Elettrotecmco Nazionale Galileo Ferraris, C.so Massimo 500 OC 203 19 14.8 -8.9

D'Azeglio 42, 1-10125 Torino, Italy.
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FIG. 1. Time behavior of the reduced magnetic remanence M,(OIM,(O) in
jouht heated and conventionally annealed Cu9oCo,0 samples. both an increase in the ferromagnetic character of the hyster-

esis loops (Table I) and a reduction in the relaxation inten-

extrapolation of the experimental curves to H--+- through a sity, as evidenced in Fig. 2, where Mr(0) - Mr(105 s)IMr(0)

multiple-Langevin function fit. This fitting procedure allows is reported as a function of the ratio MWM, for the considered

one to assign values of the cluster radii ranging between 2 set of samples.

and 6 nm. The values of Mr and H, of the as-quenched The magnetoresistance (MR) ratio is defined here as

sample show that the starting material is not an ideal solid [R(H)Rmax]/Rmax , where Rmax is the maximum resistance

solution, although the size of quenched-in clusters is so small value obtained in each hysteresis loop. For as-quenched

that the system nearly behaves as a superparamagnet. Table I samples the MR value obtained for a maximum field of 20

shows that all annealing treatments induce a growth of H c kOe is about 1.7%. After a proper furnace annealing or joule-

with increasing either the current density or the annealing heating treatment, the room-temperature MR ratio can reach

temperature. Usually, the value of Hc may be taken as a values as high as 9%, comparable to the highest GMR values

measure of the average size of the ferromagnetic clusters obtained in granular solids., 2 Figure 3 shows two represen-

once the value of the magnetic anisotropy constant of the tative GMR curves, obtained for a conventionally annealed

precipitates is known. 12 This is however not the case for sample (curve a, T= 4 4 0 °C) and for a current-heated ribbon

granular systems produced by high heating rates, where both (curve b, I= 6 A). The differences between the curves of Fig.

the crystalline structure and the shape of the Co clusters are 3 mainly arise from a different experimental procedure.

still unknown. The evolution of the product KV (V being the Curve a was measured by waiting until complete stabiliza-

average cluster volume) with changing the annealing param- tion of the resistance value was obtained for each value of H

eters is responsible for the magnetic behavior of this set of (-15 s per point). Curve b was instead obtained during a

samples. A particularly large value of KV is possibly respon- continuous hysteresis loop (total time 5 mi). The curves do

sible for the peculiar magnetic and transport properties of the not saturate up to 20 kOe, indicating the presence, in both

sample submitted to 4X107 A/m 2 joule heating. samples, of a superparamagnetic phase responsible for the

A significant isothermal relaxation of the magnetic rema-
nence was observed in all samples. This effect was measured
by first applying to each sample a high magnetic field (10 '
kOe) for a fixed time (1 h), and subsequently measuring the 000
time behavioi of the magnetic moment in the range 1_106 s cusocolo
after sudden removal of the field (stabilized in -5 s). The - [= '

relaxation of M,[Mr(O) is reported in Fig. 1 for different W -002

samples. The curve for the specimen treated at Ta= 4 4 0 °C is
not shown because it is identical to the one observed in the -004 - 1=6 A)

sample submitted to joule heating at 1=8 A. The relaxation .
kinetics is roughly of logarithmic type in all samples. How-
ever, the intensity of relaxation is strongly influenced by the Q: -006 Ta=440oc

thermal treatment, being highest in the as-quenched material,
where Co clusters are very small and finely dispersed in the .008 a , , '

-20 -10 0 10 20

Cu matrix. 13 In this case the magnetic field is effective in H (kOe)

orienting the magnetic moments, which are progressively

randomized by thermil fluctuation when the field is re- FIG. 3. Room-temperature giant magnetoresistance in a conventionally an-

moved. The increase in the average cluster size brings about nealed and a joule-heated sample of granular CuzCo 0 .
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0.20 change in the magnetic order must have only a minor effect
on the overall sample resistance. Owing to the reduced mag-
nitude of the observed effect, the differences found between

01I o() the two measurement configurations can have several ori-

gins, including anisotropic magnetoresistance, ordinary
Rmagnetoresistance of Cu, or even the lack of complete sphe-

S ericity of the clusters, as proposed by Xiao et al.5

I - • In conclusion, the present results confirm that the joule-
heating technique can be adopted as a reliable, fast, and easy-

00 (to-use treatment to produce granular magnetic materials. In

fact, this treatment allows one to produce a variety of micro-
structures in the CuqoCol 0 system, dependent on the value of

000o the joule-heating current, and characterized by very small

0 500 2000 clusters displaying a magnetic behavior gradually evolving

time (s) from the nearly superparamagnetic to a more ferromagnetic
character. By properly choosing the treatment conditions, not
only very similar MR curves, but also nearly identical mag-

FIG. 4. Time behavior of the zero-field electrical resistance after applying a netic parameters may be obtained through conventional an-
transversal (curve a) or perpendicular (curve b) field of 20 kOe for 120 s on nealing and joule heating, indicating that the same micro-
a joule-heated sample (1=6 A, 60 s). structures are generated independently of the rate of heating

involved in the thermal treatments. Finally, the observed re-
giant MR effect. In agreement with Wecker et al.,7 we also laxations in both Mr and R, although detrimental to perspec-verified that the R(H) data obtained in a loop are always tive applications of granular magnetic systems, are intrinsi-different from the ones obtained on the virgin curve. cally very interesting and worthy of more detailed

Owing to the close relation existing between the magne- investigation in the near future.
toresistance and the magnetic order within the material, a
change in the electrical resistance should be measured along ACKNOWLEDGMENT
with the relaxation of Mr. In order to study this effect, we M. K. acknowledges the financial support by FAPESP
tried to follow the same procedure adopted for the rema- (Brazil).
nence relaxation. However, we noticed that the resistance
values are extremely sensitive to very small variations in
temperature and/or magnetic history of the sample (the tem- 'A. E. Burkowitz et al., J. Appl. Phys. 73, 5320 (1993).

h 9X10- 4  2 C. L. Chien, J. 0. Xiao, and J. S. Jiang, J. Appi Phys. 73, 5309 (1993).perature coefficient of resistivity being as high as 3J. F. Gregg et al., Phys. Rev. B 49, 1064 (1994).
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to overcome this difficulty, we applied a field of 20 kOe for 6 A. E. Berkowitz et al., Phys. Rev. Lett. 68, 3745 (1992).
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62, 1985 (1993); IEEE Trans. Magn. 29, 3087 (1993).

after suddenly removing the field, is reported in Fig. 4 as a 8B. Dieny et al., J. Magn. Magn. Mater. 126, 433 (1993).
function of the measurement time for a joule-heated sample 9P. Allia, P. Tiberto, M. Baricco, and F. Vinai, Appl. Phys. Lett. 63, 2759

(Q=6 A) in both the transverse (curve a) and perpendicular (1993).
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Magnetic and magnetotransport properties of granular Cu85Fe15 prepared
by mechanical alloying

Siddharth S. Saxena and Jinke Tang
Department of Physics, University of New Orleans, New Orleans, Louisiana 70148

Young-Sook Lee and Charles J. O'Connor
Department of Chemistry University of New Orleans, New Orleans, Louisiana 70148

The magnetic and magnetotransport properties of granular Cu85Fe1 5 prepared by mechanical
alloying have been investigated. The sample was prepared by grinding fine powders of copper and
iron in a high energy ball mill. Zero field cooled and field cooled susceptibilities showed a behavior
that is typical of a superparamagnet. The blocking temperature TB of 20 K was determined from ac
susceptibility. The magnetoresistance reached 5.5% at 4.5 K in a field of 5 T. It was increased to
7.6% after the sample was annealed at 300 °C for 20 min. The hysteresis loop was measured for
both magnetization and magnetoresistance. There was a clear correlation between the two. The
magnetoresistance is due to the scattering associated with iron nanoparticles present in the samples
and its dependence on particle size is discussed.

INTRODUCTION diffraction examinations. The sample was cold pressed into

The discovery of negative giant magnetoresistance pellets, and some of those were annealed at low temperatures

(GMR) in Fe-Cr magnetic multilayers by Baibich et al.1 and (T=300 and 550 C) for 20 min in order to study the effects

the subsequent finding that GMR occurs in many other of such annealing on the interested physical properties.
multilayer ultrathin magnetic film systems2- 5 have attracted The magnetic susceptibility of the mechanically alloyed

much attention. Recently, GMR was also found in granular sample was measured as a function of temperature under

structures where metallic ferromagnetic nanoparticles are both zero field cooled (ZFC) and field cooled (FC condi-

dispersed in a nonmagnetic metal matrix.6' 7 Not only have tions, and measured with an ac field using a Quantum Design

these discoveries provided new opportunities for studying SQUID susceptometer (Model MPMS-5S). The blocking

the fundamental issues of spin-dependent electrical transport temperature of the superparamagnetic iron nanoparticles em-

phenomena but they may also have an enormous impact on bedded in the copper matrix was determined from the data.

the information storage technologies due to the potential de- Magnetization (M vs H) and hysteresis loop of the sample

vice applications of these materials in magnetic read heads.8  were examined at 4.5 K. Magnetoresistance measurements

The fact that GMR also exists in some granular systems has were carried out, using a four-point technique, at both room

provided opportunities to explore other preparation methods temperature and low temperatures as a function of applied

which are capable of producing the granular systems and are field. Magnetoresistive hysteresis was also studied and com-

less expensive and more reliable than, for example, the com- pared with the magnetic hysteresis.

monly used sputtering techniques. Wecker et al.9 have ap-
plied the melt-spinning method to produce bulk Cu-Co al- RESULTS AND DISCUSSION
loys by rapid solidification. For the optimally annealed
samples the GMR was found to be 36% at 30 K. Ounadjela The x-ray diffraction pattern of the Cu85Fei 5 sample
et aL have studied GMR in the Ag-Co granular system pre- which was mechanically alloyed for 30 h showed only broad
pared by mechanical alloying.'0 GMR of 7.7% at 5 K was peaks from fcc copper. No peak from bcc a iron was observ-

observed in their bulk mechanically alloyed Ag7oCo3 0  able. The diffraction peaks of the mechanically alloyed

sample. In this article, we report the magnetic and magne- sample were slightly shifted toward lower angles relative to

toresistive properties of granular Cu8 Fe, 5 prepared by me- those of pure copper. This indicated an increase in the lattice

chanical alloying, constant a of the mechanically alloyed sample as compared
to that of pure copper, which implies that a certain amount of

EXPERIMENTAL DETAILS iron has been dissolved in the fcc copper matrix. This result
is consistent with the finding that mechanical alloying in-

Cu85 Fe15 was prepared by mechanical alloying using a duces fcc solid solution CujFe, for x<0.6.11- 13 However,
high energy Spex 8000 mixer/mill. The starting materials as will be discussed later, magnetic measurements indicated
were fine powders of copper and iron of 99.9% purity. Sto- that our sample also contained undissolved iron particles.
ichiometric amounts of the powders were sealed in a grind- The reason that peaks from the iron were absent in the x-ray
ing vial made of hardened steel under argon atmosphere. pattern is probably attributed to the extremely small sizes of
Also sealed in the vial were two hardened steel balls. The the iron particles.
weight ratio of ball to sample was approximately 2:1. After Figure 1 shows the magnetic susceptibility of the 30 h
30 h of grinding, the product was shiny, almost colorless and mechanically alloyed Cu85Fe1 5 measured under both field-
in the form of small spherical dots. A SCINTAG x-ray pow- cooled (FC) and zero-field-cooled (ZFC) conditions. What is
der diffractometer with Cu Ka radiation was used for x-ray obvious is the irreversibility indicated by the deviation be-
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tween FC and ZFC susceptibilities. There is a broad maxi-
mum in the ZFC susceptibility at 20-30 K. This maximum FIG. 2. The real part of the ac susceptibility x' of the as-mechanically

can be caused by either a spin-glass-type transition or super- alloyed sample and imaginary part of the ac susceptibility x" (inset). Only

paramagnetic iron particles. For a spin-glass transition, the the low-temperature portion of the x" is shown.

peak in the ZFC susceptibility is normally very sharp and all
irreversibility effects disappear just above the freezing tem-
perature. On the other hand, in a superparamagnet, the maxi- tering process. As the annealing temperature is further in-
mum is broad and irreversibility persists well above the creased to 550 'C, the sizes of the iron particles grow and
blocking temperature. 14 Therefore, we believe the observed become sufficiently large such that the GMR decreases sig-
irreversibility and broad maximum in the ZFC susceptibility nificantly. The effects of annealing at the mentioned tempera-
of our sample is caused by an assembly of superparamag- tures on the particle size have been well documented, for
netic iron particles dispersed in the copper matrix. In addi- example, see Ref. 15.
tion, the absolute value of susceptibility is quite high even at Shown in Fig. 5 are the hysteresis loops for magnetiza-
room temperature, which suggests that there is a wide distri- tion and magnetoresistance measured at 4.5 K. Only data
bution of particle size with blocking temperatures ranging below H=3500 Oe are shown. A clear correlation between
from very low temperature to above room temperature. Fig- the two hysteresis loops exists. The coercivity H, (at which
ure 2 shows the real part of the ac (f=32 Hz) susceptibility magnetization becomes zero) is about 500 Oe, and as can be
X' of the same sample. The inset shows the imaginary part x' seen, it is also the field at which magnetoresistance becomes
in the low-temperature region. The average blocking tem- zero.
perature TB determined from the peak in the ac susceptibility
X' is 20 K. As seen, j' shows a corresponding loss peak near
the same temperature.

The magnetoresistance was measured as a function of . . . . . .

applied field up to 5 T at 4.5, 77, and 300 K, respectively. 000 O . . .

Ao

Figure 3 shows such magnetoresistance, defined as A 0 0

[P(1,)-P(o)/p(o), versus applied field plots. The magnetoresis- 00 A o
tance reaches 5.5% at 4.5 K in a field of 5 T. It is reduced to -0 02 °
3.8% at 77 K and less than 0.2% at 300 K. The observed 0 0 0
magnetoresistance shows no indication of saturation in a 'S .oo A 0 o
field of 5 T at all temperatures. A

The as-mechanically alloyed sample was subsequently -A
o77KA

annealed for 20 min at 300 and 550 'C, respectively. Figure a T7.K AA A

4 is the magnetoresistance versus field plots at 4.5 K for L0o T
samples annealed at these temperatures. The as-mechanically
alloyed sample is also shown for comparison. The heat treat- -0 0 2 3 4

ment at 300 'C results in an increase in magnetoresistance to H (T)
7.6% from 5.5% of the not-annealed sample. This is attrib-
uted to the precipitation of additional iron particles from the FIG. 3 Magnetoresistance of the as-mechamcally alloyed sample vs applied

copper matrix, which contribute to the spin-dependent scat- field measured at 4 5, 77, and 300 K.
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000. . tance is 5.5% at 4.5 K in a field of 5 T. It is increased to 7.6%

S 0 0 0 o- after the sample was annea I at 300 °C for 20 min. The

-002 effect of such heat treatment is to let more iron particles
, •%••precipitate out of the copper matrix. Further annealing at

higher temperature has a deteriorating effect on the magne-
toresistance. The largest magnetoresistance of 7.6% found in

An00 eat550C our sample is smaller than reported elsewhere using other
a 006 Not annealed preparation methods.6'7 Improvement should be possible by

007 a Annealed at 300 C optimizing parameters like grinding time, composition, and
.00 annealing temperature. As mentioned earlier, x-ray diffrac-

.0 2 4 tion data indicate that a part of iron is dissolved in the fcc
H (T) copper matrix in the as-mechanically alloyed sample, there-

fore the actual composition of the granular portion of the

FIG. 4. Magnetoresistance as a function of applied field at 4.5 K for the sample which contributes to GMR is not Cu 85Fe15 but prob-
as-mechanically alloyed sample and subsequently annealed at 300 and ably contains less iron. It is interesting to note that another
550 'C samples. granular system prepared by mechanical alloying Ag70Co3 0

exhibits MGR of 7.7% at 5 K, which is almost identical to
the value found in our sample.CONCLUSIONS
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Granular giant magnetoresistive materials and their ferromagnetic
resonances (abstract)

M. Rubinstein, B. N. Das, N. C. Koon, D. B. Chrisey, and J. Horwitz
U.S. Naval Research Laboratory, Washington, DC 20375-5000

Ferromagnetic resonance (FMR) can reveal important information on the size and shape of the
ferromagnetic particles which are dispersed in granular giant magnetoresistive (GMR) materials. We
have investigated the FMR spectra of three different types of granular GMR material, each with
different properties: (1) melt-spun ribbons of Fe5Co15Cu80 and Co20Cu80, (2)'thin films of Co20Cu80
produced by pulsed laser deposition, and (3) a granular multilayer film of [Cu(50 A)/Fe(10 A&)]50.
We interpret the linewidth of these materials in as simple a manner as possible, as a "powder
pattern" of noninteracting ferromagnetic particles. The linewidth of the melt-spun ribbons is caused
by a completely random distribution of crystalline anisotropy axes. The linewidth of these samples
is strongly dependent upon the annealing temperature: the linewidth of the as-spun sample is 2.5
kOe (appropriate for single-domain particles) while the linewidth of a melt-spun sample annealed at
900 C for 15 min is 3.8 kOe (appropriate for larger, multidomain particles). The linewidth of the
granular multilayer is att'ibuted to a restricted distribution of shape anisotropies, as expected from
a discontinuous multilayer, and is only 0.98 kOe with the magnetic field in the plane of the film.1

1M. Rubinstein, B. N. Das, N. C. Koon, D. B. Chrisey, and J. Horwitz, Phys.
Rev. B 50, 184 (1994).
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Magnetoresistance of granular Cu-(Co,Fe) and Cu-Co-B (abstract)
R. v. Helmolt
Siemens AG, Research Laboratories, 91052 Erlangen, Germany and Institute of Physics,
University of Augsburg, 86159 Augsburg, Germany

J. Wecker
Siemens AG, Research Laboratories, 91052 Erlangen, Germany

K. Samwer
Institute of Physics, University of Augsburg, 86159 Augsburg, Germany

Giant magnetoresistance (GMR) is known to occur in alloys consisting of superparamagnetic
precipitates in a metallic matrix. This had been demonstrated for the first time for Cu-Co prepared
as co-sputtered thin films and later for rapidly quenched alloys.2 For Cu-Fe no GMR has been
reported even in multilayer systems. In order to study the transition from Cu-Co to Cu-Fe in more
detail we prepared quasibinary Cu90CojO_,,Fe, ribbons by conventional melt spinning followed by
an annealing treatment to precipitate Co-Fe clusters in the Cu matrix. The particle sizes of the
ferromagnetic phase have been determined by fitting the magnetization and magnetoresistance
curves with a Langevin function. The saturation magnetization increases with increasing Fe content
x for x-_4 as expected from the Slater-Pauling curve. However, a strong decrease of the
magnetization is observed at high Fe contents. The GMR effect continuously decreases with
increasing Fe content and for x>0.7 no GMR is observed, similar to Cu-Fe multilayers. Small B
additions were added to Cu-Co in order to improve the homogeneity of the as-quenched ribbons. For
these samples the magnetoresistance is suppressed even by small B additions below 3 at. %. This is
different from the Au-Co system, where B additions of up to 20% enhance the GMR effect. 3

This work was sunported by the German Ministry for Research and Tech-
nology (BMrF).

1 J. Q. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. Lett. 68, 3749 (1992).
2J. Wecker, R. v. Helmolt, L. Schultz, and K Samwer, Appl Phys Lett. 62,

1985 (1993).
3 R. v. Helmolt, J. Wecker, and K. Samwer, Appl. Phys. Lett. 64, 791

(1994).
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Hard Magnets II H. A. Leupold and F. Cadieu, Chairmen

Evolution of recombination in a solid HDDR processed Nd14Fe79B7 alloy
N. Martinez, D. G. R. Jones, and 0. Gutfleisch
School of Metallurgy and Materials, The University of Birmingham, Birmingham, United Kingdom

D. Lavielle and D. Per6
Rh6ne Poulenc, Centre de Recherches d'Aubervilliers, France

I. R. Harris
School of Metallurgy and Materials, The University of Birmingham, Birmingham, United Kingdom

A high-resolution scanning electron microscope was used to study the microstructural changes
occurring during the desorption and recombination stages in a cast Nd1 4Fe79B7 alloy HDDR
processed at 780 'C. Phase identification was based on backscattered electron contrast. In the early
stages of desorption, the disproportionated structure in the matrix coarsens to produce a mixture of
Nd-rich (NdH 2 and/or Nd) and Fe-rich (aFe and/or Fe2B) clusters. At the center of the specimen,
regions of recombined multicrystalline Nd2Fel 4B phase are observed associated with Nd- and
Fe-rich clusters. When desorption of hydrogen is almost complete, the microstructure consists of a
Nd2Fet 4B matrix with a few remaining Nd- and Fe-rich clusters. The subsequent completin of
recombination results in a multigrained Nd 2Fel 4B structure, some grains being separated by Nd-rich
material. The magnetic properties of the Nd14Fe79B7 alloy have been measured at significant stages
during the desorption/recombination process at 600 'C, the stages being deduced from electrical
resistivity measurements. Initially, the material is noncoercive with a high magnetization at 1100
kA/m, reflecting the high proportion of aFe in the sample. As recombination proceeds, the
magnetization drops and the coercivity increases as the fine-grained Nd2Fe, 4B develops and the aFe
disappears.

I. INTRODUCTION 780 'C. Finally, the samples were quenched in order to fix

The Hydrogenation- Disproportionation-Desorption and the recombined structure. The observations were carried out

Recombination process (HDDR)1
,
2 transforms a coarse- with a high-resolution field-emission scanning electron mi-

grained ingot (cast or homogenised) into a friable, powdered croscope (Hitachi 4000) using the backscattered electron
mode.

material with submicrometer grain size. The first stage re- .

sults in the hydrogenation and decrepitation of the ingot (HD An electrical resistivity monitoring method 8 was used to
process). 3 The disproportionation reaction occurs at elevated follow the average state of three samples during recombina-

temperature and produces an intimate mixture2'4 of aFe, Nd tion at 600 'C under vacuum, after disproportionation at

hydride, and Fe2B3. Recombination occurs on hydrogen de- 700 'C in an initial hydrogen pressure of 0.7 bar. These low

sorption at high temperature. The main potential of these temperatures were chosen in order to slow the reaction and

coercive powders is to produce polymer bonded' and hot study only the transformations occurring in the matrix phase

pressed5 magnets. by avoiding the desorption and melting of the intergranular

It is possible to disproportionate solid blocks of Nd-Fe-B Nd-rich phase.10 Intrinsic coercivity and magnetization at

based alloys without decrepitating them by using very high 1100 kA/m were measured with a vibrating sample magne-

heating rates under hydrogen 6 or introducing hydrogen at tometer (VSM).

high temperature. 7 It has been observed that, in Ndl 6Fe76B8 , III. RESULTS AND DISCUSSION
the disproportionation process begins at the grain boundaries
at the Nd hydride/Nd2 Fe14B interface and then progresses A. Determination of the desorption temperature
into the matrix phase.8,'9 The block does not decrepitate as in Figure 1 represents the DTA graph showing the desorp-
the HD process. The process is referred to as "solid HDDR" tion of hydrogen from the disproportionated material with
and can be usefully employed to study the development of increasing temperature. The first peak starting at -100 'C
the HDDR microstructure because of the modified reaction corresponds to the transformation from NdH,+ x to NdH2 that
kinetics. takes place within the disproportionated matrix and Nd-rich

intergranular phase. The two peaks, starting at -600 'C, rep-
II. EXPERIMENTAL PROCEDURE resent first, desorption of hydrogen from the disproportion-

Differential thermal analysis (DTA) was carried out in ated matrix and also recombination and second, from the
order to determine the starting temperatures of disproportion- Nd-rich grain-boundary phase."

ation in a hydrogen atmosphere and recombination under B. Microstructures of samples desorbed at 780 °C
vacuum. The solid HDDR was carried out at 780 'C in an
initial hydrogen pressure of 1 bar. Hydrogen was evacuated, During solid hydrogenation and disproportionation, a
and the samples held under vacuum for 20, 40, and 70 min at disproportionated front moves from the edges towards the

J. Appi. Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)/6825/3/$6.00 © 1994 American Institute of Physics 6825
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FIG. 1. AT and pressure traces vs temperature of the hydrogen desorption

of the disproportionated Ndl 4Fe79B 7 material.

FIG. 2. Backscattered electron picture of a Nd14Fe79B 7 sample desorbed at
780 *C for 20 min. (a) colonies of lamellae, (b) Nd-rich cluster, (c) Fe-rich
cluster.

center of the specimen. Because of the hydrogen diffusion
during absorption and desorption, the microstructure of a
solid disproportionated and recombined sample, at a given diffraction analysis revealed that this sample consists pre-

temperature and initial hydrogen pressure, depends on the dominantly of the Nd 2Fe14B phase.

region observed in the specimen and also the position con- Fully recombined samples were obtained after 70 mi of

sidered in the original Nd2Fe14B grains. The evolution of the desorption. This microstructure consists of submicrometer

solid HDDR process, grains, some of which are delineated because they are sur-microstructure with time, during the roundedHyDNd-rihophase
also depends upon the total volume of the specimen. Times

given in the present work must therefore be considered in the
light of these factors. It should also be noted that at
T:655 C, the Nd-rich material melts as soon as the trans- Figure 5 represents the variation of normalized electrical
formation of NdH 2 into metal Nd occurs.12  resistivity [p(O)=resistivity at 600 'C before desorption] and

In the specimen, desorbed for 20 min, the distribution of hydrogen pressure with desorption time at 600 *C. Approxi-
the original grain boundaries, most of which contain mately three different stages could be identified during re-
NdFe4B4 and Nd-rich phases, has not been altered by this combination, although in the bulk samples the various stages
process and appears to be the same as in the cast material, will overlap. When the temperature is lower than the melting
Residual free-iron dendrites, present in the cast state, could point of Nd metal and the Nd-rich phase, it is possible to
also be observed. The colony-type structure, 8' 9 observed in follow the recombination as a completely solid-state reaction
the matrix of disproportionated samples, has coarsened as occurring exclusively in the matrix phase and thus much less
shown in Fig. 2. The microstructure of the matrix, between dependent upon the state and proportion of the intergranular
the edges and the center of the sample, consists of small Nd-rich phase. Thus, during desorption and recombination at
colonies of (a) lamellae, which are broader than those of a 600 C, the Nd-rich phase remains in the hydrided state. In
fully disproportionated matrix, indicating that coarsening has the first stage (stage I in Fig. 5), the desorption of hydrogen
occurred, thus lowering the total interfacial energy. This mi-
crostructure corresponds to the stage where the desorption
reaction is dominant. At the center of the specimen, the re-
combination of the Nd2Fe14B phase has begun and Fig. 3
illustrates the formation of (d) the recombined, multicrystal-
line Nd2Fet 4B phase from the surrounding (e) Nd-rich and
(f) Fe-rich particles. This microstructure is only located at
the center of the sample occupying a very small volume frac-
tion of the total volume. The specific identification of aFe
and Fe2B has not been possible so far by SEM studies.

Figure 4 shows the microstructure of a sample desorbed f
for 40 min. The stnicture is different from that shown in Fig.
2, as the matrix consists now of (g) a multicrystalline
Nd2 Fe14B phase but still contains some remaining (h) Nd-
rich and (i) Fe-rich clusters. This microstructure is similar to
that of the Nd 2Fe14B region shown in Fig. 3 and was also
observed by Nakayama and Takeshita 3 The scale of clear FIG. 3. Backscattered electron picture of a Nd14Fc7qB 7 sample desorbed at

regions indicates multicrystalline Nd 2Fe14B phase but indi- 780 'c for 20 mm. (d) region of recombined Nd2F1e 4B, (e) Nd-rich cluster,

vidual crystallites cannot be imaged. Powder x-ray- (f) Fe-rich cluster

6826 J. Appl. Phys, Vol. 76, No. 10, 15 November 1994 Martinez et at.
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FIG. 6. VSM traces of disproportionated (Disp) and partially desorbed
(A,B,C) Nd14Fe79B7 samples.

FIG. 4. Backscattered electron picture of a Nd1 4Fe79B7 sample desorbed at
780 *C for 40 min. (g) Nd2Fe1 4B phase, (h) Nd-rich cluster, (i) Fe-rich At stage A, when the specimen is partially desorbed and
cluster. recombined, the coercivity has not been modified signifi-

cantly and the magnetization has decreased but is still high

from NdH2, within the disproportionated structure, is the compared to that of the fully recombined sample. This indi-
dominant reaction and is responsible for the resistivity drop cates that the recombined Nd2Fel4B phase coexists with aFe.
as this reaction transforms semiconducting NdH2 into metal- The second curve represents the demagnetization curve of a
lic Nd. 7 The subsequent increase in resistivity (stage II in sample quenched at stage B, when the specimen is almost
Fig. 5) is due to the consumption of aFe as the recombina- desorbed but still partially recombined. The coercivity has
tion reaction proceeds. In order to study the mechanism of improved and the magnetization at 1100 kA/m has decreased
the recombination reaction, samples were obtained by significantly, thus indicating that the proportion of recom-
quenching in vacuum at three stages (A, B, and C in Fig. 5) bined phase is much larger compared to stage A. At stage C,
of the desorption and recombination process (stage II in Fig. when the sample is fully desorbed and recombined, the co-
5). Their magnetic properties were measured and compared ercivity has improved considerably, whereas the magnetiza-
with those of a specimen fully disproportionated at 700 'C. tion at 1100 kA/m has decreased slightly compared to that of

Figure 6 shows the demagnetization traces of the fully the previous sample. This indicates that the remaining aFe
disproportionated specimen and the partially and fully de- was removed between stages B and C. The microstructures
sorbed samples. It can be seen that the magnetization of the of all these specimens are currently under investigation and
fully disproportionated material at 1100 kA/m is the highest will be reported at a later date. 15

and its coercivity is the lowest, as expected from the pres- 'T. Takeshita and R. Nakayama, Proceedings of the 10th International
ence of aFe and the absence of the Nd 2Fei 4B phase. These Workshop on Rare.Earth Magnets and their Applications, Kyoto, 1989, p.
results are in accordance with those reported by Book et al.14  551.
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Effects of HDDR treatment conditions on magnetic properties of Nd-Fe-B
anisotropic powders

H. Nakamura, R. Suefuji, S. Sugimoto, M. Okada, and M. Homma
Department of Materials Science, Faculty of Engineering, Tohoku University, Sendai 980, Japan

It is reported that Nd-Fe-B magnetic powders prepared by utilizing the HDDR (hydrogenation,
disproportionation, desorption, and recombination) phenomena exhibit high coercivity, and the
addition of Co, Ga, and Zr induces -..-- 'ic anisotropy in these powders. HDDR phenomena are
caused by the heat treatment in hydrog, reatment) and subsequently in vacuum (V treatment).
Present works describe the effects of V-treatment conditions on magnetic properties of
Ndi2.kFebal CoxB 6 o (x =0-17.4) alloys. The powders V-treated at lower temperature show lower
remanence and no noticeable magnetic anisotropy. V treatment at higher temperature enhances
remanence and increases the differences of remanence between the powders aligned with and
without magnetic field. Higher values are obtained in Co added alloys. This result suggests that a
selective grain growth of Nd2Fe14B grains during V treatment plays an important role for the
inducement of magnetic anisotropy in HDDR-treated powders. The temperature for complete
recombination reaction under evacuating condition decreases with increasing Co content. It can be
said that Co addition enhances recombination reaction and results in acceleration of grain growth.

I. INTRODUCTION Aum and pressed into compacts. These compacts were used

Hydrogenation, disproportionation, desorption, and re- for investigating the hydrogen absorption and desorption
characteristics, which were measured by monitoring the dif-comsebatn (hD ) hemen" 2 idrogn N eBals are ference between the flow rate in front and in the rear of the

caused by the heat treatment in hydrogen (H treatment) and furnace (called AQ hereafter). Details on AQ measurement
further treatment in vacuum (V treatment). Nd 2Fe14B com-

pound disproportionates into a mixture of NdH,, a-Fe, and are described elsewhere.5 H treatment and further V treat-poud ispoprtinaes nt a ixureofNdH, t-F, nd ment (referred to as HV treatment) was performed on
Fe2B at an elevated temperature of around 800 C in H treat- c rh ed o a s sin tre ates w as er e n

ment. Removal of hydrogen in the mixture by subsequent V crushed ingots and sintered bodies which were magnetically

treatment reforms the Nd 2Fe14B compound with homoge- illustrated in Fig. (b) and details of HV treatment are de-

neous and fine grains of about 0.3 Am in diameter, which is scribed elsewhere. 5 H treatment was carried out at 850 C for

close to the single domain size of Nd 2Fe14B. This results in 2hich whe sament as used in Rf 1. Subse-
2 h which was the same condition as used in Ref. 1. Subse-

high coercivity in HDDR-treated Nd-Fe-B powders. quent V treatment was made at 700-950 C for 1 h.
Since it has been reported that Co, Ga, Zr, and Nb addi- q

tion induces magnetic anisotropy through this phenomena, 3  HV-treated samples were ground into powders of <63
Nd-Fe-B powders produced by utilizing HDDR phenomena Azm by hand milling. These powders were mixed with moltenhave been candidates o d for high performance paraffin and were solidified with or without applying a mag-

bonded magnets. But the mechanism for inducement of mag- netic field of 12 kOe. Magnetic properties were measured by

netic anisotropy is still unclear. One of the proposed mecha- a vibrating sample magnetometer with the maximum appliedneti ansotopyis til unlear On oftheproose meha- field of 15 kOe after applying a pulsed field of 50 kOe to the
nisms has been reported, in which the role of Co is to depress saml e

the disproportionation reaction during H treatment especially sample.

at high temperature. The origin of anisotropy is due to the X-ray diffractions with Fe Ka radiation were carried out.
undecomposed fine particles which inherit a crystallographic
relationship with newly formed grains. 4 These works are III. RESULTS AND DISCUSSION
only concerned with H treatment conditions on magnetic The characteristics of hydrogen absorption and desorp-
properties and microstructure. But the magnetic anisotropy tion of Nd, 6Fe8 1 4 _xCoB 60 (x=0,11.6,17.4) on heating at
might be varied not only with H treatment but with V treat-
ment. Then the purpose of this study is to investigate the a rate of 400 0 C/h arc shown in Fig. 2. It consists of two
effects of V-treatment temperatures on magnetic anisotropy
in Nd 12 6Fe8s 4_xCoB 6 0 (x=0-17.4) alloys.

850T, 2h 700.9501C, 1 h

11. EXPERIMENTAL PROCEDURE F- C

The diagram of the experimental procedure is shown in
Fig. la). The compositions of studied alloys were
Nd,2 6Fe8 l 4 xCoxB 6 0 (x=0,5.8,11.6,17.4). The alloys were Ar
induction-melted from high-purity elements under an Ar at-
mosphere and then were homogenized at 1100 'C for 20 h. FIG. I ta) Diagram of experimental procedure and (b) schematic illustra-

The homogenized ingots were ground into powders of <63 tlion of the process of HIV treatment
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Nd12 6Fea1 4 -xCoxB 6o (a) Nd12 6Fe8s, 4B60  (b) Nd126Fe64oCo,7.4B60
12 6=th magnetic =1l 
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FIG. 2. Hydrogen absorption and desorption characteristics of
Nd126Fe8 1 4_sxCoxB6a (x=0,11.6,17.4) on heating at a rate of 4ffO C/b. FIG. 3. V-reatment temperature dependence in magnetic properties of HY-

treated Ndi2 6Feai.4 _.CoxB60 where (a) x0O, (b) 17.4. (Dotted line indi-
cates halt values of saturation magnetization of each homogenized alloy)

absorption peaks and two desorption peaks. X-ray- jffraction
analysis reveals that the characteristics of hydrogen absorp- Judging from the magnetic properties shown in Fig. 3, the
tion and desorption correspond to the phase changes during inducement of anisotropic aspect proceeds by the V treat-
the heat treatment in hydrogen, and that the peaks indicate ment above 800 'C.
the reaction as follows: Absorption peaks at around 250 eC Figure 4 shows x-ray-diffraction patterns of
correspond to interstitial hydrogen uptake to form Nd12 6Fe8t 4 xCoxB 6.0 (x=O, 11.6, 17.4) alloys V-treated at
Nd2(Fe,Co)I 4BHx , and the desorption peaks covering 250- 700 'C, which is a relatively low temperature of V treatment.
650 °C indicate hydrogen atoms leaving the interstitial site. X-ray reflections from NdH 2 and a-Fe phases are dominant
Hydrogen absorption peaks at around 700 *C, corresponding in Nd1 2 6Fe1 4B6.0 powders. The intensity of reflections from
to a disproportionation reaction into a mixture of NdH 2, the Nd 2(Fe,Co)1 4B phase increases with increasing Co con-
a-(Fe,Co), and (Fe,Co)2B phases. The desorption peaks ob- tent. It can be said that Co added alloys tend to form
served above 900 'C correspond to the recombination reac- Nd 2(Fe,Co) 14B compound under evacuation condition. This
tions o the original compound. The results described above results in higher coercivity at lower temperature in Co added
are in good agreement with the reported ones by Harris 6 and alloys.
Takeshita. 7 The shape of the peaks corresponding to the dis- Figure 5 shows x-ray-diffraction patterns of HV-treated
proportionation reaction is narrow in both alloys with and Nd12.6Fe8s 4B60 powders which were pressed with a mag-
without Co. Co added alloys show the recombination reac- netic field of 12 kOe. The x-ray-diffraction pattern of the
tion at lower temperature. It can be considered that the dis-
proportionation reactions are very drastic in the both alloys.
It can also be said that the Co contained disproportionated
mixture is less stable under an atmospheric pressure of hy- Nd12.6Feal.4 -xCOxB 6.o
drogen, and tends to form Nd2(Fe,Co)14B compounds at V-treated at 7000C
lower temperature. 0 Nd2(Fe,Co)14B

Figure 3 shows the V-treatment temperature dependence *a,-tFe.Co)

in magnetic properties of HV-treated Nd 2 6Fe81 4_.CoB 60 . v VNdH 2

Coercivities increase with increasing V-treatment tempera-
ture and exhibit maximum values at 850 and 800 °C in the v x=O
alloys without and with Co, respectively. Co added alloys e
show higher coercivity at lower V-treatment temperature . •
than the alloys without Co. In both alloys, remanence in-
creases with increasing temperature and shows highest val- v o oc v x=11.6
ues at 850-860 C, which then decreases at above 880 C.
The alloys aligned with a magnetic field exhibit higher re- Ow

manence than the half values of saturation magnetization of 0 o 0oooc X17.4
each homogenized alloy, which correspond to the remanence 414ice
of isotropic alloys and are shown by the dotted lines in Fig. 40 50 60

3, in the temperature range between 800 and 900 C. The 20 (Deg.)

differences of remanence between the alloys aligned with FIG. 4. X-ray-diffraction patterns of Ndlz 6Fesl 4- Co0B60 (A =0,11 6,17.4)
and without a magnetic field become larger at above 800 *C. V-treated at 700 C.
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Nd 12.6Fe8 j.4B6.0 Nd 12.6Fe64 0C0 17 .4 B60

green compacts I 9 xray sintered bodies a

V-treated at T C H-treated at 850 0C -~V-treated at T 'C

Milled to 21 m .W

Pressed in a magnetic field

() -T=800

_: T=-880

40 50 60 40 50 6020 (Deg.) 20 (Deg.)

FIG. 5. X-ray-diffraction patterns of Nd12 6Fc814B60 V-trcated at (a) 800 and FIG. 6. X-ray-diffraction patterns of Nd12 6Fe640Co 17 4B6 0 sintered bodies

(b) 880 'C, which were milled to 2 ,um and then pressed in a magnetic field. (a) before HV treatment, and (b) after V treatment at 880 'C.

portionated mixture after H treatment are the nuclei of re-

V-treated green compact at 800 C, where remanence equals combination during V treatment and Co makes this tendency

to the value of isotropic alloy and exhibits no difference noticeable. 4 Since the disproportionation reaction is very

between the alloys aligned with and without magnetic field, drastic and no difference can be observed in hydrogen ab-

shows isotropic characteristics. But the V-treated one at sorption and desorption characteristics below 900 'C in all

880 'C exhibits intensive reflection from (006) which indi- the studied alloys from Fig. 2, it is anticipated that no re-

cates alignment of grains in the powders. This feature is sidual Nd2Fe14B phase exists after H treatment at 850 'C. If

closely related to the difference in remanence at higher tem- the oriented nucleation had been dominant, magnetic anisot-

perature shown in Fig. 3 and it would be due to grain align- ropy would be induced by V treatment at lower temperatures.

ment. But in our results, shown in Fig. 3, the remanence of

In order to investigate the texture change during V treat- Nd12 6Fe8t.4B60 powders V-treated at 800 'C and solidified

ment, x-ray diffraction was performed on anisotropic sin- with a magnetic field is almost the same as that without a

tered bodies aftcr HV treatment. X-ray-diffraction patterns of magnetic field. The main effect of Co addition is to enhance

Ndl 2 6Fe64Cot7.4B60 sintered bodies (a) before HV treatment the recombination reaction.
and (b) after V treatment at 880 C are shown in Fig. 6. The 'T. Takeshita and R. Nakayama, Proceedings of the 10th International

diffraction pattern of an as-sintered sample shows an aniso- Workshop on Rare Earth Magnets and Their Applications, Kyoto, 1989,

tropic characteristic since intensive reflections from (006) (unpublished), Vol. I, p. 551.

and (105) are observed in Fig. 6(a). High intensities of re- 2P. J. McGuiness, X. J. Zhang, X. J. Yin, and I. R. Harris, J. Less-Common

flections from (006) and (105) are also observed in the Met. 158, 359 (1990).
iT. Takeshita and R. Nakayama, Proceedings of the 12th International

sample after V treatment at 880 'C shown in Fig. 6(b). It is Workshop on Rare Earth Magnets and Their Applications, Canberra, 1992

considered that the V-treated powders at higher temperatures (unpublished), p. 670.

tend to form the same texture as the original samples before 4M. Uehara, H. Tomizawa, S Hirosawa, T. Tomida, and Y. Machara, IEEE
Trans. Magn. 29, 2770 (1993).HV treatment. 5H. Nakamura, S. Sugimoto, M. Okada, and M. Homma, Mater. Chem.

Taking account of the results shown in Fig. 5, it can be Phys 32, 280 (1992).

said that magnetic anisotropy in HV-treated powders is in- 6 '. Takeshita and R. Nakayama, Proceedings of the lth International

duced by high-temperature V treatment. It suggests that in- Workshop on Rare Earth Magnets and Their Applications, Pittsburgh,
1991, Vol. I (unpublished), p. 49.

ducement of magnetic anisotropy proceeds through a selec- ~ 7. R Harris, Proceedings of the 12th International Workshop on

tive grain growth of Nd 2Fet 4B grains. Uehara et al. Rare Earth Magnets and Their Applications, Canberra, 1992 (unpub-

concluded that residual Nd 2Fet 4B grains among the dispro- lished), p. 347.
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The use of polytetrafluoroethylene in the production of high-density
bonded Nd-Fe-B magnets

C. Tattam, A. J. Williams, J. N. Hay, and I. R. Harris
School of Metallurgy and Materials, University of Birmingham, Birmingham B15 27T, United Kingdom

S. F. Tedstone and M. M. Ashraf
Penny and Gdes Blackwood, Ltd., Blackwood, Gwent NP2 2YD, United Kingdom

Rotary forging has been used to produce high-density bonded magnets from rapidly quenched
Nd-Fe-B based ribbons [MQP-D, of nominal composition 28%Nd-56%Fe-15%Co-1%B (wt %)].
Polytetrafluoroethylene (PTFE), when used as an additive (5%-15% by volume) has been found to
act as an effective binder and greatly enhances the forgeability of the MQI, allowing higher forg;ng
pressures to be used. Densities of up to 98% of the fully dense composite have been achieved. The
forging process can be undertaken in air at room temperature. Magnetically, the compacts are
comparable to conventional epoxy resin bonded MQI, with energy products of up to 84 kJ/m 3.
Equivalent volume fractions of MQI (-83.5 vol %) have been achieved in the compacts with
increased PTFE content due to the displacement of pores by the PTFE. The effect of PTFE content
on the mechanical strength of the compacts has been assessed and it has been found that strength
increases with increasing PTFE content, consistent with the reduction in porosity.

I. INTRODUCTION ing action. The relatively small contact area means that lower

There are two principal methods used for processing Nd- overall loads are required to produce a given compaction

Fe-B alloys into permanent magnets. The first is a conven- compared with uniaxial pressing. The forging pressure in the

tional powder metallurgy process which is similar to that hydraulic ram was varied to ascertain the optimum condi-

employed for the production of rare-earth cobalt magnets. 1,2  tions with respect to compact density. Ejection of the com-
The second involves the rapid quenching of the alloy from pacts from the die was facilitated by the presence of PTFE.The ecod ivoles he api quechig o th aloy romThe magnetic properties were measured by demagnetiz-

the melt.3'4 The ribbons that result from rapid quenching ing the macti prpereamere mese ny dant

have a high coercivity which can be attributed to the ex- compacts in a permeameter. The second quadrant
tremely fine grained microstructure. Magnets can be pro- demagnetization loop was obtained after pulse magnetizing

duced using rapidly quenched material by grinding, mixing the sample in a field of 4.5 T. The mechanical strength of the

with a binder, and then pressing. Various binders have been compacts was assessed using a method based on the ball on

employed for this purpose including epoxy resins,5 and more ring test.9 Sampies were supported around the edge of their
recently, polytetrafluoroethylene (PTFE).6  base by a ring of 15 mm diameter while a load was appliedrecetlypoltetrfluooetylen (PTE).to the center of the top surface via a steel sphere of I11 mm

It has been shown that high-density magnets can be pro-
duced by rotary forging M01 with or without a soft metal
binder.7,8 MQI compacts forged with no binder were found to
have poor mechanical integrity. PTFE was chosen as an ad- " 1 Y

ditive to enhance the flow of the flakes, due to its low coef-
ficient of friction, during forging. The PTFE was subse- UperTool

quently found to act as an effective binder as well as
allowing the forging of ribbon in air, where previously it was
neces 'ary to forge in an inert atmosphere. 8  Spht lnse-is

It has been shown6 that densities of 6.2 g/cm3 can be
achieved by the compression moulding of anisotropic Nd- Sliding Boss Assembly

Fe-B3 powder (prepared by the hydrogen decrepitation of hot Guide Collar

deformed overquenched ribbon) A th 2.1 wt % PTFE at a Central Mandrel

temperature of 250 "C under an argon atmosphere. The sub-
ject of this paper is the formation by rotary forging, in air at
room temperature of high-density compacts of isotropic
melt spun ribbon using PTFE as a binder.

1I. EXPERIMENT Zone of Contact or 'Footprint

ot the Upper Tool on the

Melt spun flake material was mixed with 5, 10, and 15 Workptece

vol % PTFE powder using a powder blender. 15 g batches Plan Viev, of the
were loaded into the die cavity of a rotary forging machine Workpiece
(Fig. 1). The contact area between the upper tool and the
workpiece rotates around the top - ,trface, producing a shear- FIG. 1. A schematic representation of the rotary forgirg process.
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FIG. 4. The variation of magnetic properties with forging pressure for
MOI + 15 vol % PTFE compacts.

FIG 2. The effect of forging pressure on the volume fraction of MQI.

diameter. The cross head speed employed was 0.05 cm/min. maxima in volume fraction occur, values decrease due to the
The load required for fracture of the specimen was recorded onset of cracking at these pressures. The presence of cracks
on a chart recorder. means that, despite the probability of there being regions of

higher density within the compact, the overall density is
II1. RESULTS AND DISCUSSION lower than the maximum.

The effect of varying the forging pressure on the volume The traces shown ii1 Fig. 3 are consistent with the data

fraction of MQI within the compact is shown in Fig. 2. Rela- shown in Fig. 2. It can be seen that the higher the PTFE
content, the lower the porosity. This displacement of the

tive densities were determined by dividing the actual density pores by PTFE during forging accounts for the near-
by the theoretical maximum and converting to a percentage. equivalent volume fractions of M(I being obtainable in
The volume fraction of MOI was then calculated by multi-plyingotheerelativendensity b athehvolumecfractionyof ultiin compacts with higher PTFE content. From these investiga-plying the relative density by the volum e fraction of M QI in to s i p e r h t t e o t m m f ri g p e s r otions it appears that the optimum forging pressure for
the original composition. It can be seen from Fig. 2 that there MQI +5 vol % PTFE samples is 30 bars and for 10 and 15
is little difference in the maxima obtained for these three
compositions, the largest MQI content being 83.8±_0.5% for vlPF,4 as10olositFio nd the lt oet being 83.0.5% for 1The effect of varying the forging pressure on the mag-

vol % PTFE anetic properties of MQI+ 15 vol % PTFE compacts is shownvol % PTFE. in Fig. 4. It can be seen that, as expected, the remanence

For all three compositions, to the left of the maxima, the in f4Ic bs th t, as e e he ranencecurve follows the same trend as the volume fraction of MQI
lower volume fraction of MOI is due to the lower forging curve obtained for these compacts. Variations in the forgingpressureaiproducinghecompactstof lowertidensitytandfhence
pressure, producing compacts of lower density and hence pressure appear to have little effect on the coercivities of the
higher porosity. The porosity within the compacts for the compacts. The maxmum energy products are also shown
three compositions as a function of forging pressure is shown and it can be seen that the highest BH(max) obtained was
in Fig. 3. At forging pressures higher than those at which the -84 kJ/m 3 for samples forged at 40 bars.

A typical demagnetization loop for an MQI+ 15 vol %
PTFE magnet is shown in Fig. 5. A curve for an epoxy

20 bonded magnet of equivalent density is included for com-
0 5 vol% PrnE parison. Both magnets have comparable remanences but it

16- A - to vol% PrF can be seen that the epoxy bonded sample has a somewhat
---o- 15 vol% PTFE lower coercivity. This trend has been observed in aP the

S magnets tested, and could be due to possible modification of
- / the ribbon microstructure during forging.8 The energy prod-

8 , uct of the PTFE bonded magnet is slightly higher, 844-1
8- kJ/m3 compared to 81±1 kJ/m3 for the epoxy bonded mag-

A net.

Table I shows the load required for mechanical failure of
4--

PTFE, zinc, and epoxy bonded compacts. An MQI+15
vol % PTFE compact was also produced by compression

0- moulding at 3 tons/cm 2 but this crumbled prior to testing,
10 20 30 40 50 60 70

Forging Pressure (bar) exhibiting a much inferior mechanical integrity compared
with that of the rotary forged compacts. The zinc bonded

FIG. 3. T'he effect of forging pressure on the porosity content. sample was fabricated using an identical procedure to that of
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1ooo subsequent heat treatment of the PTFE bonded samples can

PTFE Bonded Magnet substantially improve their mechanical integrity i °

------- Epoxy Bonded Magnet H 800 IV. CONCLUSIONS
When PTFE is present during the rotary forging of MQI,

600 , it greatly increases the forgeability and also acts as a binder.
The PTFE content can be increased without loss of MQI

4 content due to the displacement of pores by the PTFE. Den-
sities of up to 98% of the fully dense composite can be
achieved resulting in energy products of up to 84 kJ/m 3 for
the isotropic ribbon.

-1000 -800 600 -400 -200 o The mechanical testing of compacts indicates that by
H (kA/m) increasing the PTFE content the mechanical integrity in-

creases. The non-heat-treated compacts, however, are not as
strong as either zinc or epoxy bonded compacts. Heat treat-

FIG. 5. Demagnetization curves for PITE and epoxy bonded magnets. ment of the PTFE bonded samples improves substantially
their mechanical strength.
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Evidence of domain-wall pinning in W-doped (NdDy)(FeCo)B sintered
magnets
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Addition of tungsten (1-2 at. %) is very effective in improving coercivity of (Nd,Dy)-(Fe,Co)-B
sintered magnets both at room temperature and elevated temperatures in addition to improving
thermal stability. Transmission electron microscopy shows that there exists a WFeB precipitate
phase inside the Nd 2Fe14B (2-14-1) matrix grain. The WFeB phase is plateletlike, and occasionally
appears to have its largest dimension running parallel to the c axis of the 2-14-1 matrix phase. The
orientation relationship between the WFeB precipitate and the matrix is found to be
(102)wFpBaI(220)2.i4.1, and [010]WFeBL[002]2.i4.i. Domain walls jump from a position alongside the
WFeB particles to a new position alongside others upon turning on magnetic field of the objective
lens, as evidenced by Lorentz microscopy, denoting the ability of domain-wall pinning by the strain
field around the WFeB precipitate. As a result, this provides extra hindrance to domain-wall motion
and leads to enhanced coercivity and thermal stability, particularly at elevated temperatures.

I. INTRODUCTION between 25 and 150 'C by a B-H tracer after specimens were

The high-temperature properties of Nd-Fe-B magnets magnetized by a 5 T pulse field. The microstructure wasThe ightemeraure roprtis o Nd-e-Bmagets studied by transmission electron microscop in a JEOL 2000
have been found to improve dramatically by doping with ys i n transmission electron microscopy (TEM2

some elements. 1- 4 When alloying both Co and Dy in the FX scanning transmission electron microscope (STEM)

Nd-Fe-B magnets, addition of a third element such as Al, Ga, equipped with a LINK AN10000 energy dispersive x-ray

Nb, V, or Mo has been studied extensively and was shown to analyzer.

be effective in improving high-temperature magnetic proper-
ties of Nd-Dy-Fe-Co-B magnets. 4- 6 The Nb-rich precipitates III. RESULTS AND DISCUSSION
dispersed in the matrix were suggested to be responsible for Figure 1 shows coercivity versus temperature, up
the coercivity increase of Nb-containing magnets.7 The com- to 150 'C, for the optimally heat-treated
bined substitutions of (Nb,Ga) or (Nb,Al) for partial Fe con- Nd 14Dy 1.5Fe7 1 _xCo6WxB 7.5 (x =0, the blank, and x =2) mag-
tent are effective in reducing the irreversible thermal loss and nets. The W-containing alloy shows remarkable intrinsic co-
tile temperature coefficient of remanence.8 Sagawa et al. and ercivity (iHc) as compared to the blank alloy. Furthermore,
Hirosawa et al. have shown that the addition of V or Mo is iHc values of the W-containing alloy are twice as large as
effective in improving the thermal stability of sintered Nd- that of blank alloy even at temperatures higher than 100 °C.
Fe-B magnets, and a working temperature of over 200 C It was speculated that the increased coercivity and ther-
may be possible. 5' 6  mal stability might be due to an intrinsic enhancement of

The effect of W addition on magnetic properties of Nd-
Dy-Fe-Co-B magnets have been reported by us in a previous
paper.9 The observation of W-rich inclusions and precipitates
in W-containing Nd-Fe-B magnets has also been reported 25

elsewhere.' 0 However, the crystallographic relationship be-
tween these precipitates and the matrix phase has never been 20-0. -0
studied. In this paper, the results of microstructure study of - .'-2

W-containing magnets are presented and the reason for en- 15

hanced coercivity is delineated.

10

II. EXPERIMENT

Alloy ingots of Nd 14Dy 15Fe 71 -xCO6WB 7 5 (x=0 or 2) 5 0
were prepared by induction melting under Ar protection, then
made into sintered magnets (sintering at 1090 'C for 1 h) and 0

heat treated (at 900 'C for 2 h then 550 'C for 1 h) under Ar 0 2 50 75 100 125 1s0 175

atmosphere by conventional powder metallurgy processes as

described in the previous paper.9 Magnetic properties of sin- FIG. 1. Coercivity of sintered Nd 14Dy 1 FC7 1 -WCo6B7 5 magnets (x=0,
tered specimens were isothermally measured at temperatures the blank alloy, and x =2) vs temperature.
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FIG. 2. WFcB platelet precipitates dispersed in Nd2Fc14B matrix of a 2
at. % W-containing sintered magnet, the inset is the microdiffraction pattern
(the marker=200 nm).

FIG. 3. Large inclusion phase on the grain boundary (the marker=2 am).

magnetocrystalline anisotropy field (HA) arising from W al-
loying. However, experiments on HA for both the blank and believed to precipitate out of supersaturated W-containing
the 2% W-containing alloys showed the same value of 7.8 T. matrix phase during the heat-treatment stage (900-550 'C).
That is to say, the improvement might be due to extrinsic It was occasionally observed that the largest dimension
reasons. o hs ust ~ A

It has been reported that W is not completely dissolved precipitates runs parallel to the c axis of the 2-14-1
into hatrix 2bee 1 r pse, han W incmleteissd phase, as identified by the electron-diffraction pattern taken

into the matrix 2-14-1 phase, and W-rich inclusions and pre- from the matrix phase near the precipitate (Fig. 4). The pre-
cipitates exist in the W-containing magnets.9 '0 In other re- ferred orientation of the precipitate thus results in aligning
ports in which V- or Mo-containing Nd-Dy-Fe-Co-B alloys their largest dimension parallel to the domain wall, as shown
were studied, V2FeB 2 or Mo 2FeB 2 phases were observed, in Fig. 5(a). Therefore the precipitates can very effectively
respectively. 2 ho act as domain-wall-pinning sites, as clearly shown by the

Figure 2 shows the platelet precipitates dispersed inside Lorentz microscopy micrographs in Figs. 5(a) and 5(b). In
the 2-14-1 matrix grains of W-containing magnet. Since the the micrograph shown in Fig. 5(a), taken with the TEM
precipitates are generally smaller than 200 nm in thickness, specimen experiencing virtually no externally applied field,
the microdiffraction method, in which a focused electron the domain wall (white line in the middle of the micrograph)
probe is used to acquire the diffraction patterns, was per- is straight and sits alongside two precipitates (arrowed). The

formed in order to reduce the contribution from the sur- micrograph in Fig. 5(b) is taken after turning on the objective
rounding 2-14-1 matrix phase. The precipitates were indexed lens of the electron microscope; the domain-wall jumps left
as orthorhombic W-Fe-B (1-1-1) phase with lattice param- over the middle larger precipitate and bowed around the
eters a =0.582 nm, b =0.316 nm, and c=0.681 nm. A dif- other precipitates (arrowed). Thus the dispersed platelet pre-
fraction pattern is shown as the inset of Fig. 2. By analyzing cipitates are effective as domain-wall-pinning sites. How-
diffraction patterns taken from the junction between the pre-
cipitate and matrix phase, it is found that there exists an
orientation relationship between them, that is

(1 0 2)wreB1I(2 2 0)2.14. (1)

[0 1 0]wFeBII[O 0 212.14.1. (2)

Crystallographically, the platelet precipitate is found to
be identical to the larger W-containing inclusions present at
grain boundaries, even though their dimension is one order
of magnitude larger and their morphologies are quite differ-
ent from each other. The inclusions on the grain boundaries
are usually equiaxed as shown in Fig. 3. These two kinds of
particles- are suggested to appear at different stages in the
manufacturing processes. The inclusions are the broken bits
of W-rich dendrite in the cast ingot as evidenced by an opti- FIG. 4. The electron-diffraction pattern taken from the matrix phase near the
,cal microscope. The platelets inside the matrix grains are WFeB precipitate (the marker=200 rm).
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F (IV. CONCLUSIONS

Coercivity of (Nd,Dy)-(Fe,Co)-B sintered magnets, both
at room temperature and elevated temperatures, and thermal
stability can be very effectively improved by the addition of
tungsten (1-2 at. %). Transmission electron microscopy

studies show that there exists a WFeB precipitate phase in-
side the Nd2Fe14B (2-14-1) mttrix grain. The WFeB phase is
plateletlike, and occasionally appears to have its largest di-
mension running parallel to the c axis of the 2-14-1 matrix
phase. The orientation relationship between the WFeB pre-
cipitate and the matrix is found to be (102)WFB1J(220)2.14.1,

and [010]wFBII[002]2.14.1. Domain walls jump from a posi-
tion alongside the WFeB particles to a new position along-

)! itside other WFeB particles upon turning on magnetic field of
the objective lens, as evidenced by Lorentz microscopy, de-
noting the ability of domain-wall pinning by the strain field
around the WFeB precipitate. Consequently, this refractory
precipitate provides extra hindrance to domain-wall motion
and leads to enhanced coercivity and thermal stability, par-
ticularly at elevated temperatures.
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The magnetic properties of the tetragonal ThMnl 2-type RCo10 Mo 2 compounds have been
investigated by means of magnetic measurement and x-ray diffraction. It is found that the Co
moment is roughly the same in all RCo10Mo 2 compounds (0.9 BICo), excepting CeCooMo 2 (0.7
xtBICo). It is also found that the Co sublattice displays easy c-axis magnetization. Nonaxial behavior
at room temperature is observed only for SmCo0 Mo 2, whereas in ErCo 0Mo 2 a spin reorientation
occurs from axial to planar magnetization upon cooling below Tsr=125 K. These results suggest
that the A° term, mainly responsible for the rare-earth-sublattice anisotropy has the same sign as in
the R2 Fel4B series (A°>0). This is in contrast to other ThMn 12-type compounds (RFeloV2 , RFelTi)
where it is generally assumed that AO<O. The inteisublattice coupling of ErCo10MO2 has been
determined by means of the high-field free-powder method.

I. INTRODUCTION Ill. EXPERIMENTAL RESULTS

Many novel Fe-rich rare-earth-based permanent-magnet From x-ray-diffraction experiments on magnetically
materials have comparatively low Curie temperatures and aligned powders, it was derived that at room temperature the
hence require Co substitution for Curie temperature enhance- easy-magnetic direction in the RCo 0 Mo2 compounds is par-
ment. Well-known examples are Nd 2Fe1 4B, SmFelTi, and allel to the c-axis. The only exception is SmCo10 Mo2 where
SmFe10Mo,. In order to study the effect of Co substitution the easy-magnetization direction is perpendicular to the
on Curie temperature, magnetization, intersublattice- c-axis. These results confirm earlier observations by Xu and
coupling constant, and anisotropy field in RFe10Mo 2 com- Shaheen.2

pounds, we have studied the magnetic properties of the ac-susceptibility measurements show no temperature-
RCo1 0 Mo2 series in pure form. induced spin reorientations except in ErCo10 Mo2 and

Er0 8Y0 2Co1 Mo 2 (see Fig. 1). The sharp cusp observed for

II. EXPERIMENT

Te compounds of the RCo,0 Mo, type were prepared by
arc-raelting stoichiometric mixtures of the metallic constitu-
ents of at least 99.9% purity. After arc melting, the polycrys-
talline specimens were wrapped in tantalum foil, sealed into
evacuated quartz tubes, and annealed at 1000 'C for 4 weeks.
The samples were quickly cooled to room temperature after
annealing by breaking the quartz tubes under water. Subse-
quently, the samples were investigated by x-ray powder dif- c.

fraction and found to be approximately single phase. The 'S
x-ray patterns were indexed on the basis of the ThMn 12-type u/ '.

of structure. For each compound, the free-powder magneti- X

zation was measured at 4.2 K as a function of applied mag- ....

netic fields up to 35 T, using the High-Field Installation at _ , _ , _
the University of Amsterdam.' In order to investigate the 0 100 200 300
presence of spin-reorientation transitions between 4.2 K and I (K)
room temperature, ac-susceptibility measurements were FIG. 1. Temperature dependence of the ac susceptibility for ErColoMo 2

made on several compounds in the RCooMo2 series. (solid line) and Ero8 Y0 2 Co10 Mo 2 (dashed line)
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FIG. 2. Magne.ic isotherms at 4.2 K measured on magnetically aligned FIG. 3. Magnetic isotherms at 4.2 K of RCo10MO2 compounds (R =Gd, Tb,
powders of PrCo1 0Mo2 and NdCo1 0Mo 2. Open circles correspond to the Dy, Ho, and Er) measured on powder particles that are free to rotate in the
field parallel to she alignment direction and filled circles to perpendicular to sample holder.
the alignment direction.

sublattice since Ce is tetravalent and Gd is an S-state ion.
both materials is taken as evidence of spin reorientations The deviating valence of Ce follows from the lattice con-
from ML c (at low temperature) to MIIc (at high tempera- stants.
ture), at 1'25 K in ErCo1oM0 2 and at 115 K in In order to obtain experimental information on theEro.sYo.zCOloMO2 . From the magnetic measurements onRC0 0M0 2  co m po unds by Xu and Shaheen,2 it can be de- intersublattice-coupling strength we have studied how the

R~o1Mo2compund by u ad Sahee, 2 t ca bede- low-field ferromagnetic state is affected by an applied field
rived that the moments of the light rare earths couple parallel by erromagnetizatis affee sngaplie

to the Co moments and that the moments of the heavy rare by measuring the magnetization of free single-crystalline
earths couple antiparallel to the Co moments, as is usually powder particles of the compounds formed with the heavyosertheo 3  Tiralee o the ntsasistuuall rare earths in applied fields up to 35 T. Results obtained on
observed. Therefore no information on the intersublattice the RCo01Mo2 compounds with R =Gd, Th, Dy, Ho, and Er
coupling strength can be derived by means of the high-fieldfreepower (FFP mehod .5 or te cmponds iththe are shown in Fig. 3. The observation that the magnetic iso-
free-powder (HFFP) method4 5 for the compounds with therms pass almost through the origin for the compoundslight-rare-earth elements. The isotherms of these compounds with R =Th, Dy, Ho, and Er means that the R-sublattice

were therfore studied only in fields up to 20 T. m it i MH and E Co-sublattice

The magnetization at 4.2 K of magnetically aligned magnetization M R and the Co-sublattice magnetization Mco
powders of ?rCo1M02 and NdCotM0 2 is shown in Fig. 2. are nearly equal to each other in these materials.
powers nofro Meld Band orCoMo2 iquls shoi l In practically all R-T intermetallics previously investi-
The anisotropy field BA for PrCo 10Mo 2 equals approximately gated by means of the HFFP method,5 the T-sublattice an-
25 T. In NdCo Mon2 there is a field-induced change of the isotropy is much smaller than the R-sublattice anisotropy. In
magnetization direction, the critical field being equal to these cases, the former can be ignored and the R-sublattice

The saturation moments M(0) at 4.2 K were derived magnetization can be parallel to the easy-magnetization di-
fmThe fatree-powdermagnetation cus b) aderaiod rection and to remain so during the bending process. The freefrom the free-powder magnetization curves by extrapolation eeg sgvnb

to B =0. These values ar listed in Table I. The anisotropy in energy is given by
CeCotoMo2 and GdCot 0Mo2 is predominantly that of the Co

E=E n"+Eco+nlRCoMRMCo cos a-BM. (1)

TABLE I. Magnetic properties of RCo10 Mo2 compounds The magnetization M is given by M R= (M C+ o

Compounds M(0) M Aco + 2MRMCo cos oC)t1 2.
In deriving the magnetization by minimizing the free

YCo 0Mo2  8.5 0 8.5 energy, only the last two terms in Eq. (1) need to be taken
CeCooMo 2  6.5 0 6.5 into consideration. In this case, the intersublattice-coupling
PrCoMo 11.2constant nRT can be obtained straightforwardly from the
NdCoIoMo 2  106 3.2 7.4
SmCoIoMoZ 95 0.7 8 8 magnetization in the region where the bending process from
GdCo1oMo 2  1.9 7.0 7.0__1.9 the ferrimagnetic configuration to the forced ferromagnetic
TbCooMo z  0.1 9.0 9 0-.0.1 state occurs (nRT= [MIB]-).DyCo1 oMo2  0.3 10.0 10.0__0.3 In the RCo10Mo2 compounds, however, it is no longerHoCoj0Mo, 0.3 10.0 10.0±0.3
Er0 8Y0 2CoMo2  1.4 7.2 7 2±1 4 legitimate to neglect the Co-sublattice anisotropy. If only the
ErCo 0MO2  0.0 9.0 9.0 first-order anisotropy constants K n and Kc ° are taken into

account, the free-energy expression reads
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FIG. 5. (a) Comparison of the experimental and calculated magnetizations

(2) of ErCooMo 2 (b) calculated field dependence of the orientations of the Er-

The angles 0 and a are defined in Fig. 4. Due to the presence and Co-sublattice moments.

of the two anisotropy terms in Eq. (2) neither of the two
sublattice magnetizations will remain oriented along the cor- It should be mentioned that in order to obtain the infor-
responding easy-axis direction during the process that the mation about the magnetic coupling between R and Co sub-
two sublattice magnetizations bend towards each other under lattices for the other RCo10Mo 2 compounds, all the magne-
influence of the external field. This leads to a nonlinear be- tization curves shown in Fig. 2 should be analyzed taking
havior of the magnetic isotherm 0,11  into account the anisotropy of the two sublattices. This

By minimizing the free energy given in Eq. (2), the fol- analysis which presently is carried out may be very different
lowing expression for the magnetization can be derived: for the different rare-earth ions. For instance, for R=Ho,

B 2KAKB high-order anisotropy constants have to be taken into ac-
aoSa, (3) count.
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Magnetic hardening by crystallization of amorphous precursors using very
high heating rates
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The dependence of the treatment parameters of the coercivity of PrNdFeB samples prepared by
crystallization of melt spun amorphous precursors is investigated. The crystallization treatments
were carried out at high temperatures and using very high heating rates ("flash crystallization").
From the analysis of the temperature dependence of the critical field of the samples, it is concluded
that this kind of crystallization treatment leads to very fine and homogeneous microstructures which
result in a significant enhancement of the hard magnetic properties.

I. INTRODUCTION densities J, typically in the range from 1.6 to 1.9X103
The crystallization of amorphous alloys is usually de- A cm - 2 and pulse time widths tx, going from 1 to 12 s, were

scribed by specifying the fraction of material which is trans- used. In order to protect the samples, and also to improve the
formed either after a certain time at a given temperature (iso- homogeneity of the temperatures distribution, the flakes of
formd eithrftra tatin t at a gen tmerahtu e the amorphous precursors were wrapped in a Ta foil which,
thermal crystallization) or after a certain time when the in turn, was electrically isolated from the heating elements
material is heated up at a constant rate (continuous heating by means of mica foils. The whole setup was maintained
crystallization).' Nevertheless, for a given percentage of b y a micatosphere
transformed material and depending on the concrete values under dynamic Ar atmosphere.
of the treatment parameters, both the phase distribution and In Fig. 2 we present the time evolution of the tempera-
especially the microstructure of the crystallization product ture of the samples (measured by means of a low-mass ther-
can be significantly different.2 This is due to the different mocouple which was in good thermal contact with the Ta
kineti 's of the elemental processes (i.e., nucleation and grain foil) when 16 A current pulses flow through the heating ele-

growth) involved in the crystallization and has a very inter- ments (cross section 0.01 cm2) for different pulse widths t.
esting consequence: the possibility of optimizing the hyster- The maximum temperature Tw achieved for the different
etic properties of the crystallized material, which depend to 1200 C in the case of the 8 s, 19 A pulse). The maximum
very sensitively on the microstructure. As it is shown in a
previous work, 2 the use of high heating rates up to the treat- heating rate (approximately 15 000 °C min - ) was achieved

ment temperature allowed, in the case of NdDyFeB melt 2.5 s after the beginning of the pulse. The inset in this figure
spun samples, optimizes the phase distribution of the crystal- p a
lization product through the inhibition of the precipitation of t70o for which the temperature of the sample was above

the excess of a-Fe. Also, the accomplishment of crystalliza- 700 'C (slightly above the temperature of the peak associated

tion at high temperatures favors the increase of the nucle- to the second crystallization stage as measured from DSC

ation, which results in homogeneous inicrostructures. t In the thermograms carried out at 160 'C min-). Since, due to the

present work, the coercivity of amorphous melt spun dissipation characteristics of the system, the T vs t curves of
all the different treatments showed the same the initial heat-

PrNdFeB samples crystallized by using a high heating rate ing regime, in the following we will use t700 in addition to J,
and short-time anneals ("flash crystallization") is experi- (or, equivalently, the current intensity I) to characterize our
mentally studied and correlated to the treatment parameters. flash crystallization treatments.

II. EXPERIMENTAL RESULTS AND DISCUSSION

Samples with nominal composition Nd9Pr6Fe76B9 were Low mass thermocouple
prepared by means of the single roller melt spinning tech-
nique (tangential speed of the roller, 20 m s-1). According to
x-ray diffraction (XRD) the as-quenched samples were amor- Elects urent

phous. From differential scanning calorimetry (DSC) ther- Micapulses

mograms carried out at 160 'C min- t, two consecutive crys- Sample
tallization stages, respectively, taking place at 620 and
690 'C were observed. The crystallization product consisted Khantal ribbons Electric current
of a majority 2:14:1 phase. pulses

The flash crystallization treatments were carried out by I (A) t T
sandwiching some flakes of the amoiphous precursor in be- [ .
tween two ribbons of resistive alloy through which it was
possible to flow electric current pulses (see Fig. 1). Current FIG. 1. Setup used for the flash crystallization treatments
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FIG. 2. Temperature of the samples vs time obtained with 1,=16 A and
different pulse widths tx.

The microstructure of the crystallized samples was de-
pendent on the treatment parameters. For short-time, low in-
tensity pulses, the samples were partially crystalline (accord-
ing to the XRD) as one would expect from the increase with
increasing heating rate of the crystallization processes.3 A
scanning electron micrograph (SEM) of a typical fresh frac-
ture surface taken in the sample crystallized by using 16 A
for 4 s is shown in Fig. 3(a). In it an inhomogeneous two-
phase microstructure characterized by the presence of voids
and domes can be observed. In contrast with this, the
samples treated by means of longer pulses were fully crys-
tallized, a homogenous microstructure [similar to that shown (b)

in Fig. 3(b)] being observed.
The study of the hysteretic properties of the samples was FIG. 3. (a) SEM micrograph of the fresh fracture surface of a sample treated

carried out by means of a SQUID magnetometer. Since our for t.= 4 s with I= 16 A. (b) SEM micrograph of the fresh fracture surface

samples were isotropic, some reversible demagnetization oc- of a sample treated for t,= 12 s with 1,= 16 A.

curred along the branches of the hysteresis loops correspond-
ing to the first and second quadrants. Then, and in order to
characterize the irreversible demagnetization, we considered field and the saturation magnetization of the samples at a
the so-called critical field H,,it, defined as the demagnetiza- given temperature; aV reflects the influence on coercivity of

tion field for which the maximum susceptibility is observed. the easy axes misalignment; aK is related to the local reduc-

In Fig. 4 we have plotted the dependence on t70 of the tion of anisotropy at the defects and Neff gives the magnitude

room-temperature critical field. From this figure it is possible of the stray fields originated by the inhomogeneities in the

to observe that the critical field of the fully crystallized distribution of magnetization. In samples with strong inter-

samples decreases with the increase of t 70o . The deterioration
of the critical field was basically related to the a-Fe segre-
gation (which increases with TAf). Slightly lower values of 2,5

the critical field than those achieved for the samples treated 846°C 7900 
TM

with t7oo-4 s were obtained for the samples crystallized by 51
0 c

means of the shortest current pulses, which were only partly 2.0980
crystalline.4 The optimum magnetic hardness corresponded
to the samples treated with t 7oo=4 s, which were completely ,5s 120ooc

crystallized and presented a critical field of 22 kOe.
The temperature dependence of the critical field of the 1450oc

samples is shown in Fig. 5. We have analyzed these data in o.o ___
terms of the law proposed by Kromiiller, 5  0 412 16

t70 (s)

Hent = aq, aKHK( T) - NeffMs( T), (1)
FIG. 4. Dependence of the room-temperature critical field vs t 7oo for the

where HK(T) and MS(T) are, respectively, the anisotropy samples with optimum magnetic hardening.
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3:806 a 11-Ix =19 A
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FIG. 5. Temperature dependence of the critical field of the samples. 02 4 6 8 10

t 700 (S)

granular coupling, tl .. gnetization reversal proceeds from
those grains whose orientation with respect to the applied FIG. 7. (a) Variation of aK with t700. (b) Variation of N,, with t7 o.

field has associated the lowest critical field. In this case aq,
can be replaced by its minimum value aqmi, which depends treatments carried out by using 16 A current originated larger
on the anisotropy constants as reported in Ref. 5. Consider- deteriorations of the local anisotropy than those correspond-
ing this, from the fits of the experimental results for Hrit(T) ing to treatments carried out by means of 19 A pulses.
to Eq. (1) the parameters aK and N,ff can be obtained. Figure Finally, Neff increases with t 70o, which reflects the pro-
6 presents the results of these fits for the samples crystallized gressive evolution in shape of the hard phase grains 2 from
by means of I, = 19 A. These plots were carried out by taking rounded original nucleus (predominant in the partly crystal-
into account the temperature dependence of the anisotropy lized samples) to the well developed polyhedral grains with
field and magnetization of the Nd2Fe14B1 and Pr2Fe]4B1  edges and corners which can be observed2 in fully crystal-
phases reported in Refs. 5 and 6. lized samples. Also, the inhomogeneities of the microstruc-

The dependence of our results for aK and Nff on t700 is ture arising from the precipitation, for long t7 00 values, of
shown in Figs. 7(a) and 7(b), respectively. It is interesting to a-Fe contribute to the increase of that parameter.
see how aK presents a maximum value [only slightly lower To summarize, we can say that optimum critical fields
than the ideal value of Eq. (1) in the case of the samples with (larger than those achieved in as-quenched crystalline melt
optimum properties]. Also, and according to these results, the spun samples) can be obtained by flash crystallizing amor-

phous precursors using treatment times (t700) of the order of
a few seconds (long enough to complete the crystallization
and short enough to avoid significant a-Fe segregation).

2,5- 0

0 0 'M. T. Clavaguera-Mora, M. D. Bar6, S. Surifiach, J. A. Diego, J. M.
2,0 0 0 Gonzilez, and F. Cebollada, J. Magn. Magn. Mater. 104-107, 1179

0 0 180(
.1,5 0 0 0VE Martin, . Bernardi, J. Fidler,, F Cebollada, and J. M. Gonilez, J.

X10 O O 0 0 0 t,=4S Alloys Compounds 191, 127 (1993).
0 0 1300K 0 8s 3S. Surifiach, M. D. Bar6, M. T. Clavaguera-Mora, and N. Clavaguera, J
0,5- l Non-Cryst. Solids 58, 1201 (1993).

4j. M. Gonzilez, F. Cebollada, V E Martin, M. Leonato, D. Koeler, and M.
0,0 4 8 Seeger, J. Magn. Magn. Mater. 101, 397 (1991).5 H. Kronmuller, in Science and Technology of Nanostructured Magnetic

aOVHK/MS Materials, edited by G. C. Hadjipanayis and G. A. Prinz (Plenum, New

York, 1991)
FIG. 6. Plot of the experimental HInt(T) data in terms of Eq. (1). 6D. W Taylor, Ph.D. thesis, INP Grenoble, 1992.
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Magnetic phase diagrams of YCo4B-based components
Z. G. Zhao, R. de Boer, and K. H. J. Buschow
Van der Waals-Zeeman Laboratory, University of Amsterdam, Valckenierstraat 65, 1018 XE Amsterdam,
The Netherlands

Y. R Ge and J. Y. Wang
Shenyang College of Architectural Engineering, Shenyang 110015, China

The magnetic properties of (YNd)Co4B, Y(Co,Fe) 4B, and YCo4(B,C) compounds have been
investigated. The spin-reorientation temperature of YCo4B increases with substitution of Nd for Y
and Fe for Co, but decreases with the replacement of B for C. The Curie temperature of YCo4B
decreases upon substitution of Nd for Y and C for B, whereas it increases upon the introduction of
Fe. The magnetic phase diagrams are given for (YNd)Co4B, Y(Co,Fe)4B, and YCo4(B,C). The
results show that the temperature range of the easy-axis anisotropy in YCo 4B is increased by C
substitution, and decreased by Nd and Fe substitution. The saturation magnetization of YCo4B
increases by the introduction of Nd and Fe. Substitution of C for B changes the magnetic moment
of Co only slightly. The magnetic anisotropy is increased by substitution of C for B.

I. INTRODUCTION

YCo4B and the corresponding pseudoternary compounds
crystallize in the CeCo4B-type structure, which is derived YixNdxCO 4 B

from the CaCu5 structure by partial substitution of B for Cox-O I

in every two Co layers.' The structure and the magnetic
properties of both Fe- and Co-based compounds of the x-O 2
CeCo4B type have been studied extensively in the past few -O

years -.cause of their potential of being used in permanent x-O 3

magnets.2-8 Previous results have shown that in YCo4B the
Co-sublattice anisotropy is complex at low temperature.5'8 In o

this compound, a spin-orientation occurs at about 150 K x-0 o
which has been attributed to a change of the easy-
magnetization direction of the Co sublattice from c axis at
high temperature to basal plane at low temperature. Another 0 100 200 300
anomaly is observed at about 60 K, the origin of which is (a) T [ K
still unknown. In order to understand the magnetic behavior
of the Co sublattice in this type of compound, we have per-
formed a detailed study of the magnetic phase diagrams of
(Y,Nd)Co 4B, Y(Co,Fe) 4B, and YCo4(B,C).

II. EXPERIMENTAL PROCEDURE Y-xNdXCo 4B

The compounds Yi-,NdxCo 4B (x=0.0,0.1,0.2,0.3), 2)
YCo4_,FeB (x=0.0,0.1,0.2,0.3,0.4), and YCo4B_xC.
(x=0.0,0.1,0.2,0.3), were prepared by melting in an arc fur-
nace in an argon atmosphere, followed by annealing in anatmosphere of highly purified argon at 900 0C for 2 weeks. xOL

x -02

Subsequently, the materials were quenched into ice water. u U]
X-ray-diffraction results showed that only negligible M.o
amounts of impurity phases were present.

The temperature dependence of the a.c. susceptibility X o
was measured on bulk samples in the temperature range from - 1
4.2 to 600 K. The high-field magnetization was measured at 270 300 330 360 390
4.2 K in the high-field facility at the University of Amster- (b) T [ K I
dam on magnetically aligned samples. These samples weie
prepared by mixing fine powder of the compound with epoxy
resin and letting the mixture subsequently solidify in a field FIG. 1. Temperature dependence of the a.c. susceptibility of YI- ,Nd Co4B
of about I T. compounds between (a) 4 2 and 300 K, and (b) 270 and 400 K.
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FIG. 2. Magnetic phase diagram of Yj -,Nd.Co 4B compounds. FIG. 4. Magnetic phase diagram of YCo4_,FexB compounds

III. EXPERIMENTAL RESULTS AND DISCUSSION gram of the (YNd)Co4B system constructed on the basis of

A. Y -. NdxCO4B these experimental results is shown in Fig. 2. The easy-axis
Substitution of Nd for Y markedly affects the anisotropy region is only found in the Y-rich part and its width decreases

of YCo4B. Figure 1 shows the temperature dependence of the strongly with increasing Nd content.

a.c. susceptibility of the Y, -.xNd.Co4B compounds. The spin
reorientation at 150 K in YCo4B and the anomaly around 60 B. YCo4 XFexB
K are both strongly influenced by the introduction of Nd.
The spin-reorientation temperature is found to increase with Substitution of Fe for Co in YCo4B strongly influences
increasing Nd content. In the sample with x = 0.3, the tran- the magnetic anisotropy of the 3d sublattice. Figure 3 shows
sition even occurs above room temperature, at 310 K. The the temperature dependence of the a.c. susceptibility of
anomaly at 60 K shifts to lower temperatures in a rather YCO4 ,Fe.B compounds between 4.2 and 300 K. The spin-
random way. The high-temperature parts of the a.c. suscep- reorientation temperature increases with increasing Fe con-

tibility show that the Curie temperature of YCo4B slightly tent and for x=0.2, no spin reorientation is observed up to
decreases from 375 K for YCo4B to 350 K for the Curie temperature. As YFe4B also has easy-plane mag-
Nd 0 3Y0 7Co4B.5 Since NdCo4B has easy-plane magnetiza- netization at room temperature, 7 this composition depen-
tion at room temperature,6 the magnetization in the Nd- dence of the transition temperature can be taken as evidence
containing compounds can also be expected to change from that the transition is from easy axis at high temperature to
easy axis at high temperature to easy plane at low tempera- easy plane at low temperature. Substitution of Fe for Co
ture. Therefore we tentatively conclude from the composition strongly enhances the easy-plane anisotropy. With increasing
dependence of the spin-reorientation temperature in the Fe content, the Curie temperature increases strongly from

Y, -. NdxCO4B system that the transition at 150 K in YCo4B 375 K for YCo4B to 490 K for YCo3.6Fe0 4B 7 This means

is also an axis-to-plane transition. The magnetic phase dia- that the 3d-3d exchange interaction is strongly increased

YCO4_FexB YCo4BixCx

to)

(1o (o

4.) 4.3

C C

x-O 2 -x=O 2

X --

33-0 I

LI U
ID (0

Xx..O 2 X-0 2

X--0 X.0
- II I

0 100 200 300 0 100 200 300
T [K ] T (K]

FIG. 3. Temperature dependence of ac susceptibility of YCo4_,FeB com- FIG. 5 Temperature dependence of the a c. susceptibility of YCo4B1 _ ,C.
pounds between 4.2 and 300 K. compounds between 4.2 and 300 K.
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upon the introduction of Fe. The manetic phase diagram in
Fig. 4 shows that the easy-axis region is small and restrictedto the Co-rich part. FIG. 7. Magnetization of YCo4 B1 -xCx compounds at 4.2 K for the ficld

parallel (0) and perpendicular (0) to the alignment direction.

C. YCo 4B, _ ,C, sured perpendicular to the alignment field (as for x = 0). It is
possible that this latter situation is realized in applied fields

The magnetic properties of the Co sublattice for YCo4B lower than those considered here with an intersection point
are also affected by substitution of C for B. Figure 5 shows between the isotherm below 1.3 T. It can be seen from Fig. 7
the temperature dependence of the a.c. susceptibility of that the saturation magnetization of the compound changes
YCo4Bt-xC, compounds with x=0.0, 0.1, and 0.2. Both only slightly with x. This is similar to what has been ob-
transitions in the compound with x=0.0 at 60 and 150 K served in the Nd2Co14(B,C) system.
move to lower temperatures for x = 0. 1 and then disappear
for x=0.2. In contrast to the types of substitution discussed 'Yu. B. Kuzma and N. S. Bilonizhko, Kristallographia 18, 710 (1973).
before, substitution of C and B enlarges the temperature 2 T. Dung, N. P. Thuy, N. M. Hong, and T. D. Hien, Phys. Status Solidi

A 106, 201 (1988).r- of easy-axis magnetization, which is favorable for ap- 3H. Ido, W. E. Wallace, T. Suzuki, S. F. Cheny, V. K. Sinha, and S. G.
plications. Substitution of C for B in YC04B causes the Curie ',ankar, J. Appl. Phys. 67, 4635 (1990).
temperature to first slightly increase for x = 0.1 and then to 411. Ido, K. Konno, S. F Cheng, W. E. Wallace, and S G Sankar, J. Appi

decrease for x > 0. 1. The pf 2se diagram of the YCo4(B,C) Phys. 67, 4638 (1990).
5Z. G. Zhao, Y.-P. Ge, J.-Y. Wang, X. K. Sun, and Y. C. Chuang, J. Magn.

system is shown in Fig. 6. Magn. Mater. 98, L231 (1991).
Thp magnetization curves are shown in Fig. 7. From the 6j..y. Wang, Z.-G. Zhao, Y.-P. Ge, X. K. Sun, and Y. C. Chuang, Phys.

lanar diagram shown in Fig. 6 one would have expected Status Solidi A 127, K61 (1991).
that the magnetic moment of the compound with x= 0.1 7y.p. Ge, Z.-B. Zhao, J.-Y. Wang, X. K. Sun, and Y. C. Chuang, Phys.

Status Solidi A 126, K177 (1991).
when measured in low fields applied parallel to the align- 8 Z. G. Zhao, S. J. Collocott, J. B. Dunlop, F. R. de Boer, X. K. Sun, and Y
ment direction would have been lower than the moment mea- C. Chuang, J. Appl. Phys. 73, 5920 (1993).
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A systematic study on stability of flux in Nd-Fe-B magnets consolidated
by direct joule heating

H. Fukunaga and H. Tomita
Faculty of Engineering, Nagasaki University, Nagasaki 852, Japan

M. Wada, F Yamashita, and T. Toshimura
Matsushita Electric Industry, Co., Ltd., Daito, Osaka 574, Japan

Magnetic aftereffect and irreversible flux loss at elevated temperatures were studied for fully dense
isotropic and anisotropic Nd-Fe-Co-B magnets consolidated from rapidly quenched powder by
d'rect joule heating. The consolidation process and the subsequent alignment of c axis do not affect
the aftereffect constant So, and the prepared magnets have roughly the same S, as a bonded magnet,
independent of coercivity at room temperature (650-1200 kA/m), exposure temperature
(60-120 'C), and anisotropy of the magnets. Thus the magnitude of the aftereffect is determined
mainly by the magnitude of the irreversible susceptibility Xin.. It was also clarified empirically that
the irreversible flux loss FL is proportional in magnitude to Xirr However, the slopes of the FL vs
Xir, line for isotropic magnets are much larger than those for the anisotropic ones. Thus FL can be
reduced by decreasing Xi, and/or making magnets anisotropic.

I. INTRODUCTION irreversible flux loss FL due to the exposure was determined

Although Nd-Fe-B based magnets have superior hard by

magnetic properties, the thermal stability of their magnetic FL = (,o- 41)/o, (1)
properties is poor compared with that of Sm-Co magnets where (Do and (1 are the flux values measured at room tem-
because of their low Curie temperature.' Improvements inthe heral tablityhav ben sudid byman auhor, 2 perature before and after the exposure, respectively [Fig.
the thermal stability have been studied by many authors 2  l(b)]. Hysteresis loops were traced with a computer-aided
and it has been clarified that rapidly quenched powder has hysteiesis tracer and the demagnetizing effect was corrected
smaller temperature dependences of coercivity and by using a Ni cylinder. The coercivity Hc(RT) and the rema-remanence. 3 Therefore utilization of rapidly quenched pow- nence Mr(RT) at room temperature are listed for the obtained

der would be one of the methods of improving their stability. nen Tat I. therreere steptbtata

Recently, two of the authors have developed a new method magnets in Table I. The irreversible susceptibility X.. at a
of preparing fully dense Nd-Fe-B magnets from rapidly working point was calculated by subtracting the reversible

quenched powder by direct joule heating. 4 The developed susceptibility from the total susceptibility Xtotal.
magnets, which consist of fine grains, exhibit smaller tem-

magets wichcosis o fie raisexhbi smllr tm- III. RESULTS AND DISCUSSION
perature variation of coercivity than conventional sintered
magnets. 4,5  Typical 6d observed in our specimens is shown in Fig. 2

Thus, in this study, the magnetic dfiereffect and the flux for an arisotropic magnet with H,.(RT)=990 kA/m. The
loss due to exposure at elevated temperatures were investi- magnetization decreases nearly linearly with the logarithm of
gated for Nd-Fe-Co-B magnets (H,=650-1200 kA/m) pre- ta between 0.2 and 10 h and a unique slope d(AI)/d(ln ta)
parea by the above-mentioned method. can be defined fcr each Ta. Figure 3 shows typical variation

of d(AI)/d(ln ta) as a function of H,(RT) for ISO-S and

II. EXPERIMENT ANISO-S specimens. The slope of the anisotropic specimens
at each Ta is smaller at Hc(RT)= 1200 kA/m than that of the

Fully dense anisotropic and isotropic magnets with a va-

riety of coercivities were consolidated from Ndi 4Fe73Co 7B6
rapidly quenched powder. Details of the preparation method Time
have been reported in the previous papers. 4' 6 Cylindrical T=Ta

specimens, 5 mm diamX6.6 mm long and 5 mm diamX4.1 /
mm long, were cut out of them. In this paper, anisotropic and Measurement
isotropic specimens are designated as "ANISO" and "ISO," (a) Magnetic Aftereffect
respectively, and '- -g and short specimens as "L" and "S,"

E T=Ta
respectively. Thts "ANISO-L" means a long anisotropic
s p e c im e n . T =R T

The specimens were first premagnetized in a pulse mag- - T=RT
netic field of 4 MA/m and were exposed at an elevated term- (b) Irreversible Flux Loss
perature Ta (60-120 °C). Then the decrease in magnetization
M due to magnetic aftereffect was measured with a flux FIG. 1. Schematic representation of measuring procedures of magnetic af-

meter as a function of the exposure time ta [Fig. l(a)]. The tereffect ai irreversible flux loss.
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TABLE I. Remanence and coercivity at room temperature of investigated [1x10- 3 j6  :isO-S6-nes 60-C 0 1o S
magnets. :ANISO~S

1 00oC Ax :lSO-S R

Specimens Remanence (T) Coercivity (kA/m) :ANISO-S \12 a .I'SO-S

ISO No. 1 0.76 680 4- 0 ANISOS \

ISO No. 2 0.82 950 \ \
ISO No. 3 0.84 1200 . ... \ \ \

ANISO No. 1 1.24 650
ANISO No. 2 1.22 990 2 2 "'v
ANISO No. 3 1.20 1200 50 "

600 800 1000 1200

isotropic ones. However, it increases markedly with a de- Coercivity HC(RT) [kA/m]

crease in HC(RT) and then becomes larger at HC(RT) = 1000
kA/m than that of isotropic ones when Ta = 100 and 120 C. FIG. 3. Typical variation of d(Al)/d(ln t) as a function of coercivity at
This behavior can be attributed to the fact that the working room temperature Hc(RT).
point of the anisotropic specimen with low HC(RT) moves
abruptly to a steep part of demagnetization curve from its flat
part with increasing Ta. Previously Nishio and Yamamoto 9 have reported that Sv

It has been proposed that Al can be expressed7'8 for of a Nd 12 2Fe77Co5 4B54 compression bonded magnet, which
specimens with a demagnetizing factor N as has nearly the same composition as ours, is between 2.6 and

AI=Sx 1 ,(ln ta-A)/(1 +XtotalL//0), (2) 3.1 kA/m in the temperature range of 20-125 C. The lines
corresponding to these values of S, are also shown in the

where S and A are th e aftereffect constant and the constant figure by broken lines. Our measured data roughly agree
related to the initial value of the magnetization, respectively. with the broken lines, which suggests that the consolidation
In general, St and Xirr depend on material, Ta, and the mag- of rapidly quenched powder and the subsequent alignment of
netization state of a specimen. In order to clarify which of S, c axis do not affect St, remarkably and that the prepared fully
and X, Irr is the dominant factor in affecting the magnitude of dense magnets preserve the value of S, of rapidly quenched
A, (+Xtiota,N/io)d(A)/d(ln ta) is plotted in Fig. 4 as a powder.
function of a. Figure 4 includes results obtained for isotro- The irreversible flux loss FL due to 1 h exposure at Ta is
pic as well as anisotropic specimens with various H 6(RT) shown in Fig. 5 as a function of Xi,. From an empirical point
(650-1200 kAm), Ta (60-120 iC), and lengths (4.1 and 6.6 of view, FL is proportional in magnitude to Xi, at each Ta.
mm). As clearly seen in the figure, Thus a decrease in X... reduces FL. Irreversible flux loss can
(1 +Xtota(N/y)d(AI)/d(ln ta) has strong correlation with Xr be attributed to magnetization reversals based on magnetic
and all the plotted points are near the one straight line indi- aftereffect and a reduction in H, at an elevated temperature.
cated by the solid line. Since the slope of the line corre- As the magnetization reversal due to magnetic aftereffect has
sponds to the value of S, as indicated in Eq. (2), this result
suggests that S, of our specimens is nearly constant, inde- Hc is also expected to correlate with X ue
pendent of H, , Ta, the alignment of c axis, and the length of
the specimens. Thus the magnjtude of magnetic aftereffect is
determined mainly by Xi,

(x1 0 - )  X * ANISO-S
" 10 +v ISO-S

- v 0 ANISO-L
...... ____,-,_,__ 1 o:ISO-L[X1021 ,. 8

V,~ 8
6 -

a , " , % / , S = 3 .1tkN m l

- "e4 //\, S 2.6[kWm

o0 60C,

.100'C +
0:120'C " C ,,'0 1 2 3
ANISO-S \, " [1x10-61
1 =990[kAm] 1a . Irreversible Suscepntvilhty X ,, [H/m]

01 1 10Exposure Time [hr]
FIG 4. (1+Xt,iN/uo)d(Al)/d(ln ta) for isotropic as well as anisotropic
specimens with various HC(RT), T,, and lengths, as a function of A,,. Solid

'9G. 2. Typical variation of -,',ii..:ation W, due to magneti; aftereffect as line. best-fit line for measured data, broken lines, lines corresponding to
a function of exposure t, S,-=2 .6 and 3.1 kA/m. The slopes of lines correspond to the values of S,
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1 : - S Lconsolidated 'ro, ,apidiy quenched powder by direct joule
a :ISO-L :ANISO-S 6000 heating. Although t'e magnitude of aftereffect varied with:ISO-S * 00SC coercivity, exposure temperature, anisotropy, and the shape

40 z :ISO-L 100O IC
V:S0-S of specimens, the unique aftereffect constant S, was ob-z+

120C ANISO-L served independently of these parameters. In addition, the
ANISO-S: observed St, agreed roughly with that reported previously for

-J
X ISO-L: 0 a bonded magnet. These results suggest that the consolida-x ' 120C ISO-S: +

,_0'- tion process and the subsequent alignment of c axis do not
B)2010000 ANISO-L' affect SV, and that the magnitude of the aftereffect is deter-

0D ANISO-S: 0 mined mainly by the irreversible susceptibility Xi.
> 60,"°600x The irreversible flux loss FL due to exposure at an el-

A I 200,C evated temperature was also proportional in magnitude to X,,

0which depends on the coercivity and the shape of specimens.

[1 X1 0_61 However, FL of the anisotropic specimens was much smaller
Irreversible Susceptibility X rr (H/m) than that of isotropic ones. Therefore FL is expected to be

reduced by decreasing Xi, and/or making magnets aniso-

FIG. 5. Irreversible flux loss FL due to exposure for 1 h at elevated tern- tropic.
peratures as a function of x,,. Solid lines: isotropic specimens, broken lines-
anisotropic specimens. 1 D. Li, H. F. Mildrum. and K. J. Strnat, J. Appl. Phys. 57, 4140 (1984)

2For example, M. ThKunaga, N. Meguro, M. Endoh, S. Tanigawa, and H.

It is also seen that FL can be reduced by making the Harada, IEEE Trais. Magn. MAG-21, 1964 (1985).
3J. J. Croat, J. F. Herbst, R W. Lee, and F. E. Pinkerton, J. Appl Phys. 55,magnets anisotropic. Large Mr(RT) of the anisotropic mag- 2074 (1984).

nets is partly respopz",;l- for this improvement because FL is 4 M. Wada and F. Yamashita, IEEE Trans. Magn. 26, 2601 (1990)

expressed after the "zation by the initial value of flux 5 H Fukunaga, T. Yoshimura, M. Wada, and F Yamashita, Digests of 14th

as indicated by Eq. Annual Conference of the Magnetic Society of Japan, lIpE-12, 1990 (un-
published).6 F. Yamashita and M. Wada, Digests of 14th Annual Conference of the

IV. CONCLUSIONS Magnetic Society of Japan, lpE-11, 1990 (unpublished).7 L. N~el, J. Phys. Rad. 11, 49 (1950).
Stability of flux at elevated temperatures was studied for 80. Yamada, Electrotechn. J. Jpn. 4, 119 (1958).

fully dense isotropic and anisotropic Nd-Fe-Co-B magnets 9H. Nishio and H. Yamamoto, J. Magn. Soc. Jpn. 16, 131 (1992)
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Studies of Mossbauer spectrum on Sm2(Fe,GaI 7C1 .5 alloy
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X-ray-diffraction patterns and M6ssbauer spectra of Sm 2(Fe,Ga) 17C1.5 alloys have been studied. The
results of x-ray-diffraction patterns and M6ssbauer spectra indicate that little a-Fe and carbonides
appear in Sm 2(Fe,Ga)17C1.5 alloys. The addition of a few Ga atoms show that the thermal stability
in Sm 2(Fe,Ga)17CI.5 alloys is getting better. Structural analyses indicate C atoms as interstitial atoms
occupying the 9d site. Ga atoms seem to substitute partially for Fe atoms and occupy preferentially
the 18h site.

I. INTRODUCTION room temperature were collected using a constant accelera-

The binary R2Fe17 compounds are not suitable for per- tion spectrometer with a source of 57Co (in Pd). The velocity

manent magnetic materials because of their low Curie tem- scale was calibrated using an a-Fe absorber at room tem-

perature and plane-preferred magnetocrystalline anisotropy. perature.

It has been recently shown that the presence of the interstitial
C atoms in R2Fe, 7 compounds gives rise to an increase of the III. RESULTS AND DISCUSSIONS

Curie temperature by more than 100 K compared with their X-ray-diffraction patterns indicated that the main phases
counterparts without carbon. 1,2 In particular, in the case of of all the samples is the 2:17 structure. Sm 2(FeGa)17 Ct 5
Sm 2FeTCx , a relatively high uniaxial crystal anisotropy and compounds crystallize in the rhombohedral Th2Zh 17-type
an anisotropy field of about 6 T were found at room tempera- structure (R3rm). The substitution of Fe with Ga results in a
ture for x = 1.3 But the carbon concentration was well below increase in the lattice constants. The results of x-ray diffrac-
x=2 in R2Fel 7Cx compounds achieved by arc melting.4'5  tion show the unit-cell volume of Sm 2(FeGa)17C,.5 linearly
Liao et al.6 reported that high carbon-containing R 2Fet 7Cx  increases with increasing Ga concentration.
(x=2.5) compounds were obtained by solid-gas phase reac- For some samples in Sm 2Fel7 Cx compounds with high
tion. Unfortunately, these carbides will decompose into the carbon concentration, the a-Fe also has to be taken into ac-
equilibrium phases RC and a-Fe on heating to 700 *C.7 Re- count. But here, the x-ray pattern (Fig. 1) shows a slight
cently, Shen and co-workers 8 have obtained R2Fet 7Cx (x =0- trace of a-Fe in the Sm 2(FeGa)17C, 5 compound. That is to
3.0) compounds by means of the melt-spinning method. say, the addition of the few Ga atoms in Sm 2(FeGa)17C 5
These carbides are highly stable at least at high temperature compounds will help to enhance a single phase in the car-
up to 1100 'C. Shen's results shows that a few Ga, Si, and Al bides of Sm,(FeGa)17Ct 5.
atoms substitutions for Fe can enhance the thermal stability
in Sm 2Fe, 7Cx alloys. In order to better undtrstand the influ-
ence of carbon and substitution atoms on the structure in
Sm 2Fel 7Cx alloys, we performed M6ssbauer spectra study of 303

melt-spun Sm 2(Fe,Ga) 2C, 5 alloys.

II. EXPERIMENTAL DETAILS

The alloy Sm 2Fel 7 _- xGaxC 15 (x= 1-6) was prepared by
melting of 99.9%-pure primary elements in argon atmo-
sphere. The buttons were melted at least three times to
achieve homogeneity. Then the alloy buttons weze annealed I ,
at 1000-1200 'C in vacuum for 50 h. Sm 2(FeGa)17C, 5 alloy .
buttons were melted and then made into ribbons by the melt- J.
spinning technique. The obtained ribbons were about 1 mm W L I
wide and 20-30 gm thick. X-ray-diffraction experiments 20 30 40 50 60 70 80

with Cu K,, radiation were made to determine the crystallo- 26
graphic structure. The 57Fe M6ssbauer spectra for
Sm 2Fe15GaC 1 5 compounds (a natural abundance Fe used) at FIG. 1. X-ray-diffraction pattern of Sm2 Fc15Ga 2Cj 5 compound (0 c-Fc)
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TABLE I. Hyperfine fields for each crystallographic site of the
Sm2Fe15 Ga 2C1 5 compound

6c (T) 9d (T) 18f, (T) 18f2 (T) 18h, (T) 18h 2 (T)

27.6 23.5 209 16.8 18.8 14.0

- . above-mentioned intensity ratios to the fitting. The hyperfine
fields for each crystallographic site of the Sm 2Fe15Ga 2C1 .5
compound are listed in Table I.

There is no doubt that the 6c dumbell site should ha,,e
the largest hyperfine field since it has the most Fe atoms, and

___ __ __ __ __ the fewest rare-earth neighbors. Similarly, the 18f site has a

-6.6 -3.0 0,0 3.0 5.0 9. larger hyperfine field than the 18h site. The 9d site can be

Velocity (n/1) distinguished by its intensity from the 18f and 18h sites.
Hence we find hyperfine fields for the different Fe sites that

FIG. 2. Mossbauer spectrum of Sm 2Fel5 Ga2C. 5 compound. decrease in the order 6c > 9d> 18f> 1 h.
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Low-temperature behavior of thermopower in rare-earth iron borides
R2Fe14B (R=Nd, Sm, Gd, Tb, Dy, Ho, Er)

R. R Pinto, M. E. Braga, M. M. Amado, and J. B. Sousa
Centro de Fisica da Universidade do Porto and IFIMUP-IMAT, Praqa Gomes Teixeira, 4000 Porto,
Portugal

K. H. J. Buschow
Philips Research Labora:ories, 5600 JA Eindhoven, The Netherlands

Recently it was shown that the electrical resistivity behaves anomalously both at low temperatures
and near the Curie point in rare-earth iron borides due to the subtle interplay between 4f and 3d
transition elements. Here a systematic experimental study on the behavior of the thermoelectric
power (S) of R2Fe1 4B compounds with heavy (R=Gd, Tb, Dy, Ho, Er) and light (Nd, Sm)
rare-earth elements is presented. Data for La 2Fel 4B, in the temperature range 10 K<T<350 K, is
also included for comparison. The results are consistent with the spin-mixing model for electron
scattering, with an intrinsic thermopower contribution related to Fe and a spin dependent impurity
scattering term related to the rare-earth magnetic ions. From the interplay of both terms we an get
maxima in S (for R =Td, Dy, Ho, Er samples) or minima (Gd, Nd, Sm) at low temperatures. The
data indicates the ultimate dominance of impurity scattering at low temperatures, producing a linear
variation in the magnetic thermopower (S). In La2Fel 4B, only the intrinsic effect is observed, and
S(T) does not follow a linear temperature dependence.

I. INTRODUCTION quantity S(T)Ip(T) for each sample. As can be seen from

Studies on R-Fe-B3 compounds generally deal with their the phenomenological transport equations, such quantity de-fodis n R- endspnouonthegcoss-tanslotdcoeficiethL wichii
magnetic properties for applications at room temperature and pends only on the cross-transport coefficient L 10, which is

above. These compounds, however, exhibit interesting ef- responsible for the appearance of any finite thermoelectric
fects in other physical properties, namely in transport phe- power:3

nomena, due to the subtle interplay between 4f and 3d tran- S(T) LIo(T)
sition elements. Recently, we have shown that the electrical p(T) T
resistivity behaves anomalously both at low temperatures
and near the Curie point. 1'2 The results on the behavior of the As shown in Fig. 3, all the S/p high-temperature data closely
thermoelectric power of R2Fe1 4B compounds is here re- approaches a common curve, indicating a similar behavior
ported, for the case of heavy (R =Gd, Tb, Dy, Ho, Er) and for all the samples in this temperature range. This quantity
light (Nd, Sm) rare earths, over the temperature range 10 affords a more direct comparison with simpler theoretical
K<T<350 K. For comparison we also include the data for expressions, obtained after the discarding of several scatter-
LaFel 4B. ing mechanisms which do not contribute to L 10 although

they give important effects in p.

II. RESULTS AND DISCUSSION

As shown in Figs. 1 and 2, the thermoelectric power (S)
is negative at high temperatures, exhibiting a flat curve from 1S

about 250 up to 350 K, with relatively large values, e.g., R=Er
S=-15 AtVK l for R=Gd and S=-17 /tVK - 1 for to0 R2Fe14 B

R=Sm.
Below -200 K the thermopower rises rapidly with the 5+ Tb

decrease of temperature, exhibiting characteristic maxima at
intermediate temperatures. For example, in Er2Fel4B we ob-
serve Smax'=10.5 tV K -1 at T=37.5 K.

In the heavy rare-earth samples with R =Tb, Dy, Ho, Er
(Fig. 2), and also in LaFe14 B, the thermoelectric power de-
creases monotonically from such maxima, towards vanishing -10
values at the lowest temperatures. In contrast, in the samples
with R =Gd, Sm, Nd, a more complex behavior occurs, lead-
ing to the appearance of a negative minimum at lower tem- -15 1

0 100 200 300
peratures. For example, in Gd 2Er 4B we have Smnn=- 2  T(K)

/WVK - 1at T=27 K.
We have also measured the electric resistivity in the FIG. 1. Temperature dependence of thie thermoelectric power for R2Fe14B

same samples, which enabled us to obtain the normalized (R=1h, Dy, Ho, Er) and La2Fe14B.
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f lead to small values, S -(k/e) (kT/EF) or S -(k/e) (A/EF),

since both the thermal (kT) and exchange (A) energies are

much smaller than the Fermi energy.
2e4 Large values of S at low temperatures, with sizable

maxima or minima before fading away at high temperatures,
occur frequently in ordered magnets caused by magnon scat-

-s tering (spin-flip relaxation time 7-1) in the particular cases
0where impurity scattering leads to different electron collision

0times for spin-up or -down diiections (r" = ) 4 6

.10 If the concentration of impurities is sufficiently large so
that relaxation of the electrons with respect to momentum
(causing electrical resistivity) occurs on the impurities, while
only energy relaxation occurs on the magnons, it can be

Sshown that:5'6

.20 S oc (,r, - r)T,
0 100 200 300T(K) S~ r - 1 ,

FIG, 2. Temperature dependence of the thermoelectric power for R2Fe, 4B where the first regime (Sco T) holds at low temperatures
(R=Nd, Sm, Gd). where rT, ir-T r (when a cutoff exists for electron-magnon

scattering, an exponential decrease of S takes over at still
lower temperatures). The second regime (SocT - 1) occurs

The low-temperature data shows a rapid rise of S with when the magnon scattering dominates over impurity scatter-
the increase of temperature, quickly reaching a maximum ing, rTj<rT, r1. The absolute value of S should then go
with relatively high values; for example, we have S = 11 through a maximum at intermediate temperatures, when
/V K- 1 in Er2Fe14B when T-35 K. These effects are not TjU- , V_7I.
due to the normal scattering mechanisms which invariably The r T* rj asymmetry, which is absolutely necessary to

produce large effects in S,5- 9 usually arises from the presence

0.4 of impurities causing spin-dependent s-s electron scatter-
ing, such as magnetic impurities or transition-metal

R. *RFe Bimpurities. 10-12 In addition, the intrinsically spin transitions
Er 2 14 at temperatures below the Curie point, caused by magnons as

jib well as by phonons, can play a role similar to the magnetic
0.2 impurities.

b J. B. Sousa, M. M. Amado, R. P. Pinto, V S. Amaral, and M E. Braga, J.
Phys. Condens. Matter 2, 7543 (1990).

2j. B. Sousa, M. M. Amado, R. P. Pinto, M. A. Salguciro, M E. Braga, and
DK. H. J. Buschow, J. Phys. Condens. Matter 3, 4119 (1991).

01 0 3 See, e.g., J M Ziman, Electrons and Phonons (Oxford University Press,
New York, 1960), Chap. VII.

'1'. Farrel and D. Greig J Phys. C 3, 138 (1970).
5J. Ya Korenblit and Yu. P. Lazarenko, JETP Let. 11, 236 (1979).

Nd 61. Ya. Korenblit and Yu P. Ltzarenko, Sov. Phys. JETP 33, 837 (1971).
7 L. Piraux, A. Fert, P A. Schroeder, R. Loloee, and P. Etienne, J. Magn.

-0.2 J Magn. Mater. 110, L247 (1992).
0 io0 T(K) 200 300 8T. Kasuya, Prog. Theor. Phys. 22, 227 (1959).

9 L. . Gurevich and G M. Nedlin, Soy. Phys. JETP 18, 396 (1964).
10 T Farrel and D Greig, J. Phys. C 1, 1359 (1968).

FIG. 3. Temperature dependence of S/p for R2Fej 4B (R =Nd, Sm, Gd, Tb, " A. Fert and 1. A. Campbell, J. Phys. F 6, 849 (1976).
Dy, Ho, Er). 12A. Fert, J. Phys. C 2, 1784 (1969).
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Effects of field orientation on field uniformity in permanent magnet
4I

structures
J. H. Jensen and M. G. Abele
Department of Radiology, New York University School of Medicine, New York, New York 10016

The effects of magnetic-field orientation are investigated for permanent magnet structures designed
for the generation of highly uniform fields. The structures considered are based on closed cavities
that produce exactly uniform internal fields. An open structure with an approximately uniform field
is obtained by removing part of the wall from such a cavity. This paper explores how the
magnetic-field uniformity depends on the field orientation relative to the opening. A yokeless,
cylindrical cavity that is opened at both ends is considered in detail with the field oriented both
perpendicular to and parallel to the cylinder's axis. The field uniformity is shown to be substantially
better for the perpendicular orientation. The leakage field outside the magnet is also contrasted for
the two cases.

I. INTRODUCTION The three constraints on J select, from the distributions pro-

A general approach for designing open permanent mag- ducing the specified field, the one with the greatest possible

net structures that generate highly uniform magnetic fields is figure of merit.
A perpendicular orientation, corresponding to the choiceto begin with a closed structure that generates an exactly perpnicula r rresdi the hoice

unifu n field in an internal cavity.' From the infinite variety H=H0 (sin oi+cos qlqi) for r<r1 , yields the distribution

of such closed structures, one may be selected to meet par- 2rjr 2

ticular design criteria. To open the structure, which is neces- J /oHO (sin qh'- cos ,qi/n), (1)
sary to allow access to the field, magnetic material is re-

moved from the cavity wall. This paper examines how the while the parallel orientation H=Hoi produces
character of the resulting approximately uniform field de- z 1
pends on the orientation of the field relative to the opening. J= iAo1 o l r- - r

A yokeless, cylindrical stiucture (Fig. 1) is used as a r lr 1)

prototype. If the cylinder is closed at both ends, the magne- ln(r 2 /r)
tization can be chosen, without changing the structure's ge- + 1)z. (2)
ometry, to produce a perfectly uniform magnetic field inside
the cavity oriented either perpendicular or parallel to the axis By truncating the cylinder at z = ± z 0 , an open structure,
of the cylinder and with no magnetic field outside the cylin- shown in Fig. 1, is obtained, having an approximately uni-
der. If the cylinder is then opened at both ends, the field will form internal field.2 This structure can also be properly con-
be approximately uniform in the center of the structure, but sidered the result of opening a finite closed cylinder, since
highly perturbed near the ends. There will also be a leakage end caps for the truncated cylinder can be designed that re-
field outside. store the perfect uniformity of the field.

The degree of uniformity in the center, the nature of the
perturbation at the end of the cylinder, and the amount of
leakage field is shown to be substantially different for the III. RESULTS
two orientations. In particular, the perpendicular orientation Since V.J=0, the magnetic charge density o- for the
gives a more uniform central field, btter end behavior, and structure is nonzero only on it's surface and is readily found,
less leakage field. These advantages of the perpendicular ori- for the two orientations, from Eqs. (1) and (2) using the
entation follow from general considerations and apply also to expression or=J.n, where n is an outward pointing unit vec-
structures of direct practical interest.

II. DESCRIPTION OF MODEL

Consider first an infinitely long cylinder of inner radius
r, and outer radius r2 . Assume magnetic material filling the
region between rt and r2 and having a magnetic polarization
density J(r, O,z), where (r, u/,z) are conventional cylindrical
coordinates taken relative to the cylinder's symmetry axis.
There is a unique choice of J that produces a uniform mag-
netic field H of specified magnitude and orientation in the 2z,

region r<rt and zero magnetic field for r>r2 , and that
obeys the constraints V.J=O, VXJ=O, and fJ.da=O, where FIG. 1. Yokeless, cylindrical magnetic structure of length 2zo. Magnetic

the integral is taken over the inner surface of the cylinder, material fills the region between r=r1 and r=r 2

J Appi Phys 76 (10), 15 November 1994 0021-8979/94/76(10)/6853/3/$6.00 © 1994 American Institute of Phy3ics 6853



" 2

-10 0 10 4 5
z/r, z/r,

FIG. 2. H/Ho on the z axis vs z/r, for r 2frl=2.0 and zo/rl=5.0. The 3 (
uniformity of the central field is better for the perpendicular orientation
(solid line) than for the parallel orientation (dotted line)./2 .o.3-

- 05-

tor perpendicular to the surface.1 The magnetostatic scalar - -"
potential (P at a point x is computed from the integral 1

(x)= da, (3) 03 4 5 6

taken over the surface of the structure, and the magnetic field z/r,
is calculated from H=-ViF.

FIG. 4. Equipotential lines for (a) the perpendicular orientation and (b) the
Figure 2 shows the magnetic field on the z axis, for the parallel orientation near the end of the magnet (V/=Tr/2). The lines are la-

two orientations, with r2lr ] =2.0 and zo1r 1 =5.0. For the per- beled with the value of ID/Horl.

pendicular case, the perpendicular component is plotted, and
for the parallel case the parallel component is plotted. The
central field for the perpendicular orientation is significantly
stronger and more uniform than for the parallel orientation. dinates (p,0,1), where p is the radial coordinate and 0 is the

Moreover, the field for the parallel case varies rapidly near angle to the z axis, the potential has the expansion, for p<r1,
the end of the structure, acquiring large negative values, X X
while the field for the perpendicular case falls monotonically ( f p' aoP,(cos O)+ E [a, cos(m~i)
to zero. 1=0

In Fig. 3, the magnitude of the field at the center of the
structure is given as a function of zo/r, for r2/r1 =2.0, show- +blm sin(m 1)]Pm(cos 0) (4)
ing that the field approaches its asymptotic value of Ho much
more slowly for the parallel orientation. In Fig. 4, equipoten- 2
tial lines near the structure's end, in the two-dimensional and for p>(zo+r)t/2 ,
cross section corresponding to O'= 7T/2, are illustrated for the
two orientations. For the parallel orientation a saddle point q= p-(+)ct°P,(cos 9)+ [ct,, cos(m/)
occurs near (r/rt=0.0, z/rt=4.0). 1=0 n=t

Both inside and outside the cylinder, the potential can be
expanded in spherical harmonics. Introducing spherical coor- +dim sin(rinP)]P"(cos 0)}, (5)

where P, and P' are Legendre functions. Using symmetry
arguments, all the coefficients for the parallel case can be
shown to vanish except the a10 and clo with odd 1. In Ref. 1,
it is demonstrated for the perpendicular case that the only

0.5- tnonzero coefficients are the bl with odd 1 and the dil with
odd 1 and 10 1.

Tables I and II show expansion coefficients for 1= 1, 3,
and 5 with r 2/r I =2.0 and zo/r I = 5.0. For an exactly uniform

0.0 0 5_ ,. 0, field, the only nonzero coefficients would be bit -H o , for
zo/r, the perpendicular case, and a 10 = -H o , for the parallel case.

Deviations from these values represent perturbations caused
FIG. 3 HIHI at the center of the magnet vs zo/ri for r2lrl=2.0. H/H0  by the opening.
approaches its asymptotic value of 1 0 more rapidly for the perpendicular Aside from the bl, and ale, the magnitudes of cotre-
orientation (solid line) than for the parallel orientation (dotted tine). sponding coefficients having the same I value are much

6854 J. Appl Phys., Vol 76, No. 10, 15 November 1994 J H Jensen and M. G. Abele



TABLE I. Expansion coefficients for perpendicular orientation (r21rI = 2.0, the potential is most rapid, as is reasonable, near the opening,
zolrl=5.0). the magnitude of the field there exceeds the value at the

m/[center of the structure.
I__In___________________________ Since end caps designed to close the structure and re-
1 1 0.998 0 store the perfect field uniformity would have to generate a3 1 - 1.2 x10 -4  

5.0
3 -5.2X10 -6  2.4×102 stronger near field for the parallel orientation than for the5__-5.2X_10-6________ perpendicular orientation, it should be expected that the far

field from such end caps also be stronger for the parallel
case. Thus the greater distortion found in the central region
for the parallel case may be regarded as a consequence of

greater for the parallel orientation than for the perpendicular orienting the field in the parallel direction.
orientation. In particular, the coefficients show that the uni- The vanishing of the dipole moment for the perpendicu-
formity in the central region is about 40X better for the lar orientation is not unique to the model considered here,
perpendicular case. In addition, since the d1l coefficient van- but occurs generally for any cylindrical, yokeless structure
ishes for the perpendicular orientation, the leakage field has where J is independent of z and perpendicular to i. Since
an octupole character and decays as p-5, while the field for these conditions can only be met for a perpendicularly ori-
the parallel case is of dipole character and decays as p

- 3. ented field, the zero dipole moment obtained for the perpen-
dicular case can, in a sense, be attributed to the field's orien-
tation.

Field orientation effects similar to those demonstrated
IV. DISCUSSION for the truncated cylinder of this paper should also apply to

other yokeless structures of similar geometry. Examples ofThe magnetic fields for the the parallel and perpendicu- practical interest include cylindrical structures generating
lar orientations are different in three basic ways. First, the perpendicular 3 and parallel 4- 6 fields and structures of po-
field for parallel orientation changes sign near the opening lygonal cross section made from uniformly magnetized
and becomes larger in magnitude than the field at the center polyhedra.
of the structure. In contrast, the field for the perpendicular
orientation decreases monotonically at the opening. Second, V. SUMMARY
the distortion of t.:e central field is much greater for the The effects of magnetic-field orientation have been in-
parallel case, as indicated by the spherical harmonic expan- vestigated for a cylindrical permanent magnet structure
sion coefficients. Third, the leakage field decays as an octu- opened at both ends and designed to generate a uniform cen-
pole for the perpendicular case, but only as a dipole for the tral field. Fields oriented primarily perpendicular and parallel
parallel case. to the cylinder's axis have been compared. The distribution

The change in sign of the field for the parallel orientation of magnetic polarization for both cases is chosen to maxi-
is due to the fact that well inside the cylinder the magnitude mize the figure of merit. It is found tht: (1) The main com-
of the potential on the z axis increases with z, as required by ponent of the field decreases monotonically near the struc-
a parallel field, while outside the cylinder, the potential must ture's end for the perpendicular orientation, but changes sign
decrease in magnitude. Thus, somewhere in between, the po- for the parallel orientation; (2) the field in the center of the
tential has an extremum where its derivative, the magnetic structure is more uniform for the perpendicular orientation;
field, changes sign. Moreover, because the rate of change of 3) the leakage field for the perpendicular case is smaller due

to a vanishing of the dipole moment.
1 M. G. Abele, Structures of Permanent Magnets (Wiley, New York, 1993).

TABLE il Expansion coefficients for parallel orientation (r2/ri=20, 2A detailed discussion of the truncated cylinder with the magnetic polar-
z0 /r, =5.0). ization density of Eq. (1) is given in Ref. 1, pp. 275-286.3 K. Halbach, Nucl. Instrum. Methods 169, 1 (1980).

1 m at,,rt-'lIHo C4/[Hor' t +2 l 4 W. Neugebauer and E M. Branch, Technical Report, Microwave Tube
Operations, General Electric, Schenectady, 15 March, 1972 (unpublished).1 0 -0.923 -5.41 5 J. P. Clarke and H A 1.eupold, IEEE Trans Magn. MAG-22, 1063

3 0 5.1 x 10- 3  -3.9X 102  (1986)
5 0 2.3X10 - 4  -l AX 10

4  6 H A. Leupold and E. Potenziani If, IEEE Trans. Magn. MAG-22, 1078
(1986).
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[ Lightweight, distortion-free access to interiors of strong magnetic field
sources

H. A. Leupold, E. Potenziani, II, and A. S. Tilak
U. S. Army Research Laboratory, AMSRL-EP-EC-H, Fort Monmouth, New Jersey 07703-5601

A permanent magnet structure has been designed to provide field distortion-free access to large
magnetic fields in cylindrical and spherical cavities without the unacceptably large mass increases
usually incurred to provide it. For example, a spherical shell that produces a 1.2-T field in a
spherical cavity of 2-cm radius has a mass of about 2.3 kg if material of 12.2-kOe coercivity and
12.2-kG remanence is used. If the sphere is compensated for distortion-free equatorial access, its
mass must rise to 23 kg to maintain the same field in the cavity. If the geometry is altered by the new
technique to maintain field integrity under access, the mass is only 1.7 kg. Some applications are
discussed that afford, up to this time, unviable devices.

I. INTRODUCTION tively. This is a consequence of the expression for the flux
density in the cavity of a "magic" sphere, viz:The so-called "magic" rings and spheres 1"2 are capable B=(4/3)B r ln(r0 /r,). Substituting r,=2.0 and ro=4.25, we

of generating unusually high magnetic fields in their inner obtain r =9 cm and the resulting mass increase would be

chambers and therefore afford a considerable expansion of from 2.3 to 24 kg, a factor of more than ten.

the applicability of permanent magnets to technology. Since The magnitude of remanence of an altered "magic" ring

many of the new applications require access tunnels of di- o he varie wt th e o an a

ameter sufficient to significantly distort the internal working

fields, the authors devised a method to greatly reduce such B,=2Bo sin 0 polar access
distortions3 Figure 1 shows how this is done for a ring. In (2)
effect, each segment of the ring is given a magnetization B,=2Bo cos 0 equatorial access,
which is the result of a uniform magnetization, which has no
effect on the generated field, and the original ring magneti- so that maximum remancnce is required only at the poles in
zation which produces that field. a spheroid designed for equatorial access or at the equator for

The uniform component of magnetization may be in any those with polar access. This suggests that if the remanence
direction and of any magnitude so that it can be chosen to was the maximum available everywhere, it might be possible
render the required magnetization zero in any desired seg- to pare the local radius in compensation where maximum
ment, thereby making that segment dispensable and afford- remanence is in excess of that specified and to augment the
ing distortion-free access through it. Figure l(a) shows a ring local radius only where the maximum remanence falls short
in which such access is provided at the poles and Fig. l(b) of that required. In this way, the net addition of material to
where the access is at the equator. In the structure in Fig. spheres to make them distortion-fee would be minimized.
l(a), the magnetization is radial everywhere in direction The field in the cavity of a "magic" ring or sphere arises
while in Fig. 1(b) it is transverse in direction. The same from three sources: the poles o- on the inner and outer sur-
procedure may be used in "magic spheres." faces of the spheroidal or cylindrical shell and the volume

polar distribution p. The surface pole contribution is zero for

II. COMPACTION OF DISTORTION-FREE
STRUCTURES

An often serious drawback of the described procedure is " f" - / '

that it requires materials of double the remanence of those .4-.4 _.) = +
available if the maximum available remanence is used in the ,," ."- "
original unaltered sphere. If the original field is to be main- (a)
tained in the distortionless configuration, its radius, and
hence its mass must be increased considerably. For cxample,
a "magic" sphere of 1.2-T remanence, Br and 1.2-T cavity -+
flux density, has an outer radius of 4.25 cm if its iier cavity / = +
is 2.0cm in radius. An altered sphere would behave as a I _

regular sphere with only 0.6-T remanence. For the altered (b)
sphere to produce the same internal field of 1.2 T, its outer
radius r o must be increased according to the relation:2  FIG. I Alteration of magnetization (small arrows) of "magic rings" and

"spheres" to provide distortion-free iccess at the poles (a) and at the equa-
ln(r/r,) B, 1.2 tor (b) The resultant magnetizations are transverse for polar access A and

ln(r o / r,) B = 2, (1) radial for equatorial access B Th, large central arrows represent the internal
fields, the smaller arrows in the shel' the remanences and the dots the re-where r0 and r, are the original outer and inner radii, respec- gions of zero remanence.
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FIG 2. Cross sections and outer surfaces of (a) oblate and (b) prolate distortion-free structures.

structures of this type and the volumic distribution of poles is of uniform remanence construction yields the pinched-

given by the divergence of the magnetization. For "magic" equator-prolate structure of Fig. 2(b) with a mass of 1.7 kg
spheres and cylinders, p is equal to 4M cos 01r and which is actually less than that of the unaltered parent
2M sin 01r, respectively. This is true for both the conven- sphere. This is because the paring of radius occurs where the
tional and distortion-free structures because the two differ azimuthal circles are large and the radius augmentation
only by a constant uniform magnetization which has no di- where they are small. The reverse is true for the "polar
vergence and hence gives rise to no poles. dimpled," apple-shaped oblate structure of Fig. 2(a).

If in the cylindei the value of p is substituted into Cou-
lomb's Law and the integration over r is performed, we have III. APPLICATIONS
for the contribution of a segment at 9for t oMany electron-beam microwave sources require strong,

dB=4o IM[lnro /r]sin"2 Od. (3) uniform magnetic fields parallel to the beam direction to fo-
Jo cus the electrons. Often bulky, energy consuming solenoids

are used. Recently, much more compact permanent magnet
We note that if M is a function of as in the distortion- solenoids were developed for this purpose but they are lim-

free cylinder (DFC) and if one wishes, as we do, to keep M ited to fields of about one-half the magnetic remanence or
constant at the maximum available value, we can do so by less. 4 For higher fields, the "magic spheres" are attractive
giving ro(9) the functional form that would leave the product alternatives. Often, electron beam tubes require access ports
M()ln[ro(9)/r1 ] the same as before. This is accomplished large enough to seriously distort the working fields in their

vicinities. Also, electron beams are subject to abrupt field
Mmax In ro(O)=MDFc ln(ro)oFc. (4) reversals upon transits through tunnels in the shells of stan-

Since for the polar access dard "magic spheres." The new structures adequately solve
both problems in many applications. Figure 3 compares the

AOMDFC=BDFC=
2 BO sin 9 axial field profile of a standard with that of an oblate struc-

In ro= 2 sin 0 ln(ro)DFc. (5) ture, both of which have large (25% of cavity diameter) axial
access tunnels at the poles. The latter is seen to maintain its

If this procedure is applied to a sphere with polar access, field to the tunnel entrance while that of the former drops to
the resulting spheroid of revolution is that in Fig. 2(a). For about one-half of the peak field. If desired, the "bumps" near
the same field and working space specifications as the the ends o, the curve for the oblate spheroid can be smoothed
spheres already discussed, the mass of the new structure is out by a judicious tailoring of the local remanence 4 or by
only 12.7 kg or about half that of the distortion-free sphere placement of axially magnetized toroidal correcting rings. 5

of varied remanence. For medical MRI devices, prolate structures would af-
Even greater mass savings are obtainable for spheres ford similarly improved transverse field profiles for equato-

compensated for equatorial access. In that case, our spheroid rial access. Other potential applications are in Faraday rota-
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tors, mass spectrometers, free-electron lasers, and wherever solved by a simple manufacturing procedure discussed in a
else access to large, uniform fields is needed. companion article in this issue of the Journal of Applied

Physics.
SUMMARY AND CONCLUSIONS 1K. Halbach, Proceedings of the 8th International Workshop on Rare Earth

IV, SCobalt Permanent Magnets (University of Dayton Press, Dayton, OH,
1985), p. 123.If a "magic sphere" with undistorting polar access is 2H. A. Lepold and E. Potenziani II, IEEE Trans. Magn. MAG-23, 3628

required, considerable mass savings are realized by uniform (1987).
remanence, variable radius construction. Some configura- 3H A. Leupold and E. Potenziani 11, J Appl. Phys. 70, 6621 (1991)

tions with equatorial access may actually have less mass than 4H. A. Leupold, E. Potenziani II, and A. S. Tilak, IEEE Trans. Magn.
MAG-28, 3045 (1992).

the unaltered spheres. It might seem that manufacture would s H. A. Leupold, E. Potenziani 11, D J. Basarab, and A. Tilak, J. Appl. Phys.
be unduly complex and expensive, but both problems can be 67, 4650 (1990).

6858 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Leupold, Potenziani, and "ilak



Laminar construction of spheroidal field sources
with distortion-free access

H. A. Leupold, A. S. 1ilak, and E. Potenziani, II
U.S. Army Research Laboratory, AMSRL-EP-EC-H, Fort Monmouth, New Jersey 07703-5601

Certain high-field permanent magnet structures in the forms of spheroidal and cylindrical shells can
be altered so that access ports through specified areas of the shells have minimal detrimental effect
on the field integrity in the internal working space. This can be effected either parametrically or
geometrically. Both approaches result in an increase of fabricational complexity; the former because
it entails components with a variety of magnetizations and the latter because it requires a variety of
geometric dimensions. This article describes how simplifying approximations to either type of
structure can be obtained by an assembly of laminar pieces cut from sheets or slabs of pc, .lianent
magnet materials with their magnetization oriented parallel to their principal faces.

INTRODUCTION poles, magnetization is transverse or tangential, whereas if
access and zero magnetization are to be at the equator, it isSeveral variants of the high-field permanent magnet radial.

sources sometimes known as "magic" rings, spheres, or cyl- Such structures [Figs. 1(b) and 1(c)] also can be fabri-

inders have been designed recently1-3  to meet the demands c h fr utu r m l an d sheets cn a ari -

of miscellaneous applications. Some of these are illustrated cated from uniformly magnetized sheets but then a variety of

in Fig. 1 from which it can be seen that each has complexi- sheets with different magnitudes of magnetization are neces-

ties of shape or distribution of magnetization that might sary. The closer the approximation to an ideal continuous

make its fabrication seem unduly difficult and expensive.
However, all such structures can be made from sheets or
slabs of material that are uniformly magnetized parallel to 

STANDARD RINGS, CYLINDERS, AND SPHERES tt
One can cut circular rings "cookie-cutter" style from a

uniformly magnetized slab and then, as shown elsewhere, 4

divide the ring into the desired number of sectional seg-
ments. Each segment is then rotated about its local radius to
form the "magic ring" as shown in Fig. 2(a). Such rings can
be stacked congruently to form dipolar cylinders5 or beveled B
to form melonlike components of a "magic sphere" and
bounded together [Fig. 2(b)]. t

The discs cut from the centers of the ring shells can be
used either to make smaller "magic" rings or spheres or to /
be formed into cylindrical or spherical dipoles for possible S

use for field defect compensation as in MRI systems.' The
cylindrical verb ns could even be turned into adjustable-
strength dipoles, ' a cutting of the center of the cylinder to
form a smaller nested cylinder in a shell of equal dipole DB
strength [Fig. 2(c)], then, by rotation of the two with respect __
to each other, any dipole strength from zero to plus/minus the
maximum is obtainable.

t \
SPHERES AND CYLINDERS WITH DISTORTION-FREE \
ACCESSAxso17 Rotation 

Aio

In these structures, the required magnetizations in the fRotattoncirula o sp erialsegments vary in magnitude and arecirulwars rsherial stransverse in direction depending FIG. 1. Cylindrical or spheroidal permanent magnet cross sections: (a) stan-uponys wther radilo r etzain i dire ont di tin- dard, (b) for distortion-free access (DFA) at the poles, (c) for DFA at the
upon where zero magnetization is desired, so that distortion- equator, (d) full remanence DFA at the poles, (e) full remanence DFA at the
free access holes can be drilled there.6 If access is to be at the equator Arrow sizes indicate relative magnetizations.
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A B C FIG. 4. Cutttng of uniformly magnetized slabs to produce structures of Fig.
3. (a) Segments for structure of circular cross section with polar access; (b)
segments for structure of circular cross section with equatorial access; (c)

FIG. 2. Assembly of a (a) "magic cylinder," (b) "magic sphere," and (c) segments for oblate structure with polar access; (d) segments for prolate
adjustable dipole. structure with equatorial axis. Arrow sizes are indicative of relative magne-

tizations.

structure, the more different magnetizations will be needed. structures of Fig. 4(a) polar access and Fig. 4(b) equatorial
Thus, the ideal structure can be approximated as closely as access. Note that in the latter case, there are two kinds of
desired by substitution of the circular segments with trap- segments: oriented inward and outward. Both are needed in
ezoids as in Figs. 3(a) and 3(b). equal numbers as produced by the cutting patterns of Fig.

All of the segments of a given latitude have the same 4(b). In all cases, the final two-dimensional rings can be
magnitude of magnetization and so can be fabricated entirely beveled to form segments of spheroids as already mentioned
from a single uniformly magnetized slab. The pieces are cut for the case of the standard "magic ring."
from it in trapezoidal form with the ratio of lengths of the
parallel sides equal to the ratio of the outer to inner radius of SPHEROIDS AND CYLINDERS WITH ONLY ONE
the finished structure. Figure 4 shows the cutting pattern for MAGNITUDE OF MAGNETIZATION

The manufacture of structures of the previous section is
complicated by the necessity of having a variety of magne-

A ,,--tizations in the standardized sheets or slabs from which the
segments are cut. Minimum-distortion access can also be ef-
fected by use of constant magnetization and segmen'.s whose
radial dimension has the same angular dependence as does

the magnetization in the circular cylindrical and spheroidal

A0 B structures [Figs. I(d) and l(e)]. These are cut and assembled
in the same way except that in the present case, the width of
the cut zig-zag patterns varies instead of their magnetization

y [Figs. 4(c) and 4(d)].

SUMMARY AND CONCLUSIONS

D "Magic" rings and spheres and all their uniform field
variants can be manufactured by the proper cutting up of

FIG. 3. Approximations to structures of Fig. 1 with trapezoidal segments. uniformly magnetized laminas and the subsequent reassem-
Arrow sizes indicate relative magnetizations bly of the resulting pieces.
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Effect of magnetization profiles on the torque of magnetic coupling
Der-Ray Huang and Gwo-Ji Chiou
Opto-electronics and System Laboratory, ITRI, Hsinchu 310, Taiwan, Republic of China

Yeong-Der Yao
Del, -tment of t-',ysics, National Chung Cheng University, Chiayi 621, Taiwan and Institute of Physics,
Academia Sinica, Taipei 115, Taiwan, Republic of China

Shyh-Jier Wang
Opto-electronics and System Laboratory, ITRI, Hsinchu 310, Taiwan, Republic of China

The torque of magnetic coupling is sensitive to the number of magnetic poles, the magnetization
profiles, the magnetic field strength of magnets, and the separation distance between ilie magnets of
the coupling. For different multipole magnetic couplings with the same magnetic field strength, the
torque of magnetic coupling is proportional to the number of magnetic poles at small separation
distance, but it is inversely propoitional to the number of magnetic poles as the separation distance
becomes large. The theoretically calculated values of the torque of magnetic coupling are in
excellent agreement with the experimentally measured values.

Magnetic coupling devices transmit torque between a coupling. The magnetic field distributions of the ring mag-
primary driver and a secondary follower, without any me- nets were measured by placing a Hall probe over the surface
chanical contact. They can operate in gas or liquids, and can of the magnets. The torque between the two magnets was
transmit torque through a separation wall. The magnetic cou- measured by using a Kowa-Giken torque meter.
piing can also be used as an overload protection device or to The torque and force between these two coaxial ferrite
transmit instrument readings from a vacuum or pressure rings are functiors of several variables including the number
enclosure. 1' 2 From both fundamental and applied viewpoints, of pole pairs, dimensions, separation distance, material prop-
magnetic coupling devices are of considerable interest. 3- 5  erties, the relative angular offset of the magnets, etc. Re-

The axial magnetic coupling device for this study was cently, a three-dimensional theoretical analysis has been de-
constructed by using a pair of hard ferrite ring magnets that veloped by Furlani for computing the transmitted force and
were magnetized with a multipole configuration along the torque of an ideal magnetic coupling.6'7 Therefore, the effect
axial direction. For example, Fig. 1 shows a 10-pole mag- of magnetization profiles on the torque of magnetic coupling
netic coupling device. All ring magnets used in this study can be studied by both experimental measurement and theo-
have an outer radius of 56 mm, an inner radius 40 mm, and retical calculation.
a thickness of 9 mm. The magnetization profiles with 6, 8, For the theoretical analysis, it is assumed that the mag-
and 10 poles were used to analyze the variation of magnetic netization profiles of the magnetic rings are uniform through-

out the magnets, and it is characterized by a uniform polar-
ization. The concept of this theoretical analysis is to
represent one of the magnetic rings as a distribution of

s -- equivalent currents, and to consider the field due to the other

2.101 - -

- 00 0 EpenmnLpol=10

10, * penrxantp*1e=6
' " ' ) 1 %PCnmcnL*0 =6

_-- A T-co~ ,pole=10

• 120 been p1e=8
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-00
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FIG. 1. Magnetic coupling with tO-pole magnets. FIG. 2 The torque of magnetic coupling vs separation distance.
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FIG 3. The magnetic field distribution of the magnet measured at a distance FIG. 4. The magnetic field distribution of the magnet measured at a dist l,,ce
of 0.3 mm above the magnet: (a) 6-pole magnet, (b) 10-pole magnet. of 10 mm above the magnet: (a) 6-pole magnet, (b) t0-pole magnet

magnt a anextenalfied. ftermatemaicaldervaton, ness of magnets, h is the separation distance, f nd mt = I for
the trquean eterained. Afterummatheaticdributions this study. The theoretically predicted torque numerically

from all of the sectors and surfaces of the magnets. The final

for oftheforulaforthetorue ,,,,l() o a agntic pared with the experimental torque measurements.o isgn7 Figure 2 shows the torque of magnetic coupling as a
copiG n tic efunction of the separation distance d of magnets that are

Tto abo() magnetized with 6, 8, and 10 poles. The torque of magnetic
magnet a2 an2 N No Nr  No Nmale 2 coupling decreases quickly as d is increased at a small sepa-

th or ca be ration distance. This means th e rate of decrease of the
f M a ll=j'1n=m= torque at small d is a function of the number of poles. How-

ever, it becomes roughly the same value for large d. For

I )(n +-m)amr,r, , sin(O01- /, ) different multipole magnetic couplings, under the same mag-
for 2 tfr for netic field strength of magnets, the magnitude of the torque isir, + r,, - 2r,r,, cos(fn - c) + hc proportional to the number of poles at separation distances of

where NpT1 e is the number of poles, M is the uniform mag- magnets within , crtain range, but it becomes inversely pro-
netization, R, i inner radius of the magnet, R2 is the portional to the number of poles as the separation increases
outer radius of the magnet, and N. and No are the number of outside of that range. For example, the torque of a 10-pole
radial and angular mesh divisions, respectively, of the sectors magnetic coupling is greater than that of a 6-pole magnetic
used for calculation. The variables hm and af are given by coupling at d less than 8 mm, but the torque is inversely
h =h+mt and a,,= -tm2+ 2m + 1, where t, is the thick- proportional to the number of poles at d over 8 mm. This
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FIG. 6. The torque of magnetic couplings using different magnetization
profiles

for the 6-pole magnet, but it is about 70 G for the 10-pole
magnetic coupling, as shown in Fig. 4. This indicates that the
magnetic field strength of the 10-pole magnet is less than

Fig 5b that of the 6-pole magnet because the magnetic circuit loop
of the 10-pole magnet is smaller than that of the 6-pole mag-
net at separation distance greater than 8 mm. Therefore, the
torque of the 6-pole magnetic coupling is greater than that of
the 10-pole magnetic coupling at separations greater than 8
mm. Considering the theoretical calculation, the torque of
magnetic coupling at small separation distances matches well

0 / with the experimental data, as shown i, Fig. 2.
The magnetization profiles of the multipole magnets can

affect the torque of magnetic coupling markedly. Different
G magnetization profiles can be controlled by the design of the

magnetizing fixtures. Figure 5 shows different magnetization
profiles with a big square wave, hybrid wave, and small
wave for a 10-pole magnet. The maximum magnetic field

Fig 5n strength of the big square wave profile is about 1 kG as
___......____shown in Fig. 5(a), and the maximum magnetic field strength

.1200 -800 .400 0 400 800 1200 of the small wave profile is about 700 G as shown in Fig.
Unit Gauss 5(c). The magnetic field of the hybrid wave profile shown in

Pig. 5(b) is a combination of the wave profiles from Figs.

FIG. 5. The magnetic field distribution of tht. magnet measured at a distance 5(a) and 5(c). The torque curves of the 10-pole magnetic
of 0.3 mm above the magnet. (a) big square wave profile, (b) hybrid wave coupling with different magnetization profiles are shown in
profile, (c) small wave profile. Fig. 6. The torque of magnetic coupling with the big square

wa, profile is greater than that of the hybrid wave profile,

and the torque of magnetic coupling with the hybrid wave

phenomenon can be explained by analyzing the magnetic profile is greater than that of the small wave profile.

field distribution of the magnets used in the magnetic cou-
pling. Figure 3 shows the magnetic field distribution of a z j.p. Yonnet, Proceedings of the 12th International Workshop on RE Mag-

nets and their Applications (University Western Australia, Nedlands,
6-pole magnet and a 10-pole magnet at a distance 0.3 mm 1992). p. 608-617.

over the magnet. The average magnetic field strength is 2 j. P. Yonnet, IEEE Trans. Magn. 17, 1 i9 (1981).
about 1 kG for both the 6-pole and 8-pole magnetic cou- 3R. J. Parker, Advances in Permanent Magntetism (Wiley, New York, 1990).

plings. However, if we measure the magnetic field distribu- 4j. P. Yonnet, IEEE Trans. Magn. 17, 2291 (1981).
tings ofHa6-olever, and ae 10-po e mag et l dist- m 5S A. Nasar and G. Xiong, IEEE Trans. Magn. 24, 2038 (1988).
tion of a 6-pol, and a 10-pole magnet at a distance 10 mm 6E. P. Furlani, IEEE Trans. Magn. 29, 4165 (1993).
over the magnet, the magnetic field strength is about 129 G 7E. P. Furlani, IEEE Trans. Magn. 29, 2295 (1993).
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A magnetic coupling without parasitic force for measuring devices
Jean-Paul Yonnet and Jer6me Delamare
Laboratoire d'Electrotechnique de Grenoble (URA 355 au CNRS), ENSIEG, B.R 46, 38402
Saint Martin d'Heres Cedex, France

Original structures of permanent magnet couplings have been studied. They can transmit a torque
without creating forces or stiffnesses between the driver and the driven part. Except for torque, the
two parts are in indifferent equilibrium. These couplings have been designed for measuring devices
in which they exert no force on the bearings but they can be used in other domains.

I. INTRODUCTION I'inaxJ 2vHm

Permanent magnet couplings (PMC) are synchronous where v is the voiume of the driven magnet and J 2 its polar-
devices which allow a torque to be transmitted through a ization.
partition wall. Two types of PMC are commonly used, the To obtain perfect insensitivity to the radial and axial dis-
coaxial type operating with a cylindrical separation wall, and placement of one part from the other, a relatively long magic
the face-type coupling which has a plane airgap.1 Other types cylinder has to be used. The end effects produce a field dis-
of PMC exist for specific applications. In this article, we tortion at a depth d which is about
shall present PMC configurations which are well-adapted to d- 0, 7(R.. 1+ R i);
measuring devices. The main characteristic of these cou-
plings is to transmit angular information without disturbing consequently, the length of tWe cylinder L must be at least
the measuring system. twice its diameter.

In a PMC, magnet interaction allows torque transmis- Figure 2 presents a four-pole version of ,' magic cyl-
suon, but it also creates forces in the axial and radial direc- inder coupling. The end effects are reduced in this configu-
tion. The stiffnesses, which are the force variations, are also
very high. These forces have to be supported by the me-
chanical bearings, which produce frictional torque. Special
configurations allow a torque to be transmitted without any
force and stiffness, 2 but they are not well-adapted to large
airgaps and only operate correctly with a high pole number.

The couplings presented in this article have been de-
signed for measuring devices. They do not create any force
between the two halves, even if the driver part is suomitted
to axial or radial displacement. Consequently, the friction on R/ xt

the mechanical bearings is reduced and does not disturb the
accuracy and the sensitivity of the measurement. Moreover, t
these couplings operate with a large airgap, and have a re-
duced pole number, 2 or 4.

II. MAGIC CYLINDER COUPLIN, -

A cylindrical magnet with ro;..Iing distribution of the I1
magnetization direction creates a v..'ry homogeneous field in
its central part.3 This device is often called a "magic L
cylinder."4 For a two-pole system, a constant dipole field is
produced in the interior cylindrical cavity of magnitude

H,,=Jl In(R,,,lRin,), .-, I"7
where JI is the magnet polarization in tesla, Rext and Rini are
the outer and the inner radii of the annular magnet.

This magic cylinder is the driver part of the coupling.
The driven part is made of a small magnet in the middle of
the hole (Fig. 1). Since the small magnet is situated inside an
almost perfect homogeneous transversal field, it is not sub-J
mitted to any force or stiffness, but it can transmit a torque
whose maximum value is given by FIG. 1 A magic cylinder coupling.
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FIG. 2. A four-pole magic cylinder coupling. FIG. 4. Measurement of the field intensity in the four bar-shaped magnet
coupling.

ration. A prototype has given very good results: the maxi-
mum torque transmitted was relatively high (2X 10-2 Nm) (a) for the driver part;
and the absence of forces in a large domain of radial and S section of each bar,
axial displacements has been verified. L length of the bar,

Several other configurations have been investigated. An J1 magnet polarization,
interesting one uses a driver part made with four bar-shaped R average distance between the center and each bar.
magnets. (b) for the driven part;

v magnet volume,
III. BAR-SHAPED MAGNET COUPLING J 2 magnet polarization (in tesla).

The driven part is equipped with four bar-shaped mag- The intensity of the magnetic field (HO) is given by

nets which are parallel to the rotation axis (Fig. 3). This 2 S
system takes the place of the previous magic cylinder, and H 4b=-Jl"
can be seen as an incomplete cylinder. The bar length is

equivalent to the cylinder height L, and the end effects are and the maximum torque is obtained by
identical. 2 Sv

In comparison with the magic cylinder system, the four =
bar-shaped magnet coupling has a lighter driver part which 7aP Or
reduces the inertia of the measuring device. "I he volume of
very good homogeneity of the magnetic field is smaller, es- IV. EXPERIMENTAL STUDY
pecially in the radial direction. Consequently, the domain of
null forces and stiffnesses is reduced, but it remains suffi- A prototype designed for a gas meter has been built. The
cient. following dimensions have been chosen

The maximum transmissible torque can be easily calcu- (a) for the driver part;
lated by simplified expressions since the airgap is relatively S=9 mm2 (3 mmX3 mm),
large. By using the following notations: L =20 mm,

R=10 mm,
JI =0,4 T (anisotropic ferrite magnets).

(b) for the driven part;
r2=5 mm,
h 2=4 mm,

ov=314 mm3,
iJ 2= 1,20 T (NdFeB magnet).

The domain of uniform field between the four bars has
been investigated. In the center, we have measured a field
H4b of 18 kA/m.

We have studied variations of intensity of the field H4b as
a function of the distance from the center r and the direction
0 (Fig. 4). The results are presented in Fig. 5. The homoge-
neity is very good for a radial distance lower than 2 mm.
After, the field slowly increases when moving toward a bar

FIG. 3. The four bar-shaped magnet coupling, magnet and decreases between two bars.
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H -O --- tetr-15 -*--tet -03 -- tot---45 V. CONCLUSION

H. T . . . . .. Two unconventional types of permanent magnet cou-
/- plings have been studied. They can transmit a torque without

1.2 ,' creating forces or stiffnesses between the two parts of the
1.1 coupling. The first one uses the specific property of field

homog aeity inside a magic cylinder. A magnet situated in

this field can exert a torque, but it is not submitted to any
force. The second one is built with four bar-shaped magnets.
It is lighter and has lower inertia. For these two couplings,

0.81 the measurements on prototypes are in good agreement with
the calculated characteristics,

0 1 2 3 4 These couplings have been designed for measurement
(mm) devices where they can be used to transmit a torque without

creation of forces and friction on the mechanical bearings.
FIG. 5. Field variation aiound the centered position. In the center, Ho=18 They can have other applications, like for example vibration
kA/m. insulators.
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Accurate determination of permanent magnet motor parameters
by digital torque angle measurement

M. A. Rahman and Ping Zhou
Faculty of Engineering and Applied Science, Memorial University of Newfoundland, St. John's,
Newfoundland A 1B 3X5, Canada

This article presents a novel test method to determine the important load dependent reactance
parameters Xd, Xq, and magnet-excited voltage Eo of permanent magnet (PM) motors. The results
bring forward a cle'., picture of the impact of the previous assumption of constant E0 on the value
of Xd. As improv accuracy and fast data sampling are required for online control, the traditional
method for measuring torque angle is deficient. To this end, a new microprocessor-based digital
torque angle measurement system was designed and built. At the same time, a scheme for accurately
positioning the zero torque angle is proposed without referring to the interior structure of a motor.
The proposed techniques have been successfully employed for a 1 hp laboratory permanent magnet
motor.

INTRODUCTION desirable to find a way which can accurately locate the zero
torque angle position for precision measurement and control

The effects of saturation for PM motor are profound. It purposes.
was recognized that saturation would cause d-axis reactance
Xd and q-axis reactance Xq to vary with load and supply MODIFIED TORQUE TEST METHOD
voltage."' 2 What is perhaps easily overlooked is the assump-

tion that the E0 is constant for all loads. In addition, the d-q Because the parameters Xd, Xq, and E0 tend to vary
axis quantities are no longer independent due to saturation. widely with loads, their values must be quoted together with
The significance of these effects has been clearly mentioned the load and voltage conditions under which they were de-
in the previous works from the simulation point of view.3'4  termined. From the phasor diagram of a PM motor4 one can
The investigation from a testing point of view has been char- get
acterized by Miller's early work.5 The load test method pro- E, sin 8i=I sin VXq, (1)
posed by Miller is to determine Xd from the stator d-axis
voltage component and Xq from the q-axis voltage compo- E, COS 8i=E0 +J, COS f8Xd. (2)
nent, respectively, under the assumption of constant E0. The It is noted that once the data of applied voltage V, current I,
failure to consider the variation of E0 with load is due to the input power P I, and torque angle 8 are known from the load
fact that effects of the permanent magnet excitation voltage test, other quantities in Eqs. (1) and (2) can be easily ob-
E0 and the d-axis armature reaction are inherently linked tained as
together by the stator d-axis voltage component, and usually
cannot be separated. In this article, a modified load test P(
method is proposed to determine these load-dependent pa- 31V'
rameters, Xd, Xq, and E0 more accurately for practical use.

It is necessary to properly measure the torque angle 8 at 7+

any load condition for performance prediction. In addition, 2
torque angle is also an important control parameter fr ,,i- EC
able frequency inverter driven PM motors. It is necessary E,= ((V sin 8+I r cos f) 2 +(V cos 8-1 1r1 sin /3)2,

that the measurement is conducted within an interval of time (5)
that should be very small compared to the mechanical time and
constant of the machine. With increasing emphasis on online V sin 8+Irl cos p
digital control, it has also become necessary to obtain the 8i= arctan V cos 8- rIl sin f8" (6)
quantities of torque angle in digital form, and the conven-
tional stroboscopic method is no longer suitable for such From Eq. (1), the Xq can be easily obtained. However, from
applications. To this end, a fast-response microprocessor- Eq. (2), it is inadequate to evaluate the two unknown quan-
based torque angle measurement system has been designed tities E0 and Xd. To this end, a small change of the load is
and built. exerted to obtain another set of test data and get the follow-

Due to the characteristics of PM motor, the precision of ing equation as
measured torque angle is highly related to the accuracy of the
positioning of zero torque angle 8=0. However, for a PM E cos 8 =Eo+J' cos 1'Xd. (7)
motor under normal voltage supply, the no-load operation is The solution of the simultaneous algebraic Eqs. (2) and (7)
at 8= 0 and therefore cannot be used to position the zero would give the saturated values E0 and Xd for any operating
torque angle. Usually, some approximate methods5 are em- point. In practice, the procedure is simply to produce three
ployed to determine the position of 8=0. Therefore, it is curve3 E,(P), 8,(P3), and Il(P8) by curve fitting from re-
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100- 6 0 the magnet excitation voltage in the same phase winding to
terminate the pulse are used, the resulting pulse width will

o 50 then represent the instantaneous torque angle. For generating
6 40 mode, the reverse will happen.

a 06 The signal representing the excitation voltage is derived
X30 ,Xd using constant ED from a transducer consisting of a rotor shaft-mounted disc

-4 ., with an equispaced hole drilled on the circumference forx ,xd, using vering E, each pole pair and a stator frame-fixed photocoupler. This
0 , , photocoupler can produce a pulse whenever any one of the

0 holes cuts across the photocoupler governed by the rotation
20 40 60 80 100 120 of the shaft. This arrangement can always provide one pulse

torque angle, dog per cycle of the terminal voltage when the shaft rotates at
synchronous speed. The produced chain of low voltage

FIG. 1. Test results of Xd, Xq, and Eo with torque angle 8. pulses are then amplified to TTL level using voltage com-
parator as shown in the block diagram of Fig. 2.

The reference phase voltage signal is derived through acorded data which cover the entire range of different loads, step-down transformer. Before the reduced sinusoidal volt-
Then, the required information for both Eqs. (2) and (7) can age is converted into a 5-V rectangular pulse by a zero-
be obtained from these curves, crossing detector, a phase-lag shifter with a range of 0*-180

Figure 1 shows the values of Xd, Xq, and E0 for a 1 hp, is employed to provide an approximate means for position-
4-pole interior-type I'M synchronous motor by using the ing the zero torque angle. It is intended to ensure that theabove-proposed modified load test method. The effect of as- photopulse at point a in Fig. 2 will align with the terminal
suming constant E0, as made in the original load test voltage pulse at point b at no-load operation by adjusting the
method,1'5 on the value of Xd can be clearly seen from the variable resistor of the phase shifter. A compensator is then
dashed-line curve in Fig. 1. Over a load range around 3=47

°  used to make the phase shifter work in both phase lead and
where the armaturtL reaction in d axis is changing from mag- phase lag.
netizing to demagnetizi:;g mode, the value of Xd becomes It is noted that for the motoring mode, the pulses at pointextremely irregular. This phenomenon was also observed in
references.5'6 This irregularity is mainly due to the assump- b in Fig. 2 have to be taken as reference; while for generating
tion of constant E0 which, in fact, is dependent on the satu- mode, the pulses at point a have to be taken as reference.
ration level, particularly in the region of ferromagnetic Therefore, a multiplexer circuit is employed to enable this
bridges. It is evident from Fig. 1 that E0 is load dependent. measurement device to be applicable to both the motoring

and generating modes.
If the output gate pulse of the phase detector at d isMICROPROCESSOR-BASED LOAD ANGLE combined with the 1-MHz clock pulses at f, a chain of the

MEASUREMENT clock pulses at g are produced through an AND gate, and the
The torque angle of a synchronous machine is defined as number of these clock pulses is a measure of the torque

the angular displacement between the excitation voltage E0  angle. However, when these clock pulses are used to drive a
and the terminal voltage V. For motoring operation, when the 16-bit BCD counter, occasionally, false counting may occur.
zero crossing of any one of the three phase terminal voltages The reason is that in the case of high machine speed and
as the reference to initiate a pulse and the zero crossing of heave load, the next output gate pulse at d may start before

buffexpl 6earatoro INTtRp. a

FIG 2. Block diagram for torque angle measurement.
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the final settled number of the counting is latched to the (3) Run the motor first in one direction and get the
buffer and counter is cleared. To avoid this undesirable op- torque angle reading, then do the same at the reverse direc-
eration, a pulse inhibitor is employed to ensure that no fur- tion by interchanging the phase B and phase C power supply.
ther gate pulses would pass to the AND gate until ,he reset Assuming that the photocoupler was just nositioned at the
signal is issued, which comes from the reset switch or inter- axis of phase A winding of the stator, then both the torque

rupt acknowledgment signal (INTA) from the microproces- angle readings should be the same if the holes on the disc
sor as indicated in Fig. 2. were aligned with the d axis of the rotor. This suggests that

Since 1-MHz clock frequency is employed, for a 60-Hz the disc has to be moved towards the rotating direction
power supply system, there are 8333 pulses corresponding to which has given the larger torque angle reading if both read-

1800 electrical, which is the maximum torque angle to be ings are not the same. This adjustment is repeated until the
measured. Thus, a resolution of 0.02 electrical degree per two readings corresponding to forward and backward rotat-
pulse is obtained. To obtain a stable reading, the buffer is ing directions are reasonably close.
enabled after the counting is over and hold the information (4) In the step 3, it is assumed that the arbitrary posi-
until the arrival of next count. The output of the buffer is tioning of the photocoupler was aligned with the axis of
further fed into a microprocessor using 8255 programmable phase A winding. Generally speaking, it is not true. Hence,
parallel port as the interface. At the same time, the buffered an adjustment is needed to relocate the position of the axis of
data are also decoded by display driver into 7-segment LED phase A winding. It can be done by applying a low dc volt-
display. The clock signal for latching the buffer and the in- age between phase A and the shorted point of phases B and C
terrupt signal can be derived from the output of the pulse of 3-phase Y-connected stator windings. What happens is
inhibitor through a delay element to account for the propa- that the disc will rotate in such a way that the holes on the
gation delay of the 16-bit cascade counter. The interrupt sig- disc, which represents the d axis of the rotor, should move to
nal is produced using a JK flip-flop whose output goes high the axis of phase A winding. As a result, one can easily
once the delay is over. relocate the photocoupler to the position as indicated by the

The above-mentioned torque angle measurement system holes.
was designed, built and tested on the 1 hp, 4-pole PM motor Due to the adjustment of photocoupler position in step 4,
which is coupled to a conventional synchronous generator. the holes on the disc have to be positioned again by repeating
The measurement system functioned properly as desired and step 3. This iteration process is continued until no further
was also found to be very stable over the entire range of adjustment is made in step 4. Practical application shows that
operating conditions. only few iterations are required for both the holes on the disc

and the photocoupler to converge to its desired position.
DETERMINATION OF ZERO TORQUE ANGLE By using the proposed scheme, the initial torque angle
POSITION for the 1 hp laboratory test PM motor was 29.60; while using

From the above discussion, it is noted that the signal the approximate method, the initial torque angle was 22.2. It

representing the excitation voltage can be errorless only if can be seen that the error caused by the approximate method

the holes on the disc are aligned with the d axis of the rotor is quite significant.

and the photocoupler is positioned at the axis of that stator
phase winding whose applied voltage is taken as the refer- CONCLUSION
ence signal. However, unless special marks were made on
the rotor during assembly, there is no obvious reference to In this article, a novel load test method is proposed to
determine the position of the d axis. In order to overcome determine the saturated parameters Xd, Xq, and E0 . This
this difficulty, a scheme is introduced to find out the posi- method not only takes intc account the variation of E0 with
tions of the d axis of the rotor and the axis of the reference load and the interaction between d-q axis quantities, but is
stator phase winding without the need to concern the interior also convenient to use for practical applications. The devel-
structure of the motor. The procedure is described as follows: oped microprocessor-based torque angle measurement sys-

(1) Mount the disc with an equispaced hole for each tem can provide fast transient response with adequate reso-
pole pair on the rotor shaft and fix the photocoupler to the lution for measuring and control purposes. A prototype
stator frame, both at any position. Then, take any one of system was successfully built and tested in a 1 hp laboratory
three phase voltages, e.g., phase A to provide the referenced PM synchronous motor.
phase voltage signal for the primary of the step-down trans-
former.

(2) Turn on the three-phase power supply and run the 'V. B. Honsinger, IEEE Trans. Power Appar. Syst. PAS.101, 867 (1982).

PM motor at no-load. By reversing the leads of the phase A 2 B. J. Chalmers, S. A. Hamed, end G. D. Baines, Proc. lEE 132B, 117
(1985).power supply to the primary of the transformer and inter- 3 M. A. Rahman and P. Zhou, IEEV Trans. Magn. MAG.27, 3947 (1991).

changing the three phase power supply leads A, B, and C to 4p. Zhou, M. A. Rahman, and M. A. Jabbar, IEEE Trans. Magn. MAG.28,
the three phase stator windings, find out the connection 1350 (1994).

which would lead to a minimum torque angle reading. Under 5T. J. E. Miller, IEEE Ind. Appl Soc. Ann. Conf Rec. C111678-2, 494
(1981).

this connection, the stator winding connected to the phase A 6 K. Miyashita, S. Yamashita, S. Tanabe, T. Shimozu, and H. Sento, IEEE

power supply is then the phase A stator winding. Trans. Power Apoar. Syst. PAS.99, 2175 (1980).
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A three-material passive di/dt limiter
S. J. Young, F. R Dawson, and A. Konrad
Department of Electrcal and Computer Engineering, University of Toronto, Toronto MSS-1A4, Canada

This article introduces and examines a composite magnetic device (called a dI/dt limiter) which
functions as a bilevel inductor. For dc currents below a designed threshold level, the inductance and
resistance of the device is quite low. However, the inductance of the device increases dramatically
for all currents greater than the threshold level. In this article a set of performance equations are
derived which describe the inductance of the dI/dt limiter as a function of current. The data
obtained from these performance equations are compared to the results of a set of finite element
simulations.

I. INTRODUCTION current) of the device is low. For all negative currents, and

In our earlier work,' 2 we have examined a composite positive currents smaller than the designed threshold level,
magnetic device which could function as a protective unit in the core remains in saturation, and the incremental induc-
voltage source fed circuits. This device, called a cylindrical tance of the dl/dt limiter is low. Still larger coil currents

dl/dt limiter, functions as a bilevel inductor. It has a low reduce the flux density in the core region below the satura-
inductance value for all currents below a designed threshold tion level and into the high permeability region. In this state
level, and a dramatically increased inductance when the cur- the reluctance of the flux path is low, which causes the in-
rent in the device increases beyond the threshold level. This cremental inductance of the device to be greatly increased. It
dI/dt limiter would limit the rate of current change in volt- is this large device inductance which reduces the rate of cur-
age source circuits during overcurrent fault conditions, while rent change in voltage-source-fed circuits.
having only a modest effect on the circuits normal operation.
During a fault it may also be possible to maintain the current III. DERIVATION
in the dI/dt limiter, and hence in the series connected exter- The flux density versus magnetic field intensity (B vs H)
nal circuit, at a nondestructive level long enough for the relationships of the core and permanent magnet materials are
nature of the fault to be determined. Once determined, the r at p of the eqan permanent magnet
appropriate actions would be taken to correct the source of material is described by
the fault without the need for shutting down the circuit as a
tripped fuse or breaker would. Bmag Bm + A0AmHmag. (1)

This article exr tines a three-material square geometry This may be either the natural recoil line of the magnetic
dl/dt limiter which uses corner blocks of a high permeabil- material, or the result of stabilization. The linear approxima-
ity material to bend the magnetic flux around the corners of tion to the core's B versus H curve is given by
the device. The result is that the flux density within the core
and magnet materials is made more uniform, and the radial In saturation Bcore = -B c+$o/.satncore, (2)
d-pendence of flux density is eliminated. Thus, not only is Out of saturation Bcore /.Lo/unsatHcore. (3)
the transition region largely eliminated, but many of the
other limitations associated with the cylindrical geometry are The analysis begins with Ampere's circuital law
addressed as well.

II. THREE-MATERIAL dlldt LIMITER

Stripped to its essential components, the three-material
dildt limiter is shown in Fig. 1. This device consists of four
coils with cores composed of alternating slices of a soft-core
material, and a permanent magnet material. These solenoids
are joined at the corners of the device by blocks of another
type of soft-core material which has both a high permeability
and a saturation flux density which is significantly higher
than that of the sandwiched core material.

With zero coil current flowing, the permanent magnet
slices cause a magnetic flux to flow through the p'-manent
magnet and core materials with sufficient intensity to satu-
rate the sandwiched core material. The corner pieces provide
a low re!uctance path for the magnetic flux, and so the flux
exists int a closed path confined mainly to the device. Since FIG 1 A three material dldt limiter: permanent magnet material (black);

high permeability high saturation flux density material (dark gray); highthe sandwiched core material is saturated, the incremental permeability low saturation flux density material (light gray). The four coilsinductance (rate of change of flux linkage with respect to (white) each surround a core.
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I-dl=Iele . TABLE I. Physical dimensions of six dldt limiters.

1+-It will be assumed that the mmf drop within the comer pieces + ag 10 20

is negligible in comparison with the other mmf drops around N=100 Square edge D, (in) 0.1826 0.1826
the magnetic circuit. Thus, within the core and magnet ma- Solenoid length ls (in) 0.0275 0.0550
terials Resistance R, (fi) 0.057 0.053

Hmaglmnag+Hcorelcore=NI. (5) N=150 Square edge D, (m) 0.1491 0.1491

In Eq. (5), /mag and Icore are the total magnetic path Solenoid length Is (i) 0.0412 0.0825Resistance R, (f"l) 0.071 0.066
lengths through the magnet and core materials, respectively.

While the core material is saturated, the flux density N=250 Square edge D, (m) 0.1155 0.1155

within the core material is approximately described by Solenoid length I (m) 0.0687 0.1374
Resistance R, (fI) 0.095 0.087

B core BAsatla mlcoreB c + l O Am/LsatII (6)
B sat/mag+ Pzmlcore

The flux linkage (A) within the dI/dt limiter is Since the magnet volume is fixed by Eq. (11), for a given
Asat=NBorA car,' and while the core is in saturation, the Lunsat and Ike, the ratio Lunsat/Lsat is increased at the ex-

inductance of the dIldt limiter is pense of an increase in the volume and mass of the core

dAsat _
2AcoreiLo/Lm/sat material. Increasing A mag reduces /mag, for a given volume of

L., d 2Artg mla (7) magnet. This results in a decreased flux path reluctance; thus
L/sat/mag + Arlore" fewer winding turns are required in order to achieve the nec-

When the core is operating in the high permeability re- essary Lunsat . With fewer turns, the resistance of the dlldt
gion, the flux density within the core material is limiter is reduced and the mass of the copper windings is

lessened. However, increasing Amag also increases the vol-
B -or B mlmag/~tnsat+ I£0O£m/£unsatI~'() A 1 ) civigtedsrdblnelewe eierss

Bmagi-'nat+/.tm
l cor ' (8) ume of the four comer blocks (which are proportional to

imaguwat AmioeAreas), achieving the desired balance between device resis-

the flux linkage is given by Aunsat=NBcore4 core and the in- tance and mass will determine the area A mag .

ductance of the dlldt limiter is Table I summarizes a set of dlldt limiter designs in
which Lunsat=40 mH and Iknee=50 A; Table II provides a

dAunsat  NAcore/o/ m/unsat (9) breakdown of the mass of each of the Table I designs. It is
Lunsat dl - Imag/.Lunsat+ /Lrlcore" assumed that the core and magnet cross sections are square,

Let the intersection between Eqs. (2) and (3) be labeled the length of each side being D,= (A ore)12. The symbol is isB, then let the coil current required to achieve a flux density simply the length of each core from one corner block to the
oB, thn the core ere cale e next. The material constants for the core and magnet materi-
of B., within the ore material be called lue. als are B,=0.4 T, /.sat=l.0, Lunsat=1 0 00, Bi = 1.0 T, and

-Bc(lmagi~nsat+IAmlcore)+Bmlmag(Psunsat-Aat) /Mn= 1.05. The density of the permanent magnet material is
/knee NI.tom(itunsat-sat) 7.4X 103 kg/m3, and the density of both the sandwiched core

(10) material, and the comer block material is 4.9X 103 kg/m3.

'knee is the demarcation point between the low inductance
region I<Iknee, and the high inductance region I>Iknee. TABLE II. Mass of various dI/dt limiter components.

It can be shown that the volume of permanent magnet
material required for a given 1b,, and L unsat is +core

1+ Z 10 20

Magnetvolume=Amaglmag= m c 1a 2re 1) N=100 Magnet mass (kg) 2.713 2.713
(Bin - BC Core mass 16.17 34.13

Amag Comer mass 228.1 228.1

Coil mass 16.82 15.97
IV. DESIGN OF A THREE-MATERIAL dlldt LIMITER Total mass 263.8 280.9

The design process usually begins with a specification of N= 150 Magnet mass 2.713 2.713
the required fault inductance L unst, and the threshold current Core mass 16.17 34.13

Comer mass 124.1 124.1

level /knee" For the device pictured in Fig. 1, Acre=Amag, Coil mass 21.08 19.97

and so the volume of permanent magnet material is deter- Total mass 164.1 180.7

mined by Eq. (11). N=250 Magnet mass 2.713 2.713
For most practical core and magnet materials Isat-g,,, Core mass 16.17 34.13

rearranging Eqs. (7) and (9) yields Comer mass 57.71 57.71

L core volume Coil mass 28.18 26.04
sat  magne l (12) Total mass 104.8 120.6

L O. magnet volume (12)No.'10, 15 November 1994 Young, awsonandKonrad
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FIG. 3. Flux linkage (A) vs current (I) graph of the three material dI/dt

FIG. 2. A modified three-material d~ldt limiter in which A,,,ragA . This limiter. Graph F was obtained from a finite element simulation, and curve P
device uses eight coils instead of four. is from the performance equations of Sec. Ill.

The flux linkage versus current graph for the N= 250,
As Table II shows, at low values of N, the mass of the T devie is sho r n ga h the resulting

corner pieces dominates the total device mass, and spoil IcoreImag device is shown in Fig. 3, along with the resulting

what would otherwise be a promising design. A modification curve from a finite element simulation. The slope of these

to the three-material dlldt limiter which addresses this prob- curves is the incremental inductance of the dJ/dt limiter.

lem is shown in Fig. 2. In this modification, truncated cones V. CONCLUSIONS
of the high permeability, high saturation flux density material
used for the comer pieces are employed to focus the flux This article examined a device which has the potential tofrom a large diameter magnet through a smaller diameter function as a selective rate of current change (dl/dt) limiter.
ror atlarerdia ter Alth ough alackof spacemd allo amer For currents below a designed threshold level, it was showncore m aterial. A lthough a lack of space does not allow a t a h n u t n e o h s d v c o l e d s g e o b

complete analysis of this device, Table III shows that consid- that the inductance of this device could be designed to beerable savings in material mass and device dimensions can quite small; above this thresi )ld level, the inductance of the
be achieved by using this modified design, device increases dramatically to another much larger de-signed value. A simple first-order analysis of the dI/dt lim-

iter was favorably compared to a set of finite element simu-

TABLE II. Three modified dI/dt limiter designs: Amg=4Acore, N= 100 lations.
L..,=40 mH, and In,,=50 A. A modification to the basic dlldt limiter was shown in

which the flux from a large area permanent magnet was fo-

s PAmagcore cused through a smaller diameter core material. The effect of
,/so ,ctreg 10 20 100 this was to significantly reduce the total mass of the dIldt

Core diameter (m) 0.0841 0.0841 0.0841 limiting device.
Magnet diametc. 0.1682 0.1682 0.1682 ACKNOWLEDGMENT
Solenoid length I 0.0899 0.0942 0.1291
Resistance (fl) 0.053 0.035 0.021 The authors would like to acknowledge the generosity of

Magnet mass (kg) 1.21 1.21 1.21 Infolytica Corp. of Montreal, Canada for the use of their
Core mass 0.428 0.903 4.70 finite element software package MagNet.
Corner mass 15.52 15.52 15.52
Coil mass 18.16 11.85 7.26 iS. J. Young, F. P. Dawson, and A. Konrad, IEEE Trans. Magn. 28, 3051
Cone mass 21.36 21.36 21.36 (1992).
Total mass 56.68 50.85 50.06 2S. J. Young, F. P Dawson, and A. Konrad, IEE Jpn. Ind. Appl. Soc. E

1991, 105.
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An extended magnet in a passive di/dt limiter

S. J. Young, F. R Dawson, and A. Konrad
Department of Electrical and Computer Engineer;ng, University of Toronto, Toronto M5S-IA4, Canada

This article examines a composite magnetic device which has the potential to function as a rate of
current change (dI/dt) limiter. A possible application of such a device is to protect
voltage-source-fed systems, either ac or dc, from overcurrents during fault situations. The operation
of this dI/dt limiter is discussed, and performance equations are derived. Results obtained from this
analysis are compared to a set of finite element simulations. An improvement to the basic design is
suggested, in which the permanent magnet slices are extended in order to decrease the amount of
leakage flux surrounding the dI/dt limiter.

I. INTRODUCTION III. MODEL OF THE CYLINDRICAL dlldt LIMITER

In all but the most trivial of electric circuits, some form A two-dimensional model of the dI/dt limiter is used as
of overcurrent protection must be provided. Although over- the basis for analysis. In essence, it neglects the end effects
current protection has traditionally been provided by break- due to the finite length of the dl/dt limiter, and it assumes
ei. and fuses, there are numerous applications where some that the magnetic flux flows in circular paths through the
adational method is needed in order to guarantee circuit and device.
com onent security. This is especially true of certain semi- The flux density versus magnetic field intensity (B vs H)
conductor devices, which have a very low tolerance to over- relationships of the core and permanent magnet materials are
currents due to the very low thermal capacity uf the thin approximated by linear equations of the type shown below.
semiconductor wafers from which these devices are made. B(= - B

This article examines a device, called a cylindrical dI/dt mag - +/ J'° /J' mHmag(
limiter,' 2 which could be placed in series with the fuse, and This may be either the natural recoil line of the magnetic
which for normal circuit operation would appear to the cir- material or the result of stabilization. The linear approxima-
cuit as a low impedance conductor, but which would trans- tion to the core's B vs H curve is shown in Fig. 2:
form itself into a large inductance when the circuital currents In saturation B core Bc+ OLsatflcore, (2)
exceeded some designed threshold level.

Out of saturation Bcore L-O/iunsatHcore. (3)

II. CYLINDRICAL dl/dt LIMITER IV. DERIVATION OF FLUX LINKAGES AND

Stripped to its essential components, the cylindrical INCREMENTAL INDUCTANCE
dlldt limiter is shown in Fig. l(a). In essence, it is a hollow Applying Ampere's circuital law
cylinder made up of alternating slices of a soft saturable core
material (dark gray) and a permanent magnet material H. dl = (4)
(black). This cylinder is then surrounded by a coil having in J
general N turns. to the two-dimensional dl/dt limiter model shown in Fig. 3

The dlldt limiter functions as follows: With zero coil yields a set of equations which describe the static or low
current, the wedges of a permanent magnet cause a magnetic frequency flux linkages (A) within the dl/dt limiter. By low
flux to flow in a near-circular path through the magnet and frequency, it is meant that the effects of eddy currents are not
core materials with sufficient intensity to saturate the core. In taken into account.
this state, the incremental inductance (rate of change of flux The operation of the dldt limiter is divided into three
linkage with respect to current) is low. modes of operation determined by the state of the core. The

A positive coil current creates a magnetomotive force state of the core is determined by thi coil current. The total
(mmf) which opposes the mmf of the permanent magnets. As
long as the current does not exceed the designed threshold
level, the mmf of the permanent magnets is sufficient to
maintain the core material in saturation, and the incremental
inductance of the device remains low. Larger positive coil
currents reduce the flux density in the core region below the V

saturation level and into the high permeability region. In this
state, the incremental inductance of the device is high. It is
this increased device inductance which reduces the rate of
current change in voltage-source-fed circuits.

The mmf due to negative currents supports the mmf of
the magnets; the core is forced deeper into saturation, and the FIG. 1. The cylindrical dl/dt limiter (left-hand side) and the extended mag-

incremental inductance of the dldt limiter remains low. net version (right-hand side).
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FIG. 3. The two-dimensional model of the d~ldt limiter.

FIG. 2. The piecewise linear representation of the core material.

limiter has a constant value LUNSAT in the fault region, and a
lower constant value L SAT in the normal operating region. It

flux linkage has three components: Ain is due to the inner is only in the transition region that the incremental induc-
conductor, Aout is due to the outer conductor, and the remain- tance is a function of current. In the following equations, the
ing component is due to the flux in the core. symbol "Length" is the axial length of the three-dimensional
Region 1: NI<R2fl; The core is completely saturated. device.

AsAT=Ain+Asat+Aout. (5) A/goN21Length [ 2-3R 2  R4 ln(R2 /R1 )

Region 2: R 2 f3 NI<R 3f3; The core is partially saturated. 21r [4(R-RI+ (R2_R 2 )2  ) (9)
This is a transition region. !oN2 JLength [ R3-3R2  R 4 ln(R 4 /R 3)

A TRANS=Ain+Arans+Aout. (6) Aout= 2T [4(R -R3) + 4-R 2)

Region 3: NI R3fl; The core is completely out of satura- (10)
tion. Asa=NLength

A UNsA = A + Aunqat + Ao, (7) -BmOmag sat-Bc(27T- Omag)/m

Bm Omag(/Lunsat l.Lsat) - B,((2 r 0 mag) Am + ... mag/Lunsat) X Omagl.sat + (2 7r - 0 mag) Am (R3-R 2 )

(8) + ImI( 
Aunsat-Psat) (80omsatNI / R 3 0](8ni+-In (11)

The incremental inductance (L =dA/dI) of the basic dl/dt Omag/.sat±+ (271"- Omag)/A R,

- B m Omag/.unsat (RoL-)Am'unsaNi In( R ]
A Omagltunsat+ (27r - Omag)/L, (Rx-R 2 )A+ OmagPXunsat+ (2r- Omag)/Lm R 2

[-Bin BmOag/sat-Bc(2 7 - Oniag)Lm (R - R) + M m/.satNI In( 2I] (12)
NLength Omag/sat+ (21r- Omag)/.m Oagsat + ( 2 - O-ag)) Am R(2

Rx=Nl/l. (13) Ipnsat=1 0 0 0 , B,=0.4 T, Am= 1.05, and Bm=1.0 T. The
coil is made of square No. 4 wire (Awre=39 842.5 mil2),

R1 is the dividing radius between the unsaturated corewhich has a dc resistance of 0.686/10 mil at 25 C and a
(inside this radius) and the saturated core region (outside the
radius). mass of 0.2335 kg/i.

In Fig. 4, the flux linkage versus current graph for the
Aunsat=NLength 0,ag= 2 r/20 device of Table I is shown along with the results

X -BBrnag~unsat from a set of finite element simulations. The only difference

an 2 n (R 3 -R 2 ) between the 16 and 64 segment devices is the number of
mag/zunsat+ (2wr- Oiag) Armpermanent magnet wedges that the magnetic angle 0mag is

+ $0 /,/unatNl I iR23)1 divided into. Many thin wedges tend to reduce the amount of
0magomunsat+ ( 2

T- 0mag)/Lm . (14) leakage flux outside the device, i.e., more of the flux is con-
fined to the core. Hence, the transition from the low to high

Table I summarizes the physical dimensions of three ex- inductance state is sharpened as the number of wedges in-
ample dlldt limiters. Each device has a low inductance re- creases. However, large numbers of core and magnet wedges
gion extending up to Iknee=50 A, and each has a fault induc- may be undesirable from a cost and construction perspective.
tance LUNSAT- 4 5 mH. In these examples, the material In Fig. 1(b), a modified device is depicted in which the
constants for the core and magnet material are: gsat=1. 0 , permanent magnet wedges are extended to the outer edge of
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TABLE I. Physical characteristics of three dI/dt limiters. L .5- 1) 16 Segment device
I T- 2) 64 Segent dCee221r 05 3) 16 Seg. extended magnet 4Fluw ._ 2rnx 0 5 - 4) leoici redcto

0., TO To- 100 Linkage 0-
(Wb) -o 5-

R, 0.2998 0.3964 0.6960 --
R2  0.3241 0.4083 0.6983 -1.5
R3  0.3565 0.4491 0.7681 11 -T- I-I-I I I
R4 0.3771 0.4596 0.7702 0 50 100
Length 0.06482 0.08166 0.1397 Current (A)
N 1852 1167 399
Magnet mass (kg) 3.33 3.33 3.33
Core mass 19.8 41.8 217.9 FIG. 4. Flux linkage vs current graphs for the Omg= 2 1r/20 device of Table

Coil mass 122.9 78.95 39.86 I. The "theoretical prediction" line was obtained from the performance

Total mass 146.0 124.1 261.1 equations. The remaining curves are from a set of finite element simulations.

Resistance (I1) 0.36 0.23 0.12
LSAT (mH) 6.22 2.51 0.43
LUNsAT (mH) 46.0 44.0 40.3 For currents below a designed threshold level, it was shown
LUNSAT 7.4 17.5 93.1 that the inductance of this device could be designed to be
Ls 7 quite small; above this threshold level, the inductance of the

device increases dramatically to another much larger de-
signed value.

A modification to the basic dIl/dt limiter was shown in
the conductors. Extending the magnets helps to maintain a which the permanent magnet wedges were extended to the
more uniform flux density in the core material. Thus, fewer outer edge of the current conductors. The effect of this was
magnetic wedges are required to achieve a sharp transition to reduce the number of wedges required to achieve accept-
from the low to high inductance state of the device, able device performance.

It can be shown, that for the cylindrical dIldt limiter, the It was also seen that at larger values of threshold current
combined volume of the core and permanent magnets is and device inductance that the volume and mass of the de-

20/.I2 vice could be considerable, thus the cylindrical dlldt limiter2 k ,0-mneL UNSAT
Volume>- - (15) would likely only be practical for applications in which

1kn, UNSAT is small.

This is an unavoidable characteristic of the cylindrical dlldt
limiter which tends to result in a fairly heavy device for large
values of Iknee and LUNSAT, or small values of 0mag. For ACKNOWLEDGMENT
instance, the mass of the 21r/20 device is 124.1 kg, of which
3.33 kg is due to the permanent magnets, 41.8 kg is due to The authors would like to acknowledge the generosity of
the ferrite core, and 78.95 kg is dae to the copper conductors. Infolytica Corp. of Montreal, Canada for the use of their
For smaller values of LUNSAT and 1knee, the weight of the finite element software package MagNet.
device is more reasonable, and the simplicity of the cylindri-
cal device makes it attractive.

V. CONCLUSIONS 1S. J. Young, F. P. Dawson, and A. Konrad, IEEE Trans. Magn. 28, 3051
(1992).

This article examined a device which has the potential to 'S. J. Young, F. P. Dawson, and A. Konrad, 1EE Jpn. Ind. Appl. Soc. E 105

function as a selective rate of current change (dl/dt) limiter. (1991).
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Effects of additives on magnetic properties of sheet Sr-Ba ferrite magnets
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Sr0.75Ba0 5 Fe1 2O19 hexagonal ferrite has attracted much attention due to its large (BH)MAx values
and workability. We have prepared sheet magnets by the Dr. Blade method. To examine the effects
of additives, such as SiO2, TiO 2, A120 3 , and Cr20 3 , on magnetic properties of sheet magnets, we
used VSM magnetometer, x-ray diffraction, and M6ssbauer spectrometer. The crystal structure is
found to be a magnetoplumbite of typical M-type hexagonal ferrite, but the a-Fe20 3 phase develops
with increasing additives conentration. Using our refined computer program, we have analyzed the
M6ssbauer spectra in the temperature range from 13 to 800 K. The M6ssbauer spectra indicate that
the line intensity for the 12k site is reduced with increasing SiO 2 concentration, which is different
from the reports of Fe-substituted Ba ferrite. This suggests that the developing a-Fe20 3 phase is
related to 12k sites. The isomer shifts show the charge states of Fe ions is ferric. When the additives
concentrations increase, the Curie temperatures, T, go down. One sextet for a-Fe20 3 phase still
persists above Tc, so it suggests that the high-T, values do not result from a-Fe203. While A120 3 and
Cr2 O3 additives increase coercive force Hc, the other additives reduce it.

I. INTRODUCTION

The hexagonal ferrite of the M-type (Ba,Sr)Fel20 19 ,
have attracted much attention as permanent magnets, perpen- -
dicular magnetic recording media, and microwave device 0

materials. 1- 3 They are widely used because of their high co- 2

ercivity and low cost. Besides, they are very stable and have .1
electrical resistivity.4 In optimizing hard ferrites for perma-
nent magnet applications, a compromise is usually struck 6

between obtaining a high remanence value or a high coerciv-
ity, which is dependent on microstructural features. 0 -

The remanence Br is a strong function of density, chem-
istry, and orientation, while the coercive force, H, is related 3 -

to grain size. The problem is to achieve fine grain size and
high density simultaneously. It has been reported that some - 6

additives such as SiO2 ,TiO2 , Ba2 0 3 , Cr20 3, and Ga 20 3 are
active ingredients that definitely influence the a-
microstructure.

5- 7

Additives play a role as an activator and inhibitor. The 0 2

method of addition and amounts are also very important
techniques. Kools s has found that SiO 2 in the correct propor- M 4

"< 'Cr:,

tion inhibited grain growth by forming a second phase at the 6 r

grain boundaries. Okumura8 has found Bi 20 3 improves the
reaction rate and increases the density of barium, strontium, 0
and lead ferrites. Seok 9 noticed that A120 3 reduces the size of
unit cell of barium ferrite, raises the coercive force, lowers
the saturation magnetization, remanence, Curie temperature,
and rate of growth of the crystallites. On the other hand, 6A

Wolski 7 ),as investigated the influence of the admixtures I- _
(A120 3 , Ga203, B203) upon the magnetic properties of the 12 -8 -4 0 4 8 12

strontium-barium fenite Sro.75Bao.25Fe 12O19. V E 1 0 C I T Y (rmm/s)
In this work, the effects of trivalent base oxides (A120 3,

Cr 20 3 ) and tetravalent base oxides (TiO 2, SiO2) on magnetic FIG. 1. Mossbauer spectra of Sr-Ba ferrites with 1.0-wt % additives at room

properties of the Sr-Ba ferrite are discussed. There has not temperature.
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FIG. 2. Mossbauer spectra of Sr-Ba ferrites with 1.0-wt % additives at 13 K. FIG. 3. Mossbauer spectra of Sr-Ba ferrites with admixed with A120 3 and
SiO 2 at room temperature. The dashed line indicates the a-Fe20 3.

been an exploration of the effects of substituting part of Fe3+

with the cations of additives by M6ssbauer spectroscopy. hexagonal cell is almost unchanged, while the c axis seems
to decrease slightly. a-Fe20 3 phase appear above 2.0 wt % of
SiO2 additives. The effect of substituting part of the Fe3+

II. EXPERIMENT with oxides was not noticed in powder diffraction patterns.

Strontium-barium ferrite Sr0.75Ba0 5 Fe12O19 was pre-
pared by the citric sol-gel method. The starting materials
were Sr(NO 2)2 , Ba(NO)2 , Fe(N0 3).9H20 of 99% purity. Af- 600

ter grinding and drying citrate gel, the ferrite powder was
reacted by calcining it at 850 'C for 2 h. The green sheets of
Sr0 .75Ba0 25Fe 120 19 to which additives oxides were intro-
duced were made by Dr. Blade. Sintering was done at 500 °C 400

for 1 h and for the second time at 1200 °C for 2 h.
M6ssbauer spectra were recorded using a conventional ,.4

M6ssbauer spectrometer of the electromechanical-type 0  -
with a 57Co source in a rhodium matrix. 4 f,

22k
III. RESULTS AND DISCUSSION

The x-ray diffraction patterns of the samples showed that 0 17 1 4 0 1
the crystal structure was a typical magnetoplumbite of the

M-type hexagonal. The lattice constants of r ( K)
Sro.75Bao.zFe1 20 19 were found to be a=5.875 A, c=23.03
A. Adding oxides has no appreciable effect on the dimen- FIG. 4. Temperature dependence of magnetic hyperfine fields of Sr-Ba fer-

sions of unit cell. In the case of Si0 2, the a axis of the rite with 1.0-wt % TiO2 additives.
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FIG. 6 Saturation magnetization M. of Sr-Ba ferrites with and without
FIG. 5. Dependence of Curie temperatur,, T, upon the concentration of admixtures.
additives A120 3 and SiO 2 .

It is noted in Fig. 6 that additives in,'rease the saturation
magnetization. Of all the additives A120 3 has the greatest

M6ssbauer spectra of Sr-Ba ferrte with 1.0-wt % SiO 2, effect on M, in the range .f 1.0 wt %. However, an increase
TiO 2, A120 3, and Cr 20 3 are shown in Figs. 1 and 2. Each in additives reduces the saturation magnetization. The coer-
sites contributes a magnetic hyperfine sextet, in proportion to cive force, H, is increased with the addition of the admixture
site population times the recoil-free fraction, to the total A1203 and Cr 20 3, but is decreased with the other additives.
M6ssbauer spectrum. With the assignments shown in Figs. ' In general, H, and M, partly depend upon density and
and 2, peaks of five sites may be identified visually. They are rin size, and it has been shown that the coercive force, II,
a typical M6ssbauer spectra of the Sr-Ba ferrite." The iso- depends on the anisotropy field which is related to five Fe3

mer shifts at room temperature are in the range of 0.18-0.27 sites, but any ehects due to the replacement of trivalent by
mm/s relative to Fe metal, 12 which means that the ionic state tetravalent cations in Mssbauer spectra was not observed.

of iron ions with respect to five sites is ferric. The effects of In conclusion, it may be said that when the concentration

Fe3  substitution with trivalent and tetravalent cation of ad- of additives is less than 5 wt % the magnetic properties such
ditive is not found in the M~ssbauer spectra. as H, M, and Mr depend more or microstructure character-

The quadrupole splittings of sublattice as a function of i Ca on Mh dd more n s haar-istics than on the additives. Additives can also play a role astemperature show no abrupt change near 80 K. Kreber'3 had inhibitor or activator when the cation concentration is less
proposed a model in which Fe3  occupies randomly one of than 5 wt %.

the two equivalent sites of 4e instead of 2b at low tempera-

ture. Figure 3 show M6ssbauer spectra of Sr-Ba ferrites with ACKNOWLEDGMENT
changing weight percent of the additives A120 3 and SiO 2.

When the portion of additives is increased, the M6ss- The present studies were supported by the Nondirected
bauer spectra of the Sr-Ba ferrite with A120 3 admixture is Research Fund, Korea Research Foundation, 1994.
almost unchanged, while that of SiO 2 is obviously changed.
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Critical scattering of electromagnetic waves on spin fluctuations
in nonsaturated magnetic films under acoustic pump

I. E. Dikshtein, R. G. Kryshtal, and A. V. Medved
Institute of Radioengineering & Electronics of Russian Academy of Sciences, Mokhovaya, Moscow GSP-3,
Russia 103907

The theoletical and experimental investigation of the microwave (MW) combination scattering on
spin fluctuations (SF) in the yttrium iron garnet film under acoustic pump were pursued. MW
frequency f=3.5-4.1 GHz was well above spin wave spectrum at a preassigned magnetic field. At
the external magnetic field range Ho=5-40 Oe one (or more) intensity peaks of MW scattering
were observed. The positions of these peaks do not depend on MW and surface acoustic wave
(SAW) amplitudes and frequencies and depend heavily on the magnetic field directions in a film
plane. Because these phenomena were closely associated with the domain walls (DW) reorientation
or at the domain structure transformations, e.g., at the flexural instability of DW, one may speculate
that critical scattering of MW on SAW and SF was observed. Cross section for such scattering was
calculated. In nonsaturated magnetic films the phenomena of MW scattering on SAW and spin
fluctuations at high amplitudes of the MW and SAW were investigated as well. In the area of
external magnetic fields Ho0 -250 Oe a stepped dependence of intensity of scattering MW was
observed. There is no appropriate explanation of this effect now.

Experimental investigations of nonelastic scattering of samples used for studying of the SMSW scattering by SAW
magnetosatic waves (MSW) by a surface acoustic wave phenomenon as well in our latest experiments. For excitation
(SAW) in yttrium iron garnet (YIG) films were shown to be and reception of SMSW use was made of ordinary transduc-
rather useful methods for measuring MSW propagation ers, i.e., planar conductor antennas deposited on the surface
parameters, 1- 3 as well as for studying MSW nonlinear of Y-Z LiNbO 3 plates and YIG film was placed on the top of
peculiarity.4 The experimental procedure in this case consists these antennas, a very thin layer of vacuum oil being be-
mainly of measuring the output microiwave (MW) signal tween the surface of LiNbO 3 plates and that of YIG film,
level of frequency f+ F (or f-F) as a function of the input providing rather good acoustic contact. SAW was excited by
microwave signal frequency f at fixed SAW frequency F and interdigital transducers (IDT). The insertion loss of such a
external magnetic field Ho. Usually under nonelastic scatter- SAW device was no higher than 20 dB at 15-40 MHz SAW
ing of MSW by a SAW the maximum level of the output frequencies in 50-41-measurement circuit. The dimensions of
signal takes place at a certain input MW signal frequency fo, the antennas were 5X0.025X0.002 mm3.
when the phase synchronism conditions of nonelastic scatter- We used 3-30 /t thick YIG film, fabricated on (111)
ing are satisfied. GGG substrates by the liquid phase epitaxy method. The

Recently, when investigating nonlinear MSW scattering structures under investigation were installed between the
by a SAW in YIG films we observed that the output signal of poles of an electromagnet as shown in Fig. 1.
the f±F frequency may have, under a certain condition, At a certain input MW signal frequency fo at which the
rather essential level in relatively wide input signal fre-
quency range which is far away from the phase synchronism
frequency fo and even outside the MSW frequency spectrum. A level contzot
Furthermore, such a signal appears also in nonsaturated YIG r,-_ r11
films at low external magnetic fields and its behavior as a :I -fil
function of input microwave signal power shows a steplike UII3
dependence. 4I_

We have no reliable explanation of these experimental
results now, and we would like to present here some of these
results and discuss one of the possible hypotheses which may
probably serve as an approach for explaining these results.

The experimental setup is similar to that ure, d by us for circulator f + F
surface MSW (SMSW) nonelastic scattering by SAW inves- f _>-- - -- >
tigations.microwave input to selective receiver

Figure 1 shows the experimental setup and the configu- FIG. 1. Schematic of the experimental setup and the configuration of YIG
ration of a gadolinium gallium garnet (GGG)-YIG film film-GGG samples under investigation.
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magnetic field, Oe FIG. 4. Output signal level as a function of the input signal level for a 5-A

FIG. 2. The output signal level A of frequency (f+F) as a function of the YIG film sample. H=230 Oe, SAW pulse power 50 mW. -30 dB in hori-
external magnetic field at three values of he input cw microwave powers. zontal axis corresponds to 0 dBm.

SAW-in pulse regime, pulse duration 10 ps, repetition rate 200 kHz. YIG
film thickness 5 ., planar dimensions of the samples 4X 10 mm 2.

tal results were in good agreement with the theory. 3 '5 At
higher MW powers we observed the output signal of (f tF)

phase synchronism conditions for the scattering are satisfied frequency at low external magnetic fields when the input
and at sufficient SAW power a substantial decreasing in the signal frequencies f did not correspond to the scattering
output MW signal level (transmitting SMSW level) is ob- phase synchronism conditions and even were outside the
served in the sample. This decreasing is proportional to the MSW spectra for a given value of the external magnetic
SAW power in a relatively wide range of SAW power varia- field. The measured output signal level of (f+ F) frequency
tion. In this case a reflected (scattered) SMSW also can be as a function of external magnetic field H at three different
observed. The reflected SMSW frequency in the case of the values of the input signal powers is presented in Fig. 2 for
SMSW and SAW propagating in the same direction is less 5-it-thick YIG film (magnetic field was parallel to the anten-
and in the counter-propagation case is higher than the fre- nas). One can see two relatively narrow peaks at low mag-
quency of the incident SMSW by the SAW frequency, F. The netic fields (one at 5- 15 Oe and the second at 25-40 Oe). It
signal corresponding to the reflected SMSW may be taken should be noted that the power level of these peaks is di-
from the input antenna with the help of a circulator as is rectly proportional to the input MW signal power, though the
shown in Fig. 1 and measured by a selective receiver tuned output signal level at higher magnetic fields is essentially
to (fo-F) frequency. It should be noted that such a tech- nonlinear function of the input power. The experimental re-
nique is rather sensitive, because no problems connected sults presented in Fig. 2 were obtair'ed at 4044 MHz. Our
with interference between the output signal of frequency (f investigations have shown that qualitatively similar depen-
-F) and the input MW signal of frequency f arise. dences, including these two peaks, take place also at other

When investigating SMSW scattering by SAW the input frequencies in the range from 3500 MHz up to 4100 MHz.
MW power usually did not exceed -20 dBm and experimen- In relatively thick YIG films (thicker than 20 /) a series

of two or more peaks at the 5-15 Oe position was observed,
while only one peak was at 25-40 Oe as in the thin film

0 case.
130' °  a, Figure 3 represents the angular dependence of the output

signal level measured for 5-A YIG sample at 37-Oe magnetic
field (the second peak in Fig. 2) at 0-dBm input power when

300"  600 the sample was turned around its vertical axes between the
magnet poles. Zero degrees corresponds to a sample position

20dB 30dB when the direction of magnetic field is parallel to the anten-
2700 gnas (see Fig. 1). The thick line in Fig. 3 represents the mea-

surement result when a sample was rotated clockwise from
0' to 3600; the thin line represents the result when the sample

2400 ° was rotated in the opposite direction from 3600 to 0'. Curves
1200 of the angular dependences of the output signal level mea-

sured at higher magnetic fields differed from these in Fig. 3
2100 1/0 \oand were stretched along the 900 and 180* directions, when

antennas were perpendicular to the magnetic field vector.
FIG. 3. The output signal level of (ft+F) frequency as a function of the easure perpu lar lete agnti f vetor.

angle between the external magnetic field vector and the direction of SAW Measured output signal level as a function of the input
propagation. f=4044 MHz, F=22 MHz, input microwave power 5 dBm, microwave power for a 5-/. YIG film sample at 230-Oe mag-
SAW power 20 dBm (pulse regime, 10-pls pulse duration), H=37 Oe. netic field value is presented in Fig. 4. This measurement
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was produced at magnetic field directed parallel to the anten- where a correlator of order parameter fluctuations is
nas. SAW power was 50 mW. A steplike dependence and a ((Iu(Q, wt) 2 )-2yTfl[(f12 - C02 ) 2 +4y 2 f 2] - 1  (4)
hysteresis are clear seen in this picture.

It should be noted that a stripe domain structure (DS) a frequency of the DW flexura! vibrations is
with 120° blocks was observed in all our YIG film samples &)S(Q)=(S2Qx+S2Qy) , S is a velocity of the DW flexural
under investigation without external magnetic field. This DS vibrations, y is the DW fiexural vibrations damping,
was reconstructing under the action of external magnetic fi=co' t Q=k-k'-kA. The following relations for

* field. frequencies and wave vectors: o-&)'>>&)A >,
We are coming now to the theoretical investigation of k-k'<-kA-Q take place.

the MW combination scattering by spin fluctuations (SF) un- Generally, the magnitude of dU is negligibly small. Situ-
der acoustic pump in nonsaturated magnetic films at the first- ation reverses in the vicinity of the second-order PT point H,
and second-order phase transitions (PT) accompanied by the when DS loses stability with respect to the DW reorientation
stripe DS transformations. The equilibrium orientation of do- or with respect to the sinusoidal disturbance of a DW profile.
main walls (DW) depends on a DW type, the magnetic an- Then the projection of the velocity of the DW flexural vibra-
isotropy and a direction of a magnetization field Ho in a film tions on the DW direction (for definiteness sake we denote
plane. At the specific values Ho the first- and second-order this projection Sx) tends to zero (Sxoc IHo-Hc1/2). In that
PT of DW reorientation type takes place in a film. On the case, when the conditions f1=w(Q), Q=k'-k-k are ful-
other hand, as a magnetization field changes a DS with fixed filled, the MW scattering intensity increases abruptly and the
period d can become unstable with respect to a sinusoidal (or scattering effect can be accessible to observation. MW scat-
zigzag) disturbance of a DW profile.6 A long-order parameter tering intensity depends heavily on the direction of MW and
of such PT is a displacement field amplitude u(r,t) of DW SAW propagation in a film plane. It has a maximum
points about their positions in a regular DS. Soft modes cor- dUo(yto)-lolHo-H,1-112 for k I1 kAlIx.
responding to the order parameter are DW flexural vibra- At the first-order PT point a discontinuous jump of the
tions. DW direction or DW profile disturbance of finite amplitude

The intensity of the MW scattering U can be represented takes place. In that case a correlator ((u(Q, tW)t2)) has -
in the following form shaped peculiarity. In real crystals even a weak dispersion of

magnetic parameters of a film leads to blurring of such a
U=(W4/32Tr4c2)(e) 2V Re i dk'((AEI#(k'-k,&t peculiarity and decreasing of MW scattering intensity peak.

So the intensity peak has a finite width and can be accessible
(1) to observation.

Thus we suppose a hypothesis for explaining the forma-
where V is a scattering volume, o (W') and k (k') are a tion of intensity peaks of the MW scattering in the weak
frequency and a wave vector of falling (scattering) MW, re- magnetic fields. In line with it we observed the MW combi-
spectively; wave vector k (k') is determined in a film plane nation scattering by SF under acoustic pump in nonsaturated
(x,y); e is an intensity of the electric field of falling MW; magnetic films at the first- and second-order PT accompanied
Ae,,(r,t) is a difference between the local and equilibrium by DS transformations. This hypothesis gives the reasonable
value of dielectric permeability of ferromagnet; c is a MW qualitative explanation of the following experimental results:
speed; ((...)) denotes the average ovcr the statistical ensemble (1) the linear dependence of the MW scattering intensity on
and over film thickness. MW and SAW power; (2) a weak dependence of the posi-

We will be further interested in the microwave scattering tions of peaks of the MW scattering intensity on MW and
on the order parameter fluctuations. Therefore, it will be con- SAW frequencies; (3) abrupt increase of the MW scattering
sidered the corrections to the tensor of the dielectric perme- power dUeiHo-H,1-1/2 in the vicinity the PT field
ability in the form Ho=H,; (4) the strong dependence of the MW scattering

A r= ralSpaskUySM P,2M/oxxk, (2) power on the direction of a magnetization field in a film

where t is a magneto-optoelastic tensor, Uy, is the elastic plane.

d t U o There is no appropriate explanation of effects of highdeformation tensor induced by SAW; Ua -aP MW scattering far away from the phase synchronism fre
Xexp i(kAr± - &At); kA and wA are a frequency and a wave quency range. For the calculation of these effects it is neces-
vector of SAW, respectively; a tensor U corresponds to the
Love waves. sary to take into account the high order processes involving

Substituting Eq. (2) into Eq. (1) we find the intensity of MW, SAW, and SF. Jumps of MW scattering intensity can be

the scattering microwave on the frequency interval dwo' and associated with the DS transformation in the high MW fields.
on the solid angle interval dO in the form o R. G. Kryshtal and A. V. Medved, Sov. J. Tech. Phys. 57, 1936 (1987).

dU= (V/167T) 2 R. G. Kryshtal et at., Soy. J. Tech. Phys. 58, 2315 (1988).

1/2 2 2 4 , 3R. G. Kryshtal and A. V. Medved, Soy. J. Tech. Phys. 59, 82 (1989).
0 8y8YcukQiQkUytM 6)2 4R. G. Kryshtal andA. V. Medved, Sov. Phys. Solid. State 34, 335 (1992).

5A. F. Popkov, Radiotekh. Elektron. 27, 1366 (1982).
x((Iu(Q,&W)12))dw ' dO, (3) 61. E. Dikshtein et al, Soy. Phys. JETP 73, 114 (1991).
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Light scattering from spin waves in MnF 2

M. G. Cottam
Physics Department, University of Western Ontario, London, Ontario, Canada N6A 3K7

V. R Gnezdilova) H. J. Labb6, and D. J. Lockwood
National Research Council, Ottawa, Ontario, Canada KIA OR6

Measurements of the weak one-magnon light scattering in the antiferromagnet MnF2, including
Stokes and anti-Stokes scattering, as a function of temperature are reported. From the theoretical
analysis of the temperature and polarization dependences of the integrated Raman intensities, values
are deduced for the ratio of quadratic and linear magneto-optical coupling coefficients.

The observation of one-magnon light scattering in the The Raman peak positions for the temperature depen-
tetragonal, insulating antiferromagnet MnF 2(TN.=68 K, dence of the magnon frequency are shown in Fig. 2, combin-
S=5/2) was reported earlier.' However, experimental diffi- ing results from Stokes and anti-Stokes scattering in several
culties due to the low frequency of the spin waves and their polarizations. The peak frequencies were measured to within
weak light scattering intensity precluded an accurate study of ±0.05 cm-1 for the stronger lines. Comparisons are made
their temperature dependence. The advent of a high- with two types of theory, as described before.' The broken
resolution spectrometer with high stray-light rejection has and solid lines refer, respectively, to predictions of a linear
now enabled a detailed study of the Stokes and, for the first spin-wave theory and a perturbation theory. The latter in-
time, the anti-Stokes scattering as a function of temperature. cludes effects of magnon-magnon interactions and is valid
The magnon frequency in zero-applied magnetic field renor- over a limited range of temperature (up to -0.6TN in this
malized from 8.7 cm - t at low temperature [consistent with case). We assumed J=2.49 cm-1 for the dominant exchange
antiferromagnetic resonance results (Ref. 2)] to 4.8 cm - 1 at interaction (neglecting the small effect of the other exchange
57 K, while the linewidth increased slightly from about 0.6 interactions for the zone-center magnons excited by Raman
to 0.8 cm- 1 over the same temperature range. The magnon scattering) and g$BHA=0.75 cm-1 for the uniaxial anisot-
Raman integrated intensity exhibited a pronounced pola'a- ropy at low temperatures, consistent with neutron scattering
tion dependence in both Stokes and anti-Stokes scattering, data.6 The temperature dependence of the anisotropy is con-
The measured temperature and polarization dependences of ventionally introduced by writing IAcc(S')n, where (SZ) is
the Stokes and anti-Stokes intensities has enabled a theoreti- the sublattice spin average and n is a positive index' with a
cal study to be carried out for the magi,-,to-optical coupling value depending on the physical origin of the anisotropy. If
in MnF2. the neighboring spins are considered as being either com-

The MnF2 crystal used in this study has been described pletely uncorrelated (implying (S,Sj)=(S,)(Sj) for sites i j

elsewhere.' The sample was mounted in a Janis DT cryostat as in mean-field theory) or strongly correlated, then this
for the low-temperature measurements and the sample tem- would lead to n = 1 and n =2, respectively, as limiting values.
perature was controlled and measured to within ±0.1 K. The In Figure 2 we show the theory curves for n =1 and n =2. On
magnon Raman spectrum was excited with 800 mW of argon
laser light at 476.5 nm, which resulted in little laser heating
of the sample' (the temperatures quoted have been corrected 3 M I I
for a 1.0-K laser heating). The light scattered at 900 was
analyzed with a SOPRA DMDP2000 double monochro- 4
mator, which has the high-resolution capability (better than M

0.03 cm-t) and high stray-light rejection needed for this L
experiment,3 and detected with a cooled Hammamatsu L
R928P photomultiplier. In the analysis of the scattered light
polarization, the X,Y,Z labels refer to the a,b,c crystallo-
graphic axes, respectively. A typical anti-Stokes-Stokes Ra-
man spectrum is shown in Fig. 1.

inThe relevant theories for the temperature dependence of z
the magnon frequencies and the one-magnon Raman intensi- :
ties are already well established for antiferromagnets with X(5xl0"8 )

the rutile crystal structure of MnF 2 (see, e.g., Refs. 1, 4, and
5). Here, we test the theories by comparing with the experi- ,4

mental data and, from the analysis, we deduce results for the -1

nature of the magneto-optical coupling in MnF2. -t0 -5 0 5 t0
FREQUENCY SHIFT (cm-t)

a)Permanent address: Institute for Low Temperature Physics and Engineer- FIG. 1. One-magnon (M) Raman spectrum of MnF2 at 41 K in X(ZX)Y

ing, Ukrainian Academy of Sciences, 310164 Kharkov, Ukraine. polarization with a spectral resolution of 0.53 cm-
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FIG. 3. Experiment and theory for the temperature dependence of the inte-FIG. 2. Comparison of experiment and theory for the temperature depen- grated intensity for Stokes scattering in several polarizations. Ile experi-

dence of the magnon frequency. The data points refer to 0, Stokes scattering mental points refer to 0, (XZ) polarization; 0, (YZ) polarization; A, (ZX)
in (XZ) polarization; 0, Stokes scattering in (YZ) polarization; A, anti- polarization. The theory curves are for G4 /K+=O (broken line) and
Stokes scattering in (ZX) polarization; V, anti-Stokes scattering in (ZY) G+/K+=O.08 (solid lines).
polarization. The broken and solid lines refer to linear and interacting spin-
wave theories, respectively (see text).

Following Ref. 1, these are denoted by K, and G+ .', the

comparing with the experimental data, which are more de- liner and quadratic magneto-optical coupling for in-phase

tailed and extend to higher temperatures than in Ref. 1, we scattering, while K_ and G_ are the corresponding coeffi-

see that taking n = 1 provides a clearly better fit in the case of cients for out-of-phase scattering.

the linear theory and a marginally better fit also in the case The expression for the anti-Stokes intensity AS is simi-
where spin-wave interactions are included. lar to Eq. (1) provided the factor (nM + 1) is replaced by nM.

We next discuss the results for the light-scattering inten- Also Fin and Fout are replaced by Fin and F, 1 , respectively,
sities. Data have been obtained for both Stokes and anti- obtained by making the substitutions4 K+-- K+ and
Stokes scattering in X(ZX)Y and Z(YZ)Y polarizations, for K--K- in the definitions of F,, and Fout. In general.
Stokes scattering in Z(XZ)Y polarization, and for anti- Fin: Fg n and Fo t:AFout (except in the limits of linear
Stokes scattering in Y(ZY)Z polarization. Some results for magneto-optical coupling only or quadratic magneto-optical
the temperature dependences of the Stokes and anti-Stokes
integrated intensities, Is and IAs, are shown in Figs. 3 and 4,
respectively, and will be discussed later. The units are arbi-
trary, bw' are consistent between the two figures. According 1 20
to theory, Is for Stokes scattering takes the general form1'4

Is=A(Sz)(nM+ 1)(Fn+Fou)IWtoM, (1) 100

where the overall factor A is independent of the temperature
T and the scattering geometry, &oM is the magnon frequency, 80 ± *1
and nM=[exp(hoiM/kBT)-l]- 1 is the corresponding Bose

tactor. The quantities Fin and Fout refer to the in-phase and 60 T
out-of-phase contributions, respectively, to the scattering T

from the two sublattices of the antiferromagnet. Their ex-
plicit expressions are given in Ref. 1 and include the effects 40

of a magneto-optic coupling that is quadratic in the spin
operators as well as the usual linear magneto-optical 20
coupling. t'4 The quadratic magneto-optical coupling is
known to be important in another rutile-structure 0 T
antiferromagnet 4' 5 FeF2 , and it is of interest to determine its 0 20 40 60
effect in MnF 2. The possibility of an out-of-phase term in Is  T (K)
arises because the two sublattices in FeF 2 are not equivalent(due to the coordination of the F- ions). Hence, the theoreti- FIG. 4. Experiment and theory for the temperature dependence of the inte-
cale modte corinvlve f maneto-o l cefets thatre- grated intensity for anti-Stokes scattering. The experimental points (A) refer
cal model involves four magneto-optical coefficients that are to (ZX) polarization. The theory curves are for G /K+ =0 (broken line) and
independent of temperature and light scattering geometry. G+/K,=O.08 (solid line).

6884 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Cottam et al.



coupling only), and consequently the intensity ratio IAS"IS temperature dependence. In Fig. 4 it can be seen that the
differs from the usual thermal factor nMI(nM + 1) when both variation of IAs(ZX) is much better described by the solid
types of magneto-optical couplings apply. Also the individual theory curve for G +/K+ =0.08 than by the broken curve for
temperature dependences of Is and AS are modified and de- G+/K+ =0. Further evidence that G+IK+0 0 is provided by
pend on the polarization, e.g., as confirmed experimentally the intensity ratio IAS/IS in (ZX) polarization, where we have
for FeF 2 (see Ref. 5). measurements at three different temperatures. Overall, from

In making preliminary comparisons of theory with ex- the T dependences of Is and /As and from the behavior of
periment for the Raman integrated intensities in MnF 2, we IAsIS, we deduce that G+/K+ lies approximately in the
have assumed for simplicity that in-phase scattering is domi- range 0.05 to 0J.
nant. This would be expected because the deviation from In conclusion, we have presented new experimental data
tetragonal symmetry at a Mn2+ site is relatively small. For for the Stokes and anti-Stokes light scattering in MnF 2. From
the Stokes data in Fig. 3, the theory predicts that a preliminary analysis for the dependence of the integrated
Is(XZ) =Is(YZ) at any given temperature, whatever the val- intensities on temperature and polarization, we obtain good
ues are for K+ and G+, whereas Is(ZX) will be different agreement between theory and experiment. The results indi-
(unless G+/K+ =0), It is seen that the intensity data points cate that, while the linear magneto-optical coupling coeffi-
(allowing for an experimental uncertainty of 10% to 20% cient K+ for in-phase scattering is dominant, there is an im-
typically) broadly confirm this prediction and allow us to portant contribution due to the quadratic in-phase coefficient
make a rough estimate for the ratio G +IK+ . First, we note G + .A more detailed comparison between theory and experi-
that in the absence of any quadratic coupling (G +IK+ =0), ment will be undertaken to determine if out-of-phase scatter-
the intensities for all three polarizations would be described ing is significant.
by the broken curve in Fig. 3, which provides an inadequate
fit to the data. A much better fit is provided if G+/K+ is
small and positive, as illustrated by the solid lines for 'D. J. Lockwood and M. G. Cottam, Phys, Rev. B 35, 1973 (1987).
G +IK+ =0.08 in Fig. 3, where the upper line refers to (XZ) 2F. M. Johnson and A. H. Nethercot, Phys. Rev. 114, 705 (1959).
and (YZ) polarizations and the lower line to (ZX) polariza- 3D. J. Lockwood, Surf. Sci. 267, 438 (1992).
tion. 4 M. G. Cottam, J. Phys. C 8, 1933 (1975).

Similarly, for the anti-Stokes data, the role of quadratic 5 M. G. Cottam and D. J. Lockwood, Light Scattering in Magnetic Solids
(Wiley, New York, 1986).coupling is to enhance the intensities in certain polarizations 6 A. Okazaki, K. C. Turberfield, and R. W. H. Stevenson, Phys. Lett. 8, 9(making it easier to study experimentally) and to modify the (1964).
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[ Controlling high frequency chaos in circular YIG films
D. W. Peterman, M. Ye, and P. E. Wigen
Department of Physics, The Ohio State University, Columbus, Ohio 43210

High power ferromagnetic resonance experiments involving thin circular YIG films produce chaotic
oscillations with broad band frequency spectra in the 0.5-25 MHz range. To eliminate chaotic
oscillations, a delayed feedback of the ac component of the ferromagnetic resonance signal was used
to modulate one of the system parameters, the applied static magnetic field. The chaotic oscillations
were converted to oscillations of reduced periodicity, and ultimately the quiescent state, as the gain
in the feedback loop was increased. Similar results have been obtained in numerical simulations.

I. INVRODUCTION GHz which was produced by a slotline structure and oriented

The ability to control chaos has generated much experi- perpendicular to the static field.13 Radio frequency absorp-

mental and theoretical interest. 1- 6 Chaos in nonlinear dy- tion of the sample was detected by a diode. Under high rf

namic systems can be controlled by applying small perturba- pumping power, the absorption signals of the sample were

tions to an accessible system parameter to stabilize an observed to show periodic or chaotic oscillations with typical
unstable periodic orbit of the system's chaotic attractor. Us- frequencies of a few MHz. The emergence of the oscillations
ing the method proposed by Ott, Grebogi, and Yorke is a function of the frequency and power of the rf pumping
(OGY),1 the discrete perturbations to the chaotic system are field, and the magnitude of the static bias field." 8

calculated from the dynamic properties of the chaotic system In the experiments, the static field and rf power were
near the unstable fixed point on the Poincare map corre- chosen to produce a chaotic absorption signal from the
sponding to the periodic orbit onto which the system is going sample. The ac component of the oscillating signal at the
to be stabilized. This method of controlling chaos has been diode was fed into a delay line and then to a voltage to
used successfully in a number of different experimental current converter amplifier. The current from the amplifier
systems. 2-4  was used to drive a 20 turn coil 5 mm in diameter, approxi-

In high power ferromagnetic resonance (FMR) experi- mately 1 mm above the YIG sample. The coil plane was
ments involving thin films, interactions between magneto- adjusted to be parallel to the sample plane. The magnetic
static modes give rise to the observed nonlinear effects. 7'8  field produced by the coil perturbed the static magnetic field.
Above some threshold of the rf p,.mping power, instability The delay time and the gain of the feedback loop could be
oscillations in the absorption signal are observed. With in- adjusted to achieve the control of chaos. Only the ac compo-
creasing pumping power, the oscillations bifurcate from pe- nent in the output current from the amplifier was used for the
riodic to chaotic oscillations through period doubling. 9"10 The perturbations. This was done to prevent a dc component that
fundamental frequencies of chaotic oscillations in the ab- could bias the system out of the chaotic state by the applica-
sorption signals are typically in the range of 0.5-4.0 MHz. tion of a constant term to the bias field. This also allowed the
The high frequency dynamics in the FMR experiments make perturbation to the system to approach zero as the oscillation
it difficult to control the chaos using discrete perturbations amplitude in the rf absorption signal was reduced due to the
such as the OGY method. Consequently, for controlling effect of the perturbations.
chaos at high frequencies, a time delayed feedback method Figure 1 shows an experimental result of controlling
has bcen developed, in which the chaotic signal detected chaos. In this case the chaotic absorption signal of the
from the sample was time delayed and amplified before it sample was time delayed by 470 ns. As the feedback gain
was used to perturb a system parametei, the bias magnetic was increased, the absorption signal from the sample was
field of the sample. An advantage of this analog continuous converted to a period-4 oscillation by the perturbation fields
feedback method is that no detailed -..,:ulation is necessary, of the coil. Further increase of the feedback gain resulted in
allowing unstable orbits with submicrosecond periods to be a period-2, period-I, and finally the quiescent state, where
controlled. In addition to stabilizing unstable periodic orbits only dc absorption was present in the FMR signal even
of the attractor, the total suppression of auto-oscillations, the though the pumping field was sufficient to maintain a chaotic
quiescent state, can be obtained by using this method as well. state without the control. Delay coordinate plots of the data
Suppression of chaos, resulting in periodic oscillations in presented in Fig. 1 were used to construct attractors for the
experimental FMR using external sinusoidal modulation of controlled and uncontrolled signals. From visual inspection
the applied field has been previously reported. ' 1 2  of these attractors in delay coordinate space, it is apparent

II. EXPERIMENT that the stabilized period-4 and period-2 orbits are unstable
orbits of the unperturbed chaotic attractor. In the quiescent

The experiments were performed on circular disks of state, the amplitudes of the frequency components in the
yttrium iron garnet (YIG) film roughly 2 mm in diameter and Fourier spectrum were found to be 20-30 dB less than those
about 1 /m thick. A static magnetic field of about 2000 Oe of the chaotic spectrum. A chaotic signal reemerged from the
was applied perpendicular to the film plane. The sample was quiescent state when the gain was increased even further.
excited into resonance by an rf pumping field of around 1.2 Other samples show similar behavior.

6886 J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)/6886/3/$6 00 © 1994 American Institute of Physics



25 40(a)

-25 40

-o(b4o (b)1 I

-25 ( 40

00
00

=o i I I 1 I I (

2-40

25 (d) Time ((c sec)

0

-25 FIG. 2. Experimental results for controlling chaos in FMR using time de-
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-25 F III. SIMULATION
0 2 4 6 8 10 In the numerical simulations for controlling chaos in

Time (/s) FMR using the time-delayed feedback method, the theoreti-
cal model developed by McMichael and Wigen was used.8

FIG. 1. Experimental results for controlling chaos in FMR using the time The normal modes in thin circular YIG films are the magne-
delayed feedback method. (a) Chaotic oscillation of FMR signal without tostatic modes, which have the form of Bessel functions. By
perturbation. (b) Controlled period-4 oscillation (gain=0.45 arbitrary units). integrating the equations of motion for the complex ampli-
(c) Controlled period-2 oscillation (gain=0.80 a.u.). (d) Controlled period-I
oscillation (gain=5.50 a.u.). (e) The quiescent state (gain=6.50 a.u.), in tude of these modes, the dynamic behavior of the system
which all oscillations were extinguished. could be simulated. The FMR signal in the model, S(t) was

proportional to the sum of the imaginary parts of the mode
amplitudes. This corresponded to the absorption signals mea-

The amplitudes of the perturbation field required to sured in experiments. To simulate the time delay feedback,
maintain the periodic oscillations were in the range of 0.01- the static magnetic field Ho in the equations of motion was
0.1 Oe. In preserving the quiescent state, the coil produced modulated by the ac component of the FMR signal
fields of less than 0.01 Oe. Thus, the ratio of perturbation
field to the static magnetic field was about 10- 4 for control- Hjota(t)=Ho+K[S(t- 8) -S(t- )].
ling periodic oscillations. The ratio was less than 10- 5 for Here 3 is the delay time and K is proportional to the gain of
maintaining the quiescent state. Removal of the perturbation the feedback loop in the experiment. The dc component of
field caused the system to revert back to the chaotic state. It the FMR signal S(t-b) is subtracted so that only the ac
was possible to stabilize periodic orbits for several values of th e in S(t) is subtractedrsortation the acthe eedackgai, bt qiesenc wa ony ahieabl wih a component in S(t) is used for perturbation. The debifurca-
the feedback gain, but quiescence was only achievable with a tion route caused by increasing the feedback gain observed
delay time of around 470 ns. in the experiments is predicted in the simulations for bothFigure 2 shows another example of controlling chaos direct and derivative time delayed feedback. Also, the values
using time delayed feedback. However, in this example, the and sensitivity of the delay times used in the model are simi-
derivative of the sample absorption signal was time delayed lar to those observed in the experiment.
before it was used to perturb the static field. Although the
quiescent state has not yet been achieved, this example also IV. CONCLUSION
shows a debifurcation route with increasing feedback gain,
as seen in Fig. 1. With increasing rf power, the sample dis- In conclusion, through use of time delayed feedback,
played a period doubling route to chaos. Applying time de- very high frequency chaotic absorption signals of FMR have
layed feedback led to the stabilization of period-2 and been controlled by perturbing the static magnetic field con-
period-1 orbits as the feedbac* gain was increased. In this tinuously. In using this time delayed feedback method for
example, the perturbation fields ranged from 0.1 to 0.5 0e controlling chaos, no detailed analysis of the system's attrac-
and the delay time used was 390 ns. In addition, the system tor needs to be made. It is suitable for controlling the chaos
attractors of both the controlled and uncontrolled signals in a in complicated systems which show high frequency oscilla-
delayed coordinate plot indicate that the controlled orbits tions. All that is required is the alteration of some system
were unstable orbits of the unperturbed chaotic attractor. parameter by a time delayed signal of the system's output.
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Study of spin wave resonance in a superconductor with paramagnetic
impurities

I. A. Garifullin, Yu. V. Goryunov, and G. G. Khaliullin
Kazan Physical-Technical Institute, Kazan 420029, Russia

The spin dynamics of paramagnetic impurities in a superconductor in the presence of external
magnetic field has been studied both theoretically and experimentally. Long-wave excitations
(q-_ -', where 6 is the coherence length) are shown to have coherent spin-wave nature even in a
paramagnetic phase. This effect is caused by the long-range (R-) indirect exchange interaction
between localized spins in a superconductor. The spin-wave effects in EPR of Er3+ ions in the
superconducting (SC) La l -Er, thin films have been observed. An additional absorption at the high
field side of the main resonance line which leads to its distortion has been found. Satisfactory
description of all features of observed spectra was obtained by simulating the spectra with account
for the microwave absorption by spin-wave excitations. The spin stiffness coefficient and the
temperature dependence of the spin susceptibility of the SC lanthanum has been determined.

I. INTRODUCTION II. THEORY

Previous study of EPR of Er3+  ions in the We calculated the dynamic susceptibility X,,q of local
superconductor1 revealed anomalous behavior of the EPR moments using the method of nonequilibrium statistical
linewidth AH which contrasted strongly with the expected operator.4 We obtained the following spin excitation spec-
change in AH. Instead of increasing due to the coherence trum at q-<Fl
effects the EPR linewidth narrowed sharply at the transition dd
to the SC state. This effect was attributed to a new long- Wq= Eq-( X+ 4 d). (4)
range exchange coupling of local moments in the SC phase Here the spin excitation energy eq and its damping due
due to correlations in Cooper condensate. This idea on addi- to the exchange fluctuations (yqX) and dipole-dipole coupling
tional indirect interaction was previously proposed by Ander- (,Id) can be written as
son and Suhl2 when they discussed the magnetic ordering in q can be written (5

the SC phase. f,=gj8Ho-D"q 2 ,  D-x(SX) %jO6
2 ,  (5)

The exchange-coupling integral in a superconductor 3 can yqX= D'q2, D' x/3(SxSTl2Joa2/4, (6)
be represented approximately as a sum of two parts
J,(R)+J,(R), the first one, acting at short distances, dd_3 x(SXSXi/ 2 (g 2/ 21 2

J.(R)-(Jvo/4rR)cos(2kFR), (1) q (27)5/2 J0 ( (7)

being the conventional RKKY interaction, and the second one (Sx) in Eq. (5) is the local moment polarization induced by
magnetic field H0, g being g value. Note that theJs(R) .(Jovo/47r 2R)S(T)exp( -R/g), (2) q-dependent part of Eq. (5) is mainly contributed by the SC

being the SC correction. In Eqs. (1) and (2) v0 is the volume correction (2). It is precisely the long-range potential (2)
per lattice site, and kF is the Fermi momentum. The quantity which produces the transverse stiffness and real dispersion of

1 (3) spin excitations. Comparing the the energy (5) and the damp-
x(T) = (x-x)/x, 1() ing (6) we find that the condition for the existence of coher-

characterizes the decrease in the spin susceptibility X, of ent spin motion
conduction electrons in the singlet BCS state as compared D" ll gf3Ho
with the Pauli susceptibility XP. The constant - - k7 >1 (8)
Je=J2jp(cp)V0 2 is determined by the s-f coupling con- BT
stant Js/and the electron density of states p(eF). is easily satisfied in superconductors with the large coher-

The additional interaction (2) is of an antiferromagnetic ence length (compared with the average distance between
character. Its contribution to the total molecular field is of the impurities ray) in magnetic fields of the order of several ki-
same order of magnitude as the normal RKKY contribution logauss and at liquid-helium temperatures. For q> -' spin(1). Furthermore, even when the concentration x of magnetic excitations are incoherent. The negative sign in the disper-
impurities is low, the number of spins N -x 3IVo in the in- sion relation (5) reflects the antiferromagnetic nature of the
teraction region is anomalously high, since is much larger potential (2); as the temperature decreases, the spectrum eq
than the lattice constant a. This introduces a new feature into softens and magnetic order appears at nonzero wave vectors
spin dynamics: the long-wave excitations in an external mag- q-6-, as predicted by Anderson and Suhl.2 For small q the
netic field exhibit spin-wave behavior, damping is determined by the dipole contribution ,q . A

This report is devoted to the investigations of the spin- "window" for spin-wave excitations exists if
vae excitations of paramagnetic impurities in a supercon- d.

ductor in an external field. x(SX)(S)J> (9)
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This condition can also be satisfied, since exchange coupling
in metals is usually stronger than the dipole-dipole interac- 65 K

tion. Thus when the conditions (8) and (9) are satisfied, the -a
long-wave spin dynamics has a magnon character. Of course, 395K
the contribution of these excitations to the thermodynamic --

parameters is negligible; the main fraction of the spectral .
density of spin fluctuations is incoherent and is determined b

by the short-range RKKY potential. Spin waves can only 1.6K

appear in the long-wave magnetic response of a supercon- o .
ductor.

We present below the experimental evidence for spin- -

wave effects in a supercon.tictor with magnetic impurities, 1 6
obtained in EPR studies performed in La l xEr_ thin films. 6K

III. EXPERIMENT d

Films of Lal-,Erx with x=0.008-0.02 and thickness 600 1000 1400
L =2500-5000 A were prepared by separate thermal evapo- H , Oe
ration of the components from tantalum crucibles. The pre-
pared film was coated immediately by a protective silicon FIG. 1. EPR spectra for the sample with L =4800 A, x =0.014 and critical
monooxide layer of 3000 A thickness. temperature T,=5.0 K at different temperatures: in a normal state with

X-ray structural analysis showed that all prepared films magnetic field oriented parallel and perpendicular to the plane of the film (a)
and in the SC state with magnetic field oriented parallel (b) and (c) andhave mainly an face-centered-cubic structure. Measurements perpendicular (d) to the plane of the film. The dashed lines are the computed

of the electrical resistivity, of the SC critical parameters, and spectra. The relative intensities and arrangement of the spin-wave resonance
of the magnetization in the SC state have been performed in lines in the computed spectra are indicated below each spectrum.

addition to the EPR measurements. These data will be used
in the discussion of our EPR results.

EPR experiments were carried out at 9.4 GHz in a rect- by the nonuniform spin-wave excitations discussed above.
angular TE102 cavity in the temperature range from 1.5 to 20 The resonance field H, for excitation of a magnon with mo-
K. The out-of-plane angular dependencies of the spectra mentum q,, can be approximately written as
were observed with the microwave field lying in the film XJoSx(T) S(S+ 1) (6q,,) 2

plane. Hn=H°+H° J+( (10)
In the normal state we observed EPR line of Er ions kBT 3 4q.)

which was just similar to that previously observed in bulk The intensity of the spin-wave satellites is determined by the
samples.' A change in the angle between the plane of the boundary conditions at the surface of the film and the degree
sample and the direction of the de magnetic field had no of nonuniformity of the microwave field H (z). In the case
effect on the position and shape of the EPR line [Fig. 1(a)]. of symmetric excitation
Upon transition to the SC state in perpendicular orientation
of the film to the direction of dc magnetic field the line shape
did not change [Fig. 1(d)]. In a longitudinal magnetic field,
however, the shape of the signal became drastically distorted
as the temperature was lowered [see Figs. 1(b) and 1(c)]. The W
degree of distortion of the high field wing of absorption sig-
nal was dependent on thickness of film and erbium concen-
tration in the sample (Fig. 2). These effects are illustrated by r
the EPR spectra shown in Figs. 1 and 2.

IV. ANALYSIS OF RESULTS 3
"0

CL

It is unlikely that the unusual behavior of the EPR spec-
trum in the studied films could be attributed to a magnetic
field distribution in a vortex lattice which differs from that
found in a bulk sample. The amplitude of the magnetic field
variation and the value of the London penetration depth X, 600 1000 1400
which we estimated from our measurements of the critical H , Oe
field and the SC moment of the films, turned out to be on the
order of 50 Oe and 600 A, respectively. These values are FIG. 2. EPR spectra for the samples No. 1 (L=2500 A, x=0.014, and

essentially the same as those obtained for the bulk samples. t  
T=5.O K)-I, No. 2 (L =3380 A, x=0.02. and T,=4.8 K)-2, No. 3 (L =4030

We believe that the shape of the signal is distorted be- A, x =0.039, and T, =5 2 K)-3, No. 4 (L =4800 A, x =0 014, and T,=5.0
K)-4 at a temperature of 1.6 K with the magnetic field oriented parallel tocause of the additional absorption of the microwave energy the surface of the film. The dashed lines were computed.
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ch(koz) 2 4 ico

Hl(z)=Hl ch(koL/2) '  k 0 o CT (&)), (11) 4

where H, is the amplitude of the incident wave and o(w) is 30

the complex conductivity at the resonance frequency. It is
well known that in type-I superconductors with a vortex 20

lattice the conductivity is anisotropic and depends strongly 0 -No.1

on the relative orientation of the dc magnetic fi.ld H and of 10 '-L go
the electric component E1 of the microwave field in the [ -No. 4

sample.5 It can be shown that the penetration depth of the 0 _ . , I , , , ,

microwave field is much smaller for parallel orientation of 0.0 0 2 0.4 0 6 0.8 1.0

the film. Therefore, the distribution of microwave field in the T/T,

SC state is most inhomogeneous in this geometry and in this
case the best demonstration of spin-wave effects would be FIG. 3. The parameter A as a function of the reduced temperature for the

expected. To calculate the spectra it is necessary to know the samples No. 1-4. The solid line corresponds to 8(T) of a BCS supercon-

parameters of the studied samples: the coherence length ductor.

and the inverse penetration depth ko of the microwave field.
These values were estimated from our measurements of the x=0.01. Thus we have shown experimentally that in a super-

critical field H, 2, of the diamagnetic susceptibility, and of the conductor in an external magnetic field weakly damped spin

integral intensity of the EPR signal. The obtained values of waves exist. Those excitations resulted from the nonlocal

(0)=200 A and X(0)=600 A give the possibility to fit all nature of spin susceptibility of the superconductor. Their ob-

spectra as it is shown in Figs. 1 and 2. Some discrepancy servation is the direct evidence of the existence of a long-

between the calculated and experimental spectra at low field range exchange interaction between impurities. Previously,
wing is caused by nonresonant absorption of microwave spin waves in paramagnetic spin systems have been observed

power by superconductor which has been observed earlier in two particular cases: first the spin waves in the Fermi

for bulk samples.' The only fitting parameter was liquid6 and second the nuclear spin waves in magnetics. 7

A =JOS(S+ 1)8x/3, (12) 'N. E. Alekseevskii, 1. A. Garifullin, B. I. Kochelaev, and E. G.
Kharakhash'yan, Soy. Phys. JETP 45, 799 (1977).

which entered in expression (10) and was fitted for each 2 P. W. Anderson and H. Suhl, Phys. Rev. 116, 898 (1959).
3 B. i. Kochelaev, L. R. Tagirov, and M. G. Khusainov, Sov. Phys. JETP 49,

spectrum independently. The obtained temperature depen- 291 (1979).

dence of A value is shown in Fig. 3. This figure actually 4D. N. Zubarev, Nonequilibrium Statistical Thermodynamics (in Russian)

reflects the temperature behavior of i&(T). The solid curve (Nauka, Moscow, 1971).
corresponds to the temperature dependence of i a5 C. Caroli and K. Maki, Phys. Rev. 159, 306 (1967).

ce in a BCS ,S. Schultz and G. Dunifer, Phys. Rev. Lett. 18, 283 (1967).

superconductor. By knowing A it is possible to determine the 7P. G. de Gennes, P. A. Pincus, E. Hurtman-Boutron, and M. Vinter, Phys.

spin stiffness coefficient D"=0.04 cm2/s at T=1.6 K and Rev. 129, 1105 (1963).
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Two-magnon absorption in Nd2CuO 4
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The two-magnon absorption of the electromagnetic waves in the exchange noncollinear magnetic
phase of four-sublattice antiferromagnet Nd2CuO 4 has been considered. The spin-wave density of
states and the frequency dependencies of the absorption coefficient have been calculated. It is shown
that the intensity of the two-magnon absorption by exchange magnons in exchange-noncollinear
magnets is substantially larger than in magnets collinear in the exchange approximation.

I. INTRODUCTION cific crystal and magnetic symmetry. As to the exchange E
mode, it has a very weak dispersion and its dispersion rela-The two-magnon absorption (TMA) phenomenon con-ypp

sists in the decay of a quantum of the electromagnetic radia- tion has also a quasi-two-dimensional character.
In the case when k has components in the plane paralleltion into two magnons. The intensity of the TMA propor-

tional to the density of magnon states. Thus, it will be higher to CU0 2 layers (the crystal planes normal to [001]) the mag-

for those regions of the spectrum which correspond to the non dispersion relations are typical for the three-dimensional

flattened portions of the dispersion curves. In the case of the magnet. As in all parent compounds of the high-temperature
three-dinsi ! manets the flattening of the dispersion superconductors the intralayer exchange interaction is much

curves takes place only for the exchange magnons due to the greater than the others.
changes of the spectrum under the action of a constant ex- te param derng t e o m ai sb
ternal magnetic field.' The TMA has been investigated in system of Nd2 CuO4 may be roughly estimated on the basis of
two-sublattice quasi-two-dimensional antiferromagnets 2- 4  the results of Refs. 8-10 (see also Ref. 6). The frequencies

The TMA by the exchange magnons was studied for the first of the homogeneous vibrationsa as follows; 6'7  A A

time in the three-dimensional antiferromagnet in Ref. 1 and 16S'J_ayl; tOA3 = 16S lJla2-a 41 and WE = 16Sv]JD,
then in the quasi-two-dimensional one in Ref. 5. The mag- where J is approximately equal to intralayer exchange; a,
nets collinear in the exchange approximation have been con- (i=2, 4, 6, 8) are the anisotropy constants (see Ref. 7 for
sidered. In these magnets the TMA is due to the interaction details). The value of J-870 cm - t was obtained in Ref. 8
of the magnetic component of the electromagnetic wave with and it is supposedly the largest of the exchange parameters.
the crystal. The TMA in exchange-noncollinear magnets has Using experimental results9"0 one can get Ia21=2.87X 10- 4

not been considered. cm - 1 and Ia2-a 41-3.32X10 -5 cm - 1. The other anisotropy
The exchange-noncollinear four-sublattice antiferromag- constants have tc "'e of the same order of magnitude. 6' 7 The

net Nd 2CuO 4 is unique from the point of view of the experi- values of the four-site D and of the interlayer I exchange
ment: First, because its magnon spectrum has quasi-two- interactions are unknown at present. The results of the esti-
dimensional character for some particular directions of the mations allow us to suppose that J>D >A, where A is the
wave vector;6 second, due to the special magnetic and crystal combinations of the anisotropy ccnstants.
symmetry of this compound the TMA is electro-dipole active Numerical calculations will be done for the I and D
in the exchange approximation. values related to the known value of J with I= 10-' J, and

D=10- 3J. The corresponding magnon spectrum can be
II. SPIN-WAVE SPECTRUM OF Nd2CuO4  found in Ref. 6.

The ,-'tiled information about the crystal and magnetic
symmetry and possible magnetic phases of Nd2CuO 4 can be III. TMA OF ELECTROMAGNETIC WAVES
found in Ref. 7. The magnon spectrum in noncollinear phase The interaction Hamiltonian with a uniform external
has four branches, three of which are acoustic, while the electromagnetic field is
fourth is the exchange spin wave. 6 In the case kI[001] (the
fourfold axis of the tetragonal crystal) the energies of the ,nt= 'NI[-g, BhF(O)+ejP(O)], (1)

acoustic modes AI and A2 are degenerate and do not depend where h, and e, are the components of the magnetic and
on k. This particular case of the pure two-dimensional be- electric vectors of the electromagnetic wave, i, j =x,y,z, the
havior of the A 1 and A 2 branches is connected with the spe- x, y and z axes, are oriented along the [100], [010], and

[001] crystal axes, respectively; g,, is the g-factor tensor;
')On leave from: Institute for Single Crystals, Academy of Sciences of F,(O) and P,(O) are the zero Fourier components of the mag-

Ukraine, Kharkov, 310001, Ukraine. netization vector F=X4iS, (see Ref. 7 for details) and the
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electric dipole moment associated with the pair of spins, n 
e (S'12) 2

respectively. Magnetic symmetry allows the existence of the KA1 A3(to) 2 2 4 sign(a4 )

electric dipole moment, associated with the pair of spins, x o(C)

having an exchange nature +2(1 -t)] 2t(1-t 2) - 1 2 dt. (5)

) I2 The limiting value to(co) in Eqs. (4) and (5) is determined by
aO ,p(k)S,&-k)Sp(k). (2) the relationsSa,,;k 

(W _ 0 +(2) -2
The tensors irJ J.(0) are nonzero for those pairs of the Cu 2 +  r (E2 42+w2 sign(a 4 )+2O) )wA1) 2 ,

ions that cannot be permuted by the inversion operation and t0 (w) = at wo , w- w1

also for the ions whose group of positional symmetry does 0 at co ,
not contain an inversion. That is why for the crystal symme- in which too = WA3 + WoA, and wo1 = coA1 + P .The co-
try under consideration the tensor 7 ',(0) is equal to zero in efficients of the magneto-dipole and electro-dipole absorp-
case the lattice structural distortions are absent (see Ref. 7 eicn f the anEtode an eetdo e o-tion by the A 2 and E modes may be represented by the ex-
for details). The other mechanisms that contribute to P are pressions
not considered here.

The part of the expression (1), which is quadratic with (g.AB) 2 ftoW() [) sign(a 6 ) + )2(1 + t)] 2

respect to the magnon creation and annihilation operators, (), 6E( 1 2 dt
may be obtained with the help of quantization of the spin- CX

system Hamiltonian described in Ref. 6. We have (6)

and
H me)=2 [(m,e) + + 7T22

k A 2 ,E())o ( 2
)

2

+ 4(m e)(+ + + 16hc]x,( 2

A A  k h.c.], (3) 2f() [ 2 + sign(a 6) + )(01 + t)] 2t

where the amplitudes (m,) are calculated in the nearest- ,ieto2

neighbor approximation; the superscripts m and e denote the (7)
magneto-dipole and electro-dipole channels of the TMA, re-
spectively. Expression (3) corresponds to the case of h, com- respectively. In these formulas
ponent of the magnetic vector or e, component of the elec- 6 (o2_ at w 0-w ,,
tric vector of electromagnetic wave. In the case of hy or ey to() 1 at t 1o, < w,
one has to change A 2 <A I in (3). For the orientation of the
magnetic component of the electromagnetic wave along the z and
axis the TMA will not take place in the approximation con- WO= WA2 + Ew)+ 62 sign(a 6-a 2 ),
sidered. The exchange magnon taking part in the absorption 12 2

process is always accompanied by the acoustic spin wave. In Wl = WA 2 + /2 E+ 62 sign(a 6-a 2).
contrast to the three-dimensional magnets' collinear in the Following from Eq. (4),(5), and (6),(7), K(')(&)) increase
exchange approximation the amplitudes 4Xe) do not con- with increasing frequency whereas the frequency dependence
tain any small parameter. The TMA leading to the generation of K (wo) is nonmonotonic. Such a behavior is connected
of the magnons corresponding to the same branches of spec- with specific features of the spin-wave spectrum and the
trum is absent. structure of 4()(k). The quasi-two-dimensionality of the

The separation of the electro-dipole and magneto-dipole spin-wave spectrum leads to different behavior in the ampli-
channels of the TMA may be carried out by the proper tudes of magnon normal modes in two regions of the wave
choice of the orientation of the polarizations of the vector k space. These amplitudes of magnon normal modes
electromagnetic-field components and the propagation direc- enter the expressions for (D(m'e)(k). In the first region
tioP of the incident radiation. For example, in the case when (kao) < 1(D+A)J-i (ao is the lattice parameter in the
kIloy and elloz only magneto-dipole absorption by the A I,A3  basal plane) these amplitudes do not depend or depend
and E,A2 magnons takes place. For the magneto-dipole ab- weakly on the k, component of the wave vector which varies
sorption by the A i and A 3 branches in the frequency region from 0 to i/co. So, in this region of the wave vectors they

Sx8SJ, one can obtain are approximately equal to their values at k=0. The second

(g/jB) 2  1i [o2 sign(a 4)+w (10 t)] 2  region is determined by -/(D+A)J- 1  (kao) < 1. In this
(h) 2 t dt. region t()(k) is proportional to the inverse square of the

A~l A(00) - t.A
4A.A&) o(,) frequency. The frequency dependencies of the coefficients

(4) K(',A3()w) and KA',A3 (w) are presented in Fig. 1. The
curves are obtained by the numerical integrations of the cor-

where (and henceforth) the notations wo, =16SFj and respondent expressions using the values of the parameters of
Wj = 16SjIj1a,-[aj (i=2, 4, 6, 8) are used. The electro- the copper subsystem given in the previous section. The de-
dipole contribution to the TMA is as follows: pendencies of the coefficients KA,E(h)) and K ,E(Ow) are
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FIG. 1. Ile frequency dependencies of the absorption coefficients FIG. 2. The frequency dependencies of the absorption coefficients
l 'A 3 ( ) and K A(.A,( ). 

K(h 2, ( ) and K 2.(1 )

given in Fig. 2. The dependence of the coefficient of During the experimental investigations of the TMA with
magneto-dipole absorption does not follow the frequency de- the scheme of the experimental setup using the fixed fre-

pendenc e density of magnon states in the low- quency of the generator the absorption channels A1 ,A3 and
frequency region. This discrepancy in the frequency depen- A 2,A3 will be undistinguishable with respect to the energy.
dencies of the absorption coefficient and the spin-wave states Thus, for the case kI10z and arbitrary polarization
density is caused by the structure of the '(m)(k) amplitude h, = h cos p, hy = h sin 9 the combined absorption coeffi-
discussed above. cient observed in the experiments does not depend on 9p. The

The TMA by the exchange mode has the main peculiari- combined absorption coefficient
ties similar to that of the absorption by the acoustic magnons. 

(  e )

They are the nonmonotonic behavior of Kh)() in the re-
gion of the frequencies near the activation energy of the ex- contains the contributions which are determined by formulas
change and acoustic magnon and monotonic behavior of (5) and (6). The same phenomenon takes place for the case
KAe ,E(W) in the same region. It is important to note that the of the absorption by the exchange mode E because relations
peak height of the magneto-dipole absorption by the ex- (8) and (9) are valid at the interchange A 3=*E.
change mode is of the same order of magnitude as the peak
height of the mg,-neto-dipole absorption by the acoustic
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7V. A. Blinkin, I. M. Vitebskii, 0. D. Kolotii, N. M. Lavrmenko, V. P.

WJAI(kx ,ky ,) = WoA2(ky ,kx ,kz). Seminozhenko, and V. L. Sobolev, Soy. Phys. JETP 71, 1179 (1990).

P Sulevsky, P. A. Fleury, K. B. Lions, S.-(8 Chong, and Z. Fisk, Phys.
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WA(k9A. A. Stepanov, M. i. Kobets, V. A. Pashchenko, A. 1. Zvyagin, D. I.
From relation (8) and explicit form of FD,,(k) it follows that Zhigunov, and S. N. Barilo, Sov. Phys. Low Temp. Phys. 17, 416 (1991).

1A1.Smirnov, S. N. Barito, and D. 1. Zhigunov, So. Phys. JETP 73,'*34
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'" Surface precession solitons (surface "Magnetic drops") in uniaxial
magnetics (abstract)

Yurij Bespyatykh, Igor Dikshtein, and Sergey Nikitov
Institute of Radioengineering & Electronics of the Russian Academy of Sciences, Moscow, Russia 103907

Surface spin waves, localizing near the surface of magnets as a consequence of nonlinear properties
of material, have been studied in Ref. 1. According to the Lighthill criterion this wave is
modulationally unstable. This can lead to the creation of nonunidimensional surface states. In this
work, a new class of nonlinear exitations in a pure exchange-coupled uniaxial ferro- and
antiferromagnets is considered. These exitations are 3D surface precession solitons or "magnetic
drops" localized near the surface of a crystal. Such solitons are the space localized solutions of the
Landau-Lifshits equation of motion for magnetization field with appropriate boundary conditions
for the spins on the surface of magnetics. They keep their dynamic structure during the motion in
space. The conditions of their tability are found. The problem of soliton motion is considered. It is
shown that energy and precession frequency for surface 3D solitons is less than for volume 3D
solitons, which was studied in Ref. 2. The possibility of experimental registration of such solitons
is discussed.

'Yu. I. Bespyatykh and I. E. Dikshtein, Soy. Phys. Solid State 35, 1175
(1993).

2A. M. Kosevich, B. A. lvanov, and A. S. Kovalev, Phys. Rep. 194, 117
(1990).

Nonlinear self-localized surface spin waves in ferromagnets (abstract)
Alan Boardman
Salford University, Salford M54WT, United Kingdom

Yurij Bespyatykh, Igor Dikshtein, and Sergey Nikitov
Institute of Radio Engineering and Electronics of the Russian Academy of Sciences, Moscow 103907,
Russia

It is well known that in linear theory, surface spin waves (SW) do not exist in a pure
exchange-coupled ferromagnet for the case of free spins at the surface. However, in these
approximations of the linear theory the plane volume spin waves (VW), propagating along the
surface of a ferromagnet, satisfies not only the Landau-Lifshitz equation for the magnetization
motion, but the boundary conditions for the free surface spins. Such VW can be unstable and can
be transformed into SW under small changes of a magnetic medium, e.g., if the surface spins are
partly pinned. In the present work a new type of self-localized SW in the ferroinagnet has been
considered. The existence of such waves is conditioned entirely by the nonlinear properties of a
ferromagnet. The penetration length of such SW is proportional to 1/A, where A is a maximum of
the magnetization amplitude on the surface of the crystal. The dispersion eq'lations have been
obtained for pure exchange and dipole-exchange nonlinear SW. In the latter case wze influence of the
second harmonic generation on the wave propagation at the fundamental frequency was studied. The
conditions when the SW excites the VW, carrying the energy into the volume of the crystal, are
derived. The nonlinear Schr6dinger equation for the SW envelope amplitude was derived and its
solitonic solutions are obtained. The estimations of threshold values for the wave numbers of the

propagating waves are provided.
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Spin wave dispersion in ferromagnetic nickel (abstract)
J. M. Rejcek, J. L. Fry, and N. G. Fazleeva)
Department of Physics, University of Texas at Arlington, Arlington, Texas 76019-0059

The spin wave dispersion in ferromagnetic nickel has been computed in random phase
approximation using the wave vector and frequency dependent magnetic susceptibility including
many body enhancement effects. The latter were included using an orbital basis to invert the
susceptibility matrices that are encountered in a local density, first principles version of a Stoner-like
theory of many body enhancements. The complicated computer codes employed in the calculation
were tested by computing numerically the wave vector and frequency dependent spin and orbital
magnetic susceptibility of the uniform electron gas and comparing with known analytic expressions.
Numerical work was done using the analytic tetrahedron method. For nickel the theory was
simplified by introducing a single adjustable parameter in lieu of calculation of complicated
integrals involving the band structure. The parameter was adjusted to yield agreement with a long
wavelength spin wave neutron scattering measurement. With the fit parameter, good agreement with
the experimental dispersion of spin waves in nickel was obtained for other wavelengths as well.

Research supported by the National Research Council, the Robert A. Welch
Foundation, and Texas Advanced Research Program.
'lPermanent address: Kazan University, Kazan 420008, Russia.
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Ferromagnetic resonance and Brillouin light scattering from epitaxial
FexSil -r films on Si(111) (abstract)

&I.. Mendik,a) Z. Frait,b) H. von Kanel, and N. Onda
Laboratorium fiir Festkrperphysik, ETH, 8093 Zirich, Switzerland

The magnetic properties of epitaxial Fe.Sil -x films on Si(111) have been determined by means of
ferromagnetic resonance (FMR) and Brillouin light scattering (BLS). The investigated films are
(111) oriented, with thicknesses h = 150 A, 250 A, 710 A, and Fe concentrations x=0.75, 0.79, and
0.75, respectively.1 All experiments have been carried out at room temperature. For BLS, the
frequencies of both surface and bulk magnons have been measured as a function of the external in
plane field H and the in plane direction of magnon propagation versus the main crystallographic
axis. Moreover, 'he wave vector dependence has been used to identify the surface and bulk magnons
present in the thicker films. FMR has been used in the parallel configuration (PC) and normal
configuration (NC), where the external applied field lies in the sample plane and normal to the
sample, respectively. Severai waveguide setups were used to cover the frequency range from 18 to
92 GHz. For the numerical analysis we used the resonance conditions for a thin single crystalline
film grown in the (111) plane. From our fits we obtained for the Lands g value 2.1, for the saturation
induction 41TM,=8.8 kG, 10.7 kG, 13.7 kG for h=150 A, 710 A, and 250 A, respectively. The
magnetic parameters have been found to depend strongly on the Fe concentrations and Fe.Sil -x-Si
substrate interface interdiffusion. The magnetic parameters of epitaxial FexSi -x films are in
agreement with the data obtained from single crystals by Hines et al.2 The Landau-Lifshitz FMR
relaxation constant is very small, ranging from 5 to 8X 107 rad/s.

')Present address: Department of Physics, Colorado State University, Fort
Collins, CO 80523.

b)Institute of Physics, Na Slovance 2, Praha 8, 18040, Czech Republic.

1N. Onda, H. Sirringhaus, S. Goncalves-Conto, C. Schwarz, S. 7.ehndcr,

and H. von Kinel, Appl. Surf Sci. 73, 124 (1993).
2W. A. Hines, A. H. Menotti, and J. 1. Budnick, J. Magn. Mater. 39, 223
(1983).
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Nuclear secondary echo in ferromagnets caused by quadrupole
and SuhI-Nakamura interactions

V. I. Tsifrinovich
Physics Department, Polytechnic University, Six Metrotech Center, Brooklyn, New York 11201 and Bramson
ORT Technical Institute, 321 Avenue N, Brooklyn, New York 11230

The formation of the secondary nuclear spin echo signals in ferromagnets has been investigated
taking into consideration the quadrupole and Suhl-Nakamura interactions. It is assumed that the
inhomogeneous distribution of the quadrupole frequency o)Q + 6wQ is independent of the
distribution of nuclear magnetic resonance frequency w,, + 6w,,, and a characteristic size of these
inhomogeneities is small in comparison to the correlation radius of the exchange interaction in the
electron ferromagnetic system. It is shown that the quadrupole interaction causes the formation of
the secondary echo signals at t=(2k+ 1)r, 1-k-I- 1/2, where I is the nuclear spin, the time t
is measured from the second rf pulse, and 7 is the time interval between the rf pulses. The spectrum
of the spin echo signal with maximum at t = tE contains (21+1 - tEl r) frequencies. The Suhl-
Nakamura interaction causes the additional echo signals with maximum at even values t/r.

INTRODUCTION 00

It is well known that in ferromagnets after the action of f f g( Sw,, 8wQ)Tr(I+p)d( a n)d(.3wQ), (3)
two pulses with the nuclear magnetic resonance (NMR) fre-
quency one can observe not only the usual Hahn's nuclear
spin echo but also the secondary echo signals.' This article is where g(Sw, ,,3Q) is a distribution function.
dealing with the investigation of these signals. The secondary echo formation depends on values

First of all we note that the secondary echoes may be (I wj)r and (1 w ),r where r is the time interval between
caused by two "external" circumstances. (1) High frequency the rf pulses, (I 8wnl and ( Sw I) are characteristic inhomo-
of the pulse pairs repetition in the real experiments. If the geneities of NMR and quadrupole frequencies. The situation
period of repetition is small in comparison with the time of Sw,,=0 that is typical for nonmagnetic substances was first
longitudinal relaxation, then the secondary echoes may be considered by Solomon.2 The opposite situation 8wQ= 0 was
caused by the influence of previous pairs. (2) If the connec- considered by Abe et al.
tion between the magnetic system of a sample and a measur- We have considered another realistic situation
ing circuit is strong enough, the currents in the circuit, that
are induced by the first echo signal, act on a sample and (I,5W" I),, (I SolI T> 1. (4)
cause the additional echo signal, etc. Furthermore, we will In this case the nuclear spin system acquires an inhomoge-
suggest that these situations are eliminated, so we will con-
sider internal mechanisms of a secondary echo formation. neo phe a by the inhomogene ha s,Sw0 . For the signal formation this inhomogeneous phase

must be canceled after the second rf pulse. For analytical
QUADRUPOLE INTERACTION calculations we used the Symbolic Formulas method.3 The

results of calculations depend sufficiently on correlation be-
The Hamiltonian of a nuclear system with the quadru- tween inhomogeneities of 8w, and aw0 . We have consid-

pole interaction is ered the situation when inhomogeneities of 3w, and 8wQ

H -h{(o.n+5wn)I.+(1/2)(oQ+ WQ)12+(1/2) were independent. According to our calculations the echo
+ ) signals appear at

X[ql(t)+q 2(t)][I+exp(iwot)+C.C.]}, (1)

where I is the nuclear spin, w, + 6wm, is the inhomogeneous
NMR frequency, OQ + Oi5 Q is the inhomogeneous quadru- where t is measured from the end of the second pulse. (The
pole frequency, and qP(t) is the envelope of the pth rf pulse. usual Hahn's signal corresponds to the value k= 0).
The evolution of nuclear spins is described by the equation If WQ>(waj), i.e., the NMR spectrum is a quadrupole
of motion for the density matrix p split one, then the spectra of echo signals are essentially

different. The spectrum of the spin echo with maximum at
t=IE contains (21+l-tEIT) frequencies. The echo spec-

To describe the echo signals we calculated the average trans- trum at t= r has 21 frequencies that coincide with the quad-
verse component of a nuclear spin rupole split NMR spectrum, the echo spectrum at t =3 r has
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(21-2) frequencies and so on. For half-integer spin I the small one in comparison with the correlation radius of the
spectrum of the echo at t = t, consists of frequencies t exchange interaction in the electron spin system.

qwQ (Putting H+HSN into (2) we receive the integrodifferen-
to=tqQ, O q<I- tE/2r "  (6) tial equations for the nuclear density matrix that include

For integer spin I we have r.;ccived p(Swn ,bwQ) and ffpgd(8wn),d(,5oSQ). Integral terms de-
to=wotQ(q+1/2' O<.q-I - l12-tE/2T. (7) scribe the Suhl-Nakamura interac.;on which is "turned on"

' lonly at those time intervals when the average transverse

In particular for I= 3/2 the spectrum of the echo at t= T nuclear spin (I+) has a sufficiently large value. This effect is
contains frequencies o = on ,,, -oQ, and the spectrum of caused by a small characteristic size of nuclear inhomogene-
the echo at t = 3 r has only one frequency co = co,. This result ity: the electron spins interact with the average nuclear spin
is in agreement with experiments of Abelyashev et at 4  (I+).

The mechanism of formation of secondary echo signals In the linear approximation to the Suhl-Nakamura inter-
and their frequencies may be explained with the symbolic action we have received the additional echo signals that have
formulas. For example, the latest echo signal for half- maximum at
integer spin I is described by symbolic formulas t=2pr, l1<p< N, (12)

( 1 _ k+ 1,k),
Wl- 21, i=21+ 1, k =i/2. (8)] 2+ k 2(8 where N= 21 for he half-integer spin, and N= 21-1 for the

This means that under the action of the first pulse the initial integer spin. For example, the mechanism of formatioai of the
matrix elements p,, are transformed into the off-diagonal el- echo signal with maximum at t = 2 7" is described by sym-
ement Pli that oscillates with the frequency bolic formulas
o i -21(+ 21 &) ). In a time interval r between the ff '1.,+l 9rm -E+l, .(
pulses the quantity Pl, acquires an inhomogeneous phase (-5 j 1  i,+1-"')" (13)
-21(on+ wn),r. The second pulse transforms Pli into Here the first pulse transforms the diagonal matrix elements
Pk+1,k) that oscillates with the frequency Wk+l,k = (on + (tWo. into p ,, +1. In a time interval r between the pulses the quan-
So, the advance of the inhomogeneous phase (D continues, tity P,.,I acquires an inhomogeneous phase o,,+1r. Thu
and we obtain second pulse again transforms p,,,+ to diagonal elements

(D -21(o,+ wOn)T+(con+ Swn)t. (9) Pmm that do not change a phase between the second pulse and
the first echo signal. When the first echo signal is formed, the

Consequently, at time t=21r the inhomogeneous phase (D average transverse nuclear spin (I+) has the maximum
has the same value for all the spins, and the spin echo signal value. Consequently, the Suhl-Nakamura interaction is
appears with a carrier frequency w,. "turned on," and it transforms Pm into p,+ The inhomo-

geneous phase advance (D is
SUHL-NAKAMUFIA INTERACTION

To take into consideration the Suhl-Nakamura interac-
tion we used the half-classical theory of motion for nuclear and the spin echo appears at t = 2 T.

spins in ferromagnets. 5 The half-classical Hamiltonian of the In conclusion we note that for &)Q = 0 all secondary sig-
Suhl-Nakamura interaction may be written as nals except the signal at t = 2 r disappear. It means that other

signals at even values tir are caused by both the Suhl-
HsN= -(1/2)hoSI_ +C.C., (10) Nakamura and the quadrupole interactiors.

where wi,, is the parameter of the interaction which coincides
wihreops the r e pu einframogneoinuclder H. Abe, H. Yasuoka, and A. Hirai, J. Phys. Soc. Jap. 21, 77 (1966).
with the frequency pulling for homogeneous nuclear 21. Solomon, Phys. Rev. 110, 61 (1958).
system,6  3v. i. Tsifrinovich, Sov. Phys. JETP 68, 1413 (198F).4 G. N. Abelyashev, V. N. Berzhar.skij, and N. A. Sergeev, Phys. Lett. A

s(+)(I°j, (11) 133, 263 (1988).
5V. 1. Tsifrinovich, Soy. Phys. JETP 65, 783 (1987).

(10) is the equilibrium value of (l,). We regard a character- 6'. 0. De Gennes, P. A. Pincus, F. Hartmann-Boutron, and J. M. Winter,
istic size of the inhomogeneity in the nuclear system as a Phys. Rev. 129, 1105 (1963).
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A Mossbauer effect study on the acicular cobalt ferrite particles
J. G. Na
Korea Institute of Science and Technology, Sungbuk; Seoul 136-791, Korea

D. H. Han, J. G. Zhao, and H. L. Luo
State Key Laboratory of Magnetism, Institute of Physirs, CAS, Beijing 100080, People's Republic of China

The causes of the coercivity enhancement and the coercivity instability of acicular cobalt ferrite
particles containing 0-9.2 wt % Fe2+ ions under the influence of magnetic field and temperature
were investigated by means of transverse magnetic field annealing, torque, and M6ssbauer
experiments. The coercivity enhancement and the instability of Co modified iron oxide particles are
closely related to the uniaxial magnetic anisotropy. A Fe2+-CO 2+ pair model was proposed to
explain the uniaxial magnetic anisotropy of Co modified iron particles. To verify the nature of the
Fe2+-Co 2+ pair, the probability of one or more Co ions appearing in the neighborhood of a B site
Fe2+ ion was calculated using the chemical composition, the M ssbauer parameters, Pi(Fe+) and
Pi(Fe+3) and discussed conditions for forming the pair between the nearest-neighbor Co2+ and Fe2+

ion.

I. INTRODUCTION Table I represents the composition of samples A I-A6

Cobalt modified iron oxide particles are the predominant and B analyzed by an inductive coupled plasma method.

materials for use in video tapes and disks for high density
digital recording density, but there are still some problems to B. Magnetic measurement
be addressed. For cobalt body doped iron oxide particles, the Magnetic properties of samples were measured using a
coercivity decreases irreversibly with temperature and time vibrating sample magnetometer (Princeton model 155).
in a magnetic field. On the other hand, the coercivities of The coercivity instability of the sheets was measured
cobalt surface doped or adsorbed iron oxide particles cannot using the method proposed by Eiling.2 The oriented particu-
increase significantly, usually from 600 to 800 Oe, compared late magnetic sheets were put in a magnetic field of 3 kOe
to 2000 Oe for cobalt body doped ones.1 '2 Therefore, it is perpendicular to the sheet plane and annealed at 85 'C for 12
important to investigate the mechanism of the coercivity en- h (denoted A I - A 6 and B'). The coercivities measured par-
hancement and the coercivity instability of cobalt modified allel to the orientation direction of the samples before and
iron oxide particles. after the transverse magnetic annealing (TMA) were denoted

In this article, a Co2 -Fe2+ model was proposed to ex- as HciI and Hcrii and that perpendicular to the plane of the
plain the results of the transverse magnetic field annealing samples as Hc± and He,±, respectively. The results are listed
and the torque experiments of cobalt modified iron oxide in Table II.
particles..,' :o calculated was the probability of one or more The torque curves of the sheets were measured using a
Co2  ions appearing in the neighborhood of a B site Fe2  ion TOEI torque magnetometer. The detailed procedure to mea-
using M6ssbauer parameters, Pi(Fe ) and Pi(Fe 3) to verify sure the uniaxial magnetic anisotropy constant, K, and the
the nature of the Co2+-Fe2+ pair. crystalline magnetic anisotropy constant, K, of the acicular

cobalt ferrite particles is presented elsewhere. 4 Table III re:.,-
II. EXPERIMENTAL PROCEDURE AND RESULTS resents the K, and K, before and after TMA.

A. Preparation of samples C. M6ssbauer spectrum measurement

Cobalt body doped iron oxide particles were prepared by
coating %. . ilar yFe20 3 particles (an average length of 0.5 The Mssbauer equipment used is an electromagneti-
Am, an aspect ratio of 10) with about 3.5 wt % Co2  and cally driven, constant acceleration M6ssbauer spectrometer.
different Fe2  contents by the usual chemical coprecipitation The radioactive source is Co(Rh) of 20 mCi. The )-ray
method and then heated at 390 'C in N2 atmosphere for 2 h propagation direction was perpendicular to the plane of the
for diffusing Co2+ and Fe2+ ions into the core of -Fe 20 3  samples. The M6ssbauer curves of the samples before and
particles. The powders were mixed with the organic resin ink after TMA were taken at room temperature. The M6ssbauer
and coated on a plastic film in the presence of external mag- parameters were deduced from the M6ssbauer spectra by the
netic field at room temperature (denoted A I-A 6). A magnetic
field of 2 kOe applied an in-plane direction of the sheets and
theld directionaspfixed duingpanetc diring For sand TABLE 1. The content of Fe 2+ 

and Co 2+ 
ions of cobalt modified iron par-the direction was fixed during magnetic drying. For c,,mpari- ticles.

son to the body doped particles, surface epitaxial iron par-
ticles were also prepared. Detailed procedures for preparing Sample A1  A2  A3  A4  A, A6  B

these particles were described elsewhere.3 Magnetic tapes Co2 ' (wt%) 36 3.5 3.4 3.3 3.3 3.2 3.1

using these particles were made by the same process above Fe2 * (wt %) 0 2.8 50 6.4 8.5 9.2 9.1

except the heating (denoted B).
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TABLE II. The coercivity changes of magnetic sheets before (A) and after , No I

(A') TMA. 1 00 No 2

Sample (0e) (e) Sample (0e) (0e)

0098
A, 969 604 A,' 703 608 o

A 2  845 611 A' 719 642
A3  939 637 A, 717 712 '
A 4  1001 630 A, 749 781 '0 96
A 5  1130 671 A, 744 875
A6  1164 653 A6 750 889 (a)

B 648 548 B 514 625
09412 8 4 a) 4 8 12

Vetocity (mm/s)

usual least-squares fitting techniques, using a computer. The
spectra wer 10

spectra were fitted assuming two magnetic components: Fe+3  1 No 1
on the A sites, Fe+2 and Fe + 3 on the B sites. V No 2

The M6ssbauer spectra of sample A 4 , and B were taken
because the Fe2+ ion content of these samples is significantly § 0 98
differeit. Figure 1 shows the M6ssbauer spectra of sample Q

Q,
A 4 , and B and Table IV represents the M6ssbauer parameters

5
deduced from these spectra. The M6ssbauer spectra of 0 96
samples before TMA are presented in Fig. 1 because there O 0

were no significant differences between the spectra of
samples before and after TMA.

According to the theory of the hyperfine field of transi- - - . -
tion metal ions5 '6 and the M6ssbauer parameters given in Veloctt rnmry/s)

Table IV the value of (Nd)exp, Pi(Fe+ 2) and Pi(Fe+3) can be
calculated from the following equations FIG. 1. Mossbauer spectra for sample A 4 (a) and B A (b). No 1 and No. 2

(Nd) =( Nd) R3+(HF)CXp/H,(Fe
3 ), (1) represent A and B sites, respectively

where (N)exp is the local average number of the d electron
with unpaired spins, (Nd)F,3+ unpaired d-electron number of hese sample

Fe3+ ions, which is 5, Hf(Fe3+) the hyperfine field ol Fe3+  sults are in good agreement with that of Wang et al.7 They
ions, which is equal to 517 kOe. 6  reported that the H, of cobalt body doped particles increasedwith increasing Fe2  content, which was attributed to the

(HF)=P(Fe2+)HF(Fe2+)+P(Fe3 +)HF(Fe3 +), (2) increase )f K,.

where Pi(Fe 2) and Pi(Fe +3) are normalized probabilities for From 'he changes of the coercivities and the magnetic

the admixture of Fe2+ and Fe3  ions. anisotropitcs of the before (A) and after (A') TMA, given in

The calculated (Nd) and Pi are also given in Table IV. Tables II and III, one can see that the H,I of samples de-
creases significantly with increasing Fe2  content, while the

III. DISCUSSION H,± increases slightly with TMA, and this is mainly attrib-
uted to the decrease of K, with TMA. From the above ex-

From Tables I and II, it may be seen that the coerclvity periments, one may understand that the coercivity and the
of cobalt body doped iron particles (A,) increased liiearly coercivity instability of cobalt modified iron particles are
with increasing Fe2  content, although the Co content of strongly dependent on the uniaxial anisotropy and are closely
these samples was the same at about 3.5 wt %. The K, of related to the Fe2+ ions as well as the Co 2+ ions. These
samples A, increased with increasing Fe2+ content, while K, results cannot be explained by the model proposed by

Kishimoto 8 and Sharrock. 9 They reported that the uniaxial

TABLE Ill. The changes of magnetic anisotropy constant of magnetic
sheets before(A) and after(A') TMA. TABLE IV. M6ssbauer parameters (NAd)xP and P, of magnetic sheet A 4 and

B before TMA.
K (XI0 5  K,(xl05  Ku (Xl0O K, (Xl05

Sample erg/cc) erg/cc) Sample erg/cc) erg/cc) Area

, Mossbauer IS H, ratio
A 17.6 126 A, 7.6 12.6 subspectrum (min/s) (kOe) (%) (Nd), p  P(Fe2 * ) P(Fe3'+)

A2  11.0 11.4 A 8.9 10.1 ____________________________

A3  13.9 7.6 A 10.1 8.3 A(A) 0.34 502 92.3 4.9 0.9 0.1
A4  149 7.0 A. 10.9 8.5 A 4(B) 0.43 444 7.7 4.3 0.4 0.6
As 16.0 66 A' 11.2 81 B(A) 0.36 501 91.3 49 0.8 0.1
A6  19.2 4.6 A6 11.1 5.4 B(B) 0.60 441 8.7 4.3 0.4 0.6
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anisotropy of cobalt ferrite powders was closely related to It is thought that these Co2+-Fe2 ' arrangements may
the coercivity instability but induced by the migration of form the C02+-Fe2+ pairs, but the appearance of Co ions in
Co2+ ions in a spinel lattice, and Fe2+ ions facilitated the the neighborhood of the B site Fe2  is only a requisite con-
migration of cobalt ions only. dition for forming the C02+-Fe2+ pair because more than a

On the basis of these results, we suggest that the uniaxial Co ion can appear in the neighborhood of a B site Fe2+ ion
magnetic anisotropy of cobalt modified iron particles would and more than a Fe2+ ion can also appear in the neighbor-
be originated from the arrangement of Fe2+ ions with Co2+  hood of a Co2+ ion. Therefore, there may be another condi-
ions, i.e., Fe2+-Co 2+ pair. tion for forming the Co2+-Fe2 + pair between the nearest-

The M6ssbauer parameters of magnetic sheets A4 and B neighbor Co2+ and Fe2+ ion. These may include the ion-
before TMA, given in Table IV, are comparable to those of configuration around a Co2+ ion as well as that of a Fe2+ ion,
other's works.9 There is no significant change in the (Nd) exp, and that distance between the nearest-neighbor Co2+ and
Pi(Fe+2) and Pi(Fe+3) between samples A 4 and B except the Fe2+ because that is not the same due to the crystalline
values of Pi(Fe 2) and Pi(Fe 3) in the A site. The difference field." Additional study on these points is suggested.
of these values may be attributed to the different Fe2+ con-
tent of samples A 4 and B. From the values of Pi(Fe +2) and IV. CONCLUSIONS
Pi(Fe+3) of subspectra, it may be deduced that the subspectra
(A) of samples are mainly attributed to Fe3+ ions and the (1) The coercivity enhancement and instability of Co
subspectra (B) to Fe2+ and Fe3+ ions. The higher the value modified iron oxide particles containing 0-9.2 wt % Fe2+

of IS and area ratio in the B subspectrum of sample B than ions are closely related to the uniaxial magnetic anisotropy
those of A 4, is attributed to the higher the Fe2+ content of from the transverse magnetic annealing and torque experi-
sample B than that of A 4. ments.

The probability of n-Fe ions appearing in the neighbor- (2) The Fe2 +-CO2 + pair model was proposed to explain
hood of a B site Fe ion may be calculated from the following the uniaxial magnetic anisotropy of the magnetic particles.

equation10  (3) To verify the nature of the Fe2+Co2+ pair, the prob-
ability of one or more Co ions appearing in the neighborhood

P(n)=6C0 Cn(1-C)6 - , (3) of a B site Fe2+ ion was calculated using the chemical com-

where C is the concentration of Fe ions on B sites in the position, the M6ssbauer parameters, Pi(Fe+2) and Pi(Fe+3).
spinel lattice.

Substituting C =0.91 in Eq. (5), the concentration of Fe 1M. P. Sharrock, IEEE Trans. Magn. MAG.25, 4375 (1989).
in sample A4 , P(n) for N=6, 5, 4, and 3 were obtained. 'A. Eiling, IEEE Trans. Magn. MAG-23, 16 (1987).

P(n) was calculated as 0.57, 0.34, 0.08, and 0.01 for n =6, 5, 3 K. Sun, J. H. Xu, M. X. Lin, G, M. Chen, and H. L. Luo, J. Magn. M-gn.

The probability of one or more Co2  4Mater. 87, 260 (1990).
4, and 3, respectively. T 4M. Kishimoto, M. Amemiya, and F. Hayama, J. Appl. Phys. 55, 2272
ions appearing in the neighborhood of a B site Fe ion is 0.43 (1984).

and that of a B site Fe2+ ion is about 0.25, calculated using 5A. J. Freeman and R. E. Watson, Phys. Rev. Lett. 5, 498 (1960).
o 2  d 3) 6 H. Franke and M. Rosenberg, J. Magn. Magn. Mater. 4, 186 (1977).the valus of Pi(Fe + ) and Pi(Fet in the B subspectrum of 7G. H. Wang, X. P. Zhong, H. C. Yang, H. I. Luo, and R. Y. Lu, Proceed-

sample A 4 . We did not calculate the probability for sample B ings of the 6th International Conference on Ferrites, 1992, p. 1434.
because sample B was prepared using Co surface epitaxial 8M. Kishimoto, IEEE Trans. Magn. MAG-15, 906 (1979).
particles. However, the probability of this sample might be 9M. P. Sharrock, P. J. Picone, and A. H. Morrish, IEEE Trans. Magn.
higher than that of sample A4, because of the higher Fe2+  MAG.19, 1446 (1983).

higher 10 G. A. Sawatzky, F. Der Woude, and A. H. Morrish, Phys Rev. 187, 747

content and confinement of Co2+ and Fe2  ions to surface (1969).
epitaxial layer of iron particles of sample B. 11J. C. Slonczewski, Phys. Rev. 110, 1343 (1958).
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X-ray photoelectron spectroscopy and Mossbauer study of Ho(Fe1_xMnx)2
compounds

Y. J. Tang, Y. B. Feng, and H. L. Luo
Institute of Physics, Academia Sinica, Beijing, People's Republic of China

S. M. Pan
General Research Institute for Non-Ferrous Metals, CNNC, Beijing, People's Republic of China

Cubic Laves compounds Ho(Fel- Mn.) 2 (x=0, 0.1, 0.2, 0.3) were investigated by XPS and
M6ssbauer measurements. It was found that the binding energy (BE) of compounds obtained by
XPS remains almost the same for all the compounds and no chemical shift (6) of the core-electron
binding energy was found, which implies that no charge transfer takes place from Mn atoms to Fe
atoms due to Mn substitution. M6ssbauer study has shown that the average hyperfine fields and the
deduced Fe moment decrease with increasing Mn content. It is considered that the variation of
isomer shift (IS) due to Mn substitution obtained by M6ssbauer measurement is mainly due to the
size effect since the isomer shift (6) for the compounds are almost linearly dependent on the volume;
electron transfers seem to be of minor importance.

I. INTRODUCTION was substituted with other elements, which is due to the ex-
istence of a range of hyperfine fields in the material occa-

In recent years much research has been carried out on sioned by the random distribution of Fe and T atoms over the
the magnetic and magnetostrictive properties of R(Fel -,T,) 2  transition metal sublattice.
(R=rare earth elements, T-Mn, Al, B, Ga, Si...) pseudobi- In the present study the chemical shift () obtained by
nary cubic Laves compounds in order to examine the substi- XPS and isomer shift (IS) measured by 57Fe M6ssbauer for
tution effect. 1- 3 It was found from M6ssbauer study that the Ho(Fel_.xMnx) 2 (x=0-0.3) compounds were examined in
isomer shift (IS) in Dy(Fel-xTX)2 (T=Al, B) compounds order to reveal the substitution effect.
increases with increasing x value, which was ascribed to the
2p or 3p electrons of B or Al atoms are transferred into the
3d band of Fe atoms.3 However since it was also found that II. EXPERIMENT
the isomer shift (IS) in R(FexNil -x)2 (R=Dy, Ho) com-
pounds are linearly dependent on the volume of the variation Ho(FearcMn) 2 (x=0, 0.1, 0.2, 0.3) compounds were
of the isomer shift (IS) and was suggested to be mainly due arc melted in an arc furnace under high pure argon atmo-
to the size effect and is not related to the increase of the sphere, and annealed at 900 °C for a week under a purified
electron concentration of the system.4 A better knowledge of argon atmosphere. The x-ray analysis showed that all
these phenomena can lead to a better understanding of the samples were a single phase of cubic Laves structure (C 15),
substitution effect for transition metals on magnetic and and the lattice constant were calculated by using the (440)
magnetostrictive properties in RFe, compounds. X-ray and peak of x-ray spectra for the compounds. The M6ssbauer

spectra were recorded at room temperature with a conven-
photoelectron spectroscopy (XPS) analysis can provide use- specta er eerat rom eter with a COnvetional constant acceleration spectrometer with a 57Co source
ful information about the energy shift of the core-electron in a Pd matrix. The record time for each sample is about two
binding energies. These energy shifts are related to the po- days and the velocity was calibrated with an a-Fe foil of
tential at the nucleus, which is approximately a function of days an the v e x-ra tetron otra foiSo
the valence electron population and the potential due to the 25-rm thickness. The x-ray photoelectron spectra (XPS)atos f he nvromen, o etale sudyonR(el~T . were obtained by an ESCALAB5 ESCA spectrometer
atoms of the environment, so detailed study on R(Feradiation source E(K)= 1486.6 eV
compounds by XPS can provide direct information about the and with a resolution of 0.5 eV. The samples were supported
charge transfer due to substitution. By M6ssbauer study, th. in the appropriate sample holders and mounted on high
charge density p(O) at the nucleus is measured through the in teepproiate e hod er d mo on igh
isomer shift (IS). M6ssbauer studies on 5Fe for RFe2 com- ensure clean surface for examination.
pounds have shown that even though these compounds have
an identical crystallographic structure, they present several
types of spectra.5 With the direction of easy magnetization III. RESULTS AND DISCUSSION
(n) along the [100] axis all iron atoms are equivalent and a
simple six-line spectrum is obtained, as was observed for The lattice constants of Ho(Fe 1 .Mn,) 2 (x=0, 0.1, 0.2,
HoFe2 ,,id DyFe2. If n is along the [111] or [110] direction, 0.3) compounds are obtained by tle x-ray method and listed
there are two magnetically inequivalent iron sites, giving rise in Table I. They increase with increasing Mn content. The
to a spectrum superposed by two six-line patterns with popu- binding energy (BE) calculated from the XPS spectra are
lation ratios 1:3 or 2:2, as observed for YFe2, 'bFe 2, ErFe2, also listed in Table I. For metals, the binding energy is the
and TmFe2 or SmFe2 at low temperature. For R(Fe1_,Tx)2  minimum energy required to excite a core electron to an
compounds the spectrum become more complex when Fe available unoccupied state above the Fermi level and is in-
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TABLE I. Lattice constant, binding energy, hyperfine parameters, and magnetic moment AR in Ho(Fej _,Mnx)2
(x = 0, 0.1, 0.2, 0.3) compounds at room temperature.

Binding energy (eV)[a Hhf IS SQ PLre (300)

X (A) Fe2pI/ 2  Fe2p 3/2  Mn2p 3/2  (kOe) (min/s) (mm/s) (AB/Fe)

0 7.333 706.8 719.8 195.4 -0.121 0.038 1.43
0.1 7.343 706.6 719.4 639.2 179.6 -0.135 0.063 1.31
0.2 7.361 706.7 719.5 639.1 138.1 -0.084 0.072 1.01
0.3 7.381 706.6 719.6 639.3 136.3 -0.022 0.058 0.96

fluenced by the chemical environment. According to charge splitting, and isomer shift were fitted in order to reproduce
potential model,6 the ionization energy of a core subshell the broadening of the spectra with increasing Mn content.
(iA) is approximated by The half-width of all the six-line patterns was kept constant.

(1)V The spectrum of HoFe2 was fitted as one six-line pattern,
IA indicating that the magnetic moment is directed along the

where qA is the partial charge on the atom A, k, is an ad- [100] axis.5 It is obvious that Mn substitution has a great
justable parameter, and VA is the potential of atom A due to influence on the hyperfine interaction, as can be seen from
the other atoms B in the system. With a simple point-charge Fig. 1. The M6ssbauer absorption spectra for x>0 com-
approximation pounds indicate the existence of the wide hyperfine field dis-

tribution because of the random distribution of Mn atoms in

VA= EORAB (2) transition metal sublattice. The broadening of spectra was
BOA 47reoalso found in other R(Fe -,Tx) 2 compounds due to substitu-

tion and was explained, for R(Fet -,Al) 2 compounds, 2 onwhere the RAB are internuclear distances. From analyzing the the basis of the local environment effect which supposes that

b in d in g e n e rg y o f F e 2 p 1 /2,3/2 a n d o f M n 2 P 3/2 liste d in th e b asis fo n eth i eld sa l i strib uti o n tf o rf e c ti v e nc hro np pt o m sh asa

Table I we found that the binding energy (BE) of compounds the hyperfine fields distribution for a given iron atom has a

remains almost the same value for all the compounds and no proportionality relation with the number of Fe nearest- and

chemical shift of the core-electron binding energy was next-nearest-neighbors calculated from the binomial for-

found. This implies that no charge transfer takes place from mula. However, no reasonable results can be obtained in the

Mn atoms to Fe atoms due to Mn substitution. present study when the same procedure, as used for

The M6ssbauer spectra present in Fig. 1 were analyzed R(Fe -,A] )2 compounds, was employed to fit the spectra of

using a standard computer procedure. Depending on the Ho(Fel-xMn) 2 compounds, which means that no definite
conclusion can be drawn about the existence of the localshape of the spectrum one to five independent six-line pat- environment effect in Ho(Fe -Mn.) 2 compounds. Throughterns with unrestricted intensities, hyperfine fields, quadruple fitting the spectra, the average hyperfine field Hhf, isomer

shift (IS), and quadruple splitting (QS) are obtained and
listed in Table I. It is clearly seen from Table I that the
average hyperfine field decreases with increasing Mn con-
tent. It has been shown7 from combined NMR and M6ss-
bauer investigation that the average iron hyperfine field and

x=O average iron moment are proportional to each other
'. ,U " V. •Hhf = a AF.. (3)

The proportionality constant a equals 145 kOe/AB for Y-Fe
>compounds 7 and 125 kOeIB was used for Dy(Fel-.Bx)2

". ~ ' ""' ... compounds.3 Here we consider a=137 kOe/. B for=0' .2 Ho(Fe_ Mn) 2 compounds, which was deduced from the
- hyperfine field and iron moment for HoFe2 in the present

...... study. The Fe moments calculated from Eq. (3) were listed in

Table 1. The decrease of AF, with increasing Mn content is
xevident which means that Fe moment is strongly influenced

by Mn atoms.
" . .. From Table I it can also be seen that the average isomer

-7 -5 -3 -1 1 3 5 7 shift (IS) shows a weak concentration dependence, which is
Velocity (rnm/s) the characteristic of these compounds. We note that the IS for

the compounds are almost linearly dependent on the volume,
FIG 1. Mossbauer spectra of Ho(Fel_,Mn,) 2 compounds (x=0, 0.1, 0.2, as can be seen from Fig. 2. Taking the XPS results for the
0.3) at room temperature. compounds into account we suggest that the variation of IS
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[ -0.15 (1) From the XPS measurement it was found that the
binding energy (BE) of compounds remains almost the same

-020 o value for all the compounds and no chemical shift (b) of the
E core-electron binding energy was found, which implies that

-.0.25 -no charge transfer takes place from Mn atoms to Fe atoms
due to Mn substitution.

- (2) From the Mossbauer study it was found that the av-
oE -03 erage hyperfine fields and the deduced Fe moment decrease

I I with increasing Mn content. The variation of the IS due to
-0.40 ... ... . . . .......... M n substitution is mainly due to size effects; electron trans-

Volume (M3 )  fers seem to be of minor importance.

FIG. 2. Volume dependence of the isomer shift in Ho(Fel-,Mn,) 2
compounds. 1T. Funayama, T. Kobayashi, I. Sakai, and M. Sahashi, Appl. Phys Lett.

61, 114 (1992)2 W. Steiner, M. Reissner, W. Schifer, and G. Will, Physica B 130, 426
(1985).

due to Mn substitution is mainly due to size effects; electron 3W. D. Zhong, J. Lan, Z. X. Liu, F. S. Li, D S. Xue, R. J. Zhou, S. H. Ge,
transfers seems to be minor importance. and Y. D. Zhang, J. Magn. Magn. Mater. 79, 202 (1989).

4 E. Burzo, Phys. Rev. B 17, 1414 (1978).
5 G. J. Bowden, D. ST. P. Bunbury, A. P. Guimaries, and R. E. Snyder, J.

Phys. C 1, 1376 (1968).IV. CONCLUSION 6 A F. Orchard, Handbook of X-ray and Ultraviolet Photoelectron Spec-

troscopy, edited by D. Briggs (Heyden, London, 1977), p. 1.
In conclusion, we would like to point out that for 7 A. S. Schaafsma, M. J. Besnus, I. Vincze, and F. van der Woude, J. Magn.

Ho(Fel. xMn) 2 (x=0, 0.1, 0.2, 0.3) compounds: Magn. Mater. 15-18, 1149 (1980).
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Hyperfine fields of mercury in single-crystalline cobalt
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CH-1211 Geneva, Switzerland

The combined hyperfine interaction of mercury in a hexagonal close-packed cobalt single crystal
was measured using the e - - y perturbed angular correlation technique with the 197Hg and 199Hg
probes, without applied magnetic field. The magnetic and quadrupole coupling constants of the 5/2-
levels in both 197Hg and 199Hg were measured with extremely high precision, WL( 197Hg)=951(9)
Mrad/s, alL (199Hg)=1039(10) Mrad/s, VQ (197Hg)=3.7(5) MHz and VQ (199Hg)=32(2) MHz.
Using the well-known g factors and quadrupole moments of the respective levels, the magnetic
hyperfine field, IHhf(HgCo)=581(12) kG, and the electric field gradient, IV. (Hg.o)j
= 2.0(3) X 1017 V/cm 2, were derived. The importance of using these hyperfine probes for studying
the microscopic structure of cobalt-based multilayers is introduced and discussed.

I. INTRODUCTION The PAC experiments were performed using the 165-
134 keV cascade from the decay of the 23.8-h isomeric state

The potential applications of the giant magnetoresistance of 197Hg, and the 374-158 keV cascade from the decay of
effect in recent years led to a considerable interest of mag- the 43-min isomeric state of 199Hg. The first transitions in
netic multilayers consisting of a magnetic material, usually these cascades are strongly converted, aL(165 keV,
cobalt, separated by a thin nonmagnetic spacer. The optimi- 197Hg)=173 and a(3 74 keV, 199Hg)=3.5, which makes
zation of the effect depends on the thickness, structure, and them ideal for e--y measurements. The calculated anisotro-
interface properties of the spacer and Co layers. Using the pies a remend Th .4

"'Cd nucleus from the decay of 'In as a probe implanted in pies are b2A22( 97Hg)=0.213 and b2A22(!99Hg)=0.235.4
Co/Re and Co/Cu multilayers, 1'2 the perturbed angular cor- The experimental setup consists of two magnetic 83

relation (PAC) technique proved to be sensitive for the mi- spectrometers of the Siegbahn type5 for detection of conver-
croscopic characterization of structural and point defects, sion electrons and two BaF2 scintillators for ' detectior,
phases, and interfaces in magnetic multilayers. The applica- arranged in a plane. Each lens makes 900 with one y detector
tion of this technique is, however, limited to suitable probes and 1800 wth the other. The time resolution (FWHM)
In the present work, it is shown that the 197mHg and 199mHg of the setup for the l97mHg and 199mHg cascades was 1.0 ns.

isotopes are appropriate for these studies: the hyperfine fields Four coincidence spectra were recorded, corresponding

are higher and the substitutional fraction of Hg implanted in to the combinations of each magnetic lens with a y
Co is a factor of three higher than in the Cd case, with no detector. From these spectra the usual time differential

need to perform annealing treatments after the implantation. anisotropy R(t)=2 [N(180 0, t)-N(90°,t)]/[N(180°,t)
The magnetic hyperfine interaction of Hg in Co has been + ? N(90 °,t)] was calculated.

previously studied by Krien and co-workers.3 Their measure- The theoretical R(t) function was calculated numerically
ment could not, however, explain if the Hg atoms are at taking into account the full Hamiltonian for a combined hy-
ditierent sites in the Co lattice or if a combined hyperfine perfine interaction, as described by Barradas and
interaction is responsible for the observed modulation, since co-workers. 6 In the calculation, independent fractions f, of
a quadrupole interaction is expected for the Co hexagonal probe nuclei were considered, each experiencing a Larmor
close-packed (hcp) phase. To clarify this problem, new re- frequency, WL= -gtNHhf/h and a quadrupole frequency,
suits are reported here, using the e--y PAC technique with vQ=eQVz/h. Hhf is the magnetic hyperfine field and V,, is
the 197mHg and 199mHg isotopes, in a Co single crystal. The the main component of the electric field gradient (EFG) ten-
lattice site location of the Hg atoms has also been studied by sor at the nucleus. Q and g are, respectively, the quadrupole
a high precision channeling experiment perfoimed after the moment and g factor of the I=5/2 intermediate state of the
radioactive decay on the same sample. cascade. For '97Hg and '99Hg these parameters are well

known, Q512- (197Hg)=0.057(7) b, Q512-('99Hg)=0.674(77)
b,7'8 g5/2-(197Hg)=0.342(6), and g5/2-(199Hg)=0.352(13). 9

II. EXPERIMENTAL DETAILS Lattice imperfections, impurities, or defects cause a damping
of the R(t) function, described by a Lor.ntzian distribution

The 197mHg and 199mHg isotopes were implanted into a with relative width , centered at a given olL.
Co single crystal at 60 keV, using the ISOLDE facility at No external magnetic field was necessary to orient the
CERN, to doses of 5X 10"3 and 5X 1012 at./cm' , respectively, magnetic domains, since below 525 K the spins of the hcp
The mean-Hg range profile value is 11 nm. Co lattice are aligned along the c axis. This is also the direc-

tion of the main component of the EFG tensor. For each
)Current address. PPE Division, CERN, CH-1211 Geneva, Swt,'erland. isotope, experiments were performed on two complementary
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FIG. 1. Anisotropy ratios obtained with '9Hg for (a) single crystal with c FIG. 2. Anisotropy ratios obtained with 199Hg for (a) single crystal with c
axis on the detectors' plane at 45*; (b) with c axis perpendicular to the axis on the detectors' plane at 450; (b) with c axis perpendicular to the
detectors' plane. detectors' plane.

geometries. In geometry G1 the c axis of the Co-single crys-
tal lies on the detectors' plane at an angle of 450 with the assuming well-defined magnetic and electric frequencies. Pa-
detectors, and in geometry G2 it is perpendicular to that rameter f2 corresponds to Hg atoms characterized by the
plane. For a collinear interaction, only the wL± 2 W0o and same values for the frequencies, but with a small Lorentzian
2 wLwo frequencies (&wo=37T.vQ/lO) have observable ampli- distribution on the magnetic frequency. The remaining Hg
tudes in geometries G1 and G2, respectively, atoms are described by a strongly damped frequency distri-

Complementary RBS/channeling experiments were car- bution, characterized by a large value of 6.
ried out after the 197mHg decay in the channeling line of the Figures 2(a) and 2(b) show the corresponding anisotropy
2.5-MeV Van de Graaff of INETI, Sacav~m, using a 1.6- ratios, R(t), obtained with the i99fHg implanted sample.
MeV He+ beam. The backscattered particles were detected at Again, it was necessary to consider three fractions of Hg
angles of 1400 and 180' using two silicon surface barrier atoms in the Co lattice. The results are shown in Table 11.
detectors with resolutions of 13 and 18 keV, respectively. Figure 3 shows the angular scans obtained for the (0001)

plane (c plane) and for the (1120) and (10i0) axes along that
III. RESULTS plane. From the minimum yields of the Hg and Co signals, a

Figures l(a) and l(b) show the anisotropy ratios R(t) fraction of 70% of Hg atoms in regular positions in the Co

obtained with the 197mHg implanted -ample in geometries G1 single crystal is obtained. The slight narrowing of the Hg

and G2, respectively. The mea~t,,ements have been per- signal, clearly seen in the (0001) plane and in the (101o)

formed at room temperature. Assuming the Hg ions are sub- axis, indicates a fraction of Hg ions deviated from the sub-

stitutional in the Co lattice they would experience only one stitutional positions. The continuous line in Fig. 3 is a Monte
combined interaction, described by a theoretically predicted Carlo simulation of these scans, using a modified version of

comind ntracio, esried y teoetcaly reiced the FLUX prograi,10asn a 50% substitutional frac-modulation. However, to obtain a satisfactory least-squares ssuming a 5
fit to both geometries, it was necessary to consider that the tion, a 20% slightly deviated fraction, and a 30% random

Hg atoms are located in three nonequivalent Co lattice sites. fraction. The errors in the determination of these fractions

The results are shown in Table I. Parameter f 1 gives the are of the order of 10%.

percentage of Hg atoms described by a theoretical function

TABLE 1. 197Hg.._. fit parameters. TABLE I1. 199Hg. 2 fit parameters.

Friction 0)/L Fraction (oL  VQ

(%) (Mrad/s) 6 VQ(MHz) (%) (Mrad/s) 8 (MHz)

fl 33(3) 951(9) 0 3.7(5) fl 53(3) 1039(10) 0 32(2)
f2 38(3) 951(9) 0.12(2) 3.7(5) f 2  29(3) 1039(10) 0.15(2) 32(2)
f3 29(3) 300(30) 0.5(1) 0 f3 18(3) 510(40) 0.6(1) 0
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1 5 : An important result of this work is the derivation of a
1201 o0001) 1010 (0001) more precise value for the magnetic hyperfine coupling con-

(o (o stant measured by the Larmor frequency toL(197Hg
ae moa relo~fcti~w)=951(9) Mrad/s. Due to the high statistics obtained in

•1 these measurements, the errors in the magnetic frequencies
.are limited only by the 1% uncertainty of the time calibra-

tion. Using the known g factor, g5 2-(' 97Hg)=0.342(6), 9 the
) - 0 9 derived magnetic hyperfine field is JHhf(Hg.o)J=581(12)

..- kG, which fits very well in the systematic of hyperfine fields
*o(0001) in Co.12

\ . ;"In conclusion, the 197Hg and 199Hg are very attractive
1 0 probes for the study of Co-based structures using the PAC

• 'technique, due to the high substitutionality in Co achieved
0. (o after implantation at room temperature. Additionally, the

availability of two isotopes with quadrupole moments differ-
( o • ing by one order of magnitude allows a great flexibility for

IAn,, (,g the study of EFGs. Since the EFGs at the Hg site in the
interfaces, or at the Co site with trapped defects or impuri-
ties, are normally much higher than the EFG of Hg in Co, a

FIG. 3. Channeling scans for the (0001) plane and the (1120) and (lOi0) large range of values can be measured selecting the appro-
axes along that plane. The continuous line is a Monte Carlo simulation. priate probe, 197Hg or 199Hg, for the high or low range of

EFGs. These advantages are currently being explored at
ISOLDE/CERN due to the high yields for the production of

IV. DISCUSSION AND CONCLUSIONS these isotopes.
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EFG by the conduction electrons is usually described by a 10 p. J. M. Smulders and D. 0. Boerma, Nucl. Instrum. Methods B 29, 471

(1987).
factor K, as V,; (1-K) Vz. For the present case we de- " E. Bondenstedt, Hyperfine Interact. 15-16, 1061 (1983)
duce K=2.8 which is of the same order as for most cases. 12 G. N. Rao, Hyperfine Interact. 26, 1120 (1985).
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1Simulation of nuclear magnetic resonance spin echoes using the Bloch
equation: Influence of magnetic field inhomogeneities

J. A. Nyenhuis and 0. P. Yee
School of Electrical Engineering, Purdue University, West Lafayette, Indiana 47907

There are a number of low cost nuclear magnetic resonance (NMR) applications that are based on
measurements of spin-spin (T2 ) and spin-lattice (T 1) relaxation times. Pulsed rf magnetic fields are
typically used to flip the nuclear spins in these measurements. The ability to perform these
measurements in relatively nonuniform magnetic fields is a factor in minimizing costs. In this work,
we explore the limitations of field inhomogeneity on spin echo techniques for measuring relaxation
times. Using a computer model that was developed for this study, we numerically integrate the
Bloch equation to simulate spin echo peaks for CPMG and other pulse sequences. We quantify how
higher intensity rf pulses result ii, .1reased amplitudes of spin echo peaks in an inhomogeneous
static magnetic field. An rf amplitude which is five times the maximum inhomogeneity in the static
field results in less than 0.5% attenuation between even numbered peaks in a CPMG sequence.

I. INTRODUCTION must be large enough, however, to obtain a good sampling of
the dephased spins in an inhomogeneous magnetic field.Numerous applications of nuclear magnetic resonance An rf field of carrier frequency ow0 witil only x and y

(NMR) have been developed; for example, it has been pro- An is arier frequency  Th tti onl x a -

posed that NMR be used to sort fruits and vegetables, 1 to components is assumed: bf=(hxIy). The static field s as-

measure the percentage of saturated fats in vegetable oils,2  sumed to lie in the z direction and has an amplitude

and for the early detection of osteoporosis ii, humans. 3  H° + AH,, where H 0
= &0/ y, with y being the nuclear gyro-

NMR techniques have several -idvantages over other magnetic constant. H o is thus the field for which the reso-
nance frequency is equal to the rf frequency and AH, ac-methods of experimental analysis; they are neither destruc- counts for inhomogeneity in the static field.

tive nor invasive to the sample under study. Ultimately, how- The ime ne in f eac ei p

ever, it is cost and not these advantages, which will deter-

mine whether NMR can compete with experimental methods the static and rf magnetic fields is given by the Bloch equa-

already in place. A major factor affecting the cost of a NMR tion

system is the magnet. Magnets that produce highly uniform dM,
magnetic fields are difficult to manufacture and, correspond- -- = y{M, X [(Ho+ AH,)i+ hr]}- " - y

ingly, are expensive. 2, T

This paper investigates the effects of nonuniform mag- Mz,,-Mo,, .
netic fields on spin echo techniques for measuring relaxation T , (1)

times. We seek to answer the question: how uniform must the
fields be in order to achieve good measurements? where M0 ,, is the saturation magnetization in the presence of

tlhe static field.
In Eq. (1), the subscript i indicates that the Bloch equa-

II. SIMULATION MODEL tion is applied separately to each region in the sample.

A computer model, written in FORTRAN, of NMR phe- The normalized magnetization in a region is expressed

nomena was developed for this study. The assumptions made as mi=Mi/M 0,,, where Mo, is the saturation magnetization

in this model are (1) a one-dimensional model is used, (2) in that region. Magnetic fields are normalized to the value of

the sample is magnetically homogeneous, (3) the applied rf static field for which the nuclear spins have resonance fre-

fields are uniform across the sample, and (4) diffusion effects quency e, e.g., hr =hI . Time is normalized to cycles of

are ignored. These assumptions are made in order to isolate the rf field, e.g., t =OtI(27r).
the effects of nonuniform magnetic fields and are not limita- Transforming Eq. (1) into a coordinate frame 4 that ro-
tions of the computer model t tates at the rf field frequency too, and letting Hef,

tionsof te comutermodel A-,/Ho, the normalized Bloch equation in component
In the simulation model the sample is divided into re- form for each region is

gions of magnetization M, = (M ,M, ,M,), which represent

the vector sum of all magnetic moments in the region. dIr,,
The number of regions used in the simulations was 2499, - = 2 ir(Hlrffmy, - lly,iti, -

although a choice as low as 99 regions would yield compa- di T,' .
rable results. For a sufficiently large number of regions, the
solutions are basically independent of the number of regions, diny,, 2 -(- 2 7r(hzxm ,, -/"of, H ,i ) (2)
because the magnetization in each region is independent of di '"".,

that in another region; however, if diffusion is included in the
model, magnetization in one region is coupled to adjoining dmZ mIn,-1
regions, and the accuracy of solutions improves by increas- - =27r(hy i ,-zhx,nmt, ,
ing the number of regions. The number of regions chosen di T".,
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90 the spins after the 1800 pulse. The 90' rf pulse is taken to be
in the x direction in the rotating frame. For a

S/1 Carr-Purcell-Meiboom-Gill 6 (CPMG) pulse sequence, the
i 80 180 180 180 1800 pulses are in the y direction, while they are in the x

8 1direction for a Carr-Purcell 7 (CP) pulse sequence. With the
1800 pulses depicted, spin echoes occur near times 2,r, 47,
6T, and 8,r. Amplitude hrf and durations T90 and T180 of the

hrf Tl 80  rectangular rf pulses were varied for different simulations.
From Eq. (2),it can be shown that for a 90' flip T9o= 114 if
and Tl 80 = 2T 90 .

A linear inhomogeneity was assumed for the simulation
results presented here:

AH, = AHn,,,/ L -L < x,< L. (4)

For the results presented here, the normalized inhomogeneity
AfImax=AH max/Ho was 5X10- 4, i.e., 500 ppm. This inho-

3 5t 7'3 -T

(cycles of RF field) 0

FIG. 1. rf pulse sequence used in the spin echo simulations.

80.5-

The Bloch equation is now in the form of three first-order
differential equations that are solved numerically for each
region in the sample. The simulations implement the fourth-
order Runge-Kutta method with a step time of five cycles of z
the rf field. This step time was chosen because it was a large
enough step that excessive computing time was not required W
and at the same time the solutions would converge to five 0
decimal places. 0 12500 25000

For the case when the rf signal is turned off, simple (a) i (cycles of RF field)
closed form expressions 5 for the magnetization components
exist, which reduces the computational time of the simula-
tions.

After each time step in the simulation, the transverse
magnetization components, mx,i and my,, are summed vec-
torially over all the regions in the sample. The receiver coils
in a NMR system will detect signals proportional to the
transverse magnetization of the sample. The receiver flux,
normalized to the maximum possible value when all the 0
spins are in phase, is then

Normalized receiver response.N

X J(, Mo,,mx,,)2+( Momy) 2  (3) 0 12500 25000

(b) i (cycles of RF field)
III. SIMULATION RESULTS AND DISCUSSION

FIG. 2. Effect of ff amplitude on spin echo amplitudes. A CPMG if pulse
The rf pulse sequence used in the simulations is shown sequence was used for a linear inhomogeneity with AHfi =500 ppm and

in Fig. 1. A 900 rf pulse cants the nuclear magnetization from r-2500 cycles. T,=T2=1012 cycles of rf field in the model. (a)
t, 1=2.5x I0-3 and T18o=2T90 = 200 cycles. Response peaks are 0.9933,

the z direction into the transverse plane. 180* pulses are used 0.9873, 0.9985, 0.9873, and 0.9946. (b) hf=10 - 3 
and T 80=500 cycles of

to generate the spin e.choes, which result from refocusing of rf field. Response peaks are 0.9610, 0.9260, 0.9590, 0.9087, and 0.9236.
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Fig. 2(a), results in '2 cff of 6.2X 106 cycles. For 7=7000
cycles, -"eff=8.5X10g and for 7=9000 cycles, t2,,ff
=10.6X10 .

An intuitive argument can be made to explain why
0 shorter (i.e., higher intensity) rf pulses result in higher echo

peaks in a CPMG sequence. With inhomogeneity in the static
field, nuclear spins will have precession frequencies different

o 0.5- from the frequency of the rotating rf field. Assume that the
direction of the rf field is fixed in the rotating frame. The
azimuthal angle of the nuclear magnetization will rotate at
frequency A w= yAH, with respect to the direction of the rf
field. Let A0 180 represent the change in angle during the

Z 1800 pulse between the rf field and the transverse component
of nuclear magnetization:

VA0180=AT180= yAHmaxT180
0 12500 25000 2TA maxtlSOITAImax/kf. (5)

(cycles of RF field)
If there is significant change in angle between the if field and

FIG. 3. Effect of using CP rf pulse sequence on spin echo simulations. rf the nuclear spins during a rf pulse, the flip angle will not
pulse amplitude hra=2.5X10 - 3 (t 90 = 100 cycles of rf field) and a linear have the desired value. For spin echo peaks with maximal
inhomogeneity with A/ mu=500 ppm was used. 7--2500 cycles and value, we thus expect A0'180<1. For hff=2.5X10 - 3 in Fig.
t= = 1012 cycles of if field. Response peaks are 0.9933, 0.9864, 0.9514, 2(a), A0 180 =0.63 and for hf= 10-3  in Fig. 2(b),

0.8905, and 0.8195. A0 180
= 1.57.

Figure 3 shows a spin echo sequence using the same
conditions as in Fig. 2(a), except that both the 90' and 1800

mogeneity is of the order of magnitude that is experienced in pulses are in the x direction. For this CP sequence, the echo
low cost NMR applications. However, spectrometers and peaks progressively decrease in amplitude, with the fourth
medical imagers use magnets with much better homogeneity. peak having an amplitude of 0.8195. Comparison of Figs.
The normalized relaxation times T1 and T2 were arbitrarily 2(a) and 3 clearly shows the advantage of the CPMG over
set to a large value of 1012 cycles. With the effects of nuclear the CP sequence in an inhomogeneo, s field. In the CMPG
relaxation essentially removed from the calculations, we sequence, deviations from the ideal flip between successive
could focus on the effects of inhomogeneity in the static field 1800 pulses are partially compensated, whereas errors in flip
on the spin echo response. angle accumulate in the CP sequence.8

In Fig. 2, we evaluate the effect of rf amplitude on the The CPMG sequence is forgiving of imperfections in rf
echo peaks for a CPMG sequence. In Fig. 2(a) a rf field with pulse duration. rhe parameters of Fig. 2(a) were maintained,
amplitude hrf=2.5X10 - 3 is used, which results in a normal- but T9o and T180 were independently made 10% too long.
ized duration T180 =200 cycles. As is expected for the The amplitudes of the fourth echo peaks were then respec-
CPMG pulse sequence, even echo peaks have the greatest tively 0.9829 and 0.9840, only slightly less than those shown
height, and the fourth peak in the sequence has normalized in Fig. 2(a).
amplitude 0.9946. In Fig. 2(b), the rf field amplitude has
been reduced to hf= 10- 3, and the 1800 pulse has a duration ACKNOWLEDGMENTS
of 500 cycles. Compared to the case for hf=2.5X10- 3, the We thank the U.S. Department of Energy, the Southeast-
echo peaks have a smaller amplitude, with the fourth peak er Egg and Poultry Association, and the National Live
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I-I
Correlation of magneto-volume effects and local properties
of the Fe2Ti-laves phase (abstract)

J. Pelloth, R. A. Brand, and W. Keune
Laboratorium fir Angewandte Physik, Universitat Duisburg, D-47048 Du:sburg, Germany

Magneto-volume effects have been calculated' and shown to exist 2' 3 in Fe2Ti alloys. Since
M~ssbauer spectroscopy provides insight into local magnetic properties we have performed such
measurements in the temperature range 4.2 K< T< 800 in Bext=O and '/0 on Fe2+Ti. powder
samples with x= -0.05 to +0.1. The spectra of Fe2Ti at 4.2 K show two subspectra, one belonging
to the antiferromagnetically coupled 6h sites, and the other one to the paramagnetic 2a sites, in
agreement with Ref. 4. A detailed analysis shows that the electric field gradient of the 6h sites
changes in sign and value when going from the antiferromagnetic to the paramagnetic state at 310
K. Moreover, the isomer shift values of the twc sites are found to be different at 4.2 K, while they
are equal above 310 K. Both changes suggest a change in the local electronic band structure between
the paramagnetic and antiferromagnetic states. An increase of the linewidth is observable in the
temperature region of 200 K< T< 310 K that could be caused by a distribution of hyperfine fields
on the 6h sites or by spin fluctuations during the lifetime of the excited state of the M6ssbauer
nucleus. For x > 0 and 4.2 K, an additional magnetically split subspectrum appears that is associated
with 6h sites and neighboring Fe antisite atoms. For x<0 the spectra are similar to those of Fe2Ti.

This work was supported by the Deutsche Forschungsgemeinschaft (SFB
166).
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Giant magnetoresistance effects in intermetallic compounds (invited)
V. Sechovsk' and L. Havela
Department of Metal Physics, Charles University, Ke Karlovu 5, CZ 121 16 Praha 2, The Czech Republic

K. Proke6, H. Nakotte, F. R. de Boer, and E. BrLck
Van der Waals-Zeeman Laboratory, University of Amsterdam, Valckenierstraat 65, NL 1O18XE Amsterdam,
The Netherlands

Giant magnetoresistance (GMR) effects are observed in several classes of bulk magnetic materials.
The resistance changes at metamagnetic transitions connected with reorientation of 4f moments are
only moderate due to the relatively weak coupling of the 4f and conduction electrons. Much larger
GMR effects can be achieved by mechanisms involving the d states (RhFe, RCo2), though the most
spectacular resistance variations are connected with metamagnetic transitions in U-intermetallic
antiferromagnets. This phenomenon can be interpreted as due to Fermi surface gapping (due to
magnetic superzones) and/or due to spin-dependent scattering in analogy with magnetic multilayers.

I. INTRODUCTION metr, ,nd is usually accompanied by a noticeable change of
the electrical resistivity.

During the dramatic development in the research of Another type of metamagnetic transition, which is also
magnetic multilayers, the magnetoresistance has become one reflected in the electrical resistivity, can be found in itinerant
of the frequently reported quantities. This originated by the electron materials, which are close to a magnetic instability.
discovery a large ("giant") magnetoresistance (GMR) in This class of materials can be well represented by the RCo 2
Fe/Cr multilayers.1 Since then, further multilayer systems ex- compounds (R=rare-earth metal). Here a sufficiently large
hibiting GMR have been reported. One of the most impres- magnetic field can induce magnetic moment on Co sites4,5

sive effects has been observed in Co/Cu multilayers, in and, simultaneously, the system undergoes a transition from
which the electrical resistivity at low temperatures is reduced the paramagnetic to a magnetically ordered state.
in magnetic field to half of its zero-field value. 2 The strong Note that the magnetoresistance is usually defined by the
interest in GMR effects is closely connected with promising expression
industrial applications in magnetoresistive reading heads and Ap/p=[p(T,H) -p(T,O)]/p(T,O), (1)
similar elements.

Magnetic multilayers are artificial superlattices in which where p(T,H) and p(T,O) are the resistivities at a given
the layers of atoms carrying magnetic moments are separated temperature in the actual and zero magnetic field, respec-
by nonmagnetic layers. The nonmagnetic layers mediate ex- .ively. For the transition from the antiferromagnetic to the
change interactions between the magnetic ones. In systems ferromagnetically aligned state with the resistivities PAF and
exhibiting GMR, these exchange interactions are, as a rule, pp, respectively:
antiferromagnetic. A a result we obtain antiparallel inter- Ap/p=(PAFPF)/PAF (2)
layer coupling. These exchange interactions are relatively
weak and can be easily overcome by magnetic field and a In the multilayer research it is customary to use a modified
ferromagnetic alignment of spins can be achieved in a rela- expression:
tively low field. A pronounced reduction of the electrical Ap/p={pAF_PF}/pF '  (3)
resistivity can be observed due to this transition, because the
resistance in the ferromagnetic aligned is much smaller than which provides naturally much more spectacular values. Un-
in the antiferromagnetic case. The occurrence of GMR ef- less especially mentioned, we will use the representations (1)
fects in multilayer systems is usually ascribed to the spin- and (2).
dependent scattering.3  Here, we review the magnetoresistance effects in differ-

Magnetic-field-induced transitions in antiferromagnets ent classes of bulk magnetic materials with a special empha-
have been studied in bulk materials for decades. These tran- sis on single-crystal data available only very recently for
sitions are called metamagnetic in analogy to the metastahle lower symmetry materials. We want to demonstrate that the
(metamagnetic) state which sets in above the critical field. GMR effects are frequently observed especially in 5f elec-
They take place in a magnetic field surtf'ient to overcome tron intermetallics and discuss the origin of these phenom-
the antiferromagn c interactions and to modify the mag- ena. We will discuss also required model parameters of an
netic structure. The modification of the magnetic structure is intermetallic system to achieve GMR effects at conditions
frequently connected with a change of the translational sym- desirable for practical applications.
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II. RESISTANCE IN METALLIC SYSTEMS N . . . .

For simplicity, the resistance in metallic systems can be 1.5 d 2  (
discussed as due to independent scattering mechanism (i.e., T 2 K B I b
supposing the validity of the Mathiessen's rule): 1 .0

P=PO+Pc- Pspd. (4)

Both the temperature independent term P0 due to crystal : 0.5

structure imperfections and the electron-phonon scattering
term Pe-p are present in all materials. In magnetic materials 0.0
the scattering of conduction electrons on magnetic moments - 0 .. B II b
should be taken into account. This is reflected in the spin- • .C
disorder resistivity term Pspd" In the paramagnetic range, ,/':
where the magnetic correlations are absent, electrons are -5
scattered on entirely disordered magnetic moments. The ,
spin-disorder resistivity originates in the exchange interac-
tions acting on the conduction-electron spin and scales there-
fore with the De Gennes factor (g- 1)2J(J+ 1) and with the C- 10(
square of the coupling parameter y.6 For a system with (b)
stable magnetic moments, Pspd is constant above the mag- 0 1 2 3 4 5
netic ordering temperature. In ferromagnets below Tc, Pspd B (T)
decreases with temperature in a way characteristic for the
type of magnetic excitation in a particular system. Finally, it FIG. 1. (a) Magnetization and (b) transversal magnetoresistance vs magnetic
should vanish in the low temperature limit. For low tempera- field applied along the b a) is measured on NdCu 2 single crystal at 2 K (data

tures, a quadratic temperature dependence of Pspd can be taken from Ref. 11).

derived7,8 and is frequently observed experimentally.
The situation is less clear in antiferromagnets, in which likely in actinide and transition metal intermetallic com-

the magnetic periodicity can be different from the crystallo- pounds, as will be demonstrated on several examples.
graphic one. This leads to creation of new Brillouin zone
boundaries (superzone boundaries) and, consequently, gaps III. EXAMPLES OF GMR IN BULK MATERIALS
can appear on the Fermi surface. In this case, the effective As an example of one of the largest magnetoresistance
number of charge carriers is reduced leading to initial in- effects in regular-rare-earth intermetallic compounds, we
crease of the resistivity with decreasing temperature belowthe Nel temperature TN .9 Such effect can be found both in show in Fig. 1 the magnetoresistance of NdCu2 which isitinerant antiferromagnets1° and in rare-earth local-moment antiferromagnetic below 6,3 K."" 2 By applying the mag-
iterant aTihersisgnits cand in dcrare h a l n netic field along the b axis two metamagnetic transitions can

be induced leading to a step-wise increase of the magnetiza-

Po + Pe,.p+ Pspd tion in -0.6 and =--2.8 T. Both transitions are associated with
1 -gm(T) (5) pronounced changes of the resistance leading to Apip

-- 10% in 3 T. The increase of ApIp with the approaching
where m(T) is a normalized sublattice (staggered) magneti- critical field can be attributed to the enhanced scattering due
zation. The truncation parameter g characterizes the effective to intersite fluctuations. t3,14

reduction of the number of conduction electrons as a conse- The large magnetoresistance changes in NdCu2 are con-
quence of the Fermi level gapping. It is evident that this fined to very low temperatures because of the low value of
factor enhances the resistivity even in the low temperature TN. Therefore, SmMn 2Ge2, which is antiferromagnetic be-
limit. The difference between PF (resistance in the ferromag- tween =100 and 150 K and ferromagnetic outside this
netic state) and PAF (resistance in the antiferromagnetic range,' 5" 6 might be more attractive for applications. The
state) depends on the width of the gap in the electron energy transition from the antiferromagnetic state to a low-
spectrum, which scales with the exchange coupling param- resistance ferro-state can be induced by moderate fields (be-
eter J. Therefore, the magnetoresistance effect connected low 1 T), but the reduction of the resistivity does not exceed
with the metamagnetic transition (between the antiferromag- 10%.
netic state and the state with "ferromagnetically" aligned A similar situation can be found in Ce(Fe t _- Co.) 2, with
magnetic moments) should scale approximately with Pspd, -10% cobalt substitution. This material first becomes ferro-
which is governed by similar parameters. magnetic below - 180 K, and with further lowering tempera-

In compounds based on regular rare-earth metals, the ture a transition to the low-temperature antiferromagnetic
Pspd values are, however, rather modest despite large ionic state appears at -80 K.17"" This transition manifests in a
magnetic moments. The reason is apparently a weak cou- dramatic increase of the electrical resistivity.' 9 The ferro-
pling of the conduction electron spin and the ionic spin mo- magnetic (and presumably the low-resistance) state can be
ment S. Much larger Pspd values can be expected in materials then recovered by application of a sufficient magnetic field. 19

where a strong coupling can be expected. This situation is Similar loss of ferromagnetism at low temperatures can also

6914 J. Appl. Phys., Vol. 76, No 10, 15 November 1994 Sechovsk' et al.



350 c:

200 04 T

(K) 0 150 ()Tc 2

50 1 00 20T. (Kol) 70T

050 100 150 200 5

T (K)

FIG. 2. Temperature dependence of the electrical resistivity in HoCo2 in
several magnetic fields (see Ref. 4).

FIG. 3. Temperature dependence of the electrical resistivity in the UNiGa
single crystal for illc and i- c. For illc also results measured in 2 and 14 T

be observed for small substitutions of Fe (in CeFe2) by A, 2°  (Elc) are displayed.
Si,21 Ru, Ir, and OS, 2 2 which could also lead to large magne-
toresistance.

Significantly larger effects can be observed in materials, AF-+F transition similar to the onset of the Co magnetic
where the external magnetic field assists in the stabilization moment at the ordering temperature in some RCo2 com-
of magnetic moments. This situation can be followed, e.g., in pounds. Then both the spin-flip transition of Fe magnetic
RCo2 compounds. For some rare earths, the Co moments are moments and the onset of Rh magnetism can be accounted
formed from the highly susceptible matrix of the 3d states by for by the large magnetoresistance change in FeRh. Large
the concerted action of ordered rare earth moments at the magnetoresistance changes accompanying the magnetic-
Curie temperature Tc, which thus becomes a first order tran- phase transitions in the transition metal sublattice have also
sition. Above Tc, the large resistivity is affected not only by been observed in the La(FexAl -) 13 system.26

disordered rare-earth moments, but the strong spin- Much larger MR effects occur in systems with uranium,
fluctuations in the Co 3d-electron subsystem contribute, as a most thoroughly studied light actinide. We will review
well. The electron-spin fluctuation scattering is removed in some experimental data on UTX compounds, which are
the transition by a sudden drop of a considerable absolute formed in several types of crystal structures. The compounds
value (e.g., ---80 p cm in DyCo2 and HoC0 2).

4'5'23 The ef- crystallizing in the hexagonal ZrNiAl structure have been

fect of exchange fields of the 4f subsystem on the 3d one studied most thoroughly. This structure consists of U-T and
can be naturally assisted by the external magnetic field, T-X basal-plane layers alternating along the c axis. The
which shifts the transition towards higher temperatures. stronger U-U coupling within the plane leads to a very strong
Thus, for a particular temperature from a limited range above magnetic anisotropy confining the U moments in the c direc-
Tc, the resistivity can be reduced drastically. A typical ex- tion. The magnetic interactions along c are much weaker and
ample of HoCo2 can be seen in Fig. 2. Qualitatively similar in some cases antiferromagnetic with various propagation
behavior also occurs in DyC02 , ErCo2 , and TmCo2 .4'5'23 Al- vectors. The electrical resistivity in antiferromagnetic com-
though present in compounds containing rare earths, the ef- pounds shows qualitatively different behavior for the current
fect is clearly due to the onset of 3d magnetism in this case. along the basal plane and along the c axis (see Fig. 3). A

There are also purely d systems with a large magnetore- typical example is UNiGa, 27 which orders antiferromagneti-
sistance. One case known for many years is the equiatomic cally below 40 K. The ground state can be characterized by
ordered FeRh compound. 24 It is antiferromagnetic below 340 the sequence of (+ + - + - -) orientation of equal U mag-
K, where it undergoes a transition to the ferromagnetic state. netic moments of 1.41Ua . The ferromagnetic configuration is
At lower temperatures, the ferro-state can be achieved i ; the reached in -0.8-1 T (at 4.2 K). As shown in Fig. 4, the
magnetic field, which increases from 0 T at 340 K to about first-order metamagnetic transition is accompanied by a dras-
30 T at 4.2 K (the critical field is 4 T at room temperature). tic decrease of the resistivity of about 120 jdil cm
As the resistivity increases strongly at 340 K due to the (Ap/p=86%). 28 Knowing the complex magnetic phase dia-
F-AF transition, the suppression of antiferromagnetism in gram of UNiGa, one can gain some insight into the magne-
the field leads to a dramatic reduction of the resistivity. As toresistance effect by inspection of the p(T) dependencies in
the residual resistivity in the ferromagnetic state can be various magnetic fields (Fig. 3). In high magnetic fields suf-
rather small, the relative drop of its value is largest--by the ficient to suppress the antiferromagnetic correlations, p(T)
factor of 20-in the low temperature limit (Ap-20 yfl cm). behaves as in a ferromagnet, with a resistance drop below the
Recent calculations s yield the electron structure in both ordering temperature. Thus the anomalies in p(T) found be-
phases. The Fe atoms display local moments of =3 1uB, tween 35 and 40 K, which are connected with several differ-
while the Rh local moments are zero in the antiferromagnetic ent antiferromagnetic phases existing in zero field, totally
configuration and 1/AB for the ferromagnetic configuration. disappear in the field of 2 T. The slower increase of the
This means that the Rh magnetic moment is induced by the resistivity in the ferromagnetic phase means that the largest
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FIG. 4. (a) Magnetization and (b) relative electrical resistivity for illc vs points indicate the value to which the resistance of the whisker drops in

magnetic field applied along the c axis measured on UNiGa single crystal at applied fields above the two metamagnetic transitions seen in Fig. 7.

4.2 K.

ture, a gradual saturation to po= 80 yfl cm is observed. For
drop Ap= 200 41 cm is found at 25 K. Around this tempera- current perpendicular to the c axis, a more regular behavior
ture a two-step metamagnetic process is observed (see Fig. with a low temperature decrease of the resistivity appears. In
5). For current perpendicular to the c axis, which is sensing a field of 4 T along the c axis, the magnetic structure trans-
essentially the ferromagnetic ordering of U moments within forms into the (+ + -) stacking, and the full parallel align-
the basal-plane sheets, the p(T) dependence resembles that ment of moments is achieved in 16 T. Both metamagnetic
of a ferromagnet already in the zero-field phase, but the field transitions (Fig. 8) are accompanied by a drop in the resis-
applied along c still reduces the residual resistivity from -30 tivity. The major part of the magnetoresistance effect (total
to -10 pf cm. drop of 60 AM cm) is concentrated into the latter transition.

The second compound of this type of structure is UPdIn, From these two examples with Ap-po, it is evident that the
where the layers of the U moments of 15.4 are stacked magnitude of Ap/p at low temperatures is strongly dependent
along c in the sequence (+ + - + -), which gives a net on the residual resistivity Po in a "ferromagnetic" state,
ground-state magnetization of 1/5A,. As can be seen in Fig. which is essentially related to crystal imperfections. Inspect-
6, an increase of the resistivity is found at low temperatures ing the temperature dependence of Ap/p, we note that this
for current along the c axis.29 Below the inflection point in parameter should decrease at high T even in cases where
p(T) at 20 K, which coincides with the ordering tempera- electron-phonon scattering is not of primary importance. The

reason is the increase of the resistivity due to magnetic ex-
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FIG. 5. (a) Magnetization and (b) relative electrical resistivity for ilic vs FIG. 7. (a) Magnetization and (b) relative electrical resistivity for Iic vs
magnetic field applied along the c axis measured on UNiGa single crystal at magnetic field applied along the c axis measured on UPdln single crystal at
25 and 28 K, respectively. 4.2 K.
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magnetic field applied along the three principal crystallographic axes mea-
sured on UNiGe single crystal at 4.2 K.

other. This contribution does not vanish in the low-temperature limit, and at low temperatures it can contribute a
citations, which affects p(T) progressively with raising tem- substantial part of the total resistivity.perature up to the ordering temperature. Concerning possible mechanisms by which the antifer-

UNiGe3
B crystallizes in the orthorhombic TiNiSi struc- romagnetic ordering influences the electrical resistivity, one

ture type. Below 41.5 K, this compound orders antiferromag- should also consider the spin-dependent scattering, whichnetically with a propagation vector (0,1/2,1/2). Applying the can play an important role besides the Fermi-surface gap-
magnetic field along the c axis, one first induces (in approxi- ping, e-d which is often considered in the context of multi-
mately 4 T) another magnetic structure with the propagation layers. In this concept the electrons with different spin ori-
vector (0,1/3,1/3) and a net magnetic moment corresponding entation are supposed to experience different potentials and
to the stacking (++-). The parallel alignment of U mo- have a different k-space distribution. The origin of the spin-
ments is achieved above 10 T. In the longitudinal geometry dependent scattering can be understood if we consider the
(iflc,BIIc), we find that p is reduced by a similarly large different scattering amplitude for electrons with spin parallel
relative value as in the compounds mentioned above (Fig. 8). or antiparallel to ionic magnetic moments in a local moment
The absolute value of the resistivity decrease is about 80 case. In band magnetism, the asymmetry of the scattering is

Scm. However, in contrast to the previous cases, p(B) given due to significantly different partial densities of states
first increases by the transition from the ground-state phase at E a for each subband spin-up or spin-down). In both
(+m-) to the one with the (+ +-) stacking. cases, the increment of the resistivity in the AF state is de-

UPdGe3 is formed within the same structure type. Un- pendent on a concentration of +- interfaces. It is worth
like UNiGe, it is ferromagnetic below Tc=28 K. The anti- systematic experimental effort to check whether it is really
ferromagnetic ordering (long wavelength modulated struc- the case, i.e., whether the larger resistivity in the AF state is
ture) existing between 28 and 50 K, can be suppressed by a due to an additional scattering mechanism, or if the explicit
moderate magnetic field api along the c axis (see Fig. 9). parameter is the modification of the effective conduction-
The transition field can be tuned by temperature variations, electron concentration. In a case such as this there should be
and the maximum size of the drop of p can reach about 150 a proportionality between PAP and P irrespectively of, e.g.,

cm. 
the Po value. The unique proportionality constant given bythe truncation factor mentioned above should be observed atleast in the low-T, limit, where different excitations in anti-

IV. DISCUSSION AND CONCLUSIONS 
ferromagnetic and "ferromagnetic'" states can be neglected.The size of the magnetoresistance effect should scale moreThe examples presented above show unambiguously an with the size of the AF unit cell in this case.

additional contribution to the electrical resistivity due to the Keeping in mind an applicability potential, future effort
antiferromagnetic coupling of magnetic moments, which can should focus on materials with exchange interactions strong
be removed by forcing the moments to orient parallel to each enough to guarantee ordering in the room temperature range.. Appt Phys., Vol. 76, No. 10,f15 November 1994 
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A systematic comparison of magnetoresistance, Hall effect, thermal conductivity, and thermoelectric
power has been made on systems exhibiting giant magnetoresistance (GMR), Co/Cu/Ni(Fe)
multilayers, and AgCo granular alloys, for examples. Each property exhibits field dependence
characteristic of the GMR and justifies its own merit in characterizing the conduction-electron
scattering responsible for the GMR. The comparison was extended to intermetallic compounds such
as REGa2 and RECo2 (RE: rare earth element) which also show a large magnetoresistance.

I. INTRODUCTION II. EXPERIMENT
The multilayer samples are Cr(30 A)/[Co(20 A)/Cu(40

The GMR in magnetic multilayers is one of the most A)/Ni(Fe)(20 A)/Cu(40 A)]50 (sample ML-1) and Cr(30 A)/
attractive subjects. Most of experimental works focus mainly [Co(20 A)/Cu(40 A)/Co(1 A)/Ni(Fe)(20 A)/Co(1 A)/Cu(40
on the magnetoresistance (MR). 2 To characterize the conduc- A)]50 (sample ML-2). AgCo granular samples containing two
tion electron scattering responsible for the GMR, it is best to different Co concentrations of 27.2 at. % (GL-1) and 42
study the Hall effect, thermoelectric power, and thermal con- at. % (GL-2) have a total thickness of 5000 A. Both systems
ductivity simultaneously on the same sample and under the were evaporated in ultrahigh vacuum on glass substrates at
same experimental geometry.3 From thermal conductivity room temperature. Samples for the Hall effect and the MR
measurements, it can be judged whether the scattering re- were made with a mask suitable for transport measurements.
sponsible for the GMR is large angle in nature or not. Such Samples for thermal measurements were evaporated on thin
works on magnetic multilayers and granular alloys are still glass substrates (-80 Atm) in order to reduce the thermal

scarce.4'5 Thermoelectric power measurements give informa- shunt effect. REGa 2 (RE:Nd, Pr, and Sm) single crystals

tion on the density of electron states at EF. Thermoelectric were grown in a triarc furnace by the Czochralski pulling

power measurements on magnetic multilayers and granular method. Polycrystalline RECo2 (RE: Ho and Dy) were
allower meareents comon maineti mchanil sconduction- melted in an arc furnace from elements with a purity of atalloys6-s reveal common main mechanism of cnuto- least 99.9%, and were annealed 100 h at 900 °C.

electron scattering. The extraordinary part of the Hall resis-

tivity contains information about the left-right asymmetry of
conduction-electron scattering.0 Several reports 10-13 correlate Ill. RESULTS AND DISCUSSION

the anomalous behavior of the extraordinary Hall resistivity A. Magnetic multilayers and granular alloys
correlated with the GMR. The larger MR ratio is desirable for investigating the

The large resistance change in UNiGa (Ref. 14) and influence of the GMR effect on other transport properties.
SmMn 2Ge2,15 at their metamagnetic transition has a close The MR ratios at 4.2 K for ML-1 and GL-1 (annealed at
similarity to multilayers. First of all, they have geometrical 240 °C) are 51% and 84% for the field in-plane, respectively.
similarity, i.e., the neighboring magnetic layers are coupled The MR ratio is defined as MRRs=(Pmax-ps)/ps (Pmax and p.
antiferromagnetically at zero field, and are aligned ferromag- are a maximum value of the electrical resistivity p and p at
netically under magnetic fields. maximum applied field, respectively).

We describe here the systematic comparison of the trans- The result of the field dependence of the thermoelectri,
port properties correlated with the GMR in both metallic power (S) f'r ML-2 is shown in Fig. 1 along with the co,-

superlattices and in magnetic granular films. For the responding MR curves. The resemblance of the field depcn-

multilayer, we chose a typical noncoupled one, Cu/Co/Cu/ dence to that of MR is clear, including the anisotropy, which
suggests that the conduction-electron scattering responsible

Ni(Fe), in which the large resistance state is attained utilizing for GMR plays a major role also in the S(H) dependence. In
the large difference of the coercive field of the two ferromag- the spin-split density of states (DOS) model given by Shi
netic components. AgCo was selected as an example of et al.,16 S is a linear function of p(O)/p(H). which was re-
granular alloys with the largest MR ratio We further extend ported to hold well for Co/Cu multilayers and for AgCo
the comparison to the with REGa2 and RECo2. granular alloys.1 6'17 The corresponding plot for ML-2 is
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I- I 310 ° (not shown). Overall, our result is similar to that in
1 0 5 0 Ref. 5, although we have found neither the sign change nor

H (kOe) the negative minimum. The sign change might not be intrin-
sic in A gCo granular samples since it has not been found in

FIG. 1. The field dependence of the thermoelectric power (S) and the re- either th present work or in Ref. 5. The anisotropy observed

sistivity (p) in ML-2 for the fields parallel and perpendicular to the film. in the M. irsealsorl or in 5The S(H)tr d ep ed
iteMVis also clearly reflected in the S(H) dependence as

shown in Fig. 3. The figure shows that the scattering respon-

shown in Fig. 2. The data points are also on a line regardless sible for ,3MR dominates also in the S(H) dependence in

of the field direction. Recently, Tsui et al. reported a more AgCo graimlar alloys although there is a slight discrepancy

restricted scaling relation of S, i.e., the plots of S(H)IT vs for the /plane curve due to the thermal delay effect.

p(O)/p(H) for T=78, 113, and 161 K in Co/Cu superlattices We have reported the field dependent thermal conductiv-

are all on a single line. For the present multilayers, however, iycorrelatei with GMR for the first time on Co/Cu!
the data plotted in the same procedure at 79 and at 296 K are Ni(Fe)/Cu mtltilayers. 4 Piraux et al. reported the extensiveinvestigation oif thermal conductivity on Co 20 vol % (27.2
on different lines, which indicates that the scaling relation- at io gf thermalonduciv on o 20 vol ab(7.
ship by Tsui et al. is not a universal one for CiMR systems. at. %) AgCo g , anular alloys. 5 In order to measure the abso-

hipryoTietr.i powe asuents on o g ra , lute value of thermal conductivity, their method of using veryThermoelectric power measurements on AgCo granular

alloys were reported by Piraux et al.5 and Shi et al. 16 The thick and substrte free films has a considerable advantage.
dependence S(T) in the two works is roughly similar; how- However, we can obtain data as reliable as them even on a

depedene 5T) n th tw woks s rughl siila; h~v- thinner sample with a substrate for the field dependent part
ever, two different characteristics have been found at lower othermale ity a (sub s 4

temperatures. Shi et al.16 reported that S changes sign from of thermal conductivity A(H) as

negative at high temperatures to positive below about 25 K. AK(H)=Krs(l/S)DT(H)/ATs, (1)
In Ref. 5, on the other hand, the sign is always negative and
a small negative peak near 70 K was found. We also mea- where KTs is the totai thermal conductance of a sample in-

sured S vs T on an as-grown sample and on one annealed at cluding the substrate at saturation field, 1 the sample length,
and S the sample cross section; DT(H)/AT s is the ratio of
the field dependent change of the temperature gradient to that

at saturation field. Figure 4 shows typical examples of the
0 field dependent part of thermal conductivity AK(H) for

ML-2 ML-1 and GL-1 along with the calculated K(H) from the
4 T=79K field dependence of p(H) measured on the same samples

based on the Wiedemann-Franz law (W-F-L),

8 K(H) =LoTlp(H), (2)

) T=296K T=296K H I plane assuming the Lorenz number of Lo=2.45x1O- Wfl/K2.
-12 - T=79K H / plane Present experiments show that the W-F-L is well obeyed at

H _ plane least for the field dependent part of thermal conductivity both

1 for the multilayer and for the granular samples within a 5%

0.08 0.10 0.12 0.14 0.16 accuracy. It agrees with the result of Piraux et al. where the

p-' (108Q-!m-1) absolute value of thermal conductivity on the granular AgCo
samples fulfills the W-F-L within a 10% accuracy. These

FIG 2. S(H) vs 1/pt) plots for ML-2 obtained from the data in Fig. I results suggest that the conduction-electron scattering re-
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curves from p(H) based on the W-F-L are also given for comparison.

line, which means that the tparameters a and b are indepen-
dent of magnetic field strength. In other words, the scattering

sponsible for GMR in AgCo granular alloys is large angle in responsible for the GMR has the same characteristics as that

nature as well as in the magnetic multilayers. of the residual scattering at saturation fields from the view-

The Hall effect in magnetic multilayers and granular al- point of left-right asymmetry.
loys is still controversial. n - 13 The key issue is the field de- We cannot properly explain the Hall effect on large

pendence of Rs, which has not been taken into account by GMR samples without taking into account the field depen-
most researchers.' 1 3 The Hall resistivity pY is described as dent decrease of conduction-electron scattering. Granular
the sum of the two terms, the normal part proportional to systems cannot be a exception. For AgCo granular samples
magnetic field H and the extraordinary one p proportional at 4.2 K, Xiong et al.'i reported an experimental correlation

to magnetization M as pfxyp 3 "7 conflicting with the existing theory given by Eq. (3)
without taking into account the field dependence of p. In

Pxy=RoH+4TRsM, (3) order to clarify the origin of the discrepancy, we carefully

where R0 and Rs are the normal and the extraordinary Hall measured the field dependence of pxy simultaneously with
coefficient, 9 respectively. In most experiments on ordinary MR. M was also measured in the same geometry, i.e., the
ferromagnetic films and on multilayer samples 9'i 2 with a HI_ film plane. Figure 5 shows the py(H) dependence on an
small MR ratio, pY(H) has been described fairly well by Eq. as-grown sample (denoted as AG) and a sample annealed at
(3), assuming a field independent Rs. In this case pxY(H) is 240 0C (TA =240 °C) for 15 min, where R0 was already sub-
a simple superposition of a linear normal part and an anoma- tracted using the linear slope at higher fields. It is negative at
lous term that mimics the M(H) dependence. During recent 4.2 K and the overall behavior is basically the same as that of
experiments on magnetic multilayers exhibiting the GMR, Xiong et aLn The field dependence for the as-grown sample
Fe/Cr,'" 2 and Co/Cu (Ref. 18) multilayers, an anomalous resembles that of M in Ref. 11, including the hysteresis. PY

peak in the field dependence of pxy(H) has been found. It shifts to a positive direction with increasing temperature, and
can never be explained by a field independent Rs since M the sign is always positive at 273 K.
increases monotonously with increasing field. This suggests The most salient feature is the peak below 10 kOe for
that Rs, representing the magnitude of asymmetric scattering TA =240 0C. The dependence is close to that reported for
of conduction electrons, is no longer a field-independent con- Fe/Cr (Ref. 12) and Co/Cu (Ref. 18) multilayers exhibiting
stant in GMR systems. Rs is known to originate from two the large GMR. Xiong et al.i1 asserted the independence of
different asymmetric scattering mechanisms, i.e., the skew Rs on H based on the fact that the field dependence of pjm9
scattering and the side-jump mechanisms 9  resembles that of M. However, the resemblance exists only

2, on heat treated samples at low temperatures. Even for these
Rs=ap+bp (4) samples, the resemblance is only approximate (see Fig. 6).

where a and b represent the magnitudes of the skew- For the samples annealed at higher temperatures in the both
scattering and the side-jump components, respectively. Tak- experiments, however, pY shows a peak or more complex
ing into account the p(H) dependence, Eq. (3) has been suc- structures below I T. If Fig. 1 in Ref. 11, TA=330 C, for
cessfully applied to reproduce the anomalous pxy(H) example, is re-examined carefully, one can clearly identify a
dependence. For both Fe/Cr (Ref. 12) and Co/Cu (Ref. 18) peak of similar magnitude to our data, i.e., the magnitude of
multilayers, the experimental data Rs/p vs p are nearly on a the peak is about 150% of the saturation value of pM if the
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FIG. 6. The Rs(H ) dependence for GL-1 calculated from e(H) and M(H)
measured 6. the same de ner -FIG. 7. The field dependence of the normalized Hall resistivity, M, and MR
measured in the same geometry. for ML-2 in the same geometry

normal part were properly subtracted. It must be pointed out field dependence of Rs since the largest difference in the MR
that one must determine the extraordinary part of Hall resis- ratio is near 7 kOe as is also shown in Fig. 7. It must also be
tivity (not the total Hall resistivity) within the required pre- noted that the arrows given to the hysteresis curves for PM
cision in order to discuss the influence of the GMR effect on and M are directed inversely. The present Hall effect mea-
the left-right asymmetry of conduction-electron scattering. surement proves that the reduction of conduction-electron

Starting from Eq. (3), the peak in p indicates that Rs scattering associated with the GMR undoubtedly affects the
decreases with increasing H since M increases monoto- field dependence of the extraordinary Hall resistivity both in
nously. Due to the competition between the increasing M the magnetic multilayers and in granular alloys. Furthermore,
and the decreasing Rs, a peak may appear in the field de- it gives a clue that some change in the scattering character
pendence of pm. It seems very natural since the magnitudes with field strength (the field dependence of a and b) is larger
of the two terms in Eq. (4) decrease with increasing H for in granular alloys compared to ordinary multilayers such as
constants a and b. Of course, there is no guarantee that a and Fe/Cr (Ref. 12) and Co/Cu.' 8

b are constant since the character of conduction-electron
scattering might change with field and temperature. In
order to see the field dependence more clearly,
Rs(H)=pm(H)/[41rM(H)] is plotted against H in Fig. 6. In rare earth intermetallic compounds, the large MR ef-
The dependence of Rs on H is far beyond the experimental fect associated with metamagnetic transitions is not excep-
error. The field dependence at 273 K is relatively simple tional. We first list the characteristics to compare to the mag-
since the predominant side-jump component with positive netic multilayers and granular alloys.
sign decreases monotonously with increasing H in the same (1) The effect has a magnetic origin.
manner as the MR. The dependence is not simple at lower (2) The MR ratio is larger than 10% with negative sign.
temperatures since both the negative skew-scattering and the (3) The dimensionality of magnetic layers plays an im-
positive side-jump one compete. At low fields, Rs initially portant role.
decreases with H since the decrease of the positive side-jump (4) Different conduction electron mean free paths of two
component with p2 dependence overcomes the increase of spin-split bands play an essential role.
the negative skew-scattering component with p dependence. (5) The magnitude of each magnetic moment does not
Rs has a peak at a field where the change of the two com- change under the magnetic field.
ponents becomes equal. Additional details of the AgCo sys- Of these, (1) and (2) are taken as necessary conditions as
tem will be published elsewhere. 19  the starting point. Both the UNiGa (Ref. 14) and SmMn 2Ge2

In the noncoupled multilayers, pm looks different, as (Ref. 15) have the characteristic (3), which is not a necessary
shown in Fig. 7. No peak can be seen against H; however, it condition for granular alloys but is for the multilayer
does not mean that Rs is independent on p. If Rs is constant, samples. Characteristics (4) and (5) seem to be key issues to
the field dependence of -m and M must be exactly alike, the usual GMR effect.
However, pj:4 becomes nearly constant above 10 kOe while Recently many RE- or U-intermetallic compounds have
M is still increasing. Above 10 kOe, the increasing contribu- been investigated and few compounds have been found to
tion to the second term in Eq. (3) from M is canceled out by possess the above characteristics except for characteristic (4).
the decreasing Rs correlated to the negative MR in Fig. 7. An example is NdGa 2, although 'he definite magnetic struc-
The hysteresis is also largely different between pm and M: ture is not clear yet.20 For most RE, REGa2 has an antiferro-
i.e., we find the largest difference between the increasing and magnetic ground state and shows several step nietamagnetic
the decreasing field curves near zero field for M while it is transition. PrGa2 shows two peaks in the MR near the spin-
near 7 kOe for pt. That can be also understood as due to the flip transition as was already reported for ErGa2 (Ref. 21),
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while SmGa2 shows a steplike increase of MR at each meta- 1
magnetic transition.22 The field dependence of the MR for 0 _

NdGa2 , which resembles that of UNiGa, is shown in Fig. 8 - 5

along with M and py at 4.2 K. Clear resistivity drops can be 0. -2
seen associated with metamagnetic transitions. NdGa2, we -40 t.-.
do not discuss in depth here, but it can be stressed that a __________0

large negative MR over 40% is obtainable on a compound 3- .......

without the characteristics of (4). Z 2""
YCo2 exhibits a typical itinerant metamagnetism at high / NdLa2

magnetic fields.2' 24 When Y is replaced by magnetic RE 1 H /10i0]o

ions, the exchange field from the ions splits the d band and a 0 .

ferrimagnetic state is stabilized below Tc. The transition is 0 10 20 30 40 50
of the first order for Er, Ho, and Dy with a large and sudden H (kOe)
change of resistivity? Recently HoCo2 and ErCo2 have been
reported oshowdra resistivity RecentlyH dEr ha e d e a FIG. 8. The field dependence of the MR ratio, P ", and M for NdGa 2 .reported to show a drastic resistivity decrease under mag-

netic fields above Tc.26 The decrease may be caused by the
suppression of spin-fluctuation scattering due to the field-induced transition. suppression is made by the averaging the conduction elec-

Tisdu ssthansno ctron mean free path in the two spin bands over successiveTh is s y s te m h a s n o c h a ra c te ristic (3 ) b u t h a s (4 ), o n th e m a n t c l y r wi h h e e v s e ag t c m o n , w i e f r
same level as magnetic multilayers and granular alloys. The magnetic layers with the reverse magnetic moment, while for
temperature dependence of the Hall coefficient, the resistiv- th pa ae st e y the me aths
ity, and the magnetic susceptibility are shown in Fig. 9 for both spbas ar the sb d Mtt echanism
HoCo2 and DyCo2 . Overall, p(T) is close to those reported which disappears for the majority band in the field-induced
by Gratz et aL25 R11 is always positive for HoCo2 while for ferrimagnetic state. In other words, the s-d scattering aver-

DyCo2 it changes sign depending on T, which suggests that aged over more than two ferromagnetic layers in antiferro-

the two components in Eq. (4) have -i different sign in magnetically aligned multilayers is, in effect, similar to that
DyCo2i in the paramagnetic state with a high d-electron density ofFigure 1states at EF. Of course, for the RECo2 system, band splitting

Figure 10 shows the field dependence of MR, y and apparently reduces the spin-fluctuation scattering which may
M in the same geometry. The magnitude of the transverse be the main mechanism of the resistance drop in this system.
MR in polycrystalline HoCo2 is nearly the same as was re- However, we cannot ignore the possible contribution of the
ported for the longitudinal MR in the single crystal. For s-d mechanism to the MR at this stage.

DyCo2 , a MR ratio over 25% has been observed at 138 K, For both compounds, the field dependence of p, re-

despite the fact that the large spin-fluctuation scattering al- sembles that of M below Tc. Above Tc, the field depen-

ready exists below Tc and the sample quality is not satisfac- dence is clearly different from that in ordinary ferromagnetic

tory. The main source of the resistance drop may be the films. pc shows a clear decrease at higher fields, especially

suppression of spin-fluctuation scattering due to field- at 90 K o aocoadeat 13 K ifor Dy eo, eeaMi

induced band splitting.26  at 90 K for HoC02 and at 138 K for DYC 2 , whereas M is

From the band structure calculation on YCo2 ,23' 24 on the still increasing in the same fields. The decrease cannot be

other hand, we naturally expect that the s-d scattering con-
tribution similar to the usual GMR effect in the magnetic
multilayer also plays a role. In a paramagnetic state, the va- 200 0....

lence band structure of HoCo 2 and DyCo2 is similar to YCo2. 05 8 -E

Under that condition, the s-d Mott mechanism may reduce HoCo 2  E
the mean free path of s-like conduction electrons since the 0 RH at R 6
Fermi level is just at the dropping part of the d band where U 1004

the density of the d-like states is still high, close to the x50t 50000

Stoner criterion.23'2 4 In a field induced ferrimagnetic state,2,
the majority d band is put under the Fermi level, as was 0 0 0
previously determined for a ferromagnetic YC02 . 23 The , ..
mean free path of s electrons becomes longer compared to X at 50ooo

that of a paramagnetic state due to the disappearance of the oDyCo. E
s-d scattering in the majority band. As a result, the total
resistivity decreases at the field-induced transition to the fer- Q
rimagnetic state. This mechanism resembles that responsible R at I e .
for the GMR effect in magnetic multilayers.3 Starting from 50
the low resistivity ferromagnetic (ferrimagnetic) state, the
difference between the two systems is how the mean free 0 5 0 100 150 200 25'0 300

T(K)path of conduction electrons is suppressed in the low filed
high resistive state. For the state in magnetic multilayers the FIG. 9. The temperature dependence of p, Rq , and x for HoCo, and DyCo 2.
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T=77K To summarize: (1) The effects correlated to the GMR
0 000000000=000000000 appeared in all the transport properties and for all the mate-

cc -20 0. "T=90K HoCo rials investigated. (2) Simultaneous measurements of the dif-9 iTor82K 00 , ferent transport properties revealed both a difference and a
. .. 0. . . . similarity in the character of conduction electron scattering.

1 . ...... (3) The existence of neither itinerant magnetic electrons nor
E 8 j ooooAOooo oooooooo°°% two dimensional ferromagnetic layers is a necessay condi-

. T tion for the GMR effect in intermetallic compounds.
4-- o T=82K

. 0 *+ T=90K01
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Intrinsic giant magnetoresistance of mixed valence La-A-Mn oxide
(A=Ca,SrBa) (invited)

R. von Helmolta) and J. Wecker
Siemens AG, Research Laboratories, 91052 Erlangen, Germany

K. Samwer
Institute of Physics, University of Augsburg, 86159 Augsburg, Germany

L. Haupt and K. Bfrner
IV Physics Institute, University of Gfttingen, 37073 Gbttingen, Germany

A large intrinsic magnetoresistance has been found near the ferromagnetic transition of metallic
manganese oxides with perovskite-type crystal structure. The magnetic and transport properties
were measured on bulk and thin-film Lal-.A.MnO3+8 with A=Ca,SrBa. Assuming the
double-exchange model proposed by Zener [Phys. Rev. 81, 440 (1951); 82, 403 (1951)], the strong
dependence of the transport properties on the magnetic field and also on the chemical composition
is attributed to the mixed Mn3+/Mn4+ valence.

I. INTRODUCTION fect of spin disorder on the transport properties is discussed.
In Sec. IV also some results on "doped" bulk samples are

Much interest has been focused on giant magnetoresis- reviewed, where chemical impurities have been introduced
tance (GMR) since the first observation of it in metaiiic mul- by partially substituting Cu for Mn.8 The effect of an exter-
tilayers consisting of ferromagnetic layers which are sepa- nal field on the resistance is then reported in Sec. V for
rated by nonmagnetic spacer layers.1 Meanwhile, resistance various thin-film samples, and we will finally conclude with
changes ARIR(H=O) of up to 60% at 10 K,2 or 40% at a short summary.
room temperature, 3 have been reported. Beside multilayers,
the effect has also been found in heterogeneous alloys with II. EXPERIMENTS
superparamagnetic precipitates embedded in a nonmagnetic The bulk samples were prepared by standard ceramic
metallic matrix. Spin-dependent scattering near the interface t h e from oxies cr e or a e tates ceramic
between the ferromagnetic and the nonmagnetic phase is the techniques from oxides, carbonates, or acetates either from
physical origin of the magnetoresistance in these systems, an acid solution as described earlier 9 or just by repeated
whereas the "conventional" anisotropic magnetoresistance grinding and annealing in air, which finally resulted in black,
(MR) of ferromagnets and also the isotropic MR which is compact sintered pellets. Using some of these samples as
attribute ! o magnetic impurity scattering are intrinsic prop- laser targets, thin films with thicknesses between 100 anderties of the material. 500 nm were grown on SrTiO3 lox×10 mm2 substrates in

Although today's interest in GMR mainly focuses on the (100) and (110) orientation by laser deposition as describedheterogeneous systems with ferromagnetic/nonmagnetic in- elsewhere. 10 The substrate temperature had to have a tem-terfaces, one has to keep in mind the very high intrinsic MR perature range around Ts = 600 'C to obtain epitaxial growth.osoemteriacesonehas, whihe is posib the electrnic tRs The sample quality was controlled by x-ray diffraction ando f so m e m ate rials, w h ich is p o ssib le if th e electro n ic tran s- al o b re e c i n h g - e g y l ct n d f r c i n R E D
port is strongly related to the spin order, especially in those also by reflection high-energy electron-diffraction (RHEED)cases of coincidence of a magnetic and a metal- measurements. A higher substrate temperature resulted in
semiconductor transition. Such an intrinsic GMR has, e.g., polycrystalline films, which did not differ in their electricbeen reported for some ferromagnetic Eu-chalcogenide al- properties from the epitaxial ones. Since we did not carry outloys (Tc=6 K). in the ferromagnetic region, the resistance chemical analysis, the exact oxygen content of our samples

could be lowered by more than four orders of magnitude by is uncertain and thus we assume an oxygen excess 5.
applying a magnetic field of less than 1 T.4 It has been shown
by several authors (e.g., Refs. 5-7), that the intrinsic GMR is III. MAGNETIC Mn-OXIDES WITH PERVOSKITE
not restricted to low temperatures if a system with a suitable STRUCTURE
high transition temperature is chosen. One example is the Early investigations on magnetic oxides with distorted
mixed-valence perovskite-type La2/3Ba1/3MnO 3+8 , for which perovskite-type structure11 showed that antiferromagnetic,
we found a lowering of the resistance of AR/R(H= 0)>60% insulating LaMnO 3 can be driven into the metallic state by
at room temperature. 7 Leaving out for a moment the very replacing a certain amount of the trivalent La by divalent Ca,
high magnetic field of 7 T which is necessary, these numbers Sr, or Ba. At the same time as electric transport becomes
are still higher than those reported for multilayer systems. possible, the antiferromagnetic spin order changes via a

In this article we first review magnetic properties of Mn- canted spin structure or an antiferromagnetic spiral arrange-
oxides with distorted perovskite-type structure. Then the ef- ment into a ferromagnetic state. The crystal symmetry

changes from tetragonal, monoclinic, or rhombohedral to-
')Also with. Institute of Physics, University of Augsburg, 86159 Augsburg, ward cubic symmetry. The electric and magnetic properties

Germany. are also very sensitive on the preparation parameters, which
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Lal.xBaxMnOx Lal.xSrxMn x

M, M

0) 2 a)

0 eI, energy
100 200 300

transition temperature [K) FIG. 2. Schematic diagram of the band structure of Lai _ ,SrMnO3 1 8 (Ref.

19). The initial bandgap of about 1.3 eV is reduced by the hole states (a) due
FIG. 1. Schematic phase diagram of Lai -,Ba MnO 3 . Antiferromagnetic to Sr doping and (b) due to excess oxygen. (c) States at e9 are probably
(AFM), semiconducting (SC) LaMnO 3 becomes ferromagnetic (FM) and introduced by band broadening in the ferromagnetic region for high Sr con-
metallic (M) if trivalent La is substituted by divalent Ba. Similar phase tent x>0.15 (Ref. 20).
diagrams Lan be drawn for Sr and Ca substitution (Ref. 11).

is m the annealing "A schematic mag- of them is involved in the conduction process.18 This pecu-
netmainly he diagrlingoremerature.x'n - 3 i shwni Fig- liarity of the conduction band w;,s recently confirmed in a

het pateragm i o pl ia n O betw n sMnh3 ions in spectroscopic investigation by Chainani, Mathew, and
The antiferromagnetic coupling betweeneMneedio be Sarma: 19 Their x-ray photoelectron spectroscopy (XPS) and

thenundoed byprecmpond viathe isevede o e, ultraviolet photoemission spectroscopy (UPS) spectra of sin-
transferred by superexchange via the intermediate oxygen, tered Lal-.SrMnO3 showed only a negligible intensity at
leading to a layered spin structure with antiferromagnetic the Fermi level even in the metallic region x>0.2, and thus
coupling between adjacent layers and ferromagnetic od the authors conclude that the energy gap (or a pseudogapwithin the layers.' 4 Weak (or parasitic) ferromagnetism is wt o est fsae)o h pr"smcnutn

obsevedevenin he ndopd cmpoud ad i intrprted with a low density of states) of the "pure" semiconducting
observed even in the undoped compound and is interpreted compound LaMnO3 survives even if chemical holes are

as an intrinsic property or to result from an excess of oxy- doped by introducing Sr. Figure 2 shows the schematic bandgen O1

Zener was the first to develop the mechanism of double structure as suggested by these authors. A theoretical study
Zexanger ws unersttde the hansm of ferro nem of La, _.SrxMnO 3, which extends the double-exchangeexchange to understand the occurrence of ferromagnetism model by including band-structure effects, predicts a band

together with metallic conductivity, if a portion of the La is bode n di anetictransition, w redcs the

substituted by a divalent metal.16 A corresponding number of broadening at the ferromagnetic transition, which reduces the
gap or even closes it, thus leading to increased or metallic

formerly triply charged Mn must then become quadruply conductivity in the ferromagnetic region20 and activated con-
charged, and the displacement of these holes increases the ductivity above Tc. This might explain the activated behav-
conductivity and at the same time provides a mechanism for ior we observed above Tc also in the metallic ferromagnets
ferromagnetic interaction. The double-exchange model pro- (Figs. 3 and 4).
ceeds from a resonance valence-bond description of the Mn As a consequence of this interplay between spin order
3d electrons and 0 2p electrons. While no electron transfer and the small number of mobile charge carriers, the conduc-
is possible from a Mn3+ to another Mn3+ ion, this changes

by introducing some Mn4  ions, and in this case the bond
between Mn ions of different oxidation state can be de-
scribed as a resonance hybrid between the two states, 80 , 120106

+1 : Mn 3 +O2-Mn 4+, q2: Mn 4+o2-Mn3+. 60 7 " 10

7 80A fluctuation of the electron is energetically favored and, as
it has been shown for such a simplified physical model, 17"8  40 L%61Ba 033Mn3 60
the transfer integral for one electron becomes 40

E 20t' = b, Cos(0, /2), 7 20C:

with some constant b,J when 01, is the angle between the 50
two ionic spins. This dependence of the carrier energy on 0,, 10 La°6Ba04Mn08Cu0 2O3  10s
is, together with the competing antiferromagnetic superex- a °4

change interaction, the reason for either a canted spin ar- 3 t13

rangement with two sublattices in the ferromagnetic region, 20 102

or a spiral arrangement, which is stable in a certain range of 10 10
the dopant concentration x. 0 to'

0 100 200 300 400
temperature [K]

IV. MAGNETIC AND CHEMICAL DISORDER
FIG. 3. Magnettzation (under an applied field of l~oH =0.4 T) and resistanceWhile all of the Zener carriers participate in double ex- vs temperature of sintered Lao 67Ba0 33MnO 3 [upper figure (a)] and

change, at least at low concentrations x, only a small fraction Lao 6Bao4MnosCUo20 3,8 [lower figure sb)]. Data taken from Ref 8.
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8000 In order to explain the very strong dependence of the
6W -La 6Sr4MnO3  resistance on spin order in a material with such a low density

of states in the conduction band, some authors suggested a
magnetic polaron model5'22'23 i.e., the spin of a conducting

13=5 40 electron induces a local distortion of the spin lattice and

2000 moves on surrounded by this spin polarization. The transport
" properties at low temperature should then be dominated by a

0 -o hopping process. Indeed we find that the resistivity data of
l 7 ro3MnO3  2 Fig. 3(b) and also those obtained on spin-glass samples fol-

.//, 20 low a In p-T-1/4 law at temperatures T<.Tc,8,i2 thus sug-80 20

S60 gesting variable-range hopping of spin polarons in a disor-
/ 15 0 dered spin lattice.21,2440 10 es4 The conception of spin polarons is supported by infrared

20 5 measurements, which were obtained on sintered samples of
.0 Lal.,AzCUIl.,,Mn03+,8 (A=Sr, Ba). 2'5 A broad peak in

106 L%9Sro.MnO3  60 optical conductivity at around 2000 cm - 1 is observed, which
is attributed to polaron transport effects. This peak becomes

40 more pronounced as spin disorder is increased by doping of
Cu, thus indicating the increased effect of spin polarization

N 0on the mobility. Experimental evidence for magnetic po-
larons above Tc was found by spin-polarized neutron scat-

-°.40 tering for the very similar compound Nd0.5Pd0.5MnO 3.5
100 150 200 250 300

temperaturelK]

V. MAGNETORESISTANCE IN THE FERROMAGNETIC
FIG. 4. Temperature dependence of the resistivity at zero field (solid line, REGION
left-hand-side axis) and under an applied field of A0H =5 T (dashed) for thin
films of La0 gSroMnO3 + , LaoKSr 03MnO 3 +J, and la0 6Sro4MnO 3+& The The dependence of the conductivity on the spin ordcr
dotted curves (right-hand-side axis) represent the relative MR effect MR and thus on the magnetization implies a high magnetoresis-
=[R(0T)-R(5T)IIR(OT). tance in the ferromagnetic region. The highest values should

be expected near Tc, because here we find the highest
change of saturation magnetization under an applied mag-

tivity is strongly affected by perturbations of the spin lattice. netic field.
This leads in some cases even to an Anderson type of local- Figure 4 shows the temperature dependence of the resis-
ization and, therefore, semiconducting behavior. 2' Figure tance and magnetoresistance of Lat -. SrMnO3 +6 thin films
3(a) shows the temperature dependence of the magnetic mo- for three compositions x=0.4, 0.3, and 0.1. Again we find a
ment and the resistance of the metallic ferromagnet cusp in the zero-field resistance (solid line in Fig. 4) at a
La0 67Bao 33MnO 3. At low temperature T< Tc, metallic be- temperature near Tc, with metallic behavior below and ac-
havior is observed, i.e., a positive temperature coefficient of tivated behavior above this temperature. The application of
resistivity, p-1 dp/dT>0, down to the lowest temperature of an external magnetic field of IAol=5 T decreases the resis-
4.2 K. Near Tc, a very prominent spin-disorder scattering tance (dashed line), and the difference to the zero field values
leads to a strong increase of :esistivity. The resistance is shown by the MR curve (dotted line), which is normalized
reaches a mayimum at Tt-355 K, and then decreases, i.e., to the zero-field resistance. The highest MR value is found
activated behavior is observed above the ferromagretic tran- near to the cusp in resistivity, and the cusp itself becomes
sition. smaller and shifts towards higher temperature as the field is

If 20% of the Mn is replaced by Cu, we obtain the increased. Magnetoresistance curves of La0 .6Sr0 .4 MnO 3+8
curves of Fig. 3(b). Beside the lowered Tc, the saturation films at various temperatures are shown in Fig. 5. The MR is
magnetization differs significantly fre,ii the calculated spin- normalized to the zero-field values again since no saturation
oply values of the 3d elements, thus indicating a global or was achieved, but one should notice that, if normalized to the
local canting of spins. The resistivity is increased by several resistance at high field, as is usually done for GMR multi-
orders of magnitude, comnpared to Fig. 3(a), and exhibits ac- layers, the MR at 230 K exceeds 400% in the 7 T field range.
tivated behavior also in the ferromagnetic region. The tran- Films prepared from a Lao 67Ca0 33MnO 3 target even
sition to metallic conduction takes place at a much lower show an intrinsic GMR of more than 2 orders of magnitude
temperature T2 -20 K. The high resistance in the region of (i.e., 104 %) at T=120 K. The R(T) curve of this sample,
activated coiduction has been explained by a reduced mobil- measured at zero field, shows a very high peak near this
ity or even localizatioa due to "frozen-in" magnetic temperature, which can be completely suppressed by apply-
disorder.8 Further Cu doping breaks the long-range magnetic irig a magnetic field of 5 T. At lower temperature ( T<100
order, and spin-glass behavior occurs. The resistivity of the K), we observe spin-glass-like behavior in the magnetization
spin-glass samples shows activated behavior in the whole and also in the magnetoresistance. Details about this will be
examined temperature range. published elsewhere.
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Colossal magnetoresistance in La-Ca-Mn-O ferromagnetic thin films
(invited)

S. Jin, M. McCormack, and T. H. Tiefel
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

R. Ramesh
Bellcore, Redbank, New Jersey 07701

A colossal magnetoresistance effect with more than a thousandfold change in resistivity
(AR/RH = 127 000% at 77 K, H=6 T) has been obtained in epitaxially grown La-Ca-Mn-O thin
films. The effect is negative and isotropic with respect to the field orientations. The
magnetoresistance is strongly temperature dependent, and exhibits a sharp peak that can be shifted
to near room temperature by adjusting processing parameters. Near-room-temperature AR/RH
values of -1300% at 260 K and -400% at 280 K have been observed. The presence of grain
boundaries appears to be detrimental to achieving very large magnetoresistance in the lanthanum
manganite films. The orders of magnitude change in electrical resistivity could be useful for various
magnetic and electric device applications.

I. INTRODUCTION (MR ratio of -110% at 220 K and near zero at room tem-
perature). The MR ratio is defined here as AR/RHPerovskite-like oxide of lanthanum manganite -- (R -R o)/R where Ro is the zero-field resistance and RHt

(LaMnO 3) exhibits both strong ferromagnetism and metallic is tRH - i n the ero-field , r e0g., H

conductivity when La ions (3+ valence) are partially substi- These oxide films exhibited large magnetoresistance compa-

tuted with 2+ valence ions such as Ca, Ba, Sr, Pb, and Cd. rable to the higher end of the values for the so-called "giant-
This results in a Mn3+/Mn4+ mixed valence state creating magnetoresistance(GMR)"-type materials of metallic
mobile charge carriers and canting of Mn spins. - o The unit multilayer or heterogeneous films 13- 20 with the MR values
cell of a perovskite ABO 3 is shown in Fig. 1, where A at the tyicall in the range of 5-150%.
comers represents a large ion such as La3+, Nd3+ , Ca2+,  ypi y g

r 2 Ba 2  In this article we report the electrical, magnetic, andSr 2+ , Baz , Pb2 , B at the center of the cube stands for a
s3  M , r 3 emagnetoresistance behavior in epitaxial La-Ca-Mn-0 filmssmall ion such as Mn3+ , Mn4+, Cr3+ , Fe3+, Ti&+ , and 0 at

with extraordinary MR values in excess of 100 000%, about
the center of the faces represents -. The ionic radii of three orders of magnitude greater than were previously re-
elements pertinent to the manganites are listed in Table I. potdfrheGRyeorLmagnefis.S ep-

Thes elmens frm ithr sipleA~n3-tpe r mxed ported for the GMR-type or La-manganite films. Some po-These elements form either simple AMnO 3-type or mixed

(A+A') (B+B') MnO 3-type perovskites following Gold- tential applications of the material are also discussed.

schmidt's perovskite stability criterion on ionic radii, i.e., the II. EXPERIMENTAL PROCEDURE
ratio (rA+ro)/ (rB+ro)\/i should be approximately unity. Thin films of La-Mn-Ca-0, -1000 A thick, were depos-
(rA, r, ro represent the radii of ions A, B, and 0, respec- ited on (100) LaAl 3 substrates by pulsed laser deposition
tively.) ( 00) he substrate by was ed5 laser deposition

Thin films of La-manganite thin films have recently been (PLD). The substrate temperature was 650-700 mC, and the
prepared and their magnetoresistance (MR) behavior has oxygen partial pressure in the chamber was maintained at
been reported for La-Ba-Mn-O (Ref. 11) (with the MR ratio 100-300 mTorr. The nominal target composition was
of -150% at room temperature) and La-Ca-Mn-O (Ref. 12) Lao.67Cao 33MnO. The chemical composition of the depos-

TABLE 1. Ionic radii of elements involved in perovskitelike manganites.

Ion Radius (A)

9 La3-  1.22Wr+  1.16

. Nd3  1.15
Sm 3 ' 1.13
Gd 3+  1.11
y3+ 1.06
Ca 2+  1.06
Sr * 1.27
Ba2

+ 1.43
* A (La3', Ca 2+, --. ) Cd2' 1.03
® B (Mn3', Mn4', --- ) Pb2'+  1.32
o 0 (02) Mn3+  0.70

Mn4+  0.52
o2- 1.32

FIG. 1. Unit-cell structure of perovskite.
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H (Tesla) FIG. 3. p, ARIRf, and M vs T curves for the epitaxial La-Ca-Mn-O film

FIG. 2. Magnetoresistance behavior of the epitaxial La-Ca-Mn-O films

(900 T/30 min heat treated). zero-field resistivity of the film, p- 11.6 fl cm (R = 1.35 Mfl

for the sample size -1000 A thickX2 mm wideX4 mm

ited film was found to be similar to that of the bulk target long), decreased in the presence of applied field H=6 T to

used for the deposition, as indicated by scanning electron -9.1 mfl cm (R = 1.06 K). The 77 K data indicate that the

microanalysis and Rutherford backscattering analysis. X-ray- most significant portion of the resistivity drop occurs at H<2

diffraction and rocking angle analysis indicate that the films T. The 127 000% MR value in this film is colossal when

have the perovskite-type cubic structure with a lattice param- compared to the 5%-150% magnetoresistance in the GMR

eter of a =3.89 A (or a =7.78 A from the crystallographic multilayer films. As this particular film has been heat treated

point of view) and grow epitaxially on the LaAIO 3 substrate so as to exhibit the peak MR value near the liquid-nitrogen

(a =3.79 A). temperature (77 K), other measurement temperatures gave

The electrical resistance and magnetoresistance of the lower MR ratios, e.g., 14 400% at a higher temperature of

films were measured as a function of temperature and mag- 110 K and 54 100% at a lower temperature of 60 K as shown

nt..tic field by the four-point technique (using a constant cur- in Fig. 2.

rent) in a superconducting magnet with the maximum ap- Shown in Fig. 3 are the temperature dependence charac-

plied field of H = 6 T. For most of the films the field direction teristics of p, ARIR 1, and M of the La-Ca-Mn-O film. As is

was parallel to the current direction. Some of the measure- evident in the figure, the p vs T curve exhibits a relatively

menis were carried out with the field applied perpendicular sharp cusp at -95 K with the film showing semiconductor

to the current direction in the film (using either in-plane field behavior (i.e., a negative dp/dT) above and metallic behav-

or perpendicular field). The MR behavior in the La-Ca-Mn-O ior (a positive dpldT) below this temperature. The tempera-

films is almost always negative and essentially isotropic with ture at which the magnetoresistance (AR/RH) of the film is

respect to the field direction if the demagnetizing factor is maximum is almost invariably located in the metallic-

taken into consideration. The M-H loops were obtained by behavior region on the left-hand (low-temperature) side of

using a vibrating sample magnetometer with the maximum the resistivity peak. It is interesting to note that the magne-

field of H= I T. The transmission electron microscopy toresistance peak occurs at the temperature where the resis-

(TEM) was carried out by using JEOL 4000 microscope op- tivity is roughly one-half of the peak resistivity or near the

erated at 400 kV. The samples were thinned by ion milling, inflection point of the curve.
Also shown in Fig. 3 is the magnetization M (at H =1 T)

Ill. RESULTS AND DISCUSSION versus temperature curve for the La-Ca-Mn-O film. It is evi-
dent that the film is strongly ferromagnetic with M-200

The La-Ca-Mn-O films in the as-deposited condition ex- emu/cm3 at 50 K and M- 100 emu/cm 3 at 150 K. The M-H
hibit low MR ratios of typically less than -500% over a loops measured at various temperatures are given in Fig. 4.
broad temperature range of 50-300 K (low MR only in a The loops exhibit magnetic hysteresis with coercivity H, of
relative sense as this is still quite impressive). It has been about 30-50 Oe.
found that a post-heat treatment of the deposited films is The mechanism(s) responsible for the very large magne-
essential in order to maximize the MR behavior.2 The high- toresistance observed in the La-Ca-Mn-O films appear(s) to
est MR ratio so far has been obtained by heat treatment at be related to the semiconductor-to-metal transition, however,
900 °C/30 min. in an oxygen atmosphere (3 atm oxygen). As the exact mechanism(s) are not clearly understood at the mo-
shown by the R vs H curves in Fig. 2 the La-Ca-Mn-O film ment. Previous reports suggested the possibility of spin-
exhibits a very large magnetoresistance value of 127 000% at disorder scattering, magnetic polaron hopping, or critical
77 K (more than a thousandfold decrease in resistivity). The magnetic scattering for the relatively small MR effect present
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in their La-manganite films. '11 2 However, the fact that the 13%
peak in magnetoresistance in the present La-Ca-Mn-C film -

occurs, not near the magnetic transition temperature where H (Tesla)
M is near zero, but in the temperature region where M is still
substantial (Fig. 3), indicates that spin-disorder scattering is FIG. 5. R vs H curves for the La-Ca-Sr-Mn-O film.
not likely to be the major contributing factor. X-ray-
diffraction analysis of the La-Ca-Mn-C film of Fig. 3 at vari-
ous temperatures shows that there is no change in the cubic away from the sensor, the magnetoresistive sensor (or an
crystal structure (no phase transition) in the range of 10-300 array of sensors) can be used as a position sensing device.
K. The resistivity behavior near the temperature of peak MR The substantially higher electrical resistivity in the La-
suggests that the very large magnetoresistances observed are Ca-Mn-O films, typically 2-4 orders of magnitude higher
related to the semiconductor-to-metal transition. Further than the metallic magnetoresistive materials such as the
study is required to elucidate the underlying mechanisms for 8ONi-2OFe Permalloy, could be an advantage for field sens-
the colossal magnetoresistance in the present La-Ca-Mn-O ing as the sensor voltage output (AV/AH or AR/AH) is that
film. much larger. The R vs H curve for this La-Ca-Sr-Mn-C film

If the as-deposited film is heat treated for a longer time, at room temperature is approximately linear for a relatively
e.g., 900 'C/3 h/3 atm 02, the temperature of peak magne- wide range of applied field,22 as shown in Fig. 5. Thus, the
toresistance is shifted to a higher temperature of -- 100 K MR ratio of 4.6% at H-1000 Oe is equivalent to about
with a somewhat diminished MR value of AR/Rn1-11 000% 0.046% MR for a lower field of -10 Oe (this is about the
at H=6 T. At 77 K and at a lower field, e.g., H= 1000 Oe, level of field strength of interest for magnetic recording read
the MR ratio is -28%. A crude experiment to estimate the head). However, as the electrical resistance of this oxide film
local-field-sensing capability of this film has been carried out is about two orders of magnitude higher than that of the
at the liquid-nitrogen temperature as follows. A magnetic pen Permalloy (with the MR ratio on the order of 3% for H = 10
(a small Nd-Fe-B magnet attached at the end) was brought to Oe), the field-sensing output voltages turn out to be compa-
within about 1 mm vertically of the La-Ca-Mn-C film (2 rable for the two materials at the same level of sensor cur-
mm X 3 mm X 1000 A thick). The magnetic field from the pen rent. For a constant current of 1-10 mA, the AV voltage
at this distance was -1000 Oe; however, because of the signal from this unoptimized film for H=10 Oe would be
near-perpendicular orientation of the field and the associated 0.13-1.3 mV, comparable to the AV value from the Permal-
demagnetizing factor, the actual effective field on the film is loy film with the same dimension.
estimated to be much lower than '900 Oe. The film has the The magnetoresistive properties of the La-manganite
resistance R= 15.9 kfl (or p=106 mfl cm) at 77 K. The films can be used for a number of other applications. An
change in voltage output in the film by the approaching field example is a magnetoresistive microphone design23 such as
was measured by the four-point technique using a constant schematically illustrated in Fig. 6. A small, La-Ca-Sr-Mn-C-
cut rent of 1 mA. The zero-field voltage of 15.9 V was altered type MR sensor, about 2X4 mm 2 in size, was mounted on a
to 14.6 V when the magnetic pen came near the film with the plastic diaphragm. As sound waves with varying intensity hit
signific nt sensor voltage signal AV of 1.3 V (or -8% the diaphragm and make it vibrate, the MR sensor is moved
change). At room temperature a measurement with a simi- in relation to the magnet that supplies a gradient field. The
larly sized film with slightly modified composition of resulting change in the magnetic-field intensity on the sensor
LaO ssCaO 25Sro osMnO (p- 1.4 mfl cm, R- 280 11) gave a causes a change in resistivity, which in turn changes the out-
sensor voltage output AV of -13 mV (or -4.6% change), a put voltage AV. Shown in Fig. 7 is a schematic diagram
sufficient signal for many sensor applications. As the A V illustrating a circuit configuration for the microphone device.
signal in the sensor is expected to decrease with the distance The sensor signal, many mV even in the unamplified condi-
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FIG. 6. A magnetoresistive microphone design.
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tion, Fig. 8, decreases with the distance from the sound Distance From Sound Source (inches)
source as is expected.

The MR behavior of the La-Ca-Mn-O film depends not FIG. 8. Sensor signal vs proximity to the sound source for the microphone
only on the specifics of post-heat treatment but also on a device of Fig. 6.
number of other composition and processing details includ-
ing various film deposition conditions. For example, a higher
oxygen partial pressure Po2 during deposition tends to pro- crystalline) films deposited on substrates with a greater lat-
duce films with higher temperature of peak resistance. The tice mismatch [such as Si, (100)MgO] or on polycrystalline
magnetization especially near room temperature also in- substrates (such as yttria-stabilized zirconia) also yield low
creases noticeably with Po2. A film deposited at po2-300  MR values of less than -200%. The data previously reported
mTorr gives near-room-temperature magnetoresistance val- on La-manganite films"' 12 all fall in the similarly low MR
ues of AR/RH-1300% at 260 K and -470% at 280 K as value regime. It is also noteworthy that no major difference
shown in Fig. 9. (Because of the cryostat operation in the in MR values was observed between the film and bulk, poly-
superconducting magnet used, the MR measurement at 300 crystalline La-Ba-Mn-O, both exhibiting low MR values."
K was difficult.) The film is strongly magnetic at these tem- These observations strongly suggest that single crystallinity
peratures with 41rM in excess of 2000 G. The exact nature of (a high degree of epitaxy and the absence of grain bound-
this change in MR behavior with the oxygen partial pressure aries), such as shown by TEM analysis over large area and
is not clearly understood. Further investigations are under- x-ray analysis for the La-Ca-Mn-O film, is a necessary con-
way to find out if it is caused by the change in chemistry dition for obtaining the very large magnetoresistance such as
(e.g., oxygen or cation stoichiometry) or structure (e.g., de- reported in this work. The single-crystalline nature of the
gree of epitaxy, lattice parameter, nature and density of de- film as well as the near-perfect epitaxy across the
fects, etc.). LaAIO3/La-Ca-Mn-O interface is evident from Fig. 10.

It is not clearly understood why our La-Ca-Mn-O films The possible effect of grain boundaries on MR behavior
exhibit the magnetoresistance effect as much as three orders is a very interesting subject for further investigation. In the
of magnitude larger than was reported previously on similar La manganites, high electrical resistivity is a prerequisite to
La-manganite films."' 12 It may be attributable to a number of the occurrence of large magnetoresistance. The bulk, poly-
differences in composition and processing details. The pres- crystalline La-Ca-Mn-O material is too conductive (p<50
ence of grain boundaries appears to be very detrimental to mfl cm at 4.2-200 K) to exhibit very large magnetoresis-
achieving high MR values, based on the following observa- tance. Whether the grain boundaries in the La manganites
tions: (i) Polycrystalline bulk La-Ca-Mn-O samples of simi-
lar composition exhibit low MR values of -100% or less
between 4.2 and 300 K; (ii) nonepitaxial (nonsingle- 12

2 Rs i (Input Curient)
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V
F13VE

-- Power
Source MR Sensor 4

J V
i=2.2 mA (Output

MR Sensor Sensor) 0
(R0 = 3.86 WdQ) -8 -4 0 4
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FIG. 7. Schematic diagram illustrating a circuit configuration for the micro-
phone device. FIG. 9. p vs H curve (La-Ca-Mn-O film) at 280 K.
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manganite films. The magnetoresistance behavior appears to
be related to the semiconductor-to-metal transition. The fact
that the electrical resistivity of the material can be manipu-
lated by applied field to a value orders of magnitude different
could be exploited for various technical applications.
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These values are orders of magnitude higher than those pre- 22 M. McCormack and S. Jm (unpublished)

viously reported for the GMR multilayer films and La- 2-3L. A. Marcus, M. McCormack, and S. Jn (unpublished)
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Giant magnetoresistance in f-electron systems (invited) (abstract)
Tadao Kasuya and Takashi Suzuki
Physics Department, Tohoku University, Sendai 980, Japan

Various kinds of giant magnetoresistance have been observed. In the present report, we concentrate
on the f-electron systems, particularly on rare earth compounds, and summarize the results by
classifying according to mechanisms. One important category is concerning the magnetic impurity
state in a doped magnetic semiconductor with a fairly wide band gap. A typical classical example
is EuO with 0 vacancies, in which two conduction electrons with opposite spin directions are
trapped at each vacancy. The applied field aligns the spin direction, induces magnetic polaron,
expands the extension of the impurity state, and causes a large decrease in resistivity. Another
typical example is Gd3.XS4, with x near i namely, near Gd2S3, in which only a small amount of
conduction electrons exists below or around the mobility edge. This system is characteristic in the
sense that a strong band tail exists nearly independently on the number of doped carrier. A strong
tendency to form magnetic polaron exists and various anomalous properties including giant
magnetoresistance is observed. Recently, we performed an extensive study on this material to reveal
the fundamental mechanism. Some details will be reviewed. Another category is the intrinsic
character, even though it is modified substantially by defects in the real materials. A typical
prototype is EuB6, a typical narrow gap magnetic semiconductor. Applied field causes a
ferromagnetic alignment of 4f spins, which causes overlapping between the up spin conduction
band and the up spin valence band through the d-f exchange and p-f mixing interaction causing the
system into a semimetallic state. This further accelerates the 4f spin alignment. To see the real
intrinsic mechanism, the sample should be very pure and the most suitable samples for this purpose
are Ce and Yb monopnictides. Recently, we performed an extensive investigation on a series of the
above materials and found various novel characteristic properties, including both giant positive and
negative magnetroresistances. A detailed summary is planned.
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Superconductivity I Z. Fisk, Chairman

Theory of spin dynamics in the metallic cuprates (invited)
Qimiao Si
Department of Physics, University of Illinois, 1110 West Green Street, Urbana, Illinois 61801

Yuyao Zha and K. Levin
James Franck Institute, University of Chicago, 5640 South Ellis Avenue, Chicago, Illinois 60637

The spin dynamics in the metallic cuprates are studied theoretically. In the normal state, it is
demonstrated that the interplay of correlation effects and fermiology lead to a natural understanding
of the contrasting wave vector dependences in the neutron scattering cross sections of the two best
characterized cuprates: LaSrCuO and YBaCuO, as well as the anomalous fiequency and
temperature dependences in the neutron scattering cross sections and in the NMR relaxation rates
11T, and 1/T2G. In the superconducting state, the compatibility of the d-wave pairing state with
magnetic data is explored.

I. INTRODUCTION linear behavior.6 Such an anomalous temperature dependence
is also reflected in the Gaussian component of the transverse

In order to address the origin of high temperature super- relaxation rate, 1/T2G. 7 (b) At the same time, the oxygen-site
conductivity, it is essential to understand the nature of the spin-lattice relaxation rate, (1IT 1 )o, is almost linear in tem-
low lying excitations in the metallic cuprates. In this article, perature, and has a nominal Korringa ratio of order 1.8 The
we focus on the spin excitations. In conventional metals, the neutron scattering data are also puzzling: (c) The momentum
spin dynamics are described by an itinerant picture based on dependences in the two best-characterized cuprates,
the particle-hole excitation spectrum and the dynamical spin YBaCuO and LaSrCuO, are quite different. In YBaCuO, an-
susceptibility is given by the Lindhard function. Such a tiferromagnetic spin fluctuations are commensurate. The
simple picture does not apply in the copper oxides. commensurate peaks are broad, with essentially temperature-

We start the discussion with the stoichiometric com- independent widths.9"10 In LaSrCuO, spin fluctuations are
pounds such as La 2 CuO4 and YBa 2Cu30 6 . They are insula- sharply peaked at incommensurate wave vectors Q*; 11,2 (d)
tors with a charge gap of the order of 2 eV. The insulating Within the lightly doped nonsuperconducting LaSrCuO
behavior is unexpected from the one-electron picture since system 13 the cross sections are found to scale with wIT. Sys-
the outermost copper band is half filled. Furthermore, it is tematic studies of the temperature and frequency depen-
unusual compared to band insulators in that spin excitations dences of the cross sections for systems closer to optimal
are not gapped. In fact, an antiferromagnetic ordering is de- doping have, however, revealed low energy scales in
veloped at low temperatures.1 In the paramagnetic phase, the YBaCuO. 9"10 Comparable experiments are still under way for
spin dynamics have been studied using both low energy and the normal state of superconducting LaSrCuO.
high energy inelastic neutron scattering, nuclear quadrupole Given that the conduction electrons in the cuprates are
resonance (NQR), and Raman scattering experiments. 1- 4  strongly interacting with each other, it is perhaps not surpris-
These data have been successfully analyzed in terms of in- ing that the magnetic data appear to be anomalous compared
teracting spin waves in the two-dimensional Heisenberg to conventional metals. However, the exact nature of the spin
model on a square lattice. 5 In this picture, spins are localized excitations in a doped Mott-Hubbard system is not known.
at the copper sites within each CuO, layer, and are coupled In particular, it is not clear a priori whether doped holes
with each other through essentially a nearest-neighbor leave the localized spins of the half filled cuprates intact
Heisenberg coupling. These features are characteristic of a leading to a frustrated spin system, or they manage to con-
Mott (charge-transfer) insulator and explicitly establish the vert the localized spins into renormalized quasiparticles.
existence of a strong on-site Coulomb repulsion among the Therefore, an analysis of the spin dynamical data of the me-
copper d electrons. tallic cuprates can help clarify the nature of these spin exci-

As the system is doped away from half filling, the mag- tations and the residual magnetic coupling. It also allows us
netic order quickly vanishes, and an insulator to metal (su- to discuss their implications of magnetic data for the nature
perconductor) transition sets in. In the metallic cuprates, an- and the origin of superconductivity. This brief review sum-
tiferromagnetic fluctuations have also been observed, mainly marizes our own work14-18 in this area and is not intended to
through NMR/NQR and inelastic neutron scattering be comprehensive.
experiments. 6" In the context of a conventional theory of
spin fluctuations in simple metals, the NMR/NQR data ap- II. DYNAMICAL SPIN SUSCEPTIB0.ITY
pear to be highly anomalous: (a) The copper-site spin-lattice
relaxation rate, (1/T1)cu, is strongly enhanced in magnitude. The inelastic neutron scattering cross section is directly
Its temperature dependence deviates strongly from the usual related to the spin structure factor S(q,wo),
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F d2 o/daQ dw-S(q, ). (1) per site occupied by a spin, and each oxygen site fully occu-
pied by electrons, or equivalently, empty of holes. The ex-

1/T1 is the rate at which the nuclear magnetization relaxes change interaction among the copper spins comes from the
towards equilibrium and is given by superexchange mechanism. Among the excited states that

can be virtually occupied, the lowest ones correspond to
1 -i A2(q)S(q,)N-0), (2) holes occupying the oxygen orbitals. Since there is only

q nearest-neighbor hybridization between copper and oxygen

where &), represents the nuclear resonance frequency which orbitals, the dominant contribution to the exchange interac-
is essentially zero compared to typical electronic energies, tion among the copper spins comes from the nearest neigh-
and Ar(q) is the hyperfine coupling constant for nuclei r bor term. Therefore
(copper or oxygen). Through the fluctuation-dissipation theo-
rem, S(q,w) = "(q,&))/(1-e- WI), where j'(q,w) is the J(q)=J°[c°S(qx)+C°S(qy)]. (5)
imaginary part of the dynamical spin susceptibility. Finally, This result is quite insensitive to the oxygen dispersion, so
the Gaussian component of the Cu-site spin-echo decay rate, long as the (bare) oxygen levels are well separated from the
1IT 2G, is determined by the coupling between the copper copper level. Such a nearest-neighbor form for J(q) is sup-
nuclear spins. Through the usual Ruderman-Kittel-Kasuya- ported by high energy spin wave measurements on the insu-
Yosida (RKKY) mechanism, the indirect contribution can be lating state.2

related to the static spin susceptibility x(q) and is given ap- In the metallic cuprates, one of the key experimental
proximately by 19  results is the observation of a large Fermi surface with a

/ \211/2, volume satisfying Luttinger's theorem. 20 This implies that,
'F(q)4X(q)2-  Y F(q)'X(q) (3) when a sufficient number of holes are doped into the insula-

q q tor to make a metallic phase, these holes convert the local-

where F(q) is the out of plane component of A cu(q). ized copper spins into itinerant quasiparticles at low ener-

In conventional metals, V'(q,o) has the Lindhard form, gies. Such a picture is also supported by various numerical

X"(q, o) - YXdf(Ek+q) - f(Ek)]S(Ek - Ek+q - wo). This calculations of the single-particle spectral functions in

implies that (a) the q dependence in the neutron scattering Hubbard-like models. This picture can be formally imple-
satterinh mented in terms of the widely used large N approach to the

cross section at low energies reflects the geometry of the y H e the
Fermi sL face. Physically, only single-particle states close to eene ard Hitnian eat here i the
the Fermi level can contribute to the low energy spin fluc- spin degeneracy). Within the mean field theory, the constraint
tuations; (b) the energy scale for the temperature and fre- that theree f no double occupancy of a copper site, as a
quency dependences is determined by the Fermi energy consequence of strong Coulomb interactions, is manifested
which is of the order of eV or 10 000 K; (c) 1IT, is linear in in the renormalization of the hybridization matrix element,
temperature, and satisfies the Korringa law, ITIT X2= 1, Vpd- Vpd, as well as of that of the copper level, Ed--* E

where X is the static uniform magnetic susceptibility. (Here, The quasiparticles of the system are described by the renor-

for simplicity, dimensionless units are used.) Physically, the malized band. Compared to the noninteracting case, the

number of electrons available to flip the nuclear spin is pro- renormalized band has an enhanced mass, and the density of

portional to TN(EF), and each electron contributes a relax- states of the antibonding band has a large asymmetry with

ation rate proportional to N(EF), where N(EF) is the density respect to the Fermi level.

of states at the Fermi level which is also proportional to X. We have chosen the bare band parameters so that (a) the

To derive the appropriate form of the dynamical suscep- plasma frequencies of the renormalized band fit those experi-

tibility for the metallic cuprates, 14 we consider the extended mentally derived from the Drude-fitted optical

Hubbard model defined in a CuO 2 layer conductivity. 21 This constraint assures that the band widths
are reasonable; and (b) the correct Fermi surfaces are ob-

H=. E °d ,+E Und lnd,1 +E Vpd(d1,P,+h.c.) tained for both LaSrCuO and YBaCuO. The Fermi surface in
, , , d ' V, gYBaCuO is rotated by 450 relative to the diamond shape

expected in a nearest-neighbor tight binding, one band
model.20 '22 The Fermi surface in LaSrCuO retains a

+ I t1112(ptp 12',+ h.c.). (4) diamond-like shape, though it is somewhat distorted so that
t,1,01 the nearly flat regions are closer to the F point.22 While the

The copper d electrons have an energy level 4 and an on- origins of these differences are not well understood, we are
site interaction U. The oxygen p electrons have a dispersion able to arrive at the correct Fermi surfaces through effec-
determined by the hopping matrix elements tpp (nearest tively modeling the oxygen dispersion appropriately. Such a
neighbor) and t~p (next nearest neighbor). The two bands are modeling of the oxygen dispersion is expected to be reason-
coupled through the hybridization matrix element Vpd (near- able for the discussion of the spin dynamics in the large U
est neighbor). limit, since the spin degrees of freedom are mainly associ-

At half filling, this model has a Mott (charge-transfer) ated with the copper states. Finally, our renormalized band
insulating solution when both the Coulomb repulsion U structure shows logarithmically divergent van Hove singu-
(taken as infinity here) and the level separation e1 - 6 are larities in the single-particle density of states at (-ir,0) and
large. The low energy configuratioas correspond to each cop- (0, tr). The separation of the energy at these wave vectors
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from the Fermi energy introduces a van Hove energy, OVH.
Due to the different shapes of the Fermi surfaces, &,VH is
found to be larger in YBaCuO, of the order of 25 meV, than
that in LaSrCuO, which is less than 5 meV.

At a formal level, the superexchange interaction of the
metallic phase can be established through analyzing the cor-
rections to the mean field theory, beyond the leading order in
1/N expansion.t4 We found that, while the quasiparticle dis-
persion is determined by the renormalized copper level,
Ed , and the renormalized hybridization, V*, the relevant
quantities for the calculation of the dominant superexchange
interaction are the corresponding bare parameters, 4a and
Vpd. This is not surprising since the superexchange interac-
tion arises from the virtual occupancy of the high-lying ex-
cited states. A separation of energy scales, therefore, remains \+
and the dominant antiferromagnetic interaction is insensitive
to the oxygen dispersion and continues to have the nearest-
neighbor form of Eq. (5) for both YBaCuO and LaSrCuO ,, )- (a)
systems, despite their very different Fermi surface shapes.

The dynamical spin susceptibility is found to have the
generalized random-phase approximation (RPA) form

Xo(q, (o)
1 +J(q)x0 (q,w)' (6)

where Xo(q,o) is the Lindhard function associated with the
renormalized quasiparticle energy dispersion E(k). It should
be noted that, this form of the dynamical susceptibility de-
scribes the contribution to the spin susceptibility due to the
coherent (quasiparticle) part of the single-particle excitation
spectra. The incoherent contribution becomes increasingly
important at high energies where local-moment behavior is
evidenced.

III. SPIN DYNAMICS IN THE NORMAL STATE /

A. Wave vector dependence of the inelastic neutron 0 1Ja(b)

scattering cross sections

In two-dimensional systems, the (dynamical) Kohn
anomaly leads to peaks in the imaginary part of the Lindhard FIG. 1. Calculated S(q,&)) vs (q,,q,) (a) for YBa2 Cu30 6 7 with Jo/J,=0.7
function at wave vectors q=2kF .15,23-25 In LaSrCuO, such a and (b) for Lai 82Sro 18CuO 4 with Jo/J,=0.6. The insets give the correspond-

ing results with Jo=O. Here the temperature and frequency are 1 and 10Kohn anomaly, along with the nesting enhancement, leads to meV, respectively.
incommensurate peaks at Q*=(1±3,1), 7r(1,1±6) (Ref.
26) away from, but close to, QAF=(r,nT), as is illustrated in
the inset to Fig. 1(a). Since -J(q) is peaked at QAF, it en- We now study the spin dynamics in the YBaCuO family.
hances )"'(q,w) and hence S(q,w) around an extended region The q structure of the Lindhard susceptibility corresponding
in the Brillouin zone near QAF. For moderate values of JoIJ, to the appropriate renormalized band structure with a rotated
(where J, is the strength of the interaction which gives rise Fermi surface is shown in the inset to Fig. 1(b). Because of
to an actual magnetic instability in the system), the four peak the Fermi surface rotation, the Kohn anomaly induced-and
structure is enhanced with overall shape unchanged, as is nesting enhanced-peaks are far away from the antiferro-
clearly seen in Fig. 1(a). When projected along two of the magnetic wave vector QAF=(7r,7r). Therefore, the dynamical
four peaks, our results can be favorably compared to the susceptibility is essentially featureless near QAF. The antifer-
experimental results of Refs. 11 and 12. We have also carried romagnetic interaction enhances the amplitude of S(q,ow) or
out a detailed analysis of the behavior of the incommensura- ,'(q,w) in the region surrounding QAF, leading to an essen-
bility as a function of the doping concentration. The large tially commensurate peak shown in Fig. l(b). When pro-
value, together with the strong doping dependence, of the jected along the diagonal direction, our results can be com-
incommensurability observed experimentally t can be under- pared favorably to the experimental results of Refs. 9 and 10.
stood only when strong Coulomb interactions as well as a Experimentally, in the fully oxygenated system, the half
finite nearest-neighbor oxygen-oxygen hopping matrix ele- widths correspond to magnetic correlation lengths of around
ment tPP are included. one lattice spacing27

,10 and in the deoxygenated case
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FIG. 2. Normalized X'(q,w) as a function of o/T for La1 82Sr 0 18CU0 4 at the 2.0
peak wave vector. The solid lir- .sents the scaling curve.
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(YBa2Cu306.7) the corresponding length is around two lattice 1.5/-
spacings. 9 ° Furthermore, the q-integrated structure factor is
found to have essentially the same temperature dependence
as that of the structure factor at QAF 9 In our theory, the fact
that J is not particularly close to a magnetic instability yields
a relatively broad peak whose width is essentially indepen-
dent of temperature. This is in contrast with other theories in
which longer and strongly temperature-dependent correlation 0.5

0 200 400 600
lengths are assumed .' 29  (b) T(K)

The contrasting q dependences of the dynamical suscep-
tibilities in LaSrCuO and YBaCuO, therefore, provide direct
evidence that the particle-hole continuum associated with the
renormalized quasiparticles gives the dominant contribution
to the spin dynamics at low energies.

B. Temperature and frequency dependences of the
dynamical spin susceptibility

The frequency and temperature dependences of the dy- 4
namical suscept:bility in the present theory are discussed ex-
tensively in Ref. 17. The lowest energy scale is manifested as
a weak peak in the frequency dependence of the neutron
structure factor, and is found to correspond to the van Hove 0 200 400 600
singularity energy &-vwj. Magnetic interactions of moderate (C) T(K)
strength lower the position of this peak, and considerably FIG. 3. Calculated temperature dependence of NMR relaxation rates in
enhance the low energy spin fluctuation spectra. These low YBaCu3O67: (a) IITIT; (b) 1/T2G; and (c) T2(/TIT. The vertical axes are
energy scales can also be illustrated in a scaling plot of the in arbitrary units.
susceptibility in terms of wIT. In Fig. 2, such a scaling plot is
shown for susceptibilities calculated for LaSrCuO at the in-
commensurate peak position. Since WVH is small in LaSr-
CuO, we find that the dynamical susceptibility scales with downturn at low temperatures reflects the van Hove energy
to/T until very low temperature and frequency. In YBaCuO scale a VH. (By contrast, this downturn is not present in the

system, (ovi is considerably larger, worn-25 meV. A devia- normal state of LaSrCuO since wvn is much smaller.) At
tion from scaling is predicted16 for YBaCuO, when the fre- high temperatures 1IT starts to saturate and 11T 1T exhibits a

quency is smaller than wOvn and the temperature smaller than Curie-Weiss temperature dependence. This temperature de-
TVH- i wvH. Recent experimental results from Ref. 9 seem to pendence is in reasonable agreement with experimental data,be consistent with this prediction for the case of YBaCuO. as is the enhanced magnitude. We emphasize that, within ouranalysis, the strong Coulomb correlations lead to two effects.

C. NMR/NQR relaxation rates They renormalize the quasiparticle energy spectrum, and in-
duce residual exchange interactions between the quasiparti-

We now turn to the analysis of the NMR/NQR data. cles. Because of this Coulomb-induced renormalization, we
Shown in Fig. 3(a) is the calculated temperature dependence find that there is sufficient spin fluctuation spectral weight to
of 1TIT at the copper site in deoxygenated YBaCuO. The explain the enhanced magnitude in lIT 1, without making the
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assumption of proximity to a magnetic instability. In this dynamical susceptibilities associated with these different
way, we are able to explain both the neutron scattering and contributions are expected to have different forms.
the Cu-site NMR results. In LaSrCuO system, this is consis- The situation for the oxygen site NMR relaxation rate is
tent with the recent results of Walstedt and co-workers.30  more complex. Because the peaks in the dynamical spin sus-
These authors have demonstrated that (1IT 1)c, measured in ceptibility are strongly incommensurate in LaSrCuO, and

the NMR experiments are in quantitative agreement with have a broad half-width in YBaCuO, a perfect oxygen form-
their counterparts calculated from the incommensurate peaks factor cancellation, based on the transfer-coupling
derived from the neutron scattering experiments.11 As shown Hamiltonian,35 is not expected in either system. In the
earlier, the incommensurate peaks arise from the the quasi- present calculations, within the transfer-hyperfine coupling
particle contributions; this quantitative agreement, therefore, model, (1/T1)o shows considerable deviation from a linear
reinforces the conclusion that low energy spin dynamics are temperature dependence. In the context of the LaSrCuO sys-
dominated by quasiparticle contributions. tem, similar conclusions have also been reached. 30 At

We have also calculated 1/T2G. As is seen in Fig. 3(b), a present, it is not clear whether this means that our under-
high temperature Curie--Weiss dependence is also reflected standing about the hyperfine coupling associated with the
in 1/T2G, consistent with experimental results. 7 The Curie- oxygen nucleus is not complete or an important piece of
Weiss behavior for both 1/T1 T and 1/T2G also implies that physics is still missing.
the ratio T2GITIT is weakly temperature dependent at high To summarize, the contrasting spin dynamics in LaSr-
temperatures, as is seen in Fig. 3(c). The qualitative behavior CuO and YBaCuO, and the consistency of the spin fluctua-
is quite similar to the corresponding experimental plot of tion spectral weights inferred from the neutron scattering
Takigawa. 7 In our calculations, the high temperature Curie- cross sections and (Cu-site) NMR relaxation rates, lead us to
Weiss behavior for lIT1 T and 1/T2G results from the Curie- conclude that, at low temperatures and frequencies the domi-
Weiss behavior for both x'(q,o--0) and lim._ 0 X"(q,to)/o nant spin fluctuations are described in terms of a particle-
over an extended region in the Brillouin zone around hole excitation spectrum associated with renormalized qua-
QAF=(i'r,7r). The temperature scale is set by the fraction of siparticles, which interact with each other through an
the Fermi energy further lowered by the exchange enhance- antiferromagnetic interaction of moderate strength. At higher
ment factor. In this way, it reflects the proximity to Mott temperatures and frequencies, the relative contributions of
localization [which is incorporated in Xo(q,t)] combined the quasiparticle (coherent) part and the local-moment (inco-
with moderate magnetic interaction effects. By contrast, herent) part remain to be determined.
weak coupling calculations29 assume that the system is very
close to a naignetic instability; this soft spin fluctuation fre- IV. SPIN DYNAMICS IN THE SUPERCONDUCTING
quency then leads to these very low energy scales, as well as STATE
large magnitudes in 1/T1 . Our result is also in contrast with The application of Eq. (6) below T, is straightforward.
the essentially temperature independent 1IT2G calculated by We have found that18 the anomalous temperature depen-
Littlewood et al.23 within a marginal Fermi liquid frame- dences at low frequencies obscrved in neutron
work, in which the magnetic interaction between the quasi- measurements11' 12'9 of S(q,w) may be compatible with a
particles is assumed to be zero. dx2_y2 pairing state in both LaSrCuO and YBaCuO. How-

In the strong coupling limit, the renormalized quasipar- ever there are problems with the wave vector dependences of
ticle description is in essence a low temperature expansion. S(q,o). Of the two cases, the effects are more striking in
At sufficiently high temperatures, this description should YBaCuO. At the lowest temperatures all that contributes to
break down; instead, the single particle excitations become the cross section are processes in which the Lindhard func-
incoherent, and the spin dynamics should cross over to a tion is not fully "gapped out." These correspond to node-to-
local-momentlike behavior. In this way a temperature- node scattering and because the nodal positions are unrelated
independent I1T, is expected at high temperatures. This to the Fermi surface nesting, these low T peaks will not be in
physical picture is consistent with recent measurements of the same position as their counterparts in the normal state. In
I1T1 in LaSrCuO.3 The situation is very similar to the spin this way the peaks in the structure factor move with decreas-
dynamics in heavy fermion metals.31'32 The precise local- ing T, from their high T positions to incommensurate posi-
moment dynamics for the cuprates are not known. Recently, tions along the zone diagonal. Similar observations were
based on the phase diagram for the 2D quantum nonlinear made first in Ref. 36. The failure of current experiments 11,12,9

sigma model,5 suggestions have been made that the high to observe this shift in the peak position is thus not consistent
temperature local-moment dynamics in the metallic cuprates with a (clean) d-wave picture.
may show a universal behavior controlled by a zero tempera- Recently, similar calculations 37 were performed in the
ture critical point.33'34 In particular, a temperature- context of a weak-coupling Hubbard Hamiltonian with only
independent T2ITIT has previously been shown to arise first nearest-neighbor hopping integrals. In this case, the real
within this scheme.3 4 In general, it is important to determine, part of Xo(q, w) and, hence, the exchange enhancement, are
in a given temperature regime, how much of the spin fluc- strongly peaked at Q* both for T> T, and for T< T. There-
tuations can be attributed to the quasiparticle-quasihole con- fore, the peak shifts will not occur; rather, the four peaks in
tinuum contribution, and how much to the local-moment the normal state are expected to become sharper. This is
contributions. Neutron scattering results at higher frequen- illustrated in Fig. 4(a). Such a sharpening of the peaks, how-
cies and temperatures should help clarify this issue, as the ever, is not seen experimentally."1 Furthermore, we have
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Hydrostatic pressure on HgBa2CaCu 2O6+6 and HgBa2Ca2Cu308+8
F Chen, L. Gao, R. L. Meng, Y. Y. Xue, and C. W. Chu
Department of Physics and Texas Center for Superconductivity, University of Houston,
Houston, Texas 77204-5932

The superconducting transition temperature Tc and its pressure dependence dTcIdP of
HgBa2CaCu20 6+6 (Hg-1212) and HgBa2Ca2Cu3Os+8 (Hg-1223) were measured up to 17 kbar. Tc
increases with pressure approximately linearly for both compounds before oxidation. However, the
nonlinearity in the Ta-P conelation shows up after oxidation in both compounds. For Hg-1212, the
average dTc/dP decreases as oxygen doping increases, while it increases in Hg-1223. These
observations are in conflict with the modified pressure-induced charge-transfer model, but might be
attributed to the possible existence of fine electronic structure. These observations suggest that a T,
much higher than 140 K might be achievable in Hg-1223 by means of higher physical or chemical
pressure.

I. INTRODUCTION pressure was measured by a quantum design superconduct-

Previous pressure studies on high T, cuprates at v.'rious ing quantum interference device (SQUID) magnetometer. A

oxidation states show that the T, changes linearly at pres- standard inductance bridge, operated at 16 Hz in an ac field

sures between 0 and 20 kbar.1 This can usually be explained of -5 Oe peak to peak, was employed to determine the ac

by pressure-induced charge-transfer, 2 i.e., dTc/dP decreases magnetic susceptibility (Xac) under pressures. The standard

with the carrier concentration n, which increases with oxida- four-lead measurement was applied to measure resistivity.

tion. Soon after the discovery of the superconducting ho- Hydrostatic pressure up to 18 kbar was generated at room

mologous series HgBa2CantCu,02,+ 2+6 [Hg-12(n-1)n], 3  temperature inside a Teflon cup housed in a Be-Cu high pres-

band-structure calculations showed that the electronic struc- sure clamp,6 using 3M Fluorinert as the pressure medium.

ture of these compounds was strongly affected by the van he pressure was determined by a Pb-manometer placed

Hove singularity and evolved with doping rather next to the sample. The temperature was measured by an

abnormally,4 suggesting that their pressure effect dT,/dP alumel-chromel thermocouple above 30 K and a Ge ther-

might be unusual. After samples of these compounds with mometer below 30 K.

different oxygen stoichiometry became available, we system-
a "Ily studied their pressure dependence. Ill. RESULTS AND DISCUSSION

ti positive dT,/dP was observed in all Four samples of Hg-1212 were characterized. Samples A
HgBa2CaCu2O6+,6 (Hg-1212) and lIgBa2Ca2Cu3Og+ 8 (Hg- and C were as synthesized with T-112 K. Samples B and D
1223) samples. For the as-prepared Hg-1212 samples withincrase liearl wih pessue a a ate were annealed in 1 atm 02 at 300 0C for 30 h with Tc-ll9
T-112 K, T, icaK and were determined to be overdoped. The Xdc of samples
dTIdP =0.22-0.02 K/kbar throughout our pressure range. A, B, and D are shown in Fig. 1. The transition is quite sharp

roand the superconducting voume fraction is large (especially
creases with pressure at a similar rate below -4 kbar, but the fot spercon tn m ion is larg (e s
rate of incease decreases to 0.11±0.02 K/kbar thereafter. formpled Th onsetadidit ofaur(ent a varioasAlttouh te nnliearTo- coreltio israter nusal, determined by ac-susceptibility measurements at variousA lt wo u g h th e n o n lin e a r T -P c o rre la tio n is ra th e r u n u s u a l, p r s u e a e sh w i n F g 2 . T e ,, s of a m l A a d C
the smaller average dTIdP after oxygenation is consistent pressures are shown in Fig. 2. The To's of sample A and C
with the charge-tran.fer model,2 which sugges's that the av- have the same trend as the T,,,'s although they are not shown

erage dT~/dP decreases with the carrier concntration n. in the figure. The Tr of sample D is not well defined due to

The dTIdP of several Hg-1223 samples was also measured. poor grain coupling and thus not shown. T, increases lin-

The dT/dP of vacuum-annealed and as-synthesized early with P at a rate of 0.22±0.02 K/kbar for samples A and

samples was independent of P. However, the T, vs P ot C. For samples B and D, T, increases at a rate of -0.23
oxygenated Hg-1223 shows p- sitive curvature above 12 Kkbar below 4 kbar. The rat( fell to 0.11±0.03 K/kbai
oxygenlikthated r Hg-12 12w itie urvurel adove 1- above 4 kbar. As proposed by the modified charge-transfer
kbar. Unlike that for Hg-1212, the overall dT~/dP for H .g- model, 2 the overall dT',IdP decreases as oxidation increases.
1223 increases with oxidation, which is in direct conflict Fie se ro two derent bat of Hgcea2swih hemo: , care-rasfr odl 2  Five samples from two different batches of Hg-1223
with the mo 14A charge-transfer model.2  were also examined. Sample V was as syntheszed with

11. EAPERIMENT T,-l17 K. Sample NV, with T, -79 K, was obtained by high
vacuum annealing at 450 'C for 1 day. Samples X, Y, and Z

High quality samples were prepared , sing the controlled were annealed in flowing oxygen at 300 'C for 1 day, with
vapor/solid eaction (CVSR) technique: The samples are T - 135 K. Figure 3 shows Tc versus pressure for Hg-1223.
-90% pur , 'ith -ia% CaHgO 2 and .3a2Cu305+ impuri- The Tc's for samples V, X, Y, and Z were measured resis.
ties. Structure characteriz-ion was carried out by x-ray dif- tively. Although we only plotted Tcm for these samples, the
fractioa using -Rigaku D-MAX/BI! powder diffractometer behavior of Tc0 and Tcz (zero point of the transition) is simi-
The dc magnetic susceptibility (Xdc) of samples at ambient lar. A long tail in the superconducting transition was ob-
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D served for the sample W, which might be due to damage
cau-ed to the grain boundaries during annealing. Therefore,

Hg.1212 the T, of this sapewas measured mantclyand cm,,
was obtained from the peak of dXaddT. We can see clearly

• 20 othat the average dTIdP increases with oxidation. From ther-

moelectric measurements, we extracted the carrier concentra-
tion n by an empirical law.7 Figure 4 shows the average
dTIdP vs n for Hg-1212 and Hg-1223.

Recently, a study2 of combined effects of pressure and
_ doping on (YCa)(Ba,Ca)2Cu3OT7_ compounds shows that.40

.4s 100 M pressure-induced charge-transfer alone cannot explain the
(b) T (K) observed results and an "intrinsic" pressure effect on T, is

included. This term, dTcmax/dP, is assumed to be indepen-FIG.'1.(a) ~ vsT fr Hg'1212 sample AandB.'(b) ' vsT fr Hg'1212 dent of P and n. Thus, the empirical modified pressure-

sample D. Filled symbol: field cooling; open symbol: zero-field cooling. inducdfchrge-tansfrumodlhcae beiritte as
induced charge-transfer model can be written as

T,(n,P) Tcmax(n1optima1,O) + (dTc,maxldP) X P

+A X [(n - noptimai) + (dn/dP) X p]2,
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FIG. 2. T, vs P for Hg-1212. : T,, for sample B, 0: T,, for sample D; n
0: To,, for sample B, V. T,, for sample A; 0' Tcm for sample C. Filled
symbol obtained on pressure reduction. FIC 4. dTIdP vs n for Hg-1212 and Hg-1223.
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is in direct conflict with the observation on Hg-1223. The 8C. Murayama, Y. lye, T. Enomoto, A. Fukushima, N. M6n, Y. Yamada,

and T. Matsumoto, Physica C 185-189, 1293 (1991).
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Magnetoconductivity of Bi2Sr2Cal.xYxCU20 8 +, in v iadion regime
C. R Dhard and S. N. Bhatia r
Department of Physics, Indian Institute of Technology, Bombay 400 076, India I
P. V. P. S. S. Sastry and J. V. Yakhmi
Chemistry Division, Bhabha Atomic Research Centre, Bombay 400 085, India

A. K. Nigam
Tata Institute of Fundamental Research, Bombay 400 005 India

The magnetoconductivity of polycrystalline Bi2Sr2CaI _xYxCu 208+ x =0, 0.05 and 0.20 samples in
the magnetic field of 4 T was measured. The excess conductivity has been analyzed in the light of
Aronov-Hikami-Larkin and Bieri-Maki formalisms together with Thompson's correction of the
Zeeman term of both theories. The later theory was found within the clean limit to describe the data
adequately and yielded the estimate for the phase braking time rfi1lO -13 s. The
Maki-Thompson-Zeeman contribution (AorM. z) in these samples is found to be negligible.

The short coherence length coupled with the high tran- data on single crystals of YBCO. They found rp=5X10 - 14 S

sition temperature provide an excellent opportunity to study which is the shortest time reported so far. Sugawara et al.7

the rounding of the transition in the oxide superconductors. have analyzed their A(-(H) data measured on chemical vapor
The fluctuation enhanced conductivity, i.e., excess conduc- deposition (CVD) films of YBCO in BM theory with
tivity (Aur) in zero field is representable by the Aslamazov- Thompson's correction 8 (BMT), and find the AurMTZ term to
Larkin (AL) and Maki-Thompson (MT) terms.' The imag- be essential in both the Au(H) vs e [=(T-Tmf)IT"'f,T m is
netic field affects the e- ",nductivity through the orbital the mean field transition temperature] as well as Ao(H) vs H
angular momentum giv - to AL-orbital (AOJALO) and data. In polycrystalline YBCO Matsuda et al.9 also found
MT-orbital (AoMTO) terms and through the spin angular mo- vanishing values of Ao-MTz using uncorrected AHL expres-
mentum yielding AL-Zeeman (AoALZ) and MT-Zeeman sions. And our recent analysis on similar samples in the light
(AOaMTn) terms. Aronov, Hikami, and Larkin2 (AHL) have of corrected AHL/BM expressions support these results.'0

derived the expressions for these terms from the standard We have measured the magnetoconductivity of polycrys-
theory in the dirty limit. However this theory is not appli- tallin? BiySryCa_ -Y,Cu 208,+, samples with x=0, 0.05, and
cable to high T, superconducting (HTSC) materials as they 0.20 and find the AO-MTZ contribution to be negligible.
fall within the clean limit with the mean free path 1-_ 6ab(O) The samples were prepared by the matrix precursor
[1=100 A and 6ab(O)=15 A for YBaECU30 7 (YBCO)]. Later method by reacting Bi10 3 with a SryCaCuyO s precursor in
Bieri and Maki3 (BM) proposed another theory of Aor(H) the presence of 02 at 900-950 °C. All the samples were
which was valid for the clean limit but it gave results iden- confirmed to be of single phase by x-ray diffraction (XRD).
tical to the AHL theory. Both AL contributions are not sen- dc conductivity was measured by the four probe method on
sitive to the mean free path of the electrons. Therefore, their bar shaped samples.' The current density used was typically
values remain essentially unchanged in both dirty and clean 0.1 A/cm2. Samples were so oriented that the measuring cur-
limits. However the MT contribution depends sensitively on rent was perpendicular to the applied field. The sample tem-
I since the vertex renormalization is essentially controlled by perature was measured with a Si diode/CGR thermometer
I in the clean limit. The expressions obtained by Bieri and placed in contact with the sample in a copper holder, and was
Maki 3 in this limit for all the four terms are identical to the raised at the rate of 2 K/h. The data were taken at the interval
AHL expressions with the difference that the terms AorALz of 20 mK within the transition region,
and ArMTZ had (woj/47rkT) 2 instead of (w/4rk'T) 2 as their At high temperatures (T2T,) the zero field and the
prefactors and 5 was defined by 8=l. 2 03 [l/6ab(O)]8A1UL, field data coincide for all the samples implying negligible
where 3 AHL is given by (Ref. 2) 8AHL= 1 62(O)kTT"/Trd2 h. magnetoresistance to be present in the normal state and be-
Later it was pointed out by Thompson4 that both these theo- low T'"f the transition broadens in the field. A field of 4 T
ries were wrong in treating the Zeeman splitting energy, cot- was used because for the higher fields the orbital terms show
rection to this leaves the three terms, viz., AorALO, AO'MTO, deviations from the H 2 behavioi predicted by the above
and AOrALZ unchanged but modifie- the fourth Aum'Mr. theories. 2' 3 In zero field, a single sharp peak in dpldT is

Experimentally almost all the L Lention appears to have symmetrical about the temperature Tmax of its maximum,
been focused on YBCO only and to the best of our knowl- whereas in the field this curve spreads towards lower tem-
edge no attempt has been made to study the peratures. This spread is around 35 K for x=0 and increases
Bi 2Sr2CaCus08 +,, (BSCCO) system in this light. Earlier further with the Y concentration.
Matsuda et al.5 analyzed the magnetoconductivity of YBCO We have analyzed the total fluctuation conductivity
thin films in terms of AHL formalism without Thompson Ao'f(H)= [or(H,T)- o',(H,T)I where o-,(H,T)
correction. All four contributions were required giving th2 l/p,,(H,T) is the background conductivity. Acrf(H) con-
value of the phase breaking time r,---10 -13 s at 100 K. How- tains the zero field conductivity (Ref. 11) Au(0) and the
ever Semba et al.6 found no evidence for tha Au~t-rz in their modifications produced in it by the magretic field. The esti-
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TABLE I. Various fitted physical parameters for BSCCO samples in the B i 2Sr Ca Cu 20 86
clean and dirty limit. 7;6, , and I are calculated at 100 K. In BM, P'(0) and

.b(O) are constants, whereas in BMT-d(dirty) and BMT-c(clean) these are
temperature dependent.

P(0) 4b(O) 1 10000 6 t

(A) (A) (l0- 11 s) (10-" s) (A) MT
x=0 ALO AL
AHL 1.9 10.0 1.0 1.0
BM 2.3 9.1 1.3 5.3 E 1000
BMT-d 1.8 9.9 0.81 0.13 9.8
BMT-c 1.8 8.9 0.11 5.3 52.5 ALZ
x=0.05
AIL 2.5 11.4 4.0 1.1 i00 MTO
BM 2.6 10.2 1.7 5.3
BMT-d 1.8 9.9 0.86 0.16 11.0
BMT-c 1.8 8.6 0.12 5.3 58.6

x=0.20 10

AHL 3.2 12.8 6.0 1.3 A6,BM 3.1 11.8 2.0 5.3 N .
BMT-d 1.9 10.4 0.86 0.18 11.5 (a )
BMT-c 1.9 10.4 0.12 5.3 61.2 1

0.01 0.1 0'3

eps

mation of background conductivity or,(H,T) have been dis-cussed in detail in Ref. 1. B12 St2 C ao 95 YO 05 C U20 8 6
The experimental data of Ao-f(H,T) of x=0 was first S

fitted to the combined expressions of zero field AL and MT
term s and fi eld dependent A H L expressions of A L and M T 6,3terms with Thompson's correction by taking c(0), ab(0), 100001 "
and r as the adjustable parameters. T4" was assumed to vary
as r70= S/T where ro is a constant. The values of fitted MT
parameters are shown in Table I. Good agreement can be . AL
obtained with fc(0)=1.9 A, 6ab(0)=10.0 A, and :

"=1× 1 3 s. The value of 6(0) agreed with that obtained E 1000 AL

from the zero field data.' The agreement further improved -1
when BM equations with Thompson's correction were used MTO
and the mean free path I was allowed to vary with tempera- 100
ture as l=10/T where 1o is a constant. Here in the clean limit m 100
c(0), eab(O), and lot4o were taken as the free parameters.
c(0) slightly increased to 2.3 A and 6ab(0) decreased to 9.1 0

A. We obtained l0 rT=6.8X10-8 As. To get an estimate of <6 m
7r" from this product, we note that lw 1=ravy'vF/T (i.e., 10 MTZ

10= 7oy F) where r is the transport relaxation time and VF the
Fermi velocity of the carriers. The later is estimated as (b)
(0.6-1.6)X 107 cm/s from the relation 6ab(O)=hVF/7rA W
with the in-plane energy gap parameter given t2  by 3 01 01 02
2A/kTc=3.5-8. Now assuming rkrr this product yields ',
(100 K)=1.3x 10- 13 s for the lowest estimate of VF, i.e., eps
VF=0.6xI10 7 cmis. This compares well with the value ob-tained by~ m/s.Tisar eset 7 ell withfrom the valuetivoh- FIG. 1. Fluctuation and magnetoconductivity of BSCCO x=0 and 0.05 in
taied by Sugawara et al.7 Batlogg, 12 from the resistivity (a) and (b). In (a) ,(0) and ab(O) are temperature dependent while in (b)
data, has obtained r-=h1l.35kT=5.4X 10- 2 /T. With they are constants. Note the change in relative order of ALZ and MTO
VF=107 cm/s, this yields rk(100 K)=5X10- 14 s from our contributions in (a) and (b). All the four contributions to Ao(H,T), i.e.,
estimates of 10roO and the ro/T comes out to be =2.3. ALO, MTO, ALZ, and MTZ and the excess magnetoconductivity Ao,, dis-

BMT8 have further also assumed 6,(0) and 6ab(0) to be played here, are negative in magnitude.

temperature dependent along with 1, for both dirty and clean
limits. Assuming these temperature variations, values of the tively, at 100 K. These values agree with those obtained by
parameters obtained are listed in Table I. Both the limits give BMT on single crystals of YBCO. Our analysis yields
identical values of 6,(0) as 1.8LA whereas Cab(0) works out to ro/7-0.2 and VF= 7X 106 cm/s for the clean limit using the
be =9 A and =10 A for the dirty and clean iimits, respec- Batlogg's t2 value of T. This is the clean limit rand therefore
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cannot be used in the dirty limit as has been used conven- samples behaves identically. The plot for x = 0.05 is shown in

tionally. To estimate r in the dirty limit we assumed Fig. 1(b). AuM-rz here is also negligible and the neglect of
VF=IX107 cm/s. We get ',=1X10 - 13 and T in this this term does not alter the fits in any of these samples.
limit=rd=1. 3 X 10-15 s. Thus rA/='d=62 . This ratio is too Though the AHL theory gives reasonable estimates of To, it

large. 7-d appears to be too small, its reasonable value should underestimates r thus yielding a very large value for the ratio
be a smaller fraction of r. If vF is reduced further the ratio r-,/. This ratio is similarly overestimated in the BMT dirty
r" /r also gets reduced but it still remains too high. In the case limit and underestimated in its clean limit. Only when c(O)
of AHL 7 is also very small. As this theory is valid for the and 4ab(O) are taken as temperature independent does this
dirty case, I will be =4 ab(0). With VF=10

7 cm/s this yields theory yield reasonable estimates of rd/7-. The values are
7d--1X10-14 s and rIrd=10. listed in Table I. All the parameters, viz., ro, c(O) and

Two points are to be noted about this analysis. The data 9ab(0), etc., increase systematically with Y concentration. ro
has been fitted over the range 0.01-_e0.2 and the nonlocal shows a slight increase with Y doping but still AorMTz re-
effects have not been included. These effects apparently be- mains negligible. However this increase in r,- increases the
come visible at e:0.25 as shown by BMT. magnitude of the AO'MT0 relative to those of the other two.

The magnetoconductivity obtained by subtracting Instead of being the smallest term as in the Y-free sample, it
AorAL(0) and AorMT(O) from A af(H,T) is displayed in Fig. over takes Aoq and becomes the second largest term.
1(a) along with the calculated values of the four field depen- In summary our analysis of the magnetoconductivity of
dent contributions. AorMTz has the smallest value over the Y-doped polycrystalline BSCCO suggests the absence of
entire E range, being less than 1% of the total AoAr(H,T). AorM-z contributions for the fields up to 4 T. The other three
The fit does not deteriorate when the term AoMTz is dropped terms AOALO, AO'MTO, and AOALZ all contribute significantly.
altogether. However the rms deviation jumps when the next Due to the absence of AorMTZ the validity of the Thompson
larger term AOALz is dropped. This result is in conformity correction could not be verified. Though BMT theory ap-
with our previous conclusion' 0 on polycrystalline YBCO pears to agree with experiments, for a better estimate of r
(measured at 4 T) and with Semba et al.6 and Matsuda et aL9  prior knowledge of some of the parameters, (0), ab(0), or
who also found AO'MTz to be negligible in their magnetocon- VF, will be useful. Data further appear to favor the tempera-
ductivity of single crystal and polycrystalline YBCO, respec- ture independent value of 4c(0) and ab(O) and discard their
tively, measured at 1 T. However Sugawara et aL 7 found this functional forms given by the BMT equations.
term to be present as a substantial fraction of the total mag-
netoconductivity at 13 T. Since the BMT equations predict
each of the four contributions to be proportional to -H 2, the 1S. N. Bhatia and C. P. Dhard, Phys. Rev. B 49, 12206 (1994).

relative magnitude of Ao'MT, i.e., the ratio 2A. G. Aronov, S. Hikami, and A. I. Larkin, Phys. Rev. Lett 62, 965
AJM(ArALo+AtrMo+AoA~+AM,) will not increase (1989); 62, 2336(E) (1989).3

j. B. Bieri and K. Maki, Phys. Rev. B 42, 4854 (1990)
with H and will be a function of c and T only. In actual 4R. S. Thompson, Phys. Rev. Lett. 66, 2280 (1991).

practice since AO'ALO and Ao'MTo show some saturation at 5Y. Matsuda, T. Hirai, S. Komiyama, T. Terashima, Y Bando, K. hjima, K.

high fields near T,(at e0.015) the ratio may increase at Yamamoto, and K. Hirata, Phys. Rev. B 40, 5176 (1989).6K Semba, T. Ishii, and A. Matsuda, Phys. Rev Lett. 67, 769 (1991).
such fields. For the present data the equations predict the 7j. Sugawara, H. Iwasaki, N. Kobayashi, H. Yamane, and T. Hirai, Phys.

ratio to be less than 1% over the entire e range of the data, Rev. B 46, 14 818 (1992).

i.e., for 0.05<-e<0.2, and to remain at negligible levels even 8J. B. Bieri, K. Maki, and R. S. Thompson, Phys. Rev. B 44, 4709 (1991)

when To is increased to =10-13 s. The anisotropy ratio 9A. Matsuda and K. Semba, Physica C 185-189, 797 (1991).
S .o N. Bhatia and C. P Dbard, Physica C (to be published)

(S. Hikami and A. I. Larkin, Mod. Phys. Lett. B 2, 693 (1988).

out to be 5.6 at e=0.05 and AOMTz forms 10% of this ratio. 12B. Batlogg, in High Temperature Superconductors, edited by K. S Bedell

The magnetoconductivity of the x=0.05 and 0.20 et al. (Addison-Wesley, Redwood City, 1990), p 37.
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Straightened voltage effect in high-Tc superconductors

A. Grishin
Department of Condensed Matter Physics, The Royal Institute of Technology, S-100 44 Stockholm, Sweden

J. Niska and B. Loberg
Department of Engineering Materialv, Lulea University of Technology, S-971 87 Lulea, Sweden

H. Weber
Department of Physics, Lulea University of Technology, S-971 87 Lulea, Sweden

A new effect called "ac-current straightening" has been observed in ceramic (Bi,Pb)-2223 slabs
carrying ac current Idc+Iac cos(wt). The current-voltage (I-V) characteristics of the ceramic were
measured at 77 K at frequencies ranging from 50 to 20 000 Hz. A spectrum analyzer showed a series
of high harmonics in the voltage signal as well as a constant voltage drop. The full set of
experimental data has been explained theoretically using the Bean-Kim critical state model with a
magnetic field dependent critical current j(H) = j,(O)/(1 + H/He). A low transport ac current gives
a voltage linearly proportional to the frequency and quadratically proportional to the ac-current
amplitude Iac. It consists of odd harmonics only. If a bias dc current is switched on, then even
harmonics and a dc-voltage drop appear. Their amplitudes are proportional to the small parameter

laclcHo and depend on the Ide/ac ratio.

One of the main features of high-T c superconductors is shape of the voltage signal wave form changes to a more
the very wide interval of magnetic field and temperature in triangular shape due to the odd harmonics in the voltage
the H- T diagram between the two critical fields HI(T) and signal. If a dc offset current Idc is added, then asymmetry can
H, 2(T) conditioned by extremely small coherence length. be observed in the V(t) curve as evidence of even harmonic
Due to this fact and the great anisotropy of the samples, frequencies (Fig. 1, harmonics above and below I,). Another
magnetic vortices cause the strong nonlinearity of magnetic effect is a dc offset, so that the curve progressively shifts
and transport properties in the mixed state for high-Tc suoer- away from the zero axis (on the oscilloscope) as the current
conductors even at very low magnetic fields and current den- is increased further. The dc voltage observed on a multimeter
sities. Strong magnetic field dependence of susceptibility and for a dc offset current, is seen to primarily depend on a shift
aharmonic diamagnetic response manifest this behavior (see, of the voltage curve from the zero axis, since the deforma-
for example, Ref. 1). In the present article we report experi- tion of the wave form is not as large (Fig. 2). The transition
menta! observations and a theoretical explanation for a new for ac plus dc current testing occurs at approximately the
effect in current transport properties. Pinning of vortices re- same total current as for dc alone, when using the rms ac
stilts in odd harmonics in the voltage response for sinusoidal current and if /dc>lac. This would indicate a common
ac currents. Field dependence of the critical current causes mechanism generating the voltage signals. To examine for
even harmonics and a dc-voltage drop if a bias dc-transport frequency dependence in the effect, the frequency of the ac
current or a dc-magnetic field violate the symmetry t - - t. current was varied in the audio frequency range of 50-

Bulk samples of (Pb,Bi)-2223 were prepared by sinter- 20 000 Hz by the use of -.n audio power amplifier. Visible
ing a commercial 2212+oxides precursor powder, regrinding changes in the I-V characteristics were not observed. A
and pressing it into nominally 10 mm wide bars. dc-testing VOM was used to measure the critical current at the transi-

lead to the conclusion that the critical current is limited by tion for a triangle, sine, and square wave input. The resistive
the magnitude of the magnetic self-field at the surface of the transition occurred first for the triangle wave, then the sine,
bar.2 A dc-voltage signal was detected when testing using and last for the square wave. The VOM uses a fixed resistor
ac+dc currents.3 The frequency dependence of the effect and a constant to give the expected current, rather than mea-
was examined by using an audio amplifier to increase the suring the voltage and current and the phase angle as in an ac

current from a frequency generator. Necking and a reduction watt meter. Therefore, the ratio of the peak voltage to power

in the size of the specimens were done in some cases to is lower for the same current for a square wave input than for

reduce the transport current required to reach the critical a triangular wave form, and the transition sequence follows a

magnitude. A four point probe test circuitry was used with a decreasing ratio.
HP 3478A microvolt multimeter to detect the dc voltage We use the critical state model4 to calculate the distribu-

across the center contacts. Additicnal details of the nature of tions of local magnetic field h and current in an infinite su-

the voltage signals were observed after amplification with a perconducting slab (Fig. 3) carrying a transport current

high gain operational amplifier and a storage oscilloscope lr(t)=Id+IacCOS(w0t) (the magnetic susceptibility for

and the harmonics were found using a HP 3580A spectrum samples carrying dc+ac transport current has been experi-

analyzer. mentally studied in Ref. 5). Kim's expression

A pure sinusoidal ac current gives a sinusoidal voltage
signal from the voltage contacts until the transport current j)(h)1 ()
exceeds tLe dc critical current magnitude I,. Far above I, the 1 + (IhI/Ho)
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125 is used to define the field dependence of the critical current.12 - "Here the parameter He characterizes the reduction of the
C6 critical current by magnetic field, and j,(O) is a function of
Stemperature. Maxwell's equation

h 4 7r
.A=± -  j,(h) (2)

-125dy c
is solved with a standard boundary condition

-250 , t , l ,hx(d/2) = - (2 7ric)ltu(t). (3)
0 100 200 300 Signs ± in Eq. (2) depend on the time-dependent phase

frequency of the transport current, and d is the slab thickness. Here and
FIG. 1. V(t) for 50 Hz ac-transport currents as a function of time (ms) and later on we use the linear density of transport current
the associated harmopic frequencies present (plotted as log I vs frequency I =J/L,, normalized to the unit of slab width Lx.o). The lower curvc in (a) is for 1=2.85 A rms and shows mostly odd The quasistatic solutions of Eq. (2) may be classified forharmonics in the superconducting state. Increasing the current to 1=3.51 A three different cases. The first is a critical state realized forrms, middle curve in (a), distorts the wave form due to flux penetration but low transport currents
symmetry is maintained, A dc-bias current of 0.6 A dc to the middle curves
case gives an asymmetric wave form and increases the even harmonics It, (Clo/2r)[V/ +[41rdjcO)/cHo]-1]. (4)
upper curve. In (b) the associated harmonic frequencies to the curves in (a)are shown. In this case magnetic fielJl and supercurrents exist near

the slab surface only. If the inequality (4) transforms to strict
equality, then the magnetic field reaches the center of the
slab. Higher transport currents give

200 (cHo/2i1 )[ jl +[4rdjc(O)/cHo]- 1]'-!tr<,jc(O)d (5)

for the intermediate state. In this case the supercurrent den-
100 sity is not enough to support the total transport current in the

slab. The slab interior is occupied by supercurrent, as before,
but near the slab surface the normal state occurs with a uni-

o-- form normal current density higher than jc(h). If the trans-
port current continues to increase, then the boundary be-
tween critical and normal states reaches the center of a

-100 - sample and

20Itj(O)d, (6)
-200 "20 , 40 -60 which is the normal state in the entire slab.

time We present here the final results in the limiting case
using the critical state (4), and a low bias dc component inthe transport current

FIG. 2. V(t) wave form for increasing 50 Hz ac currents, while holding 1 t
nearly constant at 0.9 A Sinusoidal wave form symmetry is gradually lost as /dcIac,
I, is icreased in steps 4.04 A (upper curve), 4.51 A, 5.04 A, and finally (7)5.30 A (rms) 27TIt,j/cHo< 1.
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FIG. 4. Graph of the function el(t) in Eq (8). The dashed line represents FIG. 5. The Fourier amplitudes a o - a5 and bj -b 5 used in the evaluation of
the zero level. e2(t) in Eq. (8). e2(t) describes the additional voltage caused by the field

dependence of critical current vs bias dc current.

current Ide appears. It is remarkable that the straightened
Fob hese conditions the electric field into the slab may voltage magnitude in E(t) is linearly proportional to fre-

be presented as a sum of two terms quency and quadratically in the low (and cubically in the

rlI;[O) f 7ac 1 high) ratio of the dc/lac case for the ac-current amplitude,
E(t)= CI et(t)+ cHo e 2( 1)  since no frequency dependence was seen experimentally.

In summary, a new effect called ac-current straightening
el(t)= -sin(wt)+sin(wt)cos(wt) has been observed experimentally and explained theoreti-

cally. Strong nonlinear dependence of shielding supercur-
4 i )cos[(2k + lI(8) rents from external magnetic fields causes the occurrence of

k=+ 4- (2k +1 high harmonics in the voltage signal. The field dependence
of the critical current leads to stratification of the sample into
a critical state interior and a normal state exterior. Even har-

e2(t)=a0+ [ak cos(kwt)+bk sin(kwt)], monics and dc-voltage drop appear for bias dc-transport cur-
k= t rents or dc-magnetic fields.

where et(t) is the main ac-voltage signal. The shape of the ACKNOWLEDGMENTS
function is presented in Fig. 4. As can be seen from Eq. (8) it
contains odd harmonics only. And an additional term e,(t) This work is supported by the Swedish funding agencies
appears because of th,. dependence of the critical current on
the local magnetic field.' Its contribution to E(t) in Eq. (8) is 1 R. B. Goldfarb, M Lelental, and C. A. Thompson, Magnetic Susceptibihty
small, since the parameter (24ltrI)/(cHo)< I [Eq. (7)]. It con- of Superconductors and Other Systems, edited by R. A. Hem, T. L. Fran-

tains both odd and even harmonics. The dependences of the cavilla, and D. H. Liebenberg (Plenum, New York, 1992).
Fourier amplitudes ao , ak, and bp on the parameter 1d/la 21. Loberg, J Niska, and P. Rubin, Appl. Supercond. 1, 1757 (1993).

3J. Niska and B. Loberg, J Supercond. 6, 255 (1993).
are presented in Fig. 5. All even harmonic amplitudes go to 4C Niskaand B. Loer, 2 uen6254 C P. Bean. Phys. Lett 8, 250 (1962)
zero with Idc-*O. The item ao in Eq. (8) corresponds to the 5A. N Ulyanov, V. N. Korenmvski, K V. Rao, and A. M Grishin, Appl.
"straightened voltage drop." It appears only when a bias dc Supercond. 1, 971 (1993).
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Long-time magnetic relaxation measurements on a quench melt growth
YBCO superconductor
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The decay of magnetization with time is recorded for a quench-melt-growth processed
YBa2Cu307_ x sample. The vortex-glass and collective pinning theories fit the data quite well over
all time regimes with an exponent, u, value of 0.78. The normalized logarithmic magnetic relaxation
rate, S, attains a plateau value of 0.05, considerably higher than a variety of samples which fall
within a universal plateau curve.

INTRODUCTION prepared by the quench-melt-growth (QMG) process.1 6 The
sample is similar to one whose relaxation rates are described

The understanding of the pinning mechanism is essential elsewhere.17 The QMG sample was produced by melting a
for the improvement of the critical current in high- solid-state sintered YBCO superconductor precursor powder
temperature superconductors. A key component that deter- at 1450 'C, holding for 5 min before quenching the liquid
mines the critical current density J, and the relaxation rate of onto a copper plate. The resultant glass was rapidly reheated
the magnetization S is the pinning energy U(J). Measure- to 1150 'C and cooled to 1000 'C at 200 °C/h. The samples
ment of the magnetic relaxation M(t) has been one of the were then cooled at a very slow rate (1 C/h) to 940 'C in
most popular means of investigating pinning phenomena in order to go slowly through the peritectic temperature. Below
high-temperature superconductors. The relaxation of magne- the peritectic temperature, the reaction Y2BaCuO 5 (211)+liq
tization is usually interpreted within the framework of the =123 occurs, forming the superconducting YBCO phase.
thermally activated flux flow (TAFF) over an average energy The main difference between the present sample and the ear-
barrier U. In the simplified model, first proposed by 16er onei is that better temperature control was achieved
Anderson, ',2 U is assumed to vary linearly with the current during processing of the present sample, and the microstruc-
density J. In general, however, a number of different com- tures of the two sdmples are very different. The earlier
peting mechanisms govern the interaction of flux lines and sample contained areas of inclusion-free single crystal 123,
defects. 7  but containing paralk.! arrays of microcracks. During the

A number of articles have proposed varying forms of rapid reheating of the earlier sample, there were temperature
U(J), resulting in magnetization relaxation with time that oscillations above 1150 °C by as much as 25 'C. The oscil-
obeys a logarithmic law,2 a power law, 4 or an exponential lations occurred during the first minute of reheating. The
law.5 These analytical expressions can describe well the ex- higher temperature may have caused dissolution of the 211
perimental data over a limited time window. Our various particles in the melt. In contrast, for the present sample the
YBCO samples show dependencies of M[(ln t)] that deviate temperature did not exceed 1150 *C and although it contains
from straight lines at long times. More complex models, such
as the collective pinning (CP) theory of Fiegel'man et al.8 9  porous regions, 211 and CuO inclusions, it has inclusion-freeS single crystal 123 regions which aie not microcracked.
and the vortex-glass (VG) theory of Fisher et al.,10 predict an

interpolation formula of the form

M(t)=M(O)[1. + (tkT/Uo)ln(t/t 0)]"- . (1)

Phenomenologically, this implies a potential barrier of the EXPERIMENTAL METHODS
form

Measurements of the isothermal magnetization M were
U(J)= (Uo/1)[(J,/J) ' - 1], (2) carried out for a set of temperatures T between 10 and 70 K

where U0 and J,0 are, respectively, temperature dependent using superconducting quantum interference device
barrier height and critical current density in the absence of (SQUID) magnetometry. The samples were first cooled to
flux creep. The value of the exponent p, is controversial. Its the measuring temperature in zero magnetic field (ZFC). A
value has been reported to vary from 0.2 to 2.5, and others magnetic field of 0.4 T was then applied, and the magnetiza-
have even reported it to be dependent on temperature and tion, M(t), was recordcd as a function of time. Measure-
applied field.' - 15  ments of the decay of the remanent magnetization Me m were

In the study reported here, we have investigated the pin- also carried out, but are not reported in this article. The re-
ning mechanism by measuring the kinetics of magnetization sults for Mrem were similar to those obtained for the ZFC
in a crystalline sample of YBa 2Cu307_ x (YBCO or 123) procedure.
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FIG. 3. The time vanation of the normalized logarithmic rate, ISI, for vari-
FIG. 1. Decay of zero-field-cooled magnetization vs time for T=40 K and ous temperatures.
H=0.4 T (lower figure). Squares represent data and the dotted line is the fit
using Eq. (1), with A=7/9. The top figure shows the residuals between the
data and the fit.

The VG and CP models fit the data quite well over the

RESULTS AND DISCUSSION entire measured time range. Results obtained by fitting the
data to Eq. (1) (see Fig. 1) indicate that A lies between 0.7 to

A typical result of the decay of the magnetization M 0.9 in the temperature interval 10-70 K, similar to the values
versus time at T=40 K and H=0.4 T is displayed in Fig. 1. observed by Ren and de Groot 14 for a flux-grown YBCO
This curve (and the curves at all the other temperatures) single crystal which is described as being heavily twinned
shows deviations from a logarithmic law or an exponential and containing many defects. In contrast, for highly proton-
law at the long times (1.4-t-<400 ks). The normalized loga- irradiated YBCO single crystals,tt and for melt-textured
rithmic rate S=jd[lnM]/d[ln t]l versus temperature is shown samples of YBCO Ref. 20, A was found to be 0.5 at T= 10
in Fig. 2, for a time of =1.4 h after the field was turned on. K, reach a peak of 1.4 at T=30 K, and then dtop back to a
The time variation of ISI is shown in Fig. 3. The sample is low value at T=60 K.
small enough for complete field penetration (verified by The VG theory of Fisher et al. predicts that A is a uni-
Meissner measurements) and the values of S are a suitable versal exponent less than 1. The CP model of Fiegel'man
measure to compare the pinning properties of different crys- et al. assumes weak pinning and proposes three different re-
tals. For most YBCO samples, there is a universal curve in gimes of current density J and thus three different values of
which ISI values attain a plateau within the range of 0.022 to A depending on the flux bundle size. In the three dimensional
0.038 (shaded area of Fig. 2) for the temperature interval case, A= 1/7 for the high current region, A=312 for interme-
-30-60 K.18 Crystals containing only small defects show a diate J, and A=7/9 for much lower J values. The values of A
low and constant S with temperature. By comparison, our obtained for our QMG sample have an average value near
QMG sample has a plateau with a high value of S-0.05 7/9 for 10-<T--70. Assigning a A value from 0.7 to 0.9 does
which lies outside the universal plateau curve. A high value not significantly affect the goodness of fit (correlation coef-
of S is usually associated with the existence of extended ficient r2 _0.998) for any of the temperatures. We therefore
defects.t9 analyzed all of our data for a fixed value of 7/9. This value of

g. is consistent with the VG and CP models associated with
large vortex bundles. QMG samples can be considered as

00 -- nearly bulk superconductors with weak links. 10 The pinning

0061 0.4 tesla energy, U0 , obtained from our fits is approximately constant
-at 0.043 eV for the temperature interval 10 to 30 K, and rises

005- to over 0.1 eV at 70 K. This behavior is different than that
found3,21 for single crystals where U0 continued to decreaseas the temperature was lowered below 30 K.00o. 

In summary, we have measured the magnetic relaxation

S002 - of a QMG-processed YBCO crystal. We have found that CP
and VG models fit our data quite well. The value of p is

II Ocontroversial, with the different A values found in the litera-

0 26 4 6 8ture appearing to depend on the technique of measurement

Temperature, K and method of sample preparation. The data obtained here
over a wide temperature range from either M(t) and M,,.(t)

FIG 2. Normalized logarithmic rate S=ld[ln(M)l/d[ln(t)]I vs temperature, is in agreement with A= 7/9 for our sample, as predicted by
evaluated at t =5 ks The shaded area represents data obtained from Refs. 17 the collective pinning theory, and is consistent with the VG
and 18 model for large vortex bundles.
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Surface barriers and two-dimensional-collective pinning in single crystal
Nd1.85Ceo.15Cu04_6 superconductors
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We report detailed magnetization studies on a single crystal Nd1 .85Ce 0.15CuO4 _8 superconductor in
the magnetic field rarallel to the c-axis direction. Two characteristic peaks are observed in the
magnetization data, corresponding to surface barriers and two-dimensional (2-D) collective
pinnings. The critical currents corresponding to the maximum and minimum widths in the hysteresis
loops increases with decreasing temperature exponentially. We propose that the fishtail
magnetization in this compound is due to the presence of a surface barrier and the pinning of
collective 2-D vortices. The initial peak in magnetization is due to the presence of Bean-Livingston
surface barriers and the larger peak in M at higher H corresponds to 2-D pinning.

The study of vortex pinning in the high T, cuprate sys- the first regime, the magnetization decreases linearly with the
tems is of great interest in terms of both fundamental physics field initially (the Meissner state); in the second regime, M
involved and application of these materials as current- increases sharply toward zero from the Meissner state and is
carrying devices. One of the many interesting features ob- followed by an almost constant magnetization for 50 G<H
served in these compounds is the so-called fishtail <100 '3; in the third regime, M decreases again with in-
magnetization.' The critical current defined as the width of a creasing H, followed by an eventual increase to almost zero
hysteresis loop at a given temperature increases with increas- with an increasing field. In the field descending branch, three
ing field. This effect has been observed in several high T, field ranges with almost-mirror-imaged magnetization are
materials, including YBCO, BISCO, and a TI compound.1- 3  observed. However, in the corresponding second regime, the
However, the mechanism for this behavior is still controver- magnetization is almost zero, rather than a constant, as seen
sial. in the field increasing direction. At low field, the magnetiza-

In this work, we report extensive magnetic measure- tion increases monotonically with the decreasing field.
ments performed on a low T, single crystal At a lower temperature, T= 13 K, as shown in Fig. 1(b),
Ndl 85Ce 0 15 CuO4 _ 6 superconductor. The magnetization (M) the magnetization curve is somewhat different from that of
measured as a function of field shows a similar fishtail char- 17 K. The maximum sweeping field is increased to 1 kG. The
acteristics in Hjjc-axis direction. At high temperatures, M is relatively sharp peak in the third regime in Fig. 1(a) is re-
nearly zero for a certain range of fields in the descending placed by a broader M(H) dependence at this temperature.
branch of a hysteresis loop. At low temperatures, pinning The magnetization in the second regime in the field descend-
becomes increasingly important. The critical currents defined ing branch remains close to zero, followed by increasing M
at the minimum and maximum widths of tile magnetization at a lower field. At very low temperature T=7 K, shown in
loop can be well fit with an exponential temperature depen- Fig. 1(c), the differences are more pronounced. The magne-
dence, J,=J0 exp(-TITO). We propose that the anomalous tization at field up to 2 kG is very broad. In the descending
fishtail magnetization is due to surface barriers and pinning branch, the minimum M is finite rather than close to zero.
of the collective two-dimensional (2-D) vortices. To quantify the anomalous field dependence of the mag-

Single crystals of Nd1 85Ceo 5CuO4 _,5 are grown using a netization, we define several characteristic parameters. For
directional solidification technique. 4 Several crystals are used each hysteresis loop, there are two well-defined critical cur-
in the measurement, with average dimensions of l X0.02 rents. One critical current Jmax corresponds to the maximum
mm. Extensive measurements were made on one crystal with width at Hmax in the third regime. The other Jm,n can be
a T, of 21 K. The magnetic transition width measured at 1 G defined, corresponding to the minimum width in the second
with zero-field cooling is about I K. Measurements are per- regime. The critical current can be obtained by using the
formed using a Quantum Design magnetometer with low standard expression J =AM/(2r) where
field options. After de-Gaussing and magnet resetting AM = IM-(H)-M+(H)I and r is the effective radius of the
(quenching), the remanent field is typically 5-10 mG. Mea- specimen. In the following discussion, we will use JoAAM
surements reported here are for the Hlic-axis configuration. and obtain the temperature dependence of J from AM di-

Shown in Fig. I are magnetic hysteresis loops taken at rectly. The temperature dependence of these two widths are
constant temperatures, T= 17, 13, and 7 K, respectively. The plotted in Fig. 2. The solid lines are fits to the expression of
overall shapes are similar to each other, but some differences J =J0 exp(-T/TO), where J0 is the zero temperature critical
are clearly visible. At T= 17 K, shown in Fig. l(a), the mag- current and 1/7"0 is the slope of the fit. The values obtained
netization loop forms a complete fishtail. Three characteristic for To are 4 and 2 K for maximum and minimdm width,
regimes are clearly observed in the field ascerding branch. In respectively. The zero temperature critical values are the
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FIG. 1. Magnetization hysteresis ioop at (a) T= 17 K; (b) T=13 K, and (c) each other in both branches. The temperature dependence of
T=7 K in the Huec-axis configuration. H , is plotted in Fig. 3. At high temperature, H, increases

with decreasing T; at lower temperatures, H, tends to satu,
rate. The solid line is a two-variable fit to

same within the experimental errors. The inset shows the Hx=HX(0)[l -(TI7') 2 1. The fit gives a H(O)=440 G and
temperature dependence of the maximum peak field. The T,=21 K, which is exactly the same as the T, determined
solid line is a fit to lnHm,j=lnH 0 -T/Tl, with H0=3 kG from magnetic and transport measurements. The same T, is
and T1=7 K. obtained from a linear extrapolation of the high temperature

The crossover from the minimum to maximunt magneti- data.
zation can be characterized by a crossover field H., when M The exponential temperature dependence of J is of inter-

est here. The result is consistent with a general coillective
pinning theory, with the current near its critical state.' The
theory predicts a nonlinear logarithmic time decay of the

-3 current density, jQt)=j,[1+(AtTIU,)ln(l +tlto)]11I", where
j, is the zero temperature critical current, U, is the barrier
i 7 - height, is the experimental measuring time, and i /to is a
characteristic frequency. In a typical SQUID measurement,

-5a t100 s and 0nion-10. In the single vortex pinning regime,

.~6 - 1//.t 7 and ji(t)=j, exp(-TTo), with To=UIln(tPfo). The
T=7 ieexponential dependence is only expected when ince. If

E -6 4 6 8 10 12 14 16- jj the current density has a power-law dependence on
r(K) temperature, j(so-j(TU,)lin(tt0)Pt 1". We have also tried

.9m -7 - to fit the critical currents with the power-law dependence; we
of obtain the exponent l/t to be 2 and 3.8 for dJrmax and Jmin,

s 8 0 respectively. However, it is noticed that power-law fit is not

o AM as good as that of exp(-TiTo).
T os Mmi The collective pinning theory predicts tm u=7 in the

9 an bsingle vortex regime; in the small vortex bundle regime;
and h in the large vortex regime. It has been proposed re-

-0j cently that the fishtail magnetization is due to the crossover
of different pinning regimes The small M is due to the fastT(K) relaxation of single vortices, and large M is due to slow

FIG 2. In AM as a function of temperature for both AM., and AM relaxation in the vortex bundle regimes. However, our data
The lines are fits to In AMt=n AM 0-TITO The inset is a plot of In Hm. clearly indicate lack of correspondence in the exponents /L
vs T and the line is a fit to Inllm/lnHo-TIT, with the theory. The discrepancy suggests the inadequacy of
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applying the model to explain the fishtail shape of magneti- they are inside. Magnetic relaxation is determined by the

zation. combination of surface barriers and single vortex line pin-

The anomalous magnetization can also be derived from a ning. At high field, the collective pinning lengths in the plane
model where the order parameter is reduced substantially at Lab increases with field. If Lab is greater than the Josephson
the high field. For example, a region of lower Tc phase can length, the motion of vortices will be dominated by 2-D coJ-
become a strong pinning site once the external field is of lective pinnings. The collective pinning will increase the
order of H,2 of that low T, phase. This can be realized in the number of pinning centers, thus, the pinning energy and the
YBCO system, where T, depends strongly on local oxygen effective critical current. Measurements of magnetic relax-
stoichiometry. In the low Tc Nd1 85Ceo.15CuO4_8 compound, ation as a function of field at a given temperature confirms
T, does not change appreciably with oxygen content. The the different relaxation mechanisms at different fields.7 We
local T, fluctuation model is not appropriate here. This pie- attribute the rising of magnetization at high field to large
ture is supported by the temperature dependence of the cross- collective pinning of 2-D vortices and their slow relaxation
over field Hx If the large peak at high field were due to from a critical state.
another lower Tc phase, H, should be of order of He2. The In summary, we have reported detailed magnetization
temperature dependence of H, would determine the Tc of studies on a single crystal Nd1 85Ceo.15CuO4._ superconduc-
this phase. In this case, the fitted T, being exactly the same tor. The magnetization in the H parallel to c direction shows
as that of the bulk T, indicates the absence of spurious low the anomalous fishtail field dependence. The temperature de-
Tc structures in this crystal. The temperature dependence of pendence of characteristic critical currents Jnun, Jmax, and
peak field Hmax is in sharp contrast with the "lattice match- the crossover field II, rules against the 3-D collective pin-
ing" model, where a peak in M occurs when the vortex ning model, as well as the oxygen deficiency model. We
density is matched with that of defects. However, in this suggest that the fishtail magnetization is due to the combined
model the peak field should not change with temperature. effect of surface barriers and collective pinning of 2-D vor-
The exponential T dependence of Hm excludes the lattice tices.
matching effect.

We propose that the fishtail magnetization is a result of
surface barriers and the pinning of correlated 2-D pancakes. 1 M. Daeumling, J. M. Seuntjens, and D. C. Larbalestier, Nature 346, 332
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Phys. Rev. B 45, 4916 (1992); G. Yang, P. Shang, I. P. Jones, J. S. Abell,

nature is very important here. The minimum magnetization and C. E. Gough, ibid. 48, 4054 (1993); M. Xu, D. K. Finnemore, V. M.

in the second regime is due to the combination of surface Vinokur, G. W. Crabtree, K. Zhang, B. Dabrowski, and D. G. Hinks, ibid.

barriers and fast relaxation of single vortex lines. The in- 48, 10 630 (1993); Y. Yeshurun, N. Bontemps, L. Burlachkov, and A.

creasing magnetization with increasing field is due to the Kapitulnik, ibid. 49, 1548 (1994).2N. Chikumoto, M. Konczykowski, N. Motohira, and A. P. Malozemoff,
slow relaxation and large pinnings of correlated 2-D vortices. Phys. Rev. Lett. 69, 1260 (1992).

The presence of surface barrier is evident from high tem- 3 L. Krusin-Elbaum, L. Civale, V. M. Vinokur, and F. Holtzberg, Phys. Rev.
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5G. Blatter, M. V. Feigel'man, V. B. Geshkenbein, A. 1. Larkin, and V. M.

direction is consistent with a surface barrier model, where Vinokur, "Vortices in high temperature superconductors," Rev. Mod.

4irM = H - jH2 -H for B >Hp .,9 At low T, finite Phys. (in press).

pinning has to be considered to evaluate M. The penetration 6 M. V. Feigel'man, V. B. Gechl.enbein, and V. M Vinokur, Phys. Rev. B
43, 6263 (1991); M. V. Feigel'man, V. B. Geshkenbein, A. 1. Larkin, and

field ep increases with decreasing T. The data can be fit with V.M. Vinokor, Phys. Rev. Lett. 20, 2303 (1989); T. Nattermann, ibid. 64,Hp=Ho exp(-T/To). 71he result implies that the magnetic 2454 (1990).1
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flux lines. At small field, v 'ices penetrate the surface bar- 49, 12 326 (1994); F. Zuo et al. (unpublished).
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[Jo
On vector generalization of the critical state model for superconducting
hysteresis

: I. D. Mayergoyz
Department of Electrical Engineering and Institute for Advanced Computer Studies, University of
Maryland, College Park, Maryland 20742

The critical state model for superconducting hysteresis is based on an analytical study of the
penetration of electromagnetic fields into hard superconductors. In the literature, this study has been
carried out for linear and circular polarizations of electromagnetic fields. In the paper, the attempt
is made to extend this study to arbitrary electromagnetic field polarizations, which can be treated as
perturbations of circular polarizations. Another distinct feature of our work is that this extension is
carried out for gradual resistive transitions described by the "power law."

Most of the literature on the critical state model is con- polarized plane wave. By using the Maxwell equations, we
cemed with scalar superconducting hysteresis. This is be- find that the distribution of electric field in half-space z>0 is
cause the study of vector hysteresis requires the investigation governed by the following coupled nonlinear partial differ-
of penetration of electromagnetic fields into superconductors ential equations:
for the case when these fields are not linearly polarized. This
is a very difficult analytical problem that requires the solu- a2EX aJx(Ex ,Ey) a2E aJ(Ex ' (4)
tion of coupled nonlinear partial differential equations. This a at ' *z at '

problem has been solved only for circular polarization in the
case of ideal (sharp) resistive transition, 1 as well as in the subject to the boundary conditions

case of gradual resistive transition2 described by the "power dE,
law" (0, t) =- OHr m[) cos(Wt +Y) +ef, (t)l (5)law." Oz"

In this paper, we consider vectorial polarizations of elec-
tromagnetic fields that can be treated as perturbations of cir- AF (
cular polarizations. We also consider gradual resistive transi- d"-i
tions that are usually described by the following "power
law:" Ex(-O) = Ey(c) = 0. (7)

E= (J/k)" (n> 1). (1) Next, we shall look for the periodic solution of the boundary

Here E is an electric field, J is an electric current density, value problem (4)-(7) in the following form:

and k is some parameter that coordinates the dimensions of Ex(z,t)=E°(z,t)+ eex(z,:),
both sides in Eq. (1). (8)

In the vectorial form, the power law can be written as Ey(z,t)=E"(z,t)+ iee(z,t).follows:
By substituting expressions (8) into Eqs. (4) and boundary

Jx= k( V/EY,) I/n- 'Ex, Jy = k( 1ITEy) /f- iEy. conditions (8), and equating the terms of like powers of e, we
(2) arrive at the following boundary value problems for E0, E0

The exponent "n" is a measure of the sharpness of the and ex, ey:
resistive transition and it may vary in the range 4-1000. At d2E' _ Jx(EOEy) 2E o o Jy(EoE )
first, the power law was regarded only as an empirical de- -i-y = /Ao at A = o t 
scription of the resistive transition. Recently, there has been a
considerable research effort to theoretically justify the power 0
law. The related discussion can be found in Refs. 3-5. In this -Z (0, t) = - Wo!oHm cos(wt+ y),
paper, the power law is used as a constitutive equation for (
hard superconductors. aE0  (10)

To start the discussion, consider a plane electromagnetic (0, t)= - WooHm sin(wt+ y),
wave penetrating superconducting half-space z>0. The mag- Z
netic field on the boundary of this half-space is specified as Eo(oo)=Ey(c)=0, (11)
follows:

and
Hx(o,t) =Hm[cos(wt+ y)+ efx(t)],

(3) a2ex a (taJ o J
Hy(O,t) =Hm[sin(tot+ y) +.efy(t) ] , at aE (EO,Eo)ex+ -i (E0 ,E)eyJ, (12)

where e is some small parameter, while f,(t) and fy(t) are

given periodic functions of time. It is apparent that this plane 2 aey a ( aJy o J o (13)
wave can be construed as a perturbation of the circularly - t =  (ExE)e+ - (Ex ,
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,; (t) O pey(z,t) = e(z, t) +iey(z' ,)

! (0, t)=-AoHrafy(t), dez (0't)=/,OHf.t'(t'(4
axdZ(14) ip(z,t) = e.,(z,t ) - tey(z,t ) .  (4

Th e (0 ) =i. t() By using these state variables, and some simple transforma-
tions, we can represent Eqs (22) and (23) in the following

The boundary value problem (9)-(11) describes the penetra- form:

tion of a circularly polarized plane wave into the supercon- d2 Z - -2ducting half-space. The solution of this problem has been (P 1-no~ d 1-+
found in Ref. 2. For the case when the initial phase, y, is 2n L n
such that the initial phase of E° on the boundary (z=O) isz

equal to zero, this solution is given by the following expres- + z --- | e 2 t l, (25)
sions: Zo ]

E°(z,t)=Em 1- -- cod2t 0()] (16 01 1 -n zZa ( )2 '0 l + n

Zo/ 0-/LOZ r -Tn 1 J - o t 1-

EO(z,t) =Em 1- - sin[twt+ O(z)], (17) + 1- -- e-mw'qp]. (26)YZo! Zo/I

4 /2n(n+ 1)(3n+ 1)2 Assuming that functions fx(t) and fy(t) in boundary condi-
Z0  _,.n-1/ - (18) tions (14) are function of half-wave symmetry (the case thatis usually of the most practical interest), we conclude that

0(z) a" ln(1 -Z/zo), (19) e/(z,t) and ey(z,t) will also be the functions of half-wave
symmetry. For this reason, we will use the following Fourier

2n = 2n(n + 1) series for p(z,t) and /(z,t):a' = all=. (20)
n-1 n-1 '

and Em can be found from the equation V(z,t)= I (2k+l()e 2  ) , (27)
k

= 
-0

Hm= Ia' a . (21)
O 0 Z0  E2(z,t)= E IlP2klI(z)e2  ) . (28)

By substituting (16) and (17) into Eqs. (12) and (13) and by k-co
using expressions (2), after simple but somewhat lengthy It is clear from (24), (27), and (28) t 'at
transformations we arrive at tfe following equations for e,
and ey: k,+I(z)=V2k -(z), 2k k+I(z)=V2k_,(z), (29)

d2e.(zt) ( 1 2 a [(1 +n where the superscript ""'means a complex conjugate quan-

By substituting (27) and (28) into (25) and (26), and by
1-n equating the terms with the same exponents, after simple

+ - cos[2wt+20(z)] ex(Zt) transformations we derive

-j- sin[2tot+20(z)]ey(zt) (22) 1- z d2WZ7_

a2e y(zt Z z2a" (30)

Z 2d 1n zI 'd R=AO - -'-sin[2t+20(z)]ex(z,t) -

+n n- cos[2wot+20(z)] ey(z,t)]. (23) =z2k-.IalP2kI + (i -)

Equations (22) and (23) are coupled linear partial differential
equations of parabolic type with a variable in time and space (k :0,-± 1, ±2,...), (31)
coefficients. We would like to find the periodic solutions of where we have introduced the following notations:
these equations, subject to the boundary conditions (14) and
(15). To this end, we introduce new complex valued state 1 +n 1-nvariables: -n X2k+l= n
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Thus, we have reduced the problem of integration of partial Z 2
differential equations (25)-(26) to the solution of infinite set I2k- 1(z) 2k-1 --

of ordinary differential equations with respect to Fourier co- Z0 I
efficients 4 2k+ and O k-1. The remarkable property of these ) Z /f2-i2a"

simultaneous equatik..;s is that they are only coupled by +B--(2)-1-- , (40)

pairs. It allows one to solve each pair of these coupled equa-
tions separately. After 92k+j and O2k- I are found, we can where, for the sake of notational simplicity, we have omitted
compute (p(z,t) and /(z,t), and then e,(z,t) and ey(z,t). the dependence of /31 and P, on n and k.

Another simplification is that according to (29) it suffices to From boundary conditions (14) and expressions (24) and
solve coupled equations (30) and (31) only for non-negative (34), we obtain the following equatiois for AWd) 1 , AJ)+1,
values of k. B k-

1, and B ?. 1:

We shall seek a solution of the coupled equations (30) (O ) (2) _ , •

and (31) in the form (41)

z (1i0- i2a")zoB(. 1 )+ (f/2- i2a")z0 B(2)l

(P2k+1(z)=A2k+1(1- 

2 

,

) = oHm( -fy,2k-1-'fx,2k- ), (42)

(33) (/1- /l - iX2k+ iZa)A 2+- iX 2 k+ 1 ZoBD k=0, (43)
02k-1:=B2k-1 1--Z0-k!I 

k
ZO/  ('82_ ZiXk 2 a)A(2) i42k+1 (2) =,(4

2 24kl oa0 2k+1- XklB2k-lO (4

By substituting (33) into (30) and (31), we end up with the where fx,2k+ 1 and f;,2k+ are complex Fourier coefficients
following simultaneous homogeneous equations with respect of f" and f .
to A2k+l and B2k-l: By solving simultaneous equations (41)-(44), we can

find coefficients ak. , A k)+1 , B k. , and B 2)_I.Then, by
iX2k+ za)A2k+1-iX2k+14B2k-l--0, (34) using (39), (40), (27)-(28), and (24), we can determine per-

turbations e(z,t) and ey(z,t), which, in turn, can be used in
iX2k-lZIA2k+l + [(3-i2") 2-(/-i2a") (8) to compute the total electric field.

-iX -1z~a2]B2k- O. (35) In conclusion, consider the particular case when
fxXk-t)=cos-=0 (3,5)si tt (5

The above homogeneous equations have a nonzero solution f(t)=cos w, fy=sin wt. (45)

for A2k+I and B2k-I if and only if the corresponding deter- This case corresponds to elliptical polarization of the inci-
minant is equal to zero. This yields the following character- dent field. It is easy to see that in this case, the right-hand
inti equatoh fol c sides of Eqs. (41) and (42) are equal to zero for all k except

istic equation for /3: k = 1. This means that only first and third harmonics are not

(3 2 - -i~kJZ2+aa)[( ,,-i2a")2 -(f-i2a") equal to zero. We have reached this conclusion, because wehave considered only first-order perturbations with respect to
_iX2k_1Zoa]+ 2k+1X2k-1Z00. (36) e. If we consider higher-order perturbations with respect to E,

we shall recover higher-order harmonies of the electric field.
From the purely mathematical point of view, it is re-

, (2k+ 1)(3n + 1)(n + 1) n markable that the solution of coupled equations (22)-(23),
X2k jz a (n - 1)2 2n (37) corresponding to the boundary conditions (14), (15) and

(45), contains only the first and third harmonics. Probably,

(4k 2 - 1)(3n + 1)(n + 1) n this is because the coupled PDE's (22) and (23) have inher-
I4k (n-1)2 _ [+. ited some symmetry properties from the unperturbed prob-X2k+ IX2k- Z12 N(n- 2 (3 lem, corresponding to the circular polarization of the incident

(38) wave.

From the last two expressions, we conclude that the coeffi- Finally, we note that in the limiting case of n -oo, we
cients of the characteristic equation (36) depend on the ex- obtain from the presented formulas the distribution of elec-
ponent, n, of the power law and k. Consequently, the roots of tromagnetic fields for ideal (sharp) resistive transition.
this equation also depend only on n and k. It can be proven ACKNOWLEDGMENT
that the above characteristic equation has two roots 831(n,k) The reported research is supported by the U.S. Depart-
and P2(n,k) with positive real parts. After these roots are ment of tnergy, Engineering Research Program.
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Proximity effect in MBE-grown superconducting/spin-glass multilayers

Carlos W. Wilks, Brad N. Engel, and Charles M. Falco
Department of Physics and the Optical Sciences Center, University of Arizona, Tucson, Arizona 85721

We have grown epitaxial superconductor/spin-glass multilayers, Nb/CuMn, as well as
complimentary nonmagnetic Nb/Cu multilayers by molecular beam epitaxy. To probe the interaction
of superconductivity and magnetism, we measured the resistivity and ac susceptibility as a function
of temperature for multilayers of nominally constant Nb thickness and varying normal-metal
thickness. The reduction of the transition temperature of the Nb/Cu multilayers with increasing Cu
thickness is in excellent agreement with the de Gennes-Werthamer proximity effect theory. The
inclusion of Mn in the Cu causes a significant additional suppression of the transition temperatures
relative to the Nb/Cu multilayers. The extension of the de Gennes-Werthamer theory to include the
effects of random magnetic impurities agrees well with the data from the Nb/CuMn multilayers for
small CuMn layer thicknesses. However, deviations occur at the largest CuMn thicknesses studied.
These deviations between the data and theory may be due to a decoupling of the Nb layers, as a
result of the spin-glass ordering, causing a three-dimensional to two-dimensional crossover.

I. INTRODUCTION II. EXPERIMENTAL PROCEDURES

The coexistence of superconductivity and magnetism has The multilayers were grown in a Perkin-Elmer 433-S
been the focus of many studies over the years, because mag- N:BE system with a base pressure of --5× 10-11 Torr. In situ
netism is, in general, detrimental to the superconducting reflection high-energy electron diffraction (RHEED) and
state. Nonetheless, ferromagnetism and antiferromagnetism low-energy electron diffraction (LEED) were used for struc-
have been shown to coexist with superconductivity. 1' 2 Super- tural characterization. The Nb and Cu are deposited using
conductivity can also coexist with spin-glass materials in separate electron beam guns, while the Mn is deposited from
which the localized impurity spins interact through the con- an effusion cell. The multilayers are grown on Si(lll) wa-
ductiun electrons. Below the spin-glass freezing temperature, fers. The wafers are first dipped in a 2% HF acid solution
the spins can be considered frozen in the random direction of and then immediately annealed to 850 'C in the MBE sys-
the local magnetic field instead of forming any long-range tem. RHEED is performed on the substrate to check the qual-
magnetic order. ity of the resultant 7X7 Si(l1l) reconstruction. The recon-

While most of the work to date on the interaction of struction is a good indication of a high-quality impurity free
been on bulk alloys surface. We then grow a 40 A epitaxial fcc Cu(lll) bufferwimagneti m psurcsuctiviot r has blayer on the Si wafer once it has cooled to room temperature.

with magnetic impurity substitutions, there has been some ThbufrlyrianesaysedogowccN(1)

more recent work on artificial structures, namely, The buffer layer is a necessary seed to grow bcc Nb(0).
multilayers. 3 To date, the majority of the superconducting/ Using this technique, the Nb and the Cu layers grow epiaxi-

ally with their densest packed planes parallel to the substrate.magnetic multilayers have been fabricated in high vacuum RHE isainepoddrngterwhofheb r

system (17 8 Tor sn pteig lcrnba, RHEED is again employed during the growth of the bullersystems (10-7-10 - 8 Tort) using sputtering, electron beam, layer to monitor crystal quality.

and/or thermal evaporation. Our work utilizes molecula lyrtomnorcsalqli.bamd/ortal (MBEtevaporatiqu work1 2 rt)li moder During all depositions, the substrate is rotated at 10 rpm
beam epitaxy (MBE) techniques (10110i2 Tor) in order about its normal to enhance the uniformity of the films. The
to fabricate high-quality multilayers with improved proper- pressure in the MBE system during the multilayer deposition
.,es. is in the 2-5 X 10- 9 Torr range. The Nb is deposited first at a

We chose to study the interaction of magnetism and su- rate of 0.6 A/s followed by a Cu deposition at a rate of 0.3
perconductivity in the Nb/CuMn multilayer system, where A/s. For Nb/CuMn, the CuMn layers are formed by a
CuMn is a well-studied spin-glass system. Due to finite size codeposition of Cu at a rate of 0.3 Ais and Mn at 0.021 A/s,
effects, 4 the spin-glass freezing temperature, Tf, where the resulting in a spin-glass having seven at. % Mn. Again, we
magnetic moments locally align, scales with the thickness of use RHEED to probe the top surface of the multilayer to
the CuMn film. The Nb transition temperature also depends confirm epitaxial growth. All the multilayers consist of ten
on film thickness, decreasing from the bulk value as the film bilayers, in which the thickness of the Nb layers was con-
thickness is reduced. These two effects allow us to tailor the stant at nominally 230 A and the normal-metal thickness was
multilayer system, such that either T, or Tf is higher. This varied. The actual layer thicknesses of each of the multilay-
allows the interplay of the two phenomena to be studied. ers was Jetermined from the Rutherford backscattering spec-
Work on sputtered Nb/CuMn multilayers has been recently troscopy (RBS). In Table I, we present the measured layer
reported.5'6 We have also deposited the complementary thicknesses, the expected spin-glass freezing temperatures
Nb/Cu multilayer system as a nonmagnetic baseline refer- and the measured multilayer transition temperatures for this
ence for comparison. series of multilayers.
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TABLE I. Multilayers design parameters. 14-

d, (A) d. (A) Tf (K) T, (K) 12- Nb(110)

Nb/CuMn 232 3.3 2.6 8.57
220 7.25 5.1 779 0 10
245 9.6 6.1 7.59 0

217 19.6 11.4 5.69 X 8

223 29.2 15.2 4.69 0
239 53 20.2 4.62 6

231 84.3 23.8 4.53 'n
230 106.5 26.7 4.85 4-

Nb/Cu 278 8.4 9.19 C

257 24 8.93 2 Cu(111)
247 61 8.49 0 j ,

38 40 42 44
(a) 26 (degrees)

Low temperature measurements were performed using a

charcoal-pumped 3He cryostat. Both the resistance and the ac 10°

susceptibility measurements were simultaneously measured
using ac lock-in techniques. A calibrated Ge thermometer in 1
close thermal contact to the samples was used to measure the
temperature. The superconducting transition temperatures of 10.2.

the multilayers are determined upon cooling from the onset
of the susceptibility transition. >

~10-
III. RESULTS AND DISCUSSION lO.

High and low angle x-ray diffraction are performed on

each multilayer. From the high angle x-ray diffraction scans, 10"5

we find the Nb grows in the (110) orientation, and the Cu or
CuMn grows in the (111) orientation, as expected. We 10 " 

-___4

present, in Fig. 1(a), the high angle x-ray scan, and in Fig. 0b1 2 3g4
l(b), the low angle x-ray scan for a Nb(239 A)/CuMn(53 A) (b) 20 (degrees)
multilayer. The high angle scan is representative for all the FIG. 1. (a) High angle and (b) low angle x-ray scans of the No(239 A)/
multilayers made. From the peak positions in the high angle CuMn(53 A) multilayer.
scans, we find the Nb lattice constant is compressed by less
than 2% relative to bulk Nb, while the Cu lattice constant is
expanded by less than 1% relative to bulk Cu. Low angle As a verification of our Nb film quality, a thick Nb film
x-ray diffraction was also performed as a check on the was grown and T, determined. For an 860 A Nb film grown
multilayer quality and to obtain an additional measure of the on a 40 A Cu buffer layer, T, 9.27 K, in good agreement
bilayer thickness. This vlue was then compared to the re- with the transition temperature of bulk Nb. Thus, we can rule
sults obtained from RBS. Muhilayer Bragg peaks are seen in out the possibility of localization effects l ° and lifetime
the low angle scans for multilayers with a Cu or CuMn thick- broadening of the density of states" as a cause of the reduc-
ness of 9 A or greater. Fitting of the low angle x-ray scans to tion in Te in our multilayers.
a Fresnel-type optical model yields values for the interfacial In Fig. 2, we show the transition temperature of our
roughness of less than 8 A. This agrees well with the maxi- multilayer series as a function of normal-metal thickness.
mum top layer roughness, as determined by atomic force The upper data set (squares) is for the Nb/Cu multilayers,
microscopy. while the middle set (diamonds) is for the Nb/CuMn series.

The relevant theory to describe the superconducting Applying the de Gennes-Werthamer theory to the Nb/Cu
properties of our Nb/Cu multilayers is the de Gennes- multilayers yields excellent agreement between the measured
Werthamer 7 theory. It applies to the case when the materials and calculated values fof' Tc with no adjustable parameters.
in the superconducting/normal-metal sandwich are in the The calculated values are within 0.02 K of the measured Tc
dirty limit. This theory requires the coherence length, ,, of values for all three of the Nb/Cu multilayers. The inclusion
each material be smaller than the layer thickness, d,, and the of Mn in the Cu layers causes a dramatic decrease of the
mean-free paths, 1t, of each material be smaller than the transition temperature of the Nb/CuMn mu!tilayers, as ex-
coherence length. The extension of this theory to include pected for these magnetic atoms.
magnetic impurities in the normal metal was done by H,,user, When a dilute concentration of randomly oriented and
Theuerer, and Werthamer.8 The equations that relate iie distributed magnetic moments are included in the normal-
physical parameters of the individual materials to the transi- metal, the equation relating T, to the relevant physical pa-
tion temperature, T,, of the multilayer are given in I he paper rameters is modified by the inclusion of an electron relax-
by Banerjee. ation time due to the magnetic pair breaking. Strictly speak-
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10 decoupling the Nb layers is expected. Further work is needed
9N I~ to determine if the deviations from the theory are a result of
.- * Nb/CuMn a dimensional crossover or are driven by the spin-glass or-

8 x theory dering of the CuMn. Parallel critical field measurements are
7- now underway to investigate at what normal-metal thickness
6- the three-dimensional to two-dimensional crossover takes
5 place.

X IV. CONCLUSION
0-3-

2- We have grown epitaxial spin-glass/superconductor mul-
.2- 'tilayers of Nb and CuMn, as we' as 4e nonmagnetic Nb/Cu

I - Xmultilayers using MBE. The suppression of T, for the Nb/Cu
0 .. . .. .. multilayers is in excellen agreement with the de Gennes-

0 20 40 60 80 100 120 Werthamer proximity effect theory, without the complication
normal metal thickness (A) of localization or lifetime broadening of the density of states.

At small CuMn thicknesses, the additional depression of T,
FIG. 2. Transition temperatures of the multilayers as a function of normal- caused by the inclusion of Mn in the Cu can be described by
metal thickness. the extension of the de Gennes-Werthamer theory for ran-

dom magnetic impurities. The data and theory disagree for
the larger CuMn layer thicknesses. This may be due to aing, the extension of the de Gennes-Werthamer theory to three-dimensional to two-dimensional crossover decoupling

include random magnetic impurities should not apply to our the-Niaersoand isocurrennunderoveato

multilayers with thick CuMn layers, where the Mn moments

locally order. Applying the theory to the multilayer with a ACKNOWLEDGMENTS
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Heterodyne microwave mixing in a superconducting YBa2Cu3O7.x coplanar
waveguide circuit containing a single engineered grain boundary
junction r

R. G. Seed and C. Vittoria
Department of Electrical and Computer Engineering, Northeastern University, Boston, Massachusetts 02115

A. Widom
Department of Physics, Northeastern University, Boston, Massachusetts 02115

The purpose of this work was to utilize the nonlinear current-voltage properties of induced grain
boundaries in high temperature superconducting YBa2Cu 30 7__ thin films to fabricate a planar
microwave mixer. The experiment involved constructing a coplanar waveguide microwave circuit,
the center conductor of which had a constriction patterned in it containing a single high angle grain
boundary, thus forming a weak link junction. Analysis was provided by use of the resistively
shunted junction model with excess current.

I. INTRODUCTION which spanned the bicrystal boundary, and thereby induced a

Sufficient precedent exists, as a result of previous work single grain boundary in the microbridge, as is evident in the

in years past on low temperature superconducting mixers, mixer circuit depicted schematically in Fig. 1. The pattern

which provides the motivation for conducting extensive re- was obtained by conventional wet etching.

search in microwave and millimeter wave mixers using high This procedure resulted in circuits with constrictions that

temperature superconductors. For example, theoretical calcu- would contain a single grain boundary with an angle of

lations on lower bounds on noise temperature have been de- 36.80. Such circuits exhibit greatly reduced critical current

termined for superconducting-insulator-superconducting densities and weak link properties.12'1 3

(SIS) mixers employing quasiparticle ,unneling.1 These theo- The etched circuit was mounted on an acrylic block, and

retical limits have been approached experimentally, provid- the coplanar waveguide was connected to 50 0 cables by

ing noise temperatures below those currently available in means of SMA to microstrip launchers. The dc probes for

semiconductor devices.2 At least one experimental result has applying bias current and measuring the voltage were com-

demonstrated a positive conversion gain using low tempera- posed of stainless steel spring loaded contacts, which mated
ture superconducting tunnel junctions.3 with the surface of the center conductor in the circuit. This

Since the introduction of high temperature superconduct- configuration is also shown in Fig. 1.
ors, several reports of mixing have appeared. Some of these Output from the two microwave sources used for mixing
measurements were performed using the transition resistance could be independently adjusted in power and frequency.
occurring above the temperature at which the dc resistance The signals were combined in a directional coupler, and then
falls to zero.4 Other successful experiments in mixing have passed through a dc block and into the device. The output
been reported using materials other than YBa2 CU3OT7 - signal passed through the output launcher from the device
(YBCO).5 Microwave mixing using YBCO and employing and through a second dc block into a high gain spectrum
weak link effects, have been reported. These devices contain
weak links involving polycrystalline materials with multiple
randomly oriented grain boundaries or involving step edge
junctions.6- 9 Some of these devices, indeed, have shown re-
markable results in terms of conversion loss in mixing at -- A Launher(2)

microwave frequencies.' 0  I ,v v

The purpose here has been to construct truly planar su-
perconducting YBCO mixers employing artificially induced
grain boundaries with predictable angles, and to characterize YCO

these grain boundary mixers by employing suitable physical
models.

II. EXPERIMENTAL DETAILS

The starting material was an epitaxial YBCO thin film,
which was grown by laser ablation deposition on a bicrystal- Arhc

line SrTiO 3 substrate." This substrate was composed of two
crystals joined together with an interface that formed a 36.80
angle. FIG. 1. Schematic drawing of coplanar waveguide YBCO mixer circuit

showing the substrate bicrystal interface, the location of the microbridge
The coplanar waveguide circuit was patterned on this constriction with respect to the bicrystal interface, the bias contacts, and the

thin film, such that a 30 lum wide microbridge was formed, microwave SMA launchers
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Pover Combiner ances, together with the transmission line dimensions, and by
DC Blocks using transmission line matrix methods, it was possible to

Source I calculate the input impedance of the transmission line at the/ \ signal frequency and the local oscillator frequency. The
SSpectrum Alyz value obtained was found to be ZJN,s = 1.368 -j0.116 and

ZIN,LO= 1.396 +j0. 44. Using the input impedances and
Source 2 the transmission line matrices, together with the knowledge

of the input signal power and input local oscillator power, it
was possible to estimate the respective currents on the mi-

Ciyostat DUT Current So crobridge portion of the transmission line. This was found to
be Is= -555.8 X 10 6 -j562.4X 10-6 A and ILO = 4 83.8

I Voltmeter XlO+j187.5Xl A.
L-------. With an estimated value of the currents due to the two

input microwave signals, and a knowledge of the bias cur-
FIG. 2. Schematic diagram of the experimental microwave mixer test appa- rent, a calculation for the output current level was obtained
ratus. using the following two equations:

I=I, sin qS (1)
analyzer. Ihe experimental apparatus is depicted in Fig. 2.

First, current versus voltage characteristic curves were and
obtained for the junction, in the absence of microwave en- h dO
ergy, and recorded. When the junction was driven by the - - - =RN(IB+ILo COS (OLt+IS COs )St-I 0

local oscillator, with microwave energy, current steps were q dt

produced in the current voltage characteristic curve. These -Ic sin 0b). (2)
steps appeared at voltages that were integral multiples of the
flux quantum times the frequency. Both characteristic curves Equations (1) and (2) are recognized as the Josephson rela-
are overlaid in Fig. 3. The current steps, evident in Fig. 3, tions used in the resistively shunted junction model for the
were the basis for adjustments of the current bias levels, and shunted Josephson junction, with excess current, 10,17 IB is
were the nonlinear contribution of the circuit, which was the dc bias current, I0 is the superconducting excess shunt
utilized for down-conversion mixing. current, RN is the normal mode resistance obtained from the

characteristic curves, and q is the superconducting pair

III. THEORETICAL MODELING charge. These equations were solved numerically using the
technique of Runge-Kutta in double precision and then sub-

Modeling of the coplanar waveguide circuit involved the ject to a discrete Fourier transform to extract the harmonic
use of some approximations of the standard equations.' 4 Ap- content. These calculations yielded the result for the magni-
proximate values for the transmission line characteristic im- tude of I,.f., the current of the intermediate frequency at the
pedances were obtained using the value of Er=9190, ob- junction, which was 1,.f.=4.25X10 - 6 A=3.00X10 - 6 A
tained from published data 15 and a value of tan 8=0.03 (rms). The calculated value of 1,.f. was then used again in the
obtained from literature.16 From the characteristic imped- matrix representation of the transmission line using imped-

ances determined at the intermediate frequency. The result
was an output power of -82 dB m.

2IV. RESULTS AND DISCUSSION

]__ - When the circuit was dc current biased near any one of
the current steps, and when both the microwave local oscil-

- - -lator and the microwave signal were applied, an intermediate
Ifrequency was observed at the difference frequency. In the

I experiments, the local oscillator was at 8.7 GHz and the sig-
b qx-,.-"'-"nal frequency was at 7.7 GHz, therefore the difference fre-

. quency was measured at 1.0 GHz. The input signals are
._ . - - -shown as an inset in Fig. 4 and output intermediate fre-

"21' quency is shown in Fig. 4.
I It was determined that the conversion loss of the mixer-800 -600 -400 -200 00 200 400 600 800Voltag (cvt 6 00200 2040was dependent upon the input power and the bias current.

Voltage (microvolts) Approximate relative values of conversion gain are shown in

FIG. 3. Current voltage characteristic curves for YBCO grain boundary Fig. 5. It was evident during the experiment that mixing was
weak link junction. Dotted line is without rf signal. Solid line with rf energy absent for bias values between steps, whereas the i.f. signal
at 8.7 GHz. was maximum when the bias current was located within the
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V. CONCLUSION
-4 -20 . The coplanar waveguide geometry allowed the fabrica-

II-4o tion of a high frequency transmission line in one plane. This
. [II, eliminated the need for copper grounding blocks, and al-

,____0 lowed the circuit to be fabricated using standard wet etch
75 80 85 90 technology. Thus, there is potential use in monolithic micro-

Frequency (GHz) wave integrated circuits.
0 -88 The use of engineered grain boundary junctions pro-
0 vided the opportunity to characterize the intrinsic operation

of the weak link junctions used as mixers. It allowed the
-90 reproducible fabrication and testing of weak link junctiono

with similar results, since the grain boundary angles could be
assured during their construction. However, by using SrTiO 3

-92 00.0...00 .. 2 . substrates, the resulting embedding impedances limited the
1A0010 1.0015 10o20 10025 amount of i.f. power efficiently coupled to the output.

Frequency (GHz) Using the resistively shunted junction model with excess

current, it was possible to mathematically model the opera-
FIG. 4. Output intermediate frequency, i.f., signals at temperature 45 K, tion of superconducting grain boundary mixers using the co-
with dc current bias of 0.78 mA. Input microwave signals are shown in the planar waveguide configuration. The calculations are in ex-
inset. cellent agreement with the measured results, and should

provide insight in further developments.

ACKNOWLEDGMENTS

This work was supported in part by TRW Inc. and the
NSF. The authors would like to thank Rick Verrault of M/A-

range of values of the current steps. The smallest conversion COM for providing several microwave components and to
loss appeared at current values corresponding to the n = t 1 thank Dr. Paul Dorsey at the Naval Research Laboratory for
steps. several useful contributions.

The bias current levels were theoretically and experi- 1 M. J. Wengler and D. P. Woody, IEEE J. Quantum Electron. 23, 613

mentally observed to provide mixing when biased at the (1987).
steps. The measured conversion loss agrees with the theoreti- 2W. R. McGrath, P. L. Richards, D. W. Face, D. E. Prober, and F. L. Floyd,
cal calculation to within 3 dB. J. Appl. Phys. 63, 247 (1988).3Y. Taur, J. H. Claasen, and P. L. Richards, Appl. Phys. Lett. 24, 101

(1974).
41. Konopka, R. Sobolowski, G. Jung, W. Kula, P. Gierlowski, A. Konopka,

and S. J. Lewandowski, IEEE Trans. Microwave Theot Tech. 38, 160
(1990).

2 .5............... .5H. K. Olsson, W. R. McGrath, T. Claeson, S. Erikssor., djd L. G. Johans-
son, J. Appl. Phys. 62, 4923 (1987).6 K. Y. Constantinian, L. E. Amatuni, A. A. Hakhumian, R. B. Hayreptian,
and R. M. Martirossian, Physica B 173, 313 (1991).

t 0 7Y. Fukumoto, H. Kajikawa, R. Ogawa, and Y. Kawate, Jpn. J. Appl. Phys.
O31, L1239 (1992).

8y. Yoshisato, M. Takei, K. Niki, S. Yoshikawa, T. Hirano, and S. Nakano,

IEE Trans. Magn. 27, 3073 (1991).
9 P. H. Wu, Y. Xu, and C. Heiden, Appl. Phys. Lett. 57, 1265 (1990).

r- 10 D. P. Butler, J. Wang, A. Bhandari, and Z. Celik-Butler, IEEE Trans. Appl.
Q) Sup. 3, 2269 (1993).

-3 "R. 0. Seed, P. C. Dorsey, H. How, A. Widom, and C. Vittoria, IEEE Trans.
. ,1Magn. 29, 3568 (1993).

4 I 2 p. Chaudhari J. Mannhart, D. Dimos, C. C. Tsuei, J. Chi, M. M. Oprysko,
and M. Scheuermann, Phys. Rev. Lett. 60, 1653 (1988).

2 -
3 R. Gross, P. Chaudhari, D. Dimos, A. Gupta, and G. Koren, Phys. Rev.

Z .5 .Lett. 64, 228 (1990).-3 -2 -1 0 1 2 14 K. C. Gupta, R. Garg, and I. J. Bahl, Microstrip Lines and Slodines

Bias Current (mA) (Artech House, Dedham, MA, 1979).
1SG. A. Samara, Phys. Rev. 151, 378 (1966).

FIG. 5. Approximate experimental values of conversion gain for YBCO '6J. Talvacchio, G. R. Wagner, and S. H. Talisa, Microwave J. 34, 105
grain boundary mixer at T= 45 K vs bias current. Values are relative to the (1991).
minimum conversion loss at 0.78 mA bias current. 17 R. G. Seed, C. Vittoria, and A. Widom, J. Appl. Phys. 75, 8195 (1994).

6964 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Seed, Vittoria, and Widom



Superconducting YBa2Cu307_x/Y 4Ba30 9 multilayers: Field independent
critical current and dimensional crossover (abstract)

Jun-Hao Xu, A. M. Grishin, and K. V. Rao
Department of Condensed Matter Physics, Royal Institute of Technology, S-100 44 Stockholm, Sweden

A new class of c-axis-oriented YBa2Cu307 -../Y4Ba 30 9 (YBCO/YBO) multilayer films with YBCO
and YBO individual thicknesses ranging from 24 to 156 A have been fabricated by a single target
on-axis biased rf magnetron sputtering technique on LaAlO 3 (001) substrates. SQUID dc magnetic
measurements reveal a striking feature of magnetic field independent critical current j(T) from 5
K to almost near superconducting transition T. For thin YBCO layer thickness the magnitude of j,
is found to decrease as (1-T/T,)2, and exponentially with the thickness of the isolating spacer
YBO. It is distinctly shown that j,(T) in the (a,b) plane is determined by interlayer Josephson
current. All the SQUID data for the temperature dependencies of magnetization for a few families
of multilayers with thin YBCO layers are shown to scale and collapse into a single universal
behavior consistent with a model of "slipped out pancake vortices in Josephson coupled
heterostructures." On approaching Tc, the characteristics of critical current j, change gradually from
the field independent behavior to another dependence similar to an ordinary H-112 dependence
typical for collective pinning of the vortex lattice in the YBCO single layer film. This suggests that
a dimensional crossover takes place when the quantum coherence between individual YBCO layers
sets. The crossover temperature is found to depend on the multilayer period and individual
thicknesses of superconducting and isolating layers while a linear temperature dependence of j,
appears for multilayers with thick YBCO layers.

Schematic frictional model for interacting vortices in an isotropic
superconducting plate (abstract)

J. S. Kouvel) and S. J. Park
Department of Physics, University of Illinois, Chicago, Illinois 60680

In the simple model proposed, repulsive intervortex forces are balanced by containing forces
produced by the external field (H) and by frictional forces representing the effects of pinning on
displaced vortices. For the field-cooled (FC) state, whose vortex density is presumably uniform, the
empirical fact that the average flux density (b) in nearly equal to H yields an operational
inverse-square dependence of the intervortex force on the intervortex spacing. For both the FC and
zero-field-cooled (ZFC) states, expressions are derived for B vs H (including the remanences at
H=0) and for the profiles of B across the sample thickness. Calculations of these properties are
compared with experiment and with the macroscopically related critical-state model, revealing again
that the pinning forces are strongly dependent on H. The frictional interacting-vortex model is also
used in deriving the critical current as a transport property of the FC and ZFC states.

'aWork supported in part by the NSF (DMR-92-21901).
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Magnetic Multilayer-Coupling II K. Hathaway, Chairman

Spin-polarized photoemission from quantum well and interface states
(invited)

C. Carbone, E. Vescovo, R. Klisges, and W. Eberhardt
IFFIKFA Julich, D-52425 Julich, Germany

0. Rader and W. Gudat
BESSY, D-14195 Berlin, Germany

We examine the role of quantum well and interface states in mediating the coupling between
magnetic films. We have studied with spin- and angle-resolved photoemission the electronic
structure of Cu on Co(100) and Ag on Fe(100). Noble metal states of sp-derived character are found
to be spin-polarized upon contact with the magnetic materials. In Cu films up to 10 monolayer
thickness polarized states have been observed. These observations are well described within the
framework of one-dimensional quantum-well states, for film thicknesses above a few monolayers.
In the low coverage regime, the hybridization with the magnetic states of the substrate strongly
influences the character and the dispersion of the conduction bands.

I. INTRODUCTION ultrathin noble metal films present some characteristic fea-
tures of one-dimensional quantum-well states. In addition,

The origin of the indirect exchange coupling' between their wave vector can be related within a simple picture to
magnetic layers separated by a nonmagnetic spacer is related the wave vectors of the RKKY coupling in the asymptotic
to the Fermi surface of the spacer material, in a Ruderman- high coverage limit. This unusual set of properties suggested
Kittel-Kasuya-Yasida (RKKY) picture 2 as well as in a that polarized quantum-well states could provide the cou-
quantum well picture.3 The oscillatory and long range char- pling through nonmagnetic layers.
acter of the indirect exchange coupling in magnetic multilay- Here we review some of our recent experimental results
ers can be explained within the framework of RKKY inter- on quantum-well and interface states of noble metal films on
actions. Studies based on the RKKY coupling scheme magnetic substrates. We applied spin- and angle-resolved
identify the experimentally found oscillations as a Fermi sur- photoemission spectroscopy, being directly sensitive to mag-
face effect within the nonmagnetic spacer material. netic information, to systems which have shown oscillatory

A full understanding of the coupling mechanisms should coupling and which can be grown epitaxially on (100) single
require however a detailed description of the conduction crystal surfaces. Results from spin-resolved photoemission
band states, explicitly including the modification due to the are presented to clarify some aspects of the oscillatory mag-
reduced dimensionality and to the exchange interaction. In netic coupling through the noble metals, Cu and Ag. The
interface systems with one magnetic component, the bonding experiments comprise (i) the asymptotic limit of the cou-
at the interface often induces a polarization in the nonmag- pling, where the bulk electronic structure of the nonmagnetic
netic material through a spin-dependent electronic material has developed, and (ii) the low coverage limit,
hybridization. 4 5 The resulting moment in transition metal where the hybridization with the magnetic interface is the
overlayers on magnetic substrates depends primarily on the determining factor.
extent of the d-d hybridization. For a noble metal on a 3d
ferromagnet the calculated interface moment is very small
(<0.1 .LB)

4 because of the small degree of overlap between

the d states of the two metals. The spin- and angle-resolved photoemission apparatus 9

The induced magnetization of the d electrons of a non- consists of a spherical energy analyzer coupled to a 100 keV
magnetic material typically becomes negligible a few atomic Mott detector for spin analysis. The spectra were measured
layers away from the interface. 4' 5 On the other hand, the with monochromatic synchrotron radiation from the storage

spin-polarization induced on the more delocalized sp states ring BESSY in Berlin. The experimental geometry allows for
can extend over several layers. Therefore, those states pro- a component of the electric field vectur perpendicular to the
vide a way of mediatir- the long range indirect coupling surface plane. Photoemission spectra were measured with
among magnetic layers through a wide class of nonmagnetic photon energies between 10 and 80 eV on the TGM5 and the
materials, including transition and noble metals. The recent TGM1 beamlines.
quantum well approach relates the coupling to sp-derived The growth of Cu or C,(100) and Ag on Fe(100) has
electronic states observable in electron pectroscopies. 6-8  been characterized by several methods. 10 A full account of
Ortega et al.6 found that the sp-derived electronic states of our preparation and characterizadon procedures can be found
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in our recent and forthcoming publications. 7,1 The measure-
ments presented here were performed on Cu/Co/Cu(100) and Cu/Co(100) normal omission

Ag/Fe/Ag(100) three-layered systems. The single-crystal hv17eV

substrates were prepared by sputtering and annealing cycles. Mjn*2

Epitaxial films were deposited in situ by e-beam evaporation. u thIckra [ *j(MLI

A 20 monolayer thick fcc Co film was grown on Cu at 10.6

100 'C. Ultrathin Cu layers were subsequently deposited on 10
Co at room temperature. Similarly, we grew a 10 monolayer 89
thick Fe films on Ag(100), by evaporation on the substrate at 78 A

73
room temperature. We produced an overlayer of Ag on Fe by 67
annealing the sample at 250 °C for 30 min. Temperature and 63

time of the annealing were chosen in order to achieve a com- 55
5.1 '

plete monolayer coverage, as indicated by the saturation of , -47.

the Ag 4d/Fe 3d intensity ratio in the p;iotoemission spectra. 42

The system prepared in this way, consisting of a Ag(1 ML)/ 40
C 3.7Fe(19 ML)/Ag(100), is stable upon further heating and upon- 34

cooling to room temperature. The binding energy of Ag- 3

related spectral features corresponds to those obtained by co
Brookes et al.12 for an evaporated Ag monolayer on Fe(100).

We observe a sharp low-energy electron diffraction 4 3 2 1 EF
(LEED) pattern with low background at all stages of the
epitaxial growth. The distinct and intense "quantum-well Binding Energy (eV)
states" observed in the photoemission spectra, shown in Sec.
III, also demonstrate the good quality of the overlayer struc- FIG. 1. Angle-resolved photoenission spectra of Cu films on Co(100). The
ture. According to Ortega et aL6 these states provide a very spectra are measured for normal emission with 17 eV photon energy. The

emission from Cu sp-derived states is shown by the gray-shadowed areas.strict test for the smoothness and crystalline order of the These states are labeled according to the definitions in Ref. 6.
overlayer. The Co and Fe substrates have been magnetized
along the in-plane (011) and (001) directions, respectively,
which are the easy axes of these ferromagnetic thin films. reported by Ortega et al6 and by Garrison et al 8 Noble
Photoemission spectra have been measured in magnetic re- metal films display a similar development of sp-derived
manence. The sample magnetization was aligned parallel to quantum-well states also on other magnetic 6 and nonmag-
the spin-sensitive direction of the spin detector. netic substrates.13

The capability of quantum-well states to mediate the in-
Ill. RESULTS AND DISCUSSION direct exchange interactions in multilayers depends on their
A. Cu on Co(100): Spin-polarized quantum-well states coupling to the magnetic substrate. The interface boundary

conditions and the hybridization with substrate levels will in
For Cu on Co(100) we have explored the sp-derived general be different for states of opposite spin. For this rea-

quantum-well states up to large thicknesses, where the elec- son the electronic structure of the thin film might develop
tronic structure of the spacer layer is believed to be largely spin-polarized bands, for which the spin degeneracy has been
independent of that of the ferromagnetic substrate (asymp- lifted. We have experimentally established that quantum-well
totic limit). The spin-integrated photoemission spectra in Fig. states of Cu on Co(100) are magnetically polarized, by mea-
1 show the development of the valence band states for in- suring the spin polarization of the photoelectrons. The results
creasing thickness of the Cu film. These data have been mea- of the spin-resolved measurements are presented in Fig. 3,
sured for normal electron emission. This geometry probes for several film thicknesses. In correspondence to the
states with initial state kH=0, where k1l is the component of quantum-well states discussed above, the spectra exhibit
the wave vector parallel to the surface plane. The sp-derived spin-polptized spectral features. The quantum-well states
Cu states give rise to new and well-defined structures easily shown in Fig. 3 are spin-polarized up to a Cu thickness of at
observed above the Cu 3d band edge, within 2 eV binding least 10 monolayers. They are predominantly of spin-down
energy from the Fermi level. (minority) character. Furthermore, weak spin-up (majority)

The energy dispersion of the sp-derived Cu states as a states appear, separated by an exchange splitting (in average
function of film thickness, shown in Fig. 1, resembles that of 0.2 eV) from the more intense spin-down states.
quantum-well states. It can be satisfactorily modeled assum- Pairs of spin-up and spin-down featu.es gradually shift
ing discretization of bulklike states due to the finite size o' with increasing coverage to lower binding energy [see Fig.
the layer, as proposed by Ortega et al.6 In Fig. 2(a) we com- 2(b)]. By varying the film thickness, polarized states at a
pare the dependence of the sp-state binding energy on the given energy periodically appear and disappear. This causes
film thickness with the predictions based on the bulk band a modulation of the photoemission intensity [Fig. 2(c)] and
structure. Above a film thickness of about 5 monolayers the of the spin polarization at the Fermi level [Fig. 2(d)]. Both
experimental data follow rather closely the expectations of a have a similar periodicity, with an oscillation period of 5-6
simple quantum-well picture. Our results are similar to those monolayers, corresponding to the main RKKY wave vector
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FIG. 3. Spin- and angle-resolved photocmission spectra of Cu on Co(100).

.20.0 The spectra are measured for normal emission with 17 eV photon energy, as
IL in Fig. 1. Open symbols correspond to spin-up emission, full symbols to

-30.0 10 spin-down emission.

Cu thickness (ML)

interface may also partially confine within the film sp states
FIG. 2. (a) Binding energy of the Cu sp-derived states as a functior of the that are degenerate with the substrate levels.6 In this way,
film thickness, as determined from spin-integrated photoemission spectra, narrow resonance states15 rather than discrete quantum-well
(b) Binding energy of the spin-polarized Cu-derived states as a function of
film thickness, as determined from spin-resolved spectra. (c) Intensity at the states appear in the overlayer. It is thus ultimately a departure
Fermi level as a function of film thickness, after subtraction of the substrate from an ideal quantum-well behavior that determines the role
emission. (d) Spin polarization at the Fermi level as a function of film of the sp states in the magnetic coupling through Cu(100).
thickness. The coupling to the substrate polarizes the s-derived states

but at the same time redu,-es their degree of confinement
within the overlayers.

along the (100) direction. In brief, the results directly show For a comprehensive understanding of the polarization
that the interaction with the magnetic substrate induces a effects in the Cu films the coupling to the Co states will still
spin polarization on the Cu sp states. These levels are spin- have to be analyzed experimentally and theoretically in more
split into two separated sub-bands, both displaying a disper- detail. For example, the role of (modified) surface states and
sion close to that expected for quantum-well states. interface states localized near the magnetic substrate still

It should be noticed tht quantum-well states, intended needs to be examined. In the case of Ag on Fe(100),12 Pd on
as discrete states strictly confined within the overlayer, can Fe(100), 5 and Fe on Pd(100),16 it has been shown that inter-
only form in correspondence to a band gap in the substrate face states can convey the magnetization in nonmagnetic lay-
electronic structure. In Co(100) there is no band gap for ers. Furthermore, recent measurements of the x-ray magnetic
states near E. (Ref. 14) with kU =0. A complete confinement circular dichroism at the Cu L2,3 edge in multilayers have
within the overlayer should thus not be expected, because of detected an induced moment in the Cu 3d levels.17 This mo-
the coupling to degenerate bulk states (of proper symmetry) ment is largely localized at the interface but it might also
of the substrate. In fcc Co these states are the strongly dis- present weak long-range oscillation. On the basis of tight
persive A1 subbands of both spin characters, which cross the binding calculations Garrison et aL8 suggest that the polar-
Fermi level along the r-X direction. A A, symmetry- ization of the quantum well states results from the hybridiza-
projected energy gap of the spin-down bands is located in fcc tion between the Cu s- and d-derived states. Recent first
Co between 1 and 2 eV binding energy. In fact, in this energy principle calculations, 15 which emphasize the scattering na-
region most intense quantum-well structures are observed in ture of quantum well states using a Korringa-Kohn-
the spin-down channel. However, the reflectivity due to the Rostoker (KKR)-Green's function method, account for their
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0.7 ML FIG. 5. Spin- and angle-resolved photoemission spectra of a Cu monolayer
0.5 ML on Co(100), (left panel), and an Ag monolayer on Fe (100). Open symbols

Co correspond to spin-up emission, full symbols to spin-down emission. The
LJ .... I . ... I I....II noble metal d states appear as intense features, at binding energies below 2

5 4 3 2 I F eV in Cu and below 4 eV in Ag. The strongly polarized emission closer to
Binding Energy (eV) the Fermi level is mainly due to the magnetic 3d states of the substrate.

FIG. 4. Angle resolved photoemission spectra of Cu films on Co(100). The
data are obtained with 50 eV photon energy for normal electron emission. k11=0 (the F point of the two-dimensional Brillouin zone).
The development of the Cu 3d band,, below 2 eV binding energy, is dis- Similar results are obtained at other . mission angles and
played as a function of the film thickness, photon energies. Up to 1 ML coverage we obtain a single

narrow peak. With the second monolayer the spectra develop

dispersion as a function of Cu thickness and for a small spin a broader structure still without a corresponding structure in

splitting between spin-up and spin-down states. These calcu- the Cu bulk spectra. At 1 and 2 ML coverages the Cu M

lations predict a very small exchange splitting for the Cu 3d states do not show any dispersion with varying photon en-

bands, in accord with the weak spin-dependence of the Cu ergy, as expected for two-dimensional states. With the for-

3d emission in the photoemission spectra of Fig. 3. mation of the third monolayer the Cu 3d bands begin to
esionta s pdevelop the spectral features of three-dimensional Cu. Onlylarized electronic states related to the long range exchange with the fourth monolayer the binding energy of most Cu 3d

coupling in multilayer systems, either of s or d character, can states becomes close to that of the bulk, although the (rela-

be directly investigated by spectroscopic methods. Further tive) spectral intensities still differ in some cases consider-

photoemission studies are now in progress in order to assess ably from the bulk case.

the connection between spectroscopically accessible conduc- In order to test the importance of the spin dependent

tion band properties (such as the Fermi surface and its modi- hybridization with the magnetic substrate in determining the

fication in ultrathin layers) and the magnetic coupling phe- evolution of the Cu 3d bands, we have measured the mono-

nomena. We present in the next section new results for the layer spectrum also with spin resolution. The results, shown

low coverage limit (i.e., noble metal films 1-2 monolayers in Fig. 5, indicate that the exchange splitting of those 3d
thick), where the hybridization with the magnetic interface is states is smaller than 0.1 eV. We also show in Fig. 5 thethe determining factor. spin-polarized spectrum corresponding to the P point for anAg monolayer on Fe(100). Similarly to the case of Cu, the

data suggest that these Ag 4d states, between 4 and 7 eV
B. Cu on Co(100) and Ag on Fe(l0): Approaching binding energy, exhibit only a very small exchange splitting,
the monolayer limit of less than 0.1 eV. Although other point in k space might

Deviations from a simple quantum-well behavior, based present a larger splitting, calculations on noble metal mono-
on the quantization of bulklike states, or from the RKKY layers and interfaces coupled with magnetic materials 4' 17

scheme are expected to become evident for small thicknesses show that it should not exceed a few tenths of an eV. For this
of the nonmagnetic film. Approaching the monolayer limit, reason, we believe that the development of the 3d spectral
the electronic structure can be strongly modified by the in- features described above reflects primarily a transition from
teraction with the substrate as well as by the reduced atomic quasi-two-dimensional bands to a bulklike electronic struc-
coordination. This is manifested for example in the photo- ture.
emission spectra of the relatively highly localized Cu 3d The convergence to a bulklike band structure can be ex-
states up to about 4 ML. pected to occur at even larger thicknesses for the extended

The spectra in Fig. 4 display the developments of the Cu sp-conduction states. Indeed, as mentioned already in the
3d states with increasing coverage, for initial states with previous section, below about 5 ML the experimental bind-
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FIG. 6. Angle-resolvcd syectra of 2 Cu monolayers on Co(100), probing the

dispersion along the F-X direction. The spectra are measured at 23 eV for ..
various emission angles. The noble metal induced features are indicated by 1 -0.5 0 0.5 1
gray shadowed areas.

K 1(1/A)
ing energies of the sp states differ systematically from those
expected for quantized bulklike states, in Cu on Co(100)6'7  FIG. 8. Experimentally determined band dispersion as a function of the

and in other noble metal films.6 The discrepancy can origi- parallel wave vector for 2 Cu monolayers on Co (100) (upper panel) and 1
nate from two effects: (i) in the monolayer regime the bands Ag monolayer on Fe(100) (lcwer panel). The dispersion is measured along
are altered by the reduced atomic coordination and lowered the I'X symmetry direction. The solid lines indicate free electron-like dis-

persion corresponding to an electron effective mass of 2.7 (upper panel) andsymmetry, as seen above for the d states, (ii) the hybridiza- 2 (lower panel).

tion with the substrate states further modifies the overlayer
states in a way that depends on the spin, wave vector and
symmetry of the band. We examine here how the sp-derived states form at low coverages two-dimensional magnetic

bands, which eventually develop the simple behavior of
quantum-well states in thicker films. We have studied the
system Cu on Co (100) as well as an Ag monolayer on Fe

Ag/Fe(100) (100).
hv -52 eV The spectra in Figs. 6 and 7 show the band dispersion for

an Ag monolayer on Fe(100), and for two Cu monolayer on
o Co(100) along the I-X symmetry direction. The gray shad-

o owed areas indicate the noble metal-induced features which
-1 140

120 appear superimposed to the 3d emission of the substrate. In
u to* both cases the features we have followed correspond to the

80 first and most intense spectral structure induced by the over-

60 layer, apart from the strong d-emission at higher binding
020

00 23-30 eV photon energy spectra but hardly discernible at
. lower photon energy. The s-related character of these states

.20 is indicated by tight binding calculations.8'12 In both cases
1 .40 spin-resolved photoemission reveals that these structures

have predominantly spin-down character.8'11t 2 These states
2 1 E are thus well suited for studying the preasymptotic limit as

Binding Energy (eV) they can be looked upon as the precursor of spin-polarized

FIG. 7. Angle-resolved spectra of an Ag monolayers on Fe(100), probing quantum-well states. We do %ot detect a dispersion of these

the dispersion along the r-x direction. The spectra are measured at 52 eV features upon changing the photon energy, consistently with

for various emission angles. The noble metal induced features are indicated a two-dimensional character. By varying the emission angle
by gray shadowed areas. we can determine the dispersion of these bands as a function
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of the parallel wave vector N1. The initial state wave vector is development of the sp states. In the low coverage regime,
given by the projection on the surface plane of the photoelec- the conduction electron bands are instead strongly modified
tron momentum as measured outside the solid, by hybridization with the states of the magnetic substrate.

! The experimentally determined band dispersion in Fig. 8
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Recent progress in the theory of interlayer exchange coupling (invited)
P. Brunoa)
Institut d'Electronique Fondamentale, CNRS URA, 22 Bbt. 220, Universitg Paris-Sud,
F-91405 Orsay, France

Recent progress in the theory of interlayer exchange coupling is presented. The interlayer coupling
is described in terms of quantum interferences in the spacer layer, due to reflections of Bloch waves
on the spacer boundaries. This approach is used to discuss (i) the coupling variation with respect to
ferromagnetic layers thickness, and (ii) the coupling across a nonmetallic spacer layer.

I. INTRODUCTION calculations can be performed analytically, thus providing a
physically transparent illustration of the various aspects ofIn the past few years, the intense research activity on the problem. The model is sketched in Fig. 1: the zero of

interlayer exchange coupling, both experimental and theo energien The ottm o F the o b oft

retical, has been essentially focussed on the oscillations of ferromagnetic layers; the potential of the minority band is

the interlayer coupling with respect to spacer thickness, in given by the exchange splitting A, while the spacer, of thick-
systems with metallic spacer layers.' 2 Recently, the interest ness D, has a potential equal to U. The ferromagnetic layers,
in this field has been renewed by (i) the theoretical FA and F8 , have a thickness L (L=o stands for semiinfinite
prediction' 4 and experimental confirmation 5' 6 of oscillations magnetic layers), and their magnetizations are at an angle 0

of the co'ipling with respect to ferromagnetic layers thick- with respect to each other, According to the position of the
ness, and (ii) the discovery of interlayer exchange coupling Fermi level, this model describes the case of a metallic
across nonmetallic spacer layers,7 which, furthermore, may spacer (for e5 > U), or of an insulating spacer (for eF< U).
be thermally induced8 or photoinduced.9'1 °

In this article, I address the above mentioned new as-
pects of the problem of interlayer exchange coupling. This C. QUANTUM INTERFERENCES AND INTERLAYER

study relies on a formalism developed previously,11 in which EXCHANGE COUPLING

the interlayer coupling is described in terms of quantum in- In this section, I shall present a heuristic presentation of
terferences in the spacer, due to reflections of Bloch waves the interlayer coupling in terms of quantum interferences in
on the spacer boundaries. This approach, which has been the spacer layer; the emphasis will be on physical transpar-
rederived subsequently by Stiles,12 has the virtue of being ency rather than on mathematical strictness.
physically transparent, and also provides a suitable starting Inside the paramagnetic layer, a conduction electron ex-
point for quantitative calculations, either for models, or for periences essentially the same potential as in the bulk mate-
realistic systems. A heuristic presentation of this approach is rial; deviations from the bulk potential are confined to the
given in Sec. II. interface regions, and, of course, to the regions occupied by

As pointed out in Ref. 4, it becomes almost obvious, in the ferromagnetic material. Thus, tlie' electrons propagate
the light of the "quantum interferences" formulation, that through the spacer like in the bulk material; the effect of
one may expect oscillations of the coupling versus ferromag- potential deviations as they encounter the interface with the
netic layers thickness, as a consequence of the interferences ferromagnetic mateial make them being (partly) reflected
associated with the multiple internal reflections in a magnetic towards the paramagnet. Because of the spin polarization of
layer of finite thickness, ia analogy with the reflection oscil- the ferromagnetic material, the potential deviation at the in-
lations in an optical P6rot-Fabry cavity. This problem is dis- terface is spin dependent, and so is the reflection coefficient.
cussed in detail in Sec. III.

In contrast to the important theoretical literature devoted
to interlayer coupling across metal spacer, the magnetic cou- f,. ,j,,l,,,
pling across insulators has attracted very little attention on
the theoretical point of view. A notable exception is Slon-
czewski's model of coupling, at T= 0, through a tunneling
barrier: 13 the coupling, in this case is non-oscillatory, and
decays exponentially with spacer thickness. In a recent
paper,14 I discussed this problem within the quantum inter- - - -- - - - (

ferences approach: at T= 0, one recovers the results of Slon-
czewski; on the other hand, the coupling is found to increase
with increasing temperature, in contrast to the metal spacer \ !
case. This study is presented in Sec. IV.

In view of pedagogical clarity, the free-electron model k

will be used in Secs. III and IV. For this simple case, the
FIG. 1. SV'etch of the free-electron model; the dashed line indicates the
position of the Fermi level, ,a) for the metallic spacuc case, (b) for the

)E-mai: brunopief-paris-sud.fr isulatin spacer case.
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Since the in-plane translational invariance is maintained, k" dM
the in-plane component N1 of the wave vector is a good quan- AnAF(E)-Im dk 12iD dk- Ir+r rT)e2ik± (
tum number, i.e., it is conserved under reflection. For an

incident electron of wave vector ki=(lc,k 1 ), the reflected for the antiferromagnetic configuration.
wave vector is V = (k ,- k.) and the corresponding complex The interlayer exchange coupling per unit area (at T= 0)
reflection coefficient for spin parallel (antiparallel) to the may be expressed as
magnetization in the ferromagnet is rT(D; the module of the _F6
reflection coefficient gives the amplitude of the reflected EF-EAF= J( EF)[AnF(E) - AnAF(E)]dE; (9)
wave, while its argument 0 gives the phase shift due to the
reflection. We also define integrating by parts, we get for the interlayer exchange cou-

rT+ri rT r1  pling (for large D)
-- and Ar- (1) f fJ~'

2 a2' EF-EAF---Im dN1 fde(rar+rA-i - T ri

respectively, the spin-average and spin-asymmetry of the re-

flection coefficients. - r.l Ir ) 2tkLD

In the paramagnetic spacer, the electrons are reflected on B

both interfaces (FA and Fn), so that interferences take place F 2kD

due to the muitiole reflections. Let us consider a wave of - Imf dkf_ de 4ArAArBe (10)
vector k= ( 1 ,k1 ), with ki > 0; the phase change of the wave
function after a round trip in the spacer (one reflection on FA As appears clearly from Eq. (10), the coupling depends
and one reflection op FB) is on (i) the wave vectors k1 in the spacer layer, and (ii) the

spin-asymmetries ArA and ArB of reflection coefficients at
OkAB = 2k 1D + bA + OBP; (2) the paramagnetic-ferromagnetic interfaces; the former deter-

if the interferences are constructive (respectively, destruc- mine the oscillation periods of the coupling, while the latter
tive), i.e., if determine its strength.

So far I have implicitely considered that the incident and
PAB =2n i" reflected waves are usua! propagative Bloch waves (with k1

=(2n + 1) r (respectively), (3) real); these are the states which are allowed in bulk materi-
als. However, in a slab of finite thickness, evanescent states

with ,: integer, the density of states is enhanced (respectively, [with Im(k 1 ) nonvanishing] are also present and contribute
lowered) in the spacer layer. Taking these interferences into to the density of states. Thus, evanescent states contribute to
account, the wave function in the spacer may be written as the coupling in Eq. (10) on an equal footing; in pdrticular,

they are found in gaps of the bulk band structure. The r6le
r+ (4) played by these states will be discussed in Sec. IV.

where higher order interference terms have been neglected. An exact derivation, using Green's functions formalism,
The corresponding contribution to the (11 projected) density yields, for the interlayer coupling energy per unit area,11

of sates is EAB(O)=Jo+J ! cos O+J 2 cos2 0+." (11)
dk1 fo°

n(i ,E) - -a- dzl q12, (5) with the Heisenberg coupling constant
deJI =- 1 Im d2 l + de f()

where the integral gives the contribution of one state (k1 ,k,) T-7 m f L

and the prefactor dk1 /dE gives the number of states in an
energy interval [ee+ Se]. 2Ar e-4 ,1

Here, we are interested esser.tially in the part of n(Nl,e) 1- 2re 2 ikD+(( 2 _ Ar2 )2 e4 kib (12)

which is associated with the interferences, i.e., where f(e) is the Ferni-Dirac distribution, and where the
i~n~k Ddk1  indices A and B have been dropped, since r T (1)-r.(

An( Nl, e) -2D I IrArBIcos(2k±D + PA + B)

-Im 2iD - l rArBe21k . (6) 11. VARIATION OF THE COUPLING WITH RESPECT TO
de iMAGNETIC LAYERS THICKNESS

The total change of in the density of states per unit area is I consider here the rase of ferromarnetic layers of finite
obtained by sumning over in-plane wave vectors and over thickness L. For simplicity, I shall restrict myself to the case
the spin, yielding of a metallic spacer; more precisely, I take U= 0; thus, the

2
4 magnetic layer is transparent for electrons of spin parallel to

m d e A B- B the majority spins, i.e., rr=0 and i= -Ar=r1/2.
In the case of a layer of finite thickness, like in P6rot-

for the ferromagnetic configuration, and similarly, Fabry cavity, all the waves associated with the multiple re-
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flections inside the magnetic layer contribute to the net re- 5.0
flection coefficient. The summation is easily carried out, and
one gets - spacer layer thickness,

Ir 1- exp[2ik.IL] 2.5 -

l- exp[2ikj.L] (13)
~(b) 3.65 A

where kL is the minority-spin wave-vector in the magnetic oo-
layer, and r, the reflection coefficient for a semi-infinite
magnetic layw;. Clearly, the variation of ri with respect to L (c) 4.1 A
.s oscillatory or exponential, according to the nature- -2.5
propagative or evanescent-of the state of wave vector kI.
The interlayer coupling is governed essentially by the states
lying at the Fermi level. Thus, if k1 is real, one can expect-5.0
oscillations of the interlayer coupling vs. magnetic layers 00 50 100 150 200
thickness to show up. The oscillations are due to the quan- ferromagnetic layers thickness (A)
tum interferences inside the magnetic layers: when the inter- 5o -_______________________laer

ferences are constructive (respectively, destructive), the cou-
pling strength is enhanced (respectively, reduced). Below, I 21 seminite ferromagnete layers
consider only the former case, i.e., k. real.

In the limit where both L and D are large, the expression 4 (a)

of the coupling (at T= 0) reduces to4

I h2k r 2 e)2k7 oo (b)

Sj =D m -- " I  T(c

1-2(1-r.0 -T (14) .25

Clearly, the interlayer exchange coupling oscillates versus L, . T
with a period equal to ar/kj. The amplitude of these oscilla- 0- 9 50 100 150 200
tions decays essentially as L -2. To illustrate this behavior, I spacer thickness (A)
have performed numerical calculations for the free-electron
model with eF= 7.0 eV, U= 0, and A= 1.5 eV; these calcu- FIG. 2. Interlayer exchange coupling constant Ji, calculated as a function
lations use the exact expression (12), not the asymptotic one of the spacer thickness D, for semi-infinite ferromagnetic layers (lower
(14). The results are displayed in Fig. 2: the coupling varia- panel), and as a function of the ferromagnetic layers thickness L, for various
tion versus magnetic layer thickness L, for several value of values of the spacer thickness D (upper panel).

the spacer thickness D. The oscillatory behavior of period
ar/k., and the L -2 decay appear clearly. A striking feature is from numerical calculations for the free-electron model. The
that, in contrast to the oscillations of JI vs D, the oscillations explanation of this behavior on the basis of the quantum
are not ne,.essarily around zero: instead, J1 may oscillate interferences picture has been given in Ref. 4; in this article,
around a positive, or a negative value, depending on the I also estimated the oscillation period versus Co thickness in
choice of the spacer thickness D. This point is also obvious Co/Cu/Co(001) to be about 3.5 atomic layers (ALs).
from Eq. (15). The predictions of Ref. 4 have been confirmed recently

On the other hand, for large D and small L, one has by Bloemen et al.,5 who succeeded in observing oscillations

1 h2k2 2 2, of the coupling versus Co thickness in Co/Cu/Co(001); the
Ji= -~!j5 -- Im(-2kL 2r e2 kD). (15) observed period is about 3.5 ALs, in very good agreement

with the predicted one. Further confirmation has been given
The fact that the coupling varies like L2 at low magnetic by Okuno and Innomata,6 who observed oscillations of inter-
layers thickness is obvious from the analogy with optics: the layer coupling versus Fe thickness in Fe/Cr(001) multilayers.
reflection coefficient for a thin layer is proportional to its
thickness. thickess.IV. METALLIC VERSUS INSULATING SPACER

Until recently, it was generally believed that the coupling
is essentially independent of the magnetic layers thickness. In this section, I discuss the coupling behavior, in par-
This point has been studied experimentally in the case of ticular its spacer thickness and temperature dependence, for a
Co/Cu/Co(001) by Qiu et al.,i who found no dependence of nonmetallic spacer (EF< U), in comparison with the case of
the coupling versus Co thickness; however, only three differ- a metallic spacer (eF> U). For simplicity, I take L = -.
ent Co thicknesses have been used in this study. On the theo- Because of the abrupt variation of the Fermi-Dirac dis-
retical point of view, oscillations of the coupling versus mag- tribution at the Fermi energy, the interlayer coupling is de-
netic layers thickness have been first reported by Barnai 3  termined by the neighborhood of the Fermi level. Thus, the
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nature of the states present at the Fermi level contro's the 10o-
physical behavior of the coupling. In the case of a metallic
spacer, one has propagative states at Fermi energy, and this Z 80
leads te the oscillatory character of coupling vs. spacer thick-
ness. For an insulating spacer, on the other hand, the states : 60
with Fermi energy are evanescent waves, so that we expect a
monotonic exponential decay of the interlayer coupling with x10-4

spacer thickness. 4 0

in the limit of large spacer thickness and low tempera- (A)
ture, Eq. (12) becomes 14  20 (

1ht2k 2.____
2  m 21rkBT1)m/h2 kF 00

41 . m sinh(2rkfjTDm/h _k_) __0
(16) -2 r T 7

00 50 100 15.0 200 250 300

with ino D (A)

kF = 2 m(eF- U)/h 2]1/ 2, (17a)
~?80 -

kF=i[2m(U- F)/1h 2 ]1 2, (17b)
60 60

respectively, for a metallic and an instlating spacer.
Of course, the coupling behavior is completely different 40 (A)

in both cases. While it is oscillatory for a metal spacer, it
decreases exponentially with spacer thickness in the insulator 20 -
case. Another striking difference concerns the temperature
dependence, which is given by the last factor in Eq. (16). For 00-
a metal spacer the coupling decreases with increasing
temperature. 2 On the other hand, when we consider the insu- -2 0
lating spacer case, where kF is imaginary, the exchange cou- 0 100- 00 300 400 500
pling increases with temperature for an insulating spacer, 7 (,)
because sinh(ix)/ix=-sin(x)/x is an increasing function.
Physically, this behavior may be understood easily: w',en the FIG. 3. Calculated interlayer exchange coupling across an insulating spacer;

temperature increases, the contribution of states below the (upper panel) exchange coupling versus spacer thickness at T=O; (lower
panel) exchange coupling vs. temperature for various spacer thickness, cor-

Fermi level is lowered, at the expense of states above the responding to the solid points: (A) 15.0 A, (B) 20.0 A, and (C) 30.0 A.
Fermi level; since the penetration length of the latter is larger
than the one of the former, the exchange coupling is thereby
enhanced. V. CONCLUDING REMARKS

To illustrate the above results more quantitatively, we
have performed tumerical calculations of the exchange cou- In this article, I have discussed various new aspects of
pling for the free electron model, with eF= 10.0 eV, A= 1.5 the problem of interlayer exchange coupling, on the basis of
eV, and U- 9-F= 0.1 eV; the calculation uses the exact ex- the quantum interferenc,. approach, is which the coupling is
pression (12), not the asymptotic result (16). The results are expressed in terms of reflection coefficients at the boundaries
displayed oa Fig. 3. With the above choice of parameters, the of the spacer layer.
coupling at large spacer thicknesses is antiferromagnetic This approach provides a physically transparent descrip-
(J1 >0). One clearly observes the strong temperature in- tion of the phenomenon of interlayer exchange coupling.
crease of the coupling; as expected from Eq. (16), the rela- When applied to simple models, such as the free-electron
tive thermal variation increases with increasing thickness. model, the calculations can be performed almost completely

One should be careful when comparing the results with analytically.
experimental observations of coupling across no-metallic I have shown that the interlayer coupling me be expected
spacers: indeed, the latter concern materials that are disor- to exhibit oscillations versus ferromagnetic layers thickness,
dered or even amorphous, whereas the theory presented here a prediction which has been confirmed recently by experi-
pertains to ordered systems; the importance of disorder for ments. For the case of an insulating spacer, the expression of
the thermally induced coupling remains to be clarified. Nev- the coupling is formally similar to the metallic spacer case;
ertheless, the finding of a positive temperature coefficient for however, the evanescent character of the states with Fermi
the exchange coupling through an insulating spacer provides energy leads to a completely different physical behavior: in
a plausible explanation for the experimental observations of contrast to the metal spacer case, the coupling has a mono-
thermally induced exchange coupling.8 Note that the latter tonic exponential decay with respect to spacer thickness, and
result is not restricted to the free-electron case, and may be increases with temperature. This result provides a plausible
shown to hold for any insulating spacer material, explanation for recent experimental observations.
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Exchange anisotropy in films, and the problem of inverted hysteresis loops
Amikam Aharonia)
Department of Electronics, Weizmann Institute of Science, 76100 Rehovoth, Israel

The inverted hysteresis loop is claimed to be possible, in an exchange-coupled bilayer, when a
magnetically soft material is affected by the demagnetizing field of the hard material. These
demagnetizing fields are caused by the charge on the surfaces, neglected in all the theories that
assume a strictly one-dimensional structure, in an infinite material. For these one-dimensional
models, an analytic solution is presented, which reduces the computation from a numerical
integration of a set of differential equations to the solution of an algebraic, transcendental equation
(which contains elliptic functions) for fitting only the boundary conditions. It may then be feasible
to introduce at least an approximation for the demagnetizing effect of the surfaces in a finite sample.

I. INTRODUCTION II. SIMPLE THEORY

Inverted hysteresis loops have been observed1'2 in some The earliest theory3 of exchange coupling in a geometry
exchange-coupled multilayers. In the decreasing part of such of an infinite slab used an oversimplified picture of the CoO
loops the magnetization becomes negative when the applied layer as being infinitely hard, so that the direction of its
field is still positive, while in the increasing part the magne- magnetization could not be changed by any applied field.
tization becomes positive when the applied field is still nega- The softer, cobalt, layer was assumed to be sandwiched be-
tive (see Fig. 2). No explanation is known for this unusual tween such CoO layers, and the coupling to these layers gave
phenomenon. The attempt 1'2 to relate it only to the exchange the boundary conditions for the energy minimization. For
coupling at the interface failed, in the sense that the theory this model the differential equation could be solved analyti-
did not produce anything similar to the observed loops. cally, and the reduced magnetization in the field direction

Unlike the exchange coupling, which acts on the bound- was shown3 to be
ary layer only, magnetostatic interaction between the layers
acts on the whole volume of the film, and is thus more ef- j=(M)/Ms = - 1+ 2E(k)/K(k), (1)
fective and more likely to produce inverted loops. However, where K and E are the complete elliptic integrals of the first
the magnetostatic interaction is complicated and difficult to and second kind, respectively, and k is a parameter, related to
take into account, and is just neglected in most theoretical
studies. To illustrate the complexity, two cases of such
exchange-coupled layers are shown schematically in Fig. 1. h =HI(2 rM,), (2)

In case (a) the magnetic field is in the film plane, and the
magnetization of the hard component, A, is pointing to the by
right. A simple-minded calculation assumes an infinite film,
with no demagnetizing effect. However, these films do end - irSh = [K(k)j 2 ' S=aMs,/A. (3)

somewhere and there is a charge on that surface. This charge Here A = C/2 is the exchange constant, and a is the Co film
(shown schematically as the pluses) creates a field (shown thickness.
schematically by the two field lines), which points to the left Two changes are made in this theory for using it here.
when the applied field is to the right. The field acting on the (1) In a sufficiently large field the CoO layer reverses its
soft material, B, is the difference between these fields, and
can be negative in a positive applied field.

In case (b) the applied field, and the magnetization in the
film, are pointing upwards. There should be no demagnetiz- +
ing effects besides the overall demagnetization, which is A....4 +easy to take into account. However, if the films are not con- -Il
tinuous, and one material "penetrates" through the other
one, a surface charge can be created, as seen in Fig. 1, and
the effect is the same as in case (a). B B B

These effects are not easy to estimate, because they de- i
pend on the fine details of the layer structure; but they are '
not negligible, because the magnetostatic self-energy is usu--ally very large. A rather crude theory will be given in Sec. 1I, A -... J + ATI T"
which demonstrates the main physics of the present sugges- +A/ I

tion for the origin of the inverted hysteresis loop. A method
for advancing to a more realistic approximation will be pro- (a) (b)

posed in Sec. III.
FIG. 1. Schematic representation of a soft magnetic layer, "B" being de-
magnetized by the field due to the surface charge on a hard layer, "A"

'tE-mail: a.aharoni@ieee.org magnetized parallel (a), or perpendicular (b) to the layer plane.
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FIG. 2. An inverted hysteresis loop computed from Eqs. (1) and (4), with FIG. 3. As in Fig, 2, only with ";rS2hD= 10.5. Note that the scales are
1tS2 hD = 12.5. different.

magnetization into the field direction. Effectively, boundary second law of thermodynamics. Actually, the energy gain in
conditions no longer require the surface magnetization to be small fields is more than balanced by the energy loss in
always parallel to + z. At a large negative field it becomes higher fields, as is the case for an electronic circuit with a
parallel to -z. negative resistance in part of the V-I cycle.

(2) A demagnetization is added by replacing Eq. (3) by
- S2(h - h D ) = [K(k)] 2 .  (4) Ill ONE-DIMENSIONAL THEORY

Of course, these assumptions are oversimplified, because The crude approximations of Sec. II do not allow for a
the CoO is not magnetized abruptly, and the demagnetization magnetization distribution in the hard magnetic component,
is not a constant, tto . However, this simple model contains take the demagnetizing field as a constant, and do not take
all the physics of the assumed mechanism, and it can pro- into account the demagnetizing of the hard by the soft com-
duce the experimental curves. A typical hysteresis curve, ponent. These approximations can be much improved by acomputed from Eqs. (1) and (4) and plotted in Fig. 2, con- slight modification of the theory which was used4 for bilay-
tains all the features of, and is qualitatively very similar to, ers of NiFe-TbCo, but which is qualitatively the same for
the observed 12 inverted hysteresis loops any other pair of materials. It should be particularly noted

The plot in Fig. 2 is sensitive to the la, used for ho. that this as s the particular cases all the oher one-
For a smaller vale the increasing and decreasing part of the dimensional models which were developed separately, e.g.,

hysteresis curve cross, approaching the shape of the curves when each film is taken as a "single domain," without 5 orcomputed2 with no demagnetization. An example is plotted with6 a transition wall between them.

in Fig. 3. This result is not inconsistent with the experimental This theory 4 considers a soft layer whose magnetizationobservation 12 at sthe loops are not always inverted. It must is at an angle a(z ) to the ixis of induced anisotropy, taken
mean that the geometrical details of the demagnetization are as the x axis, in the region -ti z ; and a hard layer
important whose magnetization is at an angle 02(Z) to x, in the region

It should be emphasized that the curve in Fig. 2 is not a czt,. For the soft and the hard films, the saturation mag-
truhe e expI e decreasing-field part in Fig. 2 is netization is M, the uniaxial anisotropy constant is K, and
stopped and reversed at, say, FgS2. 2 = - 7, the magnetization the exchange constant is A , with j = 1, 2, respectively. It is
will climb back on the same branch, and not on the increas- only assumed here that the soft film interacts with a field
ing part. Changing between the two branches occurs only in HA-H , and the hard film with HA - H2, instead of just
a highly positive oi highly negative field, where energy has with the applied field, HA. Here H c should eventually be
to be spent on reversing the hard component. Presumably, taken as proportional to the average of cos 0, and Ht2 as
the same is also true for the observed inverted loops, al- proportional to the average of cos 01, whic t should be a
though this point is not specified in the published ' 2 accounts reasonably good approximation to many real physical situa-
Otherwise, he negative resistance of the minor loop could be tions. This part will be published elsewhere. The following
used to create a perpetual motion machine, thus violating the notations are used for short:
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h l = (HA-HD1)Ml1K1, h2 =(HA-HD2)M 21K2, 1 -COS 02 1 -Q+h 2 /2 (8b)
q 2=K2 sin 2(2Ob)/(4A2K2), Ob= 02(t2) ,  (5) 1--2 I+Q-L2 s2(U,)

00=01(-tl), Q= q2+(h 2 /2+cos Ob)2

where Kb is4 the surface anisotropy. k22 2 (h 1 + 2 cos 0 o) (8c)

Smith and Cain4 solved numerically the two second-

order differential equations which minimize the energy. 2 -  4Q

However, it is known 7' 8 and has been pointed out9 again, that 2 (1 + Q) 2 -(h 2 /2) 2
,  (8d)

all the equations of one-dimensional micromagnetics can be
integrated at least once, if not twice. After the first integra- t I
tion, these equations become u 2 -  !(l+cos 0o)(l+h 1 +cos 0o), (8e)

(A 1/K)(d 01/dz)2 -h 1[cos(0 0 - OH) -cos(01 - OH)] z- t 2  t2  K2

+sin 2 01-sin 2 00, (6a) t2 u 2 = 2  (8f)
2( 1 + 1 )

(AE/K2)(dO2 /dz)2 =h2[cos(0 b-OH) -cos(0 2-o2))]= Q!o Oh + -

+q 2 +sin 2 02 -sin 2 0 b. (6b) (8g)

Here OH is the angle between the applied field and the x axis. where sn is the Jacobian elliptic function, and where the
It can be checked that Eqs. (6) are indeed first integrals of the integration constants have already been chosen so that 01 = 00
second-order equations 4 and that they fulfill two of the on z = -t 1 , and 02= 0b on z = t2 . It can be checked by dif-
boundary conditions, which require the z derivatives of 01 ferentiation that Eqs. (8) solve the differential Eqs. (6).
and of 02 to vanish on z =-t I and z=t 2 , respectively. It Therefore Eqs. (8) are a legitimate solution, provided the
should be noted, though, that 0o and Ob are known at this parameters are such that
stage only as the boundary values of 01 and 02. They still 0<k<1 and 0<k2<l. (9)
need to be evaluated.

One of the remaining boundary conditions is that the If either k1 or k2 is not in this region, standard transforma-
derivative is continuous, tions to other elliptic functions may be used.

The problem has thus been reduced to finding 00 and 0 b
dot/Idz =d 2 /dz, on z 0. (7a) that will fulfill the boundary conditions of Eqs. (7).

The other one was taken 4 as a certain discontinuity of the Once this problem is solved, the average magnetization
angle at z=0, thus introducing unnecessarily another, un- in each region,
known parameter, K,. It is better to take the limit K,--+o, 1 o
because the exchange is the largest force over short dis- (cos 01)= - cos 01 dz, (10a)
tances. Other micromagnetics studies do not allow a discon- ti J-e

tinuity because the exchange is so strong, and having an 1 f/2

exchange coupling between two different materials cannot (cos 02) = - COS 02 dz, (10b)
change this argument. In the studies of nucleation at crystal- t 2 J0
line imperfections, with an abrupti° or a gradual" or a
leperf'2chgeion wthe aniabrupty o an gr d 3 o a is a standard elliptic integral of the third kind. The reducedperiodic' 2 change in the anisotropy, and in the study' 3 of toamgnizinishe

domain wall pinning, or wall motion 14 in a material with a

variable exchange, the angle was assumed to be continuous. Mitt(cos 01)+M 2t 2(cos 02)
There is no reason to assume anything else here, and the J- Mltl+M 2t 2  (11)
second boundary condition is that the angle is also continu-
ous, 'C. Gao and M. J. O'Shea, J. Magn. Magn. Mater. 127, 181 (1993).
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FRuderman-KitteI-Kasuya-Yosida polarizations in inhomogeneous media
W. Baltensperger and J. S. Helman
Centro Brasileiro de Pesquisas 5isicas (CBPF), Rua Dr. Xavier Sigaud 150,
Rio de Janeiro, RJ 22290, Brazil

An analytical treatment of the Ruderman-Kittel-Kasuya-Yosida polarization in inhomogeneous
media is possible for some simple models. This is exemplified with the half-spaces and slabs in one
and three dimensions, and with an especially chosen potential barrier in one dimension.

I. INTRODUCTION y 2m [I()R(Ix-al)= -g V -Si(2klx-al) . (4)
Experiments with films and with layered structures re-

quire information on the Ruderman-Kittel-Kasuya-Yosida For the half-line the calculation 5 gives
(RKKY) polarization in inhomogeneous situations. This
work deals with especially simple situations for which a cal- Plh()=R1 (Ix-aI)+Rl(X+a)
culation can be made analytically. The aim is to get familiar -2RiLIx-aI/2+ (x+a)/2]. (5)
with effects that appear in idealized situations rather than to
study a model that incorporates many features of actual ex- The first term is the polarization in a homogeneous medium
perimental conditions. due to a point field at position a, and the second is the same

As in the classical papers on RKKY polarization' we expression centered around the mirror point -a. At the sur-
shall assume the electron gas to be ideal and fully degener- face, x=0, the two terms have the same value. In this sense
ate. At a position a the electron spins are subject to a point the second term is not a reflected wave. It is the third term,
field leading to a perturbing Hamiltonian which depends on the average distance to the source and to

its mirror point, which compensates the first two terms at theO~z

H'=- y83 (r-a) -, (1) surface. Plh is shown in Fig. 1.
When the half-space has more than one dimension, a

The coupling constant y has the dimension energy volume, r complete set of one particle wave functions which vanish at
is the electron position, and oz the Pauli spin matrix for the the boundary x = 0 is
z direction. In the homogeneous case plain waves 'Pk,s (k,,,(x,R) =v2 sin(kx)e K'RIs), (6)
= 1/" 1ek'rIs) , with s = ± 1 the spin quantum number, and
which belong to the energy e(k)=h2k2 /2m, form a complete where k>0, and R and K are orthogonal to the x direction.
set of unperturbed one particle states. It can be shown by an In two dimensions the authors were unable to perform the
eytnsion of Yosida's argument 2 to inhomogeneous situa- integrations analytically. For a three-dimensional half-space
to Eq. (33), that the first-order perturbed wave functions the polarization Ph can again be expressed5 in terms of the

usual RKKY function

fk's ikks+ f d3k' e(k')-e(k) k, ,S (2) yk4 2m sin(x)-x cos(x)
R (x) F - x (7)

lead to the correct spin polarization which has z direction:
as

1 dkOks(X) -z.(). (3P(x)= fk<kF

kp is the Fermi wave vector

1.0

II. THE SEMISPACE 0.5.

Consider an ideal electron gas confined to the half-space
with coordinate x>0. This is obviously not a realistic model
for a surface of a true metal. However, it has the virtue that
again a simple set of one particle functions can be written -0.5
down. In the one-dimensional case they can be taken to be " 2 4 12 14"

l/v2 sin(kx)ls). The electron density and therefore the po- X
larization vanishes at the surface. Mathematically the whole
change is a sine function in place of an exponential. In the FIG. 1. The spin polarization PIh(x) in a half-line for a point field at a =6

unlimited one-dimensional space the spin polarization is3 4  Distances are in units of 1/(2 k,) and Plh is in units of y2m/(47rh2)
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FIG. 2. Polarization in half-space due to o point field at a= 4. Ph(x,R)p_ is FIG. 4. The spin polarization Pix,R)p_ in a slab of width L = 32. a = 12.
shown, where the factor p_, the distance to the point source, suppresses the Units are as in Fig. 2.
divergence of Ph at the source and emphasizes the oscillations. Distances
are in units of 1/(2 kF) and Ph is in units of yk,2m/(41T3h 2).

shows Pfp, where p- is the distance from the source.

nF=Int(lTkF/L) = 5 designates the band at the Fermi level.
Ph=R(2kFp-)+R(2kFp+) (2p_p+) R[kF(p_ +p+)].

(8)

Here IV. POLARIZATION ACROSS A POTENTIAL WELL

p= /(X -a)2 + R2, (9) A potential also creates an inhomogeneity in an electron

so that p- is the distance to the source and p+ to its mirror gas. A square well leads to wave functions with somewhat

point. The first two terms are spherical waves, while the third complicated coefficients which inhibit a further analytical
treatment. A numerical calculation has been performed by

term depends on p+p- and compensates the first two at the Jones and Hanna. 6 Here we discuss a one-dimensional model
surface. See Fig. 2. with a particular localized potential which lends itself to ana-

lytic treatment.
The electrons are subject to a localized potential of

III. THE SLAB width X

In the one-dimensional case, i.e., for the finite line of V(x)= -V o sech2(Xx) (10)
length L, a closed expression for the polarization Pt/(x) has
been derived.5 The plot in Fig. 3 assumes an even number of Vo= 2 2 h2(2m), (11)
electrons N, so that the highest occupied level is designated where m is the mass of an electron. With Eq. (11) the poten-
by n:=N12. In three dimensions, for the slab of width L, tial has the remarkable property of being refiectionless. Note
the polarization P/(x,R) can be written as a rapidly converg- that Eqs. (10) and (11) imply that the depth and width of the
ing series.5 Here, x, with O<x<L, and R are coordinates of potential cannot be varied independently. This potential has
a circular cylinder with the source at x = a, R 0. Figure 4 been chosen for the simplicity of its wave functions and

spectrum. This consists of a continuous part

4 0.3 f
n,2 0.2

0.0 011

-0.2 
0

-0.1

0 1 0 20 30 -0.4

x 
!020

FIG. 3. Polarization in a finite line of length L =32 due to a point field at
a=8. nF=5. Units are as in Fig. 1. The precise positioi. a determines
whether the positive polaiization near a is compensated by a negative one FIG 5. Spin polarization due to a point source at a 3 in the presence of a
mostly to the right or to the left of a. poiential, Eq. (23) with X= 1, near x-.0 Units are as in Fig 1.
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-ik+X tanh(Xx) xh 2k 2  z = Ix- a I, (14)

ks() 2 ekxIs), Ek=- , (12)
k2+2m T=tanh(Xx)tanh(Xa), (15)

and one bound state S = tanh(Xx) - tanh(ta)I, (16)

h2X2  (k2+ 2T)cos(kz)-kXS sin(kz)
bb~) = svch X)ls)' Eb= 2 " (13) C =k + 2, (17)

With the polarization becomes

2m y I r 2 " kF dk I1+2)- )]2X
P(x,a) it 4 i {[(k 2+ 2T)2 -(kXS) ]sin(2kz)+2XSk(k + ZT)

oF  Ck ir
Xcos(2kz)} + 2X[e-z(T- 1 -S) + sech(Xx)sech(ka)] f dk Tk+-- X) sech(Xx)

X sech(a)e-XZ[T+ 1 +,\z(T- 1 -S)]}. (18)

This still contains an integration tobe performed numerically 3X= s dS,,, I 0,,(a)12
(Fig. 5). f P(x,a)d x.-2 r) dSF~ 7 kkVE(a)

As a limiting case let both x and a be on the same side "( )
of the potential and far away from it, i.e., (20)

where the integration extends over the Fermi surfaces SF,, of
x,a>Xh, or -x, -a~X. (19) all bands that arc partially filled. The right-hand side can be

In this case T= 1 and S = 0. Thus P(x,a) -RI(Ix-al) of Eq. interpreted as counting the spin flips at the Fermi energy due
(4). Note that the terms that were neglected were exponen- to the point field. However the formula is derived using per-
tially small. This result conforms with the reflection free turbed wave functions and the unperturbed occupation of
property of the potential. In general P(a,a)= y2m/(4iTh2) states. The bound states contribute only indirectly, through
independent of a and X. the ortb gonality to the continuous states. Apart from justi-

fying our method of calculation, Eq. (20) provides a shortcut
V. INTEGRATED POLARIZATION to obtain the integrated polarization.

The validity of the procedure used by Ruderman and
Kittel to derive the polarization induced by a point field was 'C. Kittel, Quantum Theory of Solids (Wiley, New York, 1963).

demonstrated by Yosida. This can be extended to situations 2Kei Yosida, Phys. Rev. 106, 893 (1957).
3 C. Kittel, Solid State Physics, edited by F. Seitz, D. Turnbull, and H.

in which the elecf:on gas is subject to boundary conditions Ehrenreich (Academic, New York, 1968), Vol. 22, p. 11.
and spin independent potentials. Let 0, ,(x), e(Kv) represent 4Y. Yafet, Phys. Rev. B 36, 3948 (1987).

the orbital wave functions and energies of the continuous SJ. S. Helman and W. Baltensperger, Phys. Rev. B (in press).
6 Barbara A. Jones and C. B. Hanna, Phys. Rev. Le't. 71, 4253 (1993)part of the spectrum, where K is a continuous quantum num- 7L. D. Landau and E. M. Lifshitz, Quantun Mechanics, Nonrelatwistic

ber while v labels the bands. Then it can be shnAn- that the Theory, Course of TheoreticzI Physics Vol. 3 (Pergamon, Oxford, 1977),
polarization satisfies pp 73 and 81.
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Spin reversal in Co/Au(111)/Co trilayers
V. Grolier, J. Ferr6, M. Galtiera) and M. Mulloya)
Laboratoire de Physique des Solides, Bt. 510, Universiti Paris-Sud, 91405 Orsay Cedex, France

In Co/Au(lll)/Co trilayers exhibiting oscillatory interlayer coupling, we show how the nature and
the strength of this interaction modify the magnetization reversal. In the case of antiferromagnetic
(AF) coupling the magnetic domain patterns observed by Faraday microscopy differ drastically
according to the amplitude of the coupling. This effect can be understood on the basis of the
fluctuations of the effective field acting on a layer produced by the roughness of the Au interlayer.
Among the ferromagnetically (F) coupled layers slighter differences are visible that can be
accounted by changes of the anisotropy energy.

INTRODUCTION For the other interlayer thicknesses, only one steep reversal
is visible, occurring at a smaller coercive field for the thin-Widely observed in systems with planar anisotropy, the nest interlayers (tAu=2 AL and 3 AL).

oscillatory interlayer coupling has been detected in few sys- In the case of AF coupling, the two coercive fields are
tems with perpendicular anisotropy."2 Among them Co/ different enough to enable the observation of the domains in
Au(lll)/Co is particularly attractive in view to study the each Co layer separately. For strong AF interaction, the time
magnetization reversal and the corresponding domain pat- evolution of the domain structures after premagnetizing the
terns, because much of the work has been devoted to simple
Au/Co/Au sandwiches. 3'4 The purpose of this article is to sample in a large negative field are shown Fig. 2. The first

show how the spin reversal near the coercive field(s) is af- layer exhibits a dendritic growth of domains starting from ashowhowthe pinrevrsalnea th coeciv fild~s isaf- few nucleation centers. The situation is completely different
fected by the interlayer coupling and its oscillatory nature in theers a greaton ompll differe

and to understand this behavior in light of what is already nucleated and very limited propagation of their walls is vis-
known about Au/Co/Au monolayers. ible afterwards.

For small AF coupling (tAu=9 AL), if the reversals occur

SAMPLES AND EXPERIMENTAL TECHNIQUES at different fields, the corresponding evolutions of the do-
main patterns (Fig. 3) are identical: a domain wall is moving

The samples are Co/Au(lll)/Co trilayers grown by ther- across the sample with a reduced deformation of its shape by
mal evaporation in ultrahigh vacuum on a polycrystalline fcc pinning centers.
Au(lll) buffer. Details about the growth conditions and the Among the F coupled samples the less strongly coupled
structural properties of the samples are reported elsewhere. 1  ones (tAu=4, 6, 8 AL) form an homogeneous group with the

The Au interlayer has a stepped-wedge shape, with eight same coercive field and identical domain patterns. The
different thicknesses, from 2 to 9 atomic layers (AL). The strongly F coupled films (tAu=2, 3 AL) behave differently,
two Co films have the same thickness--0.8 nm-and com- which appear clearly on magnetic after-effect curves. For
parable roughness (1 AL) in this range of Au interlayer thick- these samples, one has to notice that beside the regular
ness, as was shown by AFM and RHEED experiments. 5  RKKY coupling a direct exchange interaction exists. Figure
Therefore, for the thinnest samples (tc,--3 AL), we can ex- 4 illustrates the influence of the strength of the F coupling on
pect that in the absence of coupling the top and the bottom relaxation curves obtained for tAu = 2 and 4 AL. Both the bias
layers have almost the same intrinsic coercive field and ex- fields and the shape of the relaxation are different: for tAu=4
hibit similar domain patterns during the reversal of magneti- AL we get a typical reversal dominated by domain wall
zation. propagation, whereas for tu=2 AL, the nucleation process

All the samples have perpendicular anisotropy and their plays a more importdnt role and the needed applied fields are
magnetization was deduced from sensitive Faraday ellipticity smaller.
measurements. At a more microscopic scale a Faraday mi-
croscope with an objective of high numerical aperture (0.85) INTERPRETATION
was used to observe domain patterns.

Bruno and Chappert,4 first have pointed out in this sys-
tem the importance of the inhomogeneities in the determina-

RESULTS tion of the coercivity via domain wall movement. In the case
of coupled films, the effective field acting on each layer isThe hysteresis loops (Fig. 1) measured in perpendicular

field confirm the oscillatory nature of the in' rlayer coupling: Hef= Happ+Hint'
for tAu= 5 AL and 9 AL we observe two successive jumps of where Happi and H,nt are the applied and interaction fields,
magnetization at different fields, thus revealing AF coupling, with Hint>0 for AF coupling. Therefore, to the inhomogene-

ities due to the structural roughness of each Co layer the ones
3)Institut d'Optique Th~orique et Appliqu6e, Bit. 503, Universit6 Paris-Sud, produced by the fluct',ations of Heff due to the roughness of

91405 Orsay Cedex, France. the interlayer are added.
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0 one (b) at H=768 Oe.
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.15 H (kOc) 15 -15 H (kOe) 5 coupling just shifts the magnetization reversals with respect
to one another, but does not alter their mechanisms as com-

FIG. 1. Hysteresis loops measured by magneto-optical Faraday ellipticity pared to a single Au/Co/Au sandwich with tco=0.8 nm.
for different values of the Au interlayer thickness. When the coupling is F another effect accounts for the

differences observed between weakly and strongly coupled
Co layers. The magnetic anisotropy of the above-mentioned

When tAu= 5 AL, the coupling is AF but its amplitude samples (tAu=2 and 4 AL) was compared to the one of a
and its sign are very sensitive to the Au layer thickness.' In Au/Co/Au sandwich (tee=0.8 nm). For this purpose, the
that case, taking into account a realistic roughness of the magnetic field is applied to 250 with respect to the sample
interlayer of 1 AL, islands of F coupled zones exist in a plane and the variation of the perpendicular component of
majority of AF coupled regions. It must be noted that this the magnetization is recorded as a function of the field
picture of islands is reasonable when the mean interlayer amplitude.7 The results are shown Fig. 5.
thickness is smaller than the so-called cutoff thickness equal Whereas the sample with tAu=

4 AL is similar to the
to 5 AL in this system.6 For the first Co layei, nucleation single Co film from the point of view of magnetic anisotropy,
occurs where the effective field is the highest (AF zones) and the strongly coupled one (tAu=

2 AL) is softer and is compa-
the F islands act as obstacles to be avoided by the moving rable to a single 1.2-nm thick Co layer.
wall, which explains the dendritic shape of the walls. In the Therefore, the differences observed in Fig. 4 can be un-
second Co layer, nucleation occurs in F zones and very rap- derstood on the basis of the effective thickness deduced from
idly, the domain wall reaches an AF region which stops its the anisotropy measurements. They correspond to the trends
motion.

For tAu=
9 AL, we are beyond the cutoff thickness and

the fluctuations of the coupling are much smaller than near
the first AF peak, namely 0.05 erg cm - 2 for a change of the (a)
interlayer thickness of 1 AL. Besides, the variation of the 0.8 -456 Oe

anisotropy energy due to the roughness of each Co film is 0.1 40.4 463 e
erg cm - 2 when tco=0.8 nm. Therefore, in this case, the AF 0- -468O

-0.4 -481 Oe

-0.8 -1480Oe

0 t (s) 15

(b)0"8
Is 0.8 -749 Ge

0.4
0-0 'i -7610e

-0.8 -

0 t (s) 15

FIG. 2. Co(0.8 nm)/Au(5 AL)/Co(O.8 nm): time evolution of the magnetic
domain structure in the first Co layer (a) at H=336 Oe and in the second FIG. 4. Magnetic after effect for tAu=2 AL (a) and tAn=4 AL (b) for dif-
one (b) at H= 1008 Oe. ferent values of the applied field.
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Effect of coupling on magnetic properties of uniaxial anisotropy NiFeCo/
TaN/NiFeCo sandwich thin films

T. Yeh, L. Berg, P. Witcraft, J. Falenschek, and J. Yue
Honeywell, Solid State Electronics Center, Plymouth, Minnesota 55441

The coercivity of the coupled NiFeCo thin films is a function of nickel-iron-cobalt (NiFeCo) film
thickness and tantalum nitride (TaN) intermediate layer thickness. This can be attributed to the
variation of energy and magnetization gradients of a domain wall. The magnetization gradient can
be affected by a thickness-induced coupling effect associated with altering the exchange and
magnetostatic interactions between the two NiFeCo films. Decreasing the exchange coupling and
increasing the magnetostatic 'upling between the coupled NiFeCo films tends to decrease the
energy and magnetization gradients of domain walls and results in decreased coercivity.

INTRODUCTION sandwich. The deposition rates of the films were carefully
characterized while the thickness of the films was controlled

The success of utilizing coupled magnetic films as mag- by varying the sputtering time.
netic sensors or memories largely depends upon a better un- Subsequent to the deposition, the film properties were
derstanding and control of the magnetic coupling between characterized by a B-H looper using a maximum 100-Oe
the coupled magnetic films. One of the most striking effects applied field. The sheet resistance and B's of the films were
of sandwich magnetic films, as compared to that of a single used to monitor the thickness of the NiFeCo films. The mag-
film, is the reduction of coercivity, which is attributed to netic properties of the films, such as skew, dispersion o9,
reduced domain wall energy.1- 4 Theoretical calculation anisotropy field HK, and coercivity Hc , were determined

showed that the domain wall energy of coupled films can be by the B-H looper measurements. Atomic force microscopy

significantly changed through the exchange and magneto- (AFM) was used to characterize the surface topography of

static coupling of the coupled films by varying the thickness the sandwich films.

of magnetic and nonmagnetic films.2'' 6 In this article, the The magnetic properties of the sample films are summa-

manner in which the magnetic properties of coupled NiFeCo rized in Tables I, II, and III. The skew and dispersion a-

films are affected by pure tantulum (Ta) and reactive-sputter data demonstrate that all the sample films exhibit in-plane

TaN films is examined, and the magnetic properties of sand- magnetic unaxial anisotropy with easy and hard axes perpen-

wich NiFeCo/TaN/NiFeCo films as a function of TaN and dicular to each other. A typical easy and hard axis hysteresis

NiFeCo film thicknesses are investigated. Also, the correla- loop of the sandwich film is shown in Fig. 1. The anisotropy

tion between the coercivity of the coupled films and the do- field HK of the film was measured to be approximately 20

main wall is discussed. Oe, showing results of the easy and hard axes hysteresis
loops to be consistent with the skew and dispersion a90 mea-
surements.

EXPERIMENT

Because of the nature of short-range interaction, the ex- RESULTS AND DISCUSSION
change coupling of coupled films may be very sensitive to
the thickness of the nonmagnetic interlayer and the interlayer Before reporting and discussing the experimental results,
material. The experiments for this article were performed as we will first derive the relationship between coercivity and
follow. First, the effect of Ta and TaN intermediate layers on the domain wall energy of the coupled films. Because of the
magnetic properties of 150-A-thick coupled NiFeCo films coupling effect in the configuration of two ferromagnetic
was investigated. Second, how the nonmagnetic intermediate films separated by a nonmagnetic film, the domain wall
layer thickness affects the magnetic properties of the coupled structure differs markedly from those observed in single fer-
films was studied. In this portion of the study, the 150-A- romagnetic films. One of the most striking properties of
thick NiFeCo film was used with the intermediate TaN film coupled magnetic films is the modification of domain wall
thickness varying from 0 to 105 A. Third, in an attempt to reversal properties by comparison with those of single films.
study the magnetostatic coupling effect on the magnetic The coercivity is a quantitative measure of the magnetic field
properties of the sandwich films, the NiFeCo films were var- required to reverse the magnetization direction in the film.
ied from 150 to 600 A with the intermediate TaN film held Local energy gradients constitute a generalized force tending
constant at 50 A. to hinder the magnetization reversal process of a ferromag-

Samples of NiFeCo/TaN/NiFeCo sandwich films were netic film.7 However, for a magnetic uniaxial anisotropy
sputter deposited on a 4-in. silicon wafer coated with a thin film, the local energy gradients of domain walls are the
sputtered silicon nitride film. rf sputtering was used to de- dominant hindrance of the magnetization reversal process. If
posit the NiFeCo films while the TaN was deposited by a dc we call the domain wall energy y, the coercivity is related to
reactive-sputter process with an Ar and N2 mixture sputtering the derivative of this energy with respect to position dyldx,
gas and a pure Ta target producing the NiFeCo/TaN/NiFeCo the energy gradient.8
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TABLE I. Magnetic properties of the coupled NiFeCo films with different TABLE III. Magnetic properties of the coupled NiFeCo films as a function
nonmagnetic intermediate layers. of NiFeCo film thickness (Fig. 4).

NiFeCo Interlayer B, Skew Dispersion HK HI NiFeCo TaN B, Skew Dispersion HK HI
thickness (A) thickness (A) (nW) (degree) (degree) (0e) (Oe) thickness (A) thickness (A) (nW) (degree) (degree) (0e) (Oe)

150 50 (TaN) 2.41 0.52 0.7 20.0 0.45 150 50 2.41 0.52 0.7 20.0 0.45
150 50 (pure Ta) 2.34 -0.23 0.8 20.0 1.38 200 50 3.26 0.52 0.7 21.2 0.38

- 250 50 4.06 0.54 0.6 21.6 0.34
600 50 10.12 0.54 0.5 23.6 0.25

The total energy of the wall configuration is given by the
sum of magnetostatic, anisotropy, and exchange terms, as-
suming that the domain wall is Nel and quasi-Nel type and The coercivity reduced by the intermediate TaN film may
the wall is thick compared to the total thickness of the sand- also have an impact on the domain wall structure of the
wich film.2'5'9 Therefore, the coercivity of the coupled films coupled film.
can be derived to be:2  The magnetic properties of coupled 150-A NiFeCo films

1 1 1 d Mx 2  with varying TaN film thickness are summarized in Table II.
Hcd =21TD 1b+-D ) dx +K 2o The coercivity of the film with no TaN interlayer is measured

Ae,, ax = 2 c A to be 2.16 Oe, but when the film is separatd by a 17-A TaN

2 film, the coercivity decreases to 0.55 Oe. The anisotropy
+A (1) field HK decreases from 22.2 Oe for the film with no TaN

Axj interlayer to 19.9 Qe for the film separated by a 17-A TaN

where D and d are thicknesses of the magnetic films and the film. This decreasing in HK implies that the anisotropy con-
nonmagnetic interlayer, respectively, K is the effective an- stant K of the film separated by a 17-A TaN film is 10%
isotropy constant, and A is the exchange constant. One may lower, but the 10% decrease in the anisotropy constant alone
note that the coercivity H,/ is a function of dM./dx and cannot explain the four times reduction of the coercivity. The
dqp/dx, the magnetization gradients, with lower magnetiza-
tion gradient resulting in lower coercivity. Also, a domain
wall with lower magnetization gradient implies a wider do-
main wall width, In other words, the domain wall width
would be wider for the coupled film with lower coercivity
due to lower magnetization gradient. The width of the do-
main 'wall appears to be inverse proportional to the square
root of the coercivity H,1.

Now, we move to a discussion of the effect of different
intermediate layers on magnetic properties of the coupled
NiFeCo films. The coercivity of the coupled NiFeCo films
separated by a 50-A thick Ta film is measured to be 1.38 Oe,
while the coercivity is reduced to 0.45 Oe when the coupled
films are separated by a 50-A thick reactive-sputter TaN film.
No effect from the anisotropy field HK on the coercivity
would be expected because of the same HK were obtained in
the two sample films. The coercivity reduction of the coupled
NiFeCo film, with a TaN intermediate layer could be attrib-
uted to the TaN film inducing a lower energy and magneti-
zation gradient of the domain wall by altering the exchange
and magnetostatic interactions between the magnetic films.

TABLE 1I. Magnetic properties of the coupled NiFeCo films as a fuction of
TaN thickness (Fig. 3).

NiFeCo TaN B, Skew Dispersion HK HcI
thickness (A) thickness (A) (nW) (degree) (degree) (Oe) (0e)

150 0 2.42 0.45 0.8 22.2 2.16
150 17 2.39 -0.03 0.7 19.9 0.55

150 35 2.39 -0.77 0.6 19.9 0.48

150 50 2.41 0.52 0.7 20.0 0.45
150 70 2.42 0.34 0.9 19.9 0.63
150 88 2.39 -0.31 1.0 20.2 1.06
150 105 2.37 0.74 1.0 20.0 1.21 FIG. 1 Typical (a) easy axis (b) hard axis hysteresis loops of NiFeCo/TaN/

NiFeCo sandwich film.
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ents induced by varying the intermediate TaN thickness.
FIG. 2. The surface topography of the coupled film (ins roughness=3.4 A). Both the exchange and magnetostatic coupling between the

coupled film could play a dominant role in different thick-
ness regimes. The intermediate TaN film thickness may also

coercivity reduction may be attributed to lowering the mag- have an effect on the domain wall structure.
netization gradient of the domain wall induced by the 17-A Table III summarizes the effect of magnetostatic cou-
intermediate TaN film. The intermediate TaN film may in- pling on the magnetic properties of coupled films when vary-
duc, the magnetostatic coupling and decouple the exchange ing the NiFCo film thickness. The coercivity and anisotropy
interaction between the two NiFeCo films. The surface to- ing the couplo film s T coecivi nicp
pography of the sample film shown in Fig. 2 demonstrates field of the coupled films as a function of NiFeCo film thick-
very smooth surface roughness. The surface roughness of the ness is plotted in Fig. 4. The coercivity was found to de-
film indicates that a 17-A thick intermediate TaN film is crease when increasing the thickness of the NiFeCo film,
fim inicate onthat s ah 1 thick intermediate e TaN -film while the anisotropy field HK increased when increasing the
thick enough and continuous enough for the exchange cou- NiFeCo film thickness. This increasing of the anisotropy
ping between the magnetic films to be weak or negligible, field can be attributed to the NiFeCo film thickness-induced
and for the magnetostatic interaction between the separated magnetostatic coupling. Increasing the magnetostatic cou-

films to be appreciable which results in reducing the coerciv- plinetween the u a tpeistends o
pling between the uniaxial anisotropy coupled films tends to

i The coercivity as a function of the TaN intermediate increase the coupling strength along the easy axis and results
lyer thicoersits is swnin oF A the TaN interate in lowering the energy state. For this reason, the anisotropy

layer thickness is shown in Fig. 3. As the TaN interlayer field increased when increasing the thickness of NiFeCo
thickness increases, the coercivity decreases due to degrada- film. A higher anisotropy field H K of the film would cause
tion of the exchange coupling between the magnetic films fim Aer ansoto iel hfof the fi old cs
when the coercivity reaches a minimum at 50 A. When the the coercivity to increase; therefore, the reduction of the co-
exchange interaction is degraded, the magnetostatic interac- ercivity is not due to increasing the anisotropy fied In thistionbeteenthetwomageti fils cmesto laya dmi- case, the coercivity can be related to the energy and magne-
tion between the two magnetic films comes to play a domi- tization gradients of the -:main wall being decreased bynant role in determining the coercivity. While increasing the
intermediate TaN thickness further, the magnetostatic inter- FeCo film.

action between the coupled NiFeCo films decreases and re- In summary, decreasing the energy and magnetization

suits in increasing the coercivity gradients of a domain wall through altering the exchange and
The dependence of coercivity on TaN thickness could be magnetostatic interactions between the coupled magnetic

caused by variation of the energy and magnetization gradi- films is responsible for the reduction of the coercivity of the
22' coupled films.
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Antiferromagnetic versus ferromagnetic coupling in Fe/Cr(107)
and Cr/Fe(107)

A. Vega,a) H. Dreyss6, and C. Demangeat
Institut de Physique et Chimie des Materiaux (IPCMS-GEMME), CNRS-Universit6 Louis Pasteur,
67037 Strasbourg Cedex, France

A. Chouairi
Laboratoire de Physique des Solides, Universitg de Nancy I, BP 239, Vandoeuvre-les-Nancy, France

L. C. Balbis
Departamento de Fisica Te6rica, Facultad de Ciencias, Universidad de Valladolid, 47011 Valladolid, Spain

We have calculated the local magnetic moments and magnetic order for a Fe(Cr) monolayer
adsorbed on a stepped Cr(Fe)(107) substrate. The electronic structure at T=O K has been
self-consistently determined within the unrestricted Hartree-Fock approximation of the Hubbard
Hamiltonian in the framework of a real-space tight-binding method. In the Cr/Fe(107) system, two
magnetic arrangements have been obtained, the more stable being the less frustrated as obtained in
the case of V overlayers on vicinal substrates of Fe. An analysis of both s',iutions in terms of the
total energy calculation and the different degree of frustration is presented. For Fe/Cr(107), a
two-step periodicity is obtained. The sign of the magnetization at the Fe overlayer changes from step
to step. This spin-flop transition is consistent with the two-layer period oscillation recently observed
in Fe/Cr/Fe wedge structures, and with the total magnetization determined from in situ
magnetometer measurements during growth of ultrathin Fe films on Cr(001).

Considerable attention has been devoted for 15 years to calculations for corresponding model structures in these
the study of a possible enhancement of the spin polarization Fe/Cr systems is obvious.
at the surface of Fe and Cr1-6 and, more recently, to a physi- It is the aim of this communication to explore the experi-
cally transparent explanation of the exchange coupling of mental results obtained by Unguris et al. and Purcell et al.
adjacent Fe layers across a Cr spacer. Antiferromagnetic ex- for the Fe/Cr wedge structure, and to investigate the possible
change coupling of adjacent Fe layer magnetizations through magnetic arrangements one can find at Cr monolayers depos-
Cr layers was found by Griinberg et al.7 through light scat- ited on nonideal substrates of Fe, as a first step for under-
tering and by Baibich et aL8 through magnetoresistance ex- standing the complex behaviors one can expect for thicker
periments. Besides oscillations from ferromagnetic (FM) to coverages.
antiferromagnetic (AFM) exchange couplings with a long In the following we present and discuss the results (local
period, Unguris, Celotta, and Pierce 9 and Purcell et al.10  magnetic moments and magnetic order) obtained for the
have discovered oscillations with a period of two Cr mono- monolayer of Cr adsorbed on the stepped (107) substrate of
layers when the crystallographic quality of the Fe/Cr inter- Fe and for the monolayer of Fe on Cr(107). For this study,
face is extremely good. The coupling was measured on a we have calculated the spin-polarized electronic-charge dis-
sample consisting on a Fe(100) single-crystal whisker sub- tribution for the valence 3d electrons using a self-consistent
strate, a Cr wedge deposited by molecular beam epitaxy and tight-binding real-space model within the unrestricted
covered by the Fe overlayer. As discussed in those papers, 9'10 Hartree-Fock approximation of the Hubbard Hamiltonian.
the sign of the polarization of the Fe overlayer changes from This method has been recently 4pplied to describe the spin
step to step. polarization at the Fe/V interface 12 and at vicinal surfaces of

There is agreement between most of the theoretical cal- Cr.13 Instead of going into detail, we refer the reader to these
culations concerning the Fe/Cr systems, whereas the experi- works.
mental results indicate the possibility of complex magnetic In Fig. 1 we show the two magnetic arrangements ob-
behaviors in some cases. In a recent work, Turtur and tained for Cr/Fe(107). In both cases, a periodicity of one step
Bayreuther" have used an in situ alternating gradient mag- is obtained, together with AF coupling between most of the
netometer (AGM) to continuously monitor the magnetic mo- Cr atoms and the Fe substrate. Moreover, the Cr atoms at the
ment in ultrathin Cr films on Fe(100) during growth in ultra- edge of the step and at the kink positions are antiferromag-
high vacuum with submonolayer sensitivity. They have netically coupled. This result, which is consistent with the
reported an evident deviation from layered-AF order in the tendency of Cr to present AF coupling between nearest
first two-three Cr monolayers, a very strong moment en- neighbors, gives an indication of the importance of the short-
hancement in submonolayer Cr films, and a complex mag- range-order interactions in these materials. These two solu-
netic order of Cr moments close to the Fe substrate. From tions differ, however, in the degree of frustration. The main
these results the necessity of further band and total-energy qualitative difference between them arises from a change of

the sign of the local magnetization at the Cr atoms located at

')On leave from Departamento de Fisica Te6rica, Facultad de Ciencias. Uni- the kink and edge of the step. In the solution (a), the Cr at the
versidad de Valladolid, 47011 Valladolid, Spain. edge displays a magnetic moment of - 1 .5 1/B, and the Cr
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FIG. 2. Magnetic moment /z (in units of AB) per atom obtained for the Fe
(I,) monolayer adsorbed on the stepped (107) substrate of Cr.

-3." t S1 1 " 2.5Bayreuther in recent experiments on ultrathin Cr films on

L5 1.8 W 1A .1.00 .3.13 .00 Z.3 Fe(100)."
1*.$ .1oo In Fig. 2, the results are shown for the most stable mag-

1.13 1netic arrangement obtained in the Fe/Cr(107) system. In this
13 19 .case, F coupling between the kink and edge atoms of the Fe

13 9overlayer is obtained, in agreement with the tendency be-
tween nearest neighbors of Fe. Moreover, a periodicity of

FIG. 1. Mapnetic moment A (in units of A ) per atom for the two solutions two steps is imposed by the AF Cr substrate, as can be seen
(a) and (b) obtained for the Cr monolayer adsorbed on the stepped (107) in Fig. 2. Thus, the sign of the magnetization at the Fe over-
substrate of Fe. Open circles represent the Cr atoms whereas the filled layer oscillates from step to step. This spin flop gives support
circles represent the Fe atoms. The figure is given by projection in the (010) to the fact that the two-layer period oscillation of the ex-
plane. change coupling between Fe layers observed in Fe/Cr/Fe

wedge structures91 ° is favored by the AF order of the Cr
substrate, particularly for large Cr thickness. Furthermore,
the total magnetic moment at the Fe overlayer results in zero,

atom at the kink, a moment of 0 .6 0 /zB, which is ferromag- in agreement with the total moment measurements of
netically coupled with four nearest-neighbor Fe atoms of the Bayreuther 16 for Fe overlayers on Cr. Frustration effects are
subsurface layer. Since Fe and Cr nearest neighbors tend to also present in this case, since the Fe atom at the edge is
couple antiferromagnetically, strong frustration is present in ferromagnetically coupled with two nearest-neighbor Cr at-
the surrounding of the defect for solution (a). In contrast, in oms at the subsurface layer. Another two (less stable) mag-
the solution (b), only the Cr atom at the edge (which displays netic arrangements are present for this system. One of them
a moment of 2.35 Ma) is ferromagnetically coupled with two appears when Fe atoms at the kink and edge change the sign
nearest-neighbor Fe atoms of the subsurface layer. Thus, the of their local magnetization. 13 In the third solution, the local
degree of frustration is lower in solution (b) and the local magnetic moment in all Fe atoms points in the same direc-
magnetization around the defect results larger than in the tion, so that an F iron overlayer is obtained. However, the
solution (a). A total-energy ;alculation for the two magnetic strong frustration present in this case give rise to a difference
arrangements gives a difference of 0.009 eV per atom within in energy of 0.004 eV per atom with respect to the most
the cell of Fig. 1, which stabilizes the less frustrated solution stable one.
(b). The same magnetic arrangement has been obtained as The present work shows that if a steplike defect is con-
the more stable one in vanadium overlayers on vicinal sub- sidered at the surface or interface of these materials, various
strates of iron.14 A detailed inspection of the energy contri- magnetic configurations can be found and, in some cases,
bution of each atom within the system shows that most of the with small differences in energy between them. Due to the
difference in the energy comes from the surrounding of the strong environment dependence of the magnetic properties,
defect (kink and edge atoms) up to second nearest neighbors, one expects the surface reconstruction of the presented
indicating that the different degree of frustration plays an stepped systems to have an important influence in the mag-
important role in the stabilization of solution (b) (a similar netic arrangement. Thus, for a full understanding of the ex-
behavior has been obtained in the same kind of calculations perimental observations,'1'1 6 the geometrical structure has to
for an infinite step15 ). However, the small difference of en- be treated in the same level as the electronic structure in the
ergy between them and the fact that experiments are per- model calculations. Here, we have studied the effect of the

formed at finite temperatures permit us to speculate about the steps, b t other phenomena like the mentioned reconstruc-
possible coexistence of both solutions at finite temperature. tion, inttrdiffusion, or local inclusions of other surface ori-
Furthermore, the perfect layered-AF structure of Cr is broken entations deserve to be also analyzed. Calculations along
as a consequence of the defect, since atoms at the kink in these lines are in progress.
solution (a) and at the edge in solution (b) display a local This work has been partly supported by DGICYT
moment opposite to the rest of Cr atoms belonging to the (Spain) and Junta de Castilla y Le6n (Spain). A. V. would
same plane. Complex magnetic order of Cr moments close to like to acknowledge Ministerio de Educaci6n y Ciencia
the Fe substrate has been pointed out by Turtur and (Spain) for a post-doctoral grant.
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Influence of Cr growth on exchange coupling in Fe/Cr/Fe(100) (invited)
(abstract)

Joseph A. Stroscio, D. T. Pierce, J. Unguris, and R. J. Celotta
Electron Physics Group, National Institute of Standards and Technology, Gaithersburg, Maryland 20899

The giant magnetoresistance and the interlayer exchange coupling between magnetic layers
separated by nonmagnetic spacer layers are sensitive to the roughness at the interfaces in multilayer
magnetic structures. We present scanning tunneling microscopy (STM) measurements of the
thickness fluctuations in Cr films grown at different temperatures on near-perfectly flat Fe(100)
whiskers and correlate these results with our scanning electron microscopy with polarization
analysis (SEMPA) measurements of the oscillations of the exchange coupling in Fe/Cr/Fe(100)
structures grown at similar temperatures. Layer-by-layer growth was observed by STM for Cr
deposition on an Fe substrate at deposition temperatures greater than 300 'C. The SEMPA
measurements of the Fe overlayer magnetization as a function of Cr spacer layer thickness for Cr
growth at this temperature could be simulated well by oscillatory coupling with periods
2.105_0.005d and 12±_1d, where d is the layer spacing. Rougher Cr growth, limited by diffusion
kinetics, is observed at lower temperatures, giving a distribution of thicknesses in the growth front.
We modeled the Fe magnetization for lower temperature Cr growth by assuming that the exchange
coupling at each discrete Cr thickness is the same as found for layer-by-layer growth. The total
coupling at each average Cr spacer layer thickness was determined by adding the weighted
contribution to the coupling from each Cr layer thickness contributing to the average thickness. Very
good agreement was obtained with the SEMPA measurement of the Fe overlayer magnetization for
Cr growth at lower temperatures without including other consequences of roughness at the interface,
such as the breakdown of translational invariance.

This work was supported by the Office of Technology Administiation of the
Department of Commerce and by the Office of Naval Research.
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Exchange magnetic coupling through nonmagnetic insulator spacers
(abstract)

Shufeng Zhang
Department of Physics, New York University, New York, New York 10003

Interlayer magnetic coupling has been found in magnetic multilayers with nonmetallic spacers. ' 2 In
metallic spacers the coupling is provided by electrons at the Fermi sphere; in nonmetallic spacers the
coupling is either due to localized states or to thermally activated conduction electrons (or by other
external means, e.g., photon exposure). We calculate this coupling by extending the RKKY-like
interaction to insulator bands at finite temperatures. Since the length scale l/kF (where kF is the
Fermi wave vector) that governs the oscillatory behavior of coupling for metallic spacers does not
appear in the present case, ,he form of the coupling with respect to the thickness and temperature
is quite different for metallic and for nonmetallic spacers. We study the interlayer coupling for two
types of spacers, crystalline, and noncrystalline (amorphous) semiconductors. For the former, the
conduction (or valence) bands are well-defined and the calculation of the coupling is rather
straightforward. The coupling at room temperature oscillates from ferromagnetic to
antiferromagnetic and back to weakly ferromagnetic as the thickness of the spacer layer increases.
The antiferromagnetic coupling only exists in a narrow range of the thickness of the spacer layer.
For an amorphous semiconductor spacer, the coupling can be expressed in terms of localized states.
Within the variable range hopping picture, one can relate these localized states to the localization
length. We discuss the range and temperature dependence of the coupling for amorphous spacers.
Our calculations are in good agreement with experimental results.

This research was sponsored by the Office of Naval Research.

1S. Toscano et a., J. Magn. Magn. Mater. 114, L6 (1992).2 J. E. Mattson et at, Phys. Rcv. Lett. 71, 185 (1993).
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Magnetostriction I J. R. Cullen, Chairman

Fabrication of magnetostrictive actuators using rare-earth (Tb,Sm)-Fe thin
films (invited)

T. Honda
Materials Research Laboratory, Tokin Corporation, 6-7-1 Koriyama, Taihaku-ku 982, Japan

K. I. Arai and M. Yamaguchi
Research Institute of Electrical Communication, Tohoku University, 2-1-1 Katahira,
Aoba-ku Sendai 980-77, Japan

A new concept is proposed for the microactuation based upon magnetostriction. Magnetostrictive
bimorph cantilever actuators and a traveling machine, composed of the magnetostrictive amorphous
Tb-Fe and Sm-Fe thin films on a polyimide substrate, were fabricated. These actuators moved
without power supply cables. The 3-mm-long cantilever actuator exhibited the large deflection
above 100 gm in as low a magnetic field as 300 Oe and above 500 Arm at resonant frequency in an
alternating magnetic field of 300 Oe. Such unique characteristics suggest that magnetostriction is
useful as the driving force of the microactuatoi.

I. INTRODUCTION negative one. Both films exhibited a large magnetostriction
of above 10-4 in low magnetic fields. 5'6

A high-performance microactuator is required for the In this article we fabricated two kinds of magnetostric-
microelectromechanical system (MEMS). Several driving tive "bimorph" cantilever actuators of different sizes and a
principles for the microactuator such as electrostatic force, traveling machine using the Tb-Fe and Sm-Fe thin films. We
electromagnetic force, piezoelectric effect, thermal expan- examined their basic properties and discussed their meritq for
sion, and shape memory effect have been proposed up to the microactuators.
now. In principle, electrostatic force devices are favorable for
the Jtm-size actuators,1 but some practical applications re- II. MAGNETOSTRICTIVE MATERIALS
quire larger mechanical forces than those obtained by elec- The magnetostriction of the conventiona! materials such
trostatic forces. is as Ni, Fe-Al, and amorphous Fe-Si-B is only 30-40X 10-6.

On the other hand, the electromagnetic force, which i On the other hand, some of rare-earth-transition-metal (RE-
predominant in a macroworld, had been considered to be TM) crystalline alloys have very large magnetostriction
unsuitable for the microactuator because it is a body force; above 10-3.In particular, TbFe 2 has the largest positive mag-
however, recent developments of the three-dimensional mi- netostriction and SmFe 2 has the largest negative one; 7 how-
cromachining techniques have enabled magnetic microstruc- ever, they have very large magnetocrystalline anisotropies
tures having enough volume to generate large mechanical and in general need large magnetic fields to saturate the mag-
forces. As a result, some magnetic microactuatcrs have been netostriction. In order to reduce the magnetocrystalline an-
demonstrated.2'3 In the future, the magnetic microactuator is isotropy, two methods can be used: One is to alloy positive
expected to play an important part of the MEMS. and negative magnetocrystalline materials such as

In this article we propose a new concept for the micro-
actuation based upon magnetostriction. The advantages of
the magnetostrictive actuator are as follows: (1) The combi- 30-.

nation of a positive magnetostrictive material and a negative 3 TF
one enables a large deflection; (2) no power supply cable is
required for its actuation because it is driven by external
magnetic fields. 200

In spite of these advantages, only an in-pipe mobile ro-
bot made of a "bulk" magnetostrictive material has so far 100 a 45,7ato

been reported.4 Taking account of miniaturization and inte- Tb z 41.5at%

gration with other microelements, a magnetostrictive "thin 0o .28.8at%
film" should be used for the microactuator. In order to de- 0 .-.-. .---. 0--,--,--,-,,

010 20velop such thin-film actuators, we needed magnetic thin Magnetic field (kOe)
films with large magnetostrictikn in low magnetic fields.
Here we used amorphous Tb-Fe thin films having positive FIG. 1. Applied magnetic-field dependence of the magnetostriction for

magnetostriction and amorphous Sm-Fe thin films having a Tb-Fe thin films
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FIG. 2. Applied magnetic-field dependence of the magnetostriction for polyimide

Sm-Fe thin films. Sm-Fe

(Tb,Dy)Fe2 and the other is to prepare amorphous state ma- (b) H H width direction
terials. In our study we applied the latter, because amorphous
RE-TM thin films are easily obtained by a sputtering tech- FIG. 4. Actuation behavior of the magnetostrictive bimorph cantilever.
nique.

Details of the magnetic properties of the amorphous
Tb-Fe and Sm-Fe thin films have been already reported in
our previous articles.5'6 In this section, we explain the out- X10 - 6 at 16 kOe were obtained at 30-40 at. % Sm. In this
line. experiment we chose the 30-40 at. % Sm-Fe films for the

Figure 1 shows the applied magnetic-field dependence of fabrication of actuators.
the magnetostriction for the Tb-Fe thin films having different
compositions. The magnetostriction at 16 kOe exhibited
large values above 250X10 - 6 in a wide composition range III. DEVICE CONCEPT
for 28-46 at. % Tb; however, the low-magnetic-field char-
acteristics largely depended on the film composition because Figure 3 shows the side view of the magnetostrictive
of the composition dependence of the magnetic anisotropy. bimorph cantilever. On a surface of a polyimide substrate,

The films with 18-40 at. % Tb content had perpendicu- which has low elastic stiffness and high thermal stability, the
lar magnetic anisotropy and needed high magnetic fields to Tb-Fe film is sputtered and on the opposite surface the
saturate in-plane magnetization. On the other hand, the films Sm-Fe thin film is sputtered.
with above 45 at. % Tb content had in-plane magnetic an- Figure 4 shows the actuation behavior of the magneto-
isotropy. In this case, the in-plane magnetization increased strictive bimorph cantilever. When a magnetic field is ap-
rapidly in low magnetic fields, and accordingly the magne- plied along the cantilever length direction, the Tb-Fe f,n..
tostriction increased in the same manner. The saturation expands and the Sm-Fe film contracts in the length dircction
magnetostriction decreased with increasing Tb content above and as a result the cantilever deflects downward [Fig. 4(a)].
50 at. % Tb; therefore, we used the 45-50 at. % Tb-Fe thin Next, when a magnetic field is applied along the cantilever
films for further examinations, width direction, the Tb-Fe film contracts and the Sm-Fe film

Figure 2 shows the applied magnetic-field dependence of expands in the length direction and then the cantilever de-
the magnetostriction for the Sm-Fe thin films having differ- flects upward [Fig. 4(b)].
ent compositions. The magnetostriction increased rapidly in A bending behavior for the cantilever with composite
low fields regardless of Sm content because Sm-Fe thin films structure such as a thermally excited bimetal cantilever8 and
always had in-plane marietic anisotropy. The maximum ab- a piezoelectric bimorph cantilever 9 has been analyzed using
solute values of 250-300X 10-6 at 1 kOe and 300-400 a classical method. Therefore, we applied this theory to the

magnetostrictive cantilever and described below.
For the cantilever of total thickness h and length L, let

the z direction be the thickness dimension and a neutral axis
10 mm be located at z=0. We defined n (0<n<l) to satisfy the

Tb-Fe film (1 i m) condition that the upper surface and the lower one are lo-
Polyimide (7.5,50,125 um)I cated at z=nh and z=(n-1)h, respectively. The neutral

Sm-Fe film (1 gi m) axis can be found from

f(,hE(z)z dz=0, (1)

where E(z) is Young's modulus as a function of thickness. In
FIG. 3. Side view of the cantilever actuator, this article we assume that Tb-Fe and Sm-Fe films have the
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3000 IV. FABRICATION
Length: 10mm
Width: 4mm The amorphous Tb-Fe and Sm-Fe thin films were pre-

2000 Polyimide pared by the rf magnetron sputtering method. They were
E. 7.5m deposited to a thickness of 1 /m on each surface of a rect-

angular polyimide substrate. The sputtering target used was
25gmcomposed of a pure Fe plate (3 in. diameter) and small Tb or

1000 -.......... Sm chips. The film composition was 45-50 at. % Tb for the
50gm Tb-Fe films and 30-4C- at. % Sm for the Sm-Fe films as

:1: 125,um__
.....-.-- mentioned above. rf input power was 200 W, and Ar gas

5 10 15 pressure was 4-10 mTorr for the Tb-Fe films and 10 mTorr
Film thickness (g m) for the Sm-Fe films. During sputtering, the substrate was

water cooled. In order to prevent the oxidation of the mag-
FIG. 5. Calculated deflection of magnetostrictive bimorph cantilevers as a netostrictive thin films, Si0 2 films with a thickness of 0.05-
function of thickness of each magnetic layer. 0.1 /gm were coated on them.

After deposition, we clamped one end of the substrate

same Young's modulus and thickness; therefore, the neutral and then obtained the magnetostrictive cantilever actuators
as shown in Fig. 3. In this experiment, we fabricated two

axis is located in the geometric center for a bimorph struc- kinds of the cantilever actuators. One was a 10-mm-long

When a magnetic field is applied along the length direc- cantilever using a commercial polyimide film with a thick-
tinWhen admaneti i is a d bng curvaturhRcause byentr- ness of either 7.5, 50, or 125 Am. The other was a microcan-tion, the radius of bending curvature R caused by magneto- tilever with a length of 3 mm using a 3-/m-thick polyimidestriction can be expressed by film. This very thin substratc was made from 7.5-gm-thick

R f(n-l)hE(z)z2 dz polyimide by reactive-ion etching (RIE) using 02 gas. The
R f h z, (2) tip deflection of the cantilever was measured by both a three-

f(nt)hE(z)X(z)z dz' terminal capacitance method1° and direct observation using
where X(z) is the strain in the length direction caused by the optical microscope.
magnetostriction as a function of thickness and magnetic
field. The tip deflection of the cantilever 6 is

6=R[1 -cos(L/R)]. (3) V. RESULTS AND DISCUSSION

In our study, R is much larger than L. Therefore, Eq. (3) can A. Magnetic properties on a polylmlde substrate
be approximated by

Before fabrication of the actuators, we investigated the
8=L2/2R. (4) magnetic properties of the Tb-Fe and Sm-Fe films sputtered

This equation indicates that the deflection decreases strongly on the polyimide substrate.
with decreasing the cantilever length. Figure 6 shows the magnetization curves of (a) Tb-Fe

Next, when a magnetic field is applied along the width thin films on the glass substrate, (b) the 50-gm-thick poly-
direction, we approximated that the strain in the length di- imide substrate, and (c) the 3-gm-thick polyimide substrate.
rection by magnetostriction is -X(z)/2. Accordingly, the The 3-gm-thick substrate was the thinnest for our present
cantilever , eflects in the opposite direction and the tip de- techniques. The in-plane magnetization on the glass substrate
flection is a half of that expressed in Eq. (4). When the can- increased rapidly in low magnetic fields, while that on the
tilever is driven in rotating in-plane magnetic fields, the total 50-gm-thick polyimide required high magnetic fields to satu-
deflection is the sum of the deflection caused by a magnetic rate. This result suggests that we could not obtain the large
field along the lengtl- "rection and that by a magnetic field magnetostriction in low magnetic fields when the 50-gm-
along the width direct .a. thick polyimide was used. This change of the magnetic prop-

Figure 5 shows the calculated tip deflection for the bi- erties was caused by the large compressive stress in the
morph cantilever with a length of 10 mm as a function of Tb-Fe film with large positive magnetostriction. We think
thickness of each magnetic film layer when it is driven in a that this compressive stress was generated by the difference
rotating in-plane magnetic field. In this calculation, we as- of the thermal expansion and/or the thermal contraction of
sumed the magnetostriction values of Xmh.Fe=150X 10-6 for the polyimide during sputtering; however, the magnetic
Tb-Fe films and XSm.F = -250X 10-6 for Sm-Fe films. These properties on the 3-gm-thick polyimide was similar to those
are typical experimental values obtained at 1 kOe on a glass on the glass substrate. The stress in the Tb-Fe film from the
substrate. The calculated deflection increases with decreasing ubstrate decreased with decreasing the thickness of the
the substrate thickness and that each substrate has the opti- polyimide substrate.
mum thickness of the magnetic film to exhibit the maximum On the other hand, the magnetic properties of the Sm-Fe
deflection. This calculation excludes the stress and strain in films were less dependent on the substrate material, com-
the width direction and the magnetic torque described later, pared with those of Tb-Fe films. It seems that the compres-
but is effective to estimate the brief operation of the cantile- sive stress hardly influenced the magnetic properties of the
ver. Sm-Fe film because of negative magnetostriction.
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M (arbi. unit) 600 - . L-0mm

400 Polyimide: 7.5 g m

II I200 5u

-20 -10 0 10 20 1
110 20

Magnetic field (kOe)

FIG. 7. Applied magnetic-field dependence of the deflection for 10-mm-
long cantilevers.

(a) Glass substrate
B. 10-mm-long cantilever

M (arbi. unit) In this subsection we examined the basic properties of

the magnetostrictive cantilever. The cantilevers were 10 mm
Ilong and 4 mm wide.

Figure 7 shows the applied magnetic-field dependence of
the deflection, when the cantilevers were driven in a rotating
in-plane magnetic field. It is seen that each cantilever exhib-
ited the large deflection in relatively low magnetic fields and
that the deflection increased with decreasing the substrateIII I

-20 -10 0 10 20 thickness. The deflection of the cantilever using a 7.5-um-H (kOe) thick polyimide exhibited the maximum value of approxi-
mately 500 Am at 1-1.5 kOe.

In the case of using the 7.5-/tm-thick polyimide, how-
ever, the deflection decreased at high magnetic fields above 2
kOe. This was due to the magnetic torque generated by the

(b) Polyimide substrate (50,9 m) large directional difference between the magnetic moment in
the films and the applied magnetic field, when a high mag-

M (arbi. unit) netic field was applied along the length direction as shown in
Fig. 4(a). We must des gn the magnetostrictive actuator, tak-
ing account of both the amplitude and the direction of the
applied magnetic field.

C. Microcantilever

From the results of the magnetic properties on the poly-
imiede substrate and the 10-mm-long cantilever, we found

- that a thinner substrate was effective to obtain the large de-
-20 -10 0 10 20

H (kOe) 150
H/width direction

L=3 mm

100
E

(c) Polyimide substrate (3/2 m) 50

FIG. 6. Magnetization curves of Tb-Fe films

0
-500 0 500

Generally, magnetic properties of the magnetostrictive Magnetic field (0e)
material are greatly influenced by the stress. It is necessary to
pay attention to the stress generated during the deposition FIG. 8. Applied magnetic-field dependence of the deflection for a 3-mm-

and the micromachining process. long cantilever.
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60C , , ,- 13 m m

A- L=3 mm AAi /- Polymide filr"

0o: 200 0e AA Tb-Fe (1 gm) (7.59m)i E 400- A:300OCe A ' A m-Fe (1I9m) ,

E A
A A

A A P,
o 2 0 0  AA oO

AA A 001

,&,,,A A 0 0 4D FIG. 11. Schematic view of a traveling machine.

40 80 120

Excitation frequency (Hz)

FIG. 9. Excitation frequency dependence of the deflection. We describe the future direction of the actuator design
on the basis of Eq. (3). Figure 10 shows the calculated de-
flection of the bimorph cantilever with a length of 1 mm as a
function of the substrate thickness when it is driven in a

flection. Therefore, we fabricated a trial microcantilever us- rotating in-plane magnetic field. Ef and E, are the Young's
ing a 3-/zm-thick polyimide substrate. The cantilever was 3 modulus of the magnetostrictive films and substrate, respec-
mm long and 0.5 mm wide. In this experiment we examined tively. Note that the deflection was a function of ratio of
its hysteresis atid dynamic behavior. EIE. In our experiment, EfIE, is about 12 and the magne-

Figure 8 shows the hysteresis curve of the tip deflection tostrictive films were supposed to be 1 Azm thick and have
of the microcantilever when a magnetic field was applied magnetostriction as in the case of Fig. 5. The deflection in-
along the width direction, where the deflection was little in- creased gradually with decreasing the substrate thickness,
fluenced by the magnetic torque. It exhibited a large deflec- and when substrate thickness is zero, that is, a "bimetal"
tion above 100 Am at as low a field as 300 Oe. This deflec- structure composed of the Th-Fe film and the Sm-Fe film, the
tion was equivalent to more than 1 mm of the 10-mm-long predicted deflection exhibits the maximum value of 225 Am.
cantilever as seen from Eq. (4); besides, this microcantilever
had relatively small hysteresis. Such characteristics of the
cantilever actuator were suitable for application as a mi-
cropositioning device.

Figure 9 shows the excitation frequency dependence of D. Traveling machine
the deflection when alternating magnetic fields of 200 and We fabricated a traveling machine using the magneto-
300 Oe were applied along the width direction. Note that the strictive bimorph actuator with 7.5-pzm-thick polyimide as
vibrational frequern.y was double the excitation frequency shown in Fig. 11. Its two legs at both ends were inclined so
because the cantilever deflected in the same direction for that it could travel in one direction. When an alternating
both positive and negative magnetic fields. The cantilever magnetic field was applied, it vibrated and traveled in the
exhibited the maximum deflection above 500 pm at an exci- arrow direction on disk planes as well as inside a quartz
tation frequency of 92 Hz, where the vibrational frequency tubes (6.5 mm in diameter).
agreed with its mechanical resonant frequency. This maxi- Figure 12 shows the excitation frequency dependence of
mum deflection was five times as large as that in a static the average traveling velocity when an alternating magnetic
field. Two small peaks observed around 30 and 45 Hz were field of 300 Oe was applied along the machine width direc-
caused by the harmonics of the vibration. tion. The traveling machine needed the excitation frequency

3001 1 I I I I .

bimorph type SmFe : 1,m Magnetic field:

250- TbFe: 1 gm Manei300 Oe
L=lmm Pipe diameter:

2 m=Et/Es 4 65mm
. 1 .\ m10 .

m to150 \ m=10 3-10Cm=100

50-)50 1 _

2 4 6 8 10 0 100 150 200 250
Substrate thickness (g m) Excitation frequency (Hz)

FIG. 10. Calculated deflection of the 1-mm-long cantilever as a function of

the substrate thickness. FIG. 12. Excitation frequency dependence of the average traveling velocity.
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Preparation and applications of magnetostrictive thin films

E. Quandt, B. Gerlach, and K. Seemann
Kernforschungszentrum Karlsruhe GmbH, Institute of Materials Research I, D-76021 Karlsruhe, German)

Amorphous magnetostrictive films of the binary compound SmxFe l _x as well as of the ternary
compound (TbyDy1 _y)-Felx were prepared by rf or dc magnetron sputtering using either a
multitarget arrangement with pure element targets or cast composite-type targets. The
magnetostrictive properties of (Tbo.3Dy0 7)0 4Fe0 6 and Smo.4Feo.6 films were investigated in relation
to their preparation conditions. Depending upon these conditions (especially upon the deposition
rate, the bias voltage, and the Ar sputtering pressure) amorphous films with a giant magnetostriction
of about 250 ppm (-220 ppm) at 0.1 T and 400 ppm (-300 ppm) at 0.5 T for the TbDyFe (SmFe)
and an in-plane magnetic easy axis could be prepared. In view of applications in microsystem
technologies (e.g., pumps, valves, positioning elements) these films have been tested in a simple
cantilever arrangement and the predicted deflection of a magnetostrictive actuated membrane has
been calculated.

I. INTRODUCTION technique, polarization by a vibrating sample magnetometer

Giant magnetostriction in thin films is thought to be a (VSM), and Curie temperature by a superconducting quan-

promising actuator mechanism for microactuators. Due to tum interference device (SQUID) magnetometer. The film

the interest in such applications, research has focused upon stress was calculated by measuring the difference of the cur-
materials exhibiting low-field magnetostriction and soft- vature of the uncoated and coated Si substrate using a long-

magnetic properties. During the last few years various at- scan profiler.

tempts have been made to improve the low-field magneto-
strictive properties of amorphous rare-earth-Fe films. I1. RESULTS
Successful approaches were to increase the total rare-earth
content compared to that of the crystalline phases, 1 to alloy A. Materials
different rare earths to compensate the anisotropy,2 to adjust The magnetron sputtering deposition of the rare-
the preparation conditions in order to induce tensile film earth-Fe films onto unheated Si0 2, Si, or metal substrate
stresses,3 and to add small amounts of B to change the amor- resulted in amorphous, dense films with thicknesses ranging
phous state of the films.4'5  between 1 and 15 Am. A dependence of the magnetostriction

The present article describes the influence of preparation upon film thickness was not observed within this range. The
conditions (sputtering power, Ar sputtering pressure, bias time-dependent oxidation was investigated at room tempera-
voltage) on the composition, microstructure, and in-plane ture for TbFe and TbDyFe films. Although both these films
magnetostrictive properties. Functioning tests and calcula- have the same total rare-earth content, they exhibited slightly
tions are then discussed which show the behavior of possible different oxidation dependencies (Fig. 1). AES depth profiles
actuator components based on these films. indicated that the rare-earth oxide formed at the film surface,

which would tend to slow further oxidation within the
II. EXPERIMENTAL WORK sample, is more stable in the case of the TbFe compared to

The binary systems TbFe and SmFe were dc magnetron
sputtered by the multitarget arrangement with pure element
targets.' For the rf or dc magnetron sputtering of the TbDyFe 50
films a cast composite-type target (Degussa AG/Leybold Ma- E
terials) was used. The Tb/Dy ratio of this target, *-"

(Tb0.3Dy0.7)042Fe0.58, was chosen in accordance with results w 40
on the rare-earth anisotropy compensation composition at a-
room temperature6 and its total rare-earth content according .
to results that have been reported previously.' Typical depo- 30
sition rates, with an Ar sputtering pressure of 0.4 Pa, are (D
3 /m/h for the multitarget arrangement at a distance of 100 T
mm and 16 /m/h for the composite-type target at 300 W and . 20
a distance of 50 mm.

Composition was determined by wavelength-dispersive 0
x-ray microanalysis (WDX), and depth profiles liere ob- 1 10 100 1000 10000
tained using Auger electron spectroscopy (AES). The micro- Exposure to air/h
structures were investigated by x-ray diffraction (XRD) and
transmission electron microscopy (TEM). In-plane magneto- FIG. 1 Time dependence of the oxidation zone thickness obtained by AES

striction was measured by the common cantilevered substrate depth profiling.
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500 B. Applications

TSputtering deposition of magnetostrictive thin films in
400 " 1-, combination with microstructuring by etching or sputtering

through masks provides a promising method for the integra-

04300

100 )m30 .
(a) 0,15 Pa 0,4 Pa I Pa 2 PPa

0.4 0.5 20200
x

FIG. 2. Magnetostriction measured at an external field zOH=0.6 T applied
parallel to the film plane vs the rare-earth content of amorphous TbFel-, 100
and Sm.Fel -, films.

0
the TbDyFe film. Small-angle XRD revealed a crystalline 0 0.05 0.1 0.15
nature for the oxidized region. T his is in contrast to results p H ex/ 'reported previously.7

As was the case with the TbFel -x films,1 the maximum

be at a rare-earth content of about 40 at. % (Fig. 2). Coin- 300 (b) oV 50V 100V 120V 160V 230V

pared to the TbFe films, however, the rare-earth anisotropy is
significantly lower. This results in a higher low-field magne-
tostriction. The influence of the sputtering parameters has (0
been investigated with the composite-type target 6 200
[(Tbo.3DY0.7)o.42Feo58] in more detail. Dramatic changes in 1

the magnetostriction were observed in the low-field region
(up to 0.15 T) which is of special interest for applications in 100 
microsystem technology. At 0.5 T all these films show a
comparable magnetostriction of about 400 ppm. Best results
were obtained for dc as opposed to rf magnetron sputtering, 0
an Ar sputtering pressure of 0.4 Pa [Fig. 3(a)], an rf bias of 0 0.05 0.1 0.15
160 V [Fig. 3(b)], and a sputtering power of 300 W [Fig. .oHext/ -
3(c)]. The results illustrated the dominant influence of the
bias voltage on low-field magnetostrictive properties, which
was also observed for the multitarget sputtering of Smo.4Feo.6
films (Fig. 4) even if the low-field improvement is less pro- "(C) 100W 200 W250W 300 W400W
nounced compared to TbDyFe films. The variations of the 300
sputtering parameters have almost no influence on the
chemical composition and on the Curie temperature of about
350 K. Although XRD and TEM investigations also give no ' 200
evidence of a changed microstructure-due to temperature-
annealing ongoing deposition as a result of the altered sputter
conditions-the Ar-ion bombardment related with the ap- 100
plied bias voltage changes the magnetic anisotropy. This re-
sults in an in-plane magnetic easy axis for the optimized
TbDyFe films (Fig. 5) whereas TbDyFe films sputtered with-
out bias show perpendicular anisotropy.' In comparison to 0
dc-sputtered TbDyFe films3 the thermal induced stress is

comparably low (100 GPa) and further reduced to about 40 poHext/T
GPa as a result of the applied bias voltage of 160 V. In this

netic field applied in the film plane as a function of (a) the Ar sputtering
than the form anisotropy energy leading to an in-plane easy pressure (160 V rf bias, 200 W); (b) the rf bias (0.4 Pa Ar, 300 W); and (c)
magnetization. the dc sputtering power (0.4 Pa Ar, 160 V rf bias).
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FIG. 4. Magnetostriction of SmFe films vs the magnetic field applied in the FIG. 6. Deflection of a TbDyFe/Si (100) cantilever vs the magnetic field
film plane. applied in the film plane.

reported for 50-/tm-thick polyimide samples.9 For micro-
pump and microvalve application~s membranes, in addition to

tion of actuator components in microsystems by batch pro- c anirs, ae ion mo nes init mnt-
cesses. With this in mind, materials relevant to microengi- cantilevers, are important components. Finite-element-

neering applications as Si and various metals suitable for the

lithography, electroforming, and plastic molding (LIGA)8  metal membrane predict a maximum deflection of 75 Am for

process were chosen as substrates for prototype components. a 12.5-mm-diam membrane with both 4 Am thickness of the
Using the optimized TbDyFe film of 10csm thickness a de- membrane and the coating. Using the optimized films theUscinth optimSized 10 y filmer of0 ra m5 thickne ) a f d required magnetostriction of 200 ppm already is obtainable
flection of a Si (100) cantilever (20 mmX5 mmX5O r) .of in a field of 0.05 T.
about 200 Am at a field of 0.05 T could be obtained (see Fig.
6). This low-field deflection is considerably greater than that ACKNOWLEDGMENTS
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Magnetostriction in TbDyFe thin films
P. J. Grundy, D. G. Lord, and P. I. Williams
Joule Physics Laboratory and Science Research Institute, University of Salford,
Greater Manchester M5 4WT, United Kingdom

Magnetization and magnetostriction in amorphous binary TbFe and DyFe and amorphous and
polycrystalline, ternary (ThDy1 -.)yFe0o-.y thin films have been investigated. The measurements
reflect the compositional dependence of the easy direction of magnetization in the films. In plane
magnetostrictions of over 300X 10-6 were measured for some of the amorphous TbFe and TbDyFe
films and values greater than 750X 10-6 were obtained in polycrystalline TbDyFe films near to the
Terfenol composition.

I. INTRODUCTION (TbxDy1 _ x)33Fe67 and (TbxDy l x )43Fe57 series were depos-
ited. The ternary RE33Fe67 series was chosen because the

Rare-earth-transition-metal (RE-TM) alloy films depos-
ited from the vapor are usually amorphous, and postdeposi- equivalent bulk polycrystalline compositions are known to

tion annealing or deposition onto a heated substrate is re- film wereso d ei beaeof the lar magner
quired to effect crystallization. Films containing heavy rare tions fne a opos pase.ofIthwasaobserved that an

earths (e.g., Tb, Dy) are ferrimagnetic and can exhibit per-
pendicular anisotropy, magnetization compensation, and excess of RE was necessary for the formation of crystalline
large coercivities. In common with others 1- 3 we find that REFe2; i.e., Tb0.27Dy0.73Fe2, when deposited onto a heated

these interesting characteristics in the binary alloys are (350 *C substrate.

complemented by exceptional magnetostrictive properties at Figure 1 gives the compositional dependence of magne-
relatively low magnetic fields. We also find that very large tization for amorphous TbxFejo0_ films. The results agreemagnetostrains are obtained in some ternary TbDyFe alloys reasonably well with published data. 6- 8 The different sym-inotthe aorphousaned crysallie fornrs all bols indicate the effective easy direction in the films whichvaried with composition. In the range 15<x<40 the strong

I. EXPERIMENT perpendicular anisotropy and low magnetization ensured an
easy direction of magnetization normal to the film plane. As

The films were deposited from a triode source in a cry- expected, the coercivity peaks at the room-temperature com-
opumped sputter-deposition system. The target consisted of a pensation composition (RTCC). The compositional depen-
150X50X6 mm3 rectangular Fe plate containing 33 10-mm- dence of magnetization and coercivity in DyxFel-, x follows
diam holes. With the holes occupied by Tb, Dy, or Fe inserts the same pattern with generally smaller values of these two
this arrangement allowed for the deposition of a continuous parameters.5

range of REXTMoo.X alloys with 5<x<50%. The deposi- The magnetizations of the amorphous ternary
tion rate was typically 50 nm min - I and tile thickness of the (TbDylx)33Fe 67 and (TbxDyl J) 43Fe57 (i.e., -REFe 2 and
resulting films was -1 Am. Crystalline films were obtained RE3Fe4) alloys are shown in Fig. 2 as a function of compo-
by deposition onto heated glass substrates. The magnetic sition x. The easy direction of magnetization of the amor-
properties of the films were obtained by vibrating sample phous RE 33Fe67 films was normal to the film plane; its value
magnetometry (VSM) (up to 1000 kA m- ) and their mag- increases as the proportion of Tb increases. The RE43Fe57
netostrictions were measured on an optical cantilever system alloys are at compositions well away from the RTCC and
with a sensitivity of 10- 7 in fields up to 350 kA m-1 (Ref. were almost magnetically equiaxed; their magnetization also
4). Young's modulus values for the films (in zero field) were varied linearly with x but with a greater rate of increase. Also
calculated from load/indentation curves obtained on a sensi- shown is the compositional dependence of M, for polycrys-
tive microhardness instrument. talline films which contained randomly oriented Laves

REFe2 crystallites, and small grains of Fe, excess RE, and

III. RESULTS AND DISCUSSION RE oxides at concentrations of a few percent. 4 In the case of
the crystalline film there is a departure from linearity with an

The compositions of the films were obtained from Ruth- apparent maximum in the magnetization for 25<x<35. This
erford backscattering and x-ray microanalysis measurements. is associated with the anisotropy minimum at x=0.27 (Ref.
They were found to be near to the designed composition and 9) near the composition of bulk Terfenol
to be uniform to better than 1 at. % over the area of the film The magnetostrictions of the films were calculated from
(20X5 mm2); however, a small composition gradient was the bending of the film+substrate cantilever using bending-
measured through the thickness of the films, typically 2 beam theory.4"10 Measurements of the magnetostrains X from
at. % Am-i-. This gradient was probably caused by a gradual fields applied along )4 and at right angles X,, to the cantilever
decrease in the sputtering yield from the RE inserts with length can be related, with particular assumptions, 4 to the
time. saturation magnetostriction \, as X, = 2(Xi - X)/3. Figure 3

Amorphous alloy films in the two binary series shows Ni for the amorphous TbFelo0 _ binary alloys. Val-
TbFe 00o- and Dy.Fel 00-x and the ternary ues in the range 15<x<35 are limited by the difficulty of
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saturate in plane these films with perpendicular anisotropy. of =140% has been reported9 for bulk Terfenol over the
The potential of the amorphous alloy equivalent in composi- range of applied field used in this investigation. Notwith-
tion to crystalline Terfenol could, therefore, not be tested. standing these uncertainties, the results presented here show
The RE43Fe57 alloys could be magnetized in plane although that the planar magnetostriction of polycrystalline TbDyFe
not to saturation. Values of hll show an increase from the Dy thin-film alloys reaches considerable values in fairly small
binary to the Tb binary composition with the maximum magnetizing fields, with a maximum of --1000X10-6 for
value of =350X10-6 obtained for Tb43Fe57 (x=l) being Tb10Dy23Fe 67 (-Tbo. 3DY0.7Fe.
very close to the peak value shown in Fig. 3.
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Application of the ratio d/x to the investigation of magnetization processes
in giant-magnetostrictive materials

A. R. Piercy, S. C. Busbridge, and D. Kendalla)
Department of Mathematical Sciences, University of Brighton, Brighton, East Sussex BN2 4GJ,
United Kingdom

The change in magnetostriction AX with change in magnetization AM for domain-wall motion is
shown to depend only on the wall type, the magnetostriction constants, and the saturation
magnctization and not on the field required to effect the change. The quantity H=AX/AM (or the
dynamic equivalent d/X) is therefore a valuable parameter for use in investigating magnetization
processes. Theoretical values of H1 are given for different wall processes in (111) and (100) easy
materials and used to interpret experimental measurements in different (Tb, Dy, Ho)Fe2 materials.
It is shown that H vs M curves are more sensitive to the detail of the magnetization process than X
vs M curves. In (111) easy compositions the processes are found to be complex with the
combination of wall motion processes changing continuously with increasing magnetization and no
region where a single process dominates. In contrast, for (100) easy materials, there is an extended
region in which 900 wall processes dominate. In both cases, quasistatic and dynamic processes are
shown to be equivalent, independent of temperature, and independent of the frequency and
magnitude of the drive field.

I. INTRODUCTION II. THEORETICAL VALUES FOR AX/AM

The magnetic properties of giant-magnetostrictive rare- We limit consideration to domain-wall motion processes
earth-iron alloys have been extensively investigated for ap- involving walls separating domains having their magnetiza-
plications as transducer materials. The early work was sum tions in directions 1 and 2 specified by the direction cosines

marized by Clark' and subsequent developments have been l,m ,nj and 12,m2,n2 , respectively, with the magnetostric-

reviewed by Jiles.2 However, relatively little is known about tion being measured in the direction 0 specified by

the magnetization processes in these materials and Jiles2 con- lo,m 0 ,no. The usual situation with the rare-earn-iron alloys
is that the measurement direction is the axis of a rod-shapedeludes that studof he processe is a requirement for their specimen of material with preferred orientation such that

further development. This article aims to show that the ratio (112) is parallel to this axis. We are concerned with the ratio
AX/AM, of the change in magnetostriction X to change in AX/AM for which we use the symbol IH, and note that under
magnetization M, is a valuable parameter for use in investi- conditions of alternating excitation AX/AM is equivalent to
gating magnetization processes. d/x, the ratio of the magnetomechanical d coefficient

It is widely accepted that the task of identifying magne- (d3 3 = dXI/H) to the susceptibility (x=aMldH).
tization processes from curves of M (or X) against applied When a domain wall moves through a small fraction F,
field H is intractable because of extrinsic effects which limit of the sample in response to a small change in field AH, the
rotation and domain-wall motion. These effects are generally direction of the magnetization in the volume swept out
not only unknown but also vary from point to point in a real changes from 1 to 2 so that the change in sample magneti-
polycrystalline material and consequently the field required zation is
to effect a change in M or X is both unknown and nonuni-
form. Such extrinsic effects do, however, exert a similar in- AM=FM(cos 02-cos 0i),
fluence on both magnetization and magnetostriction and where 01 is the angle between directions 1 and 0 so that
curves of X vs M have sometimes been used in attempts to cos 01=(11o+mImo+nIno) and similarly for 0 The cor-
infer magnetization processes. We show that the application responding change in magnetostriction is
of such curves is limited because they are relatively insensi-
tive tc different model processes and, in addition, their mea- AX = F"(X2,o- X 1,o),
surement is limited to quasistatic or very low-frequency where
variations. Conversely, AX/AM is more sensitive and its rectioni0 is the saturation magnetostriction measured in di-
practical determination is not limited to low frequencies. We 0 when the magnetization lies in direction 1 and is
have previously reported 3'4 use of AX/AM for the investiga- given by
tion of magnetization processes in giant-magnetostrictive X 0 = (3 Xt00 /2 )(l212 + m 2m2+ n 2 -1
materials and this article aims to provide more detail and to
expand its application to a range of conditions and composi- + 3 li l(llnt 1i10m 0 + m 1n lmono + n llnolo),
tions.

Hl is then given by

')Present address: DRA, Holton Heath, Poole, BHI6 6JU, UK AX/AM=(X2,O-X 1o)/Ms(cos 0 2 -cos 01),
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[ TALE I. Theoretical values of [ for (111) easy material with measure- 1..

ments made in (112). 7 1 0

Wall type z Equiv. No. Example *

180o 118.1o--61.9o 2 [ili]-[lil] 0 0i .

160.5-..19.5* 1 [iii]-[l] 0

710 118.1-.61.9
°  2 [lii]-[1i] 0 8.05-

900,61.9
°  2 [iil]-[lil] 0.707 0

90'o-19.5' 1 [lli]-[lll] 1.414 0
61.9°--19.5' 2 [lil]-[111] 2.123 0 0 _o _,. , ,_ , . . . .

1090 900 61.9 °  2 11i]-lil] 0.707 0 02 0.4 M/M 06 08

118.1'419.5 
°  2 [ii]-[111] 0.707 M

90'-19.5
°  1 [iil]-[lll] 1.414

FIG. 1. Variation of ls and Hdy with magnetization for Tbo 2oHoosoFe2 .

The solid line corresponds to the model in Fig. 2.

which is independent of both F, and AH (and therefore of
all extrinsic effects) and depends only on the saturation mag- at one of the values in Table I) and moreover that the com-
netization, the magnetostriction constants, and the wall type bination of wall processes changes continuously, giving a
(determined by the directions 1 and 2). The resulting values steadily increasing value of I.
of H, normalized to (X1nl/Ms), are given for different wall The corresponding X vs M curve for this sample is
types for (111) easy materials in Table I and for (100) easy shown in Fig. 2 to illustrate the greater sensitivity of the H vs
materials, with H1 normalized to (Xj0o/M,), in Table II. In M curve. The solid line in Fig. 2 represents a possible theo-
both cases it is assumed that the materials have (112) orien- retical model process in which it is assumed that, initially, all
tation and only those wall movements that give rise to posi- domain directions are equally populated and magnetization
tive values are included (equivalent negative values also proceeds first by 1800 domain-wall motion for

occur). M<O.236Ms, followed by 109' wall motion up to
0.707M. This model appears to provide an approximate fit
to the experimental points in Fig. 2 for M<0.707M, (above

Il1. COMPARISON WITH EXPERIMENT this it is necessary to invoke rotation to obtaw a fit); how-

Tables I and II show that only a very few definite values ever, the variation in I for this model is that shown by the

of fI can be measured if domain walls of only one type solid line in Fig. 1 from which it is clear that the model gives

move. In general it is to be expected that wall motion of a completely inadequate description.

several different types will occur and in that case values of H Figure 3 compares lis and f-dyn for Tb0.27DY0,73Fe2 at 20

intermediate between those of Table I (or II) are expected. In and 70 'C and shows that the static and dynamic processes

comparing these theoretical values of Hl with measured val- are similar and are essentially independent of temperature. It

ues, we refer to Hdayn (for d/x) for values determined under is found that the variation of l with M is qualitatively simi-

dynamic (alternating) conditions and to lHt (for A/AM) for lar for different (Tb, Dy, Ho)Fe, compositions, with zero

those determined under quasistatic conditions. stress bias, in the (111) easy regime, as shown by Figs. 1 and

Quasistatic measurements of (differential) permeability 3. In contrast, for (100) easy compositions the variation of 1I

and d coefficient yield values considerably greater than those with M is very different, as illustrated for HoFe2 in Fig. 4,

obtained under alternating excitation and it is not clear, a although the static and dynamic processes are again equiva-

priori, whether these arise from the same, or different, mag- lent. The broken line in Fig. 4 gives the value

netization processes. Figure 1 gives 1, and ldyn as a func-
tion of M for Tbo20Hoo8oFe2, which is (111) easy at 20 'C,
and clearly shows that the static and dynamic processes are I
equivalent. It is equally clear that there is no sustained region
where walls of only one type move (i.e., where I is constant 0.8

06 Experimental data -

TABLE li. Theoretical values of H for (100) easy material with measure-
ments made in (112). 0.4 -

Wall type 02 -'O Equiv No. Example HI( 10/Ms) 02

1800 114.1°-,65.90 2 [io0].[100] 0
144.7--,35.3' 1 [00i]-[001] 0 0

0 02 04 0.6 08

90, 114.1-65.9' 2 [Oi0]-[100] 0 M/Ms
114.10-,35.3' 2 [i0o].[00l] 0.612
65.9°-35.3' 2 [100]-[001] 1.837 FIG. 2 Vatiation of magnetostriction X with magnetization M for

Tb0 zoHos oFez The solid line represents a possible model process

J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Piercy, Busbridge, and Kendall 7007



051.5 I
•o dynamic (d/X) "

0 0Atii 0

I 1:
'  5 0"

a dynamic (ft) 0

"g .0 o
* ~ 201C0 0

I- static (dAX ) 0

0 2 .. . .
OS 2051 9 kAni"

0 0

~~00 00~I

S0 9'1 P
0 0

0 02 04 06 08 1 10 100 1000

M/Ms  Dnve field frequency f/Hz

FIG. 3. Comparison of Hli and tidy, at different temperatures for FIG. 5. Variation of liH and ldyn with drive field frequency and magnitude
Tb o 21Dyo 73Fe2

,  for Tbo 27Dyo 73Fe2 .

Il=0.612Xtjo/M, (where X0o has been taken as -X111/3) This frequency independence of rIdyn is found to continue to
appropriate to one type of 900 wall motion and indicates that well above the critical frequency at which eddy-current ef-
there is, in this case, an extended region where one domain fects become significant even though, at these higher fre-
process dominates. For magnetizations above 0.68M, it is quencies, the d coefficient and permeability are diminished.4

necessary to include rotation processes, as confirmed by do-
main studies,5 to explain the observed values of fI. IV. CONCLUSIONS

The technique is also useful for investigating the drive It has been demonstrated that the ratio dlX is a valuablefield dependence of the magnetization processes and Fig. 5 Ithsbedmotredhatertid/isavlae
shows that fiye and, therefore, the magnetization processes parameter for use in investigating magnetization processes.
arews indepndn .f thedriefiedfre u encan magn ituse. Comparison of theoretical and measured values of dIx forare independent of both drive field frequency and magnitude. (111) and (100) easy giant-magnetostrictive materials has

shown that the magnetizationi processes are generally com-
plex, involving more than one domain-wall process, that

* Dynamic 0 quasistatic and dynamic processes are equivalent, indepen-

3 3 Sa 0 dent of temperature and of drive field frequency and magni-
0 Itude.
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Magnetization, Young's moduli, and magnetostriction of rare-earth-iron
eutectic alloys with R=Tbo.6DYo.4

A. E. Clark, M. Wun-Fogle, J. R Teter, J. B. Restorff, and S. F. Cheng
"" al Surface Warfare Cater, Code R34, Silver Spring, Maryland 20903-5640

Kare-earth-iron alloys, Ro.9Feo 1, Ro.72Feo.28, and R0 42Feo.58 (R=Tbo 6Dyo 4), containing the R/RFe2
eutectic composition were prepared by Bridgman and free-standing zone-melting techniques.
Magnetization measurements were made in fields up to 800 kA/m between 55 and 300 K. A huge
increase in magnetization below 210 K occurs as the R component becomes ordered. At low applied
magnetic fields there is clear identification of both the ferromagnetic ordering temperature Tc and
the N6el spiral ordering temperature TN of R. (For Tbo.6Dy0 .4, Tc=165 K, TN= 2 1 0 K.)
Magnetization and magnetostriction measurements reveal very large magnetocrystalline
anisotropies for both the R and the RFe2 components. Unexpectedly, at 77 K, were the rare-earth
co.aponent of the eutectic system is ordered and the magnetostriction is large (XhY>0.6%), the
magnetostriction is largest in the samples containing the largest amount of the RFe2 phase. Young's
modulus measurements reveal the reduction in the stiffness with the addition of the softer rare earth
to the stiff RFe2 compound.

The rare earths Th and Dy are the elemental components techniques. Magnetization measurements were made concur-
of many giant magnetostrictive materials. In the hexagonal rently by integrating tae voltage of a pickup coil wound
binary alloys, Tb.Dyl -(l <x-<l), basal plane magnetostric- around the san les.
tions \ '2 reach -1% at 0 K and 0.6 % at 77 K.1 Although In all samples, the magnetization process consists of two
the individual basal plane anisotropies K of Th and Dy are regions: (1) a region of nonmagnetostrictive 180' wall mo-
very large (K>0 for Th; K<0 for Dy), K can be minimized tion, resulting in a rapid rise in magnetization at low fields;
and the Xh'2/K ratio maximized in the binary TbxDytx and (2) a magnetostrictive noncollinear wall motion and
alloy.2 At 77 K anisotropy compensation occurs for x-0.6, magnetization rotation region resulting in a smaller magne-
the value of x selected for this study. A second important tization change and Ppproach to saturation. The magnetiza-
class of materials is the cubic TbxDy t _xFe2 (Terfenol) com- tion curves of Fig. 1 reflect this process. At room tempera-
pounds. For this compound Xm is very large over a wide ture, only the RFe2 component of the alloy is magnetic.
temperature range. 3 In the Th-Fe and Dy-Fe alloy systems, a Thus, as the weakly paramagnetic Tbo 6Dy0 4 alloy is added
eutectic composition consisting of a rare-earth phase and a to RFe2 to form the eutectic samples, the magnetization de-
rare-earth-Fe 2 phase occurs near 28 at. % Fe.4 In this article creases. The coercive force is largest for the Ro.;72Feo 28
we report magnetic, elastic, and magnetorestrictive proper- sample. At 77 K the rare-earth component R has the larger

ties of the eutectic-containing alloys, magnetic moment. Therefore, as expected, as R is added to

For this study, samples of R, R0 9Feo.t , Ro.72Feo 28, RFe2, the magnetization increases. Again a maximum in the

Roa 2Feo.58, and RFe2 (R=Tb0 6Dy0 4) were prepared into rod
shapes by both Bridgman and free-standing zone-melting
(FSZ) techniques.5 Magnetization measurements were made
on disk samples but normal to the growth direction in fielas
up to 800 kA/m using a commercial vibrating sample mag-
netometer. Young's moduli were measured by two methods. 2 lo
In the first method, static stress-strain curves were taken on E =7

rod samples (-3 cm X 0.3 cm diam.) at room temperature in 0

the absence of a magnetic field. The strain was measured by 1E, 0

multiple strain gauges affixed to the sample and the stress 400 "
3 swas measured using a conventional load cell. In order to ' -2Oo 3 0

determine the extent of the magnetomechanical hysteresis, 0

measurements were taken by applying both increasing and T o K
decreasing stresses. For the R0 42Fe0. 8 alloy and for the RFe2  5o
compound, Young's moduli were als) measured as a function

1.100
of magnetic field up to 160 kA/m at fixed compressive -10ow .500 0 500 1000
stresses of -15 MPa at room temperature and 77 K using Applied Field (kA/m)

standard strain-gauge techniques. These moduli were mea-
sured under the two limiting magnetic conditions of (1) fixed FIG 1. Magnetic moment in cnu/g as a function of applied field at 77 K

magnetic field and (2) fixeu magnetic induction. Magneto- (upper set of curves) and 294 K (lower set of curves) for Bridgman-prepared
samples: (1) Tbo6 Dyo 4 and (2) (Tbo6Dyo4 )OgFeo, and free-standing zone-

striction measurements were made in fields up to 160 kA/m melt samples (3) (Tb0 6Dyo 4)0 72 FC0 28 , (4) (Th 6Dy0 4 )0 4 Feo5 8, and (5)
at room temperature and 77 K using strain-gauge and LVDT (Tho6Dyo 4 )o33FeO 67.
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FIG 2 Magnetic moment i emu/g as a function of temperature at applIed ( 3) (Tb06Dy04)o33Fe067 (Note that the zero position of three of the data

fields of 800 and 80 kA/m (see inset) for Bridgman-prepared samples: (1) sets has been shifted for display purposes only)
Tbo 6DY0 4 and (2) (Tbo6Dyo4)0 Fe0 I and free-standing zone-melt samples:
(3) (Tbo 6Dyo 4)0 ,2Fe028, (4) (Tbo 6Dy0 4)042Feo 58, and (5)
(Tb0 6 Dy0 4)0 3 3 FeO67' is applied to these samples, the magnetization in the domains

rotates from parallel to perpendicular to the rod axis, yield-
ing a softening of the sample and the well-known A~E effect.

coercive force is observed for the eutectic composition As the magnetic moments become nearly perpendicular to
Ro.72Feo 28. the rod axis (o>60 MPa), both samples become significantly

Because of the very large uniaxial anisotropy in the hex- harder. The fraction of RFe2 is small in the samples richer in
agonal rare earths Th and Dy, the polycrystalline R and al- R and the hysteresis becomes negligible. The pure eutectic
loys containing R are difficult to saturate at low tempera- R0 72Fe6.28 alloy and those richer in R are also more ductile
tures. The magnetization versus temperature curves for these and deform under stresses greater than -100 MPa. Young's
alloys are shown in Fig. 2. The full magnetic moment of the moduli, calculated from the high-stress slopes of Fig. 3, are
R component is not reached at 800 kA/m. As expected, a 110, 83, 77, and 72 GPa for RFe2 , Ro0 42Feo 58, Re 72Fee 28, and
large increase in magnetization below 200 K occurs as the R Ro0 Feo t, respectively.
component becomes ordered. The change in the slope of the The effect of magnetic field on the moduli is shown in
curves, even of the R0 42Feo.58 sample, which contains only Fig. 4 for RFe2 and Ro.42Feo 58 at room temperature and 77 K
14% R, is clearly detected. A striking feature of the magne- (o-15 MPa). When an axial magnetic field is applied to a
tization versus temperature curve is the appearance of a peak positive magnetostriction material under a preexisting com-
in the magnetization of T= 210 K for small applied fields. It pressive stress, the magnetic moments again rotate, but now
is well known that a basal plane spiral magnetization struc- from perpendicular to parallel to the rod axis. As this rotation
ture exists in the TbDyt -x alloy system. 6 We observe that process takes place in the applied magnetic field, the elastic
the coexistence of the RFe2 component in the eutectic does moduli at first decreases and then increases as the rotation
not significantly alter TN. Thus, the spiral structure of process becomes complete. For the RFe2 compound, the
Tb0 6Dy0 4 remains essentially unchanged in the eutectic
structure, and we conclude that the contributions to the mag- -0

netization from the individual R and RFe 2 phases within the 80
eutectic are simply additive. 70 77K (A)

For most applications utilizing magnetostrictive materi- 60 0 0

als, it is important to know the mechanical stiffness. We re- 50
port measurements of Young's moduli at room temperature 4
and at 77 K. In Fig. 3 we illustrate the stress-strain relation-_ j,.j- %
ships at room temperature for the Bridgman-prepared 30 298 K_,-.
samples in the absence of an applied magnetic field. The
addition of the R component to the RFe2 compound consists 501 - t= 77 K (B)
of two major features: (1) a reduction of the stiffness with 40g m 0

the addition of the softer rare-earth binary alloy; and (2) a 30 t
large magnetically induced hysteresis in the RFe2 and the I L i
eutectic containing alloy richest in RFe2. In these two cases, 0l20 40 60 80 100 120 140
the moduli strongly depend upon the magnetic history of the Applied Field (kA/m)
sample. For RFe2 and R0 42Fe0 5 ,, Young's moduli measure- Fments were taken with the samples premagrnetized parallel to FIG. 4. Modulus under constant-field conditions y" and under constant
mnthwer a ith the sames magnetic momaletoro induction Y8 vs applied field for Bridgman-prepared samples- (A)
the rod axis to achieve the maxirp'_,m magnetic moment ro- ("T)0 6DY0 4)0 33Feo 67 at 15.8 MPa and (B) (Tbo6Dyo 4)0 42Feo58 at 15.4 MPa
tation in an applied magnetic field. As the compressive stress [(El) Y8 at 77 K, (0) Y" at 77 K, (0) Y" at 298 K, and (0) yH at 298 K]
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and (C) (Tbo6Dyo 4)ogFeo0 at two compressive stresses.

easiest rotation takes place near 85 kA/m at 77 K (55 kA/m Ro.72Feo.28. The conclusion reached is that the high c-axis
for room temperature). For the sample containing the small- texture of the rod samples, with the large uniaxial anisotropy,
est amount of eutectic, Ro 42Feo 58, the easiest rotation pro- inhibits the large magnetization rotations required for giant
cess occurs at a field higher than 160 kA/m. To evaluate the magnetostrictions. In the R-rich samples, the magnetostric-
effect of 1800 domain-wall motion in creating the nonmag- tions reach only -400×10 -6 , compared with the huge
netostrictive magnetization process, measurements were -6000X×10-6 previously reported for the basal plane oni-
taken under both constant magnetic field H and constant ented Tbo6Dyo4 single crystals.'
magnetic induction B. In these samples, both yB and y11  The Noel and Curie temperatures of R (=Tbo6Dyo.4)
decrease with applied field. Thus, even when the total induc- were clearly observed in all of the eutectic-containing alloys.
tion is kept fixed, the domains redistribute themselves in Thus, the presence of RFe2 component in the eutectic does
such a way that yields some magnetization rotation and mag- not noticeably affect the magnetic properties of the R com-
netostriction. Thus, the accepted conventional relationship ponent, even its magnetic structure. On the other hand, the
between the coupling factor and Young's moduli, giant magnetostriction of the R component of the eutectic
k2= 1-~YH/YB, is not valid here. was not realized. Because of the highly textured nature of the

At room temperature the magnetization and magneto- Bridgman and FSZ samples and a strong R uniaxial anisot-
striction decrease rapidly with the addition of R to the RFe2  ropy, the magnetostriction (for H< 160 kA/m) is found to
compound. In this section we report the magnetization and decrease as the portion of the highly magnetostrictive R
magnetostriction at 77 K in magnetic fields up to 160 kA/m. component of the alloy is increased. Finally, Young's modu-
Figure 5 illustrates the field dependencies for the Ro.42Feo05 8, lus decreases as the R/RFe2 ratio in RxFet -x (0.33< x 1)
R0 28Fe0.72, and Ro 9Fee0 t alloys at compressive stresses a" of increases. The modulus in the Ro.42Feo 58 alloy is highly hys-
-6 and -~ 17 MPa for the Bridgman-prepared samples. Simi- teretic and does not exhibit the large AE effect of the single-
lar results are observed for the FSZ samples, but not reported phase RFe2 compound.
here. The expected cr dependencies of the magnetization and Research on magnetostrictive intermetallic alloys at the
magnetostriction, characteristic of both R and the R~e2 'oin- Naval Surface Warfare Center is sponsored by the Navy In-
pound, are not seen. Here, little or no stress dependence was dependent Research Program.
observed. Also striking is the large reduction in the magne-
tostriction with the addition of a small amount of the R com- A. E Clark, M. Wun-Fogle, J. B. Restorff, and J. F. Lindberg, IEEE Trans
ponent to the RFe2 compound. In the RFe, compound (not Magn. MAG.2g, 3156 (1992).
shown), the magnetostriction reaches 2200X 10-6 at 160 2 M. B. Spano, A. E. Clark, and M Wun-Fogle, IEEE Trans. Magn. MAG.
kA~m. As observed in Fig. 5(a), the magnetostriction of 2,3794 (198o).

3A. E. Clark, in Ferromagnetic Materials, edited by E. P. Wohlfarth (North-Ro142Feo 5s is only -800X10 -6. With samples richer in R, the Holland, Amsterdam, 1980), vol 1, p. 531.
magnetostriction decreases still further, even though the 4

Bmiary Phase Diagrams, edited by T. R. Massalski (ASM, Metals Park,
magnetostriction of the R is much higher than that of RFe 2. OH, 1986).
These unexpectedly low magnetostriction values are shown s Samples were prepared by Edge Technologies, Inc., ETREMA Div,

Ames, IA.in Figs. 5(b) and 5(c) along with their corresponding magne- 6w. C. Koehler, in Magnetic Properties of Rare Earth Materials, edited by
tizations. Note the hysteresis is largest for the pure eutectic, R.J3. Elliot (Plenum, Lonldon, 1972), p 81

Pic'lislied without author corrections
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Theory of magnetostriction with application to Terfenol-D
R. D. James
Department of Aerospace Engineering and Mechanics, University of Minnesota, Minneapolis,
Minnesota 55455

D. Kinderlehrer
Center for Nonlinear Analysis and Department of Mathematics, Carnegie Mellon University, Pittsburgh,
Pennsylvania 15213

A mechanism for magnetostriction in the highly magnetostrictive material Terfenol-D is explained
in detail. This mechanism is based on a theory of magnetostriction [R. D. James and D.
Kinderlehrer, Philos. Mag. B 68, 237 (1993)] that is particularly suited to predictions of the
macroscopic behavior of materials that exhibit large nagnetostriction. Some experiments that test
these predictions are proposed.

I. INTRODUCTION martensite, the laminates are separated by a transition layer,

A theory of magnetostriction that is adapted to the de- which of course contains some energy. The value of this
scription of large magnetostriction is given by the authors in energy is proportional to the twin spacing, so it can be re-

Ref. 1. The theory is a micromagnetic in nature and follows duced as close to zero as desired by refining the twins. The
the pattern established by Brown. 2 The focus is on an exact second kind of laminate has no transition layer; it is "exactly

specification of the potential wells of the anisotropy energy. ccmpatible." The property of being exactly compatible ver-
For large specimens such as those encountered in usual sus approximately compatible is predicted by the theory; it is

actuator applications, the presence of complicated domain not just based on microscopic examination. With exchange
structures has hindered the usefulness of micromagnetic energy present, it is clear that exactly compatible laminatestheories that seek to incorporate magnetostriction. In recent are energetically preferred over those which have a transition

years new methods of calculating energy minimizers for this layer.
situation have emerged, partly as a result of advances in the Exactly compatible laminates have another interesting
analysis of the microstructure of martensite and partly as a feature: The volume fraction can change with position
result of related developments on the design of optimal com- along the growth twin boundary, giving them some addi-
posites. Using these ideas, the authors' found compatible en- tional freedom to meet remote conditions.
ergy minimizing domain structures for the theory specialized When we went back and checked the different laminates,
to a growth-twinned specimen of TbxDy l -Fe2, x0.3 we found that the laminate which achieves maximum mag-
(Terfenol-D). netostrictive strain is not exactly compatible. This suggests

The patterns found in Ref. 1 consist of laminates which that there may possibly be a drastic change in the domain
meet at the growth twin boundary; see, e.g., Fig. 1. Each pattern, and as explained herein, this would be favored by
layer of the laminate has a constant deformation gradient and compressive stress. These predictions are explained in more
a substructure of magnetic domains. The motivation for detail below. They suggest some interesting experiments,
looking at laminates as energy minimizers arose from the now in progress (Tickle5).

observations of Lord et al.3 Analyzing all possible compat- These considerations apply to a specimen with parallel

ible energy-minimizing laminates that meet at the growth growth twins, such as one that is obtained by float-zone pro-

twin boundary, we found five distinct energy minimizing mi- cessing. Bridgman-grown specimens contain a significant

crostructures, pictured in Fig. 1, one of which agreed with number of grain boundaries and sometimes several different

the photomicrograph of Lord et al. Subsequently, all of the growth twin systems, which surely would rule out simple

other four patterns were observed (Lord 4), with good agree- laminated energy minimizers.

ment of the geometry and even (in the cases available) of the II. THEORY OF TERFENOL-D
magnetic substructure. We give a brief description of the theory specialized to

Each of these structures is kinematically compatible and Terfenol-D. The basic unknown functions of the theory are
energy minimizing for all values of the volume fraction y. As the deformation y(x) and magnetization m(y). These are
y changes from 0 to 1 the sample experiences a macroscopic minimizers or relative minimizers of the total free energy
strain in the direction [-211], the typical axial direction of a
Terfenol-D rod; however, the amount of strain differs for the E(y,m)= F JVy(x),m[y(x)]}dx+ 1IVu(z)1 2 dz.
different laminates. It might then be inferred that, after a few Ji JR 3

cycles, the rod would be likely to choose the domain struc- (1)
ture that yields the maximum magnetostrictive strain, be- Here 0k is the reference configuration of the specimen, 9 is
cause there is certainly an energy barrier to changing the the anisotropy energy, and the magnetostatic potential u is
whole pattern. determined from m by solving the magnetostatic equation

A more refined prediction suggests that something dif-
ferent might occur. There are actually two kinds of laminated div( - Vu + m) = 0 on R3 . (2)

microstructures predictei by the theory. In the first kind, In solving this equation it is understood that m=O outside of
analogous to "semicoherent" interfaces in the literature on y(fl), the deformed configuration. The theory is geometri-
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cally exact, to allow it to apply for arbitrarily large deforma-
tions. In fact, the elasticity could be linearized, and then the L__.-211

theory would be similar to that of Clark,6 but it is no more 2( ),
difficult to calculate the energy minimizers for the geometri- f a ," 01 4

cally exact theory. The energy (1) is appropriate to a single-
crystal specimen. Supposing that fl is divided in two by a (-.), ( ,

growth twin on the plane x.m I =O, so that fl=flW12 with
fn=fn(x-m>0) and f12=nCl(x.ml<o), then the appro- ( ), ( ),

pr;- - expression for the energy is
Egty() = j Vy(x),m[y(x)]}dx ]) -14

+ fqpVy(x)°,m[y(x)]}dx

+1 f dz, (3)

where Ro is a 180' rotation about mi. Here m i is propor-
tional to (111) and expression (3) takes into account the ob-
served crystallography of the type-I growth twins of
Terfenol-D. When minimizing Eq. (3), compatibility at the
growth twin boundary is automatically taken into account by FIG 1 Appearance of the predicted laminates on the (0-11) plane with light

the assumption that y(x) is continuous on fi. Finally, expres- and dark denoting the individual layers within a laminate. The magnetic

sions (2) and (3) are appropriate for no applied field or loads, substructure is not shown.

The key feature about the anisotropy energy (p is its
potential-well structure. For Terfenol-D it is assumed to have
minima on the set essarily have to come from the potential wells (4), the energy

{RUt ± Rmt}U{RU2,-± RM2 in the transition layer has to be reducible to zero by refining
U -,the layers, and the substructure of magnetic domains has to

{ RU3 , ± Rm3} U (RU4 , ± Rm4}, (4) be arranged to make the field energy arbitrarily small (see

where Mz=a[lll], m 2=a[-1lll], m3=a[1-11], Ref. 1 for the details of how this was done).
m4=c[ll-1], U,= 7711+(7h- 77) ii®k ,, ti,=m/Im, I, To summarize the results of these calculations, we use
i=1,...,4, and R is an arbitrary proper 3X3 rotation matrix, the notation
The scalar constant of proportionality a is 1/v of the satu- (ij (
ration magnetization, 7h-1 is the saturation strain along \k' 1) subscript

[111], and r71-1 is the saturation strain along [1-10]. The to denote a minimizer which uses variants i and j on fl, and
notation a®b denotes the matrix with components a,b, and 1 k' and ' on fl2. The subscript can take the value t ("twin")
is the identity matrix. Thus, the linear transformation Ul  or r ("reciprocal twin") which refers to which of the two
transforms a cube (aligned with the cubic axes in fl) by kinematically compatible interfaces ({100} or {110}, respec-
stretching its [111] diagonal with a strain rh-1 while con- tively) is used in making the laminate; this choice also af-
tracting every direction perpendicular to [111] with a strain fects the rotations involved. Using this notation, all compat-
rt - 1. This can be seen by applying U1 to unit vectors in the ible variants are shown in Fig. 1. This figure shows only the
various directions. We shall say that the specimen is in vari- domains of distortion [as would be revealed by differential
ant i at a point xefl, if [Vy(x), m(x)] has the form {QU,, interference contrast (DIC) microscopy, for example], not the
±Qm,} for some rotation matrix Q. A different notation is magnetic substructure. Energy minimization gives one addi-
appropriate for the region Q,; that is, because of the pres- tional restriction: The volume fraction above and below the
ence of Ro in Eq. (3), the potential wells are modified there. growth twin boundary is necessarily the same.
Hence, we say that the specimen is in variant i' at a point As mentioned in Sec. I, some of these laminates are
xefl2 if [Vy(x), m(x)] has the form {QRoUR 0 , ±QRom,} exactly compatible. Exact compatibility is most easily ex-
for some rotation matrix Q. plained by Fig. 2. An approximately compatible laminate has

the property that the energy in the transition layer can be
III. ENERGY-MINIMIZING COMPATIBLE DOMAIN reduced to zero by refining the layers. Exchange energy im-
STRUCTURES poses a limit to how much the laminates can be refined, and

The energy minimizers computed in Ref. 1 consist of the ultimate fineness is determined by a compromise be-
laminates above and below the growth twin boundary. All tween the energy in the transition layer and the total interfa-
possible compatible laminates were considered; that is, it cial energy. Exactly compatible laminates have no transition
was assumed that Vy oscillated between two values on Q, layer and, therefore, can be coarse or fine, and the tendency
and two different values on fl,, with possibly a transition would be toward coarseness since the only energy present is
layer in between. To be energy minimizing, these values nec- exchange.
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maximum magnetostrictive strain is that they give both the
S //,, , shortest (0.9992) and the longest (1.0013") length; but, in

fact, the variant pairs 2 3 and 2 4, both of which are exactly
compatible, have the same maximal length (1.001 33) as 1 2
but their minimum length is longer.

Computations with applied field and load using the
present theory are in progress,8 but are not yet available;

FIG. 2 Exactly compatible configuration (left-hand side) and approximately however, as far as the effect of small or moderate loads and
compatible configuration (right-hand side) laminates, fields is concerned, it is likely that they will reveal that com-

pressive stress will favor variants yielding the shortest

The exactly compatible laminates are1  length, while applied fields in the direction [-211] will favor

23 34 24 variants yielding the longest length (This comes from a
313' 3'4' 2P41 (6) closer examination of the magnetic subdomain structure.)

Putting these assumptions together with the idea that ex-

IV. MECHANISM OF MAGNETOSTRICTION actly compatible variants are preferred, we can arrive at a

If we imagine a unit line segment drawn on the specimen proposal for what might happen. With no compressive stress

in the [-211] direction above the Curie point (i.e., in the or applied field, variants 2 3, 2 4, or perhaps 3 4 would be

reference configuration), this line will become a zig-zag line preferred. Still in the absence of stress but with a [-211]

when evaluated for any of these laminates. It will never field applied, 2 3 and 2 4 are then preferred, even up to large

"break," as we have assumed kinematic compatibility [i.e., fields, because they give maximum extension and they are

the continuity of y(x)]. For such a line that is long compared exactly compatible- however, upon application of compres-

to the layer width, the length of the line depends only on the sive stress, there is clearly a preference for 1 2 (or 1 3 or 1 4,
volume fraction y and the choice of the laminate. A line in which, however, would not seem to survive cycling the

the [-211] direction will have the same length whether it is stress, because they achieve only modest maximal lengths).

placed above or below the growth twin boundary, by com- V. PROPOSED EXPERIMENTS
patibility. It is easy to calculate the maximum and minimum This proposal suggests some relatively simple experi-
lengths of swch lines, as y goes from 0 to 1, for all the ments. Since the domains of distortion discussed above are
laminates, and the result is given in Table I. (The right-hand- observed by making use of surface relief, it is important to
side column is an evaluation of these lengths for material polish the specimen in the single-domain state. Failure to do
constants 77t and 7h appropriate for Terfenol-D, obtained by this will result in the possibility of seeing false domain
using surface relief measurements of AI-Jiboory and Lord.7) boundaries at places where leveled domain boundaries ex-
It is seen from Table I that the maximum strain A/i is ob- isted during polishing. Since it is difficult to polish above the
tained using the variants 1 2; however, from Eq. (6) these Curie temperature, it is reasonable to use stress to do this.
variants do not achieve exact compatibility. Another look at According to the results of the theory, a compressive stress
Table I shows that the reason that the variants 1 2 give the favors the single-domain state consisting of variant 1, and a

reasonably large compressive stress is advised, to overcome
barriers associated with the inevitable defects. A fixture has"FABLE 1. Thle minimum and maxim'.mn macroscopic lengths of a line ori-

ented along [-2111 which in the reference configuration had unit length. been built to do this.
With domains of distortion revealed, the experiment con-

Length with 7,=0.9992, sists of observing the effects of applied field and compres-
Variants Length Y= 1.0016 sive stress on the domain pattern and macroscopic magneto-

1 2 min 171 8 . A.9992 striction, as indicated in the last paragraph of Sec. IV. The
max[vi+, ! - )1f" 1 001 33 switch from variants 2 3 to 1 2 should be accompanied by a

I 3 mm 7h  , 0.9992 significant change of both the geometry and the fineness.
m1aX[ ']+ T! r/ /1 .997
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Recent developments in modeling of the stress derivative of magnetization
in ferromagnetic materials

D. C. Jiles and M. K. Devine
Ames Laboratory, Iowa State University, Ames, Iowa 50011

The effect of changing stress on the magnetization of ferromagnetic materials leads to behavior in
which the magnetization may increase, or decrease, when exposed to the same stress under the same
external conditions. A simple empirical law seems to govern the behavior when the magnetization
begins from a major hysteresis loop. The application of the law of approach, in which the derivative
of the magnetization with respect to the elastic energy supplied dM/dW is proportional to the
magnetization displacement Man-M, is discussed.

Previous work on the development of model theories of for locations beginning from the major loop; however, for
the magnetization processes in ferromagnetic materials have locations beginning on a minor (i.e., asymmetric) loop, the
concentrated on the description of hysteresis ',2 and the law of approach, if it was operative, did not seem to pertain
changes in hysteresis curves which result from constant ap- to the principal anhysteretic magnetization.
plied stress. 3- 5 The magnetomechanical effect, which is de- There are probably three factors which determine the
fined as the change in magnetization of a magnetic material magnitude and sign of the magnetomechanical effect: (i) how
resulting from a changing applied stress under a constant far the prevailing magnetization is above or below the anhys-
applied field, has been reported occasionally, 6' 7 but the ef- teretic (the displacement): (ii) how sensitive this displace-
fects have appeared to be very complex. For example, in the ment is to stress (the rate of decay); and (iii) how the anhys-
closely related works of Craik and Wood8 and of Birss, teretic changes with stress.
Faunce, and Isaac,9 the experimental results were obtained As described in previous work,3 an applied uniaxial
by applying different stresses to various polycrystalline mag- stress acts on a multidomain polycrystalline material like an
netic materials in the presence of a small constant magnetic applied magnetic field operating through the magnetostric-
field. As noted by Craik and Wood, there were many features tion, and this additional "effective field" can be described by
in the results which cannot be reconciled with the previous
theory of Brown. 10  H -= 3 or dX (

Birss, 11 Schneider and Charlesworth,' 2 and Finbow 3  2 -o M

have mentioned the prediction of Brown's theory that the Therefore, if the magnetostriction X can be described as
changes in magnetization should be independent of the sign a function of magnetization and stress, the anhysteretic mag-
of the stress (i.e., symmetric with stress), which is contrary to netization at field H and stress o becomes identical to the
the experimental results presented in these articles. The
"wall pressure" theory developed by Brown, and later by anhysteretic at field H+H, and zero stress,

Brugel and Rimet,14 predicts that the magnetization remains [ 3o ' dX ]
constant as the stress is reduced from its maximum ampli- Man(HaoMan(H+HrO)=Man H+ - - ,

tude. This was termed the "horizontal fly-back" by Birss and 2o

co-workers, 9 which is known to be at variance with experi- (2)

mental observations, as shown by Schneider and where the effects of stress have been incorporated into the
Richardson 15 and Schneider and Semcken, 16 as well as in the effective field. A reasonable first approximation to the mag-
results of Craik and Wood, 8 Birss and co-workers,9 and Jiles netostriction of iron can be obtained by using the series ex-
and Atherton. 17  pansion

Following the observation by Bozorth and Williams 6 that
the magnetization curve of Permalloy 68, obtained after ap- X= YM 2', (3)
plication of a magnetic field followed by stress of 39 MPa (4
kg mm- 2), was "as closely as it was possible to tell, identical

to the anhysteretic magnetization curve," it was suggested 17  which enables the derivative dX/dM to be calculated.
that the main effect of stress cycling on the magnetization The str.ss dependence of the magnetostriction curve
causes it to approach the anhysteretic. X(M,o) can be described from the stress dependence of the

The concept of the law of approach was tested by coefficients y,. Using a Taylor series expansion,
Pitman 18 and later by Maylin and Squire. 19 The results, ac-
cording to Pitman, seemed to confirm the law of appioach, ,,r)= Y,()+ - y' (0), (4)
with the results from positive and negative remanence being n-'I= i

mirror images of each other, while the amplitude of the
change in magnetization was found to be much reduced where Y'(0) is the nth derivative of y, with respect to stress
when the point on the initial magnetization curve was close at o=O.
to the demagnetized state. The stress dependence of the anhysteretic magnetization

The results Maylin and Squire substantiated these results curve can be determined from
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FIG. 2. Variation of magnetization with applied stress at a field strength of

2.0 Stress (MPa) 80 A m -' close to the anhysteretic magnetization curve and slightly below
.loo it. The right-hand-side half of the diagram shows the behavior in tension and

,6.20o the left-hand-side half shows the behavior in compression. The values of the
- °Z 0 quantities used were: e=100X10 6 Pa, yi=4X10- 8 -(3X10 6 )o-A-2 m2 ,

- .. .... .''.i ...... o and y2=2x 10-(5X 103)0-A 4m.

1.0 "/'L .... d- = (Mai-M), (6)

~~where now is a decay coefficient which has units of J m -3

I The change in elastic energy supplied to the material when
4' the stress is changed from 0ro to 0- is

U(71.0

0 5 10 15
(b) H (kA/m) where E is the elastic modulus. Therefore, substituting

FIG. 1. (a) Measured variation of the anhysteretic magnetization with stress,

as reported by Jiles and Atherton (Ref. 17); (b) modeled variation of the 2anhysteretic magnetization curve for various levels of stress together with dWb l-o - 'o)do" (8)
the following values of the coefficients: M= 1.7X 106 rA/m, a =100 Atm,
k=100 A/m, aquaOn, ci0.1, yu eP4X10-(3X1u Z)- A-m 2 , and into Eq. (6) gives

+2 =02X a030
- (5X 10-

3 9
)"A

-4 
i

4
.

Ma(Ha)= s~oh( +~) H H,+Dbelti4/Ms

Y' 3

The predictions of the present mode equation for the
stress dependent anhysteretic are shown in Fig. 1 for selectedvalues of the model parameters. It is clear from these results
that there is good agreement with the experimental results ofE imt

Jiles and Atherton.
The magnetization may increase or decrease when ex-

posed to the same stress under the same external conditions.
This indicates that the phenmenton is dependent on more
than simply the external effects of stress and field. In fact the 300 ( gives

We have now two factors to consider: the displacement
from the anhysteretic and the change in elastic energy. The FIG. 3. Variation of magnetization with stress at 80 A m- along the lower
proposition which we wish to test is that the derivative of the loop of the magnezation curve after reducig from a field aiphtude of

-5000 Ainu. The values of the quantities used were. eo 100 ts Pa,
magnetization with the change in elastic energy supplied W y=4X10- 8 (3,<lO- 6 )o A-m 2 , and y"22X0-(510 3 9)r

obeys a law of approach, a n. 4,
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The results of Craik and Wood 8 were more diverse than
those of Pitman, and in particular their results showed the

essential asymmetry of the magnetization versus stress
300 300) curves at higher stress levels. At small stress amplitudes ofup to about ±0.5 kgmm- 2 (=4.9x 106 Pa), the change in

magnetization with stress was almost symmetric. Even up to
±2 kgmm- 2 (19.6X10 6 Pa), the sign of the change was
positive under both tension and compression; but, beyond
±-3 kgmm - 2 (29.4X 106 Pa), the change of magnetization
with stress was negative under compression but positive un-
der tension. A wide range of different behaviors of magneti-

H -10 A/0 zation under stress was reported by Craik and Wood, show-
ing asymmetry under tension or compression, and in which

-1.0 the amplitude of the changes was dependent on the strength

001t.,/e of the constant applied magnetic field; however, because
Craik and Wood did not measure the anhysteretic magneti-

FIG. 4. Variation of magnetization with stress at 80 A m-1 along the upper zation, the physical sign fficance of the observed changes was
loop of the magnetization curve after reducing from a field amplitude of not clear from their work.
5000 Am - 1. The values of the quantities used were: 6=100X10 6 Pa, In the work of Birss' it was found that for small
,=4X10-1s-(3X10-26)ar A-2 M2, and y2=2x 10-3°-(5 X10-")a"
A-4m4. changes in magnetization the magnetization versus stress

curves were symmetric with respect to stress. For larger
changes in magnetization, Birss reported similar findings to
Craik and Wood: namely, a change in sign of the stress de-

dM 2 (9) rivative under compression, leading to an asymmetric behav-
=E (0.-Oo)(Man-M)do, ( ior.

where e2=E , and e has units of Pa. The results of model calculations are shown in Figs.r Rearrangind E. (9) anitegra. 2-4. It can be seen from the results of Fig. 2 at a fieldREtstrength of 80 A/m that the slope of the curve of AM vs Ao-
f dM 2 (o- oo)do, (10) changes sign in the compressive region at about -100 MPa.

M-Man f This result is similar in behavior to the data of Craik and

and consequently Wood, 8 Birss and co-workers, 9 and Pitman. 8 The results in
Figs. 3 and 4 show that the change in magnetization is posi-

[ (-o 0\ 21 ( tive or negative, depending on whether the initial magnetiza-
Man- M(o')=[Man- M(oo)]exp  (11) tion state is below or above the anhysteretic, respectively.

The resultant curves here are in excellent agreement with the
which, on subtraction from Man-M(ao), gives the change in reported results of Pitman18
magnetization AM, This work was supported by the U.S. Department of En-

AM=M(o')-M(Co) ergy, Office of Basic Energy Sciences under Contract No.

IA 0 21 ( W-7405-Eng-82.
-=['an--M(O~o)] 1 -exp[ - ,) (12) 'D. C. Jiles and D. L. Atherton, J. Magn. Magn. Mater. 61, 48 (1986)

2 D. C. Jiles, J. B. Thoelke, and M. K. Devine, IEEE Trans Magn. MAG.

where Ao=o--o-o. This gives the symmetric dependence of 28, 27 (1992).

magnetization on stress. 'M. J. Sablik, G. L. Burkhardt, H. Kwun, and D. C. Jiles, J. Appl. Phys. 63,3930 (1988).
However, if Man is stress dependent, as is generally the 4 M. J. Sablik and D. C. Jiles, IEEE Trans. Magn. MAG-29, 2113 (1993).

case, then this stress dependence needs to be incorporated, as 5j. J. Sablik, S. W Rubin, L. A. Riley, D. C. Jiles, D. A. Kaminski, and S

shown in Eq. (2), which leads to a more complicated inte- B Biner, J. Appl. Phys. 74, 480 (1993).6 R. M. Bozorth and H. J. Williams, Rev. Mod. Phys. 17, 72 (1945).gration. In practice, it has been found best under all condi- 7L. Lliboutry, Ann. Phys. (Paris) 12, 47 (1951).
tions to simply evaluate Eq. (9) numerically using computer 8D. J. Craik and M. J. Wood, J. Phys. D 3, 1009 (1970)
techniques. 9R. R. Birss, C. A. Faunce, and E D. Issac, J. Phys. D 4, 1040 (1971).

Experimental results of Pitman 8 exhibit the principal 10W. F Brown, Phys. Rev. 75, 147 (1949).
feature of interest, which is the AM vs Ao-locus under com- " R. R. Birss, IEEE Trans. Magn. MAG-7, 113 (1971).12C. S. Schneider and M. Charlesworth, J. Appl. Phys. 57, 4198 (1985)pression (first an increase, and at higher compressive stress a 13D. C Finbow, Phys. Status Solidi A 3, 743 (1970).

decrease in M, under conditions close to, but slightly below, 14L. Brugel and G. Rimet, J. Phys Radium 27, 589 (1966).

the anhysteretic). Then positive, or negative, changes in M -5 C. S. Schneider and J. M. Richardson, J Appl. Phys 53, 8136 (1982)
esame compressive stress, and under the same ap- C. S. Schneider and E. A. Semcken, J. Appl. Phys. 52, 2425 (1981).with the s17D. C. Jiles and D. L. Atherton, J. Phys. D 17, 1267 (1984).

plied field, depending on whether the magnetization began 18K. C Pitman, IEEE Tra! :, Magn. MAG-26, 1978 (1990).
well below, or well above, the anhysteretic. 19M. G. Maylin and P. T. Squire, J. Appl Pl,) s. 73, 2948 (1993).
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Magnetization and magnetostriction curves from micromagnetics
Antonio DeSimonea)
Center for Nonlinear Analysis, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213

The macroscopic behavior of magnetostrictive materials results from domain evolutions, often
occurring at a microscopic scale. It is shown how to compute magnetization and magnetostriction
curves by appraising the behavior of the underlying microstructures. The method hinges on an
averaging device (Young measures), which allows one to pass from the microscopic to the
macroscopic scale. The kinematical constraints on the accommodation of elastic effects are taken
into account, and the role of material symmetry in the selection of energetically optimal
microstructures is highlighted. Moreover, the effect of magnetoelastic coupling on the computation
of magnetization curves is discussed.

I. INTRODUCTION lowing Clark,4 we use the framework of linear elasticity, and

Specimens of magnetostrictive materials exhibit mag- we measure deformations through the linear strain E(x)

netic and elastic domains, which evolve under the action of =(1)[VU(X)+VTU(X)], where u(x) denotes the displacement

applied magnetic fields and loads. Analyzing the mecha- of the point x of a body f). Moreover, we restrict our atten-

nisms that govern these domain evolutions is a key step to tion to an unloaded specimen (the case of applied surface

understand the macroscopic response of magnetostrictive tractions has been considered in Ref. 5). The state of f is

materials: The macroscopic deformations induced on these described by a magnetization-deformation pair (m,E), and

materials by applied magnetic fields result precisely from we look for minimizers of the energy functional

domain rearrangements, often occurring at a microscopic
scale. In fact, the size of magnetic and elastic domains is Gh(m,E)= J{ Tor[m(x),E(x)]-h.m(x)}dx
typically rather small as compared to the size of the body in
which they appear. As a consequence, domain patterns may +1 j

3jV u m(X )
' 2

result in complex geometries. Micromagnetics provides us dx. (1)
with a rationale for the occurrence of fine domain patterns,
based on energy minimization. Moreover, at least in prin- Here h is a constant external magnetic field, while sVum is
ciple, it could be used to predict the most energetically fa- the magnetic field generated by m, defined as the solution of
vored configurations under given applied fields and loads Maxwell equation div(-Vum+o3)0, where t i is the exten-
and, hence, for quantitative predictions of the macroscopic sion of m to R3 which vanishes outside i Moreover, we
response of magnetostrictive materials. In practice, this pro- write
gram fails due to the complexity of the configurations to be PTOT(ni,E) = po(m)+ IE-Eo(m)].C[E-E 0 (m)]. (2)
computed. a where p is the anisotropy energy density, C is the fourth-

In this article we report on recent progress in applying order tensor of elastic moduli, and E0 (m) is the stress-free
micromagnetics to predict virgin magnetization and magne-
tostriction curves. Our method, inspired by the work of strain corresponding to m, i.e., the second-order tensor

James and Kinderlehrer,l is based on a simple idea: Only a which, for given m, is such that PoT[m,Eo(m)]&-roT(m,E)

few average properties of domain patterns are needed to for every E.

compute magnetization and magnetostriction curves, and not Crucial to our analysis are some properties of t and

all of the geometric details of domain patterns are needed to E0(m) dictated by material symmetry. Denoting by .J

exactly quantify their energetics. We focus precisely on those the group of material symmetries of the material at hand,
features of domain patterns which are needed to select the i.e., the set of orthogonal matrices Q such that
energetically optimal ones, and to describe them in enough (PorT(Qm,QEQ') = oT(m,E) for every m and E, we have
detail so that the macroscopic response can be characterized. qp(Qm)= qp(m), and E0(Qm)=QE0 (m)QT , VQEy.
Our analysis bears close similarities with those based on the (3)
classical article of N~el,2 but there are also some significant We also remark that, in view of Eq. (2), GI is the sum of a
differences. In particular, we do take into account the effect non-negative term (the energy due to magnetoelastic cou-
of magnetoelastic coupling on the prediction of magnetiza- pling), and of the energytion curves.

II. MICROMAGNETICS R h(m) = j[ rm(x)]-h.m(x)}dx

We adopt the large-body limit formulation of
micromagnetics, in which exchange energy is omitted. Fol- + 2 f IVIu.(X) 2 dx, (4)2 l(l dx, (4

')On leave trom Dip Ing. Civile, Universiti di Roma "Tor Vergata," 00133 which would be associated with the magnetized body, were it
Rome, Italy. to be considered rigid.
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average magnetization of the whole specimen. For Eq. (5)
we obtain zero, i.e., v describes a demagnetized state. Simi-
lar arguments can be applied to sequences of deformations

±Ek and, in essence, our approach to the computation of mag-

M=-2 netization and magnetostriction curves consists of a system-
L tatic application of the line of reasoning described above to

=Eo(,) - m=6 12k cases in which an applied magnetic field is present. In par-+ 1111ticular, we note that if we are given a minimizing sequence
(mk,Ek) of Gh for each value of the applied field h, then the
knowledge of the Young measures generated by the se-
quences Mk suffices to compute the corresponding magneti-
zation curve.

FIG. 1. The kth element of an energy-minimizing sequence for an unloaded Two remarks are in order. To clarify the physical mean-
specimen of uniaxial material under zero applied field. ing of infinitely refining sequences, we recall that the theory

presented here is a limit theory for large specimens. Typi-
cally the ratio between the size of the domains and the size of

III. MICROSTRUCTURES the body in which they appear tends to zero as the latter

The starting point of our analysis is the observation that increases. Since in the present theory this limiting process is

the infimum of Gh may be unattainable in the space of ad- represented on a reference body of fixed size, infinite refine-

missible magnetization-deformation pairs. We illustrate this ment ensues. Our second remark concerns the problem of

with an argument due to James and Kinderlehrer. We set computing the energy of a microstructure. Put simply, the

h=O, and we consider a uniaxial material with easy axis e. knowledge of the magnetic phases present in a microstruc-
Figure 1 shows the kth element of an energy minimizing ture, and of the corresponding volume fractions, does not
sequence of magnetization-deformation pairs (note that the provide enough information to compute its energy (in the
sequence is paametrizatio-edy atheithof t ers that the example above, we carefully chose the orientation of the
sequence is parametrized by the width of the )9yers, that the domain interfaces, and we also checked that no extra energy
magnetization is aiways directed along the easy direction, contributions arose from the magnetoelastic coupling). Thus,
and that the deformation is constant and it corresponds to a
stress-free strain everywhere in fl). By refining the width of a model for magnetostrictive materials in which microstruc-
the layers, we can drive the energy to its infimum I, which is tures are described only through these quantities may lead toq (e) times the volume of ft. However, since there is no inaccurate predictions (see following section). It is indeed
divergence-free voumageion feld Hwhvincke the v- n possible to characterize the energetics of microstructuresdivergence-free magnetization field which takes only the val- without resolving them in their finest details. For this pur-
ues ±e, there is no configuration whose energy is exactly 1. withot reso ng eirfi es etalso th p
Thus, strictly speaking, the proposed minimization problem pose, one needs not only Young measures, but also the H
has no solution. In spite of this, the example gives a clear measures of Tartar.6 The selection of optimal microstructures

indication of how to proceed: a minimizer of Go should be can thus be reduced to a minimization problem over Young
measures and H measures. Here we follow the technicallydescribed by the asymptotic behavior of an infinitely refining simpler alternative of computing minimizing sequences di-

minimizing sequence, i.e., in a descriptive language, by a rectlyr ante us Youn easres n qdes ces of

microstructure. rectly, and we use Young measures only to describe those of

The notion of Young measure allows us to give a precise their features which are relevant for the computation of mag-
description of some of the asymptotic features of an infi- netization and magnetostriction curves. In this process, we
dierfiiong somuenfche symtticy, founmeatures n- do not neglect any energy contribution: In particular, we take
nitely refining sequence. Essentially, Young measures pro- it con ohtemgeottcadtemgeolsi

vide the precise mathematical description of the mixtures of into account both the magnetostatic and the magnetoelastic

magnetic phases introduced by Neel in Ref. 2. Indeed, the energy that may arise from jumps of the magnetization

Young measure v generated by a sequence of magnetiza- across adjacent domains.

tions (ink), k = 1,2,..., gives, at each point x of the body, the
limiting distribution of the values of Mk in a vanishingly IV. APPLICATIONS AND DISCUSSION
small neighborhood of x. For example, the Young measure
generated by the sequence (ink) of Fig. 1 is in fact indepen- We illustrate our approach on a sample application. We
dent of x and it can be written as consider a spherical specimen of uniaxial material, with an-

=' 1(5) isotropy energy p(m)=K[1-(m.e) 2] (we assume 1m1l= and
K>O), under an applied field at 450 from the easy axis e. We

where 8 e is a Dirac mass centered at ±e. The physical rely on the results of Ref. 3, where the corresponding mini-

meaning of Eq. (5) is the following: In the limit k--,, Mk mization problem for Rh has been solved. The interesting
represents a microscopic arrangement of domains with the regime is that of low field strengths, where minimizers of Rh
property that at every point of the body only domains with are microstructures. Examples of the relevant minimizing se-
magnetization ±e are present, and with equal volume frac- quences are shown in Fig. 2. They consists of layers, in each
tions. The first moment of a Young measure generated by a of which the magnetization takes one of two possible values
sequence of magnetizations gives the average magnetization (which depend on the applied field), say, m i and m2 . We
in a neighborhood of x, and its average over 0 gives the obtain the minimizing sequences for Gh by setting every-
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[is a standard procedure, and we have thus shown that, in the
example considered, it is justified as an exact consequence of
micromagnetics.

In spite of the fact that similar results can be proved for
a surprisingly large class of materials, 7 the validity of the
procedure outlined above is not universal. A simple example
is that of iron, when an external field applied irn the [111]

A B C direction. It is interesting to note that, close to saturation, the
magnetization curve computed from the minimization of Rh

FIG. 2. Minimizing sequences for a spherical specimen of uniaxial mateh differs substantially from the experimental measurements. In
with applied field at 45' from the (horizontal) easy axis. A,B,C correspornd this regime the minimizers of Rh consist of mixtures of four
to increasing field strengths. magnetic "phases" which are not symmetry related, and

whose associated stress-free strains cannot give rise to kine-
matically compatible deformations (a proof will appear in

where in the specimen E(x)=E0[m(x)]. This leads to a dis- Ref. 7). We conjecture that, by taking into account the energy

contin'uous deformation field, which is, however, kinemati- contribution due to the magnetoelastic coupling, a more re-

cally compatible if alistic prediction of the magnetization curve can be obtained:
Indeed, in order to compensate for the elastic energy stored

Eo(ml) - E0(m2)= (a®e1 +e± a), (6) in a stressed configuration, higher field strengths should be

for some vector a (here eL denotes the normal to the layer necessary to sustain a given average magnetization.
interfaces, while a®b denotes the matrix with components
a,bj). This is indeed the case, and it is not hard to check. The ACKNOWLEDGMENTS
"structural" reason behind this result is that m2=Rml, Several useful discussions with G. Friesecke and, at
where R is a 1800 rotation about eL, and hence it is an early stages of this research, with R. D. James, are gratefully
element of . Thus, by Eq. (3), Eo(m 2) =RE0(m)R . acknowledged.

We can conclude that, in the example considered, the
minimizers of Gh correspond to stress-free states. Thus, if 1R. D. James and D. Kinderlehrer, Cont. Mech. Therm. 2, 215 (1990)

(m,E) is a "minimizer" (possibly a microstructure) of Gh, 2L. N~el, J. Phys. Rad. 5, 241 (1944).
then m is a "minimizer" of Rh (in fact, the unique mi 3A DeSimone, Arch. Rat. Mech. Anal. 125, 99 (1093).

t mini- 4A E. Clark, in Ferromagnetic Materials, edited by E. P. Wohlfarth (North-

mizer of Rb, as shown in Ref. 3). These observations give Holland, Amsterdam, 1980), Vol. 1.
rise to a strategy for computing magnetization and magneto- 5 A. DeSimone, in Smart Structures and Materials 1994, SPIE Proc. 2192,

striction curves: The computation of the magnetization curve edited by H. T. Banks (Society of Photo-Optical Instrumentation Engi-

is reduced to the computation of the minimizers of Rh, and neers, Bellingham, WA, 1994)
6L. Tartar, Center for Nonlinear Analysis Research Report 92-NA-002,

the magnetostriction curve is obtained by considering the Carnegie Mellon University, 1992.
stress-free strains associated with the minimizers of Rh. This 7A. DeSimone (to be published).
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Magnetostriction of melt-spun Dy-Fe-B alloys
S. H. Lim, T. H. Noh, and I. K. Kang
Magnetic Materials Laboratory, Korea Institute of Science and Technology, 136-791, Seoul, Korea t
S. R. Kim and S. R. Lee
Department of Metallurgical Engineering, Korea University, 136-701, Seoul, Korea

The magnetostriction of melt-spun ribbons of Dy.(Fel-yBy)l-, (x =0.2, 0.25, 0.3; 0--y -<0.2) alloys
is systematically investigated as a function of the wheel speed during melt quenching. As the wheel
speed increases from 10 to 50 m/s, the magnetic softness improves with the wheel speed rather
continuously for the alloys with the Dy content x =0.2 and 0.25 but it exhibits a maximum at the
wheel speed of 30 or 40 m/s for the allo:ys with the highest B content (x=0.3). The softness also
improves with the B content for a fixed wheel speed. Homogeneous and ultrafine grain structure is
observed for the first time even in the as-spun state when the ribbons of the alloy Dy0.3(Fe0.8B0.2)0 7
are fabricated at the wheel speed of 30 m/s. The ribbon having the ultrafine grain structure exhibits
good magnetic softness together with a high strain.

I. INTRODUCTION Ar atmosphere. In the present experiments we fixed all the

Giant magnetostrictive rare-earth (R) -transition-metal fabrication parameters except for the wheel speed which was

(TM) -based alloys such as TbFe2 were developed more than varied over a wide range from 10 to 50 m/s. The melt tem-
2 decades ago.1 '2 The saturation magnetostriction X,, of pciature was maintained at just above the melting point of

TbFe2 compound at room temperature is as large as the respective alloys. The orifice diameter was about 0.5 mm

1753X10 - 6 (or 1753 ppm); 3 however, since the magneto- and the chamber and ejecting Ar pressures were 2.1x10- 2

crystalline anisotropy of the alloys is also very large, a large and 1.85 X 10 - MPa, respectively. The magnetostriction was

magnetic field is usually required to obtain a large strain. In measured by a three-terminal capacitance method at room

the practical point of view it is important to have a large temperature and at magnetic fields H up to 8 kOe. The mi-

magnetostriction at a low magnetic field. In an early effort in crostructure was mainly examined by x-ray diffraction and,
this direction, many workers attempted to reduce the magne- in some cases, by transmission electron microscopy (TEM).

tocrystalline anisotropy through alloy design, one notable ex-
ample being the investigation of pseudobinary (R1 ,R2)-TM III. RESULTS AND DISCUSSION
compounds. One main outcome from the investigation was For the Dy 0 2(Fe1 _yBy) 0 8 alloy system, it is observed
the development of Tb0. 3DYo 7Fe2 compound commercially from the results for X vs H plots, not shown here due to
known as Terfenol- .4  space limitation, that X increases very slowly with H at low

Recently, attempts have been made to improve the soft- fields, when ribbons of low-B alloys are fabricated at low
ness of R-TM compounds by suitably controlling the micro- wheel speeds (usually 30 m/s or less); however, the magnetic
structure of the compounds. 5- 10 The main route to micro- softness improves substantially with the increasing wheel
structural modification is rapid quenching from the melt. It speed and/or B content. These X-H results are well explained
has been reported by many workers that the grain refinement by the x-ray-diffraction results. In low-B alloys, sharp dif-
or amorphization by this method improves the softness of the fraction peaks are seen at low wheel speeds indicating that
alloys although, in some cases, this improvement has been crystalline phases with coarse grains exist, but, at high wheel
done at the expense of reduced X .7,8 Very recently, R-TM speeds, the peaks are broadened indicative of the formation
alloys of thick-film type were also fabricated by sputtering of finer grains. In high-B alloys, an amorphouslike broad
and were reported to show good magnetic softness.9"0 It is pattern is observed even at low wheel speeds indicating that
clear from these later studies that the softness of R-TM al- the glass-forming ability is increased by B addition. The
loys is sensitively affected by the microstructure, although it value of X in this alloy system is low, ranging from 30 to 60
is felt that not much systematic work has been done so far. ppm at 8 kOe. The crystalline phase is identified to be mainly

In order to see how the microstructure and hence the Dy6Fe23 compound with a small amount of DyFe3 .
softness of R-TM alloys is affected by fabrication conditions, For the alloy series Dy0 25(Fel-yBy)o75, the magnetic
we systematically investigate the magnetostriction of melt- softness is observed to improve with the wheel speed, as is
spun ribbons of R-Fe-B alloys. In the present work, the al- clearly demonstrated by the X-H plots obtained at different
loys selected were Dyx(Fe _ y By )1_  (x=0.2, 0.25, 0.3; wheel speeds for the y=0.1 alloy, as an example, shown in
0-<y--0.2). Similar work on Th- and Sm-based alloys is in Fig. l(a). The diffraction patterns for the same alloy are
progress. The element B was added to the R-TM alloys, given in Fig. l(b). Although the results are not shown here,
since it is known to affect the microstructure of as-spun the alloys with the other B content, except for the y=0.2
ribbons. alloy, exhibit a similar X-H behavior. This progressive im-

11. EXPERIMENTAL DETAILS provement in the softness with the wheel speed is completely
matched by the x-ray-diffraction patterns as shown in Fig.

The Dy-Fe-B alloys were arc melted in an Ar atmo- l(b) from which it is observed that the peak intensity de-
sphere. Subsequent melt spinning was carried out also in an creases and the peak width broadens continuously with the
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FIG. 1. (a) The h-H plots for the alloy Dyo 5(Fee9Bo00 75 (b) The x-ray- FIG. 2. The X-H plots for the alloys (a) Dy0 3(Feo 9Bo0 )07 and (b)
diffraction patterns for the same alloy as in (a). The DyFe2 and DyFe3  DY0 3(Feo8B0 2)07. Also shown are the X-H results for a bulk crystalline
phases are indicated by the solid and open triangles, respectively. The num- DyFe2 for comparison (Ref. 3) (broken line). The numbers on the curves
bers on the curves denote the wheel speed in m/s. denote the wheel speed in m/s.

wheel speed. In the case of the y =0.2 alloy, the value of X y =0.2). Although x-ray results are not shown here, the way
for the ribbons fabricated at the wheel speeds of 10 and 20 in which the intensity and width of the x-ray peaks vary with
m/s is higher than that for the ribbons produced at the higher the wheel speed is similar to that observed for the
wheel speeds. The reason for this was originally thought to Dyo.25(Fet -yBy)o 75 alloy system. The crystalline phase is de-
be due to the fact that, even at low wheel speed of 10 or 20 termined to be mainly DyFe2, a small amount of DyFe3 be-
m/s, crystalline grains fine enough to result in good magnetic ing also observed for the alloys y =0 and 0.05. Also shown in
softness are formed at the large B content. The observed Figs. 2(a) and 2(b) are the X-H results for a bulk crystalline
x-ray-diffraction patterns, however, do not seem to clearly DyFe', for comparison.3 No appreciable increase in X of the
support the assumption, since the peak intensity and the de- bulk DyFe2 is observed until H=1 kOe, after which X in-
gree of line broadening do not vary greatly with the B con- creases with H almost linearly.
tent at the fixed wheel speed of 10 or 20 m/s. Further experi- The decrease in X at the high wheel speed of 40 or 50
ments are required to properly explain the high-X values at m/s may be related to the presence of an amorphous phase. It
the low wheel speeds in this high-B alloy, is reported that the X, value of amorphous DyFe2 is very low

The crystal structure of the Dyo 25(Fe-yBy,)0 75 series, (38 ppm), 3 which is much lower than the value of 433 ppm at
which is determined by the x-ray-diffraction patterns, is ob- 25 kOe for the crystalline counterpart 3 as well as that of the
served to vary with the B content. Mostly the DyFe 3 phase present melt-spun ribbons fabricated at the optimum condi-
exists in the B-free alloy and the DyFe2 phase exists in the tion. It is therefore quite likely that X decreases significantly
highest-B (y =0.2) alloy, and, in the alloys with the interme- by the '.ormation of an amorphous phase. An amorphous
diate B content, the DyFe3 and DyFe2 phases coexist. phase can also be formed at the high wheel speed for the

For the alloy system with the highest Dy content Dyo25(Fe_yBy)0.75 alloy system; however, since the main
Dyo 3(Fel -yBy)0.7, X increases with the wheel speed, shows a crystalline phase in Dy0 25(Fet -yBy)o 75 is mainly DyFe3 or a
maximum at the wheel speed of 40 m/s (30 m/s for the mixture of DyFe3 and DyFe2 (except for the high-B alloy
y =0.2 alloy), and then decreases with the further increase in where mainly DyFe 2 phase exists), as was already discussed,
the wheel speed. Some of the X-H results are shown in Fig. and the X, value of amorphous DyFe3 is reported to be high
2(a) (for the alloy y =0.1) and Fig. 2(b) (for the alloy (130 ppm), 5 which is similar to that for the ribbons fabricated

7022 J Appl. Phys., Vol. 7d, No. 10, 15 November 1994 Lim et al.



00

-200 -
ol

C) IB content (y)

FIG. 4. The values of X,/X 8 and \8 (where X, and X8 are the values of X at
1 and 8 kOe, respectively) as a function of the B content y in the alloydunir system Dy0 3(Fe1 .yBy) 07 . The data with the open circles are for the wheel
speeds which yielded the !a-gest X, (40 m/s for the alloys y-<0.15 and 30

FIG. 3. Transmission electron micrographs (the bright-field images) and m/s for the alloy y =0.2). In the y =0.2 alloy, the results at the wheel speed

selected-area-diffraction patterns for the alloy Dy0 3(Feo 8B0 2)0 7 at the wheel of 40 m/s are also shown and are indicated by the solid circles.

speeds of (a) 10 m/s, (b) 30 m/s, and 1c) 50 m/s.

a magnetically soft amorphous phase. The high ratio, how-
ever, is achieved at the cost of very low X8 value. With the

at the optimum wheel speed, the presence of an amorphous same reasoning, the Xl/h 8 ratio of the y=0.2 alloy at the

phase will not greatly affect the X value. The assumption that wheel speed of 40 m/s is expected to be large but it is ob-

the decrease in X at the high wheel speed is related to the served to be small. This is because the value of X itself is so
amorphous phase is supported by the present x-ray results, low that the contribution from the volume magnetostriction

since amorphouslike patterns appear to be seen together with after saturation becomes appreciable, even though the value

crystalline peaks at the high wheel speed. Amorphouslike of volume magnetostriction (which is usually indicated by

patterns become clearer as the B content increases, the slope dIdH after the saturation) is similar to each other.
In order to examine the microstructure further, TEM ex- The ribbon having the ultrafine grain structure (y =0.2) ex-

periments were conducted and some of the results are shown hibits good tagnetostrictive properties; good magnetic soft-

in Fig. 3 for the Dy0.3(Fe08B0 2)0.7 alloy. From the TEM re- ness (K/K 8=0.66) and a high strain (X8 =260 ppm).

suits, two important points can be noted: First, an amorphous
phase is observed by TEM, as is evidenced by the halo pat- IV. CONCLUSION
tern at the wheel speed of 50 m/s; second, the more impor- In conclusion, K-H behavior of the melt-spun ribbons of
tant point is that, at the wheel speed of 30 m/s, homogeneous Dy-Fe-B alloys is investigated as a function of the wheel
and ultrafine crystalline grains are formed. The grain size is speed and alloy composition. The homogeneous and ultrafine
estimated to be 10-20 nm. This is the first observation of grain structure is observed for the first time even in the as-
homogeneous and ultrafine grains, to our Knowledge, in the spun state when the ribbons of the alloy Dy0o3(Fe0 8B0,2)0.7

as-spun state, although similar ultrafine grains were previ- are fabricated at the wheel speed of 30 m/s. The ribbons
ously observed for the Th-Fe-B alloy system by annealing having the ultrafine grain structure are observed to exhibit
precursor amorphous alloy ribbons. 8  good magnetostrictive properties,

In order to see how the magnetic softness and the value
of , vary with the B content, the results for Kt/A 8 (where Kt 'N. C. Koon, A. Schindler, and F. Carter, Phys. Lett. A 37, 413 (1971).
and K8 are tile values of K at 1 and 8 kOe, resrctively) and 2A E. Clark and H. Belson, Phys. Rev. B 5, 3642 (1972).

K8 as a function of the B content are shown in Fig. 4 for the 3A. E Clark, in Ferromagnetic Materials, edited by E. P. Wohlfarth (North-
.The ratio K/ 8 is used to 4Holland, Amsterdam, 1980), Vol. 1, p. 531.

Dyo3(Fe yB)o 7 alloy system. Tho 4A. E. Clark, in Proceedings of the 19th Conference on Magnetism and

measure the degree of magnetic softness. For each B content, Magnetic Materials, AlP Conf Proc. No. 18 (American Institute of Phys-

we plot data for that wheel speed which yielded the highest ics, New York, 1974), p. 1015.
1sa ls.io and S. Kadowaki, J. Magn. Magn. Mater. 79, 358 (1989).str., a 4 kOe (largest a), which was obtained at the wheel 6 R. D Greenough, T. J. Gregory, S. J. Clegg, and J. H. Purdy, J. Appl.

speed of 40 m/s f", the alloys with the composition y-_0.15 Phys 70, 6534 (1991).
and the whee' speed -.1 30 m/s for the y=0.2 alloy. In the 7S. Kikuchi, T. Tanaka, S. Sugimoto, M. Okada, M. Homma, and K. Arai,

y =0.2 alloy, the results at the wheel speed of 40 m/s are also J. Magn. Soc. Jpn. 17, 267 (1993).
shown in the figure in order to compare the results for the 8T. Ooike, S lshio, and T Miyazaki, J Magn. Soc Jpn. 17, 271 (1993).
ri bowns fbri catdnt the s ee l so p ere d. the re aso for 9H. Fujimor, J. Y. Kim, S Suzuki, H. Morita, and N. Kataoka, J Magn.
ribbons fabricated at the same wheel speed. The reason for Magn. Mater. 124, 115 (1993).
the highest Kl/K 8 ratio at y =0.15 is related to the presence of '0j. Y Kim, J. Appl. Phys. 74, 2701 (1993).
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F Magnetic properties and magnetostriction in grain-oriented
(TbxDy, _x)(Fel -yMny) 1.95 compounds

T. Kobayashi, I. Sasaki, T. Funayama, and M. Sahashi
R&D Center, Toshiba Corporation, I Komukai, Toshiba-cho, Saiwai-ku, Kawasaki-210, Japan

The magnetic properties and magnetostriction in grain-oriented (TbxDy1 _)(Fe .yMny) 1.95
compounds with 0.3<-x-<0.5, 0*y <0.2 prepared by the Bridgman method have been investigated.
It is confirmed that the Mn substitution not only lowers the spin reorientation temperature but also
enhances X(100). This large X(100) is contradictory to the single-ion model. For Tb0 5Dy 0 .5
(Fe0.9Mn0 .1 )1.95 compound, no spin reorientation, which induces the sharp drop in the
magnetostriction is seen in the temperature range from 77 to 400 K. In addition, by choosing the
appropriate compressive stress, the quite excellent thermal stability and the large magnetostriction
of 2000 ppm in the low applied field can be realized in the Tb0.5Dy0 .5 (Fe0 9Mn0.1 )1 .95 compound.
These featrres make Tb. 5Dy0o5 (Fe0 .9Mn.0 1.) 95 a promising material applicable to the various giant
magnetostrictive actuators.

I. INTRODUCTION plane, which contains all of the principal crystallographic
The Laves phase compounds, rare earth with iron axis, was chosen for the torque measurements. The magne-

(RFe2), are well known for their giant magnetostriction. In tostriction along the (111) and (100) crystallographic direc-

the pseudobinary compounds, TbxDy x,,Fe 2 , the spin reori- tion was measured by a standard strain gauge technique, us

entation takes place at a specific temperature. For ing 3X.5 mmi (disk)and pi6Xi0 mm (cylindrical rod).

Tb0 27Dy 0.73Fe2, the spin reorientation takes place near room The cylindrical samples were provided for the magnetostric-

temperature. In the compounds with cubic symmetry, the tion measurements under static compressive stress from 0.8
to 20.2 MPa with the applied field up to 0.4 T. Magnetostric-

easy magnetization direction lies along the crystallographic ton a with out the mrevstress

axis (111) at higher temperature, while (100) is the easy tion along the (111) and (100) without the compressive stress

magnetization direction at lower temperature. 12 Because the were measured with the applied field up to 1.7 T, using the

magnetostriction constant along (111), X(lli), is much larger disk samples.

than that along (100), \(100), a large change in magneto- I1. RESULTS AND DISCUSSIONS
striction occurs around the spin-reorientation temperature.

On the other hand, the Mn substitution for Fe in The metallographic observation by SEM shows that the
(TbDy)Fe2 enhances its magnetostriction at room tempera- samples prepared by the Bridgman method have regular
ture and also lowers its spin-reorientation temperature by platelet microstructures. Their crystallographic (111) axis tilt
changing the magnetocrystalline anisotropy. 3 Furthermore, about 10"-20' from their rod axis. The prepared samples
the Mn-containing compound has the larger magnetostriction have enough qualities for the torque measurements with one
constant \(100) than the Mn free compounds;4 however, the exception. In the Mn-free and high-Tb-content case of
detailed behavior of the magnetostriction and the related Tb0.5Dy0 .5 Fe2 , a planar dendrite microstructure is partially
phenomena is still ambiguous due to the lack of data ob- observed and the crystallographic direction deviates part by
tained from the single crystals. The purpose of this article is part in the prepared sample, while Tb0 5Dy0 5 (Feo 9Mn0 1) 195
to investigate the magnetocrystalline anisotropy and magne- dose not show such a disorder. This suggests that the Mn
tostriction based on the data obtained from the substitution modifies the phase diagram and leads to the
(TbDy)(FeMn) 2 single-crystal samples and to discuss the change in the solidification process and the microstructure of
spin-reorientation phenomena and the related inagnetostric- the sample, particularly in the high-Th-content region. Figure
tion behaviors. 1 shows the temperature dependencies of the magnetostric-

tions at 0.1 T for the Mn-containing and Mn-free polycrystal

II. EXPERIMENT materials. 5 in the figure the magnetostrictions are normalized
by their room-temperature values. For Tbo 3DYo 7Fe 93 and

TbDyi..x(re1.yMny) 95 samples with 0.3t-ix 0.5, Tb0 3Dy0 7 (Fe0 8 Mn0 2)1.93, sharp magnetostriction drops can
0--y0.2 were prepared by the Bridgman method. In pre- be seen around the spin-reorientation temperature, where the
paring samples, a h-BN crucible was used. The solidification easy magnetization direction changes from (111) to (100);
rate was 29 mm/h. The samples were heat treated in vacuum but, it starts at 300 K for Tb0 3DYo 7Fei. 93 while it starts at
at 950 'C for 5 h. The crystallographical direction of the 220 K for Tbo3Dyo7(Feo8Mno 2)193. So, the Mn substitution
samples was determined by the Laue method. The metallo- for re lowers the spin-reorientation temperature. It is also
graphic observation were carried out by the scanning elec- noted that the magnetostriction of Tb0 .3Dy0 7(Fe0,8Mn 0 2)193
tron microscope (SEM). in the lower-temperature region is larger than

The torque measurements were carried out in the tem- that of Tb0 .3Dy0.7Fe1 93. For the high-Tb-content
perature range from 77 to 400 K, using a torque magnetome- Tbo 5Dyo 5(Feo 9Mn 0 1) 93, such a magnetostriction drop is
ter. ' he magnetic field was applied up to 1.7 T. The (110) never seen in the temperature range from 77 to 400 K.
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FIG. 1. Temperature dependences of the magnetostriction at 0.1 T for the
Mn-containing and Mn-free polycrystal materials. buu

(b)

500I
Figure 2 shows the temperature dependence of the free-

energy difference between the magnetization along the (111) E 400
axis and that along (100) axis for TbxDy 1 _x(Feo.9Mno. 1)1 95 3oo-
with x=0.3, 0.4 and 0.5. With decreasing temperature the 0 0 0

energy difference increases at first and then it decreases. Its 2

minimum corresponds to the spin-reorientation temperature. ,4 200- i.T

From this result we can confirm that the increase of the Tb 100
content decreases the spin-reorientation temperature and that -..
the spin reorientation does not take place in the temperature 0 I I I I0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
range from 77 to 400 K for Tb. 5Dy0 5 (Fe0 .9Mn0 1)1.95. Figure

3 shows the temperature dependence of the magnetostriction T/Te

X(111) and X(100) for Tbo 4Dy0 .6Fe1 .95  and FIG 3. Temperature dependence of the magnetostriction Mill) and X(100)
Tbo 4Dyo.6(Fe08 Mno.2)1 95. The temperature is normalized by for T 04Dy 0 6Fe1 95 and Th0 4DY0 6(Fe0 8Mn 0 2)1 95 : (a) X(ll) and (b) X(100).
the Curie temperature T,. In Fig. 3(a) the magnetostriction
X(11) of both Tho 4Dyo.6Fe1 .95 and Tbo.4 Dy0 6(Feo.8 Mno.2)1 95
behaves in almost the same manner. The drop of magneto- very large for Tbo 4Dyo6(Feo.8Mn 0.2)195. Its X(100) reaches
striction of both samples takes place around TIT,=0.2 under 500 or 600 ppm in the low-temperature region. This result
the applied magnetic field of 0.2 T; however, the behavior of suggests that the intrinsic magnetostriction along (100) axis
the X(100) is quite different. As can be seen in Fig. 3(b), is very large for Tb0 4Dy0.6(Fe0 .8 Mn0 .2)1 95 and that the en-
X(100) of Th0 4Dy0 .6Fe1 95 shows little temperature depen- hancement of X(100) results from the Mn substitution. The
dence although a little jump of the X(100) is seen around single-ion model proposed by Cullen and Clark6 predicts the
TIT,=0.2 due to the change in the easy magnetization direc- small X(100) by teglecting the transition-metal contribu-
tion from (111) to (100). This indicates that the intrinsic tions. This is confirmed to be true for the Mn-free samples in
magnetostriction along (100) axis is small for our experiments, but the Mn-containing case is contradictory.
Tb0 4Dy0 6Fe1 95. To the contrary the jump of the X(100) is This result suggests the importance of constructing a model

to include the transition-metal contributions for explaining
the behavior of the giant magnetostrictive materials properly.

I ___1_ 
Figure 4 shows the temperature dependence of X(111) at

1360 kA/m (17 kO) for Th0 3Dyo .7Fe1 .95  and
TbxDy, xtFeo. Mno,)I 9s Tbo 5Dyo 5(Fe0.9Mn01)1 95. As the easy magnetization direc-

0E tion changes from (111) to (100), X(11l) of Tb0 3DY0 .7Fe1 95S Tbx= 0.5 decreases with decreasing temperature. On the other hand,

0.5 X(111) of Tb0.5Dy05 (Fe0 9Mn 01)1 95 monotonically increases
w __ Tbx= 0.4'N- -with decreasing temperature owing to the spin-reorientation-

-A - free characteristics. Its X(lll) is 1500 ppm at the room tem-

'A\%--_ 0.3 perature ard reaches as high as 3250 ppm at 77 K. The high
X(111) value and the spin-reorientation-free characteristics

0 JA., leading to the high thermal stability are very desirable for the
0 100 200 300 400 applications of this giant magnetostrictive material.

T (K) Figure 5 shows the magnetostriction under the compres-

FIG. 2. Temperature dependence of the free-energy difference between the sive stress of 0.8, 8.3, and 20.2 MPa as a function of the
magnetization along (Il) axis and that along (100) axis for applied field for Tbo5Dyo5 (Feo9 Mn0 1) 95 Under the com-
ThDyl-,(Fe09Mno0 1) 95 withx=0.3, 0.4 and 0.5. pressive stress of 0.8 MPa, AI/I(111) is 1200 ppm at the
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room temperature [Fig. 5(a)]. When the compressive stress is E 2000 " 8.3MPa .. *6.:!-/" -

increased to 8.3 MPa, Al1l(l1i) reaches to 2000 ppm even in .

the low-magnetic-field region. At 77 K [Fig. 5(b)], X(111) - 0.8MPa

becomes as large as 1700 ppm under the compressive stress

of 0.8 MPa; however, the AI/l(11l) versus the applied field o 00

curve changes little under the compressive stress of 8.3 MPa ' \\ i :
compared to that at the room temperature. Therefore, by , \. i..i

choosing the appropriate compessive stress the very good

thermal stability of the magnetostriction can be obtained in 0-4 2 0 2

Tb0 5Dy 0 5(Fe0.9Mno.)i 95. The thermal stability as well as the (b) Applied Field (kOe)

large magnetostriction in the low applied field region makes

Tb0.5Dy0 5(Feo 9Mno 1)1.95 a promising candidate applicable to FIG. 5. Magnetostriction under the compressive stress of 0.8, 8.3, and 20.2

the various giant magnetostrictive actuators. MPa as a function of the applied field for "l 05Dy05(Feo0 Mno 1), 15 at (a)

In this connection, the hysteresis in the magnetostriction room temperature and (b) at 77 K.

curve of Tb0 5Dy0 .5(Fe09 Mno.). 9 5 is a little larger than that

of Tbo 3Dyo.7Fe2 .7 This is probably due to its higher Tb con- magnetostriction of 2000 ppm in the low applied field can be

tent which increases the magnetocrystalline anisotropy. So, realized in the Tb0 5 Dy0 .5(Feo9 Mno.j). 9 5 compound. These

this feature should be taken into consideration when design- features make Tb0 5Dy0 5(Fe0 9Mn0 .)j 95 a promising material

ing the actuators. applicable to the various giant magnetostrictive actuators.
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Stress effect on the magnetization of Dy in the Dy/DyFe 2 eutectic
J. R Teter, S. F. Cheng, and J. R. Cullen
NSWC-White Oak Silver Sring, Maryland 20903-5640

The magnetization of the alloy DyFel.5 was studied as a function of temperature from 50 to 300 K
in a range of magnetic field up to 10 kOe. Metallographic studies showed the existence of a eutectic

phase containing both DyFe2 and elemental Dy embedded in the DyFe2 matrix. The presence of
elemental Dy was observed in the magnetization data through a cusp in the temperature dependence
of the magnetization at 178 K and an increase of the magnetization starting at 130 K and continuing
to 80 K. While the first feature occurs at precisely the Noel temperature of bulk Dy, the second
contrasts with the jump at the Curie temperature of 89 K observed in low fields in bulk single-crystal
Dy. The more gradual increase in magnetization observed in the DyFel.5 alloy is attributed to
variations in stress to which the Dy is subjected. The temperature dependence of the magnetic
moment from 80 to 130 K is modeled as arising from a collection of Dy particles of varying Curie
temperatures. This variation is in turn caused by the stress distribution. Curie temperature
distributions a , found for a range of magnetic fields and then are extrapolated to zero field in order
to eliminate the effect of field. The calculations indicate that a significant amount of the Dy remains
in the helimagnetic phase down to zero temperature.

I. BACKGROUND 2-4, we expect that those particles which find themselves
under a net basal-plane compression (or a c-axis tension)

Dy metal, which forms in the hexagonal close-packed will display an enhanced Tc, and visa versa; however, other
structure, undergoes a transition from a paramagnetic to a types of stresses are present in DyFe 5 and some of those
helical phase at a temperature TN= 1 79 K. Below TN, the will also change Tc. The magnetic moment data of them-
magnetic moment spirals in the basal plane, with the propa- selves are not capable of distinguishing between the stress
gation vector parallel to the c axis. The pitch angle of the components; we extract only a probability per unit tempera-
spiral varies from 43.20 just below TN to 26.5' at the transi- ture that a particle will undergo a transition from the heli-
tion temperature to ferromagnetism Tc. Tc is magnetic-field magnetic to the ferromagnetic phase at a given temperature.
(H) dependent; it is equal to 89 K in zero field and rises to In the following, we briefly describe the experimental de-
TN at 10 kOe, completely erasing the helical phase at that tails. We then discuss the model and apply it to determine the
field. At Tc, the magnetic moment is observed to abruptly probability distributions at zero field. In order to accomplish
increase. The jump in moment depends on the value of Tc; it this, we extrapolate the distributions obtained at fields of 3,
decreases from a maximum of 300 emu/g at 89 K to zero at 2, 1, and 0.5 kOe to zero field.
TN.' Tc has also been observed to be stress dependent. Com-
pressive stress applied in the basal plane of a single crystal of II. MAGNETIZATION MEASUREMENTS
Dy increased Tc at a rate of 10 K/kbar.2 In recent experi- The magnetic moment of several disk-shaped samples
ments on epitaxially grown Dy,3 Tc increased with basal- with 0.5 cm diameter and 0.03 cm thickness cut from a rod
plane compression at the same rate as was observed in the
earlier stress measurements. On the other hand, Tc decreased
more rapidly for Dy grown on increasingly expanded
substrates, 4 so that the ferromagnetic state disappeared com-
pletely when the lattice-mismatch strain exceeded 10- 3,

equivalent to a tensile stress of the order of 0.1 kbar.4 This
sensitivity to stress should manifest itself in materials in
which elemental Dy is present in a disordered manner such
as polycrystalline samples or as part of a .nultiphase mate-
rial. Here we report our results of magnetic studies of
DyFel 5, an alloy consisting of Laves-phase DyFe2 and a
eutectic phase containing both DyFe2 and elemental Dy. An
optical picture of the grain-boundary area of a polished
sample is shown in Fig. 1. The central region shows the
admixture of Dy and DyFe2 surrounded by large crystals of
primary DyFe, with random orientations. We interpret the
temperature dependence of our magnetic moment measure-
ments in terms of a model in which the Dy is assumed to
exist in the eutectic as a randomly oriented set of particles of FIG 1. Optical photograph of DyFe 5. Surface was polished to A tm The

dark central region consists of elemental Dy intermixed with lighter colored
varying shapes, thereby subjected to stress of random DyFe2 crystals. The outer region consists of the primary DyFe2 phase with
strength, orientation, and sign. Guided by the results of Ref. random crystallographic orientations.
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TABLE I. Remanent moments of polycrystals as a fraction of saturation

140- moment.

Easy axis Remanence Crystal structure

-' [10oo 0.831 cubic
[111] 0.866 cubic

100 a(b) 0.750 hexagonal
0c 0.500 hexagonal

1 80 (a,b) planea 0.785 hexagonal
-

'he cases assumed for calculating the remanent moments.

,_ _ 40 and DyFe 2. We now attempt to understand the temperature
50 100 150 200 dependence of the moment for temperatures below the Nel

Temperature (K) point as follows. The random orientation and position of the
Dy crystals in the eutectic places them under a distribution of
stress which raises Tc for some, while reducing that of oth-

FIG. 2. Magnetic moment per gram of DyFe1 5 vs temperature from 50 to ers. The probability that a given crystallite will undergo a
140 K or to 200 K. Each curve was taken at a constant applied magnetic spiral to ferromagnetic transition can be simply related tG the
field in the plane of the sample. Magnet!c-field strengths were 10, 3, 2, 1,
and 0.5 kOe (top to bottom). The arrows mark the onset of the helimagnetic temperature derivative of the moment. To do this, we imag-
phase at 10 and 1 kOe. The 1 kOe helimagnetic transition is at 178.5(± 1) K. ine that, at a ccrtain T and H a crystallite whose Tc is greater

than T will have achieved the bulk moment consistent with
that T and H. Thus, the moment per gram is

of DyFe1 5 was determined as a function of temperature T. TN

The measurements were made as the samples were heated o(T)- A o' dTcS(T- Tc)f(Tc) + (1)
from 50 to 300 K. The moment was also measured as the Jo

temperature was held fixed at 50, 77, 256, and 300 K and H
was swept between ± 10 kOe. All measurements were made and f(T dTc>1 is the probability of finding a Dy particle with
with the field in the plane of the disk. Plots of magnetic that Tc in the range dbc .Ao is the jump in the single-
moment per gram versus T for H=0.5, 1, 2, 3, and 10 kOe crystal moment. Then,
are shown in Fig. 2. The onset of the Dy helimagnetic phase
at T= TN is evident in all the data sets collected; shown are
the 1 and 10 kOe plots in which it appears as a cusp at 178 K
for H = 1 kOe, the Nel temperature of bulk Dy. We interpret
the rise in moment at lower T, progressively sharper as H
decreases, as the onset of ferromagnetic order in Dy in the • 3 kOe
eutectic. The decrease in moment at 0.5 kOe results from the
increase in the anisotropy of DyFe2 , which prevents its mo- '
metnt from saturating at low fields. We have observed an 2 2 , -,

orientation dependence of the magnetization of our samples
with respect to the direction of H, indicating the presence of ,, ,
texture. The maximum difference in moment is roughly 10% " .." '
of the average moment. We therefore regard this as a small U .. '".
deviation from isotropy, and neglect texture in what follows. ' *

0.5 kO

III. DISCUSSION . 1,

Taking the DyFeL5 alloy as composed of elemental Dy
and DyFe2, we estimate that the Dy phase comprises 16.5%
of the sample weight. The T=0 K saturation moment, using (e)
350 and 140 emu/g as the moment, respectively, of Dy and 9t 12 1

DyFe2 ,5 is calculated to be 175 emu/g. To determine the 60 80 100 120 140

theoretical remanent moment, we have assumed that the Dy Temperature (K)
moments all lie in the basal plane, while those of DyFe2 alllients all direcin at reannce (see table o. The vale FIG. 3. Composite graph of the temperature derivative of the magnetic

moment per gram of Dyrel 5 at applied magnetic fields of 3, 2, 1, and 0.5
is then estimated to be 142.6 emu/g in comparison to 145 kOe (top to bottom). The vertical scale is shifted for each set of data. The

emu/g experimentally determined by extrapolating the 10 0.5 kOe curve was integrated from T=O to T=125 K The zero-derivative

kOe curve of Fig. 2 to 0 K. The close agreement between line in this case lies above the curve at low T, but decreases with increasing
T, meeting the data at T=125 K Each curve starts at near zero slope and

these two values makes plausible the model of magnetically minimizes at -0.7 magnetic moment/g/K The inset is a plot of the esti-
independent randomly oriented particles or crystallites of Dy mated temperature minimum for each case, vs applied field
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do- IV. SUMMARY
T A of(T), (2) We have discussed the temperature dependence of the

where we drop possible contributions to the derivative from magnetic moment of DyFel.5 below the N6el point as mainly

the temperature dependence of Ao" or ob, the background due to a collection of Dy particles in the eutectic subjected to

moment, the latter coming mainly from that of DyFe2. stresses which vary from particle to particle. The effect of the

Plots of dordT taken from the moment measured on the distribution of the stress is to spread the ferro- to helimag-

disk at H=0.5, 1, 2, and 3 kOe are shown in Fig. 3. Accord- netic transition over a range of temperatures. Our analysis of

ing to Eq. (2), they are proportional to f(T), at the stated H. the data in terms of the model described above leads us to

Ideally, to uncover the effects of stress alone on the Dy par- conclude that a significant number of the particles remain

ticles we need to eliminate the field effect entirely, and have helimagnetic down to zero temperature. This accords with

do/dT at H=O. Since the shapes of the curves in Fig. 3 do the result of measurements on epitaxial Dy, that basal-plane

not change once H is <1 kOe, we take the 0.5 kOe curve as extensions of the order of 10- 3 are sufficient to suppress the

representative, except for an overal ,iownward shift of 2 K, ferromagnetic phase. Such strains translate into stresses of

of f(T). Using the single-crystal value of Ao times the 0.1 kbar, which are likely to be present in the DyFe1 5 eutec-

weight percent of Dy in DyFel.5 (47.1 emu/g), and integrat- tic.

ing the 0.5 kOe curve of Fig. 3 from 80 to 125 K, we obtain
0.25 as the probability of finding a particle with its Tc in that
range of T. Since it is unlikely to find particles with higher S. Legvold, in Ferromagnetic Materials, editcd by E P. Wohlfarth (North-Holland, Amsterdam, 1980).
Tc (Tc=130 K would require a compressive stress of 4 2H. Bartholin, J Beille, D. Bloch, P. Boutron, and J. L. Feron, J Appl.

kbar) we conclude that 75% of the Dy particles have Tc<80 Phys. 42, 1679 (1971).

K. An estimate of the area under the same curve from 0 to 80 3 F. Tsui and C. P. Flynn, Phys. Rev Lett. 71, 1462 (1993).

K gives another 25% of the particles in this range of T. Thus 4
M. B. Salamon, S. Sinha, J. J. Rhyne, J E. Cunningham, R. W. Erwin, J.
Borchers, and C. P. Flynn, Phys. Rev. Lett. 56, 259 (1986)

the remaining 50% of the Dy particles are in the helimag- 5A. E. Clark, in Ferromagneti Materials, edited by E. P. Wohlfarth (North-

netic phase, at all T< TN. Holland, Amsterdam, 1980), Chap. 7
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Direct measurements of magnetostrictive process in amorphous wires
using a scanning tunneling microscope (abstract)

J. L. Costa, J. Nogu6s, and K. V. Rao
Department of Condensed Matter Physics, The Royal Institute of Technology, S-100 44 Stockholm, Sweden

We demonstrate a new and versatile method to measure, on a nanometric scale directly, the
magnetostrictive properties during the magnetization process to saturation, using a modified
scanning tunneling microscope (STM). Both positive and negative magnetostrictive amorphous
as-quenched wires have been studied. The studied samples are single pieces of amorphous wires
typically 125 /tm in diameter and 10-15 mm long. The magnetostriction data are then correlated
with the longitudinal magnetization process, measured by a conventional induction technique and by
SQUID magnetometry. The longitudinal magnetization process measurements have been performed
in the same wires used in the STM studies. The field dependence of the magnetostriction helps to
discern the operative magnetization process in the wires. In a 12-mm-long Co-based amorphous
wire we observe a continuous rotation of the magnetization from zero field to saturation. The field
dependence of the magnetization is a linear process reaching a value of about 5100 G at 8 Oe
applied field. The magnetostrictive process for the same wire measured with a STM shows a
continuous shrinking of the samples as a function of the applied field, reaching a value of -2 0 A
for 8 Oe applied field. The obtained 81/llsat, -2.3X10 - 6, agrees well with reported values of the
saturation magnetostriction constant for this wire. In a 15-mm-long Fe-based amorphous wire we
observe a more complicated field dependence of both the magnetization and the magnetostriction
processes from zero-field to saturation. The longitudinal magnetization saturates at about 14000 G
for 60 Oe applied field. The magnetostrictive process for the same wire measured with STM shows
an elongation onset at about 1 Oe, pointing unambiguously to a 1800 domain wall movement as the
operative magnetization process below this field value. The field dependence of the magnetostriction
saturates at about +5000 A for 60 Oe applied field. The obtained &l/lIsat, about +3.3X10 - 5, is
again consistent with reported values of the saturation magnetostriction constant. Thus the STM
approach to determine X, on an A length scale, gives us a distinct great advantage in studying the
magnetization process towards saturation.
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Tunable bistability from magnetostriction (abstract)
A. S. Arrott and J.-G. Lee
Simon Fraser University, Burnaby, British Columbia V5A 1S6, Canada

When a current passes along the axis of a [100] iron whisker in the presence of a field along the
same axis, the magnetization in a central domain points along the field direction while the
mangetization in four domains surrounding the central domain circulates about the axis, see Fig. 1.
The size of the central domain grows with applied field, which overcomes the effect of the field from
the current and the magnetostriction that favor the collapse of the central domain to an irreducible
core. Depending on the current, the growth of the central domain can be a continuous or
discontinuous process. At certain fields the energy is a double-well function of the size of the central
domain, which determines the magnetization. The size of the energy barrier can be made arbitrarily
small by suitable choice of the current. It is the ability to adjust the size of the barrier in such a
clearly defined system that makes this an attractive experimental approach to understanding the role
of fluctuations in magnetization processes. This structure has been verified using measurements of
ac susceptibility.

FIG. 1. Domain structure for an iron whisker with current leads (shaded).
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Influence of Stoner-type excitations on the formation of magnetization
and magnetic order in disordered metal-metalloid alloys

A. K. Arzhnikov, L. V. Dobysheva, and E. R Yelsukov
Physics-Technical Institute, Kirov str. 13Z Izhevsk 426001, Russia

The Rhodes-Wolfarth parameter and the ratio T ' 2(x)/tiz(x) have been analyzed on the basis of
experimental data for disordered alloys Fe-Al, Fe-Si, Fe-P (Tr is the Curie temperature, h is the
average magnetic moment, x is the concentration of non-magnetic impurity). The concentration
dependences of these parameters show the possibility of considerable contribution of the Stoner
excitations to the magnetic order formation. The analysis of the two-band Hubbard model shows
that the Stoner excitations result in the turnover of the local magnetic moment at a certain
temperature in the range of high concentration of nonmagnetic atoms.

For a long time the disordered alloys of metal-metalloid and Ah of these alloys. The modification of the Jaccarino-
type (Fe-Al, Fe-Si, and Fe-P) have been attracting the at- Walker model put forward by one of the authors 1- 4 provides
tention of scientists. This interest is mainly due to the fact a most successful description. This modification includes the
that these alloys are a good model object for studying the interpolation of the dependence of the Fe magnetic moment
fundamental regularities of magnetic properties formation in on the number of nonmagnetic atoms in the nearest environ-
disordered systems. The method of mechanical alloying ment using the data available for ordered alloys, and the
makes it possible to widen the concentration range of a dis- assumption that the probability of a configuration in the
ordered state in these alloys. 1- 5 Regularities of behavior of middle-concentration region xI<x x 2 looks like
hyperfine field Hi, isomeric shift 8, average magnetic mo- 6161 8kn
ment th, temperature of magnetic ordering T, obtained in Pk(x)=6 xe,6-,X I
these papers, 1-5 combined with the data of other authors6-8  P =0

and see references in Ref. 5, give the complete picture of the
above characteristics behavior in the whole concentration × -1 - k k
range of magnetic order existence. Besides, the possibility of 1 0 0  100
comparing the experiments on specimens obtained by differ- where Xej = (X -X)/(X 2 -XI), Xi =25, 15, 7 at. %, x2 =55, 33,
ent techniques, in particular, in amorphous and crystalline 20 at. % for Fe-Al, Fe-Si, and Fe-P, respectively.
disordered states, has appeared. One can draw the following The justification of the modified Jaccarino-Walker
conclusions for the data available. The concentration depen- model can be found in detail in Ref. 5. It should be men-
dences of H, 5 th, and T. have the same qualitative pecu- tioned that the Jaccarino-Walker models are conceptually
liarities for all the above-mentioned alloys, that is, weak de- closer to the localized models, whereas magnetism in Fe is
pendence on concentration x in the low concentration range the itinerant one.9 This contradiction between the localized
(for Al-x<30%, Si-x<18%, P-x<12%) changes into a character of Jaccarino-Walker models and the itinerant mag-
sharper dependence in the range of high concentration of netism of Fe has been removed after we had analyzed the
metalloid, and the local magnetic moments decrease with disordered Hubbard model.' 0 In addition, this model for the
increasing the number of nonmagnetic atoms in the nearest disordered alloys on the basis of the two-band Hubbard
environment. 1- 4 This indicates that the main principles of Hamiltonian proposed in Ref. 10 allowed us to explain the
magnetic moment formation in these alloys are similar. It is main qualitative regularities of the formation of the magnetic
our opinion that the quantitative differences of concentration moment and isomeric shift of the magnetic atom under dif-
dependences of the alloys are dictated by different numbers ferent impurities configurations in the ground state.
of p electrons of a metalloid atom (Al-n =1, Si-np =2, When analyzing the theoretical results, we have noted
P-np =3). While comparing the data for the amorphous and that the magnetic moment of magnetic atoms with many
crystalline specimens, the conclusion can be made that the nonmagnetic atoms in the environment decreased drastically
influence of topological disordering on the magnetic proper- in magnitude, and the energy distribution of the electrons
ties is weak, as compared to that of the compositional one.5 A became flat, due to a strong s-d hybridization. This shows
variety of models, for instance, -5 8 based on the Jaccarino- the possibility of the great importance of Stoner excitations,
Walker model, where the average magnetic moment is de- even at low temperatures. In addition, we analyzed the ex-
fined by li =1kPkmk, were proposed for the phenomeno- perimental data for Fe-Si2"' for the Rhodes-Wolfarth (RW)
logical description of concentration dependences of/H, 8, relation MCMs, where M, is the saturation magnetic mo-
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ment per magnetic atom and Me is the effective moment per (see Ref. 10). Along with this solution, the second one with a
magnetic atom defined from the Curie constant, with the as- positively directed magnetic moment appears at kTIW
sumption of the existence of local moments (see Ref. 12, =0.01, the energy of it being higher than that of the first
Chap. 7.1), and found that this parameter changes from 1.4 solution. At temperature kT/W=0.02 the energies of these
to 1.8 on changing the nonmagnetic component concentra- two states become equal, and further, when temperature in-
tion from 0% to 28%. The large RW parameter testifies that creases the second state becomes preferable in energy. So at
the nature of the alloy magnetism becomes closer to "weak these temperatures, the local magnetic moment has to change
ferromagnetism" at high Si concentration (hereinafter this from negative to positive. That is, the Stoner excitations
term means the magnetics with Stoner excitations9). Unfor- cause the increase of the average magnetic moment with an
tunately, it is, in many cases, impossible to obtain the con- elevation of temperature. Such changes of the magnetic mo-
centration dependence of the RW parameter because of tech- ment due to the Stoner excitations can be an alternative to
nical difficulties of measuring the high-temperature Curie the explanation of the magnetization behavior by the excita-
constant. In a wider concentration region, the experimental tions of a spin glass state. It is worth noting that although
data available allow us to analyze the parameter there is a latent antiferromagnetic ordering of the magnetic
T112(x)/th(x) [Tc is the Curie temperature, Yh(x) is the mag- moments in our model, it is similar to Mattis' glasses order-
netization at T= 0]. As follows from our theoretical investi- ing, and not to the spin glasses one.
gations of the Heisenberg model with nonmagnetic So, as experimental and theoretical works show, in the
impurities, 13 such a parameter must decrease as the concen- range of high concentrations of nonmagnetic impurities in
tration tends to the percolation threshold. Contrastingly, this the Fe-Si, Fe-Al, and Fe-P alloys, the band character of the
parameter in Fe-Al, Fe-Si, and Fe-P increases when the magnetism must fully manifest itself in the temperature de-
concentration of nonmagnetic impurities increases. As evi- pendences, and description of these alloys on the basis of the
denced by all the above experimental estimations, the Stoner localized models of Heisenberg and Ising seems to be unjus-
excitations may play a significant role in the formation of tified.
magnetization in these alloys at high metalloid concentra-
tion. ACKNOWLEDGMENT
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Magnetic susceptibility studies in Gd2Cu0 4 below 300 K
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Measurements of the - ,X') part of the ac magnetic susceptibility have been performed on two
polycrystalline Gd 2CuO 4 samples sintered at different temperatures, 850 'C and 1080 'C in the
temperature range 10<T(K)<300. Two well-defined maxima have been observed in the
temperature dependence of X'. One, located at about 20 K, that is frequency independent. The
second is at about 280 K for the sample annealed at 1080 °C, and it is frequency independent.
Instead, for the sample annealed at 850 °C the maximum appears at about 210 K, and it is frequency
dependent. These results suggest the existence of magnetic domains, with their coherence lengths
being a function of the thermal treatment.

I. INTRODUCTION The aim of the present work is to perform a detailed
study of the ac magnetic susceptibility of polycrystalline

Rare earth cuprates R2CuO 4 are characterized by the Gd2CuO 4 in the temperature range 10<T(K)<300. A com-
presence of long-range-order antiferromagnetism (AF) asso- parison with ac magnetic susceptibility measurements of
ciated with the ordering of the magnetic moments of the other weak ferromagnets of the R2CuO 4 series is also pre-
Cu + 2 ions. This AF ordering presents a three-dimensional/ sented.
two-dimensional (3D!2D) transition at a temperature (TN)
between 250-280 K. The study of the magnetic properties of II. EXPERIMENTAL TECHNIQUES
these compounds has initially led to their classification into
two groups:' the first one with R=Pr, Nd, Sm, Eu, and the Gd 20 3 and CuO oxides were used as starting materials

second with R=Gd and heavier rare earths. Both groups for the ceramic synthesis of Gd 2CuO 4 . Two methods were

crystallize in the tetragonal T' structure, but, in the second used to obtain the samples: (a) Stoichiometric amounts of the

group, a distortion of the oxygen in the CuO 2 planes in a starting materials were milled for several hours and thermal

direction perpendicular to the Cu-O-Cu bond2
,
3 leads to an treatments at 850 'C, with frequent intermediate millings

antisymmetric superexchange interaction that generates a ~were subsequently carried out. Around 400 h were required

weak ferromagnetic behavior.4' 5 Whereas for the former in order to obtain the pure Gd2 CuO 4 phase. We call this

group superconductivity (SC) is achieved with Th or Ce sample, sample I. (b) In the second method, the starting ma-

doping, 6 for the latter superconductivity has not been terials were sintered at 950 'C for 12 h. The product was

obevd7 Teecuinowekfrmaetm(W)nd milled again and resintered at 1000 'C for 20 Ii. Finally, itobserved. 7 The exclusion of weak ferromagnetism (WF) and

SC has been recognized by several authors.' was sintered at 1080 'C for 24 h and slow cooled. The

A subdivision in the second group, revealing differences sample thus obtained is called sample II.
between sdviso and the seco grp y,g HfErns The structural characterization of the samples was per-

between Gd2CuO4 and the R2CuO4 (R=Tb, Dy, Ho, Er, aiid formed by means of x-ray diffraction using a Philips PW-
Tm) obtained at high pressure8 (PO) has been suggested. 9 A 1710 diffractometer with Cu anode (CuKi radiation,
difference is encountered in the temperature dependence of X= 1.540 60 A). The x-ray patterns showed a single phase
the ac magnetic susceptibility, 9 where Gd 2CuO 4 presents a with the same tetragonal structure for both samples. The ana-
double peak structure in the real part of the susceptibility at lytic characterization was derived using inductively coupled
low temperatures, from T-1-20 K; while for the PO com- plasma atomic emission spectroscopy (ICP-AES) with Ar
pounds only one peak, associated to the ordering of the R plasma ICP (Perkin-Elmer 5000). The dc magnetic measure-
ions, appears in that range. The explanation of this difference ments were performed using a SQUID magnetometer (Quan-
has been sought in comparison between the R-R and R-Cu tum Design) in the 4<T(K)<300 temperature range. The
sublattice interactions. Differences have also been reported real and imaginary parts k' and x", of the external complex
in the dynamic behavior of these compounds. 1 The mecha- ac susceptibility were measured during warming from
nism leading to the observed dynamical behavior remains T= 13-300 K using a system with a concentric assembly
unclear, although spin-glass-like effects have been claimed. 10  consisting of a primary solenoid and two oppositely wound
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FIG. 2. The real part of the ac suscepti-ility, X' of sample I, measured at
FIG. 1. FC and ZFC dc magnetization of the Gd2CuO 4 sample I vs tern- frequencies of 10 and 1000 Hz in an ac magnetic field of H,,=300 Alm. The
perature, measured with an applied field of Hppi=400 A/m. The inset shows inset shows the curve for sample II in the high temperature range.
the dc magnetization for sample II.

sensing coils connected in series. A phase-sensitive detector superposed dc fields (Hdc). We observe that the amplitude of

is used to measure the output voltage that is proportional to the 210 K maximum decreases with increasing field and dis-

the sample susceptibility. High sensitivity is obtained by appears for a dc field of about Hd,= 8 00 A/m. The maximum

moving the sample between the two sensing coils with high onset temperature (-280 K) and the position of the maxi-

precision. The calibration was performed using a Gd 2(SO 4)3 . mum remains constant. For the 20 K peak, the dependence
81120 standard with the same shape and size as the investi- on the dc field is much weaker. It shifts slightly toward lower

gated samples. Demagnetizing effects have been taken into temperatures and decreases in amplitude with increasing

account in the calc'dation of the internal susceptibility. For

each run of measurements, the ac field was applied with a
fixed amplitude of Hac=300 A/m and fixed frequencies f, IV. DISCUSSION
ranging from 5 to 1000 Hz. A dc field, Hdc from 0 to 800 The existence of WF in the R 2CuO 4 series is accompa-
A/m, was generated by applying a dc current to the primary nied by the presence of irreversibility effects.'0 '- Differences
coil. The temperature of the samples was controlled with an ae bserente irreversibl eavior o f d2 c e-

accuacy f abut 01 K.are observed in the irreversible behavior of Gd2Cu 4 , de-
accuracy of about 0.1 K. pending on the thermal treatment. For the sample annealed at

high temperature, sample II, the irreversibility appears at a
Ill. EXPERIMENTAL RESULTS temperature of the order of the AF 3D/2D ordering of the

In Fig. 1, we display dc magnetization measurements for cu+2 ions, TN- 2 7 0 K. Instead, for the sample annealed at a
low temperature, sample 1, T... and the temperature of theboth Gd2CuO4 samples when they were (a) zero field cooled lwtmeaue apeI iradtetmeaueo h

bothZIC) 4 fro m ples 300 toey 4e K(a) ando subsequently maxima of the real and imaginary parts of the susceptibility(ZFC) from 300 to 4 K (Hoo1<80 A/m), and subsequently

measured at increasing temperatures with an applied field,
Happl= 4 0 0 A/m; and (b) field cooled (FC), i.e., measured at
an applied field while cooling down from 300 K at

Hcoot=HapPt= 4 00 A/m. The difference between the ZFC and
FC curves indicates the onset of irreversibility for this field
at a temperature T,r-210 K for sample I and T,,,-280 K for
sample II.

In Fig. 2, we show the temperature dependence of X' at
two different frequencies. We observe for both samples, two
well-defined peaks. For sample I, one peak is centered at 0 .7
-210 K (T3 1t) and the other at -20 K (TM2). The high "

temperature peak is frequency dependent (it shifts to a higher -3

temperature with an increasing frequency, as shown in Fig.
3). Instead, the low temperature peak is frequency indepen-
dent. For sample II, the position and behavior of T is 4.85 4.95
similar to sample I. But T,,I is found at -280 K, and it is 10 3 /T(K
frequency independent.

Figure 4 shows the temperature dependence of X' for FIG. 3. Frequency dependence of the high temperature peak f. ,l for
sample I measured at the same ac field (Hac) for different sample I
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3 . . . . . . ....- =-.... gin of this transition has been associated to the competition

Hdc-0 between the Gd-Gd and Gd-Cu interactions.3

2.5 o Hdc=4OO A/rn ." To analyze the frequenicy dependence of the high tem-
perature maximum, we have plotted the data in an Arrhenius

2 law form (Fig. 3). In the examined temperature range the
relationship is linear. We have found that the Arrhenius law,

Hac=300 A/m predicted for independent fine particles or isolated clusters
does not describe the observed dynamic properties, as a non-
physical value was obtained for the pre-exponential factor -,o

- (T-10-5° s). The observed fr quency dependence could be
.. associated to the existence of different magnetic domains (or

0.5 : oo.. . o.. o

f=5 Hz large clusters). The domain size should be related to the co-
............. .. "..........herence length of the oxygen distortion. This coherence

0 Ilength seems to be strongly dependent on the thermal treat-
0 50 100 150 200 250 300 350 ment.

T (K) Finally, we discuss the effect of the superposition of a dc
field on the ac measurements. The broadening of the 210 K

FIG. 4. Temperature dependence of X' of sample I measured at the same ac maximum, and the decrease of its amplitude with increasing
magnetic field (H,c=300 A/m) for different superposed dc fields (HdC). Hdc shows the effect of the field on the resulting WF and on

the dynamical behavior of the magnetic domains. The small
shift of the 20 K maximum to lower temperatures with the

are located at T"-210 K, which is much lower than TN. superposition of a dc field is consistent with the H-T phase
Another difference is that for sample I the position of the diagram for Gd 2CuO 4 presented in Ref. 3.
high temperature X' maximum is frequency dependent. This
dependence is not observed for sample II, as in the case of
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Cluster model studies on the electronic and magnetic properties of LaCo 13
and La(FexAlix)13 alloys

G. W. Zhang, X. G. Gong,al and Q. Q. Zheng,a) 'b)
Institute of Solid State Physics, Academia Sinica, 230031 Hefei. People's Republic of China

J. G. Zhao
Institute of Physics, Academia Sinica, 100080 Beijing, People's Republic of China

We present studies on both the electronic and magnetic properties of LaCo13 and La(FexAl1-x)13
intermetallic compounds by cluster model calculations within the scheme of density-functional
theory. The equilibrium structures of the isolated and embedded clusters, obtained by minimizing
the total binding energy, are in good agreement with available experimental data and other
theoretical results. The relative stability and formation of LaCo13 and La(FeAl1 -x)13 phases have
been successfully explained. Interesting changes of magnetic properties in an Al doped Fe13 cluster
have been obtained. The possible effect of Al on the magnetic phase diagram of La(FexAl -x)13 is
discussed.

The cubic NaZnl 3-type alloys have long been the subject alloys are stable, while LaFe 3 is only stable with some dop-
of much research. Recently, the successful fabrication of ing of Al, and also why the variant doping changes the mag-
LaCo13, La(FexAl)l: alloys have enriched this family anJ netic and electronic properties? These problems are not been
attracted much experimental and theoretical interest.1 Their fully understood. In this paper, based on a cluster model, we
structuies are based oil a faced-centered cubic lattice with the have calculated the electronic structures and the total binding
space group Oh6-Fm3c and eight molecular formulas in the energies of LaCol 3 and La(FexAl -.x)13 alloys, trying to un-
unit cell. La atoms (e.g., for LaCo13) are at the body centered derstand the relative stability of these alloys from a local
positions. There are two nonequivalent positions for Co at- structure point of view, and identify the role played by Al
oms. One of the important features of this structure is that atoms in the La(FexAl1 x)13 alloys. We have used the icosa-
Col is surrounded by 12 Coll at the vertices of a regular hedral Co13, Fe13, and Fel2Al clusters to study the local
icosahedron, and the La atom is at the center of a snub cube, properties of LaCo13 and La(FexAll -x)13 alloys. To take into
with Coll atoms at its 24 vertexes. It is well known that the account the effects of the crystal field, we also have studied
icosahedra, '-uctures are very stable for many kinds of 13- the clusters embedded in the crystal. The calculations are
atom clusti.s. The relative stability anid electronic structure performed using the density functional theory with a local
of the local icosahedral cluster may contribute to the forma- spir, densit;, approximation.5 The discrete variational method
tion of the characteristic NaZn13-type structure. In experi- has been used to solve the Kohn-Sham equation. 6 In our
ments, it has been found that LaCo, 3 alloy is stable, while calculations, the basis sets are the numerical atomic valence
the LaFel3 alloy is not stable, but it can be stabilized by orbitals of 3d4s for Fe and Co atoms, and 3s3p for the Al
suitable t> ping with Al atoms. Many experiments show that atom, we have found that when including the more diffusive
La(FexAlt-x)13 alloys are only stable with the x range be- orbitals in the basis set, there were very small effects on
tween 0.46 and 0.92.2 Neutron diffraction experiments sug- equilibrium atomic distances and electronic structures. The

gest that Fe and Al atoms not be randomly distributed in the inner orbitals are kept frozen in all the calculations. Group
alloys, the Col sites be completely occupied by Fe, Al P:'ms theory has been adopted to classify the molecular orbitals
substitute Fe atoms in the Coil sites.2 The doping of Al it, the and consequently simplify the calculations. The equilibrium
icosahedral Fe13 cluster charges both relative stability avid structures of all the calculated clusters are obtained by
electronic structures of the local unit structure, which conse- minimizing the total binding energies for several center to
q,.ently favor- the formation of NaZnt 3-type alloys. The dop- verte x distances, keeping the corresponding symmetry. The
ing of Al also changes the magnetic properties of La-Fe binding energy is defined by Eb =Eot-E,,f, where Et, is the
alloys. The measurement of susceptioility reveals that total energy of the cluster and Eef is the sum of the total
La(Fe.All )1 3 alloys exhibit a unique magnetic diagram energies of individual atoms. We have used the Mulliken
varying from the micromagnetic stite to the ferromagnetic population to get the occupation numbers for atomic
state and the antiferrc ,,gnetic state, with the increase of the oibitals.7 The magnetic moments for each atom are the dif-
Fe concentrations. Tne neasurement of electrical resistivity ference of electrons bet,,veen spin-up and spin-down states.
and magnetization also suggest that local electronic and In Table I, we have presented the calculated magnetic
magnetic properties la,e played an important role in the moments and the theoretical equilibrium distances from cen-
propeities of those alloys.4 It is natural to ask why LaCol 3  ter to vertex for COL3, Fe13, and Fel 2Al clusters, but for the

embedded clusters, we have used the experimental atomic
- - distances in the ccrresponding bulk phases. From Table I, we

' Alsc at CCAST (Worid Laboratory), Beijit,g 100080, People's Republic of dsacsi h ersodn ukpae.Fo al ,w
Chinat Ccan see that the equilibrium distances of Co, 3 and Fe13 are
China.

b)Ajso at The State Lat oratory for Magnetism, Beijing 1OU"80, People s almost the same, the small difference may come frcm the
Repubic of China. difference of atomic sizes for Co and Fe atoms. Actually, the
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TABLE I. Some properties of all the calculated clusters. A, is the magnetic moments of Col sites. is the
average magnetic moments per the Fe or Co atom of a cluster. I

Isolated clusters Embedded clusters

CO13  Fe13  Fe12AI Co1 3  Fe 3  Fe12AI

do (a.u.) 4.65 4.63 4.73 4.64 4.57 4.59
/%(AB) 2.38 3.25 2.97 2.94 3.85 4.20
(/B) 2.38 3.38 2.99 2.83 3.83 4.20

atomic size effects on the lattice constants can also be ob- ter, we obtained a fourfold degenerate Gg molecular orbital
served in LaCol3 and LaFe13 alloys, the distance between for the highest occupied state (HOMO), but the HOMO is
Col and Coll in LaCo 13 is 4.64 a.u., similarly, the distance not completely occupied and there are three electron defi-
between Fe1 and Fell in LaFe13 extrapolated from experi- ciencies, so, in principle, the isolated icosahedral Co13 will
mental data2 is 4.57 a.u. The fact that the theoretical equilib- not be stable, at least Jahn-Teller distortion will lower the
rium distance for the icosahedral Co 13 and Fe13 are very total energy. But why are the LaCo 13 alloys with an icosahe-
close to the experimental value in the LaM 13 (M=Co,Fe) dral structural unit stable? This striking question can prob-
bulk phases suggest that the iocal icosahedral cluster will not ably be understood as following. It is well known that the La
be affected very much by the crystal environments. When atom has a strong tendency to lose three valence electrons. If
substituting Fe with Al, we found an increase of equilibrium La atom support Co13 with three electrons to fill the defi-
distance, which is in agreement with the experimental fact ciency in HOMO, it makes the icosahedral C013 stable with a
that the lattice constant increases with the increase of Al closed electron shell. The large ion core of La atoms fills the
concentrations. This phenomenon can be easily understood, space among icosahedral C0 13 clusters. In this way, the
because the Al atoms have more diffusive electronic orbitals icosahedral Co13 can be considered as superatoms, the com-
and hence a large atomic size. In Fig. 1, we show the calcu- plicated LaCo13 alloys can be composed of a superatom Co13
lated binding energies for all the clusters at the equilibrium and La atom. In fact, the idea of superatom tlhat had been
center to vertex distance do.We obtained about -45 eV used successfully to explain the stability of icosahedral
binding energy for the Fet 3 cluster, which is also in agree- quasicrystals9 is also applicable to many other systems. We
ment with other theoretical calculations, 8 and the Co13 has have checked other Zn based AB13 alloys, we found the same
about -30 eV binding energy. On doping Al in the Fet3, as explanation can be used. In the similar way, we can under-
shown in the figure, we found the binding energy of Fe12AI stand the stability of LaFe13 alloys. In the Fe 3 cluster, we
shifted up a little bit. We can expect that the binding energy obtain a five-fold degenerate Hg molecular orbital for the
will increase if the shifting Al atom outward deviated from a HOMO, but with only one electron in this orbital, and there
perfect icosahedron. In Fig. 2, we have plotted the eigen- is four-electron deficiency. So even though the La atom of-
value spectra for all the calculated clusters. In the C0 13 clus- fers three electrons, the HOMO still cannot be completely

filled like in C0 13, which means that the Fe13 cluster in

-24
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o-U -A Bl-
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FIG. 1. The binding energy curves vs radial bond distance for Co 13, Fel 2AI,
and Fej1 A12 clusters. FIG. 2 Energy spectra c ,h isolated Co13 , Fej 2AI, and Fe 1 A12 clusters.
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V LaFe 13 alloy cannot be stable. All these results are consistent iron concentration and consequently decreasing the magnetic
with experimental facts.' 2 To see the influence of substitut- interaction, which is in agreenent with the complicated ex-
ing Fe by A! on the stability and properties of perimental magnetic phase diagram of La(FeAlt-x)13 al-
La(Fe.All.x), 3 alloys, we have studied the Fej 2Al and loys. In all the embedded clusters, we find a very similar

Fej1A12 clusters, which represent the alloys at the different eigenvalue spectra to the isolated clusters discussed above,
region of a magnetic phase diagram. The experiments have so the same idea can be applied to stability of the embedded
already found that the Al atom did not occupy the center of clusters, which have included the influence of the crystal
the icosahedron, 3 so we chose Fe12AI, with D5 symmetry. field generated by 824 atoms. But we observed a small in-
From the eigenspectrum in Fig. 2, we can see the HOMO is crease of magnetic moments with respect to the isolated clus-
two-fold degenerate, with only one electron in it, the two- ters.
fold degenerate lowest unoccupied molecular orbital In summary, the electronic and magnetic properties of
(LUMO) is also very close to the HOMO, three electrons the four NaZn13-type compounds, LaCo13, LaFet 3 ,
provided by the La atom can fill the one electron deficiency LaFe 2A1, and LaFelA12 have been studied by modeling
in HOMO and also fill the two-fold degenerate LUMO; con- those alloys by cluster on the basis of density functional
sequently, the Fe12AI has a closed electron shell and becomes theory. We found the relative stability as well as electronic
stable, which might be the reason why the experiment found structure of NaZn, 3-type alloys can be explained according
the Fe12AI alloys stable. In a similar way, we can expect that to its local icosahedral structural units. The main role of Al is
the FetlAI2 would be stable in the La(Fe.Al t _ ) 13 alloys, to modify local electronic structure; this may facilitate the

In Table I, we have presented the magnetic moment for formation of the stable NaZn13-type structure for the La-Fe
all calculated clusters, we have obtained the Co atom with alloys. In addition, the change of local magnetic properties
2.38/ B magnetic moments, which is in good agreement with with the change of Al concentrations bears resemblance to
other theoretical and experimental results.' 0 " We have also that of the alloys.
obtained a large average magnetic moment (3.38 11 ) for the
free icosahedral Fet 3 clusters, and observed the magnetic
moments for the atom at the center of the icosahedron are 1T. T. M. Palstra, G. J. Nicuwenhuys, J. A. Mydosh, and K. H. J. Buschow,
parallel to the magnetic moments for the atoms at the ver- Phys. Rev. B 31, 4623 (1985).
texes, which suggest that the ground state of the Fe13 cluster 2

R. B. Helholdt, T. T. M. Palstra, G J Nieuwcnhuys, J. A. Mydosh, A. M.

be ferromagnetic, in agreement with other theoretical Van der Kraan, and R. H. J. Buschow, Phys. Rev. B 34, 169 (1986).
3 E Matsubara, Y. Waseda, T. H. Chiang, and K. Fukamichi, Mat. Transcalculations.' 2 When doping with Al, we find the cluster ex- JIM, 33, 155 (1992).

pands and the magnetic moments decrease. This occurrence 4 A. M. Van der Kraan, K. H. J. Buschow, and T. T. M Palstra, Hyperfine
of decrease of the magnetic moments can be attributed to Interact. 15/16, 717 (1983).5 P. Hohenberg and W. Kohn, Phys. Rev. B 136, 864 (1964)that more and more iron atoms will lose their magnetic mo- 6D. E. Ellis and G. S. Painter, Phys Rev B 2, 2887 (1970).ments when Fe concentration decreases. This is confirmed by 7R. S. Mulliken, J. Chem. Phys 23, 1841 (1955).
our studies on the Fe,,Al, clusters with D5d symmetry; we 8B. I. Dunlap, Phys. Rev. A 41, 5691 (1990)
have found the magnetic moments for Fe atoms in Fe,1 A1, '9X G. Gong and V Kumar (unpublished)
haeven smallr thagneti ont Fe luster. Hen, bsedn °Z. 0. Li and B. L. Gu, Phys. Rev. B 47, 13 611 (1993)are even smaller than that in Fet2AI cluster. Hence, based on 'D. M. Cox, D. J. Trevor, R. L. Whetten, E. A. Rohlfing, and A. Kaldor,the results of the present cluster model calculations, it can be Phys. Rev. B 32, 7290 (1993).
expected to get Pauli paramagnetism when decreasing the 120. B. Christensen and M. L Cohen, Phys Rev. B 47, 13643 (1993)
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Structure, transport and thermal properties of UCoGa
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By means of neutron powder diffraction, we find that UCoGa crystallizes in the hexagonal ZrNiA1
structure and orders ferromagnetically at low temperatures with magnetic moments stacked along
the c axis. The magnetic-ordering temperature is reflected in anomalies in the temperature
dependencies of the electrical resistivity and the specific heat at Tc =47 K. Furthermore, the strong
anisotropy in the electrical resistivity for iIlc and iL c indicates a significant contribution of the
magnetic anisotropy to the electrical resistivity.

I. INTRODUCTION four-point ac method on two small bar-shaped single crystals
UCoGa belongs to the large group of UTX compounds of typical size 0.5X0.5X2 mm3 , where the largest distance

(T=transition metal, X=p-elec' - netal), and is reported to coincides with the c axis for the first sample and is perpen-
crystallize in the hexagonal Zr icture. 1 Previous bulk dicular to the c axis for the second one. The large error in the
magnetic investigations2-4 rev,...,. a magnetic order at determination of the geometrical factor makes a reliable es-

magneti inetgain th abolt magneticit orders atosibe
about 47 K, but the results were inconclusive regarding timate of the absolute resistivity values impossible.
whether the ground state is ferro- or antiferromagnetic.4 The At 4.2 K, the field dependence of the electrical resistivity

in magnetic fields up to 35 T has been measured in the Am-
purpose of the present contribution is to determine the struc- sterda field to wiTh n ieasure is.

tural parameters and to clarify the type of gruund state, as te te a dn denc ofthe specic a tha
wellas o ivesigae te blk tansortandthemalproer- The temperature dependence of the specific heat has

well as to investigate the bulk transport and thermal proper- becn measured between 4.2 and 100 K, making use of both
ties of single-crystalline UCoGa. standard adiabatic and the relaxation-time method.

II. EXPERIMENTAL

For the present investigations, we have used two kinds III. CRYSTAL AND MAGNETIC STRUCTURE
of samples: polycrystalline material and a small single crys- UCoGa crystallizes in the hexagonal ZrNiA structure
tal. The polycrystal, which has been used in the neutron- (space group: P62m). The structural parameters of UCoGa
diffraction experiments, was prepared by arc-melting appro- have been derived by neutron powder diffraction at 60 K,
priate amounts of the constituting elements with a purity of and the results of the refinement are listed in Table I. The
at least 99.99%. The small single crystal is the same as was absence of any unindexed reflection in the parent phase sug-
used in a previous investigation. 4 Neither the polycrystal nor gests that there is no impurity in the present sample. How-
the single crystal have been annealed. ever, the reduced X1 drops by 5% when a slightly lower

For neutron-diffraction experiments, the polycrystal was atomic fraction of Co and slightly higher fraction of Ga (of
ground and enclosed with helium gas in a sealed vanadium the order of 1% in both cases) are assumed. This result indi-
tube, which was mounted on the cold finger of a closed-cycle cates a small deviation from the exact 1:1:1 stoichiometry.
refrigerator. This setup was installed in the High Intensity For UCoGa, the nearest interuranium distance du-u is found
Powder Diffractometer (HIPD) at the Los Alamos spallation
pulsed neutron source LANSCE. Data have been taken on
six detector banks (20=__40, ±90, _t153) at 60, 35, and
10 K. The diffraction patterns were analyzed using the i. Refined structural parameters for UCoGa at 60 K.10 K Th difrationpatern wee anlyzd uingtheRi-

etveld refinement program GSAS. 5 The magnetic intensities Space group: P62m

were also analyzed by extracting integrated intensities for
U 3g 0 =0580 0180.000 026

individual peaks and fitting to models for the magnetic struc- C 0

ture. Co, lb 0 0
The temperature dependence of the electrical resistivity Ga 3f x 0 0 t=0.239 151 _0 000 034

was measured between 4.2 and 300 K, with the standard Lattice parameters R factors
c. =666.456=0.010 pm R P=3.00%
c =392.653±0.006 po RP=2 13%

aAlso at the Department of Physics, New Mexico State University, Las reduced ) 2 =3.53
Cruces, New Mexico 88003.
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FIG. 1. The Shubnikov magnetic subgroup of P62m. In (a), the uranium
moments are perpendicular to the mirror planes, while in (b) and (c), the FIG. 2. Temperature dependence of the electrical resistivity of UCoGa for

moments are parallel to the mirror planes. Note that, in the models (a) and the ilic axis and il_ c axis normalized to the values at 300 K. In the inset, the

(b), the moments are located within the hexagonal basal plane, while in (c) low temperature detail for the illc axis is shown in the representation PIP300 K
they are ferromagnetically coupled along the c axis. For clarity, only ura- vs T2.

nium atoms are shown. The dashed lines with arrows indicate the nearest
uranium-uranium links.

hand, both structures, 2(a) and 2(c), are possible and the
lower reduced X2 of the ±90 detector banks suggests struc-

within the hexagonal basal plane (see Fig. 1), and is deter- ture 2(c), the ferromagnetic one, to be more likely. However,
the difference is only marginal, and, in fact, if the results

paamie ad (3 is 1), whpositier aistheattt obtained on the ±40 and ±153 detector banks are included
parameter and x is the U position parameter, into the refinement, structure 2(a) is slightly more likely.

In order to clarify the magnetic structure, we have per- However, due to inconsistencies in the magnetic appearance

formed neutron-diffraction experiments at 35 and 10 K, well intev+ad deto banks ich ales pronounce

below the magnetic ordering temperature indicated by bulk the ±90 banks, w re (c) tonnte r

magnetization results.2- 4 We do not observe any additional

purely magnetic reflections at these temperatures, but an ad- one, which is corroborated by the magnetization results. For
purel magnetic cntref tion t the nearureutions a-is the ferromagnetic structure 2(c), we deduce U magnetic mo-ditional magnetic contribution to the nuclear reflections is ments of 0. 74 _+.0 3 /LB per atom, which is in good agreement

found. This indicates that the magnetic unit cell is the same wit th value of tom obta in fr o t g h-field
with the value of 0.78/tB/f.u. obtained from the high-field

as the nuclear one, but antiferromagnetism is still possible in magnetization. 4 Note that the Co moment is zero to within an
this structure. Possible magnetic structures have been de- experimental error of a _+0.1p B/atom. Also note that model
rived using magnetic space-group analysis. U atoms in the 2(a) yields much larger U magnetic moments of about
unit cell lie in the mirror planes at x=0, y=0, and x=y 1.04±0.04/uB per atom.
(note that x and y are at an angle of 1200). The moment
corresponding to U in a certain mirror plane must be perpen- IV. TRANSPORT AND THERMAL PROPERTIES
dicular or parallel to that mirror plane. The Shubnikov mag-
netic subgroups of P62m are shown in Fig. 1. Clearly, there The onset of magnetic ordering at Tc=47 K is reflected
are two antiferromagnetic noncollinear structures with mo- by a maximum in the temperature derivative of the electrical
ments in the basal plane, and only one ferromagnetic (collin- resistivity at this temperature (see Fig. 2) for both the illc
ear) model with U moments along the c direction. The fact axis and LL c axis. However, while for the illc axis an appre-
that we do not observe any 001 magnetic contribution does ciable reduction of the electrical resistivity with decreasing
not mean that the magnetic structure must be ferromagnetic, temperature is found, we observe an almost flat resistivity
since the two noncollinear models also have no 001 magnetic behavior for the iL c axis. The observed strong anisotropy in
contributions. This is easily understood, since the net mo- the resistivity correlates well with the magnetic anisotropy
ments in the 001 basal plane are zero for both noncollinear found in bulk magnetization measurements. At 300 K, very
structures. rough estimates of resistivities yield values around 150

The integrated intensities have been corrected for the p,, cm for the illc axis, while twice as large values for the
Lorentz factol 6 and for absorption. We find a significant iLc axis are found. Below 40 K, the electrical resistivity
magnetic contribution to the 110 reflection, which excludes follow a quadratic temperature dependence for both orienta-
structure 2(b), as this gives no intensity to this reflection. tions, which is shown for the illc axis in the inset of Fig. 2.
This is easily understood, since the net moments in the hhO For UCoGa, wc may roughly estimate the prefactors A to be
plane are perpendicular to that plane, which, in turn, gives about 0.216 and 0.138 /.t cm/K 2 for the illc axis and iLc
zero magnetic contribution through the expression of sin y, axis, respectively.
where 7 is the angle between the magnetic moment and the For this compound, we find at 4.2 K (Fig. 3) for the
reciprocal lattice vector (in this case, 77=0). On the other illBllc axis an increase of the electrical resistivity with an
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R In 9 or R In 10, expected for the localized f 2 or f3 configu-
S1.o t -" ration, respectively.

! I By linear extrapolation of CpIT vs T to T=0 K, we
' 0.8 UCoGa derived the coefficient y of the electronic contribution to the

0 .8 .specific heat, to be about 48 mJ/mol

A V. CONCLUSIONS
0.4 UCoGa, which crystallizes in the hexagonal ZrNiAl

0. o 0 .... . ,structure, orders ferromagnetically below Tc=47 K with or-0.2 0 500 1000 1500 2e000

T. tX') dered 5f moments of about 0.74/iB stacked along the c axis.

0 100 200 300 The rather low value of the ordered moments, which
amounts to only half the values found in isostructural UNiX

Temperature (K) compounds, 9 confirms the expected trends arising from
FIG 3. Field dependence of the electrical resistivity of UCoGa at 4.2 K in 5f-d hybridization, 10 and points to a larger delocalization of
the co-figuration e lddpnc axis. the 5f electrons in UCoGa. For UCoGa, a significant anisot-

ropy in the temperature dependence of the electrical resistiv-
ity has been found. Strongly anisotropic transport properties
have also been detected in other UTX compounds," which

increasing magnetic field, which is in contrast to the large ha t tey aecaed b the gnr anstrp due

reduction of the electrical resistivity in the isostructural an-

tiferromagnetic UTX compounds upon the application of to the crystal structure and the Fermi-surface anisotropy.
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The effect of Mn on the magnetic properties of YFe2

Jian-Wang Cai, Yuan-Bing Feng, and He-Lie Luo
State Key Laboratory of Magnetism, Institute of Physics, Academia Sinica, Beijing 100080, People's
Republic of China

Zhi Zeng and Qing-Qi Zheng
Institute of Solid State Physics, Academia Sinica, Hefei 230031, Pecple's Republic of China

The fully self-consistent discrete variational method within the local-spin-density framework has
been employed to obtain the electronic structure and magnetic moments of the Mn-containing cubic
Laves phase pseudobinary compound of YFe2 . The calculated results show that the substitution of
Mn atoms on Fe sites weakens the ferromagnetism of this compound. The magnetic moments on
distinct atomic sites were derived from the calculation. We found that when the Fe atom has one Mn
atom in its nearest neighbor sites, its magnetic moment decreases rapidly, while the Mn moment is
0.71/uB, parallel to the Fe moment. Based upon our results, the various experimental data have been
satisfactoril) explained.

I. INTRODUCTION The computational procedure has been documented in detail
elsewhere.

10

The cubic Laves phase pseudobinary compound
Y(Fel -,Mnx)2 is a puzzling system. Quite a few attempts II. RESULTS AND DISCUSSION
have been made to establish its magnetic properties. 1-7 As an

antiferromagnet YMn2 with Mn magnetic moment 2.71iB ,8 The cubic Laves phase compound YFe, has the cubic
the ferromagnet YFe2 can form complete solid solutions with MgCu 2 C15 structure. There are eight YFe2 formula units per
it, while sustaining the cubic Laves phase structure. 9 Magne- simple cubic cell in this structure. The larger Y atoms occupy
tization measurements4 and M6ssbauer data 7 show the con- a cubic diamond lattice. Regular tetrahedra built of four
sistent result that Y(Fel-,Mn,) 2 keeps ferromagnetic until smaller Fe atoms are centered at the fourfold-coordinated
the breakdown of the magnetic order in x=0.7. As to the interstitial sites of the diamond structure. So the 26-atom
magnetic moments of Fe and Mn atoms in this pseudobinary, cluster of Fe4Y4Fe1 2Y6 , which consists of two distinct pairs
however, contrary results have been reported. Schaafsma of Fe and Y atoms, is chosen to represent the host compound
et aL7 suggested from M5ssbauer experiments that Mn ap- YFe2. While the cluster Mn 4Y4Fe, 2Y6 , with each Fe atom
pear to carry either less than 0 .1PzB or no magnetic moment having one Mn atom in its nearest neighbor sites, is adopted
at all; from the NMR spectra of 89y, Nagai et aL5'6 made to represent the pseudobinary compound Y(Fe, XMn,)2 with
conclusions that Fe moments are hardly changed, and there low Mn concentration.
are two kinds of Mn moments: one is antiparallel to the Fe The DOS of the cluster Mn 4Y4Fe12Y6 , with a solid line,
moments with about 0.6,uB and the other is parallel to the Fe is depicted in Fig. 1. For comparison, we show the DOS of
moments with about 2 .8/iB; While Besnus et aL4 showed the host cluster Fe4Y4Fel 2Y6 with a dashed line also in Fig.
from magnetization, diffuse neutron scattering, M6ssbauer 1, which closely resembles the -esult obtained by the stan-
measurements, and NMR studies that Mn atoms possess dard TBA method." From these two curves, one can find that
magnetic moments, which are ferromagnetically coupled there is not a large change for the shape of the DOS when the
with Fe moments, and that the mean Fv moments decrease Mn substitute at the Fe site of YFe2, however, the positions
strongly with increasing Mn concentration, while the Mn of the peaks are changed. For majority-spin states, the main
moments appear to be less concentration dependent. peaks below the Fermi level move to the direction of high

From the theoretical point of view, the problem of the energy, and meanwhile the peaks foi minority-spin states
pseudobinary compound Y(Fc-_ Mn,) 2 has been put aside move to low energy direction; thus the exchange splitting
yet by theorists, due to its much more complex magnetic decreases with Mn diluting the Fe sublattice. As is well
behavior. In this paper we present calculations of charge, known, the origin of magnetism can be attributed to intra-
spin, and density of states (DOS) for the Mn-containing atomic and interatomic exchange interactions, and the Cuie
pseudobinary compound of Y', _ using the well-developed temperature is proportional to the exchange splitting, so the
discrete variational method within the local-spin-density reduction of the exchange splitting gives rise to the decrease
framework. For transition metals and intermetallic com- of the Curie temperature. Both the magnetization measure-
pounds, it is now well recognized that the local magnetic ment and M6ssbauer date show that the Curie temperature
properties and electronic structures are mostly determined by decreases almost linealy with the Mn content in tl:e pseudo-
the nature of atoms involved and the local environments of binary compound Y(Fe xMi , )2, 4' 7 which is consistent with
these atoms. So, several embedded clusters are chosen to the above conclu!,iov deduced from the electronic structure.
simulate the local environments of atoms in the Mn- Table I lists the magnetic moments and electron occul,
substituted YFe 2 compound, and spin-polarized calculations tion numbers of all atomic sites in the clusters Fc4Y4Fel2Y6
on these clusters are performed to study the magnetic behav- and Mn 4Y4Fe 2Y6 For comparison, let us firct examine the
ior of the Mn-containing pseudobinary compound of YFe2. result of the host cluster Fe 4Y4FeI 2Y6 . It is noted that the
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agreement with the value of the band calculation, 12 while the
U" up moment of the inner Y atoms is -0. 58IB, a bit larger than

the band calculated result, -0.45AB, this difference is also
attributed to the surface effect. It has been confirmed by

/many calculations that the cluster model tends to the same
.limit as band-structure methods when the cluster size in-

creases, however, computation is too expensive for the larger
t cluster. For most physical properties, it has been observed

that the three- to four-atom-shell clust,;r is sufficient.14 16

For the magnetic moment, one can focus on trends instead of
the absolute vatue.

The atoms of Y in the compound YFe2 were assumed to
be nonmagnetic before the spin-polarized calculations of its

S. ,band structures. The cluster and band theory calculations on
SdownYFe 2 both show that the Y atoms are spin polarized with a

small negative moment, which can be attributed to the hy-
bridization between Fe 3d and Y 4d states. According to the

- 1 0 -5 EF 5 band-structure calculations, the main part of the 4d bands for

ENERGY (eV) Y are just above the Fermi level, 17 while most of the states
just above the Fermi level for Fe are the 3d minority-spin
states. So the 4d states of Y mainly hybridize with the

FIG. 1. Total density of states for the clusters Mn 4Y4Fel 2Y6 with a solid line minority-spin 3d states of its neighbor Fe, which results in
and Fe4Y4Fe12Y6 with a dashed line. The spin-up and spin-down bands are the minority-spin dominating for the occupied 4d bands of Y,
normalized to the same scale for each cluster. and hence a negative moment develops on the Y atoms.

Now, we study the effect of Mn on the magnetic moment

magnetic moments of Fe atoms are large and coupled ferro- of the pseudobinary compound Y(Fel -,Mn.) 2.From Table I,
magnetically with small negative moments for Y atoms, it is noted that the moments of Mn and Fe atoms both are
which is consistent with the conclusion of the band positive for the cluster Mn4Y4FeI 2Y6, which shows that Mn
calculation.1 2  moments are coupled ferromagnetically with Fe moments in

By analyzing the result of the cluster Fe4Y4Fe, 2Y6 in the pseudobinary compound Y(Fe t .,Mn,) 2 with a low con-
Table I, one can see that the moments for both Fe and Y centration of Mn. Furthermore, one can see that the magnetic
atoms tend to increase outwardly from inner sites due to the moment of Mn is 0.71/.B and the Fe moment, 3 .09,uB, much
surface effect, which results from that the truncation of the less than that of the corresponding Fe atom in the host clus-
cluster does not allow sufficient delocalization of the wave ter, 3.80AB . The calculated Mn magnetic moment is in ex-
function in the solid to take place on the cluster surface. The cellent agreement with the measurement results by polarized
surface effect is unavoidable for the present cluster calcula- neutron scattering and NMR studies for the pseudobinary
tion method, however, the atoms toward the central sites for compound with low Mn content, 4 while the Fe moment de-
a large cluster can reproduce the properties of the bulk creases rapidly with Mn substitution for Fe atoms, which is
solid.13 In the present case, the calculated magnetic moment also in accord with the experimental results.4 In addition, the
for the inner Fe atoms is 1.65/.uB, which is in fairly good Y magnetic moment also decreases. The Mn magnetic mo-

ment deduced by Nagai et al.5 6 is opposite to our calculated
result, which may result from their oversimplified assump-

TABLE I Electron occupation numbers and local magnetic moments in the tions that Y atoms in the pseudobinary compound have no
different atomic sites of the clusters Fe4Y4Fe 2Y6 and Mn 4Y4Fel 2Y6  magnetic moment and that the hyperfine field at 8 9Y is

strictly proportional to the magnetic moments of nearest
Fe 4Y4Fe12Y6  Mn 4Y4Fe 2Y6  neighbor atoms.

Cluster Charge Spin (ps) Charge Spin (/8)
_____________________________- III. CONCLUSIONS

M(I) 3d 6.27 1.84 5.26 0.85

4s+4p 1.90 -0.19 1.88 -0.14 We have performed first-principles self-consistent-field
Net charge/spin -0.17 1.65 -0.14 0.71 calculations on several embedded clusters representing the
Y(1) 4d 1.56 -0.42 1,51 -0.32 Mn-containing cubic Laves phase pseudobinary compound

5s+Sp 1.12 -0.16 1.21 -0.13 of YFe2. Our calculated results for the first time provide an
Net charge/spin 0.32 -0.58 0.28 -0.45 insight into its complex magnetic properties. The following
Fc(ll) 3d 6.14 3.46 6.17 2.92 is a summary of our results.

4s + 4p 2.12 0.34 2.06 0.17

Net charge/spin -0.26 3.80 -023 3.09 (1) In the compound YFe2, the magnetic moments of Fe

Y(Il) 4d 1.42 -0.51 1.39 -0.36 atoms order ferromagnetically and cause small antiparallel
5s+5p 1.13 0.12 1.21 -010 moments at Y sites. Substitutions of Mn atoms on Fe sites

Net charge/spin 0.45 -0.63 0.40 -0.46 reduce the exchange splitting of this compound, and hence
weaken its ferromagnetism.
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Effects of Al substitution in Nd2Fe17 studied by first-principles calculations
Ming-Zhu Huang and W. Y. Ching
Department of Physics, University of Missouri-Kansas City, Kansas City, Missouri 64110

We have studied the effect of Al substitution in Nd2Fe17 compound by means of first-principles
calculations. We first obtain the site-decomposed potentials for Fe from self-consistent calculation

on Y2Fe,7 and the atomiclike potentials in the crystalline environment for Al and Nd. Calculations
are carried out for a single Al substituting one Fe at four different Fe sites (6c), (9d), (1 8f ), and

(18h), two Al substituting two Fe (18h), and four Al substituting three Fe (18h) and one Fe

(18f ). Our results show that the Al moment is oppositely polarized to Fe. The average moment per

Fe atom actually increases for Al substituting Fe (1 8h) and Fe (1 8f) is about the same for Al
substituting Fe (6c), and is drastically reduced when replacing Fe (9d). Experimentally, Al is

shown to be excluded from the (9d) sites because of the small Wigner-Seitz volume. When two Fe
atoms are replaced by two Al atoms, the total moment is only slightly less than when only one Fe
atom is replaced, and the M, per Fe site actually increases, in agreement with the M6ssbauer data.
These results are analyzed in terms of the local atomic geometry and the charge transfer effect from
the neighboring Fe to Al.

Recently, there has been a renewed interest in studying almost zero. For x=2, we replace two Fe (18h) in the unit

the substitutional effects in the R2Fe1 7 intermetallic com- cell and for x=4, we replace three Fe (18h) and one Fe
pounds (R represents a rare-earth element). The R2Fej7 com- (18f ). These proposed substitutional configurations are

pounds in the rhombohedral Th 2Zn17 structure have high based on the neutron scattering data't which suggest Fe
magnetic moments and are easy to process. However, none (18h) to be the most likely site for Al substitution, followed
of the binary compounds exhibit uniaxial anisotropy at room by the Fe (1 8f ) site, and the occupation of the (18h) site
temperature. The Curie temperature Tc is usually low, se- tends to saturate at about half of the fraction. The lattice
verely limiting their use as permanent magnets. Researchers constants used in the calculation are from different

soon discovered that interstitial doping by nitrogen and car- sources,10'12
,
13 and are listed in fable I. For simplicity, the

bon can raise Tc substantially1- 4 and significantly modify experimental value foi x has been rounded to the nearest
the magnetocrystalline anisotropy of the R2Fe1 7 compounds. integer. The calculated results are then correlated to the

In the search for better and cheaper permanent magnets, available experimental data.

elemental substitutions have also been explored in addition We briefly outline the procedures of our calculation. We
to interstitial doping, since it may also lead to an increase in use the first-principles orthogonalized linear combination of

Fe-Fe separation. The effects of elemental substitutions on the atomic orbitals method in tue local spin density approxi-
the magnetic properties of R2Fe1 7 compounds had been stud- mation (LSDA)."4 The computational details of this method
ied in the past. 5-8 More recently, Weitzer, Hiebl, and Rogl have been described sufficiently elsewhere.' 5 Since Nd con-
studied the magnetic behavior of Al and Ga substitution in tains localized 4f electrons for which the LSDA may not be

R2FeI 7 compounds. 9 Yelon et al. carried out the neutron dif- a suitable theory, we start our calculation with YFe17 and
fraction and M6ssbauer effect studies of several Y-Fel 7 _,Al, but with the same lattice constants as for the
NdFe17 -,A!, samples with x ranging from 0. to 9.4.10 Li corresponding Nd 2Fe[7 -,Al, systems. We next obtain the
et al. studied the structural and magnetic properties of the site-decomposed Fe and Al potentials from these self-

combined effect of Al substitution and N doping." These consistent calculations. Together with an atomiclike potential
experiments demonstrate that Al has a preference to occupy for Nd that has been used in the Nd 2Fe17B calculation, 16 we

the Fe (18h) sites when x is small and is excluded from the perform a series of spin-polarized calculations on
Fe (9d) sites at all concentrations. The saturation moment Nd 2Fe, 7 __Al , . Interactions of the Nd-4f orbitals with the

and the Tc have a strong dependence on the Al concentra- neighboring atoms are taken into account with three of the
t;on. Clearly, it is of fundamental interest to carry out theo- Nd-4f electrons fixed in the spin-up configuration.' 6 Secular
retical calculations on the electronic structure and magnetic equations are solved for both spin cases at 11 special k points
properties of the substituted compounds, and to trace the in the irreducible portion of the Brilluion zone to obtain the
quantum mechanical origin of the improved magnetic prop- energy eigenvalues and wave functions Spin-orbit couplings
erties. are neglected. Local spin magnetic moments are obtained

In this report, we present the results of calculations on from the wave functions and the overlap integrals using the
the electronic structure, local magnetic moment, charge, and Mulliken scheme. 17 In principle, for solid solutions of the
spin density distribution for Nd 2Fe, 7 .xAl x (x-0,1,2,4). To type Nd 2Fe, 7 -,Al,, a supercell calculation with sufficient

our knowledge, there is not yet any theoretical calculation on statistical average over various possible configurations will

the substitutional compounds of R2Fe, 7. For A= 1, replace- be most desirable. However, such calculations will need a
ment of Fe by Al at each of the four Fe sites is studied even prohibitive!y large amount of computational time. For that

though the probability of Al occupation at certain Fe sites is reason, we limit our calculations to the original rhombohe-
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TABLE 1. Calclated site-decomposed spin moments (AS) in Nd2Fel 17_Al . An asterisk indicates the site is a nearest neighbor to the Al atom.

X=0 X=1 X=2 X=4
Latt. Cont.

a (,) 8.5782 (Ref. 12) 8.612 (Refs. 10,12) 8.6569 (Ref. 10) 8.6882 (Ref. 13)
c (A) 12.464 12.511 12.5782 12.6589

Atom site (18h) (18f) (6c) (9d) 2(18h) 3(18h),(18f)

1 Nd (c) -0.43 -0.35 -0.41 -0.45 -0.50 -0.28 -0.16
2 Nd (c) -0.41 -0.41 -0.45 -0.50 -0.33 -0.29

3 Fe (c) 2.00 2 21* 2.04* 1.83* 1.70* 2.38* 2.52*
4 Fe (c) 1.85 2.04* ... 1.71* 1.75 1.62*

Al -0.32

5 Fe (d) 1.55 1.71* 1.59* 1.56* 1.56 1 70* 1.85*
6 Fe (d) 1.55 1.66* 1.60* 1.57 1.82* 2.01*
7 Fe (d) 1.69* 1.55 1.55* ". 1.84* 1.79'

Al -0.16

8 Fe (f) 1.94 1.78 1.96* 1.93' 1.54* 2.06* 2.24*
9 Fe (f) 2.16* 2.01* 1.95' 1.54* 2.42* 2.37*
10 Fe (f) 2.09* 1.93 194* 1.59 2.01' 2 23*
11 Fe (f) 2.06* 1.89 1.92* 1.53* 2.30* 2 21*
12 Fe (f) 2 15* 1.91 1.94* 1.54* 2.05* 2.24*
13 Fe (f) 1.79 .... 1.95 " 1.58 2.00* ...

A] --024 -0.22

14 Fe (h) 1.89 2.02* 1.91' 1.86' 1.66 2.23' 2,22*
15 Fe (h) 2.02* 1.82 1.79' 1.72' 1.94' 2.14'
16 Fe (h) 1.90 2.07* 2.05' 1.75' 2.20* 2.47*
17 Fe (h) 1.71 192* 1.82 1.65 1.66 ...

18 Fe (h) 1.71 1.86' 1.81 1.71' ......

19 Fe (h) 2.03 2.04 1.75' ...

Al -0.27 -0.28 -0.26

-0.25 -0.26
-023

Total 30.79 29.36 28 72 28.32 24 95 29 18 2649
(excluding Nd 4f)

Average 1.86 1.90 1.89 1.85 1.50 2.02 2.04
Fe M,

dral cell containing two Nd atoms and 17 Fe atoms with average Fe moment becomes particularly low when the
some of them substituted by Al as specified above. Lattice Fe(9d) is substituted by Al. Neutron diffraction data show
relaxation at the substituted sites is not considered, and all the (9d) site is excluded from Al occupation. (3) For those
calculations are for a single configuration. Even with these sites which are NN to a substituted Al (with the exception of
limitations, we believe our results are meaningful for com- the Al at the 9d site), the moments tend to increase rela-
paring the effect of substitution at different Fe sites and with tivel), showing the influence of the Al on the neighboring Fe
different Al concentrations. atoms. Effective charge calculation based on the Mulliken

Table I lists the calculated magnetic moments at the two scheme 17 shows an average charge transfer of the order of
Nd and the 17 Fe (Al) sites for Nd 2Fe1 7 Al. For x=0, the 1.8 electrons from the Fe sites to the Al. (4) Although the
moments on the Fe sites of the same symmetry type are the total moment decreases as x increases, the average moment
same. With Al substitution, the symmetry is lowered and the per Fe atom actually increases with x. Yelon et at.t0 found an
moments at all sites are different. To better understand these increase in the occupation fraction at the (6c), (18f ), and
results, we put an asterisk on the moment number to indicate (1 8h) sites with an increase in x up to x=9.4. The fractional
that this particular site is a nearest neighbor (NN) to a sub- occupation for Fe (18h) saturates at x=4. On the other
stituted Al atom. Oppositely polarized moments are listed as hand, the hyperfine field from the M6ssbauer spectra reaches
negative numbers. The main results of Table I can be sum- a maximum at x=2, and then decreases with increase in x.
marized as follows. (1) The moments on the Nd and Al are The microscopic origin as to why the Fe moment is in-
oppositely polarized. (2) For a single Al substitution, the creased or decreased depending on the specific site of Al
average Fe moments are 1.90, 1.89, 1.65, and 1.50 IIB for Al substitution is more difficult to pin down. It will require ex-
at the (18h), (18f ), (6c), and (9d) site, respectively. For tensive analysis of local local geometry and interatomic dis-
x=0, the calculated average Fe moment is 1.86 ABt. The tances in relation to the electronic structure. The extended
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FIG. 1. Calculated charge density (left.hand panel) and spin density (right- 20
hand panel) for Nd 2Fe17 (upper panel) and Nd2Feir,AIi (lower panel). The 0 P
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ENERGY(eV)

nature of the AI-3s and AI-3p wave functions make it diffi- FIG. 2 Calculated total DOS for (a) Nd2Fe17; (b) Nd2Fe16AI1; (c)
cult to explain these rather complicated results based on Nd 2Fe15AI2, (d) Nd2Fe13AI 4. Positive values correspond to the majority spin

simple arguments. band and negative values corresponds to the minority spin band.

To further understand the calculated data in Table I and
the role of Al atoms, we plot in Fig. 1, the charge and spin two different sites, (18h) and (18f ). The first-principles
densities for Nd2 Fe1 7 and Nd2Fe16AI1 with Al at the (18h) nature of the calculation accurately reflects the complicated
site. The plane of Fig. I is perpendicular to the c axis which interatomic interactions.
contains the Fe (18h) atoms with the Fe (9d) atoms also This work was supported by DOE Grant No. DE-FG02-
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stitution breaks the local symmetry in the charge and spin from the National Natural Science Foundation of China un-
distribution. The nonspherical and the negatively polarized der Grant No. 188074.
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substituting one Fe (18h). The Fermi energy is set at 0. The 7D. Plusa, R. Pfaranger, and B. Wyslocki, J. Less-Common Met. 99, 87

sharp peak near EF for the majority spin band and at 2.5 eV (1984).
fB. P. Hu and J. M. D. Coey, J. Less-Common Met. 142, 295 (1988).
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Magnetic and crystallographic order in a-manganese
A. C. Lawson, Allen C. Larson, M. C. Aronson,a) S. Johnson,b) Z. Fisk, R C. Canfield, c)

J. D. Thompson, and R. B. Von Dreele
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

We have made time-of-flight neutron diffraction measurements on a-manganese metal. Powder
diffraction measurements were made at 14 temperatures between 15 and 305 K, and single crystal
measurements were made at 15 and 300 K. We found that the crystal structure of a-Mn is tetragonal
below its Nel point of 100 K, with crystal symmetry 142m and magnetic (Shubnikov) symmetry
P1421c. In agreement with the earlier results of Yamada et al., there are six independent magnetic
atoms, and we found that their moments are weakly temperature dependent. The onset of magnetic
order causes slight changes in the atomic positions and in the average atomic elastic constant.

I. INTRODUCTION Laboratory.5 We also obtained single crystal diffraction data
a-manganese has a surprisingly complex cubic crystal at 15 and 300 K on the single crystal diffractometer (SCD) at
a-mananesethas8 atomsuprisingycompl cubicT cyl LANSCE. Powder data were analyzed by Rietveld analysis

structure with 58 atoms per body-centered cell.' The com- using the general structure analysis system (GSAS). 6 This
plexity is surprising, because most elements have simple refinement package allows for the refinement of magnetic
structures. In the case of Mn, the complexity is thought to reflections arising from structures that can be described by
arise from an instability of the 3d electron shell that gives Shubnikov roups. Powder data from six detector bands
rise to the formation of "self-intermetallic" compounds. In gere roups. Pode ana fom s ae orwere corefined in the analysis. Allowance was made for
other words, elemental Mn is actually an intermetallic com- 0.90% (vol) of MnO that was present in the powder and for
pound between Mn atoms in different electronic configura- some weak aluminum lines from the cryostat. Single crystal
tions. This possibility was first pointed out by Bradley and data were also refined using GSAS. In this case, magnetic

a-Mnlis1 btmultidomain effects were treated as a twinning problem.a-Mn becomes antiferromagnetic at 95 K. Given the

crystal structure, the magnetic structure is necessarily com-
plex. The structure was solved by Yamada et al.,2 who used III. RESULTS AND DISCUSSION
single crystal neutron diffraction data and first principles Since there was no evidence for an incommensurate
magnetostructural ahalysis of heroic proportions. 2- 4 We structure, our approach to the analysis of our data was guided
wished to examine the magnetic ordering in more detail bv by the use of Shubnikov groups. 7'8 These are magnetic space
obtaining structural data at a large number of temperatures. groups that are supergroups of the ordinary crystallographic
The multitemperature requirement dictated the use of powder space groups, with certain symmetry elements replaced by
neutron diffraction. However, we found that information "anti"-elements. The antielements are the ordinary transla-
from single crystal data was essential to the complete solu- tions, mirror planes, etc., familiar from crystallography, ex-
tion of the problem. cept that the spatial symmetry operator is augmented by a

time-reversal operator that reverses the microscopic current
II. EXPERIMENTAL METHOD

a-Mn was prepared by heating Johnson-Matthey grade I 891 I I
electrolytic Mn in a turbomolecular pumped system in the
/-phase region until outgassing was complete and then cool- a-Manganese
ing slowly through the a-3 transition. The material was
cooled from 900 'C to 755 °C over 5 h, from 755 'C to 890

655 *C over 200 h, and finally furnace cooled to room tem-
perature. Powder was prepared by grinding the resulting ma-
terial. Small single crystals were cut from an arc-melted in- 0 889

got that was prepared from this material and annealed for a U
long time below the a-fl transition. Neutron powder diffrac-
tion data were taken on an a-Mn sample at 14 temperatures -j

between 15 and 305 K. We used the high intensity powder 888

diffractometer (HIPD) and the Manuel Lujan, Jr. Neutron
Scattering Center (LANSCE) at the Los Alamos National

C

887 I I
100o 200 300")Present address Department of Physics, University of Michigan, Ann A 0 Temperature (K)

bor, Michigan.5tDcceased.
'Present address: Ames Laboratory, Iowa State University, Ames, Iowa FIG. 1 Lattice constants vs temperature for a-Mn. The error bars are

50011 smaller than the plotted points.
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-90 I'l I I -- TABLE I. Atomic coordinates for a-Mn at 305 K.

. ,.-105 iij {i - I II Ill IV

0Mx 0 0.31836(5) 0.35776(3) 009081(4)".120 f T1 T -Manganese y ....
- !- I,

-135 - z 0035 43(4) 0.282 76(5)

4 90 - T
45 -+ T In addition to the grouo P142'm', we also tried fits with

+ T=95K P142m, P4'2m', and P14 2'm. (Of these four, only the first
O 0 -  

-4 # does not exclude a magneti,: moment on site I by symmetry.)

.. 30 - Atmfisi The models with P1 42m and P,4'2m' can be excluded by
ITT ,n the single crystal data, which clearly show the presence of

E 20 - AT ,,(300), (500), etc. magnetic reflections, in a ,reement with Ya-z~M II. I r,, mada et al 2 This is indicative of the presence of the two-fold

M. I10 I .. IV I antiaxis 2'. These reflections are not directly observable in
the powder data because of overlapping allowed reflections,0 0 , I , I , I , I I

0 20 40 60 80 100 so that powder data cannot distinguish between 2 and 2'.
Temperature (K) The quality of the powder fits for P,42'n' and P1 4'2m'

is very similar, so that single crystal data was essential for
FIG. 2. Magnetic moments vs temperature for a-Mn. making this distinction. However, the use of powder data is

the only practical way of making observations at a large
number of temperatures in a reasonable amount of time. The

driving the magnetic moment of the atom to which it is ap- combination of both types of experiment was necessary in
plied. In this way, 1651 magnetic space groups can be ob- this case.
tained from the original 230 ordinary space groups. Only Since the magnetic structure of a-Mn is tetragonal, a
commensurate magnetic structures are described by the tetragonal nuclear (or chemical) structure is implied. This
Shubnikov groups. structure was found by Rietveld refinement. The space group

The space group of a-Mn is 143m. The neutron diffrac- is I42m, and there are six unique atoms in the tetragonal urit
tion data indicate a body-anti-centered lattice, so that the cell. Above the Niel point, the structure is cubic with four
Shubnikov group P143m, or one of its subgroups, is indi- unique atoms in the cell. There are 58 atoms per unit cell in
cated. The cubic and rhombohedral subgroups did not work, each case.
and we found that the best fit was obtained with the tetrag- Figure 1 shows the lattice constants of a-Mn plotted
onal Shubnikov group P1 42'm'_Pj42c, which is a subgroup versus temperature. We emphasize that no tetragonal split-
of the tetrago:,al space group 142m. This is equivalent to the ting of the diffraction lines was observed directly; rather, the
magnetic model of Yamada et al.2 The meaning of the sym- metric tetragonality was found by testing the powder data
bol P142'm' is the same as the ordinary space group symbol with Rietveld refinement. Simultaneous refinements of the
142m, except that (1) the ordinary body-centering operator is strain broadening were well behaved, and sensible atomic
replaced by an operator that flips the spin (reverses the cur- positions were found, so we have some confidence in this
rent) as the body centering is applied; (2) the mirror planes result. The average of the tetragonal lattice constants agree
are replaced by operators that reverse the current as a mag- with previous diffraction measurements for which the low-
netic atom is reflected; and (3) the twofold axes are replaced temperature structure was taken to be cubic. 9"0

by operators that flip the spin (reverse the current) as the The magnetic montents ,re plotted veisus temperature in
dyad operation is applied to a magnetic atom. (The distinc- Fig. 2. These were obtained from the powder refinements
tion between spin flipping and reversing the current is impor- using the form factors for the 3d 54s 2 state of neutral Mn
tant only for improper symmetry operators, such as mirror determined by Freeman and Watson." Thus, we did not al-
planes.) low for a variation of the form factor among the atoms, as

TABLE 11. Atomic coordinates and magnetic moments (j 8 ) for a-Mn at 15 K.

1 I1 1I1-1 111-2 IV- I IV-2

0 0.3192(2) 03621(1) 03533(2) 0 0921(2) 0.0895(2)
y .. .. 0.0333(1) " 0.2850(1)
z " 03173(3) 00408(2) 0.3559(2) 0.2790(3) 00894(2)
tnn 0 0.14(12) 0.43(8) -025(10) 027(8) -008(4)
n, .... -0.25(10) " -045(8)
mZ  2.83(13) 1.82(06) 0.43(8) -0.32(4) -0.45(8) 0.48(5)
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X1 -:==== -1 - -Manganese
4(II-2) x(1l1)

x(Ii) x(4)

y(iV.2) A

x 0 275 z(IV-) Z(iV) v =438 K
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FIG. 4. Average mean square thermal displacement, (u2), vs temperature for
FIG. 3. Positional parameters for a-Mn. The error bars arc smaller than the a-Mn. The lines through the points are fits to a simple Debye-Waller for-
plotted points, mula. The fitted Debye-Wa~ler temperatures are different above and below

the Nel temperature.

did Yamada et al.2 The moments we found are somewhat
different from theirs, but the significant qualitative feature of Neutron Scattering C~nter is a national user facility funded
groups of large and small moments is retained. The large under Contract No. W-7405-ENG-36 by the United States
moments on atoms I and II are somewhat temperature depen- Department of Energy, Office of Basic Energy Science. We
dent, and the smaller moments on the remaining atoms are wish to thank Professor Bryan R. Coles for the inspiration of
not. his persistent interest in the structure of a-Mn.

The atomic positions also show the effects of magnetic
ordering. Below the N6el temperature, the original four crys- 'A. J. Bradley and J. Thewlis, Proc. R. Soc. London Ser. A 115, 456 (1927).
tallographic sites of the cubic structure (Table I) split into the 2 T. Yamada, N. Kunitomi, Y. Nakai, D. E Cox, and G. Shirane, 3. Phys.
six sites of the tetragonal structure (Table II). The atomic Soc. Jpn. 28, 615 (1970).
positions obtained from the powder refinements are plotted 3T. Yamada, J. Phys. Soc. Jpn. 28, 596 (1970).
versus temperature in Fig. 3. A diagram of the magnetic 4T. Yamada and S. Tazawa, J. Phys. Soc. Jpn. 28, 609 (1970).

structure is given in the compilation by Wijn.12 The Carte- sA. C. Lawson, J. A. Goldstone, J. G. Huber, A. L. Giorgi, I W. Conant, A.
Severing, B. Cort, and R. A. Robinson, J. Appl. Phys. 69, 5112 (1991).

sian components of the magnetic moments at 15 K are given 6A. C. Larson and R. B. Von Dreele, Los Alamos National Laboratory
in Table II. Report No. LAUR 86-748 (1986).

Magnetic ordering in a-Mn causes a stiffening of the 7A. V. Shubnikov and N. V. Belov, Colored Symmetry (Wiley, New York,

lattice. Figure 4 shows the average mean-square thermal dis- 1964), pp. 198-210.
latti. F e 4 8V. A Koptsik, Shubmkov Groups Izd., Moskovsk. Gos. Univ. Moscow,

placement, (u2), plotted versus temperature. The (u2) is ob- (1966, (in Russian).
tained from the Debye-Waller factors from the Rietveld 9J. A. C. Marples, Phys. Lett. A 24, 207 (1967).
analysis of the powder data; it is averaged over atomic sites t0C.P. Gazzara, R. M. Middleton, R. J. Weiss, and E. 0. Hall, Acta Crystal-

3 14 Wlogr. 22, 859 (1967)and direction. '1 We have made separate fits above and be- "A. J. Freeman and R. E. Watson, Acta Crystallogr. 14, 231 (1961)
low th, Noel temperature to the (u2 ) versus temperature data 12H. P. J. Wijn, Magnetic Properties of Metals. d-Elements and Compounds
with a s tple Debye model. The increase in ODW observed (Springer, New York, 1991), pp. 4-5.
at the Ndel point (from 438 to 536 K) is quite large. 13A. C. Lawson, A. Williams, J A. Goldstone, D. T. Eash, R. J Martinez, J.

1. Archuleta, D. J. Martinez, B. Cor, and M. F. Stevens, J. Less-Common
Met. 167, 353 (1991).ACKNOWLEDGMENTS '4A. C Lawson, G. H. Kwei, J. A. Goldstone, B. Cort, R. I. Sheldon, E.
Foltyn, J. Vaninetti, D. T. Eash, R. J. Me-tinez, and J.1. Archuleta, Ad-

This work was supported under the auspices of the vances in X-Ray Analysis, edited by V. Gilfrich et al. (Plenum, New York,
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Magnetic field dependence of Tc of EuB 6 (abstract)
A. Lacerda and T. Graf
National High Magnetic Field Laboratory, Pulsed Facility, Los Alamos National Laboratory,
Mail Stop E536, Los Alamos, New Mexico 87545

J. L. Sarrao, M. F. Hundley, D. Mandrus, J. D. Thompson, and Z. Fisk
Los Alamos National Laboratory, Mail Stop K764, Los Alamos, New Mexico 87545

We report measurements of resistivity and transverse magnetoresistance (BLI) on a single
crystalline sample of EuB6 in magnetic fields to 18 T in a temperature range from 4 to 100 K. The
ferromagnetic transition (T,) determined by resistivity versus temperature at constant field varies
from 10 to 25 K at zero and 4 T, respectively. The transition is completely suppressed at 8 T. A very
large and negative tranverse magnetoresistance is observed in the entire temperature range
investigated: -5% at 4 K and -20% at 100 K at 18 T. Finally, the effect of high applied magnetic
field on the transport properties is investigated in the temperature range below T,.

Work supported under the auspices of the National Science Foundation.
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Nanocomposite Magnets D. J. Sellmyer, Chairman

Two- and three-dimensional calculation of remranence enhancement
of rare-earth based composite magnets (invited)

T. Schrefl
Institut fir Angewandte und Technische Physik T U. Wien, Wiedner Hauptstrasse 8, A-1040 Vienna,
Austria, and Max-Planck-Institut fiir Metallforschung, Institut fir Physik, Postfach 80 06 65, 70506 Stuttgart,
Germany

R. Fischer
Max-Planck-Institut fir Metallforschung, Institut fir Physik Postfach 80 06 65, 70506 Stuttgart, Germany

J. Fidler
Institut fir Angewandte und Technische Physik, T U. Wien, Wiedner Hauptstrasse 8, A-1040 Vienna,
Austria

H. Kronmlier
Max-Planck-Jnstitut fir Metallforschung, Institut fir Physik, Posj'ach 80 06 65, 70506 Stuttgart, Germany

Micromagnetic calculations using a finite element technique rigorously describe the magnetic
properties of novel, isotropic rare-earth-based composite magnets. Numerical results obtained for a
composite material of Nd2Fe14B, SmCo5 or Sm2(Fe 8Co0.2)17N2.8 and a-Fe particles show that
remanence, coercivity, and coercive squareness sensitively depend on microstructural features.
Interparticle exchange interactions ennance the remanence by about 60% with respect to
noninteracting particles for a mean-grain size approaching the exchange length of the soft magnetic
phase and a significant percentage of a-Fe. On the other hand, exchange interactions between the
phases suppress the :.ucleation of reversed domains and thus preserve a high coercive field.
Therefore, optimally s,:'uctured, isotropic composite magnets show remarkably high energy
products exceeding 400 k)/m 3.

I. INTRODUCTION mine the maximum energy product, (BH)max. Within the
framework of the Stoner-Wohlfarth theory,8 which assumes

Compos'te materials of magnetically hard and soft par- noninteracting single domain particles, the remanent mag-
tides are excellent candidates for high performance perma- netic polarization is given by
nent magnets. In composite permanent magnets soft mag-
netic grains -,ause a high magnetization and hard magnetic Jr=J(cos 0), (1)
grains induce a large coercivity provided that the particles
are small and strongly exchange coupled. Owing to rema- where iO is the angle between the saturation direction and the
nence enhancement, nanostructured, composite magnets are easy axes and ( ) denotes an ensemble average. According to
expected to improve the maximum energy product of perma- (1) Jr/Js is 0.5 for an assembly of noninteracting and ran-
nent magnets dramatically.' Coehoom, Mooij, and Waard 2  domly oriented particles, whereas Jr/hJ is 2/'=0.637 for
found a considerably increased remanence in welt-spun Nd- microstructures with in-plane random texture.
Fe-B magnets of nominal composition containing a substan- A theoretical treatment of remanence enhancement must
tial fraction of soft magnetic Fe3B grains. Recently, Ding, take into account interactions of the grains. Using a one-
McCormick, and Street3 reported a maximum energy product dimensional micromagnetic model, Kneller and Hawig 9 esti-
of more than (BH)ma= 200 kJ/m 3 in mechanically alloyed, mated the optimum microstructure of composite magnets to
isotropic Sm7Fe93-nitride powders where exchange interac- consist of hard grains embedded in a magnetically soft ma-
tions between a soft magnetic a-Fe and a hard magnetic trix with the lateral dimensions of both phases about equal to
Sm2Fe 7N. phase cause a significant enhancement of the re- the domain wall width of the hard magnetic phase.
manence. A similar behavior was found in composite mag- Gr6nefeld l° numerically calculated the remanence of com-
nets of Nd2Fe14B and a-Fe produced by rapid posite magnets, solving Poisson's equation for the magneti-
solidification. 4'5 The maximum possible energy product is an zation distribution on a lattice of magnetically hard and soft
intrinsic quantity (BH)*ax = J2/(4 ,o),6 depending only on the moments. The results show that almost all the magnetic mo-
spontaneous magnetic polarization J. In order to reara this ments of the soft magnetic phase become aligned parallel to
theoretical maximum, it is required that the magnet main- the saturation direction, which corresponds to the average
tains saturated until the opposing field reaches the value direction of the easy axes of the neighboring hard magnetic
-(1/2)(Js/po). 7 In real magnets the remanent polarization Jr grains. Nieber et al. 1 and Skomski et al.1 explicitly derived
rather than the spontaneous magnetic polarization will deter- the magnetic properties of multilayers being composed of

J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)/7C53/6/$6.00 © 1994 American institute of Physics 7053



magnetically soft and hard layers. This article gives a quan-
titative treatment of the correlation between the microstruc-
ture and the magnetic properties of isotropic, rare-earth
based composite magnets. In order to describe magnetization
p-zcesses of ,alistic microstructures, the classical Stoner-
Wohlfarth theory8 has been extended to nonellipsoidal and
interacting particles using a finite element technique.

Section II of this article introduces the micromagnetic
concepts and the computational methods of the simulation
model. Section III describes the two- and three-dimensional
grain structures used for the calculations. Section IV presents
the basic magnetic properties of nanocrystalline, composite
magnets. Section V compares the demagnetization curves
obtained for composite materials of Nd2Fe14B, SmCo5,
Sm 2(Feo 8,Co0 .2)17N 2.8 and a-Fe particles.

FIG. 1. Grains at the surface and in the interior of the cubic model magnet
II. MICROMAGNETIC AND COMPUTATIONAL consisting of 64 irregularly shaped grains.

BACKGROUND

Minimizing the total magnetic Gibb's free energy with stray-field energy 0. Replacing the stray-field energy in Eq.
respect to the magnetic polarization J5, subject to the con- (2) by W[J ,A] leads to an auxiliary functional whose local
straint that JsJ is constant, yields a stable equilibrium state of minima are in one-to-one correspondence to those of the to-
a magnetic structure. If one neglects magnetoelastic and sur- tal Gibb's free energy.' 4 Fredkin and Koehler 17 originally
face anisotropy effects, the magnetic Gibb's free energy 'A of applied a magnetic vector potential in micromagnetic finite
a ferromagnetic specimen in an applied magnetic field is the element calculations, in order to investigate magnetization
sum of the exchange energy, the magnetocrystalline anisot- processes in irregular shaped particles.
ropy energy, the stray field energy, and the magnetostatic The linear interpolation of the magnetization angles and
energy of the Js in an external field Hext . 12 For uniaxial of the magnetic vector potential on triangular or tetrahedral
magnetic materials, where the direction of J, may be de- elements gives an algebraic optimization problem. Since the
scribed by the angle a between J, and the easy axis, 0, is magnetic polarization J, and the magnetic vector potential A
given by'13  are two independent variables, the minimization can be per-

formed simultaneously with respect to J, and A. Thus con-
bt= f{A[(Va)E2+ (V) 2 sin2 if]+K1 sin2 a vergence difficulties of iterative techniques, which alternate

between solving for a magnetic scalar potential for fixed
+K, sin4 a-- J JHd J" Hext}d'r, (2) magnetization and minimizing the total energy for fixed de-

where K1, K 2 are the anisuiropy constants, and A is the magnetizing field, can be avoided. Among standard numeri-
cal minimization techniques, a preconditioned quasi-Newtonexchange constant. Using the i :'igle i and the azimuth conjugate gradient method' 8 proved to be most efficient fora n g le O to rep rese n t J s, au c m ati ( J ly fu lfi lls th e n o n lin ear m n m z n h o a i b s f e n r y o a n t c m c oconstraint, IJI=J,, during minimization. All energy terms minimizing the total Gibb's free energy of magnetic micro-

but the stray field energy, A= - fJ, .Hdd 3r, depend only structures. The functional W[J,,A] is an integral not only
locally on the magnetic polarization Js. The demagnetizing over the magnetic particle but over the whole space. In prin-field Hd follows from magnetic volume chargesti .i, ciple, the finite element mesh has to be extended over a large
within the grains and magnetic surface charges, Js' n (n de- region outside the particle. Applying spatial transformationswithn te gainsandmageti suracechagesJs~ (nde- to evaluate the integral reduces the size of the external mesh
notes the surface normal) at the grain boundaries. Owing to tovue th interaereducexthetsiz of the tral-mesh
these long-range contributions of J, to Hd, the direct evalu- act h
ation of the total magnetic Gibb's free energy requires both energy' 920
large memory and long computation time. Introducing a
magnetic vector potential to treat the demagnetizing field III. MAGNETIC MICROSTRUCTURES
eliminates long-range interactions from the total Gibb's free Modeling of grain growth yields realistic two- or three-
energy.'14 , 5 Brown' 6 showed that the stray field energy Os dimensional microstructures. Starting from randomly located
due to Js(r) can be approximated by an upper bound, given seed points, grains grow with constant growth velocity in
by each direction.21

1 [f Figure 1 shows a cut through a cubic model magnet
-0,-- W[J s , A ]  J (V X A-J) 2 d3 r, (3) consisting of 64 irregularly shaped particles. Figure 2 gives

the distribution of the grain diameters. In order to describe
where A is an arbitrary continuous vector whose derivatives composite magnets, material parameters of magnetically
are also continuous everywhere. The functional W if mini- hart. and soft phases are assigned to each grain. Beginning
mized with respect to A, makes A equal to the magnetic with the smallest grains, a fraction of the particles are con-
vector potential VXA=oHd+J s . W itself reduces to the sidered to be magnetically soft. Thus the mean grain size of
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FIG. 2. Grain size distribution of the three-dimensional microstructure. The 0.0 . . 0
grain diameter is defined by the diameter of a sphere with equal volume. 1.0 2

65% a-Fe - -7 -

the soft magnetic particles becomes smaller than that of the
hard magnetic grains which has been been found in rapidly 0.5,1 J ()

solidified, Nd-Fe-B based composite magnetv. 5 The ran-
domly oriented particles have direct contact and are coupled
by short-range exchange and long-range magnetostatic inter- 00 0. "
actions. -1500 -500 500 1500

The basic magnetic properties of isotropic, composite H*, (kA/m)
magnets have been calculated for three-dimensional micro-
structures. However, the computational effort is much
smaller in two-dimensional calculations where the magneti- FIG. 3. Demagnetization curves of isotropic, Na2Fe14B-based, composite
zation is constrained in a plane and taken to be uniform in a magnets containing 12%, 40%, and 65% a-Fe. The different curves refer to
direction perpendicular to this plane. The two-dimensional 10 nm (solid line) and 20 nm (dashed line) mean grain size.

approximation of naturally three-dimensional magnetization
processes does not severely influence the magneticprocerties. 2 does, nt seely isnfl the magnetic and 20 nm, respectively. For the calculations, the materialof various rare-earth-based composite magnets has been per- parameters of Nd2Fe14B and a-Fe at room temperature have

formed using two-dimensional miLrostructurs. The tw- been used. The numerical results clearly show that the mag-

dimensional grain structure consists of 30 grains with nearly netic properties of nanocrystalline, composite magnets dras-
hexagonal shape. Table I gives the intrinsic magnetic prop- tically changes with the amount of a-Fe a-td with the average

erties of the different materials used for the calculations. grain size.
Figure 4 gives the remanence, the coercive field, and the

maximum energy product of Nd2Fet 4B-based composite
IV. BASIC MAGNETIC PROPERTIES OF ISOTROPIC, magnets as a function of the amount of a-Fe for a meanCOMPOSITE MAGNETS

grain size of 10 and 20 nm. The remarkably high remanence
Figure 3 shows the demagnetization curves of a of nanocrystalline composite magnets has to be attributed to

Nd2Fe14B and a-Fe magnet for increasing percentage of soft (1) the increased spontaneous magnetization of the soft mag.
magnetic phases. The solid and the dashed line corresponds netic phase and (2) remanence enhancement owing to inter-
to the demagnetization curves for a mean grain size of 10 particle exchange interactions. Figure 4 compares both con-

TABLE I. Intrinsic magnetic properties at T=300 K of hard and soft magnetic materials used for the calcula-
tions J, , K1 , K,, A, and T, denotes the spontaneous magnetization, the first and second anisotropy constants,
the exchange constant, and the Ctrie temperature, respectively.

J, K, K, A T,
(T) (JiW m) (J/m3) (Jm) (K) Ref.

NdFc 4B 1.61 4.3X 106 0.65 X 106  7.7x 10- 2  588 27
Sm 2(Feo 8Co0 2)17N2 s 1.55 10.1X10 6  2.3X10 6  4.8x10 "  842 28
SmCo 5  1.06 17 1X1106  

12.0X10- 2  
1243 29

a-Fe 2.15 4.6XILW 1.5X10 4  25.0X10 - 12  1043 30
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FIG. 4. Maximum energy product, remanlence, and coercive field in isotro-,, t ,pic, Nd2Fe14 B-based, composite magnets as a function of the volume rac-

tion of a-Fe. The different curves refer to 10 nm (solid line) and 20 nm ,
(dashed line) mean gramn size. The dotted line gives the remanence of the ! ~
samples according to the Stoner-Wohlfarti theory.

.......... p a ;P t t '/

tributions to the remanence. According to the Stoner-
Wohlfarth theory,8 an isotropic Nd2FemB magnet has a

remaenc of r=~s'2 ~ 9. T.Thedottd lne ivesthere- FIG. 5. Spin arrangements for zero applied field at the surface and in the
manence of the composite material assuming noninteracting interior of a composite magnet of 60% Nd2Fe14B and 40% a-Fe for 10 and

particles. The remanence increases linearly with the percent- 40 nm mean grain size. The arrows with the closed heads denote the mag-

age of a-Fe. The difference between the numerical results netic moments within hard magihetic grains, the arrows with the open heads
and the Stoner-Wohlfarth theory has to be entirely attributed denote the magnetic moments within soft magnetic grains.
to intergrain exchange interactions. In nanocrystalline mate-
rials exchange interactions align the magnetic moments par-
allel to the saturation direction and thus considerably in- magnetic phase. Exchange interactions influence the magne-
crease the remanence. In soft magnetic particles exchange tization of the soft magnetic particles only near the interface
interactions override competitive micromagnetic effects to a between hard and soft magnetic phases. The ratio of the rem-
greater extent than in hard magnetic grains. Therefore, rema- anent to saturation polarization reaches only Jr/lS=0 .6 6 .
nence enhancement due to interparticle interactions increases The coercive field decreases with increasing amount of
with increasing amount of a-Fe. a-Fe. Nevertheless, exchange interactions between the hard

The spin arrangements for zero applied field, given in and soft magnetic phases preserve a high coercive field. As a
* Fig. 5 for a composite magnet of 60% Nd2FetaB and 40% consequence the maximum energy product resembles the be-

a-Fe, demonstrate the effect of the particle size. For a mean havior of the remanence. For a mean grain size of 10 nm and
grain size of 10 nm the exchange length of a-Fe, /cx more than 50% a-Fe content, isotropic Nd 2Fet4B-based com-
= ir 1A/(Jzs/to), approaches the particle diameter. Thus, al- posite magnets show maxhrzum energy products exceeding
most all the magnetic moments of the soft magnetic phase 400 kJ/tn3 . The self-demagnetizing field deteriorates the co-
are aligned parallel to the saturatton direction. The ratio of ercive squareness owing to reversible rotations or magneti-
the rema~nent to saturation polarization shows a remarkably zation reversal within large soft magnetic regions. Thus, the
high value of JfIJs= 0.79. For a mean grain size of 40 nm, increase of (BH)max with the increasing percentage of a -Fe
stray field effects determine the direction of J5 within the soft is less significant for a grain size of 20 nm.
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FIG. 7. Demagnetization curves of isotropic, rare-carth-based composite
FIC. 6. Maximum energy product, remanence, and coercive field as a func- magnets containing 80% Nd2Fe14B, Sm2(FeosCo02)17N28, o) SmC5, and
tion of the mean grain size for a composite magnet consisting of 60% 20% a-Fe for an average grain diameter of 10 nm (solid line), 20 nm
Nd2Fe1 4B and 40% a-Fe. The dotted line gives the remanence of the (dashed line), and 40 nm (dotted line).
samples according to the Stoner-Wohlfarth theory.

V. COMPARISON OF ISOTROPIC
RARE-EARTH-BASED COMPOSITE MAGNETS

Figure 6 shows the remanence, the coercive field, and Owing to a remarkably high magnetocrystalline anirxit-
the maximum energy product as a function of the mean grain ropy, novel nitrided intermetallic compounds have a large
size for a composite magnet of 60% Nd2Fe14B and 40% potential for composite permanent magnets. The demagneti-
a-Fe. Remanence and coercivity decrease with increasing zation curves of Fig. 7 characterize the magnetic properties
grain size. In nanocrystalline, composite magnets two con- of novel, isotropic rare-earth-based composite magnets. Fig-
petitive effects determine the size dependence of coercivity: ure 7 compares the demagnetization curves for an average
(1) Magnetic inhomogencities owing to short-range ex- grain diameter of 10, 20, and 40 nm, obtained for composite
change interactions b.-twc ;n hard magnetic grains favor the magnets of 80% Nd2Fe14B, Sm2(Feo 8Co0 2) 17N2.8, or SmCo5 ,
nucleation of reversed dc: ains. The nucleation field of hard and 20% a-Fe. The results clearly show that the coercive
magnetic grains coupled hy short-range exchange interac- squareness decreases with increasing grain size for all mate-
ti(.s decreases with dec, asirng grain size.22 (2) Exchange rials. The demagnetization curves show a dip at the nucle-
interactions between the different phases, suppress the nucle- ation field of the soft magnetic phase. The comparison of the
ation of reversed domains within the soft magnetic particles, demagnetization curves for a mean grain size of 10 nm
The nucleation field of a soft magnetic grain embedded clearly shows that the nucleation field of the soft magnetic
within a hard magnetk phase decreases with increasing phase increases with increasing magnet,'crystalline anisot-
grains size.23- 26 The nucleation of reversed domains within ropy of the hard magnetic phase. Exchange hardening be-
the soft magnetic particles may cause magnetization reversal comes less effective with increasing grain size. Conse-
in neighboring hard magnetic grains, depending on the dis- quently, for a mean grain size of 40 nm, the nucleation field
tribution of magnetically hard and soft phases, on the shape of the soft magnetic phase approaches nearly the same value
of the grains, and on the orientation of the easy axes. If the for all composite materials. Nevertheless, the coercive field
reversal of the soft magnetic particles initiates a cascade-type and the shape of the demagnetization curves differ drastically
demagnetization process, the coercive field will be deter- for the different materials. In Nd2Fe14B-based magnets the
mined by the nucleation field of the soft magnetic particles :ucleation of reversed domains within the soft magnetic
and thus will decrease with increasing grain size. phase initiates a cascade-type demagnetization of neighbor-
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400 posite magnets have to be attributed to intergrain exchange
interactions. (1) Exchange interactions enhance the rema-
nence by more than 40% as compared to the remanence of
noninteracting particles. (2) Exchange hardening of the soft

300 magnetic particles preserves a sufficiently high coercive
field. The numerical studies show that remanence enhance-

rment and exchange hardening are most effective for an av-
erage grain size comparable with the exchange length of the
soft magnetic phase and a significantly high amount of soft

200 magnetic particles.
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Aligned two-phase magnets: Permanent magnetism of the future? (invited)
R. Skomski
Department of Pure and Applied Physics, Trinity College, Dublin 2, Ireland

Micromagnetic calculations are used to investigate coercivity and energy products of magnets
consisting of an aligned hard-magnetic skeleton phas' and a soft-magnetic phase with high
saturation magnetization. Compared to the present-day theoretical limit of 516 kJ/m3 for
single-phase Nd2Fe4B, the energy product in suitable nanostructured Sm2Fel 7N3/Fe65Co35

composites is predicted to be as high as 1090 kJ/m 3. The influence of the skeleton's texture and
shape is discussed, and aligned nanocrystalline two-phase magnets are compared with
remanence-enhanced isotropic magnets. In particulb- it is shown how the nucleation-based
analytical approach breaks down in the isotropic limit. Finally, we outline conceivable processing
methods and discuss potential applications of "megajoule" magnets.

I. INTRODUCTION formance of permanent magnetic materials.9 However, the
outlook for discovering new ternary phases with magnetiza-

A key figure of merit of permanent magnetic materials is tion significantly higher than that of those available, at
the er'crgy product (BH)inax, which describes the ability to present, is poor.3 Permanent magnets based on the appear-
stzre magnetostatic energy. Energy product increases with ance of a new-rare-earth iron intermetallic phase could offer
coercivity Hc and remanence Mr but can never exceed the better temperature stability, yet higher anisotropy field or im-
value ./oM2/4 corresponding to an ideal rectangular hyster- proved corrosion resistance, but the scope for significant im-
esis loop. Since Mr<Mo, the spontaneous magnetization provements in the spontaneous magnetization is very limited.
Mo yields an "intrinsic" limit (BH)max<toM2/4, but if For instance, interstitial modification with small atoms such
magnetization were the only consideration then a iron with as nitrogen or carbon is effective for enhancing Curie tem-
/u0M0 = 2.15 T would be used for permanent magnets with perature and anisotropy,s but it has rather little effect on
energy products as high as 920 kJ/m 3. In fact, the coercivity the magnetization-the moment increase is, on the whole, a
of bcc iron is so low that energy products of iron magnets are 3

only of order 1 kJ/m 3, and in the past it was necessary to In the case of isotropic magnets, which are often more
resort to cumbersome bar and horseshoe shapes to avoid In th case of oric magnets, whe om re
spontaneous demagnetization into a multidomain state by the low remanence MaMno2 reduces the theoretical energy
magnet's own magnetostatic field. For this reason the quest product by a factor 4. However, the production of nanocrys-
for improved energy product has involved a search for com- t by fctr 4. H v the an
pounds with a large magnetization combined with the strong talline composites such as Nd2FeaBiFe3BFe and
uniaxial anisotropy needed to develop hysteresis. Sm 2Fe 7N3/Fe by melt spinning 2 and mechanical alloying, 3

In former years, the problem was to achieve the neces- resptctively, shows that it is possible to combine the high
sary anisotropy, but more recently the focus has shifted to the magnetization of srar -magn iic materials and the surplus an-
problem of enhancing the magnetization. Modern high- isoropy of rare-earth intermetallics. Soft magnetic phases
perfemance magnets such as SmCoz, Nd2Fe14B, or the in- such as bcc iron often reduce the energy product by degrad-
terstitial nitride Sm 2Fe,7N3 consist of 3d atoms which are ing coercivity, but if the soft regions are small enough then

exchange coupled to rare-earth atoms which provide the exchange coupling stabilizes the magnetization direction of

uniaxial anisotropy required of a permanent magnet.'- 7 In the soft phase. This iind of exchange coupling improves the

reality, coercivity as high as 4.4 T has been achieved in low remanence of the isotropic hard phase, 12- 6 but the en-

Sm 3Fe 17N3-based magnets, 8 but for practical purposes there ergy product, though improved with respect to the isotropic

is usually no call for coercivity very much greater than single-phase rare-earth material, does not reach the level at-

M(,/2. On the other hand, the magnetization is reduced due tained in oriented single-phase rare-earth mag..ets. In other

to the rare-earth and nonmagnetic elements. The light rare- words, new approaches are necessary if the energy product is

earths' atomic moments are at best slightly larger than that of ever to double again.
iron, but they occupy more than three times the volume. Recent work by Skomski and Coey3, 7,18 has shown how
Nevertheless, it has been possible to use Nd 2Fe14B which has it should be possible to substantially increase the energy

/toMO= 1.61 T and iLoM2/4 =516 kJ/m 3 to achieve room- product in oriented nanostructured two-phase magnets by ex-
temperature energy products exceeding 400 kJ/m 3 in ploiting exchange coupling between hard and soft 1 'or3

laboratory-scale magnets. 2 At about 200 'C, which is a tech- (Fig. 1). The idea behind these systems is to break out of the
nologically important temperature region, Sm2Fe17N3 is po- straightjacket of natural crystal structures by artificially
tentially the best permanent magnetic material, 15 but here structuring new materials. The concept is similar to that of
suitable processing methods have not yet been developed, the 4f-3d intermetallics themselves, but on a different scale,

Energy product has doubled every twelve years since the where the atoms are replaced by a mesoscopically structured
beginning of the century, and much effort is being made to hard-magnetic skeleton with surplus anisotropy and small
yield further quantitative and qualitative progress in the per- soft-magnetic blocks. Based on analytical calculations, a
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F=f [ lxc(r)+fl.(r)+flH(r)+q7.m(r)]dr. (1)

J The contributions to the free-energy density are (i) the ex-
common change free-energy density 77., =A (r)[Vs(r)]2, where the ex-
c axis change stiffness A (r) describes the tendency towards parallel

spin alignment, (ii) the energy density of the (uniaxial) an-
isotropySOFT INCLUSION, e.g. Fe ( S )

HARD MAI X, e.g. 2-17 NITRIDE 7SaOe.- (K I + 2K 2 + 3K3 )(ns)2 + (K2 + 3K 3 )(ns) 4

-K3( ns)6 ,  (2)

FIG. 1. Spherical soft inclusions in an aligned hard matrix, where n is the unit vector of the local c-axis direction, (iii)
the Zeeman energy density 77H= - AoMo(r)Hs,(r), where
H=He, is the external magnetic field, and (iv) the magneto-

well-defined and realistic upper limit to the energy product static dipole interaction
of permanent magnets has been established, and energy
products of order 1 MJ/m 3 have been predicted for suitable f31 v r
multilayered and random structures. flms(r)d= - 2 K,$r-r')

Here, we summarize the background and results of these 4=1

calculations, relate them to the problem of remanence en- XM,(r)Mj(r')drdr', (3)
hancement in isotropic magnets, and draw conclusions withrespect to future developments in permanent magnetism. with Ko(r)=go(3r,r,- Sdr 2 )/(471-r5 ) and M(r)

=,M(r)ei . Note that putting n(r)=ez in Eq. (2) is equiva-

II. BACKGROUND lent to the familiar expression 7a,=Kt sin2 0
+K2 sin' 0+K 3 sin6 0, where 0 is the angle between magne-

A. Micromagnetic free energy tization and z direction.

To predict the performance of a permanent magnetic ma-
terial we have to calculate the average magnetization (M) as B. Coercivity and energy product
a function of the applied magnetic field H=He,. A conve- Mechanical work to be done by a permanent magnet
nient starting point is the (magnetic) free energy F, where the implies a magnetic hardness (coercivity) which keeps the
properties of the magnetic material enter as temperature- magnetization in the desired direction. If the coercivity H, is
dependent parameters. Locally stable magnetic configura- too small, or if the hysteresis loop has an unfavorable shape,
tions are obtained by putting SF/bM(r)=O, where &../bM(r) then the energy product won't reach the theoretical value
denotes the functional derivative with respect to the magne- toM2/4 deduced from the saturation magnetization Mo .
tization M(r)=Mo(r)s(r) with s 2 = 1. Typically, the free en- e

ergy of permanent magnets exhibits two or more metastable Depending on the real structure of a permanent magnet,

equlibiumsttes an trcig te mgneicconfiguration there are differenit harde-'-ig mechanisms. Here we treat
equilibrium states, and tracing the magnetic uitera aligned nanostructured two-phase magnets as nucleation-
s(r) as a function of an external field H=He is quite a controlled magnets. The nucleation field HN= - H is defined
demanding task. l as the (reverse) field at which the original state s(r)-e, be-

On a mesoscopic levelie, e assuming that the magneti- comes unstable. Mathematically, this requires the determi-
zation is a continuous variable, the free energy of a perma- nant of the continuous matrix 52F/8s(r)&(r') to vanish.
nent magnet reads 19'20  Note, however, that the introduction of pinning centers is a

potential way of improving the coercivity by inhibiting the
propagation of the reversed nucleus, so HN-HC is a lower

1.0 limit to the coercivity.
The determination of HN is a fairly demanding task,' 2

CL and we have to introduce suitable approximations. Due to the
long-range character of K,,(r), the magnetostatic interaction

r 0.5 1 is the most complicated one. A simple, though nontrivial,
approximation is to replace the external magnetic field by
Hff=H-D(Mz., where D is the demagnetizing factor. It
has been shown quite generally 20- 22 that for a homogeneous

0.0- - --.-.--- - ellipsoid

0.5 1.0 2K -
Reduced remanence H --- DM 0 ' (4)

FIG. 2. Dependence of the reduced effective anisotropy constant K,.f/Kh on where the factor D Mo arises from the gain in magnetostatic
the reduced remanence M'Mh. M'/Mh= 1/2 and M,/Mh= 1 mean isotro- energy due to an incoherent rotation process. The > sign in
pic texture and complete alignment, respectively. Eq. (4) indicates that incoherent rotation costs exchange en-
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ergy, but the corresponding coercivity contribution scales as special one-, two-, and three-dimensional configu-
A/(AoMoL 2), where L is the magnet's size, and is practically rations.17'19,24-27 An example is a spherical soft inclusion (di-
negligible. In the case of coherent rotation (the Stoner- ameter D, Ks=0) in a hard-magnetic matrix (cf. Fig. 1).
Wohlfarth model), HN=2K1/p 0M0-(1-3D)M 0/2, and Introducing spherical coordinates and using the interface
there is no influence of a "demagnetizing" field in spherical boundary condition As(e.V)*1's=Ah(e.V)Ih we obtain the
magnets where D = 1/3. The result of the Stoner-Wohlfarth eigenvalue equation17

model is consistent with Eq. (4). A, (D _L _ 1+ 1
Equation (4) is called Brown's paradox, because real DHN +ot

permanent magnets always seem to violate this inequality. a- 2 2A cot " 2a ]

This violation is due to the existence of inhomogenities in D 2K,- zoMhHN
real magnets while Eq. (4) applies to homogeneous ellipsoids + - __ 2A___= 0, (9)
only.21'22 In the following, we restrict ourselves to the so- 2 2Ah

called "intrinsic" D = 0 hysteresis loop of macroscopic mag- which can be solved numerically. It turns out that the nucle-
nets, from which the energy product is determined.23 ation field reaches a high-coercivity plateau if the size of the

soft inclusion is smaller than the Bloch wall thickness
III. MODEL AND CALCULATION h= ir(Ah/Kh) 1/ 2 of the hard phase. This plateau corre-

To determine the nucleation field we assume ideal align- sponds to complete exchange coupling. If the diameter D of
the soft inclusion is too large, then the magnetization be-

ment of the hard phase, i.e., n(r)=ez, and rewrite s(r)-ez as
comes unstable and the coercivity falls off as 1ID 2.

s= \J -m e+m, mrsxe,+Syey, m2<1. (5) For sufficiently small reverse fields IHI<HN(D) the

Now series expansion of Eq. (1) yields the quadratic form single soft inclusion is perfectly aligned and slightly en-
hances the remanence provided Ms>M h . On the other hand,f [A(r){VM12+Ki(r)M2+ 1 21 when the distance between the soft inclusions is small, the

F= Ar2 oM(r)Hmdr. magnetization modes can "tunnel" through the hard region

(6) which no longer acts as an effective potential barrier. In fact,

Recall that K2 rTld K. do not enter this expression, 19 so the this micromagnetic "exchange interaction" can reduce the

nucleation field of idcally anisotropic hard magnets depends nucleation field considerably when the thickness of the hard

on K, only. The case of partially anisotropic and isotropic region is less than 8
h . To obtain physically reasonable nucle-

magnets will be discussed in Sec. IV. The equation of state ation fields, the complete A (r), K1 (r), and Mo(r) profiles
magne s ghave to be taken into account.cFOm(r)=0 is given by the identity

Wr I an mr (7) IV. RESULTS

A. Coercivity
and reads 1. Plateau limit

A (r) V2m+ VA (r) Vm- [ 2Kl(r) + AOMo(r)H] m = 0. In the plateau region, where the soft regions are very

(8) small, the problem can be treated in perturbation theory.3' 17'18

Except for the VA (r)Vm term (see Sec. IV), Eq. (8) is As in quantum mechanics, the lowest order eigenvalue cor-

equivalent to Schr6dinger's e4 ,tion for a particle moving in rection is obtained by using the normalized unperturbed

a three-dimensional potential 2Kj(r)+1t0 M0 (r)H, which al- function P0 . This yields the nucleation field

lows us to apply ideas familiar from quantum mechanics to fKs +-fhKh
discuss micromagnetics. Note that the x and y components of HN 2 f s+fhMh) . (10)

m=mxe,+nmyey are decoupled and degenerate in Eq. (8), so
the vector m(r) can be replaced by any unspecified nucle- Note that this result is independent of the shape of the soft
ation mode P(r). It is, however, convenient to think of qt(r) and hard regions so long as the hard regions remain aligned.
as the magnetization mx(r) in x direction.

Finally, for our inhomogeneous two-phase magnets we 2. Multilayer limit
assume that the r %cppndence of the parameters A, K,, and It is comparatively easy to treat one-dimensional struc-
Me is given byAh, Kh, Mh, andAs, K, M, for hard (index tures such as multilayers,27 since the micromagnetic
h) and soft (index s) regions, respectively. Let the volume multilayer problem is analogous to the periodic multiple
fraction of the hard regions become fh ; the fraction of the quantum well problem. For a multilayered structure of alter-
soft regions is then given by f, = 1 -fh. nating soft and hard magnetic layers the nucleation field is

The nucleation field HN is obtained as lowest eigenvalue given by the implicit equation 17

of the Eq. (8). In the homogeneous "constant-potential"
case, the ground-state eigenfunction is a plane wave with 2K - 'LoMhN h 2Kh-IzoMhHN
k=O, and Eq. (8) reduces to the familiar form 2Ah -2 2Ah
SN -H= 2K I toMo . In the case of inhomogeneous mag-
nets, the nucleation problem Eq. (8) can be solved by serips A/ tOMsHN (_ I.LH 0 1)
expansion or an appropriate ansatz, which has been done for A 2A 2A
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where 1h and I denote the thicknesses of the hard and soft The ensemble average is defined as
layers, respectively. Note, that this result does not depend on (...) =f-'f.. .f(O)sin Od O where f(O) denotes the texture
whether the orientation of the crystallogiaphic c axis of the function of the hard phase. Note that Eq. (13) reduces to
hard phase is perpendicular or longitudinal. K&rr=Ki in the ideally anisotopic limit n,= 1.

To discuss the overall behavior of Kff we use the single-
parameter texture function f(O)= (1 + v)cosv 08 and restrict

B. Energy product ourselves to the case K 2 =K3 = 0. Using n,=cos Owe obtain

Equation (10) implies an ideally rectangular hysteresis Kff= Kh 2M'-Mh(14)loop with energy product tAoM2 /4, remanence Mr,=fh K =h2Mh-M' '(4

Mh+f, Ms, and (minimum) coercivity HN=Mr/2 . Putting where M' is the remanence of the hard regions in the
K =O in the plateau limit we obtain with HN =MI2 the interaction-free limit, i.e., M'=Mh for ideally anisotropic
maximum energy product magnets and M' =0.5 Mh for isotropic magnets. In lowest

S I. (M Mh)M (12) order perturbation theory the nucleation field is proportional
(smax=- s)M1 to Kff, so HN=O for M'=0.5 Mh in this approximation.

This means, that the nucleation field vanishes in the isotropic
Due to the large Kh, the second term in the bracket is small limit if soft and hard regions are extremely small. An alter-
so the energy product approaches the ultimate value of native interpretation is given by Eq. (12), where K h has to be

Ms/4. The corresponding volume fraction of the hard replaced by Keff. The smallness of the 1 /Kh correction term
phase is fh=IloM2/4Kh, in Eq. (12) requires the effective anisotropy to be very

The intermetallic with the most favorable combination large, 29 which is contradictory to Keff= 0, and it is not pos-
of magnetization and anisotropy is Sm2Fe1 7N3. If we con- sible to apply Eq. (12) to isotropic materials.
sider the Sm 2Fel 7N3/Fe system and assume values
/LoMs=2.15 T, AoMh= 1.55 T, and Kh=1 2 MJ/m 3, we
obtain a theoretical energy product of 880 kJ/m 3 (110 D. Isotropic magnets
MGOe) for a volume fraction of only 7% of the hard phase. 17

A further increase of the energy product is possible if iron is In the case of an isotropic matrix with randomly oriented
replaced by Fe65Co35 with A0 M,=2.43 T-the theoretical hard regions alternative methods have to be used to calculate
energy product of the Sm2Fe17NJ/Fe65Co35 system might be the coercivity. An estimate is obtained from a simple model
as high as 1090 kJ/m 3 (137 MGOe), with fh= 9 %. It is re- where two hard regions with n,=ez and n2

= ±e. are subject
markable that these optimum magnets are almost entirely to an effective coupling AIR2n. As it can be shown easily,
composed of 3d metals, with only about 2-wt % samarium, the weak-coupling limit (isolated grains) yields Mr=Mh/2.

Another possibility is a multilayered structure of alter- In the case of strong exchange coupling the orientation of the
nating soft and hard magnetic layers. Assuming grains is given by s1-s 2z-ex/V'2+e/v2, which yields the en-
As=l.67X10- ii J/m and Ah=1.07x10- 1 J/m we de- hanced remanence Mr=Mh/V2. Note that the instability of
duce from Eq. (11) that a Sr12Fe 17N3/Fe65Co35 "megajoule the aligned M(r)=Mhe state implies Mr<Mh for
magnet" is obtained for layer thicknesses Ih=2.4 nm and remanence-enhanced single-phase magnets.

ls=9.0 nm. The macroscopic shape of the magnet must of On the other hand, exchange coupling destroys coerciv-
course correspond to the optimum operating point on the BH ity. For weak coupling we find H = 2 Kh1AoMh, while the
curve; it should approximate an ellipsoid with c/a=0.55. strong-coupling coercivity Hc=K2R .2f(V2oMhA)- de-
Note that A is generally of order 10- 1 J/m, so HN and creases with increasing exchange interaction. As expected,
(BH)nax do not depend very much on the exchange-stiffness this result reduces to H, = 0 in the "plateau limit" (infinitely
inhomogenity. large A or infinitely small Reff).

C. Texture V. DISCUSSION
A. Performance and processing

As we have seen, K2(r) and K3 (r) do not influence the

nucleation field so long as the unit vector in the easy axis A conceivable way to exploit the surplus anisotropy in
direction n remains parallel to the field e,. The situation modern rare-earth permanent magnets is to use aligned two-
becomes much more difficult when the hard regions are only phase magnets where the hard phase acts as a skeleton which
partially aligned or even isotropic. For instance, the compo- keeps the magnetization of the soft phase in the desired di-
nents mx and my of m [cf. Eq. (8)] are now coupled in a very rection. Micromagnetic analysis shows that the nucleation
complicated way. However, in lowest order perturbation field in suitable ranostructured materials is proportional to
theory the mx and my decouple, and after some calculation the volulne-acicaged anisotropy.
we find that K, in Eq. (8) has to be replaced by Equation (12), which represents a hardness expansion

with respect to the small paramuter Ao(M,-Mh)MIKI,
Keff - 2 (KI + 2K 2 +4K 3)+ 2 (Kj+4K2+9K 3)(nz) predicts the energy product of aligned nanostructured two-

in4 + phace magnets to be nearly as high as the ultimate value
- s (2K 2 )K 3 )(nz+ L K 3 (n. (13) . 0om2M/4. From the point of view of exchange coupling, the
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[ mechanism is similar to the remanence enhancement in iso- TABLE I. Permanent magnet processing and applications.

tropic magnets, but yields a saturation magnetization which
is larger than that of the aligned hard phase. Processing Raw material

isera largeranc thans thatco
The practical problem is to realize a structure where the Materal Performance costs price

soft regions are sufficiently small to avoid nucleation at Stee low low low

small fields while having the hard regions crystallographi- Ferrites moderate moderate low

cally oriented. One conceivable solution is a disordered two- SmCo5  high moderate high
Nd2 Fe,4 B high moderate moderate

phase magnet with a common c axis throughout the hard Sm2Fei 7N3  high high moderate

regions. The energy product Eq. (12) is independent of the "MJ" magnets very high very high low

shape of the soft regions, so long as their size lies in the
plateau region. However, soft regions much larger than this
plateau size drastically reduce the nucleation field, 29 and it is
difficult to see how the formation of large soft-magnetic by the complicated processing requirements. We therefore
clusters might be avoided in practice. Furthermore, the hard believe that the use of aligned nanostructured two phase

skeleton has to be aligned to avoid the anisotropy reduction magnets will be restricted to special applications such as mi-
cromechanics or thin-film electronics.

described by Eq. (14). Note that remanence-enhanced lvotro- co ur thi empassonpcss
pic two-phase magnets operate on a slightly larger length Of course, this emphasis on processing is likely to be a

feature of ad future permanent magnets, even if we include
scale. "exotic" systems such as mag.etically hard room-

A more realistic possibility may be a multilayered struc- exotic"usystemsosuch aatcal hard eoom
ture of alternating soft- and hard-magnetic layers. Conceiv- temperature superconductive currents or nanoscale magnetic
able production methods are laser ablation deposition 30 or clusters where the > sign in Eq. (4) can be utilized.9 Let us

molecular-beam epitaxy. As discussed in Sec. IV, the imagine, for example, that it is possible to produce a single-

permanent-magnetic performance of the multilayer is inde- phase permanent magnet somewhat better thai; Nd 2Fel 4B by
pendent of whether the hard phase is perpendicularly or Ion- quenching from a high-pressure equilibrium state. The pro-
gituditaoyalignd.Iteisworthwhie mntioni perpendicularayorn- cessing of this material will almost certainly be much moregitudinally aligned . It is w orthw hile m entioning that perm a- ex ns v th n h a of N , e 4 l di g o m u h e s w d -
nent magnetic multilayers are one-dimensional systems, expensive than that of Nd2FetaB, leading to much less wide-
whose eigenmodes are subject to weak localization (Ander- spread commercial applications. In our opinion, singular
son localization). Weak localization in one-dimensional sys- events such as the discovery of Nd2 Fel4B are unlikely to

tems is caused by an arbitrarily small disorder, 31,32 and happen again, and most future technological and scientific

second-order perturbation theory29 yields zero coercivity if progress will be in directions other than improving the en-

the disorder is described by Gaussian or Poisson correlations. ergy product.

The reason for this coercivity breakdown is the small but
finite prob-bility of thick soft layers, since the coercivity is
determined by the thickest soft layer around which the nucle- In conclusion, it is likely that substantial improvements
ation mode is localized. This means that weak localization in the energy product of permanent magnets can be achieved
does not destroy coercivity if there is an upper limit to the by exchange hardening in nanoscale combinations of a soft
thickness of the soft layers. phase and an oriented hard phase, structured according to the

Equation (1) is based on classical micromagnetic consid- principles we have outlined. For example, the maximum en-
erations; the sizes of the hard and soft regions must be large ergy product of nanostructured Sm2 Fel-NVF 5 Co35 multi-
compared to atomic dimensions so that a continuum model layers is predicted to be as high as 1090 kJ/m' (137 MGOe).
can be applied. The model must break down when l or 1h is The high energy product, which is based on nucleation-
smaller than about 1 nm. However, due to the small prefactor controlled coercivity, breaks down in the limit of remanence-
(Ms-Mh)/M s , 0.28 for the Sm,Fe 7N3/Fe system, the en- enhanced isotropic magnets. The actual production of the
ergy product is not much affected if the fraction of the hard new material-a demanding but realistic aim-will be ex
phase is increased. We still have an energy product of almost pensive, which restricts the potential use of 'giant-energy-
800 kJ/m 3 (100 MGOe) in the Sm 2Fel 7N3/Fe system when product' magnets to special applications.
fh-30%, and we can use the extra hard material to out-
weigh quantum-mechanical size effects, to improve the ther- ACKNOWLEDGMENTS
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Nanocomposite R2Fe14B/Fe exchange coupled magnets
L. Withanawasam, A. S. Murphy, and G. C. Hadjipanayis
Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716

R. F. Krause
Magnetics Internationa4 Inc., 1111 North State Road 149, Burns Harbor, Indiana 46304

We have studied the crystallization, crystal structure, microstructure and magnetic properties of
R-Fe-B (R=Nd,PrDyTh) based melt-spun ribbons consisting of a mixture of R2FeI 4B and a-Fe
phases. All the samples crystallize first to a-Fe and a metastable phase (Y3Fe62B14 for R=Nd,PrDy
and TbCu7 for R=Tb) before they finally transform to 2:14:1 and a-Fe. The highest values of
coercivity and reduced remanence, 4.5 and 0.63 kOe, respectively, were obtained in a
Nd3.85Tb 2(Fe-Nb-B) 9415 sample. These properties are the result of a fine grain microstructure
consisting of a mixture of a-Fe and 2:14:1 having an average grain size of 30 nm.

INTRODUCTION were performed on the as-spun samples using DSC and DTA

A high reduced remanence (Mr/1M,), greater than 0.5, in to obtain transition temperatures, latent heats, and activation

isotropic magnets is highly desirable for permanent magnet energies. Typical thermal scans consisting of two or more

development. Remanence enhancement has been observed exothermic peaks are shown in Fig. 1 for Nd-Fe-B and

previously in isotropic Nd2Fel 4B magnets with small Al and Dy-Fe-B based samples. The first exotherm involves a latent

Si substitutions,",2 and more recently, 3 in samples with a con- heat of about 70-80 J/g along with activation energies in the

trolled microstructure. High values of magnetization and re- range 280-380 kJ/mol (see Table I). The latter quantity was
evaluated by plotting In (rate/Tp) vs 1/Tp for different heat-

duced remanence can also be achieved in samples with a ing rated by p lnotes vs the temperature of maximum
microstructure consisting of a fine mixture of hard (high an- itu
isotropy) and soft (higher magnetization) phases. 4'5 Kneller transform.' 9 In the case of Nd, Pr, Dy this exotherm corre-

and Hwaig6 have shown that high remanence and relatively sponds to the transformation from amorphous to metastable

high coercivity could be expected in a fine two-phase micro- Y3Fe62B,4 type structure in addition to a-Fe [see Fig, 2(a)].

structure where the small grains are exchange-coupled. Similar studies on Th-Fe-B ribbons show a transition from

Previously, we have studied various mixtures of amorphous to hexagonal ThCu7-type structure and a-Fe.
Nd2Fei4B and a-Fe and observed a maximum coercivity of Structural information and the Curie temperatures of these4.0 kOe along with a remanent magnetization of 110 emu/g metastable compounds are summarized in Table II. When thein a 50 wt % 2:14:1 and 50 wt % a-Fe mixture. 7 In this samples were heat treated at temperatures above the highestreport, we extend our studies on nanocomposite magnets to transition temperature, the metastable Y3Fe 62B14 structure
rot re extend or pstudies, onmwas found to transform to 2:14:1 + a-Fe and the TbCu7other rare earth 2:14:1 phases. structure to a mixture of 2:14:1, a-Fe, and probably to 2:17

EXPERIMENT phases as determined by x-ray diffraction. The temperature
associated with the formation of 2:14:1 phase is higher in the

Rx(Fe-Nb)yB, ingots with different composition with samples with To or Dy.
R=Nd, Pr, Dy and Tb (4<x<6, 88<y<93, 4<z<6) were
prepared by arc melting the constituent elements in an argon
atmosphere. Pieces of the ingot were melt-spun from a
quartz tube having an orifice diameter of -1 mm. A wheel 40
speed in the range of 25-45 m/s was used. The resulting . 3.5 10 c'/mn
ribbons were studied using differential scanning calorimetry 3

(DSC) and differential thermal analysis (DTA) for possible (A)

phase transformations. X-ray diffraction (Cu Ks) was used to 2 5

identify the phases present. The hysteresis loops were mea- E 2.0 -

sured in a vibrating sample magnetometer (VSM) with a tA
maximum field of 20 kOe on long (7 mm) sample pieces to 1o 1

minimize demagnetization effects. Selected samples were E 10
also measured in a SQUID magnetometer with a maximum & 0.,,(8)

field of 55 kOe. The microstructure of samples having dif- 0.5 -

ferent coercivities was studied by transmission electron mi- 00 1k,
croscopy (TEM) using a Jeol JEM 2000FX. 450 500 550 600 650 700 750 800 850 900

Temperature (°C)
RESULTS AND DISCUSSION

The melt-spun ribbons were found to be x-ray amor-
phous (or nanocrystalline) in structure. Calorimetric studies FIG. 1. DTA traces in (A) Dy-Fe-B and (B) Nd-Fe-B ribbon samples.
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TABLE 1. Transformation temperatures (T,) and activation energies (E,) TABLE II. Structure type, lattice parameters and Curie temperatures of the
associated with the phase transformations in R6 (Fe-Nb-B)94 ribbons (see phases formed after the first crystallization of R6(Fe-Nb-B) 94 ribbons.
text and Table II for details).

Structure a c T
T, E, T, E2  R type (nm) (nm) (C)

R (*C) (kilmol) (0C) (ki/mol)
Nd bcc Y3Fe62B 4  1.231 .... 200

Nd 586 388 734 456 Pr same 1.234 :.. 200
Pr 572 374 720 472 Dy same 1.235 210
Dy 587 312 827 381 Tb hex. TbCu7  4.801 4.225 240
Tb 594 289 811 455

though these samples consist of two or more magnetic com-
The intensity distribution among the 2:14:1 peaks in ponents, the smooth hysteresis loops are characteristic of a

these ribbon samples is similar to that of a R2FeI4B powder single component system but with high remanence values.
diffraction pattern indicating the isotropic nature of the The observation of high reduced remanence (MIMs> 0.5)
samples [Fig. 2(b)]. This was further confirmed by hysteresis and reversible demagnetization curves in these isotropic
loop measurements carried out along and transverse to the samples 7 indicates the behavior of exchange-coupled
ribbon length. magnets.6

Large coercivities were observed in the samples after The highest coercivity of 4.5 kOe was observed in a
annealing above the higher temperature (T 2 in Table I) exo- sample containing a mixture of rare-earths (Nd3 85Tb2) com-
thermic peak. By varying the annealing temperature and time pared to 4.0 kOe in the pure Nd5 .85(Fe-Nb-B)94 I5 sample.
these coercivities were optimized. Hysteresis loops of two The slight asymmetry in these loops is believed to be a con-
samples with optimum coercivity are shown in Fig. 3. Al- sequence of lack of saturation. However, the introduction of

Tb lowers the magnetization of these ribbons from 155
emu/g in Nd 5 8s(Fe-Nb-B) 94.15  to 130 emu/g. In
Pr6(Fe-Nb-B)94 ribbons a maximum coercivity of 3.9 kOe

Cu K ( Fe B and a remanent magnetization of 105 emu/g were observed.
~ (Ski) of Y3F 62B1 4  The coercivity of the pure Tb(Dy) samples is much lower

(-1 kOe) despite the high anisotropy of the R2FeI4 B (R
=Tb,Dy) phases. This is attributed to the formation of larger

(a) grains in these samples because of the higher annealing, tem-
peratures necessary to form the hard R2Fet4B phase.

The values of the coercivities given previously corre-
spond to a maximum magnetizing field of 20 kOe. To check

L . ^whether the loops were not minor, higher magnetizing fields
•- . were used and the results are shown in Fig. 4 for the sample

Z with largest coercivity. The coercive force does not saturate

200 ..... .......

(b) {hkl)ofbccFe 150
(hkl) of Nd2Fe 14B1

100

50

0 0

-50

-100

-150 (B)

20 30 40 50 60 70 -200 '
-20 -10 0 10 20

20 (degrees) Field (kOe)

FIG. 2. X-ray diffraction patterns showing the (a) Y3Fe62 B14 and a-Fe struc-
tures and (b) R2Fe14B + a-Fe observed in R6(Fe-Nb-B)94 ribbon samples FIG. 3. Hysteresis loops of the coercivity optimized (A)
with R=Nd, Pr, and Dy. Nd3, Tb2 (Fe-Nb.B)9 is and (B) Nd3 2TbI(Fe-Nb -B)95 8 samples.
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FIG. 4. The dependence of coercive force and magnetization on magnetiz-
ing field in a Nd3 sTb2(Fe-Nb-B)95 15 sample

for magnetizing fields lower than 30 kOe and the magneti-
zation has a high field slope indicating lack of saturation.

Transmission electron microscopy was carried out to FIG. 5. Bright-held images in a Nd 6(Fe-Nb-B) 94 sample annealed at 700 'C
study the microstructure in samples exhibiting different co- for (a) 20 mm, and for (b) 120 min. The diffraction patterns indicate a
ercive behavior. Figure 5 shows the bright-field images of mixture of 2:14:1 and a-Fe phases

two Nd 6(Fe-Nb-B) 94 samples annealed at 700 'C for 20 and
120 min. The samples annealed for a shorter period of 20
min showed a microstructure [Fig. 5(a)] consisting of a ho- larger grains formed at the higher annealing temperaturestnogneos mxtue ofa-F an 2:4:1phass wth n aer- (because of the higher transformation temperatures) associ-mogeneous mixture of c-Fe and 2:14:1 phases with an aver- atd w ht es alo .
age grain size of about 30 nm. The hysteresis loops in the
samples were similar to that of a single magnetic component. ACKNOWLEDGMENTS
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Influence of nitrogen content on coercivity in remanence-enhanced
mechanically alloyed Sm-Fe-N
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In nanostructured Sm2Fe17N.+ a-Fe two-phase permanent magnets, exchange interactions between
hard and soft magnetic phases result in remanence enhancement. With a starting composition of
Sm7Fe93, mechanical alloying, annealing at 625 'C for 10 min and subsequent nitriding at 330 *C
for 45 h results in hard magnetic powder with nanocrystallites of Sm2Fel7N3 and a-Fe some 20 nm
in size. There is a coercivity of /oH, = 0.4 T and a remanence Jr = 1.2 T, after saturating in a field
of 7.5 T. The deduced value of the remanence depends strongly on the choice of demagnetizing
factor.

INTRODUCTION soft grains must be sufficiently small. The relevant length
scale is the domain wall width of the hard phase. The ana-

Since the discovery of remanence enhancement in iso- lytical results of Skomski and Coey3 and the computer simu-
tropic nanocrystalline Nd4.5 Fe77Bs.5 in 1988 by Coehoorn lations of Schrefl et al.4 show that the size of the magneti-
et al.,1 there has been much experimental and theoretical in-
terest in this phenomenon. The idea of transmitting anisot-
ropy by exchange coupling of hard and soft phases (the "ex-
change spring") was proposed by Kneller and Hawig 2 There 4.

have been a number of papers on analytical calculations3 and
computer simulations4 of these exchange hardened two-
phase materials. Recent progress has been made to produce 1000

bonded magnets using the Nd4 .5Fe77B185 composition from /

melt spun ribbon realizing coercivities, AoH, of 0.36-0.44 T , 0

with remanences Jr of 0.89-0.80 T. Z
The original material, Nd 4 5Fe77B18 5 consisted of ex- () 40 414

change coupled grains of Nd2Fe14B, Fe3B, and a-Fe in the 1rWO.i'rETA (DEGREES)

ratio 15, 73, and 12 with crystallite sizes ranging from 10 to
30 nm. Related behavior is found in nanocrystalline, single .
phase, Nd2Fet 4B where the addition of 2 at. % Si refines the o
grain size to 20-30 nm.6 Si is not a specific requirement,7 as
under c.,rtain processing conditions, which yield a grain size low
of 20-30 nm, a similar remanence enhancement could be

obtained. This type of remanence enhancement has also been z
modeled using a computer simulation.8  o ()

Coercivities of 3 T have been obtained in Sm 2Fe,7 N3

produced by mechanical alloying,9 but due to the isotropic
nature of this nanocrystalline material the rmmanence was ,
limited to a value of 0.75 T, half the saturation magnetiza-

tion. Due to the rather low decomposition temperature of the ICo(10)

Sm 2FeI 7N3 phase (600 C) it is not possible to apply the di- 1000
zupsetting method used in Nd2Fe14B to p-uduce anisotropy. W (a)

In 1993 Ding et al 10 showed that a nanocrystalline two- SO

phase mixture of Sm2Fel 7N, and a-Fe produced by mechani- OW-ie (200)
cal alloying exhibited remanence enhancement. The isotropic .
powders have I,=1.4 T and aoH,= 0.39 T. 0,

Theoretical modeling of such two-phase nanocrysta~line i %O.I,1I A (DEGREES)
materials, where a high magnetization soft phase is exchangecoupled to a high anisotropy hard phase has yielded insight FIG 1. X-ray diffraction patterns of mechanically alloyed Sm7Fe93, an-inople t ca higranies y and rain buaryield i t nealed at 625 °( for 10 mm, (a) before mtriding, (b) after 330 'C for 5 h in
into the critical grain sizes and grain boundary roequitwnwnts. I bar of N, and (c) after 45 h at 330 'C. Inset shows the (220)/(303)/(214)/
To preserve coercivity in the nanocomposite, the size of the (006) peak under the same conditions. UNt=before nitriding (unnitrided)
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TABLE I. Lattice parameters, magnetization, and weight gain results for mechanically alloyed Sm 7Fe93 , an-
nealed at 625 °C for 10 min, and nitrided in 1 bar of N2 for different temperatures and times.

a c V AV/V ,ioH, J, AWIW
Sample (A) (A) (A)3  (%) (T) (T) (%)

UNa 8.54±0.02 12.42±0.02 784±'5 ... 0.02 ...

330, 5 8.66±0.01 12.75±0.04 828±3 5.6±1.0 0.35 1.12 1.7±0.1
330, 24 8.71±0.01 12.58±0.08 826±5 5.4±1.3 0.36 1.19 2.3±0.1
330,45 8.73±0 01 12.68±0.06 837±4 6.7±1.2 0.38 1.17 2.4±0.1
330, 64 8.70±0.01 12.79±0.09 838±10 6.9±1.9 0.29 1.20 2.3±0.1
400, 475 8.73±0.01 12.72±0.15 839±10 7.0±2.0 0.28 1.20 2.4±0.1

WUN=before nitriding-unnitrided.

cally soft region should be roughly twice the domain wall process, D=Doexp-(Ea/kT) with Do=1.02X 10-6 m2/s
width of the hard phase to stiffen the soft magnetic grains, and an activation energy Ea= 133 kJ/mol,13 the diffusion

The domain wall width depends on the anisotropy ac- length for a temperature of 330 °C and a time of 5 h, is
cording to the well-known formula 6,,= ir(A/K) 1/2 . In the approximately 200 nm which is much less than the particle
Sm 2Fe 7N, system, the anisotropy constant K1 and the ex- size (1-100 Am with an average of 20 Ain) but greater than
change parameter A increase with nitrogen content up to the size of the nanocrystallites which are only 20 nm in di-
x= 3.1 Values for x= 3 are A = 1.1 X 10- 11 J/m and K1 = 8 ameter. This suggests that nitrogen diffusion advances rap-
MJ/m 3.12 Here we investigate the influence of the nitriding idly along the Sm 2Fe17/Fe grain boundaries, but 5 h is insuf-
conditions on the overall magnetic properties of two-phase ficient to achieve complete nitrogenation of the particles.
exchange-hardened Sm 2Fe17Nx + a-Fe. Keeping a nitriding temperature of 330 'C samples were

then nitrided for time periods of 24, 45, and 64 h and the
EXPERIMENT

Elemental Sm and Fe were mechanically alloyed in the
ratio Sm 7Fe93 in a planetary ball mill. 20 g of the starting - -o,'

mixture was placed in hardened stainless-steel vials together 10

with 400 g of 10-mm-diam stainless-steel balls. The as- 0S '

milled powders were annealed at 625 'C for 10 min under J IT] t0 -. . .. . .-. +.. t......

vacuum. The subsequent nitriding was carried out in 1 bar of -o5
N2 at 330 'C for times ranging from 5 to 64 h. Structural o (a)

investigations were performed with a Siemens D500 x-ray 5
diffractometer using Cu K,, radiation. The nanostructure of t. 0
this two phase exchange-hardened material was character- o 5
ized by transmission electron microscopy. Magnetization .IT] h .+-.-.+.-1

measurements were performed on powder samples dispersed
in resin, with a packing density of about 30%, in a vibrating 0'

sample magnetometer in applied fields up to 7.5 T. .10 , (b)

RESULTS AND DISCUSSION o

The as-milled powders consisted of crystallites of a-Fe os

embedded in an amorphous matrix of Sm-Fe. Scherrer J ITI 00 .- . ....-....

broadening of the x-ray reflections indicated these crystal- -05
lites to be between 5 and 10 nm in size. Following crystalli- o (c)

zation of the Sm2Fe17 phase there was a mixture of Sm 2Fe17  5......
and a-Fe in the ratio 60:40 as determined from measure-
ments of the saturation magnetization. Initially nitriding was
carried out using 1 bar of N2 at 400 'C for 2 h followed by 1 J T 1. .................
h at 475 'C. This resulted in a powder with a coercivity of
0.28 T. The weight gain on nitriding indicated complete ni-
trogenation. The nitriding temperature was then reduced to -t 0' (d)

330 'C and the time increased to 5 h. This yielded a better -15

ccercivity of 0.35 T even though both the weight gain and .40 -30 -20 -to 00 to 20 30 40

the x-ray diffrdction pattern, shown in Fig. 1 suggest incom- p0oH IT
plete nitrogenation. The reason for the much improved re- FIG. 2. Hysteresis loops of mechanically alloyed Sm7 Fe93 , anncaied at

sults at the lower nitriding temperature of 330 °C is not yet 625 'C for 10 min after nitriding in 1 bar of nitrogen at 330 *C for (a) 5 h,
clear. Using the formula for an activated interstitial diffusion (b) 24 h, (c) 45 h, and (d) 64 h.
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during annealing, and if they exceed a certain size the two
phases tend to behave independently. Figure 3 shows a
bright-field micrograph of the microstructure of an optimally
annealed sample nitrided at 400 C for 2 h followed by
475 'C for 1 h. Ultrafine grains with an average size of ibout
20 nm are visible. The electron diffraction pattern corre-
sponding to that area is presented in the lower part of the
figure. It reveals the presence of the two phases Sm 2FeTNx

and a-Fe, which are both randomly oriented, indicated by the
occurrence of complete diffraction rings. A high resolution
image shows lattice fringes characteristic of the two phases.

(a) The calculated domain wall width of Sm 2Fe17N3 is ap-
proximately 4 nm.12 This implies that for most effective
transfer of the hard magnetic properties to the soft magnetic
grains, the size of the soft grains should not exceed approxi-
mately 8 nm. The milling and annealing conditions were
systematically varied, but the end result, without the use of
additions15 was always that, the miiimum size of the ar-Fe
grains after crystallization of the Sm 2Fe17 phase was about"Ii l 20 nm. It should be investigated whether by lowering the

2 0110 anisotropy of the hard phase, Sm2Fe17 N, by reducing x for
211 example, the increase of the domain wall width 5, would

3 22 lead to a greater coercivity.310 -Fe Srn2 Fe17N x
222

(b) CONCLUSIONS
FIG. 3. (a) TEM bright-field micri "raph of mechanically alloyed Sm7Fe93
annealed at 625 'C for 0 min and nitrided in 1 bar of N2 at 400 'C for 2 hComplete nitrogenation at such a low temperature of the
followed b I h at 475 'C. (b) Electron diffraction pattern corresponding to two-phase nanostructure is in contrast to that of nano-
the area in (a). crystalline single phase Sm 2Fe17 N3 prepared by a similar

process. It suggests that nitrogen diffusion is particularly
easy along Sm 2Fe17/Fe grain boundaries. The activation en-

results are presented in Table I and Fig. 2. From the lattice ergy for the diffusion of nitrogen in a-Fe is -half that in
parameters in Table I, it appears that after a nitriding treat- Sm 2Fe17. A homogeneous nanostructure is achieved by me-
ment in 1 bar of N2 at 330 'C for 24 h, the powder is com- chanical alloying, but the size of the soft, a-Fe regions is
pletely nitrided. The coercivity increases from 0.36 to 0.38 T approximately 20 nm, which is about twice the size for op-
after nitrogenation at 330 C for 45 h. Longer nitriding time timum txchange hardening.
leads to further increase in the lattice expansion, which may
result from a value of x in the formula Sm2Fet 7Nx , slightly R D
greater than 3. The decrease in anisotropy field for x>3 . hoor, D. B. de Mooij, J. P. W B. Duchateau, and K. H. J. Bus-

chow, J. Phys. (Paris) C8, 669 (1988).
(Ref. 14) is a possible explanation for the fall in coercivity 2E. F. Kneller and R. lawig, IEEE Trans. Magn. MAG-27, 3588 (1991).
from 0.38 to 0.29 . 3R Skomski and J. M. D. Coey, Phys. Rev. B 48, 15 812 (1993).

The coercivity and remanence values given in Table I 4T. Schrefl, H. Kronmuller, and J. Fidler, J. Magn. Magn. Mater. 127,
were obtained in a field of 3.5 T. The A coercivity of 0.38 T L273-L277 (1993).wS. Hirosawa, H. Kanekiyo, and M. Uehara, J. Appl. PhyQ 73, 6488 (1993).
increases to 0.40 T in a 7.5 T field. Remanence values are 6G. B. Clemente, J. E Keem, and J. P B.adley, J. Appl. Phys. 64, 5299

calculated using the theoretical powder density of 7.7 g/cm3 . (1988).
In correcting the hysteresis loops of resin bonded powder 7A. Manaf, M. Leonowitz, H. A. Davies, and R. A. Buckley, Proceedings of

the 12th International Workshop on RE Magnets and their Applications,samples for demagnetizing fields it is not sufficient to use the Cabr,192p..samplesCanberra, 1992, p. 1.

correction factor appropriate to the external shape of the 8H. Fukunaga and H. Inoue, Jp,, J. Appl. Phys. 31, 1347 (1992)
sample. Due to the low packing density, there are internal 9 K. Schnitzke, L. Schultz, J. Wecker, ,,, M Katter, Appl. Phys. Lett. 57,

demagnetizing fields which need to be taken into account. 2853 (1990).

S smeasured in closed circuit using a BH loop tracer J. Ding, P. G. McCormick, and R. Street, J. Magn Magn. Mater. 124, LI
Samples m(1993).
indicated strong internal demagnetizing fields, thus in each 11 M. Katter, J. Wecker, C. Kuhrt, and L. Schultz, J. Magn. Magn Mater
case a demagnetizing factor of 0.33 was used taking into 117, 419 (1992).

account the roughly spherical shape of particles and the ab- 12 R. Skomski and P. A. P. Wendhausen, in Interstitial Alloys fir Reduced
Energy Consumption and Pollution, edited by G. J. Long, F. Grandjean,

sence of magnetic interactions. and K. H. J. Buschow (Kluwer, Dordrecht, in press)

At annealing temperatures and times greater than 625 'C 13R. Skomski and J. M. D. Cocy, J. Appl. Phys. 73, 7602 (1993).

for 10 min, the hysteresis loop of the nitrided material 14T. Iriyama, K. Kobayashi, N. Imoaka, and T. Fukuda, IEEE Trans Magn.

showed a constriction, i.e., magnetic behavior indicative of MAG-28, 2326 (1992).

two independent phases, one with a large coercivity and the 1
5 K. O'Donnell, C. Kuhrt, and J. M. D. Coey, Proceedings of the 13th

International Workshop on RE Magnets and their Applications, Birming-
other with a small coercivity. The a-Fe grains grow rapidly ham, 1994, p. 851.
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Coercivity of Ti-modifielJ (a-Fe)-Nd 2Fe14B nanocrystalline alloys
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Coercivity of Ti-modified nanocrystalline (a-Fe)-Nd2 Fe1 4B alloys with soft iron particles embedded
in hard Nd2Fe14B matri:; was studied. The alloys were prepared by melt spinning and annealing. The
grain size of "d 2Fe14B is from 20 to 60 nm, while that of the soft iron particles is 11 to 30 nm. The
coercivity of the annealed flakes decreased dramatically with increasing particle size of free iron,
following the same tendency of a theoretical calculation by Schrefl et al. For the Ti-alloyed flakes,
the 1 at. % Ti-containing ones show the highest coercivity of 11.1 kOe. Its (BH)m value is about 16
MGOe despite lower Nd and B contents than stoichiometric Nd2Fel4 B. More Ti addition would
deteriorate the cot rcivity.

I. INTRODUCTION formula. The microstructure was studied asing a transmis-

Rapidly quenched Nd-Fe-B flakes with Nd and B richer sion electron microscope (TEM) with an energy dispersive

than the stoichiometric Nd2Fe,4B (2-14-1) composition have spectroscopy (EDS) attachment.

been extensively studied."2 The high coercivity and energy
product of the flakes primarily results from the magnetically III. RESULTS AND DISCUSSION
hard Nd 2Fel4 B phase. Recently, some researchers proposed a A. Crystallization behavior of as-spun flakes
kind of nanostructured two-phase magnets with soft mag-
netic phase embedded in hard magnetic phase.3- 5 This mate- The as-melt-spun amorphous flakes can be obtained by
rial has been attracting much attention because it possesses high-speed melt spinning even though they contain low B

hgh saturation magnetization with moderate coercivity, and Nd contents. These flakes show a glass transition tem-

hence the maximum energy product can be greatly enhanced. perature (Tg) of around 470 'C and a crystallization tempera-

In this study, we intend to precipitate fine soft iron particles ture (T,) of around 600 'C. The T. value increases with in-
within Nd2Fe14B matrix in the a-Fe/Nd2Fe1aB psuedobinary creasing amount of a-Fe and Ti, as shown in Table 1I. The

The alloying effect of Ti element was also system- activation energy (Ea) of crystallization is calculated usingsystem. the Kissinger plot.8 The N8T3 flakes show a highier-energy
barrier of crystallization than N1OT1 flakes, which is consis-
tent with the crystallization temperature datum.il. EXPERIMENT

The studied alloy compositions are designated as shown B. Magnetic properties of annealed flakes
in Table I. The samples were prepared first by arc-melting The Ti-i at. % alloyed flakes annealed at 750 'C for 10
Nd, Fe, B, Ti elements of +99.5% purity under argon pro- min show the highest-energy product with an improved
tection, then remelted by induction melting and rapid squareness of the demagnetization curve. The (BH)m value
quenching at a wheel speed (V,) of 40 m/s by using single- of 15.9 MOe is higher than that of conventional MQI
roller melt-spinning technique.6'7 The as-spun flakes were (tradename of flakes manufactured by Magnetquench, typi-

annealed at different temperatures from 600 to 800 'C for 10 cally 14-15 MGOe) despite its lower Nd and B contents

min. Differential thermal analysis (DTA) was used to deter- than stoichiometric Nd2Fel 4B.

mine the crystallization temperature and activation energy of Figure 1 shows the dependence of Nd content on coer

crystallization of as-spun flakes. Magnetic properties were civity. The intrinsic coercivity (ic) value increases linearly

measured by a VSM with a maximum field of 20 kOe at with Nd content. The increasing rate of iHc is 2.5 kOe at. %

room temperature. The crystal structure of the flakes was Nd. But the Br value increases as decreasing Nd content due
studied by x-ray diffractometry (XRD) using Cu Ka radia- to the enhanced remanence effect as predicted by the theory. 3

tion. The grain size of free a-Fe was calculated from the full For the Ti-containing samples, iHc of the 1 at. % Ti added
width at half maximum (FWHM) data by using Schererr's

TABLE it. Crystallization temperature (T.) and activation energy (E, ). T1TABLE I The designation of the studied alloy composition. was measured at a heating rate of 10 °C/mm, E. calculated from the peak

shift in DTA curves obtained dt heating rates of 5, 10, and 15 0Cmin.
Nd 0 5 Fe84j B5 29TI Nd9Fe8 5B4 5T, Nd 8FeMB 4 Ti,

NIOTO (x=0) N9TO (x=0) N8T0 (x=0) Alloy NIOfI NM N8T3

NIOTI (x= 1) N9T1 (x= 1) N8TI (x = 1) T (°C) 576 590 605
• N9T2 (x = 2) N8T3 (x = 3) E. (kJ/mole) 73 119

J Appl Phys. 76 (10), 15 November 1994 0021-8$79/94/76(10)/7071/3/$6.00 © 1994 American Institute of Physics 7071



14 211
14 NIOTIN'97lV4Tflaker 2

-*. NIOTI,N9TINST1Jflkes
12 -A- .frceflakes 1 0.8

17 SmrFtNIFe hypothes (Skomski et al)
. : Thoretical prediction (Schrefl et al.)

10 *: T. study_ 0.6

~13 0.4

9 -

4 0.2

2 5 0

7 8 9 10 11 12 0 8 16 24 32 40

Nd content (at. %) Fe grain size (rnm)

FIG. 1. Dependence of Nd content on iHe value of flakes annealed at FIG. 3. Micromagnetic simulation (Rcf. 5), Skomski's modeling (Ref. 3),
750 C for 10 min. and experimental data of the effect of a-Fe particle size on the coercivity of

flakes annealed at 750 C for 10 mim.

samples is higher than Ti-free samples. However, more Ti
addition would result in a rapid deterioration of iHc due to hard magnetic phase) is twice as large as the experimental
the growth of a-Fe. Figure 2 shows the effect of annealing ones. This may arise from the fact that the theoretical mod-
temperature on iHc of the Ti-free, the 1% Ti and 2% Ti eling has the soft iron particles completely embedded within
alloys. It is manifest that the optirmum annealing temperature hard magnetic phase, while in the studied alloys, the free-
ranges from 700 to 750 "C. The optimum temperature in- iron particles are mostly free standing among Nd2Fe14B
creases with Ti content. grains and partly embedded (particularly for smaller ones),

as shown in Fig. 4. Nevertheless, the tendency is correct that

C. Microstructure features the coercivity does drop dramatically when a-Fe particles
grow up. The comparison between the experimental results

The grain size of a-Fe is measured by the peak- and Skomski's calculation is difficult because the size range
broadening technique in XRD calibrated against a pure iron is different.
sample with large grains (about 10 Am). The coercivity of Figure 4 is a TEM micrograph taker from NiOT1 flakes
flakes decreased rapidly with increasing particle size of a-Fe annealed at 750 'C for 10 min. The flakes exhibit a fine grain
precipitates. Figure 3 shows the relationship between a-Fe structure with soft iron particles mostly free standing among
particle size and coercivity for the annealed Ti-containing and partly embedded in hard Nd2Fe14B phase. The grain size
flakes. The theoretical predictions proposed by Skomski and of the Nd2Fe14B phase ranges from 20 to 60 nm and the soft
Coey3 and Schrefl et al.5 have delineated similar behavior, iron particles are generally less than 20 nm. It has proposed
also shown in Fig. 3. There is a discrepancy between the that fine Nd2Fe14B grains significantly contribute to the co-
experimental results and the theoretical calculation by ercivity by acting as the domain-wall-pinning sites. The free-
Schrefl et al In the figure the normalized coercivity (nor- iron particles are smaller tlh.n single domain, so when a do-
malized by the theoretical nucleation field, 2KIJ,, of the main wall sweep across it, large exchange anisotropy will be

8

7-

6

,~

4 0 Ti=2at%
"W T=lat%

-h T free

3

2
600 650 700 750 800 850

Annealing temperature(C)

FIC 2. Annealing effect on the coercivity for NdgFes65B 4 5'li, (x=0-2 FIG. 4. TEM micrograph of a Ndo 5jFe4 11B5 29Ti flake annealed at 750 C
at. %). for 10 min.
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IV. CONCLUDING REMARKS

Ti-modified (a-Fe)-Nd 2Fe14B nanocrystalline two-phase
alloys with soft iron particles embedded in hard Nd2Fe14B
matrix were preparert by melt spinning and annealing. The
grain size of Nd2Fel4B is 20-60 nm while that of the soft
iron particles is 11-30 nm. The coercivity of the annealed
flakes decreased d1ramatically with increasing particle size of
the free iron, following the same tendency of a theoretical
calculation by Schrefl et al. The 1 at. % Ti-containing flakes
show the highest coercivity of 11.1 kOe. Its (BH)m value is
about 16 MGOe despite the lower Nd and B content than

5Oim- stoichiometric Nd2Fe14B.

FIG. 5. A few larger grains found in annealed Ndlo 5 Fe8 11B5.29TI flakes; ACKNOWLEDGMENT
inset is the SAD pattern showing the ,:-14-1 phase.
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be Fe 93.2 at. %, and Ti 2.9 at. %. 8 H. E. Kissinger, Anal. Chem. 29, 1702 (1957).

J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Yao, Chin, and Chen 7073



Magnetization processes in remanence enhanced materialsI (invited) (abstract)
R. Street, P. Allen, J. Ding, E. Feutrill, L. Folks, P. A. I. Smith, and R. C. Woodward
Research Centre for Advanced Mineral and Materials Processing, Nedlands 6009, Australia

Isotropic assemblies of hard and soft magnetic phases in nanocrystalline form have been produced
by high energy ball milling and melt spinning. These materials exhibit remanence enhancement, i.e.,
the remanence exceeds 0.5Msat, the value expected of an isotropic material. The phenomenon has
been investigated using models in which interaction energy across the interfaces between
magnetically hard and soft components is taken into account. An example of such a
two-dimensional model will be discussed. Measurements have been made of the magnetic properties
of SmFeN, Sm(Fe,Co), and NdFeB two phase nanocrystalline materials. All of them exhibit
remanence enhancement. The time dependent behavior of materials exhibiting remanence
enhancement is unusual. Magnetic viscosity occurs on both branches of recoil loops as well as on
the initial magnetizing and demagnetizing curves.
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Magnetic Multilayer-Coupling III A. Chaiken, Chairman

Magnetic order and spin-flop transition in Co-Re multilayers
Z. Tun, W. J. L. Buyers, and I. P. Swainson
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M. Sutton
Center for Physics of Materials and Department of Physics, McGill University, 3600 University Street,
Montreal, Quebec H3A 2T8, Canada

R. W. Cochrane
Groupe de recherche en physique et technologie des couches minces et Departement de physique,
Universite de Montreal, C.P 6128, Succ. Centre Ville, Montreal, Quebec H3C 3J7, Canada

Polarized neutron reflectometry measurements were carried out on a thin-film Co-Re multilayer
sample with Re thickness of 6 A which is at the peak of the first oscillation of the magnetoresistance.
Antiferromagnetic coupling between successive Co layers is observed at in-plane magnetic fields
below 0.1 T. Towards the low field end of this regime, the axes of the antiferromagnetic domains are
distributed relatively uniformly in the sample plane but at -0.1 T the moments flop perpendicular
to the applied field. As the field is increased further, the Co moments are pulled into the field
direction producing a partial ferromagnetic alignment. At 0.5 T, the highest field where the
measurements have been made, the antiferromagnetic to ferromagnetic transition was found to be
only -50% complete, indicating that the saturation field required for Co-Re system is much higher
than that for Co-Cu multilayers of similar layer spacing.

I. INTRODUCTION ments on a sample with a Re layer thickness of 6 A, chosen
to be at the peak of the first oscillation of the magnetoresis-

Multilayers composed of a ferromagnetic metal (Co, Fe, tance. Small angle spin-polarized neutron reflectometry is
Ni) 1- 5 separated by a nonmagnetic transition metal (such as sensitive to both the nature of the interlayer coupling as well
Cu, Cr, Ru, and Ag) exhibit oscillatory interlayer magnetic as the orientation of the internal magnetic axes with respect
coupling which has stimulated considerable fundamental and to the external applied magnetic field as has been shown for
technological interest. In these materials, the coupling of ad- molecular-beam-epitaxy-grown (MBE) Co-Cu multilayers.' 0

jacent magnetic layers oscillates between antiferromagnetic
(AFM) and ferromagnetic (FM) alignment as a function of
the nonmagnetic spacer thickness with a period about 10 A II. EXPERIMENTAL DETAILS
for most systems. 3 This period can be understood in terms of The sample studied was taken from a series of samples"
the Ruderman-Kittell-Kasuya-Yosida interaction and the with layer structures substrate/Re(50 A)/[Co(24 A)/Re(t
topological character of the Fermi surface of the nonmag- A)]xs0/Re(10 A) deposited on oxidized Si substrates using a
netic spacer layer.6 Further, a strong negative magnetoresis- modified single-source rf triode sputtering system. The addi-
tance has been found in such multilayer films when the ini- tional 10 A Re overlayer was included to inhibit oxidation of
tial antiparallel magnetization alignment of adjacent layers is the Co layer immediately underneath. The deposition system
brought into parallel alignment by an external magnetic was pumped to a base pressure _1 X 10- 7 Torr before sputter
field.' As a result, the magnitude of the magnetoresistance deposition at a pressure of 4.0 mTorr argon and a rf power of
oscillates with the nonmagnetic spacer thickness2' 3 and is 88 W. With a substrate-target distance of 5.5 cm, typical
attributed to spin-dependent scattering of the conduction deposition rates were 2.1 A/s for Co and 2.0 Ais for Re. The
electrons.7  structural characterization of the samples was performed by

We have recently demonstrated8 9 that the magnetoresis- low- and high-angle x-ray diffraction measurements. 9 Low-
tivity of Co-Re multilayers also oscillates as a function of the angle reflectivity data show three superlattice peaks, con-
Re layer thickness, with a small ARIR peak value of 1% and firming a well-defined composition modulation along the
a large saturation field value near 1 T at low temperatures. growth direction. In addition, high-angle x-ray diffraction
Although the magnetoresistance is relatively small compared data indicate coherent and highly textured structures with an
with other systems such as Co-Cu, the large fields required hcp [002] direction normal to the film plane. X-ray lin-
for the saturation of magnetoresistance are comparable with ewidths suggest an in-plane grain size of about 200-300 A
those in Co-Cu, indicating that the interlayer coupling is for this sample.
relatively strong for the Co-Re multilayers. In order to ex- The neutron reflectivity measurements were carried out
amine the interlayer magnetic coupling in detail, we have at the NRU reactor, Chalk River, with the C5 spectrometer of
undertaken a series of polarized neutron reflectivity measure- the DUALSPEC facility. The spectrometer was fitted with a
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FIG. 1. Polarized neutron scattering intensity as a function of the scattering FIG. 2. Polarized neutron scattering intensity as a function of the scattering
angle 20 (2theta) at B =0.044 T. NSF scattering is plotted as filled circles angle 2theta at B =0.123 T. NSF scattering is plotted as filled circles and SF
and SF scattering as open circles, scattering as open circles.

Cu2MnAl Heusler alloy monochromator and analyzer, a py-
rolytic graphite filter, and a Mezei-type spin flipper tuned for order in the zero-field limit is AFM. The intensity ratio be-

the selected neutron wavelength of 2.37 A in the scattered tween the SF and NSF peaks in Fig. 1 is 2:1, indicating that

beam. This setup allowed us to measure non-spin-flip (NSF) in-plane AFM order is predominantly oriented perpendicular

and spin-flip (SF) scattering of polarized neutrons by the to B but approximately 30% of the moments remain parallel

sample. Since the Heusler alloy reflects only "spin down" to B at this value of the field. For antiferromagnetically

neutrons the scattering processes correspond to coupled layers in an applied field the mag,-tic energy is

S(Q)down-down and S(Q)dwf.-p. The sample was mounted in reduced if the moments are perpendicular ratiwr than parallel
a cryostat with a horizontal magnetic field almost parallel to to the field. The observation of AFM peaks in both scattering

the multilayer planes. A small misalignment of the field of channels at B =0.044 T tlierefore indicates that there is a

'3 was required in order to avoid the neutron shadow small amount of in-plane aiiisotropy present for the Co lay-

caused by the liquid-helium feed tube for the lower part of ers. A completely spii-floppeo site of the sample, signaled

the magnet. Specular reflectivity measurements were carried by a purely SF scattering at the AFM peak position, is ob-

out at small glancing angles (<60) with the scattering vector served at 0.123 T (Fig. 2). Assuming the moment per unit

perpendicular to the multilayers. Sample temperatures were area of each Co layer to be 3.5 X ,1 - 4 G cm (M X tc,-1446

in the range from 4.2 to 250 K; only weak temperature de- GX24 A), we estimate the magnitude of the in-plane anisot-

pendences were observed and, in this paper, only low tem- ropy to be -0.4 erg/cm.

perature data are presented. In Fig. 2 (B =0.123 T) the small NSF peak at 20-4.50 is
due to the establishment of a small net moment parallel to B.

III. RESULTS AND DISCUSSION Note that the NSF signal in the corresponding range of Fig. 1
is undetectable above the background. More recent low-field

Magnetic neutron scattering is sensitive only to the com- measurements (to be published elsewhere) 12 show that there
ponents of the magnetic moment that are perpendicular to the is indeed a very weak peak at this position of purely nuclear
scattering vector, i.e., that lie in the plane of the multilayer.
Since the neutrons are polarized along the applied field B,
the in-plane components of the moment parallel and perpen- 600

dicular to B are observed as NSF and SF scattering, respec-
tively. 

400
Neutron reflectivity curves measured at three values of B I

are shown in Figs. 1-3. In general, resolved peaks are ob- w 360 -served at three regions of scattering angle. The large peak at
0

very small angles arises mostly from the unscattered neu- o
trons. Additional small angle scattering is seen for the NSF u 240 0 1
channel due to finite critical angle for total external reflec- 12 - 00 |
tion. No total external reflection is sem for the SF channel. 120 0 ."

Additional peaks are found at 20=4.50, arising from the oooooo 0o0000

structural period of 30 A for this sample, and at 20=2.3', 0 2 2 4 3 6 4 8 60
corresponding to twice the structural period due to the AFM 2 Theta (degrees)

stacking of adjacent Co layers.
At the lowest applied field (B = 0.044 T), specular peaks FIG. 3. Polarized neutron scattering intensity as a function of the scattering

at 20= 2.30 are observed in both the NSF and SF scattering angle 2theta at B =0.50 T. NSF scattering is plotted as filled circles and SF

channels (Fig. 1), confirming that the interlayer magnetic scattering as open circles
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Interlayer exchange coupling versus ferromagnetic layer thickness
in asymmetric Co/Ru/Co trilayer films

L. Zhou, Z. Zhang, and R E. Wigen
Department of Physics, The Ohio State University, Columbus, Ohio 43210

K. Ounadjela
23 rue du Loess, 67037 Strasbourg, Cedex, France

A dependence of the interlayer exchange coupling coefficient A 12 on the Co layer thickness has been
observed in asymmetric Co(32 A)/Ru(tRU)/Co(t 2) trilayer structures for several series within which
tRu is a constant. As a function of the second Co layer thickness, the amplitude of A 12 varies
significantly but the sign ot A 12 does not change within each series. In both parallel and antiparalle:
coupled structures, the variation length At 2 between the maximum and the minimum coupling
strength is rather large (about 10 A) and consistent from series to series.

I. INTRODUCTION lel coupled in-plane magnetization curves, two transition
fields Hci,1 =A12/MsX(l/t 2 -l/t1) and Hcri,2 =A 12 /Ms

Since the discovery of antiparallel coupling between Fe X (lit 2 + l1t) exist which separate the antiparallel, canted,
films across a Cr interlayer many studies have been done to and saturation states. The two transition fields can be used to
evaluate the interlayer exchange coupling strength in various evaluate the coupling coefficient A 12 . However, the in-plane
magnetic multilayer systems using ferromagnetic resonance hysteresis loop for a parallel coupled system is degenerate
(FMR) and Brillouin light scattering (BLS).2-5 For a ilayer with that of a noncoupled system and therefore cannot be
structure consisting of two ferromagnetic layers separated by used to evaluate the coupling strength. In contrast to the
a nonmagnetic spacer, the bilinear exchange coupling energy in-plane magnetization measurements, FMR can provide in-
per unit surface area is defined as formation of the exchange coupling strength and effective

M1 .M2  anisotropy energy for both parallel and antiparallel coupled
A 1 2 MIXM 2 (1) systems.

where A 12 is the exchange coupling coefficient and M1 and
M2 are magnetization vectors in the first and second mag-
netic layers, respectively. The sign of A 12 is chosen so that it II. EXPERIMENT
is positive for an antiparallel coupled system and negative
for a parallel coupled system. The Co(32 A)/Ru(tRu)/Co(t 2) structures were prepared

While most work is devoted to the oscillation behavior in ultrahigh vacuum by evaporation on freshly cleaved mica
of the interlayer exchange coupling with increasing inter- substrates. In each of the four series, the Ru layer thickness
layer thickness, little effort has been related to the depen- is a constant (tRu= 10, 12, 16, and 24 A, respectiiely) while
dence of the coupling on the thickness of the ferromagnetic 12 varies from 8 to 32 A. Structure analysis using reflection
layers. Recently, Bloemen et al.6 have studied the coupling high-energy electron diffraction and transmission electron
behavior in a (001) Co/Cu/Co trilayer structure with different microscopy indicates that the layers are grown epitaxially on
Co layer thickness, and concluded that the interlayer cou- the buffer layers, with good crystalline features and sharp
pling oscillates as a function of the Co layer thickness with a interfaces.
period of 6-7 A. Their results are consistent with the predic- It has been found that the magnetization vectors of the
tion by Barnas 7 and Bruno,8 T -th the theoretical calculation two Co layers are strongly antiparallel coupled in series I
by Barnas and Bruno and the experimental evidence by (tRu=10 A) and series II (tRu=12 A), parallel coupled in
Bloemen et a!. are done in symmetric trilayer systems (i.e., series III (tRu= 16 A), and antipaillel coupled in series IV
in each sample, the first Co layer thickness tj is equal to the (tRu= 24 A). This is similar to the coupling behavior ob-
second Co layer thickness t,). In this paper we report the first served in symmetric structures.9 Series I and II are in the first
experimental evidence for interlayer exchange coupling os- antiparallel coupled region and series IV is in the second
cillations as a function of the Co layer thickness in asymmet- antiparallel coupled region while series III is in the parallel
tic Co(32 A)/Ru(tRu)/Co(t2) trilayer systems. The purpose coupled region with respect to the Ru thickness. In-plane
for these series is (i) to observe the optic mode by creating an magnetization measurements were performed using a super-
asymmetric anisotropy environment and (ii) to systemati- conducting quantum interference device and alternating gra-
cally investigate the variation of the interlayer exchange cou- dient force magnetometry magnetometers at room tempera-
pling with the magnetic layer thickness. ture. FMR measurements at both X-band (9.2 GHz) and

The interlayer coupling strength as well as the effective K-band (23 GHz) frequencies have been performed at room
anisotropy energy within each magnetic layer has been temperature. The external field was rotated from the orienta-
evaluated using in-plane magnetization measurements and tion parallel to the film plane, 011= 900, to the orientation
angular dependence of FMR measurements. In the antiparal- perpendicular to the film plane, 0i= 00, in 10' steps.
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FIG. 1. Typical in-plane antiparallel coupled magnetization curves for the
asymmetric series Co(32 A)/Ru(I0 A)/Co(t 2) at room temperature. The ar- FIG. 2. The coupling coefficient A 12 as a function of the second Co layer
rows indicate the two transition fields. thickness, t2, for four asymmetric series (I, II, III, and IV) having the struc-

ture of Co(32 A)/Ru(Ru)/Co(t 2) with tR,=1 0 , 12, 16, and 24 A, respec-
tively. The curves indicated by 0 and 7 are calculated using in-plane

III. RESULTS AND DISCUSSIONS magnetization measurements, and the curves indicated by 0 aid A are
calculated using the FMR measurements. All results are at room tempera-

All samples have an easy plane anisotropy energy when ture.

the second Co layer thickness t 2 ' 10 A. The saturation mag-
netization M, per unit volume of Co is wi!hin 10% of the
bulk Co value (1400 emu/cm3 ) and is independent of the lel coupled systems (series I, II, IV), IA 121 reaches maximum

second Co layer thickness. No significant in-plane anisotropy values (about 1.7, 1.5, and 0.18 ergs/cm 2 for series I, II, and

field was found as expected for the hcp structure in the Co IV, respectively) at t,- 15 A, and minimum valtes (about

and Ru layers having the c axis normal to the film plane. 1.0, 0.6, and 0.06 ergs/cm for series 1, 11, and IV, respec-

Series I, II, and IV show typical antiparallel coupled magne- tively) at t2 - 25 A. The variation amplitude, A 'ma"I- 4 12

tization curves, shown in Fig. 1. The in-plane saturation is on the same order as IA 121 for each series which is larger

fields of 6-16 kOe in these samples suggest that a very strong than the theoretical predictions for the case of symmetric

antiparallel coupling exists between the Co layers. Upon de- structure. 8 The variation length At,- 10 A between maxi-

creasing the second Co layer thickness t 2 , the remanent mag- mum and minimum coupling strength is also much larger

netization increases and follows roughly the relation than the value obtained by Bloemen et al. in symmetric

Mr/Ms= (tI - t2)/(1+ 12) as expected. This shows the layer structures. In the parallel coupled system (series 1II), IA 121
thickness is consistent from sample to sample. The well- reaches extreme values at t2-20 and 30 A. IA 21 is a mini-
defined shape of the hysteresis loops also indicates that the mum (about 0.01 ergs/cm 2) at t,-20 A, and a maximum
interlayer exchange coupling is quite uniform across the film (about 0.17 ergs/cm 2) occurs at t2-30 A.
plane. The coupling coefficient A 12 in series I and II were From the FMR data the effective uniaxial anisotropy
calculated using the two transition fields Hr,,t, and Hcr,2 field H'L, which includes the demagnetization field
which can be obtained from the curves. In the parallel -47rM, and the perpendicular anisotropy field 2K,,2 ,,/M,,
coupled system (series III), a nearly square hysteresis loop was also evaluated for each Co layer. Figure 3 shows that
was obtained and the in-plane saturation field is less than 100 He,, for the 32 A Co layer is a constant at -9.6 kG while
Oe for all of the samples in that series. Heff 2 for the second Co layer increases with decreasing t, .

The FMR measurements of series I and II show only the The variation of Hu", 2 can be expressed as using a bulk
acousticlike mode. But, both acoustic- and opticlike modes contribution Hak and a surface contribution H2 from each
were observed in series III and IV. Therefore the angular Co/Ru interface
dependence of resonance field was used to evaluate A 12 for 2xHe" -t XHe (2)
series Ill and IV. With increasing Oi, one mode always stays u2, 2 - 2 bulk+ 2H',
on the low field side of the other mode. This is different from where Hff is about - 12.2 kG in these samples which
the behavior of a noncou, ed trilayer structure unless the two agrees with the estimation using the demagnetization field
layers have significantly different g values, which is not ex- (-17.6 kG) and the uniaxial anisotropy field (5.9 kG) of
pected in these samples. bulk Co. The surface anisotropy field H, is quite large in

Figure 2 shows that the amplitude of A 12 varies signifi- these samples and corresponds to a surface anisotropy energy
cantly as a function of the second Co layer thickness t2, but of K,-0.40 ergs/cm2. A negative H 2,2 was obtained whenU2,2

the sign does not change within each series. In the antiparal- t2 is less than 10 A, suggesting that the easy axis in the
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structures has been investigated using the in-plane magneti-
0 Czation and angular dependence of FMR measurements. The
SO Co(32A) results show that the coupling strength depends on the mag-
A Co(xA) netic layer thickness. There is a significant variation of A 12

0 . on increasing the second Co layer thickness in both parallelE A., and antiparallel coupled systems. This might be due to the
different Fabry-Perot-like interference of electron Bloch
waves within the individual magnetic layers. No change of

- the sign of A 12 was observed in any of the series. The varia-
tion period between the maximum and minimum values of

". A 1 2 is about 10 A which is larger than the predicated value
r -2 . ;r/k F from the free electron model, suggesting that the dis-.-2- - 8...8..-  -. ...... creteness of the magnetic layer thickness and the moment

distribution may have to be taken into account. 10
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Magnetic layer thickness dependence of the interlayer exchange coupling
in (001) Co/Cu/Co
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A depen'1 " nce of the strength of the antiferromagnetic coupling across Cu on the Co layer thickness
has bec., observed. The Co thickness dependence displays two clear peaks consistent with the
recently predicted oscillation period of 6.2 A Co. Apart from the two peaks also several small peaks
are visible on a scale of about 1 monolayer Co. Free-electron calculations indicate that these rapid
variations in strength may result from slight differences between the slopes and starting points of the
two Co wedges that were involved in the experiment.

Recent theoretical work by Brunol and Barnag2 has (transmitted) and backwards (reflected) traveling waves and
shown that the interlayer exchange coupling between two depends upon the interplay between the layer thickness, the
ferromagnetic (FM) layers across a nonmagnetic (NM) me- wavelength of the incident wave, and the wavelength within
tallic spacer layer may oscillate not only with the thickness the reflecting medium. The latter is determined by the elec-
of this spacer but also with the thickness of the ferromag- tronic structure of the FM layers and follows, in the large
netic layers. thickness limit, from the relevant extremal Fermi surface

Systematic experimental studies investigating the de- (FS) spanning vectors of the FM layer. From this "electron-
tailed effect of the FM thickness upon the interlayer coupling optics" picture it is thus clear that if a FM layer is composed
are very scarce. Qiu et al.3 and Chen et al.4 studied the Co/ of, for example, a multilayer made of several different FM
Cu/Co (100) system for several Co thicknesses. However, layers, the effective reflection amplitude of such a multilayer
their results were insufficient to reveal an oscillatory behav- (and thus the coupling) will oscillate with the thickness of
ior. First experimental evidence for an oscillatory behavior as any of the constituent FM layers. This is exactly the case for
a function of the magnetic layer thickness was obtained by our experimental system.
the present groups for a (001) Co/Ni/Co/Cu/Co/Ni/Co We have studied a molecular-beam-epitaxy-grown (001)
sandwich5 and by Okuno and Inomata for Fe/Cr (100) Co/Ni/Co/Cu/Co/Ni/Co sandwich in which the two Co layers
multilayers. 6 In this article we summarize our experimental adjacent to the Cu spacer as well as the Cu spacer itself were
results5 and discuss them using calculations based on the deposited in the form of wedges oriented perpendicularly
Bruno model.' Within the free-electron approximation, this with respect to each other. This allowed for independent in-
model could be extended to include our experimental situa- vestigation of the Cu and Co layer thickness dependence of
tion viz. a situation of, in principle, unequal FM layers the coupling across Cu(001) in a single sample. In this way
which, in addition consist of multiple different FM layers experimental artifacts are avoided that are related to changes
(three in our case, Co/Ni/Co). To interpret or predict the in (i) deposition conditions, (ii) substrate quality, and (iii)
behavior of these at first sight more complicated systems it is layer thickness--changes that otherwise would have oc-
useful to recall the mechanism from which an oscillation curred in a series of separate samples. Especially slight
with a FM layer thickness originates, changes in a presumably fixed Cu spacer layer thickness in

Bruno shows that the coupling problem can be described an experiment of varying magnetic layer thickness would
in terms of the reflection of electron waves at the potential cause problems in our case since the coupling strength is
steps at the various interfaces in the FM/NM/FM sandwich.7  extremely sensitive to the precise Cu thickness because of
Here, the nonzero exchange spitting of the conduction bands the presence of a short period oscillation with a period of
in the FM layers is responsible for a difference in potential about 2.6 ML Cu. Note that the latter problem was not en-
step heights for spin-up and spin-down electrons. This causes countered in the study of the sputtered Fe/Cr (100) samples
the reflection amplitude to be spin dependent resulting in a of Okuno and Inomata6 since only the long Cr period was
magnetic coupling. The coupling strength is larger for larger present in their samples.
differences between the reflection amplitudes for spin-up and Two samples (referred hereafter as samples I and II)
spin-down electrons. An oscillatory dependence of the cou- have been investigated. The typical composition of the mag-
pling strength on the thickness of the FM layers is then, as netic layers in the samples was as follows: 30 A Co/15 A
Bruno argues, simply a result of multiple reflections of elec- Ni/Co wedge (2.3 A/mm). Further compositional details and
tron waves within the FM layers.' As in the case of light information regarding the structure of the layers as obtained
waves incident on a (multi)layer, the effective reflection am- from low energy electron diffraction experiments can be
plitude of a layer (in our case a FM layer) is a result of the found in Ref. 5.
constructive and destructive interferences of the forward The antiferromagnetic (AF) coupling behavior was in-
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have extended the model of Bruno, to our experimental ge-

30 - 15 ometry and performed a number of simulations. Before pro-
.ceeding with the results we briefly describe the steps that we

have undertaken to adapt the model to our situation.

" " '" E First, to accou.;t for unequal wedges Eq. (4) in Ref. 1 is20 10 o generalized to the case of unequal FM layers. As is clear

20 6A 1 ,...- . from Ref. 1 this can be performed by a Taylor expansion of
the first Eq. in Ref. 1. In principle this step is sufficient to
evaluate if rapid variations in coupling strength may arise

10 - from unequal wedges. Second, to account for the effect of
the two additional FM layers which are coupled to the Co

sample II wedge the model is extended to the case that each FM layer

, 1 , is composed of an arbitrary number of layers, i.e., to describe
1 0 s 26 the system FM'/FM/ .. /FM'/spacer/FMb/FMb/ ... /FM b with

Co thickness (k and I integers denoting the number of FM layers of which
FM layers a and b are composed, respectively. To our

FIG. 1. The strength of the interlaycr exchange coupling in the first and knowledge the latter step can only be made easily within the
second AF peak as a function of the Co thickness for sample 11. free-electron approximation. Within this approximation it is

straightforward to calculate the effective reflection amplitude
of each FM multilayer. Continuity of the wave functions

vestigated by measuring hysteresis loops via the longitudinal (plane waves) and their derivative at the interfaces directly

magneto-optical Kerr effect. The behavior as a function of enables one to write down a recursion relation for the reflec-

the Cu thickness displays a superposition of a long and a tion amplitude of an arbitrary multilayer. Using this relation

short period oscillation, 5 in accordance with earlier instead of the Fabry-P6rot formula given by Bruno [Eq. (5)

observations.8'9 The presence of the short period in both in Ref. 1] allowed us to calculate the Co thickness depen-

samples indicates that these samples are of high structural dence of the coupling for the situation in which the slopes of

quality. The dependence on the Co thickness of the strength the Co wedges differ and their starting point do not coincide.

of the first two AF maxima (at -9 A Cu and -19 A Cu) for The results of several calculations for 19.86 A Cu, i.e.,

sample II is shown in Fig. 1. An oscillatorylike behavior with for the strength of the second AF peak, are shown in Figs.

an apparent period of 6-7 A is observed in all experimental 2(a)-2(c). The calculated coupling strengths are normalized

scans. From the electron-optics picture of Bruno it is imme- to the limit of infinite Co wedge thickness. In Fig. 2(a) the
diately clear that this value is a property solely of Co. With behavior is shown for the ideal case of two identical Covarying Co thickness the effective reflection amplitude of the wedges. Here the aliasing effect is demonstrated for the CoCo/Ni/Co FM layer (and thus the coupling) is modified in an dependence. The fundamental period X=Tr/kf=2.49 A per-
oiaoFlayer fa nd thus h pe oudeterined by thded lan taining to the Fermi wave vector k} of the spin-down fcc Cooscillatory fashion with a period determined by the relevant FS, yields after aliasing (with 1.805 ,A Co ML thickness) a

wavelength in the Co layer. According to Bruno the latter is yer AIn i. A(oM thiness)ca
determined by the extremal spanning vector along the r-X period of 6.1 A. In Fig. 2(b) the ideal case is again calcu-
line [(100) growth] in the spin-down FS of fcc Co. This lated. However, for this calculation the situation that a Co
vector yields a period of 3.5 ML or 6.2 A Co which is in very layer consists of a nonintegral number of monolayers (in-
good agreement with the present experiment. However, the complete coverage) is also calculated. This is done from a
functional shape of the experimentally obtained variation linear combination of the coupling across two independently

with Co thickness does not resemble a fully regular oscilla- patchy interfaces. Incomplete coverage is thus treated as fol-

tory behavior. Considering for example the behavior of the lows: We define J(nr) as the coupling strength for the

second AF peak, the lower curve in Fig. 1, two clear peaks combination of n integral number of Co monolayers in Co

are visible whereas around the position where the third peak wedge A and m monolayers in Co wedge B. The coupling

is expected three smaller peaks occur with a spacing of about '(tA ,'t B) for the situatioa that the thicknesses tA and tB at
2 A. This behavior seems in contradiction with theory. In Co wedge A and B, respectively, are a nonintegral number of

particular from the aliasing effect one would expect that be- monolayers is calculated from

cause of the sampling at discrete Co planes, periodic varia- J'(tA,tB)=J(n,ni)(1-fA)(1-fB)+J(n,tn+ 1)
tions in coupling strength should only occur on a scale larger
than 2 ML (3.6 A). This is true in the ideal situation. How- X(1 -fA)fn+J( + 1,+')
ever, in the present experiment two Co wedges are involved XA( -fB) +J(i1 ,l+ 1 )fAfn-

which may not be identical but may differ slightly in, e.g.,
their slope. In this respect we remark that with scanning Here, fA(B) represent the fractional coverages defined by
Auge. electron spectroscopy (AES) the slopes were deter- tA=n +fA and trB=m +fB with 0-fAkB)' 1. Considering Fig.
mined to be equal within 10% accuracy. In order to evaluate 2(b) it is clear that even for the ideal case of equal wedges,
the effect of unequal Co wedges on the experimentally ob- fractional coverages result in additional peaks like the small
served behavior and in particular if it is possible to explain one between the third and fourth monolayer (±6 A). Such
variations in coupling strength on a scale of 1 ML Co, we features are a direct result of the asymmetric Co layer thick-
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0(a

i2

(b)Co thickness (A)
0(b

0 FIG. 3. Free-electron calculation of the Co thickness dependence of the
) t coupling strength for the first AF peak, i.e., for 30 A Co/15 A Ni/Co/7.22 A"o• Cu/Co/15 A Ni/30/ , Co. The values are normalized to the strength of

.N infinite Co thickness limit.

0
z 2(c) fects in Ref. 5 may not be necessary to explain the behavior

at the larger Co thicknesses. We did not attempt to obtain a
better fit by varying more parameters, e.g., by introducing a
difference in the thicknesses of the two Ni layers which were
adjacent to the Co wedges. One should realize that the

5 1'0 '1 ' 20 present model, although it explains many of the observed
Co thickness (A) features, is a free-electron approximation and therefore

seems inappropriate to make a comparison with the experi-
FIG. 2. Free-electron calculations of the Co thickness dependence of the ment on a detailed level. This is also reflected by the calcu-

coupling strength for 30 A Co/15 A Ni/Co/19.86 A Cu/Co/15 A Ni30 A Co.

The values are normalized to the strength of infinite Co thickness limit. lation shown in Fig. 3 representing the behavior for the first
Calculation parameters are k =1.471 A-',k 4c=1.261 A-', kl C=1 .363 AF peak (calculation at 7.22 A Cu). Here, the same Co

peak (calculation Cu)
A f, k 1Nt=1.362 A- ', k }M= 1.389 A-, (Ref. 10). wedge parameters were used as those to obtain the reason-

able fit for the second AF peak [Fig. 2(c)]. The simulation
does not display the smaller sharp features at the higher Co

ness combinations [(n,n + 1) and (n + 1,n)]. It thus appears thicknesses such as observed in the experiment [the upper
that for the present case in which two active layers are in- curve in Fig. 1]. Instead the variations are more gradual.
volved one is not allowed to make a linear interpolation What does agree are again the important features. Apart from
[such as in Fig. 2(a)] between the situation in which both Co the ones we already mentioned it is seen that the relative
layers are n ML thick (n,n) and the situation in which both oscillation amplitude for the first AF peak is smaller than
Co layers are n + 1 ML thick [(n + 1 ,n + 1)]. The experimen- that for the second AF peak, (compare Figs. 3 and 2(c)). This
tally observed rapid variations in coupling strength may is in agreement with the experiment where the peaks as
originate from this phenomenon. In an attempt to fit a free- afunction of the Co thickness are more pronounced for the
electron calculation to the experimental strength dependence second AF peak than for the first AF peak (Fig. 1).
of the second AF peak (Fig. 1) we have tried a number of The authors wish to express their gratitude to P. Bruno
combinations for the wedge slopes and starting points of the for explaining the application of the complex-path integra-
Co wedges. Figure 2(c) shows a calculation in which the Co tion technique.
wedge slopes differed by about 10% from the AES deter-
mined value of 2.3 A/mm viz. 2.5 A/mm for Co wedge A and 'P. Bruno, Europhys. Lett. 23, 615 (1993).
2.1 A/mm for Co wedge B. In addition wedge A has been 2J. Barnag, J. Magn. Magn. Mater. 111, L215 (1992); 128, 171 (1994).
given an offset of 0.5 A with respect to wedge B. From the 3z' 0. Qiu, J. Pearson, and S. D. Bader, Phys. Rev. B 46, 8659 (1992)cinationfse have tri it apspeart t hwedge B.First two 4Q. Chen, M. Onellion, A. Wall, and P. A. Dowben, J. Phys. Cond. Mattercombinations we have tried it appeared that the first two 4, 7985 (1992).
peaks are relatively insensitive to modifications of the wedge 5P. J. H. Bloemen, M. T. Johnson, M. T. H. van de Vorst, R. Coehoorn, J. J.
parameters so that their separation remains a good measure de Vries, R. Jungblut, J. aan de Stegge, A. Reinders, and W. J. M. de
for the oscillation period. The behavior at the larger Co Jonge, Phys. Rev. Lett. 72, 764 (1994).6S. N. Okuno and K. Inomata, Phys. Rev. Lett. 72, 1553 (1994).
thicknesses appears more susceptible. From Fig. 2(c) it is 7P. Bruno, J. Magn. Magn. Mater. 121, 248 (1993).
clear that the third and fourth peak may even disappear. In- 8M. T. Johnson, S. T. Purcell, N. W. E. McGee, R. Coehoorn, J aan de
stead three smaller peaks appear with a spacing which is Stegge, and W. Hoving, Phys. Rev. Lett. 68, 2688 (1992).
considerably smaller than the 6.2 A oscillation periud. The 9P. J. H. Bloemen, R. van Dalen, W. J.M. de Jonge, M. T. Johnson, and J.

aan de Stegge, J. Appl. Phys 73, 5972 (1993).qualitative agreement with the experiment is striking, sug- '°We obtained these Fermi wave vectors from self-consistent ASW band-gesting that the originally proposed interference/beating ef- structure calculations.
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Cumulative interface raighness and magnetization in antiferromagnetically
coupled NiCo/Cu multilayers

X. Meng, X. Bian, R. Abdouche, W. B. Muir, J. 0. Str6m-Olsen, Z. Altounian,
and M. Sutton
Centre for the Physics of Materials and Department of Physics, McGill University, 3600 University Street,
Montreal, Quebec H3A 2T8, Canada

Cumulative interface roughness and its influence on the magnetization process in
antiferromagnetically coupled (NiAoCo 2 /Cu) XN multilayers is studied. In these multilayers, Cu and
Ni8oCo20 thicknesses are fixed at 20 and 15 A, respectively, in order to obtain the antiferromagnetic
coupling at the second oscillation peak of giant magnetoresistance (GMR) versus Cu thickness.
Low-angle x-ray reflectivity measurements show that cumulative interface roughness increases with
increasing bilayer number N. In-plane magnetization hysteresis measured with both SQUID and
surface magneto-optic Kerr effect (SMOKE) magnetometers are compared. When the cumulative
interface roughness is significant, SMOKE hysteresis loops, which are sensitive to the top 5 or 6
magnetic layers, display a nonlinear plateau region at small fields. Comparison of low-angle x-ray,
and SMOKE results show that interfaces of relatively high quality in top layers only exist for
sputtered multilayer with N< 10.

INTRODUCTION ments for multilayers with a different bilayer number can,
therefore, show direct information on the effects of cumula-

Reports of antiferromagnetic (AF) interlayer coupling tive interface roughness on the magnetization process in AF-
and the associated giant magnetoresistance (GMR) in Cu-
spaced ferromagnetic multilayers, such as Co/Cu, 1 2  coupled multilayers.

NiFe/Cu, NiFeCo/Cu,4 and NiCo/Cu,5'6 have stimulated
great interest in these materials. Within each magnetic layer, EXPERIMENTAL RESULTS AND DISCUSSION
demagnetizing fields due to the layer's shape anisotropy sta- Previous experiments 5'6 have shown that Ni8oCo 2o/Cu
bilize the in-plane easy axes. The AF coupling of neighbor- multilayers exhibit an oscillatory GMR as a function of Cu
ing magnetic layers results in net zero magnetization in the spacer thickness and a well-defined simple AF ordering for
multilayers at zero field.6 The application of in-plane fields Cu spacer thickness at 20 A. In the present work (Ni80Co 2015
align the magnetic moments through in-plane rotation. Be- A/Cu20 A)XN multilayers with 50-A Ni80Co20 buffer layer
low saturation in the absence of any in-plane anisotropy were deposited on Si wafers, by dc magnetron sputtering at
there is a linear relation between the magnetization M and room temperature. The base pressure before denosition was
the applied magnetic field H:7  2X10 7 Torr. With a sputtering pressure of 8.0 mT of argon,

M2tM the deposition rates determined from the measured thickness
M= s H. (1) of single films by low-angle x-ray reflectivity measurements

were 1.5 -, s for Ni80Co20 and 1.6 A/s for Cu. A series of
Where J is the AF coupling constant between two neighbor- samples with N varying from 8 to 100 were prepared. Low-
ing magnetic layers, tM and Ms are, respectively, the thick- angle x-ray reflectivity measurements were performed for
ness and saturation magnetization of each magnetic layer. layer and interface characterizations and for estimating the
Therefore, J can be obtained from magnetization hysteresis cumulative interface roughness as a function o1 the bilayer
loops, number N. The room-temperature in-plane magnetization of

Theoretical analysis based on the RKKY model predicts the samples was measured using a SQUID magnetometer.
that the AF coupling is weakened by the introduction of in- The magnetization of the top few layers was studied using
terface roughness,8 whereas experiments explicitly show that SMOKE magnetometer.
inteface ,oughness introduced by changing the sputtering Figure 1 shows low-angle x-ray reflectivity results for

-... iieters can enhance the GMR effect. 9 In this paper, we the typical samples with different bilayer number N. All
report specifically on the effects of cumulative interface samples exhibit clear first-order superlattice Bragg peaks al-
roughness on the magnetic properties of AF-coupled multi- though the electronic contrast between the two constituent
layers. The cumulative interface roughness is the accumula- layers is very small. With increasing N, the second-order
tion of small intrinsic interface roughness in each layer;' 0 its superlattice Bragg peaks are gradually damped, suggesting
effects become more pronounced when the number of bilay- an increase of interface roughness." Clear thickness oscilla-
ers increases. Magnetization measurements from a SQUID tions (or lattice fringes) between superlattice Bragg peaks are
magnetometer, which measures the effects of the overall in- observed for samples with N<15. For a finite thickness
terface roughness, are compared to surface magneto-optic (<1000 A) of the film, suppressing of the lattice fringes with
Kerr effect (SMOKE) measurements, which are sensitive increasing N is also partially correlated to the increased outer
only to the top few layers where the cumulative interface surface roughness. 12 The low-angle x-ray reflectivity has
roughness reaches its maximum value. SMOKE measure- been analyzed using an optical model) 2 From the fit to the
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measured by (a) SQUID (normalized to Ms), and (b) SMOKE (arbitrary
unit). It is indicated that the nonlinearity of the magnetization curve can beFIG. 1. Low-angle 0-20 x-ray diffraction spectra of a selected series of osre eraciia il 1

(Ni8 oCoo 15 A/Cu 20 A)XN multilayers. For clarity, the curves have been observed near a critical field Hf.

displaced vertically.

fields. The saturation moment M, of the 15-A Ni 8oCo2o layer

data the interface roughness and the outer surface roughness is about 620 emu/cm3, which yields a value of J-5.8X10 - 3

can be derived. Figure 2 shows that the outer surface rough- erg/cm 2 for the second AF coupling peak in NisoCo 2o/Cu
ness o- increases monotonically with increasing N. Intensi- multilayers.6 This value is much smaller than the strength of

ties of second-order superlattice peaks, which decrease with the second AF coupling peaks found in other Cu-based24

increasing N, is also shown in Fig. 2. multilayer systems, - indicating a very weak AF coupling
Figure 3(a) shows the overall in-plane magnetization between adjacent Ni8oCo 2o magnetic layers across 20-A-

measured with a SQUID magnetometer for a (Ni80Co 2015 thick Cu spacer layers. The M, values measured with the

A/Cu 2o A)X45 multilayer having moderate cumulative inter- SQUID magnetometer do not depend on N. This implies that

face roughness. Slight deviation from linear magnetization is the intermixing at the interfaces is not changing significantly
observed near a critical field H1 . Figure 3(b) shows the mag- with increased cumulative interface roughness.

netization of the top few layers measured using SMOKE. Figure 4 shows SMOKE measurements for different b,
The deviation from a linear curve is more pronounced than it
is for the SQUID curve which represents the average mag-
netization of the whole multilayer. Since SMOKE measure- T I -I I Fr F l
ments were made using the 6328-A He-Ne laser which has a N=8

penetration depth of approximately 200 A, the SMOKE hys-
teresis loop typically represents the magnetic property of the
top 5 or 6 bilayers of multilayer. .

For samples with N=8 both SQUID and SMOKE mea- (8)

surements show linear M-H relations below saturation
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FIG. 4. SMOKE magnetization measurements of samples with different
FIG 2. Dependence of or, and ! on N Here u, is the outersurface rough- bilayer numbers. (a) N=8, (b) N= 15, and (c) N= 100 Two critical fields,
ness, and I the intensity of second-order superlatticc Bragg peaks. i.e, saturation fields !t1 and flip fields Hf, a;e indicated in the figures.
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layer numbers. Figure 4(a) shows that the magnetization re- (Ni80Co2o15 A Cu15 A)XN using x-ray reflectivity and
lation is nearly linear below saturation fields for the sample SMOKE. Both experiments show that interface roughness
with N=8 where the interfaces are presumably flat. Figure increases with an increasing number of bilayer period.
4(b) shows the result for the sample with N=15, where a SMOKE measurements are sensitive to the roughest region
plateau region with a relatively small slope is observed at of the sample, namely the top several layers. Relatively flat
low fields, and failure of the linear M-H relation is clearly interfaces only exist in sputtered multilayers with bilayer
seen. As the bilayer number N increases up to 100, the cu- number N<10 for which SMOKE magnetization curves are
mulative interface roughness is considerably large, and the linear below saturation fields as predicted from Eq. (1). As
plateau region becomes more striking as indicated in Fig.
4(c). From low-angle x-ray reflectivity analyses and SMOKE superlattice periods increase, deviation from linearity in
measurements, we conclude that the nonlinear M-H behav- M-H curves gradually becomes large, which can be attrib-
ior in samples with large N are related to cumulative inter- uted to a roughness-related extrinsic anisotropy.
face roughness which becomes significant as the bilayer We acknowledge the financial support from the Natural

stacking increases. Sciences and Engineering Research Council of Canada, and
In some layered structures with nonideal interfaces, ter- Fonds FCAR du Qu6bec.

raced interface roughness results in an extrinsic biquadratic
coupling between ferromagnetic layers in the presence of
intrinsic bilinear coupling. 13 Although the nonlinearity of the
M-H curve observed in Ni8oCo 2 /Cu multilayers could, in
principle, be explained by an additional biquadratic coupling S. S. P. Parkin, P. Bhadra, and K. P. Roche, Phys. Rev. Lett. 66, 2152

term, a preliminary calculation indicates that the coefficient (1991).
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Coercivity and magnetization process versus dipolar coupling
in NieoFe2oCu/CO/Cu spin valves

R. Kergoat and J. Miltat
Laboratoire de Physique des Solides, Universitg Paris Sud-CNRS, Orsay, France

T. Valet and R. Jerome
LCR-THOMSON, Laboratoire des Technologies Magn~tiques, Orsay, France

The elaboration of four different sample types, namely, isolated NiFe or Co layers in their Cu
environment and full, exchange decoupled, [Cu/NiFe/Cu/Co/Cu] periods with either the Co or NiFe
layers in the vicinity of the free surface has allowed for a detailed study of the magnetization process
of the constitutive layers of one period of a "hard-soft"-type spin valve. The domain distribution
and magnetization fluctuations within domains have been monitored by Kerr microscopy. The
experiments point to a strong influence of dipolar coupling on the properties of the soft permalloy
layer, with a dramatic increase of the NiFe film coercive field with respect to the corresponding
quantity in an isolated NiFe layer. The macromagnetization fluctuations detected in the NiFe layer
appear most likely linked to fluctuations of low amplitude occurring in the Co layer in the vicinity
of the NiFe coercive field.

I. INTRODUCTION valve, respectively [Si(100)/50 A Cr/50 A Cu/100 A

A recent study' of magnetization reversal in ferromag- Ni8oFe2 /100 A Cu/50 A Co/30 A Cu] and the symmetrical

netically exchange coupled [Nis0Fe 2 /Cu/Co] sputtered mul- stacking, i.e., [Si (100/50 A Cr/5O A Cu/5O A Co/100 A
tilayers revealed the existence of strong magnetization fluc- Cu/100 A Ni.oFe2 /30 A Cu]. In these artificial structures,
tuations in the soft layers of those artificial stacks consisting the Cu spacer tlickness has been chosen to be sufficiently
of piled-up hard and soft magnetic layers separated by a large in order to solely retain a dipolar coupling between the

nonmagnetic spacer. Fluctuations were ascribed to the exist- magnetic layers. Besides, since no magnetic field was ap-

ence of a random distribution of the cubic anisotropy axes in plied during the sputtering process, virtually anisotropy-free

the polycrystalline Co layers. 2 On the other hand, previous samples were obtained.
experiments in exchange uncoupled, hard-soft-type, three- For each sample, following the application of a satura-

layer [PtCo/SiO2/NiFe] structures3 pointed to the influence tion field along a selected in-plane direction, a domain pat-

of dipolar interactions on the magnetic properties of the soft tern is first nucleated under reverse field H, the magnitude of

layer. Moreover, a field dependent magnetostatic coupling which is stack dependent. The pattern is then observed underlayer differer, iluinto conelds Fornen instetatati inuplin
was also found to operate between the two soft layers of a two different illumination conditions. For instance, in the
[NiFeCo/Au/NiFe] sandwich film and mediated by the rip- figures labeled (a), the trace of the plane of incidence for the

pling of magnetization. 4  probing light is parallel to the saturation field. A first differ-

Since a significant increase of the Permalloy coercivity ence image (pattern minus saturated state) provides a picture

seems to be a common observation in the [NigoFe 2o/Cu/Co] of the domain distribution with a magnetization either paral-

system, 5,6 a property detrimental to the use of such systems lel or antiparallel to H. A 900 rotation of the sample or of the

as low field, high magnetoresistance sensors, the ultimate plane of incidence followed by a second difference image

aim of this study is to weigh the respective influences of (saturated state minus pattern) reveals, since the plane of

exchange and dipolar couplings on this phenomenon. The incidence is now perpendicular to the average magnetization

present work, however, is limited to an analysis of the mag- direction in each domain, the magnetization fluctuations
netization process and coercivity under conditions of a sole within domains [figures labeled (b)].
magnetostatic coupling. In samples incorporating a single NiFe magnetic layer,

magnetization reversal occurs through the nucleation of large

II. EXPERIMENT lateral size domains, typically a few hundred microns wide.
For instance, two domains with opposite magnetizations are

Experiments carried out for this work include VSM shown in Fig. l(a) (H--2 Oe). The nonuniformity of the
magnetometry and Kerr optical microscopy. Two different contrast in the domain with magnetization parallel to the
types of samples have been studied. Samples of the first spe- saturated state (the white domain) already points to the ex-
cies are made of sputtered [50 A Cu/M/30 A Cu] layers istence of magnetization fluctuations within domains, a fact
grown over a 50 A Cr buffer deposited on (100) Si sub- confirmed by the observations in Fig. l(b). Due to the weak
strates, where M is either a 100-A thick Ni80Fe20 or a 50-A contrast observed in Fig. l(b), the existence of only small
Co layer. Such samples are useful to separately investigate amplitude fluctuations is inferred. The coercive field amounts
the magnetic domain structures of a single layer, whether to -1.5 Oe [Fig. l(c)] whereas the tilted shape of the hys-
hard (Co) or soft (NiFe). In these reference samples, the teresis loop may be ascribed to the existence of a range of
environment of each isolated magnetic layer is identical to nucleation fields within a sample with a fairly macroscopic
that found in the more complex stacks described hereafter. lateral size (cm range) and/or correlated to the ripening of
The two other samples are composed by one period of a spin magnetization fluctuations.

J. Appl. Phys 76 (10), 15 November 1994 0021.8979/94/76(10)17087/3/$6.00 © 1994 American Institute of Physics 7087



200 500

100 250

=Eo 0

30 CU fcc20 f
A Cr buffer 50 C ffer

ISi (100) substtrate 5 uf
-200 I -500 Si (00I substrat

-10 -5 0 5 10 -200 -100 0 100 200
(c) H (oe) (c) H (Oe)

P L

(a) H=-20e H"Opp (b) (a) H -37 Oe 1 1im (b)

FIG. 1. Two similar domain structures generated under reverse H field
(H' -20e), observed in a single NiFe magnetic film bounded by two Cu FIG. 2. lTwo similar domain structures generated under reverse H field

layers. (a) Plane of incidence i.p.[IH; (b) i.p..LH; (c) is the corresponding (H,'-37 Oe), observed in a single Co magnetic film bounded by two Cu
hysteresis loop. layers. (a) Plane of incidence i.p. m*H; (b) ip..H; (c) is the corresponding

hysteresis loop.

A much more irregular pattern is observed under reverse

field in samples consisting of a single (fcc) Co magnetic value found in a single NiFe layer). Hence, independent of
layer [Fig. 2(a)]. Figure 2(b) exhibits the intensity modula- the variations in the Co layer coercive field, the coercive
tions inside a domain of nonreverse magnetization [light field of the NiFe layers amounts to 4-5 times the value
grey shade domains in Fig. 2(a)], as recorded at the onset of typical of an isolated layer. Besides, Kerr imaging shows that
magnetization reversal [ -37 Oe to be compared to magnetization reversal now takes place in the NiFe layer
H,- -60 Oe: Fig. 2(c)]. When compared to Fig. 1(b), much through the nucleation, under reverse field, of considerably
more pronounced image intensity variations, hence wide am- smaller size domains. Domain nucleation proves quasihomo-
plitude magnetization fluctuations, are observed in the iso- geneous, followed by some degree of domain collapse and
lated Co layer. [The overall morphology of these fluctuations merging whereas the typical domain size does not exceed a
appears consistent with previous observations in ferromag- few microns. For instance, Fig. 3(a) exhibits in a H- - 14
netically coupled multilayers, t although the spatial wave- Oe reverse field, a finely subdivided domain pattern to be
length of the fluctuations proves to be smaller in the present compared to the coarse structure in Fig. 1(a) pertaining to an
case of a single Co layer.] isolated NiFe layer. Notwithstanding the change in the Co

In samples made of a full spin-valve period, the thick- layers coercive field values, the domains observed in Fig.
nesses of the various layers have been tailored such as to 3(a) prove to be still larger than those encountered in the
solely gain information on the reversal of the top magnetic hard (Co) layer of a full period [Fig. 4(a)). The average do-
layer in a Kerr experiment (penetration depth of the light of main size in a full stack always appears smaller than the
the order of 200 A). Conversely, VSM experiments are sen- corresponding quantity in a single Co layer [Fig. 2(a)]. The
sitive to both magnetic layers. Hysteresis loops measured size of the smallest domains observed is comparable with the
from the symmetrical structures are qualitatively identical spatial resolution of the Kerr microscope, namely -3000 A.
[Figs. 3(c) and 4(c)] although the coercive fields of the Co Thus, they are made of only a few exchange coupled grains
layers vary appreciably, probably a microstructure related in these virtually untextured samples with grain sizes ranging
phenomenon. The typical shapes of the hysteresis loops from 500 to 1000 A. Magnetization fluctuations of extremely
clearly indicate that the two magnetic layers are exchange high amplitude (as large as ---90') may be detected in the
uncoupled. Both VSM measurements and Kerr imaging ex- NiFe layer under proper illumination and polarization condi-
periments reveal strong changes in the magnetic propeties tions [Fig. 3(b)]. The correlation between the patterns in
of the NiFe layer. A significant increase of the NiFe coercive Figs. 3(a) ard 3(b) becomes more explicit when looking at
field is first detected (-_8 Oe, a value deduced from the mi- Fig. 3(a) at glancing angle after rotating the Kerr micrograph
nor hysteresis loop of Fig. 3c, to be compared to the 1.5 Oe by 90'. Magnetization fluctuations of very low amplitude are

7088 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Kergoat et al.



600 400

- 30 A 2t (fcc 2
o0Ai 3 F~ 30 A Cu ffcc)

100 Cu fcc .T& /o A fc'c6f6100A Cu (fcc)HI 16-300 50 ------ Cu fccA 
Cu(f c

, I Nlio 
Fe

20

50 A Cr buffer -200 50 A Cu(fcc)
Si (100) substrate5

-600 50 A Cr buffer
-300 -200 -100 0 100 200 300 Si (100) substrate

(c) H (0e) -400
-400 -200 0 200 400
(c) H ()

H

-IP
i 

ip.

(a) H - -750Oe 10pm - -- (b)
FIG. 3. Two similar domain structures generated under reverse H field I.- 4 -p.
(H'-14 Of), observed in the NiFe layer of one spin-valve Cu/Co/Cu/ FIG. 4. Two similar domain structures generated under reverse H field
NiFe/Cu full period. (a) Plane of incidence t.p.IIH; (b) i.p..IH; (c) is the (H-75 Oe), observed in the Co layer of one spin-valve Cu/NiFe/Cu/
corresponding hysteresis loop including the minor loop of the NiFe layer. Co/Cu full period. (a) Plane of incidence i.p 11H, (b) i.p.H, (c) is the cor-

responding hysteresis loop.

first detected in the Co layer for applied field values as small
as -15 Oe, a low value in comparison with the coercive field
of the Co layer but close to the NiFe layer coercive field close to 1. Therefore, a regime of strong correlations be-
[-- 14 Oe in Fig. 3(c)]. Fluctuations of higher amplitude are tween anisotropy driven magnetization fluctuations and dipo-
seen for larger field values, e.g., -75 Oe [Fig. 4(b)], a value lar interactions is anticipated to establish itself, even in a
close to the coercive field of the Co film. single Co film, as illustrated in Fig. 2.

In addition, the sputtering process promotes columnar

III. DISCUSSION AND CONCLUSION growth, implying a high degree of coherence between the
cubic axes of the fcc Co and fcc NiFe layers. Magnetization

A clear increase of the coercivity of a "hard-soft"-type fluctuations in the soft layer thus should arise not only from
stack as a function of decreasing spacer thickness was magnetostatic interactions between the soft and hard layers,
brought into evidence by the work of Hill and McCullough. but also from the distribution of cubic anisotropy axes in the
For the system considered, any coupling effect seems to van- soft layer, with potentially different responses as a function
ish for spacer thicknesses above -2000 A. Such an experi- of texturing.
ment was not reproduced here. However, the thickness of the Because of an anticipated strong correlation regime, per-
Cu spacer layers used in this work clearly lie above the turbation approaches may hardly be considered as relevant.
threshold for indirect exchange coupling 6 and safely under Although this work fails to provide some modeling of the
the limit of dipolar coupling to be inferred from Ref. 3. It observed phenomena, it clearly demonstrates the existence of
follows that the magnetization fluctuations detected in the macrofluctuations with a specific spatial wavelength range
NiFe layer may only be assumed to be linked to the fluctua- which appeals to a comparison with numerical simulation
tions of moderate amplitude detected in the Co layer for field data in disordered, dipolar and/or exchange coupled media.
values close to the coercive field of the NiFe layer in a
"hard-soft" environment. In more general terms, the ob-
served phenomena appear to result from an interplay be-
tween microstructure and dipolar coupling across the 100-A R. Kergoat, M Labrune, 33 . Mtat, T. Valet, and J. C. Jacquet, J. Magn.Cu sace laer.A radom3D 2D)orintaton f te cbic Magn. Mat. 121, 339 (1993).

Cu spacer layer. A random 3D (21) orientation of the cubic 2R. Kergoat, M. Labrune, J. Miltat, T. Valet, and J. C. Jacquet, IEEE Trans.
anisotropy axes in a nontextured ([111] textured) Co layer is Magn. 29, 2533 (1993).
bound to induce magnetization inhomogeneities in the hard 3E. W. Hill and A. M. McCullough, IEEE Trans. Magn 24, 1707 (1988)

hence magnetization divergences which act as sources 4 M. Okon and H. Hoffmann, IEEE Trans. Magn. 9, 563 (1973).
layer, 5T. Shinjo and If. Yamamoto, J. Phys. Soc. Jpn 59, 3061 (1990).
of stray field. One may be reminded that, at least in its hcp 6T. Valet, J. C Jacquet, P Galtier, J. M. Coutellier, L. G. Peresra, R. Morel,

phase, the quality factor K127rM2 of cobalt is less than, but D. Lottis, and A. Fert, Appl. Phys. Let. 61, 3187 (1992).
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Observation of large biquadratic coupling of FeCo through Mn (invited)
!( (abstract)

M. E. Filipkowski,a) C. J. Gutierrez,b) J. J. Krebs, and G. A. Prinz
U. S. Naval Research Laboratory, Washington DC 20375-5000

A new system, exhibiting unusually large interlayer biquadratic exchange coupling, has been
discovered, consisting of single crystal FeCo/Mn/FeCo sandwiches epitaxially grown on GaAs
substrates. Normalized m(H) curves yield a remanent moment of approximately 0.5 for all cases
studied, with a number of examples having saturation fields as largz as several Tesla. This implies
a biquadratic coupling constant as large or larger than many known bilinear coupling constants.
None of the normalized m(H) data exhibits a remanence of less than 0.5, indicating the absence of
comparable contributions from bilinear coupling. Angular dependent FMR at 9 GHz implies a
fourfold anisotropy of opposite sign to that measured for single FeCo layers, whereas FMR at 35
GHz agrees in sign with the single layer anisotropy. Detailed analysis of this contradiction shows
that this is an apparent anisotropy reversal which emerges within the theory of FMR in the presence
of large biquadratic coupling, requiring values of the coupling constant in excess of -j2=2
ergs/cm 2, where the coupling term in the energy is written J 2[(m1 .m2)/ml' 2]2 . This large
biquadratic coupling, together with the absence of bilinear coupling, appears to contradict existing
theories of interlayer exchange.

Research supported by the Office of Naval Research.
')Office of Naval Technology, Postdoctoral Fellow.
b)National Research Council, Postdoctoral Associate.
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Magnetic dipole mechanism for biquadratic interlayer coupling (abstract)
S. Demokritova)

Institute for Phy cal Problems, Moscow, Russia

E. Tsymbal, P. Gr~nberg, and W. Zinn
IFF, Forschuigszentrum Jfilich, Julich, Germany

Ivan K. Schuller
University of California, San Diego, La Jolla, California 92093

A mechanism resulting in biquadratic interlayer coupling is proposed and analyzed theoretically.
This mechanism is connected with the magnetic dipole field, created by magnetic layers with
roughness. This field decays exponentially with the distance from the layer, but it shows oscillating
behavior in the lateral direction. The scale of both exponential and oscillating dependencies
corresponds to the scale of the interface roughness and can reach 20-30 nm. The oscillating
variation of the field makes 900 alignment of the magnetization energetically favorable in analogy
to the Slonczewski's mechanism.1 Computer simulations and estimates show that this mechanism
can provide a coupling strength of the order of 0.01 erg/cm2 for Fe films with 1 nm interlayer
thickness. The part of the work done in Moscow and Jiielich was supported by Collaborative
Research Grant CRG 921170 of the NATO Scientific Exchange Programmes. Work at UCSD was
supported by the U. S. National Science Foundation. One of us (E.Ts.) is pleased to thank the
Alexander von Humboldt Foundation for support.

')Present address: IFF, Forschungszentrum JMich, JMlich, Germany.

ij. C. Slonczewski, Phys. Rev. Lett. 67, 3172 (1991).
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Polarized neutron reflectivity studies of biquadratic coupling
in [Fe/Cr] (100) and [Fe/Al] (100) superlattices and films (invited) (abstract)

J. F. Ankner
Missouri University Research Reactor, Columbia, Missouri 65211

A. Schreyer and H. Zabel
Fakultift fir Physik und Astronomie, Ruhr Universitt Bochum, D-44780 Bochum, Germany

J. A. Borchers and C. F. Majkrzak
National Institute of Standards and Technology, Reactor Radiation Division, Gaithersburg, Maryland 20899

M. Schafer, J. A. Wolf,a) , and P. Grinberg
Forschungszentrum Jiilich, D-52425 Jiilich, Germany

M. E. Filipkowski, C. J. Gutierrez,b) J. J. Krebs, and G. A. Prinz
Naval Research Laboratory, Washington, DC 20375

Sensitivity to magnetic atoms and low intrinsic absorption characterize the interaction of neutrons
with matter. Consequently, polarized neutron reflectivity provides a unique means of performing
depth-resolved vector magnetometry. We have used this technique to determine the magnetization
depth profiles of Fe/Cr superlattices. Superlattices of bilayer composition [55 A Fe/17 A Cr], grown
at 523 K, exhibit biquadratic coupling with large saturation fields (-3 kOe), while those grown at
293 K are ferromagnetically ordered. We have directly measured the evolution of the coupling angle
between adjacent Fe layers as a function of applied field and will discuss how bilinear, biquadratic.
and external field terms produce the observed order. The weaker coupling found in the Fe/Al system
makes possible the investigation of a range of spin configurations at temperatures that do not
endanger the sample. We have mapped the phase diagram of a [42 A Fe/12 A A1/39 A Fe] (100)
trilayer and find evidence of biquadratic coupling at low temperatures and fields (e.g., when H = 180
Oe, the Fe layer spins relax away from ferromagnetic alignment below T-170 K). Our
measurements agree qualitatively with energy minimization calculations and the results of bulk
magnetometry.

')Present address: Naval Research Laboratory, Washington, DC 208Q9.
b)Present address- Southwest Texas State University, San Marcos, Texas

78666.

7092 J. Appl. Phys 76 (10), 15 November 1994 0021-8979/94/76(10)/709211/$6.00 © 1994 American Institute of Physics



Critical Phenomena S. Oseroff, Chairman

Monte Carlo histogram calculation of the critical exponents
of an FexMgl.xCl 2 Ising model (invited)

Laura Hernlndez and H. T. Diep
Groupe de Physique Statistique, Universit6 de Cergy-Pontoise, 49 Avenue des Genottes, B.P. 8428,
95806 Cergy-Pontoise Cedex, France

In a previous work, a realistic three-dimensional 3-D Ising model of FeCI2 was stujied. It consists
of triangular lattice planes stacked along the c axis of the crystal, with the following interactions: a
nearest neighbor (nn) ferromagnetic one competing with a next-nearest-neighbor (nnn)
antiferromagnetic interaction, which causes some degree of frustration in the plane, the planes beiig
weakly coupled by an antiferromagnetic interaction. In fact, the latter is a superexchange interaction,
and we have taken into account all the equivalent superexchange paths in the sense of the Anderson
rule, which amounts to 12 neighbors in each one of the adjacent planes. In this work we present the
preliminary results of a study of the critical exponents of this model using the Monte Carlo
histogram method and finite size scaling. The interest of such study lies in the layered structure of
this system, which might have an effect on its effective dimensionality at the transition point, and
also in the effects of frustration, as well as those of superexchange interactions on the critical
exponents. We also show the results obtained by the same method, on the critical exponents of the
diluted system in the zero and low magnetic field.

I. INTRODUCTION In 1979, Aharony and Fishman showed that an aniso-
tropic antiferromagnetic system with bond dilution in a uni-

FeCI2 and FeBr2 are prototype systems for the study of form magnetic field, has the same critical behavior as that of
magnetic phase transitions since a long time ago. They show the random field Ising model (RFIM).' 0 This statement was
the outstanding feature of being associated to the different later extended by Cardy to anisotropic antiferromagnets with
steps in the progress of the knowledge of this fi, Id. After the site dilution in a uniform magnetic field (DAFF)." This fact
first results showing their metamagnetic character,' much ef- made FeC!2 and FeBr 2 regain interest, as they constituted an
fort has been done to describe their critical behavior. In par- excellent material for the experimental investigation of the
ticular, the experimenta! works of Jacobs and Laurence 2' 3  RI'IM.
and Vettier 6 have given a detailed description of their phase Since then, a great experimental effort, as well as many
diagram in a magnetic field. Neutron scattering theoretical studies, have been done. For instance, Soukoulis

experiments 4- 6 have provided us with the values of the rel- et al. and Grest et al. have tested the equivalence between
evant interaction constants. DAFF's and RFIM in two and three dimensions' 2,13 in

Some theoretical Hamiltonian models showing this kind simple square and simple cubic lattices with isotropic nn

of metamagnetic phase transition have also been paoposed. interactions. Diep eta. 14 and Galam el al.'5 have analyzed

Harbus and Stanley 7 have performed a high temperature se- the existence of a tricritical point (TCP) as a function of

ries expansion on a simple cubic lattice Ising model with dilution in a DAFF consisting of a simple cubic lattice with

in-plane ferromagnetic coupling and antiferromagnetic cou- isotropic nn antiferromagnetic and nnn ferromagnetic inter-
fthe planes (the "meta" model) and on the "nn actions. Recently, a simulation on a highly diluted (50%)

l iing of simple cubic lattice with isotropic antiferromagnetic nn in-
model 8 consisting of a simple cubic Ising lattice with iso- teraction was performed by Nowak et al., 6 with special at-
tropic antiferromagnetic nearest neighbors (nn) andferro- tention paid to the high field region.
magnetic next-nearest-neighbors (nnn) interactions. In spite of all this effort, many questions still remain

Landau,9 in a Monte Carlo study of antiferromagnetic open. For instance, while the existence of long range order
Ising simple cubic and simple square lattices with nn antifer- (LRO) is admitted for a three-dimensional (3-D) RFIM, 17"1s

romagnetic and nnn ferromagnetic coupling, has also found a it is still under discussion for some DAFF's because of the
tricritical behavior. long relaxation times involved.19- 2

However, all these models considered only the simplest Experimental studies show, in general, that the state of
lattice structures (square and simple cubic), without taking the system at a particular point of the temperature-field (T,H)
into account other features appearing in FeCI2 and FeBr2 : space depends on the process used to take the system to that
high anisotropy, triangular lattice planes, superexchange point. It seems reasonable to suppose that some of the un-
paths along c axis, and in-plane frustration due to xnn anti- clear aspects found when comparing theoretical with experi-
ferromagnetic interaction. mental results may stem from the particularities of the real

J Appl Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)/7093/6/$6.00 © 1994 American Institute of Physics 7093



system. For instance, the expected LRO as well as the shape
of the magnetic domains (if any) formed while this (LRO) is . (a)
being established, must be related to the kind of lattice con-
sidered, its spatial anisotropy, the existence of frustrated or
competing interactions, its percolation threshold, etc.

In a previous work,22 we have studied, by Monte Carlo
simulations, the critical behavior of a FeCI2 model. This
model, though quite simple, kept the outstanding features of
the system: high spatial anisotropy (triangular lattice planes

stacked along the c axis), the superexchange paths for the
interplane interaction, competing interactions, and frustration
in the plane. The results we have obtained with such a model
are in excellent qualitative and quantitative agreement with
experimental ones.

Based on such a good description of the pure system, in
a recent work we addressed our study to some of the experi-
mental results on the diluted system that were not well un-
derstood. In particular, we studied the existence of a TCP and
its behavior with dilution. We also studied the character of
equilibrium temperature loops in a constant field (whether
they are reversible or not) and the existence of a LRO for a
field-cooling (FC) process. As mentioned above, irrevers-
ibilities in temperature loops have been experimentally re- FIG. 1. (a) Crystalline structure of FeCI2 . (Ref. 25) 0, Fe2+; 0, Ci-. (b)

ported. We have analyzed this fact by performing short simu- Top view of the 12 neighbors of a Fe2  ion l, the considered ion; *,
lations on our finite systems, showing that such neighbors in the adjacent plane below.

irreversibilities correspond to a nonequilibrium effect. We
have also investigated the experimental result stating that the
magnetization issued from a FC process (mFc) is greater than 4= -Jr r r ss- 2  rh
that issued from a field-heating (FH) one (mrH).20'21 We have (nn) (nnn)
determined the irreversibility line from the first temperature,
where iFc>mFH in a FC process, and we tried to elucidate -J' I V,qs ,s-g iBHJ ris,, (1)
the kind of magnetic domains formed in this irreversibility (nn') I

region that are responsible for that result. where s, = t 1 is an Ising spin; (nn) and (nnn) denote the sum
We are now interested in determining the critical expo- over the nearest and next-nearest neighbors in the plane, re-

nents of this system. Different questions may be asked on spectively, and (nn) indicates the sum over the interacting
this topic. First, one may think that the layered structure of spins belonging to adjacent planes. As the latter is a super-
this system might affect its effective dimensionality, even in exchange one, we have taken into account all the equivalent
the pure case. Concerning the diluted system, the Harris magnetic paths for the coupling of iron planes via the chlo.
criterion states that when the specific heat exponent of the rine ones. Following Anderson's rule, this leads to 12 neigh-
pure system is a>O, a small dilution may modify the critical bors in each one of the neighboring planes as is shown in
behavior. In addition, renormalization group e expansion Fig. 1.22
treatments24 show that a sharp transition may still exist, but Inc

with exponents different from those of the pure case. Finally, the sites at random and assigned to each site one of the

the application of a small uniform field to the diluted system values of the corresponding occupation variable oo,0,1,

in the strong concentration limit allows us to model an ex- with a probability (,=o )=p, until we got N7=p0N

perimentally studied RFIM. "vacancies" (N being the total number of sites and p = 1 -x
The article is organized as follows: in Sec. II we sum- the desired amount of dilution).

marize the results obtained on these systems in our previous The values of the interaction constants have been taken
works; in Sec. III we describe the technical details concern- from Vettier's work.6 As we have discussed in a previous
ing the present work; in Sec. IV we present the results on the work, 22 those values have been obtained fitting experimental
critical exponents. Finally, in Sec. V we present our conclu- wrtoevle aebe bandftigeprmna
citica expconents Finaln Sertcmin wre t odata to a Hamiltonian that is different from Eq. (1). Thus, the

relevant quantities are the ratios of the interaction constants,

and not their absolute values. To simplify the comparison
II. PHASE DIAGRAM OF THE Fe, Mg1 -Cl 2 SYSTEM with experimental results on the diluted system, we have

A. Description of the model normalized these constants in the following way: we have
performed simulations on the pure system, varying the val-

Figure 1 (a) shows the crystalline structure of the system ues of the interaction constants but keeping their ratios fixed,
determined by Wyckoff.25 The Hamiltonian of the system until we reproduced the value of TN given by Vettier.6 Hence,
may be written26 as we have a ferromagnetic nn interaction J = 6.74 K, in com-
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FIG. 2. Detailed cuts of the phase diagram along planes x = const. AF: antiferromagnetic phase; SP: saturated paramagnetic phase; P: paramagnetic phase; M'
mixed region. (a) x=1, O h!T, Oh 1. (b) x=0.9, 0 FH, 0 FC, 0 h 4, * hi. (c) x=0.8, *FH, 0 FC, *hT, 0 h 1. (d) x=0=7, 0 FH, 0 irreversibility line,
*h T, Ohl.

petition with a frustrated antiferromagnetic nnn one, The diluted system was studied by means of simulations
J2= -1.01 K, and a superexchange antiferromagnetic inter- of loops in temperature (FC-FH) at a constant field and
plane interaction, J'= -0.07 K. loops in the magnetic field at a constant temperature (h T -

In the following we will use the notation h j). We have determined the phase diagrams in the (T,h,x)
space for concentrations x =0.9,0.8,0.7. Our results show the

h~glzJH / k11 " existence of a TCP that is shifted to low temperatures as
dilution increases. The values obtained for T, as well as

B. Summary of previous results those obtained for TN, compare quite well with experimental

In general, we studied the following quantities: global
magnetization per site m; staggered magnetization along the
c axis nt; energy per site E; specific heat c; susceptibility X; TABLE 1. Variation of T, and TN as a function of dilution. Comparison with
staggered susceptibility X,,; and Edwards-Anderson order experimental values.

parameter q. We aiso keep the last configuration of the lattice )bx V,(K)' TmC(K) 7 P(K Tmc(K)
obtained at each point of the (T,h,x) space for further analy-

si.1 20.5 19.9 24 22.9For the pure system, we have shown that the transition is

continuous for low fields, but becomes first order at a tric- 0.9 16.5 15 20.5 20

ritical temperature T, that can be estimated as the tempera- 0.8 13 12 17.6 16.75
ture where hysteresis in field loops disappears. We have
found the ratio between the TCP temperature and the N6el 07 8 7 13.6 14
temperature to be T,/TN=0.87, in excellent quantitative 'Reference 27.
agreement with the experimental value TITN=0.886.6  bReference 28.
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ones.27'28 The width of the hysteresis cycle is also found to nmd Inin
decrease with dilution. V-- \ d(1/kBT) = (6)

Figure 2 summarizes these results. It shows cuts of the
phase diagram for different values of concentration x. second-order cumulant of the order parameter,

Table I gives the comparison of our results with experi- / ln(nist2)\ (mst2E)
mental ones obtained by Wood and Day and Bertrand V2= \T kB-T) =  - (E). (7)
et al.28

We have also studied fast FH+FC cycles to simulate, on Tte mean values, which are functions of mst and of powers
a finite system, the long relaxation times observed experi- of E, may be calculated as a continuous functions of tem-
mentally, and we have found that, for low fields, the cycle is perature using the histogram obtained at To as follows: 31

still reversible, while for h-ho(x), irreversibilities appear XEEn(f)(E)H(E)exp[ - AK E]
giving rise to mFc>mFH, in agreement with experimental (Enf(mst)) = EH(E)exp[-AK E] (8)
results.21 The irreversibility line Tif, defined as the highest

temperature where mFc=mm, is coincident with Tc(h) for where H(E) is the histogram measured at To and (f)(E) are
low fields, but lies above it as the field approaches ho(x), in the mean values of the corresponding function of m, calcu-
agreement again with experimental measurements. This line lated at To for each fixed value of the energy.
is shown in Fig. 2 for the x=0.3 case. For large values of the system of linear size L, these

We have also investigated the shape of the magnetic do- quantities are expected to scale with L as follows:
mains formed in the irreversible region. Here the domains
look like distorted pipes that are placed one beside the other, V1 cL -I/i, (9)
trying to keep an antiferromagnetic order along the c axis. In V2,L - 11v, (10)
each plane, clusters of opposite orientation are separated by
vacancies in order to avoid losing exchange energy.26  CHmax =Co+CLa/lv (11)

Xst maxoc Yl, (12)

Iii. CRITICAL EXPONENTS mst[T,(o)]cL -/v, (13)

A. Technical description Tc(L) = T(c() +CAL-/. (14)

The Monte Carlo histogram method29- 31 is known to be Having a certain knowledge about the location of Tc helped

a very accurate way to determine critical exponents. It does us to neglect, in this first approach, corrections to scaling. In
not need a previous knowledge of T, with an overwhelming addition, as our smallest size is L = 12, corrections to finite
precision, as it was the case with traditional Monte Carlo size scaling have also been neglected.
calculations of critical exponents. We have estimated v independently from Eqs. (9) and

We have used our previous results on this system to (10). With these values, we calculate y from Eq. (12). We
locate the temperature To where the Monte Carlo simulation have then estimated T,(o) by extrapolating Eq. (14) for each
is performed. We have calculated the following quantities: observable. Using this value of T,(-o), we calculate /3 from
staggered magnetization, Eq. (13). The Rushbrooke scaling law a+2/3+3y=2 allows

us to obtain a. Finally, using the hyperscaling relationship,
ms,= (As'), (2) we can estimate the effective dimension of this model, d= (2

I Nk I - a)Iv.
AZs,=- I-k - (- 1)1+ N,N, , jk '  (3)

k k=_ B. Analysis of results

where ij are the subscripts in the plane and k is the sub- 1. The pure system
script corresponding to the c axis. In the following, we will
consider systems of equal number of sites in each direction, fo la e ofm a iz e h1,8,2,a 30 uat en

and e wll enot thir izesby XLXL.for lattices of linear sizes L = 12, 18, 24, and 30 at the ten-and we will denote their sizes by L ×L XL.

Energy per spin, perature To near the TN obtained in our previous study. Fig-
ure 3(a) shows the finite size scaling study of staggered mag-

E = netization cumulants done over the first three lattices. The
specific heat, value obtained is v=0.590.03.

Figure 3(b) shows the fit of Eq. (12) to our data. We get
1 2 a value y=1.19-O.08.

c ( (4) The determination of 3 needs an estimation of the criti-
cal temperature of the infinite lattice. It has been extrapolated

staggered susceptibility, from the behavior of the extrema of different observables as

a function of L-1/v. We have found 23.12±0.03 K. The fit
Xst T-()(. st)2 ) (5) shown in Fig. 3(c) gives /3=0.27-0.04.

Using the Rushbrooke relationship, we obtain a=0.27
first-order cumulant of the order parameter, ±-0.10.
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FIG. 3. x= 1, h=0. (a) In V,(0), In V2(0) vs InL: determination of v, (b) FIG. 4 x=0.9, h=0 (a) In V1(O), In V2 (0) vs InL. determination of v,
In X,, vs In L: determination of y. (c) In m[T N(M) VS In L determination (b) In X,, vs In L determination of , (c) In mSt[rN(c0)] vs In L: determina-
of A. tion of P3.

With these values, the hyperscaling relationship gives an for systems of linear sizes L = 12, 18, 24, and 30. The fit of
effective dimensionality of deff- 2 .9 3. This shows that the V1 and V2 , shown in Fig. 4(a) gives v=0.56±0.03, lower

layered structure of the system does not affect its effective than the value obtained for the pure system.
dimension, even in the case of a quite weak interlayer cou- From the fit shown in Fig. 4(b), we get y=1.07±0.09,
pling. again lower than the value obtained above.

The set of critical exponents obtained above does not The extrapolated value for the temperature of the infinite
exactly correspond to that of the 3-D Ising model, 24 although diluted lattice is TN(o)=20.27+0.03 K, which gives/3=0.36
some of them are rather close to it within the error margin. ±0.07 [Fig. 4(c)].
Surprisingly, this set is found to be similar to the results When applying a uniform magnetic field to the diluted
obtained for the frustrated 3-D Heisenberg spin systems. 32,33  system, the correlation length exponent is clearly increased.

On the contrary, the other exponents are less affected, for the
studied fields, h = 0.25 K and h =0.5 K, which correspond to

2. The diluted system a quarter and a half of the corresponding threshold field for
this dilution.

In this first approach, we have studied a system with a Figure 5(a) shows the fit of Eqs. (9) and (10), which
small dilution p =0.1. The results shown have been obtained gives v=0.68±0.005 for the case h=0.25 K. The fit of Eq.
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8 ---- magnetic interaction and dominant nn in-plane interactions,
as well as the superexchange between planes, are enough to

7.5 v=0.68 T 0.004 ..- - cause a deviation of the critical exponents from those of the
> 3-D Ising model, even in the pure case. These exponents are

_ 7- + closer to those of 3-D frustrated systems (antiferromagnetic
> stacked triangular lattices with Heisenberg spins) than those

&65 7- of the nonfrustrated 3-D Ising model.
We have also found that for this system of weakly

6 x=0.9, h=0 25 K coupled layers, the effective dimension remains 3. As soon

as additional disorder is added to the system by means of
5.5 - . simple dilution, critical divergences are reduced. This is seen

2.4 2.6 2.8 3 3.2 3.4 3.6 by examining the values of v, y, and a given in Table II.
When applying a uniform magnetic field the diluted sys-

tem is expected to behave like a RFIM. However, the results
2.8 obtained do not correspond to those predicted for the 3-D
2.6 RFIM. 35' 36 This work shows that it is not obvious that the

2.4 0FeMg XCl 2 system belongs to the RFIM universality class.
S2.2 Further work concerning higher dilutions at different
2 fields is in progress.

1.8 We summarize the previous results in Table II.
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Simultaneous surface and bulk magnetic properties investigations
by using simultaneous gamma, x-rays and conversion electron
M6ssbauer spectroscopy: Method and experimental results

A. S. Kamzin, L. A. Grigor'ev, and A. F. loffe
Physico-Technical Institute RAS, St. Petersburg 194021, Russia

The surface and bulk phase transitions in a microscopic antiferromagnetic Fe3BO6 crystal was
investigated by means of new method: Simultaneous gamma rays, x-rays, and electron M6ssbauer
spectroscopy (A. S. Kamzin, V. P. Rusakov, and L. A. Grigor'ev, in Proceedings of the International
Conference "Physics of transition metals," USSR-1988, Part 2, p. 271; A. S. Kamzin, and L. A.
Grigor'ev, Pisma Zh. Tekh. Fiz. 16, 38 (1990) [Sov. Tech. Fiz. Lett. 16, 417 (1990)]), which makes
it possible to study simultaneously the surface and volume properties of a bulk crystal.

I. INTRODUCTION II. METHOD OF SIMULTANEOUS GAMMA RAYS, X
RAYS, AND ELECTRON MOSSBAUER

At the spin-reorientation phase transition (SRPT), it was SPECTROSCOPY
observed that (1) the first-order SRPT transition in the vol- In the "classical" M6ssbauer spectroscopy (MS) in the
ume of the crystal is accompanied by second-order reorien- transmission mode (TMS) the y rays permeating the sample
tation of spins on the surface of crystal; (2) toward the sur- are detected, thus giving information on the whole volume of
face of the crystal the temperature interval of the SRPT are the bulk samples. After absorption, the deexcitation radiation
increasing and no displacement of the center of the transition of nucleation in the absorber are the y rays, the conversion,
region is observed; (3) outside the SRPT region, the direction and Auger electrons (CED), and characteristic x rays (CX).
of the magnetic moments on the surface are different from in M6ssbauer spectroscopy CX (CXMS) allows us to study the
the volume of the crystals, and differences are increasing to properties of a few Am thick layer of a bulk crystal. In the
the surface in the limit of the "transition" layer. case of M6ssbauer spectroscopy with detection CE (CEMS),

It was found that (1) the Neel temperature for the surface the information is extracted from a -300 nm (for Fe57) sur-
is lower than for the bulk; (2) there exists a surface layer of face layer on the bulk sample.
"critical" thickness, within which the transition temperature The method of simultaneous gamma rays, x rays, and

TN(L) increases with a distance from the surface and reaches electron M6ssbauer spectroscopy proposed in Ref. 1 com-
bines these three modifications of M6ssbauer effect measure-at the low er (fro m the surface) bo undary o f the " critical" m n s h n v r a e e t r2 a d M s b u r s e t o e ements. The universal detector2 and M6ssbauer spectrometer

layer the value of Neel temperature for the volume of the constructed around the universal detector (Fig. 1) makes it
crystal. possible to obtain the M6ssbauer spectra immediately by de-

In order to understand surface phenomena, so as to de- tecting the y rays, characteristic x rays, and secondary elec-
termine how surface and bulk properties are related to each trons, thereby simultaneously studying the properties of the
other, it is necessary to investigate the surface of bulk crys-
tals in comparing with investigat; oas of volume properties of
that material, as well as the proiiles of the properties (layer
by layer analysis) of the surface layer. For this aim the ex- E l
perimental methods are very useful, which give us the pos-/
sibility to study the surface and the bulk properties of mas- LVC V
sive crystals simultaneously. We have shown1 that the
M6ssbauer effect measurements are simultaneous by detect-
ing gamma rays in the transmission geometry, and conver-
sion x-rays and conversion electrons in the backscattering
mode are very suitable in each case.

In the present paper, we describe (1) new method (simul-
taneous gamma rays, x rays, and electron M6ssbauer spec-
tro s c o p y ), w h ic h h a v e b e e n o ff e re d a n d u s e d in R e f . 1 a n d " ----- --------,

that gives us the possibility to investigate the surface and
bulk properties simultaneously; (2) results of investigations PC
of the surface magnetic system behavior at the phase transi-
tions (the Neel temperature as well as the spin-reorientation FIG. 1. Universal detector and block diagram of the system for the simul-

phase transition) in the bulk of crystal. taneous gamma, x rays, and electron Mossbauer spectroscopy
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F volume and surface layers of bulk crystal. The y rays emitted signal. A given motion is provided with the accuracy of notby a M6ssbauer source (S) pass through the sample (C), greater than 0.03%.

through a hole in the heater (H), and are detected in chamber The important advantage of the method, of simultaneous
G. The sample is located in chamber E, and CE emitted from gamma rays, x rays, and electron Mssbauer spectroscopyl is
the sample are detected right in that chamber. The CX rays, that information from the bulk and surface of a macroscopic
after leaving the sample, pass through a beryllium foil (W) crystal is extracted: (1) simultaneously under identical con-
that separates counters E and X, and are detected in chamber ditions of the sample; (2) by using one method of investiga-
X. Therefore chamber E detects only the conversion elec- tion (the M6ssbauer effect), which makes it possible to com-
trons, counter X detects only the conversion x rays, and pare experimental results on surface and bulk properties
chamber G detects only gamma quanta. This method of in- strictly.
vestigation was later called simultaneous triple radiation
Mbssbauer spectroscopy.3  III. INVESTIGATION OF THE SURFACE AND BULK

It is known that the energy of an electron that has go out SPIN-REORIENTATION PHASE TRANSITION
from the sample depends on the distance from the surface of IN ANTIFERROMAGNET Fe3BO6
the atom in which this electron was formed. Our electron
counter has quite a good resolution, and by using discrimi- We have studied the magnetic structure and SRPT in a
nators (SCA in Fig. 1) we have the possibility to choose the surface layer and in a volume of a bulk crystal Fe3BO6 by
electrons in a definite energy group.4- 6 Taking into account using the new experimental method described above in Sec.
the probability that an electron reaches the surface of the II and in Ref. 1.
crystal, it is possible to investigate the properties of a thin Surface studies were conducted on crystals chemically
layer located at a definite depth from the surface. When a polished for -50 h at room temperature in 1:1 mixtures of

proportional detector is employed, the location of the layer H3PO4 and H 2SO 4 acids. The experimental M6ssbauer spec-
and its thickness are not determined as accurately as with the tra obtained below and above the SRPT temperature
electrostatic, or magnetic energy analyzer. However, a pro- TR = -415 K consist of two sextuplets, corresponding to
portional detector is much more efficient, and thus has cer- iron ions in 8d and 4c positions. In the SRPT region, experi-
tain advantages, mental spectra consist of the superposition of lines observed

It is not difficult to detect electrons at room temperature, at the temperature below and above the SRPT temperature.
but difficulties arises when the measurements are made The lines corresponding to different phases are well re-
above or below room temperature, because the sample is solved, which makes it possible to investigate the behavior
located inside counter E. In the universal detector, the fur- of the magnetic moments of each position and phase.8

nace heats only the sample, but not the ambient gas. This is The angle 0 determining the direction of the magnetic
achieved by the multilayer heat insulation of the heater and moments, with respect to the wave vector of the y rays, were
also by its housing on needle supports. Liquid nitrogen vapor found from the ratios of the intensities of the second and first
passes along the heat guide to take measurements at the re- (fifth and sixth) lines of the Zeeman sextuplets, using for-
gion below room temperature. Thus, we have possibility for mula 12,5Ii1,6=(4 sin2 0)/3(l+cos 20). The temperature de-
measurements in the interval from 100-750 K, with the ac- pendence of this angle is displayed in Fig. 2.
curacy of 0.03*-0.2', depending on the measurements re- It is evident from Fig. 2 that the magnetic moments in
gion. the volume of the crystal are oriented only the two values, 0

To diminish the dead time of the storage system (MCS) or r/2. In the SRPT temperature range, these two phases
we set the input pulse duration less than two buffer counters coexist. Ti.; results prove convincing!y that SRPT in the
with checking before switching.7 The form of motion of the volume of Fe3BO6 crystals occurs as a first-order phase tran-
M6ssbauer source is controlled by the standard feedback sition in a temperature range from T, up to T2.
(FG) signal. We have offered7 to use an other optional con- The magnetic moments on the surface layers outside the
trolling signal (CC), which is generated by adding the error region of SRPT tilt away from the directions along which the
signal averaged over 100-1000 periods to the current error moments are oriented in the volume of crystal. The tilting

angle, increases as the surface or the SRPT is approached. In
the SRPT region, in a surface layer, the angle 0 varies con-
tinuously from one value to another.

V) The theoretical studying of the problem of a spin-
reorientation phase transition (SRPT) on a surface showed

-- that the shape of t1,e temperature hysteresis loop must
change.9 Comparison with theoretical results9 reveals that the
experimental data are in good agreement.

340 0 -IV. THE SURFACE AND BULK MAGNETIC
42 400 410 40 420 440 TW PROPERTIES OF THE ANTIFERROMAGNET Fe 3BO 6

NEAR THE NEEL TEMPERATURE
FIG 2. Experimental plots of the angle 0 versus temperature in the volume
(N) and surface layers of the Fe3BO 6 crystal. Layer thickness (± 10 nm): Analysis of the experimental spectra of Fe3BO 6 near the
0-40 nm (0); 50-90 nm (V); and 150-200 nm (x). Neel temperature showed that they can be divided into four
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t In summary, analysis of the experimental results has
shown that as the temperature increase in some sections
paramagnetic regions arise directly on the surface of the

"crystal. As the crystal is heated further, the paramagnetic
0.4 regions on the surface expand and penetrate deeper into the

crystal. At a certain temperature below the Neel point for the
40f I 3 bulk of the crystal, the entire surface becomes paramagnetic,

40- 2and with increasing temperature, deeper layers transform into
8o the paramagnetic phase. At the Neel point the magnetic order

120- destroys the entire remaining volume of the crystal. Thus,
160' ' ' ' I ,5

440 460 480 500 1, Tv) there exist a surface layer of "critical" thickness, in which
the transition temperature TN(L) increases with a distance L
from the surface and reaches at the lower (from the surface)

FIG. 3. Phase diagram of Fe3BO 6 near the Neel temperature. One-boundary boundary of the "critical" layer the value of TN, correspond-
line Tw(L); 2-Ts(L); and 3-TN(L). ing to the volume of the crystal.

characteristic groups: 10 M, W, S, and P (see Fig. 3, where L 'A. S. Kamzin, V. P. Rusakov, and L. A. Gngor'ev "Physics of transition

is distance from the surface). The M spectra consist of two metals," Proceedings of the International USSR Conference, Part 2, p.

Zeeman sextuplets, P spectra-of two quadruple doublets. 271.
2A. S. Kamzin and L. A. Grigor'ev, Pisma Zh. Tekh. Fiz. 16, 38 (1990); A.

This means that the material in the M region is magnetic, in S. Kamzin and L. A. Grigor'ev, Prib. Tekh. Eksp. 2, 74 (1991).
the P region-in the paramagnetic state. In region W, the 3u. Gonser, P. Schaaf, and F. Aubertin, Hyperfine Interact. 66, 95 (1991).
widths of the outer lines of the sextuplets increases up to the 4A. S. Kamzin and L. A. Grigor'ev, Pisma Zh. Tekh. Fiz. 19, 50 (1993); A.
TN(L), the width of the inner lines do not change. The ex- S. Kamzin and L. A. Grigor'ev, Pisma Zh. Tekh. Fiz. 19, 32 (1993).

SM. Inaba, H. Nakagava, and Y. Ujihire, Nucl. Instrum. Methods 180, 131
perimental spectra observed in the S region consist of a su- (1981).

perposition of lines of the paramagnetic doublets of the P 6A. S. Kamzin and V. P. Rusakov, Prib. Tekh. Eksp. 5, 55 (1988).

phase on the spectra of the W phase. As the temperature 7A. S. Kamzin, S. M. Irkaev, Yu. N. Mal'tsev, and L. A. Grigor'cv, Prib.
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Magnetic properties of FexCu l _ x granular alloy films
Peng Chubing, Chen Haiying, Li Guozhong, and Dai Daosheng
Department of Physics, Peking University, Beijing 100871, People's Republic of China

The magnetic properties of the FexCu l -x granular system, as functions of iron particle size, were
studied. Using high resolution transmission electron microscopy, iron particle size was determined
to be ranged from 1-4 nm in as-deposited samples as x=0.06-0.34. Magnetic measurements
revealed that samples exhibit superparamagnetic relaxation below 300 K as x-<0.22. At 1.5 K, the
average magnetic moment per each iron atom is reduced as the average number N of iron atoms in
a particle is less than 450, and approaches the value of bulk iron as N-_600. Moreover, the
temperature dependence of magnetization for Fe-Cu granular alloys was found to obey the Bloch's
T 3/2 law below 300 K as x>0.22. We suggest that spin wave excitations of long wavelength occur
due to the weak exchange coupling among iron particles as x>0.22. This behavior was confirmed
by the ferromagnetic resonance study.

I. INTRODUCTION fraction pattern, (111), (200), (220), and (311) reflections of

The studies of surface magnetism of ferromagnetic ma- fcc Cu and (200), (211), and (220) reflections of bcc Fe

terials have discovered that the magnetic moment of surface appear, indicating that iron particles have precipitated from

atoms such as Fe(110) and Ni(111) is enhanced.' 2 This be- the film and form the bcc structure. In the TEM image, one

havior was also observed in multilayered thin films (e.g., can see that iron particles are very small, about 2.3 nm in

Fe/Ag,3' 4 Co/Pd.5 and Co/Pt 4' 6). It is very interesting whether diameter, and dispersed homogeneously in the film.

magnetic moment of the ferromagnetic particles, such as Fe, Figure 2 shows magnetization curves for FexCu 1 -, films

Co, and Ni, is enhanced when its size is reduced. In recent with x=0.10, 0.16, and 0.22. It is seen that samples exhibit

experiments, 7-9 the magnetic behavior of Fe and Co clusters superparamagnetic relaxation below room temperatures as

contai-iing several tens to hundreds of atoms has been inves- x-0.22. In the superparamagnetic state, the effective mag-
netic moment #Af for Fe-Cu samples in the magnetic field H

tigated by using the Stern-Gerlach method. It was found that nt mometIe f i eC sle
the average effective moment in Fe and Co clusters was be-
low that of bulk Fe and Co, respectively. Chien et al.10 have
studied the magnetic properties of iron particles in the
Fe-SiO2 granular films, and pointed out that the coercivity
of those films was enhanced. It was also reported that the Fe(220)
ferromagnetic, superparamagnetic, spin-glass, and cluster-iFe(2I1)
glass behaviors exist in granular alloys." In this paper, the
magnetic properties of FexCut -, granular films, including Fe(200)
superparamagnetic behavior, effective exchange coupling,
and the low-dimensional effect, were discussed.

II. EXPERIMENTS

FeCut-x films were prepared by thermal co- Cu(200)
evaporation method in a vacuum of 2X 10- 7 torr onto glass
substrates cooled by liquid nitrogen. Thicknesses of films are Ct(31 I
about 500 nm. The iron volume fraction x was determined to
be 0.06, 0.10, 0.13, 0.16, 0.20, 0.22, 0.24, 0.26, 0.28, 0.30,
and 0.34 by electron energy spectrum analyses. The structure
of films was characterized by electron diffraction and high
resolution transmission electron micrograph (TEM). Magne-
tization curves for all samples at different temperatures were
measured by a LDJ 9500 vibrating sample magnetometer
(VSM). The ferromagnetic resonance measurements for
samples with x=0.16 and 0.30 were carried out by using an
electron paramagnetic resonance spectrometer working at
x-band (9.8 GHz) at room temperature.

III. RESULTS AND DISCUSSIONS

Figure 1 displays the electron diffraction pattern and FIG. 1. Electron diffraction pattern and dark-field micrograph for as-

central dark-field micrograph for Fe0 22Cu0 78 film. In the dif- prepared Fe022Cu0 78 film The iron clusters are indicated by arrows.
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FIG.2. ffetiv maneti moent~ pr ion aom s afuntio of FIG. 3. The size dependence of the magnetic moment per iron atom for
FIG.2. ffetivemageti momnt fj er ion tomas afuntio of Fe-Cu film at T=1.5 K.

magnetic field for Fe-Cu films with x=0.10, 0.16, and 0.22 at T=160, 236,
and 300 K, respectively. The solid lines are the theoretical curves obtained
with Eqs. (1)-(2) with 15=11.3 A, a=1.05 for x=0.10;fD=13.6 A, a=1.10
for x=0.16 and D=22 A, and a=1.255 forx="0.22. A~(T) = Aot(l -BT"' 2 ), (3)

which describes the thermal spin-wave excitations (Bloch's
T312 law). Obviously, it is hardly possible to excite a long-

PAeff = A~L(v)f(v)dv, (1) wavelength spin wave in an individual iron particle with size
f ~of about 3.0 nm. As iron concentration x is larger than about

where L(v) is the classical Langevin function, f(v) is the 0.24, a magnetic percolation effect sets in. By fitting the
size distribution function, v is the volume of iron particles, experimental data to Eq. (3), the Bloch constant B is ob-
and At is the magnetic moment per iron atom in a cluster. For tained to be 1.34x104' K 312 . This B value is much larger
simplicity, the lognormal distribution function for spherical than that for the bulk iron (about 3.5 X10_6 K 3 12). We sug-
iron particles with diameter D is assumed, gest that an effective exchange interaction among single-

f(D = xp[- in - n f) /2ln r)'/ _7rIn r. 2) domain iron particles appears for a Fe-Cu granular system
f(D)= ep[ (I D InD)21(lno.)]I ~ I 0.(2) with x--0.28, leading to the excitation of a long-wavelength

By fitting the experimental data using Eqs. (1) and (2), the spin wave in the whole film. Since the Bloch constant is
average diameter D5 and the width or are estimated. For the related to the exchange energy constant, then we deduce that
x=0.22 sample, D5=22 A and o-1.155, in agreement with the effective exchange constant is about one order less than
the TEM observation. From the 15 value, the average number that of the bulk iron. There is other evidence that may sup-
N of iron atoms in a cluster for Fe-Cu samples can be de- port the above suggestion. Figure 5 shows resonancc field
termined and listed in Table 1. H,,, vs the orientation OH1 of the applied dc magnetic for

Figure 3 plots the average magnetic moment A. at 1.5 K Fe-Cu samples, with x=0.16 and 0.28 at 300 K. For the
as a function of the average number N for Fe-Cu samples. It x =0. 16 sample, the magnitude of H,,, is almost independent
can be seen that the magnetic moment of iron atoms in- on the orientation, reflecting very little shape anisotropy.
creases rapidly with N as N<450, and approaches 2.2Aty as This very small angular variation of Hrcs results from the
N>600. This reduction of At as N<450 may result from the uniform precession of individual iron particles with spherical
d-s electron hybridization on the interfaccn, between Fe par- shape in the film. However, at x=0.28, the H...s value in-
ticles and the Cu matrix. 12 Since the ratio of surface iron
atoms to volume increases with the decreasing particle size,
the average magnetic moment of iron clusters is hence re- 2 4 1 1 1
duced.

Figure 4 gives the temperature dependence of magneti- 0N x=0 28
zation A(T) for FeCu1.,, samples with x=0.10, 0.13, 0.22, 0 216

and 0.28. As xn0.22, T) decreases linearly with the in-

creasing temperature below the blocking temperature. Such a 1 2
linear dependence of magnetization is often associated with F 13

two-dimensional (2-D) magnetic behavior. At x=0.28, at T) a
anbe fitted to the equation 0 lox .

0 4 -

TABLE 1. The average number N of iron atoms in a cluster at ewh volume 0 50 100 150 200 250 300
fraction x. Temperature (K)

x 0.06 0.10 0.13 0.20 0.22 024 0.27 0.30 0.34 FIG. 4. The temperature dependence of the effective magnetic moment of
N 34 103 297 396 470 495 653 740 940 iron clusters for Fe-Cu films with xbe 10, 0.13, 0.22, and 0.28 The solid

lines are the fitted curves.
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8behavior exists in a Fe.Cu I -x granular system below 300 K

as x--0.22. At 1.5 K, the average magnetic moment of iron
atoms decreases rapidly as iron particle size decreases. This

6 -/ behavior is understood by the hybridization of the d-s elec-
6 tron on the surface of iron cluster. The appearance of long-

4 -wavelength spin wave excitations at low temperature and the
ferromagnetic resonance experiment confirm that the weak

2 -2exchange coupling exists among iron particles as x>0.22.
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New possibilities offered by high resolution Fourier transform spectroscopy
in studying magnetic phase transitions

] M. N. Popova
Institute of Spectroscopy, Russian Academy of Sciences, 142092 Troiksk, Moscow Region, Russia

High resolution optical absorption spectra of an intrinsic R3+ ion or Er3+ probe were measured in
cuprates R2Cu20 5 and R2BaCuO5 related to high T, superconductors of the 123 type and in
low-dimensional nickelates R2BaNiO 5. We have registered for the first time phase transitions, some
of them not detectable by other methods, in R2BaCuO 5 with R=Y, Lu, Nd, Dy, Yb, and Lu, in
R2BaNiO5, with R=Nd, Sm, Eu, Dy, Ho, Tm, and Lu. Coexistence of two different magnetic phases
in Y2BaCuO5 and Lu2BaCuO5 in a broad temperature range was demonstrated. Fine splitting of the
low temperature magnetic phase transition, possibly caused by the interaction of critical
fluctuations, has been observed in Dy2BaCuO 5. Low-dimensional correlations at temperatures
higher than the temperature of three-dimensional (3-D) magnetic ordering have been analyzed in
quasi-2D compounds R2Cu20 5 and quasi-1-D R2BaCuO 5. We developed the method of the Er3+

probe in a series of isostructural f-d compounds to select the right magnetic structure of an ordered
d subsystem from several structures that fitted neutron scattering data equally well.

I. INTRODUCTION Cu2  ons not interconnected by direct bonds through oxy-

The method of the rare earth (RE) spectroscopic probe gen. Various Cu-O-O-Cu or Cu-O-R-O-Cu superex-
change paths, low dimensional in particular, may dominate

has earlier been shown to complement substantially other in these compounds, depending on a particular R3+ ion.
methods of studying magnetic phase transitions (see, e.g., R2BaNiO 5 with R=Lu and Yb are isostructural to the green
Ref. 1). The internal magnetic field that appears due to mag- phases, while the other members of this family with R=Y,
netic ordering in a system splits the Kramers doublets of a Nd-Gd, Dy-Tm (also studied by us 4"5) have a completely

RE ion. The detection of an appropriate spectral line splitting diffrent structure, containing isolated -Ni-O-Ni- chains.

versus temperature delivers information on a magnetic order- Polycrystalline samples of the mentioned compounds,

ing in a system. Typically, the spectral resolution of grating Poryith 1 at. o of ebuinrd ed ctlpobe,

spectrometers used for such studies is 0.5-1 cm - 1 in the pure or with I at. % of erbium introduced as a spectral probe,

visible. As we have shown recently,2 inhomogeneous width were prepared from oxides by solid state reaction in air. The
o powder samples were carefully ground, mixed with ethanol,of some RE spectral lines may be as small as 0.007 cm - .  and put on the sapphire platelet directly before the window

The most intense allowed in free ion optical transitions lie in of the nSb detector. The whole assembly was inside an op-
the infrared and occupy broad spectral regions for a majority thealnbyetto the hol e el y a in ide an p-

ofRE 3+ ions. It is advantageous to register such spectra by a tical cryostat, either in liquid helium or in cold helium "'por.
of Rt aNear infrared spectra due to optical transitions in the .... mnsic
Fourier transform spectrometer rather than by a classical R3 ion or Er3+ probe were registered at 2-120 K, with a

one. tspectral resolution down to 0.06 cm-  employing the
In this paper, by the example of the RE-transition ntetal BOMEM DA3.002 Fourier transform spectrometer. In fact,

magnetic compounds related to high-T superconductors, we
we measured diffuse transmittance spectra. Absorption spec-demonstrate that high resolution Fourier transform spectros- trweehncauledbthaporiecmuerp-

copy combined with some special technique proposed by us4  tra were then calculated by the appropriate computer pro-
broadens considerably tihe method of a RE spectroscopic gram. The width of some spectral lines in our samples at 2 Kbroaensconideablythemetod f a E sectoscpic was as small as 0.1 cm- 1 .

probe and offers new possibilities in studying magnetic com-

pounds. The work of the author's group is summarized. 111. DETECTION OF MAGNETIC PHASE TRANS11 IONS

11. SAMPLES AND EXPERIMENT High resolution spectrum of R3 ' Kramers ion in a crys-
tal is extremely sensitive to the changes of the local magnetic

We have carried out the spectral studies of R2Cu,0 5
5'6  field at the place of this ion. This gives us a possibility to

(here R stands for rare earth or yttrium), RBaCuO58-1 2 and register unambiguously magnetic phase transitions, even
RBaNiO5 (R=Lu,Yb)'3 magnetic cuprates and nickelates, those not detectable by other methods and, in some cases, to
which are related to high-T, superconductors of the 123 determine their nature. We have found, for the first time,
type. It is interesting also to study these compounds in con- magnetic ordering in Y2BaCuO5,8  Lu 2BaCuO 5,"

nection with the problem of low-dimensional magnetism. Nd2BaCuO 5,'2 R2BaNiO5, with R=Lu, Nd, Sm, Eu,
There are CuO planes in the structure of R2Cu2O5 (R=Y,'Ib- Dy, Ho, and Tm, 13- 15 and specified the temperatures T, of
Lu,Sc,ln), with intraplane Cu-Cu distances considerably appropriate phase transitions. Spin reorientation first-
smaller th- interplane ones. The so-called "green phases" order phase transitions not known before have been
R2BaCuO5 (R=Y,Sm-Lu) and "brown phase" Nd 2BaCuO5  detected in Y2BaCuO5,8,t0  Dy2BaCuO5 ,9 Lu 2BaCuO5 ,
of R-Ba-Cu-O superconducting ceramics contain isolated and Yb 2BaCuO5."
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FIG. 1. Low-frequency part of the 4115/2-41 13/2 absorption of the Er3a FIG. 2. Reduced splittings of the ErP' probe spectral lines in Y2Cu 205 and
probe in Y2BaCuO5 at different temperatures. Er2Cu2O5.

On the other hand, our spectral method permits us to V. SPECTRA OF ErP+ PROBE AND MAGNETIC
verify the interpretation of magnetic susceptibility (X) and STRUCTURE OF d SUBSYSTEM
specific heat (c) measurements. Thus, we have shown that We have shown that in the cuprates studied (1) the split-
the maxima in c(T) and A(T) curves for Er2BaCuO 5 and in tings of the Er3  probe spectral lines are, mainly, due to the
the A(T) curve for Er2BaNiO 5, which had been attributed to interaction with a d magnetic subsystem, while the interac-
phase transitions within the erbium magnetic subsystem, tion with f ions (RE ions) contributes little; (2) Er-Cu inter-
were, in fact, caused by the population changes within the actions ar- highly anisotropic. On these grounds, we pro-
ground Er3+ Kramers doublet split by an exchange interac- posed the method of the Er 3  probe in a series of
tion with an ordered d subsystem.14"10  isostructural f-d compounds to select the right magnetic

structure of an ordered d subsystem from several structures
IV. COEXISTENCE OF TWO DIFFERENT MAGNETIC that fitted neutron scattering data equally well. This method
PHASES has been tested on R2Cu20 5 cuprates,6'7 where reliable neu-

tron scattering data exist and applied to some of the
In the region of first-order spin reorientation phase tran- R2BaCuO 5 compounds.t  The analogous work on the

sition, two magnetic phases coexist, usually, in a small inter- R2BaO 5 chain Te nlogos o.

val of temperatures. The spectrum is a superposition of two R2BaNiO5 chain nickelates is in progress now.

different spectra with temperature-dependent relative intensi- VI. LOW-DIMENSIONAL MAGNETIC CORRELATIONS
ties. High spectral resolution and precise temperature control AT LICA
(=0.02 K) enabled us to separate these spectra and to regis- AT T>T

ter the temperature dependence of their intensities. 8- 1  For T>Tc the splittings of spectral lines Av do not
We have found that in Y2BaCuO 5 and Lu2BaCuO 5, two vanish-a "tail" is observed due to short range order. We

different magnetic phases coexist in a broad range, starting have compared the dependences Av (TIT,) for the Er34

from the temperature of spin reorientation transition TR probe in two R2Cu2O5 compounds with identical structure of
(TR=1 2 K for Y2BaCuO5, TR-15 K for Lu2BaCuO5), and copper magnetic moments /cu (ferromagnetically ordered
down to the lowest measuring temperature of 2 K.1'0' Evi- ab planes coupled antiferromagnetically with one another,
dently, various links Cu-O-O-Cu compete with each other jLcu aligned along the b axis), but with strongly different T,
in these compounds. temperatures, namely, in Er2Cu20 5 (Tc=28 K) and Y2Cu2O5

Figure 1, showing the lowest-frequency lines in the (Tc=14 K).7"6 Figure 2 shows these dependences. Both de-
4Ii5/2.-- 13/2 spectral transition of the Er3+ probe in pendences have a point of inflection at T= T,, but the "tail"
Y2BaCuOs at different temperatures illustrates our research. is about two times longer for the second one. This fact can be
The line splitting above 16.5 K manifests magnetic ordering naturally explained if we assume that two-dimensional (2-D)
of copper magnetic moments. At about 12.5 K, the spectrum magnetic correlations within isolated CuO planes take place
changes abruptly. These changes are best seen for the high- below the same temperature in both compounds, while
frequency line in Fig. 1, namely, two components of the split Er2Cu20 5, where these planes interact through magnetic
line diminish in their intensity, while a new line appears Er3  ions orders three dimensionally at a two times higher
between them. Such a behavior cannot be explained by temperature than Y2Cu 20 5 with nonmagnetic y3+ ionls.
population redistribution within the sublevels of the split We have observed in Nd2BaCuO 5 an unusually long
Er3 ground Kramers doublet, when changing the tempera- "tail" extending until about 10T c, and have explained it by
ture. It clearly shows the appearance of a nt;w magnetic quasi-l-D magnetism in this compound.' 2 Such an explana-
phase with a different exchange field for the Er3+ probe. It is tion was confirmed later by the neutron scattering
worth mentioning that neither magnetic susceptibility nor measurements.17

specific heat measurements suggested any magnetic phase Various manifestations of low-dimensional magnetic
transition in Y2BaCuO5. correlations have been observed in the spectra of the erbium
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probe in Ho2BaCuO5 and Er2BaCuO 5 10,16 Yb2BaNiO5 , and A. Hadjiiskii, and G. G. Chepurko. The synthesis of the
Lu2BaNiO5 

13 Probably, the most interesting phenomenon is samples by B. V. Mill, Ja. Zoubkova, D. A. Kudrjavtsev, and
connected with different temperature behavior of the spectra E. P. Khlybov is greatly acknowledged.

!from two different structural positions, Erl and Er2 in these IfA. Hasson, R. M. Hornreich, Y. Komet, B. M. Wanklyn, and I. Yaeger,
compounds. While the spectral lines of Erl are markedly Phys. Rev. B 12, 5051 (1975).
split only below Tc, those of Er2 demonstrate a long "tail" 2N. 1. Agladze, M. N. Popova, G. N. Zhizhin, V. J. Egorov, and M. A.
of residual splitting at T> T. We suppose that the Er2 ions Petrova, Phys. Rev. Lett. 66, 477 (1991).
are inside dominant magnetic chains and experience the es- 3 

M N. Popova, D. Sci. thesis, Institute of Spectroscopy, Russian Academy
of Sciences, 1992.tablishment of short range order within a chain at T>Tc, 4 N. I. Agladze, G. G. Chepurco, E. P. Hlybov, and M N. Popova, in

while Erl ions interconnect the chains and announce the 3-D Proceedings of the 7th International Conference of Fourier Transform
ordering at Tc. Spectroscopy, Fairfax, 1989 (SPIE, Bellingham, WA, 1989), Vol. 1145, p

321.
5 G. G. Chepurko, I. V Paukov, M. N. Popova, and Ja. Zoubkova, Solid

VII. SPLITTING OF MAGNETIC PHASE TRANSITION State Commun. 79, 569 (1991).
IN Dy2BaCuOs 6 M. N. Popova and !. V. Paukov, Phys. Lett. A 159, 187 (1991).7 M. N. Popova and I. V. Paukov, Opt. Spectrosc. 76, 254 (1994).

Dy 2BaCuO 5 is a compound with well-separated tem- 8 N. I. Agladze, M. N. Popova, E. P Khlybov, and G. G. Chepurko, JETP
peratures for an ordering of d- and f-magnetic subsystems. Lett. 48, 45 (1988).9 M. N. Popova and G. G. Chepurko, JETP Lett. 52, 562 (1990).While the magnetic subsystem of copper orders at TNI =20 10M. N. Popova and I. V. Paukov, in Proceedings of the 2nd International
K, that of dysprosium-at TN2=ll K. We have found9 that School on Excited States of Transition Elements, Poland, September 1991,
the low temperature phase transition in Dy 2BaCuO5 is split edited by W. Strek, W. Ryba-Romanowski, J. Legendziewicz, and B.

into two first-order transitions that follow one another with Jezhowska-Trzebiatowska (World Scientific, Singapore, 1992), pp. 211-
220.the interval of 0.2 K. Such a phenomenon may be caused by 111. V. Paukov, M. N. Popova, and B. V. Mill, Phys. Lett. A 169, 301 (1992).

the interaction of critical fluctuations in a double f-d system 12 1. V. Paukov, M. N. Popova, and B. V. Mill, Phys. Lett. A 157, 306 (1991).
with a strongly different exchange for two subsystems.' 8 To 13Yu A. Hadjnskii, R. Z. Levitin, B. V. Mill, I. V. Paukov, M. N Popova,

and V V. Snegirev, Solid State Commun. 85, 743 (1993).
clarify the question, further experimental and theoretical 1G.G. Chepurko, Z. A. Kazei, D. A. Kudrjavtsev R. Z. Levitin, B. V. Mill,
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How does mean-field theory work in magnetic multilayer systems?
Xiao Hu and Yoshiyuki Kawazoe
Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980, Japan f
Phase transition and critical phenomena in magnetic multilayer systems are studied in terms of
Ginzburg-Landau mean-field theory. Detailed calculations are carried out for a system consisting of
a layer of finite thickness coupled to a semi-infinite bulk magnet. Correlation functions are derived
and the shift in critical point with the overlayer thickness and coupling between the neighboring
layer is evaluated. A new critical exponent i=l is derived for the divergence of the effective
extrapolation length at the interface with temperature and/or layer thickness.

I. INTRODUCTION m(x,z= +0)=m(xl,z= -0). (2)

Magnetic multilayers are known to be very useful for
magneto-optical recording. 1,2 The state-of-the-art technolo-
gies are so sophisticated as to resort to the difference among The thickness L will be kept finite but large on the scale
the critical points in the individual layers and the detwiled of the atomic lengths. The areas of the surfaces and the in-
temperature dependences of magnetization and anisotropy. terface, on the other hand, are taken to be infinite. The coef-
Among the problems that have been raised from the experi- ficients of the quadratic terms are given by
mental side in the recent years, we would like to call the
attention to the shift of the critical point and new critical
phenomena in magnetic multilayer structures coming from
the finite thicknesses of the individual layers. For example, A =A' (T- Tot),
in the bilayer system for the magneto-optical recording, the (3)
thickness of the layer with in-plane anisotropy is typically of
order of 100 A.2 Therefore, the thin layer can neither be
treated simply as the surface to the bulk medium, nor be A,=A2(T- T 2),
approximated as a semi-infinite bulk, both of which have
been studied extensively.3- 8 One has to treat a system con-
sisting of a layer with finite thickness coupled to a semi-
infinite bulk.

9- 12

Since this structure is the simplest one that exhibits the layer in the infinite-thickness limit and the semi-infinite bulk,
most important aspects of multilayer structures, we concen- respectively, and A 2and A are positive constants. The co-
trate on it in the present study. The geometry of the system is efficients B, and C, for i = 1 and 2 are taken to be positive
schematically shown in Fig. 1. The magnetic constants are with weak temperature dependences. The parameter X is

taken to be uniform in the individual subsystems and to adopted to describe the surface condition of the thin layer. In
change abruptly at the interface, the present paper, we consider the case of T,1 >T,2 and

X>0. The free-energy functional studied up to the present 4- 6

I. FORMALISM AND RESULTS can be obtained, putting L =0 in (1).
The differential equations for the correlation functions

prsThe Ginzburg-Landau free-energy functional3 for the ardeidfom()nd2)s

present system under an external field can be given as

F f l 4
= f=dxju fi AIm2+ B Bin , n

1 (,,,21 C 1 z
+ I C t -'1zz dz+ dx I C Xt-11 2(z= L ) 

Z

0 
A1 B1 C1  thin layer

+ fdxIf - 2 + Bm 4 -H,,tm 0

A2 B2 C2  bulk
1C[Ol ldz, (1)

w th f i FIG. I Geometry of the present system: a thin layer coupled to a semi-
with the following interface condition: infinite bulk
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3S(Ql;z,z') 2 1+ YIzQl ') 8(z-z'), 0<z<L,

(4)
I 32S(QI~ z'z') -2,-,,,- ;Z,Z,)=O, z<O,

for z'>0, and

d2S(Qll;z,z')
dz 2  + y1S(Qji;z,z')= 0 , O<z<L,

1 (5)
{d2S(Qi;z,z) 28(z-z'), z<0

(z2 +C z2), ;<z)

for z'<O, where

S(r, r') = f d(6)
)f -T S(Q l;zz')exp[iQj1 "(xll -x)], (6)

Y22 -2Aj c)2Q2 22 A 2 -2I "-- +'2 +; " 11 2 - 2I- 2+ " 11" (7)

The boundary conditions are
dS(Qil.z ,z ' )  OS( Q(!;z,z') 0

d_ .L= 00z,=L= -X1((~''I=' a -=

S(Qii;z,z') I,+o=S(Qj! ;z ,  ')Iz= -0, ds Qlz z =+o dS Qaz ) (8)-

It is not difficult to obtain the solutions to the above equations, and the correlation function is given explicitly for (4),

1 (C1Yl-C 2y2 )exp(-yIz)+(CYI+C 2y 2)exp(ylz)

2C y (CIyl+C 2Y2)(yl+X 1 )Iy - X-')-(Cl y 1 -C 2 Y2)exp(-2yL)

X exp[- yl(2L-z')]+ + exp(- vz')j, (9)

for O-z, z' <L.
At first glance, the above correlation function in the layer becomes singular at the critical point Tcl. One finds, however,

1 (C]y 1-C 2 Y2)exp[- yl(2L+z-z')]
2Yl (Ct YI+C2 yz)( Yl+X -)/ lh--(Ct Y1-C1_Y)exp(- 2-tL )

dk -exp[ik(L+z-z')+i01 +i02] 1I costkn(z-z')] 1
2r (k 2+y-)2isin(kL+0 1 +02 ) + L+dO/dk+dO,/dk k(+y0n=1,2," n

and three other similar relations, where the summation is on 1
the solutions of the following equation: X

k;ky

UL+ tan - t -- +tan - ' kX=nir, for n=l,2,...,
C1 Y2

(11) l sin(knz+ O)sin(knz'+ 01) 1

graphically solved in Fig. 2, 01 =  tan- l(k/C'y 2) and C L+dX dk+d2ldk kSn=1,2, V/
02=tan-'(Xk). The integral terms, which show singularities (12)
at Tcl, cancel completely with each other, and thus the cor-
relation function S(Qll;z,z') in (9) is equivalent to

S(Qlj ;z,z') The above complete cancellation among the integral

cos[k,,(z-z')]-cos(k,,(z+z')+ 201] terms is the mechanism responsible for the shift of critical
L +d /dk + d0/dk point in the layer of finite thickness.

C1,n=1.2, - The correlation function in real space is then given as
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y semi-infinite bulk can be expressed effectively by an ex-
trapolation length _1,.. The effective extrapolation length at
the interface in the present system shows a clear temperature

47rr dependence, forming a contrast to the ones in previous
studies 4- 6 and that on the top surface of the present structure.
Furthermore, it diverges with a new exponent b,

1-TT vT-,., (15)

with i=1, where T, T1 is given by
2r L VA'(Tcl-T,)/Ci=cot- 1 X\/A '(Tcl-T*)/C. (16)

This critical exponent should be compared with the well-
72" known v= for the correlation length.

The divergence of the effective extrapolation length can

also be observed as the thickness of the layer increases,
while the temperature is fixed. The critical exponent is also

k v= 1 in the present mean-field theory.
It can be shown, within the present approach, that as the

FIG. 2. Graphical solutions for (11): Solid curves are from (11); the dashed thickness L of the layer approaches infinity, the effective ex-
line is for y=kL. trapolation length becomes C2A 1/CI. It diverges at T= Tcj

with the critical exponent v= 1 for the correlation length.
Therefore, the divergence of the interfacial extrapolation

2 sin(knz+ Ol)sin(kz'+ 01) length with the exponent ,=l is a characteristic phenom-
S (r,r= - L L+ d01/dk + d02/ld k  enon in systems where a layer with finite thickness is

n= 1,2, . coupled into the structure, such as the one discussed in the

X Gd l(XII- XI 2 2(13) present paper.

where the function Gd(r,t) is defined in Ref. 6. The critical III. SUMMARY

point is determined by k2 + 2= 0 from (13). As k2>0, it is Magnetic multilayer structures are studied within the
now clear that T,<Tc1 . Ginzburg-Landau free-energy functional formalism. The

Incorporating the definitions of the correlation lengths 61 shift of critical point is discussed, and the effects from the
and 2 in (7), one arrives at the following equation for the finiteness of layer thickness and from the coupling between
critical point T,: neighboring layers are clarified for a system consisting of a

-At -A' 1 -At magnetic overlayer on a bulk ferromagnet. The present result
L -=cot- + cot-t -. (14) is expected to be important for the practical multilayer-disk

C, A 2 C 2  C1  design.

Comparing with (12) in Ref. 8, it becomes clear that the first 1M. Kaneko, K. Aratani, Y Mutoh, A. Nakaoki, K. Watanabe, and H.

term on the right-hand side in the above equation expresses Makino, Jpn. J. Appl. Phys. Suppl 28-3, 927 (1989).

the effect of interfacial coupling. Therefore, the shift of criti- 2S. Ohnuki, K Shimazaki, N. Ohtar, and H. Fujiwara, J. Magn Soc. Jpn

cal point of a layer depends on the magnetic properties of the 15 Suppl. No. S 1, 399 (1991).
3V. L. Ginzburg and L. D. Landau, Zh Eksp. Teor. Fiz. 20, 1064 (1950)

neighboring layer to which it is coupled in a fashion given in 4D. L. Mills, Phys Rev. B 3, 3887 (1971).
the above relation. The critical point T, is also the tempera- 5K. Binder and P C Hohenberg, Phys. Rev. B 6, 3461 (1972); K Binder,

ture at which spontaneous magnetic ordering occurs in the in Phase Transitions and Critical Phenomena, edited by C. Bomb and J.
L. Lebowitz (Academic, New York, 1983), p, 1; references therein.

thin layer. We note that this coincidence is not trivial in the 6"1. C. Lubensky and M. H. Rubin, Phys. Rev. B 12, 3885 (1975).
present inhomogeneous system. 7A. Bray and M. A. Moore, J. Phys A 10, 1927 (1977).

As L - -, the minimal pole kI approaches zero and the 8 M 1. Kaganov and A. N. Omel'Yanchuk, Soy. Phys. JETP 34, 895 (1972).

critical point is then restored to Tj 1, as it should be by defi- 9X. Hu and Y. Kawazoe, Phys. Rev. B 49, 3294 (1994).
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Magnetic properties of the one-dimensional Heisenberg compounds
S (3-X-anilinium)s[CuCls]CI4; X=B~r, I

Gayatri Vyas and Leonard W. ter Haara)
Department of Chemistry, University of Texas, El Paso, Texas 79968-0513

Recent x-ray diffraction studies have suggested that (3-Cl-anilinium)s[CuCl6]Cl 4 exhibits
compressed [CuCl6]4 - octahedra. We report here the synthesis of the (3-Br-anilinium) 8[CuCI6]Cl4
and (3-I-anilinium) 8[CuCl6]C 4 analogs. Their magnetic behavior is quite similar to one another, and
in comparison to the chloro compound, the only similarity is that they all exhibit chain magnetism,
as evidenced by their broad maxima in the region of 9-12 K. The bromo and iodo compounds do
not exhibit the field dependence of the chloro compound, and in this respect, the chloro compound
remains unique. For all three compounds, magnetic susceptibility data can be analyzed by the
antiferromagnetic one-dimensional Heisenberg model.

I. INTRODUCTION ethanol solutions. Second crops of crystals typically yielded
Bright yellow needle-like crystals with the composition higher quality product. Both products are bright yellow

(3-chloro-anilinium)CuC11 0 were first reported to consist of needle-like crystals. Elemental analysis, Atlantic Microlab:

discrete [CuCl6]4- ions in a tetragonal compressed octahe- C48H56Cl10Br 8N8Cu, expected (actual) H 3.13 (3.08), C

dral coordination geometry.' We subsequently reported an 31.99 (31.99), N 6.22 (6.21), Cl 19.67 (19.63), Br 35.47

independent x-ray structure determination at 298 K that re- (35.42); C48H56C110I8N8Cu, expected (actual) H 2.59 (2.52),
produced this apparent compression, and provided structure C 26.47 (26.51), N 5.14 (5.11), Cl 16.28 (16.30), I 46.61

determinations at 150 and 110 K, carried out in two indepen- (46.30).
All attempts to perform a single crystal x-ray structuredent laboratories, that revealed no significant changes con-

2 determination have so far been unsuccessful. The habit of theS cerning the compression versus elongation dilemma. 2 To

date, all crystal structure determinations (293-110 K) have acicular crystals is that of bundled fibers, thereby rendering

revealed a tetragonally compressed octahedron with four most crystals as too small for diffraction, or too fragile with

long Cu-Cl bonds of intermediate length (2.6 A) and two respect to clea" age when trying to cut the larger crystals to

short Cu-Cl bonds of 2.28 A. The [CuCI6]4- ions form a size. X-ray powder diffraction has been utilized to character-

linear chain through axial Cl-Cl contacts (3.99 A) between ize the materials for comparison to the chloro derivative.
the ICUC16]4- ions, with the axis of tetragonal compression Data were collected on a Rigaku D2000 and a Scintag[CuCllel cmei theaxsocXDS2000 at 293 K. Powder spectra for the bromo and iodo

In addition to the low-temperature structure determina- derivatives were superimposable and were fit to a tetragonal

tions, we demonstrated with low-temperature (down to 1.7 cell: (3-Br-anilinium)sCUCllo, a=8.92 A, c=11.38

K) single crystal magnetic susceptibility and EPR data that (3-I-anilinium)sCuCl10 , a =8.92 A, c= 11 .38 A.
the material revealed a complex magnetic problem with sev- Magnetic susceptibility measurements on freshly pre-

eral key questions concerning Jahn-Teller related lattice dy- pared powder samples were collected in the temperature

namics and disorder.2 More recently, low-temperature elec- range 1.7-300 K using a Quantum Design SQUID-based
tronic spectral data have been invoked in conjunction with magnetometer utilizing modifications and procedures de-

tronc sectal ata avebee inoke in onjncton ith scribed elsewhere. 4 Data were corrected for temperature in-the magnetic and EPR data to suggest that at the local level, 1d0-

each [CuCi6]4- ion is tetragonally elongated, and that the dependent magnetism (X=Br:-1012X10-6 emu/mol; and
eachion s teragoallyelonated andthatthe X=l:-1124X 10-6 emui/mrol) using Pascal's constants for theaxis of elongation is "antiferrodistortively" disordered over I:- com o ) 5 un a cnstan ftwvo possible sites, thereby leading to the crystallographically diamagnetic components 5 and a T.I.P. per Cu(II) ion of

determined bond lengths that correspond to intermediate 60X 10-6 emu/mole. Figures in this paper are based on theloteringd bonaed er theant crellpnd suggneate omolecular weights of 1802.3 g/mol (Br) and 2178.3 g/mollong bonds averaged over the unit cell and suggestive of

compressed geometry. 3 These possibilities have stimulated (I).

additional synthetic, theoretical, spectroscopic, magnetic, III. RESULTS AND DISCUSSION
and EPR studies. In this paper, we report the synthesis and
magnetic characterization of (3-bromo-anilinium)CuClo All of the crystal structure determinations 1' 2 of (3-Cl-
and (3-iodoanilinium)CuCl 0 . anilinium)8rCuCl6]Cl4  have indicated that discrete

3-chloroanilinium ions, uncoordinated chloride ions, and
II. EXPERIMENT [CuCI6] 4 - ions comprise the triclinic unit cell. The [CuCI6]

4-

ions are inked into a quasilinear chain by way of axial
(3-Br-anilinium)CuC11 0  and (3-I-anilinium)8 CuC110  Cl-Cl interactions; this lattice arrangement leads to the char-

were prepared by stoichiometric reaction of the appropriate acteristic chain magnetism that has now been repeatedly
3-X-aniline with CuCI2.2H 20 in saturated 60/40 HCI/ verified. -3 Since we have only been able to collect powder

diffraction data for the bromo and iodo derivatives, the no-
'Author to whom all correspondence should be addressed. table observation is that the powder diffraction pattern of the
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cell, 2 and could very well lead to a temperature-dependent
0 Heisenberg exchange. This distance is slightly greater than

the van der Waal's contact of 3.60 A.6 The next closest con-
tacts for the axial chlorides are to the uncoordinated chlo-
rides at over 4.0 A.

Since the structure of the [CuC16]4- ion may be a time-
CI(7b C 0 C 7c) averaged structure in which the four "long" equatorial

Cu-Cl bonds (of intermediate length, 2.6 A) are actually an
average of two long Cu-Cl bonds of 2.9 A and two short
bonds of 2.3 A; then the crowded equatorial-coordinated-
chloride to organo-chloro distance of 3.45 A may be easily
affected by chemical modification of the aniline metasub-
stituent. With the bromo and iodo derivatives, we have ef-
fected such a change. With the larger organo-halogens, the
overall structure has clearly adjusted in order to accommo-

FIG. 1. View perpendicular to the chain structure in (3-X-an- date the larger atoms. Given that the general nature of the
ilinium) 8[CuCl6]Cl4 ; the superexchange pathway is the Cu-Cl..Cu-CI lattice packing is preserved, the tetragonal a axis (8.92 A) for
contact. both the bromo and iodo derivatives may reflect a Cu-Cu

separation along the chain axis that is increased, relative to
chloro derivative (triclinic) is noticeably more complex than the 8.55 A of the chloro compound. Precisely how the larger
the diffraction patterns of the bromo and iodo derivatives organo-halogens result in a structure of higher symmetry
(which are superimposable on one another within experimen- must await a complete structure determination.
tal error). In view of the elemental analyses, which confirm The magnetic susceptibility data provide the strongest
that the molecular composition of all three compounds cor- evidence that the quasichain structure in (3-Cl-an-
responds to the general formula (3-X-anilinium) 8[CuCI6]Cl 4, ilinium) 8[CuC 6]C14 is also present in the bromo and iodo
the tetragonal unit cell parameters for the bromo and iodo compounds. SQUID-based temperature-dependent magnetic
derivatives equate to a smaller unit cell with a smaller vol- susceptibility data were collected for the bromo and iodo
ume and a higher symmetry. derivatives, with applied magnetic fields in the range 0.1 mT

On this basis, the general packing arrangement of the to 1.0 T, and in the temperature range 1.7-300 K. Represen-
[CuCI6]4- ions in the bromo and iodo derivatives is expected tative data for the bromo derivative are plotted in Fig. 3 as
to be similar to the chloro compound, i.e., a quasilinear chain Xm, 11Xm, and I.eff=2.828(XmT)t"2 ; the iodo data are
arrangement similar to the chain structure of (3-Cl-an- nearly identical. Several dominant features are noteworthy.
ilinium)8[CuCl6]Cl 4, shown in Figs. 1 and 2. The copper- The Xm of the bromo material exhibits a susceptibility maxi-
copper separation along the chain is 8.55 A in the chloro mum at a temperature of 11.5 K (iodo: 10.5 K) and /.Aff drops
compound. Antiferromagnetic superexchange interactions from near 1.8 B.M. at 300 K toward 0.4 B.M. near 2 K.
along such a chain arise from the -CI(7')-Cu- These data are in qualitative agreement with the previous
Cl(7)-Cl(7')-Cu-Cl(7)-pathway, where the only close con- susceptibility studies on the chloro compound and suggest
tact from an axial CI(7) is to another axial C1(7') on a neigh- the presence of antiferromagnetic exchange interactions in a
boring complex along the chain direction. This contact has one-dimensional magnetic system.
been shown to be temperature dependent [3.995 (293 K)/ In view of the observation that a quasichain structure is
3.805 (110 K)], as a result of thermal contraction of the unit maintained for the bromo and iodo derivatives, it is reason-

able to fit the susceptibility data to the uniform S = 1 Heisen-
berg spin chain, given by the Hamiltonian

where J, is the isotropic intrachain exchange parameter. The
theoretical treatment of such a uniform chain was first pro-
vided by Bonner and Fisher.7 Hall 8 later provided a useful
analytical expression for the temperature dependence of the
magnetic susceptibility as

XBF = (Ng 2 4IkBT)[A + Bx + Cx2]/[ 1+ Dx + Ex2

+ Fx3], (1)

where the coefficients 8 are given as A = 0.25, B = 0.149 95,
C=0.300 94, D=1.9862, E=0.688 54, F=6.0626,
and x = IJIlkBT; N is Avogadro's number, A is the Bohr mag-

FIG. 2 Packing view along the chain axis in (3-X-anihnum)JCuCl6Cl 4. neton, k is the Bohzmann constant, and g is the gyromag-
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FIG. 3 Magnetic data for (3-Br-anilinium)JCuC 6]CI4, curves are drawn using the best-fit parameters given in the text (O-X,, V-1/X, -pUff).

netic ratio for the electron. Interchain interactions, denoted have a diverging susceptibility at low temperatures. It is clear
zJ', can be accounted for by applying a molecular field cor- however, that the magnitude of the bromo and iodo exchange
rection to the XBF expression, thus obtaining energies are less than the -9.3 cm - 1 found for the chloro

Xcorr=XBF/(-) (2) compound, with that of the iodo material being slightly less
/-2zJ'x /Ng2 2), (2) than that of the bromo material. The decrease in the magni-

where J' is the interchain exchange parameter and z is the tude of the exchange energy corresponds well with the ex-
number of nearest neighbors. A best fit of the Xrr expression pected increased distance of the Cu-C ... CI-Cu superex-
to the Xm data using nonlinear regression 9 yielded best-fit change pathway, given that the larger organo-halogens
fitting parameters for bromo: J = -6.9 cm- t , zJ'= - 1.64 increase this distance, as suggested by the powder diffraction
cm - 1, % impurity=0.20 and g=2.13; and for iodo: J data. Single crystal studies continue to be addressed.
=-6.6 cm -1 , zJ ' = -1.35 cm - 1, % impurity=0.26 and ACKNOWLEDGMENTS
g=2.13. The impurity fitting parameter was obtained by
adding a monomeric Curie term to Eq. (2); this helps to Support from the Robert A. Welch Foundation and the

account for the Curie tail evident in the data. National Science Foundation is gratefully acknowledged.
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Comparison of two-dimensional Heisenberg and two-dimensional XY
model behaviors in Pd(1.2 at. % Fe) films

J. D. McKinley
Physics Department and Rice Quantum Institute, Rice University, Houston, Texas 77251-1892

Multilayer Pd/Pd(1.2 at. % Fe)/Fd thin films were prepared by dc magnetron sputtering and
characterized with dc SQUID magnetometry. Evidence for two-dimensional (2D) Heisenberg and
2D XY model behaviors was found in two different regions of temperature. In these temperature
regimes, our data agree with the predicted form for magnetization M and susceptibility X as
functions of field and temperature. Both model's susceptibilities were found to fit our data. M and
X exhibit discontinuities at magnetic layer thickness-dependent temperatures which separate the
different model behaviors.

I. INTRODUCTION Model predictions for 2DH and 2D XY behaviors are corn-

The Pd/Pd(1.2 at. % Fe)/Pd random quenched thin film pared to these data in two separate regions of temperature.

trilayers were originally prepared as a model system for 11. 2D HEISENBERG AND 2D XY MODEL BEHAVIORS
studying two-dimensional Heisenberg (2DH) model magne-
tism in a single magnetic layer.12 We were motivated by The 2D Heisenberg and 2D XY models predict6- 10 simi-
previous studies of bulk dilute Fe-doped Pd alloys 3' 4 showing lar field dependence of the magnetization and temperature
Fe concentrations in Pd above 0.1 at. % to be 3D Heisenberg dependence of the susceptibility, as shown below:
ferromagnets; dimensional reduction should result in two-
dimensional behavior. Thick Pd layers provide good crystal X2DH(T)exp(B/T), M2D(H)-A(T)ln(H/H*),
growth, prevent oxidation in the Pd(Fe) layer, and ensure X2D xy(r)-exp(B'/r), M2D xy(H)-H /", 5= 15.
"bulk" lattice constants in the magnetic layer. The Pd(Fe)
magnetic layer thickness L was varied over the range 5 A<L where H is the externally applied field, H* is a thickness-

dependent constant, T the ambient temperature, and<500 A. Polycrystalline Pd(300 A)/Pd(Fe) (L )/Pd(300/A) T=(T-TKT)ITKT is the reduced temperature using thefilms were grown on Si(1ll) substrates at room temperature Kosterlitz-Thouless temperature as the Curie temperature.
using dc magnetron sputtering, at rates of -1 A/s in a UHV Therlit- T )s temperatureoasttherCure Tpande.chamber in pressures P<5x10 -9 Torr. The films were char- Te prefactor A(T) is a function7 of temperature T, and ex-

chaberin prelple d field usin a09 dc S D mcag- ponents B and B' depend on the magnetic layer thickness.
acterized in a parallel applied field using a dc SQUID mag- Because the susceptibility model predictions are similar, the
netometer. The 2DH model magnetic behaviors were ob- different model behaviors must be carefully distinguished.
served in each film over a range of temperatures below the Physical reasons are given for interpreting the low- and high-
bulktemperature regions as corresponding to 2D XY (see below)

The magnetic properties in the Pd(Fe) films indicate a and 2DH behaviors, respectively. Interestingly, the 2D XY
phase transition or crossover to a different model behavior, a n f eaio resecti l I netly, the
possibly 2D XY,' at a thickness-dependent temperature. This prediction for equation of state critical exponent 8=15 is the
behavior persists to an even lower temperature, where finite same as for the 2D Ising model.
magnetizations and hysteresis loops are observed. We also 111. RESULTS AND DISCUSSION
observed peaks in the low-field magnetization versus tem-
perature dependence. In Figs. l(a) and l(b), the susceptibility data are fit to the

It is well known 5 that there is no long-range ferromag- 2DH and 2D XY predictions, respectively. Both models fit
netic order in a fully isotropic 2DH ferromagnet. Real physi- the whole range of data. In Fig. l(a), the 2DH model
cal systems have anisotropies, which are often temperature X2DI(T) is plotted as In(x) vs 11T. The high- and low-
dependent. The Pd(Fe) layer has a slightly smaller lattice temperature regions are divided by a fairly sharp "kink" in
constant4 than the pure Pd layers, and this produces in-plane the curve, as indicated by the lines drawn onto the data. The
anisotropy. lines themselves are not the fits to the data, but separate fits

The dimensional reduction of the Pd(Fe) layer also re- to each region show that both portions are very linear, with
sults in finite size2 effects. At some temperature the percolat- correlation coefficients R-0.999. A line drawn from the in-
ing magnetic cluster in the Pd(Fe) layer reaches the finite tersection of the extrapolated fits indicates a kink tempera-
thickness o! the magnetic layer, constraining it to grow lat- ture Tknk=36 K. The 2D XY model X2D XY(T) is fitted to
etally at lower temperatures. Other finite sizes possibly af- the data as ln(X) vs f - 112 in Fig. l(b). Remarkably, for the
fecting magnetic percolation are the crystallites from 100 to 500-A Pd(Fe) film data a single line can fit the susceptibility
300 A in size, closely packed into islands with 0.1- to over the full range of temperatures. Two regions in the data
0.2-jtm lateral diameters, as determined from x-ray crystal- can be determined with slightly different slopes, as the drawn
lography and transmission electron microscopy. lines indicate, but the differences are within uncertainties.

Finite field magnetization M(H) data and susceptibility Magnetization data for the 500-A-thick Pd(Fe) film is
X(T) data are presented for a 500-A-thick Pd(Fe) layer film. fitted to the 2DH model in Fig. 2(a) and to the 2D XY model
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FIG. 1. Susceptibility X vs temperature T plots for a 500-A-thick Pd(Fe) 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7
magnetic layer. Plots (a) and (b), respectively, assume 2DH and 2D XY t116-5), H in Oe
model behavior over the full range of temperatures from T, [bulk Pd(Fe)] FIG. 2. Magnetization M vs applied field H plots for a 500-A-thick Pd(Fe)

-,40 K down to T ,(500 A)=32.4±0.2 K. Both linear regions in (a) fit the magneti a ton ) v e t eperat o s for4 a 500-.0 -Khiek gd
2DH prediction well, with the slope merely increasing -50% at the "kink" magnetic layer. Plot (a) over temperatures 32.4aT40.0 K yields good
temperature Tkflk,36 K. The 2D XY assumption in plot (b) tit the entire agreement with 2DH behavior at finite fields. Plot (b) assuming 2D XYtemeraureregon a hgh chngeinsloe nar k ie wihintheuncr- behavior indicates the onset of 2D XY behavior near Tk,,a' 3 6 K. Both
temperature region; a slight change in slope near Tkmk lies within the uncer- model behaviors can be said to fit the data, but each seems to fit one tem-
tainty of the 500-A film data. The changes in the slope at Tka are a function perature region slightly better
of magnetic layer thickness.

The 2D XY model is consistent with the presence of
magnetization versus temperature peaks observed in very

in Fig. 2(b). Here, differences between the two models are small field measurements. A magnetization versus tempera-
more apparent. The data were originally taken to study the ture peak for the 500-A sample was observed around 32.4 to
2D1 behavior at higher temperatures, but enough data at 33.0 K. Although the low fields were probably nonuniform,
lower temperatures was taken for a useful comparison. The they were constant. Since the magnetization is proportional
2DH prediction is only expected to apply for finite fields, and to the field in sufficiently low fields, a peak probably dem-
the Fig. 2(a) curves are linear at higher fields up to magnetic onstrates a finite temperature susceptibility divergence. It is
saturation. In lower fields, the magnetization is linear in the not prominent, and is superimposed on a large monotonically
field, and was used to obtain the zero-field susceptibilities increasing magnetization curve. At present only the approxi-
already discussed. The 2D XY model equation of state pre- mate location of the peak is reliable. An exponentially di-
diction (using the predicted critical exponent J= 15) is verging shape is expected of a Kosterlitz-Thouless transi-
shown in Fig. 2(b). It fits the data fairly well over the entire tion, instead of the usual power law divergence. Stronger
temperature range, but especially near the kink temperature. evidence of such a peak shape is seen in data for the thinner
Despite the absence of intermediate data, the 30 and 35 K M films (L <500 A), but consistent reproduction of the results
vs H curves indicate a Kosterlitz-Thouless transition could will require a magnetometer measuring in controllably uni-
have occurred between them. form low fields. Confirmation of the peak and peak shape,

J. Appl. Phys, Vol. 76, No. 10, 15 November 1994 J. D McKinley 7115
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functionally similar. Consequently, magnetization M(H) and for theoretical discussion of the 2D Heisenberg model.
susceptibility X(T) for both models can b,, "ed to all the
data. However, the model behaviors are dis, hed by the
kink in the 2DH plot of ln(X) vs liT. Also, ij susceptibility
or magnetization peaks are seen at the temperature for which 1D. J. Webb and J. D. McKinley, Phys. Rev. Lett. 70, 509 (1993).

the susceptibility kink occurs, whereas a magnetization peak 2J. D. McKinley, Ph.D. dissertation, University of California, Davis, 1993.3J. A. Mydosh and G. J. Nieuwenhuys, in Ferromagnetic Materials, edited
is observed at a lower temperature that cby E. P. Wohlfarth (North-Holland, Amsterdam, 1980), p. 71.

Kosterlitz-Thouless transition. 4 For some of the early work on Pd(Fe) and other dilute ferromagnetic

For thinner films1'2 the total range of temperature for alloys, see R. M. Bozorth, P. A. Wolff, D. D. Davis, V. B. Compton, and J.

both regions is greater and the behaviors are more easily H. Wernick, Phys, Rev. 122, 1157 (1961); A. M. Clogston, B. T. Matthias,
M. Peter, H. J. Williams, E. Corenzwit, and R. C. Sherwood, ibid. 125,

distinguished, but the signal-to-noise ratios are proportion- 541 (1962); and J. Crangle and W. R. Scott, J. Appl. Phys. 36, 921 (1965).

ately worse, and low-temperature behavior in the thinnest 5N. D. Mermin and H. Wagner, Phys. Rev. Lett. 17, 1133 (1966).

films is more difficult to obtain experimentally. The 500-A 6 Y. S. Karimov, Sov. Phys. JETP 38, 129 (1974).

film also has the advantage of sufficient signal strength to 7
S. B. Khokhlachev, Soy. Phys. JETP 44, 427 (1976). This prediction in-
dicates the prefactor A is proportional to T. The Pd(Fe) thin film data

observe its behavior up to and somewhat above the bulk show a temperature dependence which is roughly linear over a restricted
Pd(1.2 at. % Fe) T,-40 K, thus connecting it to bulk Pd(Fe) range of temperatures.
results. The films described here were polycrystalline. Better 8A early review by V. L. Pokrovsky, Adv. Phys. 28, 595 (1979).

film growth is currently being pursued, to increase the crystal 9Recent 2D Heisenberg susceptibility calculations include M. Takahashi,
Prog. Theor. Phys. 87, 233 (1986); M. Takahashi, Phys. Rev. Lett. 58, 168

size and determine if the boundaries between the different (1987); D. P. Arovas and A. Auerbach, Phys. Rev. B 38, 316 (1988).
model behaviors become more sharply defined. 10J. M. Kosterlitz, J. Phys. C 7, 1046 (1974).
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The effects of frustrated biquadratic interactions on the phase diagrams
and criticality of the Blume-Emery-Griffiths model (abstract)

Daniel R Snowman and Susan R. McKay
Department of Physics and Astronomy, University of Maine, Orono, Maine 04469

The Blume-Emery-Griffiths model, a spin-1 Ising model with bilinear (1), biquadratic (K), and the
crystal field (A) terms, provides a general system for the study of both density and magnetic
fluctuations. Previous work has shown that a rich variety of phase diagrams occurs in cases of
positive' or negative2 biquadratic coupling. In this study, we consider an exactly solvable system in
which frustration is present due to competing biquadratic interactions. Thus, this calculation models
a dilute ferromagnetic mate ial with two types of nearest neighbor site pairs, distinguished by
whether or not simultaneous occupation is energetically favored. To determine the effects of this
competition, we have constructed exactly solvable frustrated hierarchical models similar to those
introduced to study spin glasses. 3 The resulting phase diagrams show that, when frustration is
present, the dense disordered and dilute disordered phases can become separated by a phase with
chaotic rescaling of K and A. In the J=0 plane, this chaotic rescaling is directly linked to that
previously reported in spin glasses 3 via the Griffiths symmetry.1,4

'A. N. Bcrker and M. Wortis, Phys. Rev. B 14, 4946 (1976)
2 W. Hoston and A N. Berker, Phys. Rev. Lett. 67, 1027 (1991).
3 S R. McKay, A N. Berker, and S. Kirkpatrick, Phys. Rev. Lett. 48, 767

(1982).4 R. B. Griffiths, Physica (Utr.) 33, 689 (1967).

Magnetic phase transitions in CsEr(MoO 4)2 and KDy(MoO4)2-chain-layered
Isirg compounds (abstract)

E. N. Khats'ko and A. S. Cherny
Institute for Low Temperature Physics & Engineering, Ukraine Academy of Sciences, 47 Lenin Avenue,
Kharkov 310164, Ukraine

The crystals investigated belong to the family of the orthorhombic layered rare-earth double
molybdates. These crystals have aroused interest because of the diversity of structural and magnetic
phase transitions, which are due to the crystalline structure and the electron energy spectrum of
rare-earth ions. These ions are distinguished for their Ising behavior. The magnetization and
susceptibility measurements were performed at temperatures between 0.5 and 300 K in magnetic
fields up to 0.4 T along three principal magnetic axes. The 3D magnetic ordering is found to occur
at T,=0.84 K for CsEr(MoO 4)2 and T,=l.1 K for KDy(MoO 4)2. The magnetic properties are
strongly anisotropic both above and below T. In the magnetic ordered state spin-orientation phase
transitions were found in both of these compounds. For CsEr(MoO 4)2 a typical metamagnetic
transition was observed along one magnetic field direction (b). There is a more intricate situation in
the case of KDy(MoO 4)2. The spin-orientation phase transition has a rather complex character: it is
anitferromagnetic along the a axis, and ferromagnetic along the b and c axes. The magnetic
structures of these compounds were determined. In the case of CsEr(MoO 4)2 a collinear
two-sublattice structure of antiferromagnetically ordered ferromagnetic chains is realized. For
KDy(MoO 4)2, the magnetic structure is defined as a complicated noncollinear four sublattice
structure with magnetic moments rotated 350 in the ac plane and 100 in the bc plane.
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Na-doping effect on the magnetic properties of the YBCO ceramics
T. Nurgaliev, S. Miteva, I. Nedkov, A. Veneva, and M. Taslakov
Institute of Electronics, Bulgarian Academy of Sciences, 72 Blvd. Tzarigradsko Chaussee, 1784 Sofia,
Bulgaria

The ac magnetization and the microwave surface resistance (at 12 GHz) were measured on a series
of Na-doped YBCO ceramic samples at 77 K. Their magnetic behavior was explained on the basis
of the modified critical state model by taking into account the existence of a field-dependent
component Jc1 (due to weakly linked grains) and a field-independent component Jo (due to
perfectly linked grains) in the bulk critical current density of the samples. The Na and Cu remaining
after the heat treatment of the samples changed the intergranular medium parameters and impeded
the correlation between the grains. As a result, an increase of the Na concentration led to a decrease
of the specimens critical current density and an increase of their surface resistance. At small Na
concentrations, a certain increase of Jd1 was observed, which can be explained by taking into
account the possibility of partial pinning of Josephson vortices in the "weakly seeded" places in the
intergranular media.

1. INTRODUCTION and the response signal was registered by an almost flat coil

The magnetic behavior of the YBCO ceramics is largely (0 1.5X0.5 mm2) located at the center of the high-

dominated by processes in the intergranular medium, and temperature superconducting (HTSC) pellet. The screening

described in the framework of the modified critical state parameter N was found by taking the ratio of the signal's

model" 2 by taking into account the field dependence of the amplitude measured at superconducting (T=77 K) and nor-mode 1' 2by akin ino acout th fild epenenc ofthe mal (T= 295 K) state of the specimen. The surface resistance

mean intergranular critical current density J. A particular a 77 K sae b men f Cu res stce

form for the field dependence is usually assumed, and then at 77 K was measured by means of Cu resonator structures
formed on a thin dielectric substrate, with the HTSC pelletthe fitting parameters, corresponding to the components of serving as a ground plate. 7

the critical current density and the scaling field, are obtained To perform the critical current measurements, b 1X9
from a comparison of the model calculation with the mea- mm 2 cylinders were cut from HTSC disks. The pick-up coil
sured iata. 3'4 The microwave losses in such samples are

mainly determined by intergranular coupling whose effi- was tightly wound around the sample, and a phase-sensitive

ciency depends on the properties of the intergranular device was used to record the response signal.

medium. 5'6 The presence of some metals during the YBCO
synthesis affects the properties of the intergranular medium 7  1 INTERPRETATION OF THE MAGNETIC BEHAVIOR
of the end product. One should expect as a result a modifi-
cation of the magnetic and microwave parameters of these To interpret the magnetic behavior of the ceramic sample
samples as compared with the undoped ones. at low magnetic fields (_-3 mT) the existence of two kinds of

This paper deals with experimental investigation and in- the intergranular contacts in the sample must be taken into
terpretation of the changes in the magnetic and microwave account.' - " The local macroscopic intergranular critical cur-
characteristics of YBCO ceramic samples prepared in the rent density Jet for the weakly coupled grains nearly expo-
presence of a Na additive. nentially decreases with increasing of the local magnetic

field 3'4 H, while the local macroscopic "bulk" critical cur-

II. EXPERIMENTAL rent density Jo remains unchangeable for the perfectly
coupled grains.9 By taking into account this, we assumed the

The samples were produced using the general formula following field dependence for the critical current density J,
Y1- 0 2xBa 2- 2.Nao 4 xCu3 +0 3xO), wherex varies from 0 to in our samples
2.00, which allows an overstoichiometric presence of Na 2O Jc=Jco+Jcl/ch(H/H), (1)
and traces of CuO on the grain boundaries in the ) BCO
ceramics. wheie H. is the scaling field. When the external magnetic

The presence of Na 2 CO 3 during the sintering process field H, decreases from its maximum Hm to its minimum
enabled us to obtain a highly homogeneous structure with -H,,, the following solution of the critical state equation
low grain size. The physical measurements were carried out can be obtained:
on disk-shaped samples with a thickness of about 1 mm and h -h,,,-C ln[(eh+A)(ehl+D)/(ehm+D)(el+A)]
a diameter about 9 mm. To study a sample's screening prop-
erties, we placed the sample in an ac magnetic field (1 kHz) =J(x- 1) O< x< x,, (2)
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FIG. 1. The screening parameter N vs the magnetic field amplitude H,,, for FIG. 2. Dependence of the response signal modulus (2) and the out-of-phase
Na-doped YBCO pellets (qOlX9 mm2) measured at 77 K. Curves 1-7 cor- component (1) on the external-field amplitude H,,, for a Na-doped (x=0 4)
regpond to samples with initial Na concentratijns x =0, 0.4, 0.75, 0.95, 1.2, YBCO sample (O1x9 mm2) measured at 77 K. The theoretical curves 1 and
1.5, and 2, respectively. 2 (solid) are obtained by taking into account the J, vs H dependence de-

scribed by Eq. (1). The values of the fitting parameters are given in Table I.
Curve 3 presents the IvI vs H. dependence for a sample in normal state

h2 _haC ln[(eha+A)(eh2+D)I(eha+D)(eh2+A)] (100 K).

= -J(x - 1 ) x, _x l, (3)

where hI =HI/H, and h2 =H 2/H, are the dimensionless in- properties of the central zones of the pellet. At stronger fields
ternal magnetic fields: hm=HmIHc; h=H,IH, ; u.oH_2.0 mT, the screening effect is only due to the small
J=JcoR/H,; A=k+(k2  1)1/2; D=k-(k2 - 1)t/ 2; number of "loops" consisting of perfectly linked grains and
C=k/(k2 -1)/2; k=JI/Jo>1; x=r/R, r is the radial coor- to the diamagnetism of the grains. The field starts penetrating
dinate; x, = r,IR is the dimensionless coordinate where the the grains at .oHg >4.5 mT. An estimate of the critical cur-
shielding current changes its direction and Ht(x,)=H2(xi). rent density for the grains Jg using the above value for the
By solving Eqs. (2) and (3), one can find the magnetic field field Hg (for YBCO at 77 K, the London penetration depth is
profile in the sample and calculate the total magnetic flux 0 -0.3 Arm) yields Jcg-Hg/,1O6 A/cm 2, a value typical for
which penetrates it. For a harmonic external field single-crystal YBCO samples. A worsening of the pellets
H,,=H,, cos(wt) (where co is the angular frequency), the ba- screening properties is observed for higher initial Na concen-
sic component of the total magnetic flux 0 can be expressed trations (x-0.75), but no noticeable drop of Hg is seen. This
as follows: means that within the concentrations interval indicated

(0_<x<l.5), the Na affects mainly the electrical parameters
= (" cos(t) - W sin( t) of the intergranular boundaries. At x =2, however, the sample

= R2Hm(I ' cos(wt)-/A" sin(wt) becomes "transparent" to the magnetic field (N-0.97) due
to the strong suppression of the superconductivity in the

=TR2Hm[(X' + 1)cos(wt)-X" sin(ot)], (4) grain themselves.

where and (" are the in-phase and out-of-phase compo- To determine the critical current density Jc, we used

nents of the magnetic flux, which can be obtained from 0(t) cylindrically shaped specimens with R -0.5 mm. The depen-

by means of a Fourier transform; /i', t", X', and x" are the dences of the pick-up coil voltages modules
teal and imagtnary components of the specimen's dynamic IV(Hm)HIw(Hm)l and the out-of-phase component

permeability and susceptibility. Signals proportional to V"(Hm) -kZo(Hm) on the amplitude Hm of the external mag-

I,,(H,,n), O,,(H,.), and 0',"(H,,) are registered experimen- netic field was experimentally registered (Fig. 2). The values
tally. Further, by comparing such theoretical and experimen- of the specimen's effective static permeability/t usually are

tal dependences, one can fine the optimal values of the pa- 0.5-0.6. The initial value of J,0 was then found through
rameters J0 Jtj H, corresponding to the real specimen fiting the theoretical dependence IV(H,)I (calculated for

characteristics. Jl =0, the expressions are given in Ref. 8) to the experimen-
tal one measured at relatively large H,, values so that the

iV. RESULTS AND DISCUSSION contribution of the weak links current to the response signal
is small but, at the same time, the field does not penetrate the

Figure 1 presents the dependence of the screening coef- grains. For the initial H, value we assumed half of the field
ficie it N of HTSC pelhe's with various Na-additive amounts value which totally suppresses the weak link current. Further,
on the amplitude H,, of the external ac magnetic field. In the initial value of Jt was obtained by fitting the theoreti-
specimens with small amounts (x<0.75), the magnetic field cally calculated IV(Hm)I dependence [Eqs. (1)-(4)] to the
begins to penetrate the intergranular medium at .,oH-0.5 experimental one. The last procedure was then repeated with
mT. A field of A# - 1.0 niT leads to a decrease in the inter- each of the parameters J, Jj, H, varying within certain
granular critical current density and destroys the screening limits until good agreement was reached between the theo-
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[ TABLE 1. Characteristics of YBCO samples. resistance at weak fields will be proportional to o6'/IX,

where X, is the Josephson penetration depth.6 On the other
J Ac0' JA/c2 (111T) Rl (o12G hand, c J / , and, therefore, the surface resistance of thex A/ ) (A/cm) (mT) (raf) 0=12 Gnz) samples should increase as their critical current density de-

0 45 145 0.70 45 creases. Such a relationship is well observed experimentally
0.40 45 180 0.70 50 in samples with x--0.75; at smaller Na concentrations the Rs
0.75 36 140 0.70 55 variation with x is not significant.
0.95 30 123 0.55 65
1.20 20 83 0.40 78
1.50 10 28 0.20 100 V. CONCLUSION

In the present work, the results are presented of measure-
ments of the screening parameter N, the critical current den-

retical and experimental IV(H.)I and V'(Hm) dependences. sity Jc, and the surface resistance R, of YBCO samples pre-
The sample characteristics found as described are presented pared from initial batches containing various amounts of Na.
in Taile I. The behavior of the intergranular critical current density J, is

Specimens with small Na-additive amounts (x-0.4) ex- interpreted by taking into account the presence of both
hibit some increase of the weak link critical current density weakly linked grains and of a small number of perfectly
J,1, while the other two parameters J,0 and H, stay practi- linked grains. The values of J, and the behavior of its de-
cally unchanged. A further increase of the Na amount results pendence on the field are determined by solving numerically
in a decrease of all YBCO sample parameters and in their the critical state equation and comparing the results with the
complete degradation at x=2. The behavior of the bulk experimental data. It is demonstrated that the Na and Cu
sample electrical parameters is related to the properties of the compounds remaining in the samples after the heat treating
intergranular boundaries. The critical current density J, for a process are predominantly located on the surface of the
3ingle-tunnel Josephson junction is proportional to the junc- YBCO grains and impedes the correlation between the
tion parameters A (the energy gap parameter) and Rn (the grains. As a result, an increase of the Na concentration leads
normal-state tunneling resistance).6 Jc- A 2IR,. The R, pa- to a decrease of the specimens' critical current density and an
rameter is strongly affected by the distance between the junc- increase of their surface resistance. However, at low Na con-
tion boundaries.6 After the heat treatment, the Na and Cu centrations (x<0.75), a certain positive effect is observed in
compounds are predominantly located on the surface of the what concerns the critical curr'tnt density J, ; this is probably
YBCO grains and form a "surface layer" that can be char- related to the possibility of pa. dal pinning of Josephson vor-
acterized by a dielectric constant e and a conductivity o-. A tices in the "weakly seeded" places on the boundaries.
rise in the Na concentration leads to a drop in the critical
current density at the expense of either an R n increase (for an 'H. Dersch and G. Blatter, Phys. Rev. B 38, 11391 (1988).

intergranular medium with a-0) or a gap parameter suppres- 2V. Calzona, M. R. Cimberle, C. Ferdeghini, M. Putti, and A. S. Sin,
sion (for an intergranular medium with o*>0). Such a behav- Physica C 157, 425 (1989).io fo an inJeran wasi m fa th bserved in ch aC fore a 3 T. B. Doyle and R. A. Doyle, Cryogenics 32, 1019 (1992).
ior of J., Jo, and He was in fact observed in YBCO for Na 4G. E. Gough, M. S. Colclough, D. A. O'Connor, F. Wellhofer, N. McN.
concentrations x>0.75. For small Na concentrations Alford, and T. W. Button, Cryogenics 31, 119 (1991).

(x--0.75), this "seeding" of the i;tergranular boundaries by 5N. McN Alford, T. W. Button, G. E. Peterson, P. A. Smith, L E. Davis, S

Na compounds is insignificant. The small increases of the J. Penn, M. J. Lancaster, Z. Wu, and J. C. Gallop, IEEE Trans. Magn.
MAG-27, Part II, 1510 (1991).

critical current density in the latter case can be explained by 'K. K. Likharev, Introduction to the Dynamic of the Josephson Junctions
the possible pinning of Josephson vortices at the "seeded" [Moscow, "Nauka" (in Russian) 1985].

points in the intergranular space. 71 Nedkov, A. Veneva, S. Miteva, T. Nurgaliev, and V. Lovchinov, IEEE

The surface resistance R, of the pellets increased with Trans. Magn. 30, 1187 (1994).
8 R. B. Goldfarb, M. Lelental, and C. A. Thomson, Alternating-Field Sus-

increasing x. If one assumes that the sample consists of weak ceptometry and Magnetic Susceptibility of Superconductors (Plenum, New
links (i.e., the grain contribution to Rs is small), its surface York, 1992).
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Properties of polycrystalline samples of Nd2_xCexCuO4_y obtained

from a sol-gel precursor
V. B. Barbetaa) and R. F Jardim
Instituto de Fisica, Universidade de Sio Paulo, CP20516, 01452-990, Siio Paulo, SP, Brazil

L. Ben-Dor
Department of Inorganic and Analytical Chemistry, Hebrew University, Jerusalem 91904, Israel

M. B. Maple
Department of Physics and Institute for Pure and Applied Physical Sciences, UCSD, La Jolla, California
92093-0075

Polycrystalline samples of NdzxCe.CuOa-y(O.O< x<-O.17) obtained from a sol-gel precursor were
sintered below the eutectic temperature and reduced under different conditions. From the results of
x-ray powder diffraction, the tetragonal T' structure is preserved for Ce content up to x=0.17. A
decrease in the lattice parameter c and a small increase in the lattice parameter a are observed with
increasing Ce concentration. Electrical resistance R(T) measurements performed on reduced
samples with x->0.12 reveal superconducting behavior below T-25 K. We also found that all
reduced samples display a striking double resistive superconducting transition and that the zero,
resistance state is achieved through two distinct drops in R(T) at upper and lower trans'
temperatures T,, and T,,. The upper transition temperature Tc, has a maximum for Ce concentration
x=0.14, which is independent of the reduction process. The lower transition temperature Tc) is
observed in reduced samples with Ce content x _0.14 and decreases monotonically with increasing
Ce concentration. Magnetic susceptibility measurements confirm bulk superconductivity in several
reduced samples, and a significant diamagnetic contribution is only observed for temperatures below
Tcj. The results are discussed within the framework of a granular superconductor model.

The discovery of superconductivity in compounds of for this feature assumes that the sample is composed of small
Ln 2zMCuO4_y(Ln=Nd, Sm, Pr, Eu; M=Ce, Th)1- 5 has superconducting islands connected through Josephson
stimulated an intense effort in the study of their physical coupling.1- 12 By assuming this picture, the first transition is
properties. Many features of these oxides are well known, related to the intragrain transition while the second one is
although some fundamental aspects are either still not under- believed to be due to the coupling between the islands
stood or controversial. through Josephson junctions. The present work provides

One of the doubts about these compounds concerns the some new information regarding structural, magnetic, and
quality of the samples studied. Usually, high quality samples transport properties of these electron-doped superconductors.
with the same starting composition and subject to almost the Polycrystalline samples of Nd2 _xCe.CuO4 _y were pre-
same reduction process behave differently.6 Some important pared with a wide range of Ce concentrations 0.0-<x_<0.17
questions regarding this situation are related to the doping by means of the sol-gel process. Details of this chemical
process, i.e., the replacement of the Ln by Ce and the re- route for producing polycrystalline samples are discussed
moval of oxygen which are necessary to induce supercon- elsewhere. 12 The samples were sintered at 1000 °C, which is
ductivity. As far as Ce doping is concerned, it is still some- below the eutectic temperature of -1050 *C. Reduction was
what controversial whether materials prepared in the range carried out under different conditions. This step is important
0--x-0.17 actually form a solid solution. Based on x-ray in order to induce superconductivity in these materials, and it
diffraction analysis, Cava and collaborators 7 concluded that was performed in flowing He gas for 20 h at 950 °C, fol-
samples of Nd2 .CeCuO 4..y (0.0<-E.x< 0.17) are true solid lowed by fast cooling. We have prepared three different
solutions. On the other hand, Lightfoot and collaborators8  batches of samples: (1) unreduced samples, (2) samples
believe that there is only one superconducting phase in this cooled in 1 h after the reduction process, and (3) samples
range with a Ce content close to x=0.165. cooled in 2 h after the reduction process. Unreduced samples

Besides this structural issue, other points remain to be showed no evidence of superconductivity, while reduced
addressed. One of them is related to the nature of the double samples showed superconductivity for Ce concentrations in

resistive superconducting transition which is frequently ob- the range 0.12<x<0.17. All samples were analyzed by x-ray

served in R(T) measurements and is identified by two sharp powder diffraction using a Rigaku RU-200B diffractometer.

drops in the electrical resistivity before the zero resistance The x-ray patterns showed that the tetragonal T' structure

state is attained. It has been proposed by Peng et al 9 that the (Nd2CuO 4 type structure) is preserved for Ce content up to
doube supercneductg I ta nsn prpsduen eto th at ne o x=0.17 and no vestiges of additional phases have beendouble superconducting transition is due to the presence of found in any sample studied. The lattice parameters were
two distinct superconducting phases, each with a different obtained through the refinement of the corrected peaks uti-
superconducting critical temperature. Another explanation lizing a least-squares program. Magnetization measurements

were performed using a commercial superconducting quan-
')On a CNPq (Brazil) fellowship. tum interference device (SQUID) magnetometer from Quan-
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TABLE I. Lattice parameters a and c as a function of Ce concentration in 2.0 ........ .... .. .... 0.25

polycrystalline samples of Nd2_,CexCuO 4 y, 0.0 <x,<0.17. 00 0.00T @ oo

x a (c) ,
0.00 3.948(1) 12.17(4) -0.25
0.05 3.948(9) 12.15(4) 1.0T

0.08 3.949(4) 12.12(9) -0.50
0.10 3.949(7) 12.11(8)
0.14 3.950(4) 12.09(9) 0.5
0.15 3.950(6) 12.08(9) 0 -0.75

0.17 3.95)(9) 12.07(7) 0 . ............................../1.0

0 5 10 15 20 25 30

TEMPERATURE (K)
turn Design. Electrical resistance measurements were per-
formed with a Linear Research LR-400 ac impedance bridge FIG. 1. Typical curves of R(T) and X(T) obtained on polycrystalline
operating at 16 Hz with variable excitation current. samples of Nd 2 1CeCu04_y. These curves correspond to measurements

The x-ray diffraction patterns for polycrystalline samples performed on the sample with x=0.17 and cooled in 2 h after the reduction
of Nd2 xCexCuO 4 _y, 0.0--x--0.17, showed, within our process. Arrows denote T,, and Tc, obtained from electrical resistance

resolution, no vestiges of additional phases. The powder dif- curves.

fraction data have been used to extract the lattice parameters
a and c for different Ce concentrations. These results are
summarized in Table I. A careful observation of these results sition in which the electrical resistance shows two abrupt
shows that the lattice parameter c decreases with increasing drops in magnitude when the sample is cooled below 25 K.
Ce content from c=12.17(4) A for Nd2CuO4 to c=12.07(7) Such a feature has frequently been observed in these
A for the highest Ce concentration x=0.17. Also, from the electron-doped superconductors' 0 -12  for samples with
results of Table I, one can see that the lattice parameter a is x--0.14. For the sample shown in Fig. 1, the first drop in
almost insensitive to the replacement of Nd by Ce. The de- R(T) occurs at an upper temperature T,,1 -17 K. At this tem-
pendence of the c lattice parameter on Ce concentration sug- perature, a broad decrease of about 30% in the magnitude of
gests that Ce substitutes for Nd in the T' structure. Such a R(T) is observed down to a lower temperature Tcs 6 K,
replacement seems to be in complete agreement with the where a second shaiper decrease in R(T) occurs. This fea-
formation of a true solid solution and not, for example, with ture has been explained by assuming that these samples are
phase separation. This is supported by the fact that no drastic comprised of two different phases: one which is supercon-
change in the lattice parameter c is observed, i.e., it de- ducting and another one which is believed to be nonsuper-
creases smoothly with increasing Ce content. This conclu- conducting. When the temperature falls below To,, the su-
sion is in agreement with the proposition made by Cava perconducting transition takes place and a drop of about 30%
et al.,7 who have observed behavior similar to that shown in in R(T) is frequently observed. Below this temperature, the
Table I for both lattice parameters. In addition, a very broad system does not attain the zero resistance state because the
distribution of values for the lattice parameter c for x-0.15 superconducting volume fraction is below the percolation
has been detected. If one assumes that there is no phase threshold. In the temperature range between T,, and Tcj the
separation when Nd is replaced by Ce, as proposed by Light- samples are believed to be comprised of superconducting
foot, et al.,8 this means that the presence of the nonsupercon- islands embedded in a nonsuperconducting host. At a lower
ducting phases in these compounds needs to be explained by temperature T,,, Josephson coupling takes place and the
invoking another variable of these systems: the removal of zero resistance state is usually achieved.10- 12

oxygen. It is possible that the removal of oxygen of about We believe that the brief discussion given above invali-
0.02 per formula introduces a defect structure in this series, dates the presence of two superconducting phases in these
generating two different regions within the samples, one of electron-doped superconductors. If this were the case, the
which is superconducting and the other of whic, is nonsu- transition at T,, should not be very sensitive to changes in
perconducting. Similar structural defects have been observed the excitation current and the application of a small magnetic
in polycrystalline samples of Lai sSrxCaj 2_xCu206_Y,13  field. However, several experimental results for these com-
La2NiO4 _y, 14 and La 2CuO 4 ,y. 15  pounds reveal that below T,, p(T) is strongly dependent on

The presence of at least one superconducting phase in these variables.10- 2 These results suggest that Josephson
these polycrystalline samples is somewhat reflected in mac- coupling develops at T,, and yield no evidence of two super-
roscopic measurements such as electrical resistance and conducting phases in this series.
magnetic susceptibility. In order to place this in perspective, Figure 1 is also useful for discussing the temperature
the temperature dependence of the electzical resistance and dependence of the magnetic susceptibility in these com-
magnetic susceptibility has been measured in all samples de- pounds. Careful inspection of Fig. I reveals that significant
scribed above. Typical curves of R(T) and X(T) are dis- diamagnetism only occurs below T,;. In fact, it is observed
played in Fig. 1, which shows data for NdI 83Ce0 17CuO4 _  that the magnetic susceptibility is still increasing below Ta,,
cooled in 2 h after :he reduction process. It is evident that the showing a paramagnetic-like beha-,ior. When the tempera-
R(T) curve displays a double resistive superconducting tran- ture T,, is reached a transition occurs and the diamagnetic
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30 drop is not enough to drive the system to the zero resistance
25 state, probably due to the very low superconducting volume.
25 Additional decrease in temperature promotes the coupling of

, 20 these superconducting islands below T,,. At this tempera-
ture, the superconducting regions are believed to be coupled)T (I h" by Josephson effect and usually the system shows zero resis-

0 (2 tance. Due to the small size of these islands, comparable to
5 -. - ..- T j (I h) the London penetration depth, an insignificant diamagnetic

& T ) (2 h) contribution to the susceptibility is observed between Tc, and
0 2 0.1 016 T0. T8ese superconducting islands become coupled together

through Josephson junctions below TcJ and the di. nagnetic
x in Nd 2-xCeXCuO 4_y contributions is appreciable.

In summary, we have performed x-ray powder diffrac-
FIG. 2. Compositional dependence of T,, and TcJ in a series of polycrys- tion, electrical resistance, and magnetic susceptibility mea-
talline samples of Nd2 _,CeCuO4 _y, 0.12*;,.x <0.17. The figure displays surements on polycrystalline samples of Nd2_xCexCu0n-y,
results obtained in two series cooled in either 1 or 2 h after the reduction 0.0:--x_<0.17, prepared from a sol-gel precursor. All of our
process. x-ray results seem to agree with the proposition of Cava

et al.,7 since we have found no evidence of phase separation

contribution become s appreciable. The absence of appre- in this series. In addition, the macroscopic behavior of R(T)

ciable diamagnetism between T,, and T,, indicates that su- and X(T) can be fully explained by the assumption that all
perconducting properties must be confined to small regions, samples are comprised of small superconducting islands con-percndutin prperiesmus beconine tonected through Josephson junctions.
comparable with the London penetration depth. In fact, sev- g p j i
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Stroud. This work was supported by the Brazilian Agency
perconductors are satisfactorily explained by assuming that
superconducting properties are confined to small islands with FAPESP Under Grants No. PD-EXT 91/2743-0 and 93/

typical size of 10-300 &.16-18 4204-4. Work at San Diego was supported by the DOE

Also of interest is the dependence of both T,, and T,) on (USA) under Grant No. DE-FG03-86ER45230. One of us

Ce content in the Nd 2 _xCexCuO4 y series, 0.0--x--0.17, (RFJ) acknowledges support from the Brazilian Agency

which is shown in Fig. 2. From observations of Fig. 2 one CNPq Under Grant No. 304647/90-0.

can note that the transition temperature Tc, shows a maxi- 'Y Tokura, H. Takagi, and S Uchida, Nature (London) 337, 245 (1989).
mum at x=0.14 and decreases at higher Ce concentration. It 2 H. Takagi, S. Uchida, and Y Tokura, Phys. Rev. Lett. 67, 1197 (1989).

is also observed that T,, is almost independent of cooling 3
J T. Markert, E. A. Early, T. Bj6rnholm, S. Ghamaty, B. W. Lee, J. J.

rate for x >0.14 and is affected by the reduction process for Neumeier, R. D. Price, C. L. Seaman, and M. B. Maple, Physica C 158,

x=0.12. On the other hand, the Josephson coupling tempera- 178 (1989).
4 J. T. Markert and M. B Maple, Solid State Commun. 70, 145 (1989).

ture T,, is almost insensitive to the reduction process in the 5E. A. Early, N. Y Ayoub, J. Beille, J. T. Markert, and M. B. Maple,

Ce range studied. '[he qualitative behavior of T,, obtained Physica C 160, 320 (1989)
from electrical resistance measurements is in complete 6C. Geibel, A. Vierling, P. V. Aken, R. Eichert, A Gravel, M. Rau, S. Horn,
agreement with recent data of Singh et a!.19 even though G. Weber, and F. Steglich, Physica C 185-189, 591 (1991)e wR. J. Cava, H. Takagi, R. M. Fleming, J. J. Krajewski, W. F. Pech Jr., P.
they obtained T,, from ac magnetic susceptibility measure- Bordet, M. Marezio, B. Batlogg, and L. W. Rupp, Jr., Physica C 199, 65

ments. This can be explained on the basis of the ac magnetic (1992).
susceptibility data in this series that shows only one diamag- 'P Lightfoot, D. R. Richards, B. Dabrowski, D. G Hinks, S. Pei, D. T.

netic contribution which occurs at the Josephson coupling Marx, A. W. Mitchell, Y. Zheng, and J. D. Jorgensen, Physica C 168, 627
6 In f(1990).

temperature. n fact, our results for T,, reveal remarkable )J. L Peng, Z. Y. Li, and R. L Green, Physica C 177, 79 (1991)
differences with those of Ref. 19. They have observed from 10 E. A. Early, C. C. Almasan, R. F. Jardim, and M. B Maple, Phys. Rev. B

the electrical resistivity measurements that T,, is almost con- 47, 433 (1993).
stant for 0.14-x-0.17. Our results show that TO has a 11V B. Barbeta, C. 11. Westphal, R. F. Jardim, M. B. Maple, and X. Obra-

dors, J. Appl. Phys. 73, 6639 (1993)
maximum of -25 K at x=-J.14 and decreases significantly 2R. F. Jardim, L Ben-Dor, and M B. Maple, J. Alloys Compounds 199,

for higher Ce content to 18 K for x=0.17. These discrepan- 105 (1993)
cies must be related to the sample preparation method used 13H. Shaked, J. D Jorgensen, B. A Hunter, R. L. Hitterman, K. Kinoshita,

F Izumi, and T. Kamiyama, Phys Rev. B 48, 12941 (1993).for making these materials. 4
j. M. Tranquada, D J Buttrey, and D. E. Rice, Phys Rev. Lett. 70, 445

From our results for R(T) and X(T) on polycrystalline (1993)
samples of Nd2 xCe.CuO 4 _,, 0.0a<x_<0.17, the behavior of 15P. G. Radaelh, J. D. Jorgensen, R. Kleb, B. A. Hunter, F. C Chou, and D.
these matu'ials can be understood by using a model of a C. Johnston, Phys. Rev. B 49, 6239 (1994).disrdred array mal l ueroodbyuting isans ouled 16R F. Jardim, C. H. Westphal, C H. Cohenca, L. Ben-Dor, and M. B.
disordered array of small superconducting islands coupled Maple, J. Appi Phys. 75, 6720 (1994).
through Josephson junctions. This is particularly evident 17R. F Jardim, M. C. de Andrade, E. A. Early, M. B. Maple, and D. Stroud

from electrical resistivity measurements which show the (unpublished).

striking double resistive superconducting transition. When 18 R. F Jardim, L. Ben-Dor, D Stroud, and M. B. Maple, Phys. Rev. B (in
press).the temperature decreases, the intergrain transition takes 19o. G. Singh, B. D. Padalia, 0. Prakash, K Suba, A. V Narhkar, and L C.place and a drop in the magnitude of R(T) is observed. This Gupta, Physica C 219, 156 (1994)

J. Appl Phys., Vol. 76, No. 10, 15 November 1994 Barbeta et aL 7123



Magnetic ordering of Pr in Pb2Sr 2PrCu308
W. T. Hsieh, W-H. Li, and K. C Lee
Department of Physics, National Central University, Chung-Li, Taiwan 32054, Republic of China

J. W. Lynn
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J. H. Shieh and H. C. Ku
Department of Physics, National Tsing Hua Universiy, Hsinchu, Taiwan 300, Republic of China

The magnetic ordering of the Pr ions in Pb2Sr2PrCu3O8 has been studied using neutron-diffraction
and ac-suspectibility measurements. An imperfect three-dimensional magnetic ordering of the Pr
spins was observed at a temperature well below its Neel temperature of TN - 7 K. The magnetic
intensities observed at T= 1.4 K can be explained by assuming long-range order in the ab plane
with short-range correlations, of correlation length 6c=20 A, along the c axis and a moment
directed along the c-axis direction. The magnetic ordering is 2D in nature, and the basic magnetic
structure consists of nearest-neighbor spins that are aligned antiparallel along all three
crystallographic directions. The magnetic transition is also evident in the ac-susceptibility versus
temperature measurements, where a cusp that is typical of antiferromagnetic ordering is clearly
observed, which matches the TN obtained by neutron diffraction.

Just like other high-T c oxides, Pb2Sr2PrCu30 8 (Pr diffraction were used to characterize the sample. The nearest-
2:2:1:3) also possesses a layered structure. From the crystal- neighbor distances between the Pr atoms that we obtained at
lographic structural point of view, the major difference be- room temperature were 3.815(1) A and 15.765(4) A in the ab
tween Pr 2:2:1:3 and PrBa2Cu30 7 (Pr 1:2:3) is the number of plane and along the c-axis direction, respectively. The nomi-
layers stacked along the c-axis direction. The structure of the nal oxygen concentration determined from neutron profile
former can be obtained by replacing the CuO-chain layer in refinement analysis was 8.01(2). During the course of the
the latter with two PbO layers and one Cu layer.' This re- low-temperature neutron-diffraction experiment, the sample
placement results in even more anisotropic physical proper- was sealed in a cylindrical holder filled with helium ex-
ties for the 2:2:1:3 systems than for the 1:2:3 systems. The change gas to promote thermal conduction at low tempera-
rare-earth atoms in the 2:2:1:3 systems form an orthorhom- tures. A pumped 4He cryostat was used to cool the sample,
bic sublattice, where a b and the nearest-neighbor distance and the lowest temperature achieved was 1.4 K.
along the c axis is more than four times that in the ab plane. Neutron-diffraction measurements were performed at the
It is thus clear that the crystallographic anisotropy naturally Research Reactor at the U.S. National Institute of Standards
leads to highly anisotropic magnetic interactions, and two- and Technology. The data were collected using the BT-9
dimensional (2D) behavior can be expected. triple-axis spectrometer operated in double-axis mode. The

The 3D long-range ordering of the Pr spins has been incoming neutrons had a wavelength of 2.352 A defined by a
observed in both the Pr 1:2:3 and TIBa2PrCu20 7 (Pr 1:2:1:2) pyrolytic graphite PG(002) monochromator, with a PG filter
systems with anomalously high ordering temperatures. 2'3 Nu- placed after the monochromator position for suppressing
merous observations have indicated that hybridization plays higher-order wavelength contaminations. The angular colli-
an important role in the Pr magnetism. If this is the case we mations used were 40' in front of the monochromator, and
should then expect the effect along the c-axis direction to be 48'-48' before and after the sample position, respectively.
much reduced in the Pr 2:2:1:3 system compared to the Pr No analyzer crystal was used in these measurements.
1:2:3 and Pr 1:2:1:2 systems, simply because of its wider The magnetic signal was isolated from the nuclear one
spacing along the c axis. The Pr 2:2:1:3 system is then a by subtracting the data collected at high temperatures from
better candidate for observing the 2D character of the Pr the data taken at low temperatures. 5 Figure 1 shows the mag-
ordering. In this paper we report an imperfect 3D ordering of netic Bragg peaks thus obtained at T= 1.4 K, where the
the Pr spins observed in Pr 2:2:1:3. The Pr spins ordered at 7 diffraction pattern taken at T= 15 K, serving as the nonmag-
K, nevertheless even at T= 1.4 K, the correlations between netic "background," has been subtracted from the data. The
the Pr spins along the c-axis direction are still short range. indices shown are based on the Pr chemical unit cell. The
The basic magnetic structure consists of Pr spins that are underlying spin structure of Pr hence consists of the nearest-
aligned antiparallel along all three crystallographic direc- neighbor spins that are aligned antiparallel along all three
tions. The antiferromagnetic ordering of the Pr spins is also crystallographic directions. This is the same type of spin
evident in the ac-susceptibility versus temperature measure- structure found in Pr 1:2:32 and Pr 1:2:1:2.3

ments, where a cusp, typical of antiferromagnetic ordering, The widths of the observed magnetic peaks are much
in the Xac vs T curve is clearly evident, broader than the instrumental resolution, which indicates a

A powder sample of Pb2Sr2PrCu 30 8 was prepared by the short-range ordering of the Pr spins. Short-range correlations
standard solid-state reaction technique, and the details can be along the c-axis direction and long-range correlations within
found elsewhere. 4 Both x-ray and high-resolution neutron the ab plane can be expected, since the nearest-neighbor dis-
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FIG. 1. Magnetic intensities observed in Pb 2Sr 2PrCu3O8 at T= 1.4 K, where
the indices shown are based on the Pr chemical unit cell. The Pr spins order - 24400 -
antiferromagnetically along all three crystallographic directions. The solid
curve is a fit to the data assuming long-range order in the ab plane and a
short-range correlation length = 20 A along the c axis. 24200

24000 I i, I I ,, l,1 , 
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tance along the c axis is more than four times that in the ab
plane. The solid line shown in Fig. 1 is a fit to the theoretical FIG. 2. Temperature dependence of the (12} peak intensity. The data

curve, assuming long-range correlations in the ab plane and veal a typica; order parameter with an ordering temperature of TN,7 K

short-range correlations, with a correlation length c = 20 A, The solid curve is only a guide to the eye

along the c axis and a moment pointed along the c-axis di-
rection. In generating the fitted curve we adopt Warren's ap-
proach 6 of averaging the scattered intensity for a 2D powder netism and superconductivity is the subject in a separate
sample over all possible orientations in reciprocal space, and study.9

in addition allow for the presence of finite correlations along In conclusion, we have studied the magnetic ordering of
the third axis. 7 In comparison with the Pr ordering in Pr 1:2:3 the Pr spins in Pr 2:2:1:3 by neutron-diffraction and ac-
and Pr 1:2:1:2, the Pr-Pr coupling remains antiferromagnetic susceptibility measurements. At T= 1.4 K, which is well be-
and the 2D character becomes more pronounced in Pr 2:2:1:3 low the observed ordering temperature of TN- 7 K, an im-
likely due to the larger spacing between the Pr-Pr atoms
along the c axis. This crystallographic character results in a
reduction of the hybridization between the Pr ions that are 7 I I I

mediated through the copper-oxygen layers between them. P b2 r 2Pr u3
Figure 2 shows the temperature dependence of the fill27

peak intensity, and reveals a typical order parameter with a .,o 3
Neel temperature of TN- 7 K. This ordering temperature of

S 2
the Pr spins is a factor of 2 smaller than that found in Pr
1:2:3:7 (TN-1 7 K) and is close to that found in Pr 1:2:1:2 0
(TN- 8 K). The ordering temperature of Pr is still much too -1 .
high for purely dipolar interactions to explain. -2 _ _ _ _ _ _ _

The ac-susceptibility measurements were performed us- o
ing a Lake Shore 7221 ac susceptometer. Data were collected -
with an alternating magnetic field of strength 1 Oe and fre- .
quency 250 Hz. A portion of the real part of the measured -2 -a

Xac(T) is shown in Fig. 3(a), and the temperature depen- 3 - •
dence of its derivative dXac /dT is shown in Fig. 3(b). The 4 -
magnetic transition is clearly seen with a TN-7 K deter-
mined to be at the relative minimum in the dXaJdT vs T _,
plot. A cusp in the Xa-T curve, which is typical of antiferro- V 4 6 8 10 12 14 16 18 20

magnetic ordering, 8 is also evident. These results are consis- Temperature (K)
tent with that obtained from neutron-diffraction measure-
ments. We note that negatie values for Xac were obtained on FIG. 3 A portion of the measured ac susceptibility Xac(T) and its tempera-

the high-temperature side shown in Fig. 3(a). This is due to ture derivative dxjdT plotted against temperature The transion tempera-
ture is determined to be at the relative minimum in the dx 1JdT vs T plot,

the Meissner diamagnetism of the superconducting state which gives TNv 7 K. This Tv is consistent with the ordering temperaturepresent in the compound. The interplay between the Pr mag- obtained from the data shown in Fig. 2.
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Annealing temperature and 02 partial pressure dependence
of Tc in HgBa2Cu0 4+o6

Q. Xiong, Y. Cao, F. Chen, Y. Y. Xue, and C. W. Chu
Department of Physics, Texas Center for Superconductivity at the University of Houston,
Houston, Texas 77204-5932

Samples of HgBa2CuO 4+8 (Hg-1201) were annealed under various conditions. After carefully
controlling annealing time, annealing temperature (Ta), and 02 partial pressure (Po), we were able
to find the reversible annealing conditions for Hg-1201. Under 1 atm 02 at 260 0C'-Ta400 0C, the
obtained T, is nearly the same (-97 K). However, it decreases quickly with T,,>300 'C in high
vacuum (Po-10- 8 atm), and reaches zero at Ta= 4 0 0 'C. On the other hand, T, decreases with the

decrease of Ta in high-pressure 02 (-500 atm) and reaches -20 K at about 240 *C. In the entire
annealing region, the oxygen surplus varies significantly from 0.03 to 0.4, and a wide range of T,
variation (0-*97 K-*20 K) was obtained with anion doping alone.

Hg-1201 has a very simple crystal structure' and the tures between 250 and 500 °C for 20-80 h. Overdoped
highest T, (--97 K at the optimal doping level) among all the samples were obtained by heating the as-synthesized com-
single CuO 2-1 yer high-temperature superconductors (HTSs). pound for 10-240 h at temperatures between 240 and 400 'C
Its simplicity maakes it an ideal system for use in verifying and at an oxygen pressure that was between 1 and 500 bar.
theoretical models. For this purpose, doped samples with a The structure was characterized by x-ray powder diffraction
wide T, range to cover both the insulator-superconductor (XRD) and neutron powder diffraction (NPD). T, were de-
transition on the underdoped side and the superconductor- termined by both the dc magnetic susceptibility method us-
metal transition on the overdoped side are desirable. Many ing a Quantum Design superconducting quantum interfer-
groups around the world raced to achieve that by annealing ence device (SQUID) magnetometer and the electrical
the as-synthesized samples in reduced or oxygenated gases. resistivity method using the standard four-probe technique.
However, only limited results have been reported so far, par- We knew beforehand that there are two things which
tially due to Hg loss in this compound at elevated tempera- may effect the T, of Hg-1201, oxygen content and mercury

tures. Wagner et al2 reached T,-50 K through reducing an- loss. We tried to find annealing conditions which allowed

nealing in Ar at 500 'C. Itoh et al.3 report at high-pressure any changes in sample structure and T, to remain reversible.

02 annealing only produced a moderate change of Te (-85 We found that long annealing times and high temperatures

K on the overdoped side). The search for a wider Tc range lead to mercury loss and sample decomposition. Figure l(a)

has been obstructed by the decomposition of the compound
above 500 *C. By studying the stability and the oxygen bal-
ance conditions, we explored a much wider annealing
temperature-oxygen pressure region. The reversible anneal-
ing conditions were established. We obtained underdoped
samples with T, as low as zero (insulator) and heavily over-
doped samples with T,-20 K. In other words, the obtained a G
samples cover nearly the whole insulator-superconductor- - -
normal metal phase region. This enables us to further study. _,____

the superconductivity of this compound in detail.
Hg-1201 samples were prepared by reacting a precursor

pellet of Ba2CuO and a composite Hg source. The precursor 5-
pellet is obtained by mixing appropriate amounts of BaO and
CuO in an alumina crucible in a flowing mixed gas of Ar:O
at a ratio of 4:1 at 930 'C for a total of 24 h with intermittent
grinding once every 8 h. The composite Hg source used in
this study was a prereacted Hg 1:2:0:1 pellet made by com- _ ,
pacting the thoroughly mixed HgO and pulverized precursor c - g .

powder. A small precursor pellet and a large composite Hg 7-iz -- ,
source are sealed inside an evacuated quartz tube, heated to L
about 810 'C and kept at this temperature for 8 h before o 10 20 30 40 50 60
being cooled to room temperature. Samples with different 2o
oxygen content were obtained by heating the as-synthesized
samples at different temperatures and oxygen partial pres- FIG 1 (a) The indexed x-ray poder diffraction pattern of a typical as-
sures for appropriate periods of time. Underdoped samples after 20 I of 500 CAr anneahn () The XPD p,atern of a Hg-1201 sample

were prepared by heating the sample in vacuum at tempera- after four days of 500 *C Ar annealing.
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FIG. 2. (a) The XPD pattern of a Hg-1201 sample before annealing (b) The conditions are obtained by interpolation. From the thermody-
XPD pattern of a Hg-1201 sample after three days of vacuum annealing at namic viewpoint an increase in annealing temperature should
400 C. result in a decrease in oxygen content if the oxygen partial

pressure is held constant. An increase in oxygen content
should result from an increase in oxygen partial pressure if

is the data taken from a sample immediately after it was

synthesized. It is almost single phase. Figure l(b) is data the annealing temperature is kept constant. When the sample

taken from a sample after annealing in Ar at 500 'C for 20 h. is annealed in vacuum (10-8 atm) T, decreases when the
1(c)s5 is da 2 oxygen content decreases. This indicates that the sample is in

A small amount of impurities show up. Figure l(c) is data its underdoped region. T, increases with increasing anneal-
taken from a sample after annealing in Ar at 500 'C for about ing temperature when the sample is annealed in high-
four days. Many impurities now appear. After carefully con- pressure oxygen (5X 10+2 atm). This means that the sample
trolling annealing time and temperature, we were able to find is in the overdoped region. T, is nearly the same over the
the reversible annealing conditions for Hg-1201. Some typi- range 250-400 'C in 1 atm of pure 02 . We were able to
cal x-ray data are shown in Fig. 2. Figure 2(a) was taken I p 2

before annealing and Fig. 2(b) was taken after three days of (optimal), then back down to 20 K in the overdoped region.

annealing in vacuum at 400 C. These data indicate that thepartial pres-
sample still had a single Hg-1201 phase after the anneal. The sure is changed from 1 to 10-5 atm the oxygen content
slight shift in the peaks was caused by the change in lattice change d fo 12 is at the oxygen
parameters that arose from the change in oxygen content of changes by about 0.4 for Y123. This means that the oxygen

the sample. It is clear that the change in structure is revers-

ible under these conditions.
Figure 3 shows resistivity data for one of our samples.

Line 1 is data taken from the sample immediately after it was
synthesized. Line 2 is data taken after a 240 'C, high-
pressure (P=500 bar) anneal. After this, we annealed the 100

sample again in one atmosphere of oxygen at 300 'C. Resis- 80
tivity data taken after this second annealing are plotted here
as line 3. These data show that the change in T, was revers- 60

ible and the T, drop was caused by oxygen doping alone.
The small transition broadening and change in resistivity 42
were probably due to mercury loss between boundaries. The 20 / 0

Meissner effect of this sample, which is shown in the inset of 0 45 4
Fig. 3, is also consistent with this point.

The reversible annealing conditions are summarized in 300o 2 -50 _ -, '
Fig. 4. The annealing time t, which should be long enough to
let oxygen reach an equilibrium state but avoid significant
Hg loss, is about 10-240 h, depending on the annealing en- FIG. 4 3-D T¢ vs (T, , logP o) for Hg-1201.
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YBa2 Cu 307_ 8 (Y123). Comparing the annealing conditions This work is supported by NSF Grant No. DMR-91-
with our thermogravimetric analysis and NPD results,5 we 22043, NASA Grant No. NAGW-977, Texas Center for Su-
found that when P0 changes from 5 X10+2 to 10-8 atm, 8 perconductivity at the University of Houston, and the T.L.L.
changes by about 0.4. This shows that the 8 range is 0<8 Temple Foundation.
<0.4, which is similar to that in Y123 but depends only
weakly on Po, which contrasts with Y123. The carrier con-
centration p has been determined, based on the room-
temperature thermoelectric power and roughly follows
p-0.7 28 ; details will be published elsewhere.5  'S. N. Putilin, E. V. Antipov, 0. Chimaissem, and M. Marezio, Nature 362,

226 (1993).
In summary, we have explored the reversible annealing 2J. L. Wagner, P. G. Radaelli, D. G. Hinks, J. D. Jorgensen, J. R Mitchell,

conditions for Hg-1201 and obtained a T, that covers the B. Dabrowski, G. S. Knapp, and M. A. Beno, Physica C 210, 447 (1993).

widest variation ever by anion doping only. Though the 6 3M. Itoh, A. Tokiwa-Yamamoto, S. Adachi, and H. Yamauchl, Physica C
range in Hg-1201 is similar to that in Y123 we found that the 212, 271 (1993).

4T. B. Lindermer, J. F. Hunley, J. E. Gates, A. L Sutton, J. Brynestad, C. R.
sensitivity of 8 to changes in oxygen partial pressure is much Hubbard, and P. K. Gallagher, J. Am. Ceram. Soc. 72, 1775 (1989).

smaller than in Y123. 5Q. Xiong et at. (unpublished).
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Penetration of electromagnetic fields into superconductors with gradual
resistive transition

I. D. Mayergoyz
Electrical Engineering Department and Institute for Advanced Computer Studies, University of Maryland,
College Park Maryland 20742

The penetration of electromagnetic fields into superconductors is studied for the case of gradual
resistive transition described by the "power law." Simple self-similar solutions are first found,
which are then used to further generalize the Bean (critical state) model of superconducting
hysteresis.

It is well known that models for superconducting hyster- current density for arbitrary monotonically increasing bound-
esis are based on the analytical study of penetration of elec- ary conditions. This will result in very simple analytical so-
tromagnetic fie! to hard superconductors. In the critical lutions.
state model, 1,2 this study is performed under the assumption The initial-boundary value problem (2)-(4) can be re-
of ideal (sharp) resistive transition. However, actual resistive duced to the boundary value problem for an ordinary differ-
transitions are gradual and it is customary to describe them ential equation. This reduction is based on the dimensionality
by the following power law: analysis of Eqs. (2) and (3). This analysis leads to the cort-

clusion that the following variable is dimensionless:

E= " (n>1), (1) zk (5)

where E ik electric field, J is current density, and k is some t 4 C

parameter which coordinates the dimensions of both sides in where
expression (1). p(n- 1)+ 1

The exponent "n" is a measure of the sharpness of the m = (6)
resistive transition and it may vary in the range 4-1000.
Initially, the power law was regarded only as a reasonable By using this dimensionless variable, we look for the self-
empirical description of the resistive transition. Recently, similar solution of initial boundary value problem (2)-(4) in
there has been a considerable research effort to justify this the form
law theoretically. As a result, models based on Josephson-
junction coupling,3 sausaging,4 and spatial distribution of J(z't)=ctPf(A), (7)

critical currents have been proposed. In the paper, the power where f() is a dimensionless function of . By substituting
law is used as a constitutive equation for hard superconduct- Eq. (7) into Eq. (2), after simple transformations we end up
ors. It is easy to show (by using Maxwell's equations) that with the following ordinary differential equation:
this constitutive relation leads to the following nonlinear par- d2f+ df
tial differential equation for the current density: +m7 -- f=O (8)

d2' (2 It is apparent that i(z,t) given by expression (7) will satisfy
et=*k" t (2) boundary and initial conditions (3) and (4) if f satisfies the

boundary conditions:
We shall first consider the solution of this equation for the

following boundary and initial conditions: f(0) = 1, (9)

J(O,t)=ct, (t>0,p>0), (3) f(-)=O. (10)

J(z,0) =0 (z>0). (4)

It is worthwhile to note here that the choice of the above ' P<

boundary conditions is dictated by considerations of finding
simple analytical solutions. It may seem at first that these
boundary conditions are of very specific nature. However, it
can be remarked that these boundary conditions do describe
a wide class of monotonically increasing functions as p var- P >1
ies from 0 to - (see Fig. 1). It will be shown below that for
all these boundary conditions the profile of electric current t
density as a function of z remains practically the same. This
observation will suggest to use the same profile of electric FIG. 1 Boundary conditions foi the current density
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Thus, the initial-boundary value problem (2)-(4) is reduced J(Z't) H(z,t)

to the boundary value problem (8)-(10) for the ordinary dif- t3

ferential Eq. (8). It can be proven that this nonlinear differ- 
t 2  t3

ential equation has the following group property: if f(O is a t 2

solution to Eq. (8), then - t

F() = X - 2(n- )f( (11)

is also a solution to this equation for any constant X. This z0(t ) Z(t, z,(t z) zo(t2) zo(t)
property can be utilized as follows. Suppose that we have (a) (b)

solution f(O to Eq. (8) which satisfies the boundary condi-

tion (10), however
FIG. 2. Distributions of electric current density and magnetic field inside the

f(0) =af 1. (12) superconducting half-space.

Then, by using X=an - /2 , we find that

f(') 1 fa f ( n - 0(13) 1
alII 2n(n-1)' (21)

is the solution to Eq. (8) which satisfies Eq. (10) as well as
Eq. (9). Thus, we can first find a solution to Eq. (8) subject to 1 1 (22)
boundary condition (10), then, by using transformation (11), Ib21 6(n- 1)(2n- 1)n + 8(n- 1)n
we can map this solution into the solution which also satis- From the above inequalities, for n-4 we find
fies the boundary condition (9).

It can be shown6 that a solution to Eq. (8) satisfying the 1b,1I<0.042, Ib2lI0.006. (23)
boundary condition (10) has the form This suggests the following simplification of solution (20):

I b(1 - =)t11(n- 1)[ 1 + bl(1 - ;) + b20 _ - )2 + "1 "m ],( l_ _l )/n l ) 1/( - 1),

0, if 0->1 f(s)= if 0-<j/n/m(n-l), (24)0,i .(14) 0, if >\/n/lm(n-1).

By substituting Eq. (14) into Eq. (8), after simple but lengthy By substituting Eq. (24) into Eq. (7) and taking into account
transformations, we find Eq. (5), we end up with the following analytical expression

for the current density:

b=t~,7  )j, (15) J(z,t)= f t  n 1 - if z<dtm , (25)

p(n- m(16) 10, if z>dtm,

2mn(nl -Iwhere

1 + b,[(2n- 1)(3n- 2)- 4n] d= /(ncn-t)/[toklm(n- 1)]. (26)

b2 = -b, 3(2n-1) (17) The close examination of self-similar solution (25) leads to

It is clear that the following conclusion: in spite of the wide range of varia-
tion of boundary conditions (3) (see Fig. 1), the profile of

f(O)=b(l +b+b 2 + " )A 1. (18) electric current density J(z,t) remains approximately the

This difficulty is overcome by using transformation (11) with same. For typical values of n (usually n-7), this profile is
very close to a rectangular one. This suggests that the actual

X=[b(l +bI +b 2 + ... )j(,- )/ 2. (19) profile of electric current density will be close to a rectangu-

This leads to the following soluttion of the boundary value lar one for any monotonically increasing boundary condition
problems tth8)wnsd Jo(t)=J(0,t). Thus, we arrive at the following generaliza-
problem (8)-(10): tion of the critical state model.e(I XhO)/0n-0 I) + bt( 1 -X ) +b20 - h )2 +_.. Current density J(zO has a rectangular profile with the

1 + b t+ b2+... , height equal to the instantaneous value Jo(t) of electric cur-

if 0 _< X < 1, (20) rent density on the boundary of superconductor (see Fig. 2).

0, if X >1. Magnetic field H(z,t) has a linear profile with a slope deter-
mined by instantaneous value of Jo(t).

The last expression can be simplified by exploiting the fact To better appreciate the above generalization, we remind
that the exponent n in the power law is usually greater than that in the critical state model the current has a rectangular
4. This simplification can be accomplished by using the fol- profile of constant (in time) height, while the magnetic field
lowing inequalities for b, and b2 which can be easily derived has a linear profile with constant (in time) slope.
from Eqs. (6), (16) and (17): For the zero front of the profile we have
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Ho(t) dy n+' 2(n+l) Hn(t(32)SZoW =  -- .(27) dt 0 (3o2n

However, Ho(t) and Jo(t) are not simultaneously known. By integrating Eq. (32) and by using Eq. (31), we arrive at
For this reason, we intend to find Jo(t) in terms of Ho(t). To the following expression for Jo(t):
this end, we multiply Eq. (2) by z and integrate from 0 to H(t )
zo(t) with respect to z and from 0 to t with respect to t. After Jo(t) (33)
simple transformations, we arrive at the following expres- {1[(2(n + 1 )Ittk")]f 'H2"( r)dT}"1(n+ 1~ )
sion: By substituting Eq. (33) into Eq. (27), we find the following

fzo(t) expression for zero front zo(t) in terms of the magnetic field,
/iokn J zJ(z,t)dz= Jo( ()dT. (28) H0 (t), on th. boundary of superconductor:

By using in Eq. (28) the rectangular profile approximation zo(t) =Ho(t) 2n+1 1H2n( )d (34)
for J(z,t), we obtain [Ok" Jo 0  J

.ok  2t=t( This concludes our discussion of penetration of electromag-
2J(t~ z(t) =. r)dr" (29) netic fields into superconductors with gradual resistive tran-

sition.
By substituting Eq. (27) into Eq. (29), we find The reported research has been supported by the U.S.

AOkn d [H ]= J n(t) ' (30) Department of Energy, Engineering Research Program.

By introducing a new variable 'C. P. Bean, Phys. Rev. Lett. 8, 250 (1962).

H .2H(t) 2H. London, Phys Lett. 6, 162 (1963)
S(31) 3C. S. Nichols and D. R. Clarke, Acta Metall. Matter 39, 995 (1991)

0 (t) (3 4j. W. Elkin, Cryogenics 2, 603 (1987).
5 C. J. G. Plummer and J. E. Evetts, IEEE Trans. Magn. MAG-23,

we can represent Eq. (30) as the following differential equa- 1179 (1987).
tion with respect to y(t): 6G. I. Barenblatt, Priki. Math. Mekn (in Russian) 16, 67 (1952).
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Study of the frequency and low-field dependence of ac susceptibility
in YBaCuO

M. Zazo, L. Torres, J. Ifiguez, C. de Francisco,a) and J. M. Mufioza)
Departamento de Fisica Aplicada, Universidad de Salamanca, E-37071 Salamanca, Spain

The frequency dependence of the ac susceptibility in polycrystalline samples of YBaCuO has been
studied at the ac field range 0.06-1.2 Oe. The curve of the real part of the susceptibility X' exhibits
two drops, the first one close to T, and the other well below Tc which could correspond to screening
behavior of the grains and grain boundaries, respectively. The imaginary part of the susceptibility
shows only a peak below Tc which is related to hysteresis losses at the grain boundaries. The peak
corresponding to intragrains hysteresis losses is very small and appears masked by the losses of the
intergrains. In the range of 1-20 kHz, the onset temperature of X' showed no frequency dependence.
However, the width of the transition decreases lightly and there is a small shift in the peak of Y' to
higher temperature as the frequency increases. This behavior could be explained in terms of the
thermally activated Anderson flux creep. The shift depends on the amplitude of the measuring field.
The activation energy for flux creep ranges from 6.4 eV at 0.02 Oe to 3.23 eV at 1.2 Qe in the
zero-field-cooled measurements and from 3.41 eV at 0.02 Oe to 1.41 eV at 1.2 0e in the field-cooled
measurements.

I. INTRODUCTION II. EXPERIMENTAL DETAILS

The ac-susceptibility method is one of the conventional Polycrystalline samples of YBa2 Cu30, were prepared by
mths ausetibistuy ethpropeis oef theconveiona- the usual solid-state sintering method using CuO, BaCO3 ,

methods used to study the properties of high-Ti supercon- and Y20 3 as precursor materials. The ac susceptibility was
ductors (HTCSs).' -5 In this paper, we present measurements measured by the mutual inductance method with the applied

of the zero-field-cooled and field-cooled ac susceptibility of m a t fed paralll t e ong a iso the p ie
ac magnetic field parallel to the long axis of the specimen by

HTCS samples as a function of the temperature, frequency, means of a controlled current of variable frequency in the
and ac magnetic field amplitude. The real part of the suscep- coil (5). Secondary voltage of a mutual induction is related to
tibility X' shows two drops and the imaginary exhibits only a the susceptibility X of the sample under test. Both the real X'
peak. This peak is attributed to hysteresis losses at the inter- and imaginary part X" components of the complex suscepti-
grains. The peak corresponding to the intragrain is masked bility can be determined from the coil signal by phase sen-
by the intergrain losses or is negligibly small in the fe- sitive techniques, such as a lock-in amplifier detector. How-
quency and field measuring range. The susceptibility sho,,s ever, we have measured directly the complex mutual
strong dependence v -th ac magnetic field as well as with the inductance by a LCZ bridge:
measuring frequency. There is a small shift in the peak to- - Iir)IZI [ 7
wards higher temperatures with increasing frequency in the M= -senI9+ +ji--cos q+-I, (1)

1-20 kHz range. However, the peak shifts to lower tempera-

tures when the ac magnetic field increases from 0.02 to 1.2 where IZI is the module of the impedance and ,p is the phase
0e. These properties seem related to the dynamics of mag- angle measured by the bridge, and w is the angular fre-
netic field flux motion in HTCS materials which is not yet quency. We can derive the two components of the ac perme-
completely understood. ability as

The variatiun of the susceptibility with the frequency 1Z1
could be explained in terms of the flux creep at the grain A.'=- -sen , (2)
boundaries. We have studied the behavior with the frequency
following the Anderson theory6 for conventional type-iH su- IZi
perconductors, in whiC a flux vortex can jump the pinning "o (3)

barrier (flux creep) by means of the thermally activated phe- where K is a calibration coefficient for the coil geometry.
nomena. This effect is thought to be small in conventional
type I superconductors with lower critical temperature, but The ac permeability components are related to the suscepti-
at .aie considerably higher temperatures of HTCS it can be bility ierms as p'= I +x' and/p"=X".can be Zero-field-cooled measurements were made by cooling
important. We calculate the flux creep activation energies at the smple t 77 ewithutuanmfiel wie inte fedcooled

the rai bondaies n plyeys!illie Ya~u bythe the sample at 77 K without any field while in the field-cooled
thegin' bondaries inpofycrysepoint f or bpecifyng the measurement the sample was cooled under dc magnetic field
Anderson's model. As a efreuce point for specifying the (220 Oe) parallel to the long axis of the specimen and then
teLP eraturt shifts with the frequency and the field we have the field was switched off. In both cases the measurements
used the temperatuire of the i eatk in X'.I were taken while warming up the sample from 77 K to tem-

perature over TC in an ac field ranging from 0.02 to 1.6 Oe
a Dpto. de Electricidad, Univ. de Valladolid, E-47071 Vaiadolid, Spain. for frequencies from 1 to 20 kHz.
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III. RESULTS AND DISCUSSION - 1.1310

The susceptibility of the samples shows a typical depen- 1.1305
dence on temperature in which we can see two drops in the 1,1300
curve of the real p art of the ro -fi eld-cooled suscep tib ility 10 1 l O1

Xzc (Fig. 1). In its turn, the curve of the imaginary part
exhibits a peak corresponding to the drop in the lower- Frecuency (Hz)

temperature region of Xg, while the peak close to T, asso-
ciated with the intragrain losses is masked by the intergrain
peak or it is very small (Fig. 1). The field-cooled suscepti- 1 1530
bility Xfe presents similar results but the width of the diamag- 11530
netic transition in X' increases, the peak broadens and the 1 1520

maximum of the j' shifts to lower temperatures. 1.1510 1 2 e

Frequency dependence has been studied in the range 7 1.1500

1-20 kHz at different ac magnetic fields parallel to the long Wz 1.1490
axis of the specimen. The onset temperature of X' was not 1 1480
modified by rising the frequency, however, the width of tran- 1 1470
sition in X' decreased lightly and there was a shift in the peak 1 1460
of x" to ioher temperatures (Fig. 1). This seems a clear 1 1450

indicati, tat the amount of magnetic flux penetrating the 1 1440

superconductor decreases with increasing frequency. 1 1430

We have also studied the dependence with the ac mag-4
netic field of the susceptibility of the samples in the range
0.02-1.2 Oe. Tho critical oaset temperature of the diamag- Frequency (Hz)
netic transition does not change when increasing the mag-
netic field. However, the saturation of diamagnetic transition FIG 3. fhe, vs frequenc) at different ac magnetic fields
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and the peak shift towards lower temperatures when the Nikolo and Godfard8 and by Dhingra and Das 9 with other
magnetic field increases, and furthermore the peak gets measuring conditions. As the field increases, the Lorentz
wider. force (JXB) increases, the thermal activation energy de-

As was stated above, we have used the temperature of creases and more flux vortices get depinned during the field
the peak (Tp) of Xy" for specifying the shifts with the fre- cycle which is according to the Anderson-Kim model.
quency and ac magnetic field. Figure 2 shows the frequency In a similar way we have measured the activation energy
dependence of Tp at different fields. TP increases with the corresponding to Xfr. In this case, the activation energy var-
frequency and decreases with the magnetic field. This behav- ies from about 3.41 eV at 0.02 Oe to 1.41 eV at 1.2 Oe. The
ior could be explained by the thermally activated flux creep activation energies are lower than in the zero-field-cooled
phenomenon proposed by Anderson for conventional type-II measurements due to the effect of two contributions: the ac
superconductors. 6 It is to be remarked that flux creep is magnetic field and the dc magnetic flux trapped when the
thought to be a small effect in conventional type-II supercon- sample was cooled.
ductor while in HTCS the thermally activated creep could
have a significant effect. IV. CONCLUSIONS

According to the Anderson theory the jump over the pin- The width of the diamagnetic transition decreases andninTh barrier is give dimanei trasiio usualse andnexrsso
ning barriers is given by the usual Arrhenius expression the peak related with the intergrain losses shifts lightly to

v = v0 exp( - U/kBT), (4) higher temperatures with increasing frequency. This could be

where vo is a characteristic frequency and U is an effective demonstrative that the magnetic flux in the grain boundaries

thermal activation energy, which includes a barrier height decreases with the increasing frequency. The shift of the

and a field-dependent force. Anderson and Kim 7 used the peak in ,' has been studied by means of the Anderson's

linear relation theory of the flux creep. The activation energies take values
in the range of 6.4-3.23 eV fnr applied field 0.02-1.2 Oe.

U U0-IFjVa, (5) These values of the activation energies decrease when the

where U0 was presumed to be the effective height of the sample is cooled under a dc magnetic field.

energy barrier for thermally activated motion, JF is the Lor-
entz force (JXB), V is the activation volume, and a is the 1H. Kupfer et al., in High-To Superconductors, edited by H. W. Weber

effective geometrical width of the energy barrier. (Plenum, New York, 1988), p. 293.
2D.-X. Chen et al., J. Appl. Phys. 63, 980 (1988).In Fig. 3 we plot 1/Tp vs In v for a field of 0.02 and 1.2 3 R. B. Flippen et al., Physica C 201, 391 (1992).

Oe, respectively. We have fitted these curves according to 4X. C. Jin et al., Phys. Rev. B 47, 6082 (1993).
expression (4) to calculate the activation energy as a function 5 M. Zazo et at, Appl. Phys. A 57, 239 (1993).
of the magnetic field. The energies vary from 6.4 eV at 0.02 6P. W. Anderson, Phys Rev. Left. 9, 309 (1962).

7p. W. Anderson and Y B. Kim, Rev. Mod. Phys. 36, 39 (1964).
Oe to 3.23 eV at 1.2 Oe in the zero-field-cooled measure- 8M. Ntkolo and R. B. Goldfarb, Phys. Rev. B 39, 6615 (1989).
ments. These values are comparable to those observed by 91. Dhingra and B. K. Das, Supercond Sci. Technol 6, 765 (1993)
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Effects of Ga doping on the magnetic orcd' ;g of Pr in PrBa2Cu307

W-H. Li, C. J. Jou, S. T. Shyr, and K. C. Lee
Department of Physics, National Central University, Chung-Li, Taiwan 32054, Republic of China

J. W. Lynn
National Institute of Standards and Technology, Gaithersburg, Maryland 20899

H. L. Tsay and H. D. Yang
Department of Physics, National Sun Yat-Sen University, Kaohsiung, Taiwan 80424, Republic of China

Neutron-diffraction and ac-susceptibility measurements have been performed to study the effects of

Ga doping on the magnetic ordering of the Pr in PrBa 2(Cu 1 -Ga x)30 7 . The Ga atoms preferentially
replace the Cu atoms in the CuO-chain layers, and this substitution is found to decrease the

antiferromagnetic ordering temperature as the Ga concentration is increased. In addition, the spin

arrangement along the c axis is found to change from nearest neighbors being antiparallel for x =0

to nearest neighbors being parallel for x =0.08 (24% Cu chain substitution); for an intermediate x of

0.04 a mixture of the two spin structures is observed. The susceptibility results exhibit Curie-Weiss
behavior above TN, and departures from this behavior in the ordered state.

Among high-T, oxides, PrBa2Cu 30 7 has attracted con- oxygen concentration, determined from neutron profile re-

siderable attention because of its unexpected electric and fineme:it analysis, 7 is 6.98(4) and 6.96(4) for the x=0.04 and
magnetic properties. The introduction of Pr in YBaCu30 7  0.08 compounds, respectively. Neutron-diffraction measure-

suppresses superconductivity," 2 the Pr ions have a Neel tem- ments were performed using the BT-9 triple-axis spectrom-

perature a as 17 K, and an ordered moment as small as eter at the Research Reactor at the U. S. National Institute of
0.74/p .3 , s clear that interactions other than dipolar Standards and Technology. A pyrolytic graphite PG(002)

are responsiown :or the Pr magnetism. If superexchange is the monochromator was employed, with a PG filter placed after
dominant key, then those atoms located between the Pr atoms the monochromator position to suppress the higher-order
may also play important roles in Pr magnetism. An under- wavelength contiminations. The energy of the incident neu-
standing of the coupling between the Pr atoms and the intei- trons was 14.8 meV (2.352 A), and the angular collimations
mediate atoms located between them is then essential to a before and after the monochromator and after the sample

full understanding of the interactions involved, were 40', 48', and 48' full width at half maximum (FWHM),
There are three different types of layers of atoms that are respectively. No analyzer crystal was used in these measure-

located between the Pr atoms in PrBaCu30 7: the CuO-chain ments. For the low-temperature experiments, the sample was
layer, the CuO2-plane layer, and the BaO layer. Metallic dop- mounted in a cylindrical aluminum can filled with helium
ing with Zn atoms, which substitutes for the Cu atoms lo- exchange gas to facilitate thermal conduction. A pumped 4He

cated in the CuO 2-plane layers, causes the spin arrangement cryostat was used to cool the samples, and the lowest tem-
of Pr along the c axis to realign from antiparallel to parallel, perature obtained was 1.36 K.
without affecting its ordering temperature significantly.4 On A standard subtraction technique8 was used to isolate the
the other hand, a full replacement of the CuO-chain layers by magnetic signal from the nuclear one, whe, the diffraction
TIO layers, i.e., PrBa2(TICu2)0 7 , does not alter the spin pattern taken at a temperature well above the ordering tem-
structure of Pr but reduces its ordering temperature by a fac- perature was subtracted from the one taken at low tempera-

tor of 2. 5  ture. Figures 1(a) and l(b) show the magnetic Bragg peaks
In this paper we report neutron-diffraction and ac- observed at low temperatures for the x = 0.04 and 0.08 com-

susceptibility measurements made on the pounds, respectively. The indices shown are based on the
PrBa2(Cuj_xGa,) 307-y compounds to examine the effects chemical unit cell. Both the {-0} type and the fill type of
of Ga doping on the ordering of the Pr spins. The Ga atoms reflections are needed in explaining the data shown in Fig
replace the Cu atoms located in the CuO-chain layers. Two 1(a). If only one reflection is assumed for the peak that oc-

systems with A =0.04 and 0.08 (12% and 24% replacement, curs at around 20=25', it turns out that not only the width of
respectively) were studied, and we found that both the spin this peak is much to(, broad in comparison with the instru-
structure and the ordering temperature of Pr ions are sensi- mental resolution but the peak position also would fit neither
ti,,e to the presence of Ga atoms. The ordering temperature to the I!A10 reflection nor to the I.:.jI reflection. In addition,
decreases with increasing Ga doping, and the nearest- the presence of the {il} and {.U4 reflections suggests the
neighbor spins along the c axis have the tendency to realign existence of the 6.01 and I{,'.} reflections, respectively. The

from antiparallel to parallel, expected separation of the peak positions between the { 0}
Powder samples of PrBa 2(Cul _XGa.)307_, were pre- and the 1,"I reflections is 0.7', which is beyond our resolu-

pared by the stand:rd solid-state reaction technique, the de- tion limit. A calculation assuming the presence of both the
tails of the sample preparation technique, can be found {~O} type and the 1111- type of reflections gives excellent
elsewhere..' Both x-ray and high-resolution neutron diffrac- agreement for the peak positions and x, idth, consistent with
tions vtere used to characterize the samples. The nominal the instrumental resolution. The results of this calculation are
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FIG. 1. Magnetic intensities in PrBa2(CuGal-,) 30 7 with (a) x=0.04 at
KK 1 1 FIG. 2. Temperature dependence of the magnetic peak intensity The NeelT=4.5 K and (b) x=0.08 at T=1.36 K. Both the {l 20 type and the 22]

type of reflections were observed in the x=0.04 compound, while only temperatures are determined to be 14 and 10 K for the x=0 04 and 0.08

the {-O} type appeared in the x=0.08 compound. compounds, respectively. These data cleaily show that the Gd doping effec-
tively reduces the ordering temperature of the Pr spins.

shown as the solid lines in Fig. 1(a). No ('D type of reflec- along the c axis. This value of the ordered moment and the
tions were observed in the data shown in Fig. 1(b), and the spin direction are the same as that found in the undoped
solid lines are fits based on the presence of only the {IIO} system. Thus the Ga atoms do not alter the spin direction or
type of reflections. the size of the ordered moment. Based on these results, the

The corresponding magnetic structure for the {} wave percentage in which the spin arrangement along the c axis
vector is that the spins are aligned antiparallel along all three has been reversed can be estimated by comparing the ob-
crystallographic directions, and that for the {f.O} wave vector served intensities between the {f4O} type and the {1} type of
is that nearest-neighbor spins along the c axis aligned paral- reflections. A calculation using the {fO} and {2A,} intensities
lel rather than antiparallel. Only the fil type of reflections observed in the x =0.04 compound indicates that 80% of the
was observed in the undoped system.3' 9 The observations sample has its Pr spins aligned parallel along the c axis. A
shown in Fig. 1 then indicate that introducing Ga atoms into calculation using the (11 and 12. reflections gives the

PrBa 2Cu30 7 causes the Pr spins along the c axis to change same value.
from antiparallel to parallel. A 12 at. % replacement of the The ac susceptibility was measured using the Lake Shore
Cu atoms located in the CuO-chain layers by Ga atoms par- 7221 ac susceptometer. Portions of the real part of the mea-
tially reverses the Pr spins arrangement along the c axis, and sured ac susceptibility for both compounds are shown in Fig.
a 24 at. % replacement complete th's reverse. 3. These data were taken with an alternating magnetic field

The temperature dependence of the (11D peak intensity of strength 3 0e and frequency 300 Hz; data collected with a
of the x =0.04 compound is shown in Fig. 2(a), while that of frequency as high as 104 Hz generated the same results.
the 110} reflection of the x=0.08 compound is shown in Fig. Above the Neel temperature of Pr, the data follow a Curie-
2(b). Both plots reveal a typical order parameter, that mea- Weiss law very well all the way up to the highest tempera-
sures the square of the magnetization, for powder samples. ture studied of T=320 K. However, a small temperature-
The ordering temperatures determined from the data shown independent term Xo is also needed in describing the data.
in Fig. 2 give TN'-14 and 10 K for the x=0.04 and 0.08 The solid lines shown in Fig. 3 are obtained by fitting the
compounds, respectively. We note that the TN for the un- data to Xo+CI(T+ 0) for 30 K<T<320 K. The effects of
doped system is 17 K. It is then clear that the ordering tem- the Pr ordering on the ac susceptibility are clearly seen. At
perature of Pr is quite sensitive to the presence of Ga atoms. low temperatures the data deviate from the fitted Curie-

The ordered moment can be obtained from a comparison Weiss curves, and the temperatures at which these deviations
of the magnetic intensities to the nuclear ones, while the srin begin agree very well with the T1, of Pr observed using neu-
direction was determined from the ielative intensities of the tron diffraction. Howz-,er, no cusp on the Xac-T curve, typical
magnetic reflections. 5 The saturated moment that we ob- of antiferromagnetic ordering, is observed.
tained for the x=0.08 compound using the data collected at The effective moment /-tt that we obtained using the
T=1.36 K is (/z)=0.76 _+0.07/.t with the moment directed fitted values for the Curie-Weiss constants C are 3.39 and
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20 .......... As the Ga doping is increased the effect becomes more pro-

18 PrBa2 (Cu1 xGa.) 307.y nounced and hence the effective moment is much reduced.
16 In conclusion, the ordering temperature of the Pr spins is
14 effectively reduced by Ga doping, while it is not affected by

12 ' TN Zn doping.4 The Ga atoms substitute into the CuO-chain lay-

0 N ers, and the Zn atoms into the CuO 2-plane layers. It is then

8 clear that the CuO-chain layers are more responsible than the
E 6 CuO2-plane layers for the high ordering temperature of Pr

4 . observed in PrBa2Cu30 7.
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Galvanomagnetic properties of quasi-one-dimensional superconductors
K. Yu. Arutyunov and N. R Danilova
Low Temperature Department, Physics Faculty, Moscow State University, Moscow 119899, Russia

A. A. Nikolaeva
Applied Physics Institute of Moldovian Academy of Sciences, Kishinev 277028, Moldovia

The transport properties of thin single-crystalline tin and indium filaments in glass cover were
studied. The length of the samples was much greater than the quasiparticle relaxation length. The
width of the resistive transition and the electron free path of the samples studied were comparable
with the corresponding values of the perfect whiskers. The observed step-like current-voltage
characteristic could be described by the model of noninteracting phase-slip centers.

I. INTRODUCTION glass, temperature, cooling, and speed of the wire spinning it

The sudden destruction of superconductivity by the is possible to produce filaments with diameter of metal core

transport current of a homogeneous bulk sample could be from 0.6 to 40 tm. X-ray analysis showed that all the wires

described by the model of a spreading "hot spot" when the studied are single crystals. The observation of the samples

normal phase nucleates within the region of reduced super- with the scanning electron microscope (SEM) displayed no

conducting parameters. It is not obvious whether the above cuts.

model could be applied to a homogeneous one-dimensional The filament with length -1 cm was glued to a sapphire

filament. A sample could be considered as a quasi-one- substrate excluding narrow -20 .m regions for electrodes

dimensional superconductor with a uniform current flowing where the glass was removed with hydrofluoric acid. The

in if the coherence length (T) and the field penetration depth current probes were prepared by direct placing silver paint or

X(T) are not small compared to the transverse dimensions. Wood's metal above the glass-free ends of the filament. The

Due to strong temperature dependences of (T) and X(T) the best results for potential probes were obtained by placing a 8

requirement of quasi-one-dimensionality for clean I-type su- Am copper wire covered with a thin layer of conducting

perconductors holds within few mK below T, for the epoxy across the sample.

samples of several microns in diameter. The samples were mounted inside a massive vacuum

For small measuring currents the resistive transition calorimeter with an internal heater. The temperature was sta-

curves V(T) for thin whiskers is very small (-1 mK) and bilized with a double-level PID controller system with an

show the typical smooth shape of a fluctuation governed accuracy 0.1 mK. All measurements were performed using

phase transition.' However, for high measuring currents the a conventional four-probe method. External magnetic field

transition width rises and the voltage steps build up which was generated with a double-layer solenoid. The Earth mag-

become more distinct for larger fixed currents.2 The voltage netic field was reduced to -1 mOe by the superconducting

steps are also observed in the V(I) characteristics at fixed shield.

temperatures few mK below the critical temperature T, .2
At the present moment we may state that the step-like III. THEORY

peculiarities of the voltage-current characteristics in quasi-
one-dimensional superconductors could be qualitatively de- Soon after the experimental observation of a step-like
scribed by the essentially nonequilibrium process of the V(I) structure of tin whiskers 2 Scocpol, Beasley, and
phase-slip centers (PSC) activation. 3 Still there are some Tinkham (SBT) proposed a model3 which can qualitatively
questions which are not clear enough. One of them is the describe the observed phenomena. The SBT model associ-
problem of the interaction of the PSC on a distances compa- ates the voltage steps with activation of PSC along the one-
rable with the length of quasiparticle charge imbalance relax- dimensional superconductor. The PSC is a region of weak-
ation. ened superconductivity (S-S'-S boundary). The idea of PSC

In the present work we present the experimental study of is related with the assumpion that the phase qp(r,t) of the
galvanomagnetic properties of long tin and indium filaments superconducting order parameter 4P(rt) = Tl2 exp[i~p(rt)]
in a glass cover. The process of filament drawing permits us is periodically reduced by 27r to compensate the monotonic
to produce a homogeneous wire of hundred meters in length growth of the time-dependent phase due to the existence of
with highly uniform parameters. However, the existence of nonzero voltage across the PSC: d p/dt= 2 eV/h. In order
the glass cover along with considerable reinforcement of the the process could be stationary in time the period of the
metal core initiates several problems with the partial iemoval phase-slip events should be equal to rs,,=h1(2e(V)), where
of the glass for voltage and current probes. That is why in the (V) is the time-averaged voltage across the PSC.
present work special attention is paid to contact effects. SBT postulated that the phase-slip event occurs within

II. EXPERIMENT the range -T) of the PSC core, while the nonequilibrium
quasiparticles charge imbalance relax on a length scale

The filaments were prepared by drawing of molten metal A=(1/31VFT,) 1 2, where I is the mean-free path, vF the
in glass capillar. 4 Depending upon the metal, type of the Fermi velocity, and re is the elastic electron relaxation time.
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The current-voltage characteristic of a single PSC could be 0.018-

described by3  0.016

dV 0.014- In-FlV()= -(I-Io), (1)
V()T -0,0.012 f J~l mA

where Io is the excess current and the differential resistance 0.01
(dVIdI) is associated with the resistance of the normal-like 0

section of length L(1)= 2A.
Later, Tinkham s applied the ideas of SBT to describe the 0.006 I

current-voltage characteristics of an ideal homogeneous fila- -
ment. The resulting step-like V(I) dependence was associ- 0.0041

ated with successive activation of N independent PSC at 0.002 -
critical currents I,=I,(l)<I,(2)<... <I,(N). The interac- 04 " H22.50 H=0

tion of the PSC is reduced to the activation of the successive 3.1 3.2 3 3 3 4 3.5 3 6
PSC midway between existing ones. For sufficiently long r, K

filament L/2NA> 1 the PSC are well separated and weakly
interacting. The general spacing of the predicted steps is in a FIG. 1. Resistance vs temperature for the sample In-F1 for zero magnetic
reasonable agreement with experimental results,6 but the po- field and for applied transverse (H.LJ) magnetic field H=22.5 Oe. Arrows
sitions of the first steps are separated by inevitable inhomo- indicate the direction of the temperature variation

geneities, which overwhelm the exponentially weak interac-
tion of the ideal model.5

Kadin, Smith, and Scocpol (KSS) developed a detailed playing small hysteresis even for zero magnetic field. The
model of a charge imbalance wave equation for a PSC con- kinks are related to the existence of weakened superconduc-
nected to a transmission line. 7 The KSS model includes the tivity in the locus of the potential probes. Joule heating leads
SBT as a limit of a diffusive decay of a charge imbalance. to a small hysteresis. The application of the external mag-
However, KSS showed that under some conditions the relax- netic field If<H bulk may efficiently suppress the weak super-
ation of charge imbalance results in propagating of charge- conductivity resulting in smooth R(T) dependences at least
imbalance waves on the scales much greater than the A of at a high-temperature region. We suppose that the increase of
the SBT model. Therefore, the KSS model predicts the long- number of kinks at a low-temperature limit is due to the
distance interaction of the PSC. 3 generation of the intermediate state in the weakened region

Along with the models involving the phase-slip event3' by the magnetic field. The suppression of superconductivity
the generalized time-dependent Ginzburg-Landau (TDGL) in the locus of contacts is a reversible process. Careful re-
model was introduced to describe the transport properties of mounting of potential probes of the same sample may sig-
one-dimensional superconductors.8  nificantly smooth out the form and decrease the width AT,

However, taking into account the inevitable inhomoge- of the resistive transition.
neities of the actual superconducting filaments and restricting However, along with the discussed above "contact"
attention to the first voltage steps of the V(1) transition one broadening of the R(T) dependences, the increasing of mea-
can use the SBT model to rationalize the experimental re- suring current increases the width of the resistive transition
sults. AT C, displaying a step-like structure and hysteresis. We sup-

pose that the observed phenomenon is related not only with

IV. RESULTS AND DISCUSSION the inevitable thermal heating,9 but also with the details of
nonequilibrium quasiparticle relaxation. 7

For all the samples studied the relation of resistance at The voltage-current characteristics at fixed temperatures
room temperature R(room) to the one at 4.2 K R(4.2) is display a wide transition with pronounced step-like structure
used for calculation of the mean-free path I utilizing the (Fig. 2). Each V(I) curve could be approximated by a set of
well-known values for the product (pl) and p(room) for tin voltage jumps V(i) at currents I,(i) and linear plateaus with
and indium.6 It was found that the mean-free path I mono- "constant" differential resistance (dVIdI),. The finite curva-
tonically increase with increasing of the filament diameter, ture of the actual V(I) characteristics indicates the existence
reaching the maximum value of I=6 Am for 8 Am indium of heating. As one may expect, because of the existence of
filament and 1=3.4 Am for the thick 13 Am tin wire. the glass cover, the heating effects are observable, but not so

The width of the superconducting resistive transition significant to smear out the step-like structure of the V(I)
AT, varies from 0.01 to 0.15 K. Measuring the samples pre- transitions.
pared front different parts of the same filament it was found According to the model of noninteracting PSC5 the in-
that the broadeninig of the resistive transition is greatly de- crements of differential resistance for all voltage steps are
termined by the quality of the contacts. An example of the equal: (dVIdI),-(dVdI),_,, =(dVIdI)=const. Due to the
w ide resistive transition is shown in Fig. 1 for indium sample heating effects mentioned above, we cannot state that the
In-Fl. It is clearly seen that there are at least two kinks on above relation holds for all steps of V(I) transition. But from
the R(T) dependences at H=0. The form of the transition Fig. 2 it can be clearly seen that (dVIdI), increases with an
depends upon the direction of the temperature variation, dis- increase of the transport current I.
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FIG. 3. (a) Critical current 1,(l)" 3 as a function of the temperature
AT= T- T, for the sample Sn-O1. The lines are the theoretical calculations-

In the SBT model, 3 the quasilinear plateaus of the V(I) the "3/2" law 1,-(T,-T)1 2 
and the Silsbee rule I,-(T,-T) 2

. (b) Rela-
trai.sition are associated with activation of PSC with normal- tion 1o/I, (+) and the normal-like lengths L( I) (N), L(2) (01) vs tempera-

like lengths L(i)= 2A: ture AT= T-T, for the sample Sn-Cl. The solid line corresponds to the
value 1/1,=0 8

L (i)= [(dV/dI),- (dV/dI) , -](LRN), (2)
(re- 1,(1,T) at temperatures close to critical value TC followswhere L is the length of the sample and RN the normal the "3/2" law for a one-dimensional filament:

sistance. Figure 3(b) shows the temperature dependences of IC(T)-(T,- T) 312 [Fig. 3(a)]. For low enough temperatures
L(1) and L(2) corresponding to V(1) transition of Fig. 2. there are deviations from the "3/2" law and the I,(T) fol-
Significant dispersion of L(i) experimental values is related lows the Silsbee rule for a three-dimensional superconductor
with the problem of (dVIdI), correct definition of the actu- [Fig. 3(a)]. It is remarkable that, nevertheless, the sample
ally curved V(I) plateaus. Within experimental errors no displays qualitatively the same step-like V(1) transition at
temperature dependence could be observed. The absence of low temperatures (Tc-T- 20 mK) being not one-
temperature dependence and the values L(i,T) correlate well dimensional (Fig. 2). The low-temperature behavior of super-
with existing results for tin whiskers.6  conducting filaments is a subject for future investigations. I

It is remarkable that the height of the first voltage jump
V(l) = VI I (1)] follows a straight line (Fig. 2, inset), which
holds for all tin and indium samples. Since according to Eq. 1W. W. Webb and R J. Warburton, Phys Rev Lett. 20, 461 (1968).
(1), V(1)=(d/dI)l[1 -1/1()]!,(1) this observation in- 'J D Meyer, Appl Phys. 2, 303 (1973).3W J. Socpol, M. R Beasley, and M Tikhani, J Low Temp. Phys 16,dicates that the temperature dependence of (dV/dl), and 145 (1974).
[ 1 -- lo/Ic( 1)] compensate each other so that their product is 4N B. Brand(, D. B Gitzu, A M Josher, B. P. Kotrubenko, and A. A.
independent of the temperature and, therefore, is constant for Nikolaeva, Soy. "Pribory i Technika Experimenta" n.3, 256 (1976)
different critical currents 1 (1,T). 5 M. Tinkham, J. Low Temp. Phys. 35, 14 7 (1979)

1 R. Tidecks, Current Induced Nonequihbrium Phenomena in Quast-Ont -According to the SBT mudel3 the relation of excess cur- Dimensional Superconductors (Springer, New York, 1996,.
rent to the critical value is a constant equal to io/1,-0.6. 7A. M. Kadin, L. N Smith, and W. J. Scocpol, J Low Temp Phys. 38, 497
Within experimental errors our results give the value (1980).

c- 0 .8 for the first step [Fig. 3(b), i-ight axis] which cor- 8 L. Kramer and R. Rangel, J Low Temp. Phys 57, 391 k1984)
relat0.8 with the T t moel.3c 9W J Scocpol, M. R Beasley, and M. Tinkham, J Appl. Phys. 45, 4054relate with the TDGL mnodel.8( 97)(1974).

The temperature dependence of the critical current 10X Yang and R. Tidecks, Phys. Rev Lett. 66, 2822 (1991).
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Remanent magnetization of layered and isotropic superconductors
(abstract)

Yu. V. Bugoslavsky, A. A. Minakov, and S. I. Vasyurin
General Physics Institute 117942, Vavilov st. 38, Moscow, Russia

There are contradicting data on the anisotropy of remanent magnetization of high-temperature
superconductors. 1- 3 To clarify the mechanism of this anisotropy we performed a comparative study
of thermoremanent (TRM) and isothermal remanent (IRM) magnetizations. We report on the results
obtained on layered single crystals of LaCrSuO and RBaCuO (R=YGd) families as well as on
isotropic soft alloy Bi:Pb:Sn and nontextured ceramic YBaCuO samples. The experiments were
done by means of a vibrating-sample magnetometer. The external magnetic field up to 8 kOe was
applied to magnetize the samples at arbitrary directions. It was found that all the studied plate-like
samples show the effect of "easy remanent magnetization axis:" the vectors of IRM and TRM tend
to point along the normal of the plate at any magnetizing or cooling angle. In the case of TRM this
effect can be well described considering the influence of the sample shape. This fact was proved by
measurements on samples with substantially different aspect ratios. Thus, we argue that the
anisotropy of TRM is not related to anisotropic flux trapping. The anisotropy of IRM is a more
complex phenomenon, as it involves inhomogeneous flux distribution in the sample. Nevertheless,
it was found that the dependence of IRM direction on the magnetizing angle is also governed mainly
by the sample shape. The corrections to the effective demagnetization factors were calculated, which
arise due to the flux distribution. The analysis of the absolute value of IRM on the magnetizing angle
allows one to distinguish between the influence of the critical current anisotropy and the sample
shape.

1U. Jaron et al., Phys. Rev. B 44, 531 (1991).2 S. Kolesnik et al., Cryogenics 32, 979 (1992).3 T. Habisreuther et al., Proceedings of the European Conference on Ap-
plied Superconductivity, Gottingen, 1993.
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Two types of additional maxima in magnetization curves of layered
superconductors (abstract)

Yu. V. Bugoslavsky and A. A. Minakov
General Physics Institute, 117942 Vavilov St. 38, Moscow, Russia

We report on magnetic measurements of LaSrCuO and YBaCuO single crystals in order to clear up
their anomalous behavior and to attribute it to the crystals' anisotropic properties. Magnetization
curves were obtained by means of a vibrating sample magnetometer at temperatures from 4.2 to 90
K. The magnetic field up to 8 kOe was applied at various angles with respect to the crystal c axis.
Our main findings are that there are two physically different types of additional maxima, as ruled out
from the evolution of magnetization curves with varying the tilt angle of the external field. One type
of the maxima is attributed to anisotropic flux penetration into a sample and flux-line-lattice rotation
with increasing the field. We provide an experimental justification of this explanation. The second
type of maxima is related to an anomalous increase of the critical current in magnetic field which
is often referred to as the "fishtail" phenomenon. It was found that the existence of the fishtail is
closely related to the anisotropy of flux pinning. On this basis a qualitative model was developed to
describe this phenomenon. The model takes into account vortex interaction with stretched pinning
sites and the vortex bending due to stray fields in the sample. The formation of staircase flux lines
is also assumed, as specific for layered superconductors. The qualitative explanation of the fishtail
is as follows. At low fields the flux lines are strongly curved. When increasing the field, they
straighten and fit the linear pinning sites better, which gives rise to more effective flux line fixing.
The proposed model allows to describe the angular and temperature dependencies of the additional
maximum position.

"Effective radius" of the 4f electrons in REBa2Cu 30 7, RE=Dy, Ho, Er
(abstract)

Yu. A. Koksharov and R K. Silaev
Department of Physics, Moscow State University, Moscow 119899, Russia

It is well known that in most high-temperature superconductors rare earth (RE) ions and
superconducting copper-oxygen planes coexist as rather isolated subsystems. It would be expected
that the "magnetic" 4f electrons are to be strongly localized as it takes place in many oxides.' On
the other hand, significant crystal-field (CF) splitting of RE ground states is evidence that the
"e ffective radius" of tile 4f electron wave functions (WF) could be large. 2- 4 This matter could be
responsible for the disappearance of the superconductivity in Pr123 since the "effective radius" of
the 4f electron WF increases from Yb to Ce. There is the adequate complete information about CF
splitting in HoBa2 Cu30 7 (Ho123) from inelas:c neutron scattering experiments. The energies of
low-lying levels are known also for Dy 123

3'4 and Erl23.
3 To compute CF splitting in RE1 23

compounds the hydrogen-like one-electron radial WF R(r)=(rN)exp(-alpha r) are used. Only five
parameters are taken into account to accord the calculated and experimental data: alpha, N, and
effective charges of nearest oxygen, copper, and barium ions. The minimal discrepancy for Ho 23 is
small enough for such simple approximation. The minimum is observed with enough magnitude of
alpha than the one in the case of free Ho 31 ion. The same is true for Dy1 23 and Erl 23. This fact points
out the strong localization of tile 4f one-electron radial wave function and probably on the small
covalent mixture of 4f ("magnetic") and 3d-2p ("superconducting") orbitals.

1G T Trummell et al, Phys Rev 92, 1387 (1953).
2A. Furrer el al, Phys. Rev B 38, 4616 (1988).
3 B D Dunlap et al., J Magn Magn. Mater. 68, L139 (1987)4 A Furrer et aL, J Magn Magn Mater. 76-77, 594 (1988)
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Helicoidal, magnetic vortex in a current-carrying superconductor
in a longitudinal magnetic field: New exact solution (abstract)

Yuri A. Genenko
Donetsk Phystech, 340114 Donetsk, Ukraine

A resistive state in a type-II superconductor (SC) is conditioned by the Abrikosov magnetic vortex
motion in them. In absence of external magnetic field the entry of vortex rings of a transport current
self field determines the resistivity oneset. 1 Being applied along the current-carrying SC cylinder the
magnetic field does not affect the entry of self-field vortex loops, because of force-free geometry. 2

In a latter case other vortex configurations, more likewise a field line pattern, seem to face less edge
barrier against vortex entry and determine the resistivity onset. In thi work an exact solution for
helicoidal magnetic vortex is found in a London approximation, similar to magnetic helicoidal
configurations known in magnetism. The Gibbs free energy of the current-carrying SC cylinder in
a parallel magnetic field is constructed and the edge barrier problem of irreversible entry of helicoid
into the SC sample is solved. An optimal parameter of helicoid is chosen by minimization of critical
SC parameters (current or field) for vortex entry. The phase diagram of resistive state in coordinates
current field is evaluated. An essential difference of magnetic behavior between thin (of radius
R<1, London penetration depth) and thick (R> 1) samples is shown. The latter exhibit the
field-dependent critical current Jcr due to the helicoid entry in almost all of the field region H<Hc,
the thermodynamic critical field, while for R<1 JCr, almost field-independent, is determined by the
vortex ring entry.

'Yu. A. Genenko, Physica C 215, 343 (1993); Phys. Rev B (in press).2A. M. Campbell and J. E. Evetts, Critical Currents in Superconductors
(Taylor & Francis, London, 1972).
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Magnetostriction II A. E. Clark, Chairman

Ga substitution effect on magnetic and magnetostrictive properties
of TbFe2 compounds

Y. J. Tang, Y. B. Feng, and H. L. Luo
Institute of Physics, Academia Sinica, Beijing 100080, People's Repubhc of China

S. M. Pan
General Research Institute for Non-Ferrous Metals, CNNC, Beijing 100088, People's Republic of China

In the present paper magnetic and magnetostrictive properties of Tb(Fel_.Ga,) 2 (x=0-0.2)
compounds were investigated. It was found that the iron moment of the compounds does not seem
to vary much for x - 0.12. The Curie temperatures of the compounds decrease continuously by
substituting Ga for Fe, which was attributed to the decrease of the R-T coupling strength due to Ga
substitution. The intersublattice coupling constant JRFC was evaluated by molecular field model. The
decrease of JRFc with increasing Ga content was found and related to the decrease of the number of
the Th-Fe interaction pairs when replacing Fe with Ga. By using an x-ray diffractometer the samples
were step scanned witL Cu radiation at a higher Bragg angle 20 ranging from 710 to 740 to study
the cubic (440) reflection. The splitting of (440) reflection for X-< 1.2 was clearly seen and the easy
direction magnetostriction Xm of the compounds was calculated. It was found that Xm decreases
with increasing Ga content. This was attributed to the decrease of magnetic properties of the
compounds. The polycrystal magnetostriction X, of the compounds has also been studied.

I. INTRODUCTION relative important role in improving the magnetostriction of
RFe2 compounds through R-T interaction, especially at low

Substitution of Fe with other transition metals, such as fields.
Mn, Co, Ni, Al, etc., in RFe2 cubic Laves compounds are of Although the theory of anisotropy and magnetostriction
considerable interest because in some cases such substitution is well developed for the rare-earth sublattice in RFe2 Laves
can improve the magnetostriction of the compounds. 1- 4 Ac- compounds, a detailed understanding of the effect of the
cording to Clark et al.5 the magnetostriction of such com- transition metals on magnetostriction proved to be elusive. A
pounds are highly anisotropic, exhibiting different magneto- better knowledge of such an effect both from experimental
strictive characters depending on their easy magnetization and theoretical points of view may lead to some discoveries
direction, i.e., \m>,>Xo. The huge Xh's are allowed be- of new giant magnetostrictive materials at relatively low
cause two inequivalent tetrahedral rare earth sites exist in the field.
C15 structure while the potentially huge values of X 0 are In the present study magnetic and magnetostrictive prop-
shorted out because of the high tetrahedral symmetry at the erties of Tb(FeI-,Gax) 2 (x = 0-0.2) compounds were mea-
rare earth site, which means that only transition metal con- sured in order to reveal the substitution effect.
tributes to X10o. It was found2 that the magnetostriction of
Tb0.3Dy0 7(Fel _xTr)2 decreases when replacing Fe with Ni or II. EXPERIMENT
Co. Teter et al.3 also found that the low Tb concentration

samples with Mn substitution do show a tendency to have a The Tb(Fe,_.,Ga,) 2 (x=0-0.2) compounds were arc
lower AHIX ratio than the pure iron ones in a twinned single melted in a magnetocontrolled arc furnace under an atmo-
crystal of Mn substituted Terfenol-D. Recent studies l 6 have sphere of very pure argon, and annealed at 900 C for a week
found that substituting Fe with Mn in Tb Dy , Fe2 com- under a purified-argon atmosphere. X-ray analysis showed
pounds could shift the magnetocrystalline anisotropy com- that all samples were single phase of cubic Laves structure
pensation composition to higher Tb content and was effec- (C15). Curie temperature was obtained by extrapolating the
tive to improve their magnetostriction because of the Mn 0.2 - T curve to 0"2=0. Saturation magnetization (asT) was
influence on the magnetocrystalline anisotropy; and Mn sub- measured in the extraction magnetometer with field up to 60
stitution in DyFe2 increases the magnetostriction at room kOe at 1.5 K. Polycrystal magnetostriction K was measured
temperature, especially in low fields, which is suggested to by using the strain gauge method in applied field up to 20
be caused by X10o inicrease. It was also found7 that the mag- kOe at room temperature and was obtained by using parallel
netostriction shows a significant increase with substituting a strain X11 and perpendicular strain Xi, to applied magnetic
small amount of Mn in Yo iTbog(Fe,xMnx) 2 compounds. field as follows:
These results suggested that transition metals could play a Xs= (X11- Xi). (1)
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TABLE I. Lattice constant a, Curie temperature T,, and intersublattice cou- Tb(Fe Ga
pling constant JRFc for Tb(Fel-,Ga,) 2 compounds. The values ZRF T .x x2

12, ZF = 6, SF,=0.78, gR=3/2, and J=6 are used in the calculation. I x =005 x=OX=
X a(A) T_ (K) JR (10 J) x=02

0 7.346 694 2.1
0.03 7.360 662 1.6
0.06 7.370 614 0.9
0.09 7.383 593 0.6 x=0.066 x 0.03

0.12 7.391 545 0.3 x= 0.09
X=0

x =0. 12

By using an x-ray diffractometer, the samples in powder
form were step scanned with Cu radiation at a higher Bragg
angle 20 ranging from 71' to 740 in order to study the cubic 71 72 73 74
(440) reflection. The absolute error of the measurement for 20
the lattice constant is less than 0.002 A. The easy direction
magnetostriction X111 of the compounds was calculated by: 8  FIG. 1. X-ray spectra for Th(Fe -,Ga,) 2 compounds

X lI=A a, (2)

where Aa is the devia.ion of the angle between neighboring mated from M6ssbauer spectra for RFe2 compounds ° and
edges of the distorted cube from 7r/2. somewhat smaller than 19.1 K for JRFeIk (yields a value of

2.6x 10-22 J) derived from high field measurements,9 and

III. RESULTS AND DISCUSSION 2.93X10 - 22 J evaluated by ab initio calculations." The de-
crease of JRF with increasing Ga content is apparently seen

The lattice constants of Tb(FeaGao)2 (x= 0-0.12) from Table I. This can be related to the decrease of the num-
compounds were measured by x-ray diffraction and listed in ber of the Th-Fe interaction pairs when repla,,ing Fe with Ga.
Table I. It could be found that they increase with increasing TbFe2 , whose easy direction is parallel to [111], presents
Ga content, obeying Vegard's law. Studying the magnetic a rhombohedral distortion at room temperature. We suppose
behavior of ThFe2 compounds both as a single crystal and that no easy direction change occurs for the entire concen-
polycrystal from previous research,5 we found that even at tration range for Tb(Fej .. Ga,) 2 (x=0-0.2) compounds. In
120 kOe it was impossible to saturate the polycrystal this study X11 was determined from the splitting of the high
samples at 4.2 K. In the present study, the polycrystal mo- Bragg angle (440) reflection. The splitting of the (440) re-
ment is reduced by about 10% below the single-crystal flection due to the distortion is of the same order of magni-
value. Assuming the same reduction of the moment for tude as the one due to the doublet 'a,, Ka 2 ; actually a
Tb(Fe t -xGa x)2 compounds, we obtained from the saturation triplet is observed. So the reflection created by Ka 2 is de-
data an iron magnetic contribution (1. 5 6±0.03 ) AB for the ducted from the whole reflection using a standard method.
entire concentration range. Figure 1 shows the x-ray spectra after dduction for the com-

Although the iron moment does not seem to vary much pounds. For TbFe2, the calculated distortion is 0.0024, which
in the studied compcsition range, the Curie temperatures T, corresponds to a rhombohedral angle aR =89.860. This re-
of Tb(Fe l -,Gax)2 compounds decrease continuously by sub- sult shows a good agreement with single crystal data5 and
stituting Ga for Fe. This is evidence that the greatest contri-
bution to T. values is given by the interactions involving the
iron atoms. Tc reduction can be attributed to the decrease of
the R-T coupling strength due to Ga substitution. On the 2500
basis of molecular field theory the R-T intersublattice-
coupling constant JRFC can be obtained by:9

9(Tc- T) Tc 2000
4 ZRFeZFeRSFe(SFet 1 )(gR 1 )2 j(j+ 1)'

(3)

where T. and Tc[ represent the Curie temperatures of the 150
compounds in which R is magnetic (J = 0) or R is nonmag-
netic (J=0), respectively; k is Boltzmann constant. Some
parameters used in the calculation are listed in Table I. Here
YFe2 was used as the J = 0 compound in the calculation. The 0 0.03 0.06 0.09 012
magnetic-coupling strength constants derived from Eq. (3) X
are !isted in Table I. For TbFe2, JRFe is 2.1X10-22 J, which

agrees welh with 153k (yields a value of 2.3 x 10- 22 J) esti- FIG 2. Ga concentration dependenLe of X, for Tb(Fej ,Ga,) 2 compounds



1600 compounds. 7 This suggests that substitution Ga cannot im-

1400- prove the saturated magnetostriction for TbFe2 compound.

IV. CONCLUSION
co 1000
0 In conclusion we would like to point out that:

(1) while the iron moment does not seem to vary much

600 Bx=oo in the studied composition range for Tb(Fej .,Ga,) 2 (x = 0-
40 ,ox=0.06 0.12) compounds, the Curie temperatures T, decrease con-

Tb(Fe Ga -X=0.09 tinuously by substituting Ga for Fe, which was attributed to
2o 1-x --x=0.12 the decrease of the R-T coupling strength due to Ga substi-

o tution. The decrease of JRF with increasing Ga content,
0 5 10 15 20 which was obtained by molecular field model, can be related

Magnetic field (kOe) to the decrease of the number of the Tb-Fe interaction pairs

when replacing Fe with Ga.

FIG. 3. Magnetic field dependence of polycrystal magnetostriction for (2) The splitting of (440) reflection for x--1.2 was

Tb(Fe -Ga,) 2 compounds. clearly seen and the easy direction magnetostriction Xm of
the compounds was calculated. It was found that XkI de-
creases with increasing Ga content, which was attributed to

previous x-ray studies for TbFe2 .'2 The splitting of the (440) the decrease of magnetic properties of the compounds. By
reflection is clearly seen from Fig. 1. It decreases with in- using the strain gauge method, we found that substitutional
creasing Ga content. When X= 0.2 the splitting disappears, Ga cannot improve the polycrystal magnetostriction for the
which means that the distortion becomes too small to be TbFe2 compound.
measured at room temperature. It could also be found from
Fig. 2 that XIm decreases linearly with increasing Ga content, T. Funayama, T. Kobayashi, I Sakai, and M. Sahashi, Appl. Phys. Lett.

which can be attributed to the decrease of magnetic proper- 61, 114 (1992).

ties of the compounds. It is well known that the large mag- 2A E. Clark, J. P. Teter, and 0. D. McMasters, IEEE Trans. Magn. MAG-

netostriction in RFe2 compounds is due to the interactions of 23, 3526 (1987).

the anisotropic cloud of the 4f electrons with the crystal field 3j. P. Teter, A E. Clark, M. Wun-Fogle, and 0 D McMasters, IEEE Trans.
Magn. MAG-26, 1748 (1990).

and transition metals. ,i cording to the single-ion model, the 4 A. E. Clark, J. P. Teter, and M. Wun-Fogle, J. Appl. Phys. 69, 5771 (1991).
magnetostriction varies with temperature as o3(T). Assum- 5A. E. Clark, Ferromagnetc Materials, edited by E. P. Wohlfarth (North-
ing that the R sublattice moments decre-se with decreasing Holland, Amsterdam, 1980), Vol. 1, p. 531.

Curie temperature, the rapid decrease in Tc with increasing 6M. Sahashi, T. Kobayashi, and T. Funayama, Proceedings of the Tenth
International Workshop on Rare-earth Magnets and Their Applications,

Ga content results in a strong decrease of o-R(T) at room Kyoto, Japan, May 16-19, 1989, p. 347.

temperature, which in return leads to a marked reduction in 7 H. Y. Yang, H. Q. Guo, B. G. Shen, L. Y. Yang, J. Yuan, and J. G. Zhao,

magnetostriction. Figure 3 shows the polycrystal magneto- Phys. Status Solidi A 129, K107 (1992).
striction X versus applied magnetic field at room tempera- 8 R. Z. Levitin and A S. Markosyan, J. Magn. Magn. Mater. 84, 247 (1990).

9J. P. Liu, F. R. de Boer, and K. H. J. Bushow, j. Magn. Magn. Mater 98,
ture for the compounds. It can be seen that the magnetostric- 291 (1991).
tion of the compounds are not saturated even at 20 kOe. We 10 B. Bleaney, G. J. Bowden, J M. Cadogan, R. K. Day, and J. B. Dunlop, J.

note that the magnetostriction at 20 kOe drops with increas- Phys. F: Metal Phys. 12, 795 (1982)

ing Ga content. This situation is not the same as that for 1 M. Lies, K. Hummler, and M Fahnle, J. Magn. Magn. Mater. 124, 239
(1993).

Yot Tb0.9(Fel -. Mnx) 2 compounds in which the magnetostric- 12B. Barbara, J. P. Giraud, J. Laforest, R. Lemaire, E. Siaud, and J.
tion shows a significant increase with a small amount of Mn Schweizer, Physica 86-88B, 155 (1977).
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Comparison of the dynamic magnetomechanical properties
of Tb0.27Dy0.73Fe2 and Tb0.30Dy0.70Fe2

D. Kendall ) and A. R. Piercy
Department of Mathematical Sciences, University of Brighton, Brighton BN2 4GJ, United Kingdom

Comparison is made between the magnetomechanical properties of Tbo 27Dyo.73Fe2 (27 Tb) and
Tb0.30DY0 .70 Fe2 (30 Tb), two commercially available compositions of the giant magnetostrictive
alloy Terfenol-D. The quasi-static magnetostriction (as a function of bias field) and the dynamic
strain coefficient (as a function of bias field and frequency) are shown for the two compositions at
room temperature, using stress bias values of 0 and 9 MPa. The energy loss per cycle as a function
of frequency is also given. The data for the static magnetostriction versus bias field shows 30 Tb to
exhibit a significantly greater increase in initial slope and saturation strain when stress bias is
applied compared to that seen for 27 Tb, which possesses superior magnetostriction at zero stress
bias. A similar trend is observed in the data for the dynamic strain coefficient with 30 Tb again
performing better under stress bias. The widening of the static strain hysteresis loop observed for
stressed 30 Tb is seen to manifest itself in the low frequency energy loss per cycle; however 27 Tb
is observed to possess the higher eddy current loss at 1 kHz. Data for the ratio d/x, a quantity which
is dependent only on magnetization processes and material constants, are shown which suggests that
the application of a stress bias affects the magnetization processes, but differently for the two
compositions.

INTRODUCTION load cell in order subsequently to allow the force to be de-
The magnetomechanical pr s of Terfenol-D of termined through the number of turns on the bolts. The

Teomina omition T propertes of beeennsively amount of perspex between the ends of the sample and the
nominal composition Tb 0 27Dy0 73Fe2 have been extensively pole pieces was kept to a minimum to reduce demagnetizing
investigated for use in actuator and transducer devices (see effects.
the review by Jiles'). It has also been widely reported that Both samples were manufactured by ETREMA of Edge
the composition Tb 0 30DYO.7oFe 2 , under stress bias, has a high Technologies, Ames, Iowa, and were 6 mm in diameter and
saturation magnetostriction and a high differential (quasi- to a length of 64 mm to fit the stress ri . In this article the
static) strain coefficient (the burst effect2) making the mate- cut g g

rial suitable for use in actuators, but little has been reported sample of composition Tbo.27Dyo 73Fe2 is referred to as 27 Tb

on the dynamic properties and frequency response of this and the sample of composition Tb0 30Dy0 70Fe2 as 30 Tb.

composition. In this article, a comparison is made of the
static and dynamic magnetomechanical properties of com- RESULTS AND DISCUSSION
mercial samples of IbO27Dy. 73Fe2 and Tb0 30Dy0 70Fe,, both The quasi-static magnetostriction as a function of bias
with and without stress bias. field is shown in Fig. 1 for the two Terfenol-D compositions

under 0 and 9 MPa stress bias. It is clear from these plots that
EXPERIMENT applying a stress to 30 Tb transforms the material from one

The magnetomechanical properties of the Terfenol-D that is inferior to 27 Tb with respect to initial slope and

samples were determined at room temperature in an electro- high-field magnetostriction to one that is superior. The high

magnet using a strain gauge to measure the static and dy-
namic magn-tostriction and search coils to monitor the drive
field and dynamic magnetization in the material. A drive field 1800-

of 2 kA m- rms (5.6 kA m- I peak-to-peak) was employed. t600 30Tb 9M.Pa [ 
The energy loss per cycle per unit volume (W) was calcu- 1400-

lated from the measured values of the peak drive field, the 1 l200- 27'lb.0NPa
magnitude of the dynamic relative permeability (P1r33) and 1000- -----

the phase of Ar33 with respect to the drive field (the loss 800-
angle, 8B). 600.

Stress bias was applied to a sample in the electromagnet 2 400
using a rig comprising perspex head and tail pieces held 200

together by three bolts. The compressive stress was supplied 0-

by a spring on each bolt and the rig was calibrated using a 0 50 1OO 150 200 250 300 350 400 450
Bias field MikA II

')Present address. DRA, Holton Heath, Poole, Dorset BH16 6JU, United FIG 1 Static magnetostriction as a funition of bias field for Tb 27Dyo 73Fe2
Kingdom. and Tbo oDyo0oFe under 0 and 9 MPa stress bias at room temperature.
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TABLE I. Summary of the magnetomechanical properties of T 0 27Dye 73 Fe, and The 3oDyo 7oFe 2 at 0 (plain) and 9 MPa (italic) stress bias.

d 3 3mx 70 Hz/ Hd33imax / X., / W' /dV, 1 j I ki/

Composition nm kA m-l 10- 6  J M-3 cycle- 1  i m- cycle-'

Tbo 27DyO 73Fe2  15.3 10.4 12.5 30.0 1100 1490 3.8 40 7.9 17.9

Tbo 3oDy 0 7oFc2  10.5 16.2 4.5 22.0 990 184& 3 8 9.0 3.8 12.9

initial slope for the 30 Tb composition under stress bias has The observed trend in the initial slope of the plots of
been termed the burst effect2 and is thought to be due to magnetostriction versus bias field in Fig. 1 is reflected in the
jumping3 of the magnetization in a domain from the easy data for the dynamic strain coefficient (d33) as a function of
direction perpendicular to the axis of the rod to that closest to bias field shown in Fig. 2, with 30 Tb performing better
this direction. The maximum theoretical saturation strain for under stress bias than 27 Tb. If the dynamic magnetization
a (112) oriented rod of Terfenol-D is approximately processes are the same as those under quasistatic conditions,
1250X 10-6 unstressed and 2080X 10-6 stressed (assuming then the burst effect mechanism could be responsible for the
X111=1640X10 - 6 and XmIX/oo=16). Values for the satura- differences observed dynamically. The magnitude of the dy-
tion strain Xsat obtained by extrapolation against 1/H, are namic strain coefficient is not as high as the incrementally
shown in Table I and it is clear that neither composition has determined value (which can be as large as 90 nm A- 1 for 30
the theoretical value under zero stress. This may be partly TbS), although we have found that d 33 increases markedly
attributed to axial misalignment of the Terfenol-D grains al- with the magnitude of the drive field. This field dependence
though, while the 27 Tb sample is 12% lower than the theo- arises because at low drive fields the slope of the minor loop
retical value, the 30 Th composition is almost 21% lower, is less than the slope of the static strain curve, but as the
This behavior is not reflected when stress bias is applied drive field is increased, the magnetostriction is forced to ex-
since, although the theoretical maximum has not been ecute a loop of greater slope due to the limited width of the
reached (a higher stress bias is required4), the saturation hysteresis of the static curve.
strain for 30 Tb is 350X 10-6 greate. than that for 27 Tb. If Figure 3 shows d 33 as a function of frequency for the
the initial state of magnetization for 3. Tb under zero stress two compositions under stress bias values of 0 and 9 MPa.
is not equivalent to the ideal demagnezed state, then this The observed flat response, which has been reported 6' 7 pre-
composition may possess positive magnetostriction when viously for unstressed 27 Tb, is expected because the critical
compared to the ideal state and hence the measured satura- frequency, at which eddy current effects are significant, is
tion strain will be less than that predicted from theory. Con- greater than 1 kHz. (The similarity between the magnitude of
versely, if the initial state of magnetization for 27 Tb is d 33 under 0 and 9 MPa stress bias is coincidental through the
closer to the ideal state, the saturation strain will more nearly choice of bias field. See d 33 at 30 kA m- ' in Fig. 2.) The
approach the theoretical value. The 30 Th composition pos- graph of Fig. 4 shows the energy loss per cycle (W) as a
sesses a higher room temperature anisotropy than 27 Tb and function of frequency. The observed widening of the static
hence the initial states of demagnetization or remanence are strain hysteresis loop for 30 Tb at 9 MPa is seen to manifest
likely to be different. When a stress is applied, easy direc- itself in the low frequency energy loss per cycle (Whyst),

tions perpendicular to the rod are occupied, resulting in a which has similar values for 27 Tb unstressed and stressed
negative magnetostriction compared with the ideal demagne- and foi 30 Tb unstressed, but which is more than 50% larger
tized state and more available strain on the application of a for 30 Tb stressed. The data in Table I show that both corn-

field. positions exhibit higher eddy current loss (Weddy =W- Whyt)

< 16-9 <27TbMa 14

-0- 
-- - ------

14-1 -... M. 30-1-b 00b0

0 12 - o -- _ o --T-- 30 1 b 9 1MTa V

6i

4 4

2 2 27 Tb. 0 MPa .-- 301"b' 0MPa
,F ' -o-27 Tb. 9 MPa -- o-- 30 Th 9 MPa0 - -- -' -- -''V -r '"- "0 -- - - T

0 10 20 30 40 50 61) 70 80 90 100 10 100 1000

Bias field IIAA m 1 Drive field frequency f/liz

FIG 2 Jynamic strain coefficient as a function oi bias field for FIG. 3 Dynamic strain coefficient as a function of frequency for
Tbo0 2 7Dy0 73Fe, and Tbo 3Dy0 70Fe2 under 0 and 9 MPa stress bias at room Tb 27Dy, 73Fe2 and Tbo 3oDyo 70Fe2 under 0 and 9 MP, stress bias at a bias
temperature ui,,ng a 70 tHz, 2 kA m - rms drive field field of 30 kA mi using a 2 kA m-l rms drive field
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FIG. 4. Energy loss per cycle as a function of frequency for Tb0 27DyO 73Fc2 FIG. 5. The ratio d/x as a function of bias field for Tbo 27Dy0 73Fe2 and

and Tb0 30Dy0 70 Fe2 under 0 and 9 MPa stress bias at a bias field of 30 Tb0 Dyo0 oFe 2 under 0 and 9 MPa stress bias at room temperature using a

kA m- 1 using a 2 kA m- 1 rms drive field. 70 Hz. 2 kA m- I rms drive field.

at 1 kHz when stressed, with 27 Tb being the higher. In CONCLUSION
consequence, the total loss for 27 Tb with stress bias exceeds Some of the important magnetomechanical properties
that for 30 Tb at frequencies above 1 kHz. Part of the in- are summarized in Table I for the two compositions of
crease in apparent eddy current loss can be attributed, from a Terfenol-D. It is proposed that the performance of transducer
classical eddy current consideration, to the increase in PAr33 devices that are driven at a few kHz would be enhanced
at the bias field value used. However, not all of the increase by the use of Tb0. 0DY0 70Fe2  when compared to
can be accounted for in this way, suggesting that either the Tb0 27rIy 0.73Fe2, not only in terms of the magnetostriction
eddy current losses behave nonclassically under stress or that attainable, but also from the point of view of eddy current
other loss mechanisms become significant. losses.

The ratio of the dynamic strain coefficient to the dy-
namic magnetic susceptibility, d/x, is a quantity which is
dependent only on magnetization processes and material ACKNOWLEDGMENT
constants and therefore can give information on the magne- This work has been carried out with the support (D.
tization processes taking place.6'8 This ratio as a function of Kendall) of the DRA (Maritime Division), Portland, UK.
bias field is shown in Fig. 5 for the two compositions under
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decrease in the magnitude of d/x. The plots for 30 Tb also Schulze, IMechE C391/072, 109 (1989).

show a similar trend, although in this case the application of 3 A. E. Clark, J. P. Teter, and 0. D. McMasters, J. AppI. Phys. 63, 3910
stress increases dx. These rvtiens suggest that stress 1988).
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which suggests an increased number of 1800 walls and gives 7D. Kendall and A. R. Piercy, Magnetoelastic Effects ard Applications,

support to the suggestion that different demagnetized states edited by L Lanotte (Elsevier, The Netherlands, 1993), p. 111.

occur for the two compositions. 8 D. Kendall and A. R. Piercy, IEEE Trans. Magn. MAG-26, 1837 (1990).
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Anisotropy in twinned terfenol-D crystals
D. G. Lord and D. Harvey
Joule Physics Laboratory and Science Research Institute, University of Salford Salford M5 4WT,
United Kingdom

The highly magnetostrictive cubic compound Terfenol-D (Tb0 .3DY0 7Fe2) solidifies via a {211}
dendritic growth front when grown by a free-standing zone technique. The resulting material is
usually composed of dendritic plates often containing crystallographic twins, the predominant plate
and twin plane being the (1h1) orthogonal to the (2Ul) growth plane. Results of room temperature
magnetic torque analysis from (011) disk specimens, having differing twin densities, are presented
which yield both the magnetic anisotropy constants, K1 = - 1.6X 105 J/m3 and K 2 =-O.16x105
J/m 3, and the relative parent/twin volume. Magnetic susceptibility data both parallel and transverse
to the applied field are presented which, in conjunction with the anisotropy results, emphasize the
importance of twin density on magnetoelastic response for typical application geometries.

I. INTRODUCTION long direction parallel to the growth axis and the faces nu-

The cubic Laves phase ternary compound Tb0 3Dy0.7Fe2  tually orthogonal and parallel to the (011) and (111) planes.

(Terfenol-D) is of significant interest technologically for ac- All planar surfaces, aligned by x-ray back-reflection, were

tuator and transducer applications as it possesses a large diamond polished to a 1/4 Am finish.
Torque curves were obtained from anti-clockwise rota-

magnetostriction to anisotropy iatio near room temperature. To of a 6 km ane d int lofkthe (100)

Commercially available material, grown by a free-standing tion of a 650 kA/m magnetic field in the plane of the (100)

zone technique, solidifies via a {211} dendritic gr(,wth front disks using a Penoyer-type torque magnetometer in which

producing samples composed of dendritic plates which often the specimen torque was balanced by an opposing torque

contain crystallographic twin boundaries, the predominant produced by a known current passing through a coil, at-

plate and twin boundary plane being the {111} orthogonal to tached to the specimen suspension, which was located in a
the growth front plane. 1'2 Such material exhibits significant field from a fixed permanent magnet. All data reported hereplan. 1 ' 2 were taken at a room temperature of 293 K. Differential
magnetoelastic strain, of the order of 1500 ppm in moderate

applied fields around 100 kA/m, the development of which, magnetic susceptibility data were obtained by subjecting the

with increasing field, is characterized by discontinuous bar specimens to a dc and superimposed ac magnetic field

changes in strain at particular fields.3  directed along the long bar axis. The ac field of 5 kA/m and

The magnetic anisotropy, determined by the material frequency 82 Hz was constant, while the dc field was ramped

composition, is such that anisotropy compensation is at a rate of 2 kA/m/s. Two pairs of mutually orthogonal

achieved at about 280 K;4 above this temperature, the easy pick-up coils were placed around the specimen to detect the

directions for the magnetization are along the (111) axes. It is transverse magnetization changes in both the [1i1] and [011]

the anisotropy, influenced by the defect nature of the mate- directions and one coil, with an associated air-flux compen-

rial, which in the main determines the form of the strain sation coil, was placed to detect susceptibility parallel to the

evolution whether this is by domain wall motion or magne- applied fields and the [2i] direction. Signal; in-phase with

tization rotation. The presence of (111) twin boundaries leads the ac magnetic field were detected by a lick-in amplifier.

to a complication in that not all the easy axes are continuous All measurements reported were obtained at zero applied

across either the twin or the dendrite boundaries. In order to stress and at room temperature.

gain a better understanding of the interaction of the magne- III. RESULTS AND DISCUSSION
tization and the strain, this article reports room temperature
measurements of the anisotropy in such twinned Terfenol-D The spatial dependence of the magnetocrystalline anisot
samples which, along with susceptibility and transverse sus- ropy energy, E(K), can be expressed phenomenologically for
ceptibility observations, demonstrate the importance of the a cubic crystal as
parent/twin concentration on sample response. E(K)=Ko+Kl(a22 a2 o a 2, a) +K2(aaaaa3)

(1)
1I. EXPERIMENT where K,, are the anisotropy constants and a i are the direc-

Samples used in this investigation were prepared in the tion cosines of the magnetization relative to the cubic axes of
form of 8-mm-diam rods by Edge Technologies Inc. by a the crystal. The presence of both parentip) and twin(t) ori-
free-standing zone technique using a zone rate of 38 cm/h ented material in the specimens is accounted for by assuming
Disk specimens for torque curve analysis, 3 mm in diameter a relative fractional parent-to-twin volume, c, such that
and 1 mm thick, were produced by spark erosion with d;,k c=0.5 for equal p and t volume content. The magnetic an-
faces parallel to the (011) plane orthogonal to the (2il) isotropy energy and magnetization in both parent and twin
growth plane. Bar specimens used in measurements of the are of necessity the same: only their relative crystallographic
magnetic susceptibility, 50 mm in length and 5 mm by 5 mm orientations differ. In Fig. 1 we show the anisotropy energy
in square cross section, were similarly produced with the profiles for both twin and pa:ent material superimposed on
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FIG. 3. Experimental torque curve from Terfcnol-D (011) disk Zero angle

is for field (650 kAm) along parent [100] direction

FIG. 1. Polar plot of anisotropy energy superimposed on the stereographic resulting torque curve where the torque, corrected for mis-
projection of the (011) plane showing parent (p) and twin (t) directions for
a (111) twinning plane (dotted and dashed lines represent parent and twin, alignment of the field and the magnetization, is -dE(K)Id 0,
respectively, and full line represents the energy of the combination of equal 0 being the field angle with respect to the parent [100] direc-
parent and twin volumes). tion.

The torque expected from an untwinned disk is shown in
Fig. 2 and can be compared to an experimental curve from a

the stereographic projection of the (011) plane of the disk (011) twinned sample shown in Fig. 3. Torque curves have
specimen. The profiles are constructed from Eq. (1) using been obtained from a number of samples, of differing twin
equal negative values of K, and K2 and a K0 value of half density, and analyzed by a curve fitting procedure to yield
the radius of the projection. The easy (111) directions are both the relative twin density c and the anisotropy constants.
clearly indicated by the larger radial values of the piofile. The values found are K, =-(1.60+/-0.08)X 10' J m -3

Indicated on the figure are the parent and twin directions and K2 =-(0.16+/-0.01)x 10 J m -3 which compare favor-
relative to the predominant (111) twinning plane., 2

,
6 It can ably with previous data for K, though not with the previous

be seen from Fig. I that the parent and twin are related by a scattered data for K2 . The values of c have been correlated
rotation of 70.540 about the surface normal of the (011) with estimates of twin density from polarized optical micro-
plane. The solid energy profile in this figure represents the graphs of the disk surfaces, two examples of which are
effective anisotropy energy of the combination of the as-
sumed equal p and t vlumes constructed by expressing the
energy of the twin in terms of its direction cosines relative to
the parent cubic axes. It is this profile that will produce the

10

5

-< 21 1)
(0

.1o0 e (b)

Magnetization Angle

FIG. 2. Expected torque curve from magnetization rotation m the (011) for
(t)1 easy axis cubic crystal. Zero angle is for magnetization along the [100] FIG. 4 Polarized optical mcrographs from (011) Terfenol-D disks showing
direction differences in twin (darker areas) density between disk (a) and disk (b).
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dM symmetry of the anisotropy energy about the [211] bar -Ais,
di as seen in Fig. 1, would yield zero transverse magnetization

as there would be equal populations distributed sy-nmetri-
a) 211 cally with respect to the bar axis, even accounting for the

anisotropic effect of the magnetostriction. 7 The small trans-
verse susceptibility signals from the [011] and [1h1] are
therefore due to the asymmetry in the anisotropy energy in-
troduced by the inequality in parent and twin volumes. In-
deed, the variations show excellent agreement both in field
dependence and magnitude to the magnetostriction data ob-

L tained in these directions3 and indicate that the magnetization
15 10 5 0 APPLIED dc FIELO.H m" distribution, as a function of applied field, is far from

straightfovard.

IV. CONCLUSIONS

The magnetic anisotropy constants in twinned
Terfenol-D materials have been obtained from room tem-
perature torque curve analysis from (011) plane disk speci-
mens of varying twin content. Consideration of the anisot-
ropy energy as a function of twin content clearly

C)II demonstrates the potential symmetry of currently available
float-zone material for the case of equal parent/twin volumes.
Where any inequality exists, the anisotropy, and hence mag-
netoelastic strain, will be asymmetrically disposed to the
growth direction. The only crystal direction in which behav-
ior is symmetrical in twinned or urnwinned material is the

FIG. 5. Differential magnetic susceptibility data measured parallel to (a) (111) normal to the predominant twin pl.ne. To manufacture
[211] growth direction, (b) [011], and (c) [111] where applied dc and ac
fields are parallel to (211]. Sensitivity for (b) and (c) is approximately ten device material using such a geometry would yield large
times greater than for (a). strains with exceptional strain coefficients as seen from the

(111) data in Fig. 5.

shown in Fig. 4, where the twins correspond to the lower 'A. E. Clark, J. P. Teter, and 0. D. McMasters, J. Appl. Phys. 63, 3910
reflectance areas and the straightness of the twin boundar;es (1988).
are clearly observed. Excellent agreement has been found for 2 M. AI-Jiboory, D. G. Lord, Y J. Bi, J. S. Abell, A. M. H. Hwang, and J. P.
values of c between 0.3 as in Fig. 4(a) and 0. .5 (the more Teter, J. Appl. Phys. 73, 6168 (1993).typcals m te as in Fig. 4( ae 3j. P. Teter, M. Wun-Fogle, A. E. Clark, and K. Mahoney, J. Appl. Phys. 67,typical material) as in Fig. 4(b). 504 (1990).

Differential susceptibility and transverse susceptibility 'M. AI-Jiboory and D. G. Lord, IEEE Trans. Mag. 26, 2583 (1990).
data in the mutually orthogonal [2il], [011], and [111] di- 5R. F. Penoyer, Rev. Sci. Instrum. 30, 711 (1959).
rection from a bar specimen with an optically estimated 6Y. J. Bi, J. S. Abell, and A. M. H. Hwang, J. Magn. Magn. Mater. 99, 159(1991).
parent/twin density of c=0.45 is shown in Fig. 5. For a 7j. P. Teter, A. E. Clark, and 0. D. McMasters, J. Appl. Phys. 61, 3887specimen with c=0.50, it may be expected that the high (1987).
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Device oriented nagnetoelastic properties of TbxDy -xFel.95 (x=0.27, 0.3)
at elevated temperatures

K. Prajapati, R. D. Greenough, and A. G. Jenner
Department of Applied Physics, University of Hull, Hull HU6 7RX, United Kingdom

In order to assess the potential of the highly magnetostrictive compound Terfenol-D (composition
TbXDy1 -Fel.95, where x =0.3 or 0.27) for device applications in the temperature range 20-300 °C,
measurement of magnetostrictive strain (k), differential strain coefficient (d33), and
magnetomechanical coupling coefficient (k33) have been made against applied dc field (<120
kAm), uniaxial pressure (-_20 MPa), and temperature. Comparing the two compositions at elevated
temperatures has shown that large grain oriented material of the composition Tb. 3Dy0.7Fe1. 95 has
higher strains and d coefficients at elevated temperatures than small grain oriented material of
composition Tb0 .27Dy0 73Fel.95, but for optimum coupling efficiency Tb0 27Dyo 73Fe1.95 is preferable.

I. INTRODUCTION stresses -_20 MPa applied along the [112] axis. The magne-

The pseudobinary rare earth-iron compound Terfenol-D' tostrictive strain coefficient d 33 ( = dXIdH) were obtained by
(ThxDy -xFe1.95, where x is typically 0.27 or 0.3) generates differentiating the static \-H curves. Coupling coefficients
large magnetostrictive strains (-1500 ppm) which can be (k 33 ) were obtained from the magnetomechanical resonance.used in a variety of applications. For a particular composi- The measurements were undertaken in a noninductivelytion, the magneto echanical properties depend on three wound furnace to obtain temperatures <300 0 C (±1 C)

tion th manetmechnicl popetiesdepnd n tree with samples contained in an argon atmosphere. Approxi-
principal factors: the applied field, temperature, and espe-
cially in grain oriented material, the applied stress.2 Although mately 5% variation in measurements from sample to samplewas xetdadfudsome measurements have been made at elevated s expected and found.
temperatures, 3 previous work has concentrated mainly on the
room temperature properties. However, operation at higher III. RESULTS AND DISCUSSION
temperatures is desirable for some applications and the Data have been collected for X, d33 , and k 3 3 as functions
present work was conducted to provide a more comprehen- of applied field, stress, and temperature. For each magneto-
sive assessment of magnetomechanical performance to tem- striction isothermal in Figs. 1 and 2, the uniaxial pressure
peratures up to 300 C. and applied field have been chosen to yield the maximum d

The two main constraints on the range of temperature coefficient. At room temperature for x=0.3, after a sharp
over which Terfenol-D can be used are (i) the magnetocrys- increase in strain at low fields (known as the "burst
talline anisotropy, because at low temperatures the compet- effect" 4), at 120 kA/m the strain is almost doubled. The
ing anisotropies of the Tb and Dy ions causes the easy axis isofield contours decrease slowly with temperature at low
of magnetization to switch from the (11l to the (100) axes,4
and (ii) the exchange energy which decreases as the tempera-
ture approaches the Curie temperature, T., and causes the
magnetostriction to decrease monotonically in accordance to
single ion theory.5 Within these constraints lies a useful
range of temperature and the following results indicate how .

the performance of Terfenol-D can be optimized in this
range.

The two compositions chosen for comparative purposes .z ,
are x=0.30 (grain oriented, large grains), which is particu-
larly susceptible to the application of applied uniaxial pre-
stress along the [112] grain growth axis,6 and x=0.27 (grain
oriented, small grains), chosen to minimize magnetocrystal-
line anisotropy at room temperature.' The grain structure in
both compositions is typical of commercially available ma-
terial.

II. EXPERIMENTAL TECHNIQUES

Commercial grade samples, prepared by a free float zone w q,
process, were in the form of rods 50 to 100 mm long and 6
mm diameter, with the [11"2] growth direction along the rod FIG. 1. Strain profile at optimum pressure bias conditions for maximum d33axis. Magnetostrictive strain, X, measured with strain gauges, as a function of temperature and internal magnetic field for x =0 30 compo-
were measured in dc fields _ 120 kA/m and with uniaxial siton.
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FIG. 2. Strain profile at optimum pressure bias conditions for maximum d33
as a function of temperature and internal magnetic field for x=0.27 compo- FIG. 4. Variation in optimum d33 with pressure and temperature for
sition. x =0.27.

fields (<30 kA/m) but the decrease in the 120 kA/m contour anisotropies of the Tb and Dy ions. For x =0.3 the anisotropy
in this sample is clearly not monotonic. Although magnetic minimum is at T=- 10 *C with maximum strains at 25 "C;
saturation has not been achieved, it is expected that these and for x=0.27, the minimum in anisotropy occurs at ap-
strains should decrease with temperature approximately as mately T=2 , the m aistr ain at ap-

im3 [where m is the reduced magnetization (MT/Mo)].5 The pr l with the axm tra i-3).
maximum at -140 C interrupts this pattern and is evident in Along each isothermal contour for d33 (Figs. 3 and 4)

fields as low as 30 kA/m. For practical applications this ef- fields have been applied to give the largest d coefficient for
fect at 140 'C is an added bonus because unexpectedly larger each applied pressure. For x=0.3 in the range
strains can be generated. For the sample with x=0.27 the 20-<T--200 'C, an enhanced d coefficient is present at low
decrease in isofield strains with temperature are almost pressures due to the combined effects of applied stress and
monotonic for any field strength. The different behaviors of orientation. 4 The level of stress becomes less critical
the x=0.3 and 0.27 samples is explained by the competing for T>200 'C, where the small magnetocrystalline

anisotropy5 renders the apolied stress less effective in regu-

40

E
A- x=0.27
03- x=0.30

,, '30 \
30 A- x-0.27S 3 ,,_ x=0.30

4

E 0

0
a.- 10

, _ , , , _ 0 I , I ' * ' i ,

'0 50 100 150 200 250 300
e' b. ,

'a-' %" Temperature ('C)

FIG. 5. dc bias fields required to obtain maximum d 33 and k33 as a functionFIG. 3. Variation in optimum d33 with pressure and temperature for oftmeaueor=02an0..
x0.30 of temperature for x =0.27 and 0.30.x =0.30
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FIG. 6. Surface plot showing the variation in optimum k33 w'th pressure FIG. 7. Surface plot showing the variation in optimum k33 with pressure
and temperature for x=0.30. and temperature for x=0.27.

lating the magnetization processes. This is the case for IV. CONCLUSIONS
x =0.27 at most temperatures until an imbalance between the For practical applications the present results show that
Tb and Dy anisotropies emerges at low temperatures large grain oriented material with the composition
(T<-40 °C), Due to the magnetocrystalline anisotropy, undu- TboDy. 7Fel. 95 produces better strain and d coefficients at
lations occur in the d33 surface for x=0.30, whereas this elevated tempertures provided the applied field is con-
surface for x =0.27 is comparatively smooth. The oscillation trolled. For optimum coupling efficiency at elevated tern-
on the room temperature isothermal for x=0.30 have been peratures, the small grain oriented material with composition
observed in other samples with the same composition and are
reported elkewhere.7 From the application point of view there
is a clear advantage in employing Terfenol-D with x=0.30
for T-100 *C. Provided pressure loading is kept in the range ACKNOWLEDGMENTS
2-10 MPa. Larger fields are required compared with x=0.27 The authors wish to thank EPSRC and Geo Measure-
(Fig. 5) and some control will be needed to maintain them in me athor than sprt an to Meaure-the range 10-17 kA/m. ment Systems, for the financial support given to K. Prajapati

the ura e s repreen o m aand staff in the Department of Applied Physics who assistedThe surfaces representing optimum magnetomechanical with this work.coupling as a function of temperature and pressure are very
irregular for both compositions (Figs. 6 -and 7). This is not
surprising because k 3 3 depends on d coefficient, pvuneab-l- 1A. E. Clark, R. Abbundi, and W. R. Gillmore, IEEE Trans. Mag. 14, 542
ity, and elastic compliance. 2 At elevated temperatures (1978).

(T- 300 °C), for x =0.30, k33 is very strongly dependent on 2R. D. Greenough, A. G. I. Jenner, M. P. Schulze, and A. J. Wilkinson, J.

pressure. It decreases from -0.5 to -0.35 between zero and Magn. Magn. Mat. 101, 75 (1991).3A. E. Clark and D. N. Crowder, IEEE Trans. Mag. 21, 1945 (1985).
7 MPa, representing a reduction in transducer efficiency 4A. E. Clark, J. Teter, and 0. D. McMasters, J. Appl. Phys. 63, 3910
from 25% to 12%. For x =0.27 the lowest observed value for (1988).
k33 , regardless of pressure or temperature is -0.45. It is 5E. Callen and H Callen, Phys. Rev. 129, 578 (1963).

concluded that pressure dependent effects on k 3 3 in large 6j. D. Verhoeven, E. D. Gibson, 0. D. McMasters, and H H. Baker, Met.
Trans. A 1A, 223 (1987).grain oriented material are a disadvantage and Lmall grain 7N. Galloway, R. D. Greenough, A. G. Jenner, and M. P. Schulze (theseoriented material (x=0.27) is preferable. proceedings).
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Influence of hydrogen on the magnetic properties of Terfenol-D
L. Ruiz de Angulo, J. S. Abell, and I. R. Harris
School of Metallurgy and Materials, University of Birmingham, Birmingham, United Kingdom

The reactions with hydrogen of the C15-type Laves phase Tb0 .27Dyo.7. Fe2 have been studied by
differential thermal analysis and the influence of this hydrogenation upon the magnetic properties
was observed with a Curie-Faraday balance and a vibrating sample magnetometer. It has been
found that a slightly rare earth rich composition allows the hydrogenation to take place at room
temperature. Two endothermic peaks observed on heating under 1.2 bar of hydrogen are attributed
to hydrogen desorption, due possibly to the form of the pressure isotherms. At a pressure of 1.2 bar,
the amorphization and disproportionation peaks are combined as a single peak, but a higher
pressures these two phenomena separate into two peaks. After the first absorption/desorption cycle,
the hydrogenation occurs at temperatures as low as -75 °C, and is highly exothermic and very rapid
in nature. The magnetic susceptibility of the compound suffers a dramatic drop when it is hydrided,
and the magnetization at 1100 kA m-1 falls from 77.5 J T -1 kg- 1 to 9.2 J T-1 kg - 1. When heated
in hydrogen, a peak in susceptibility was observed at about the same temperatures as those of the
amorphization/disproportionation reactions. The Curie point of the amorphous hydrided material
was found to be around 68 °C, with a magnetization at room temperature and 1100 kA m-1 of 46
J T-1 kg - 1. The fully disproportionated material had a magnetization of 82 J T- kg - 1 at 1100
kA m- 1, which was related to the proportion of a-Fe formed during the disproportionation reaction.

I. INTRODUCTION shows the HDTA trace of lumps of RFet.93 heated in a hy-

The RTM- (R=rare earth, TM=transition metal) type drogen atmosphere at 1.2, 3, and 5 bar initial pressure.

Laves phase conpounds have been studied in the last few Three exothermic peaks and two endothermic peaks

years for their interetag magnetic propertics and hydrogen- were seen in the trace, corresponding to the run at 1.2 bar of

absorption capacity, see, for example, Refs. 1-2. Upon hy- H2.At higher pressures four, exothermic peaks, but only one

drogenation, these compounds exhibit substantial changes in endothermic peak, were observed. X-ray diffraction exami-

their magnetic properties. In addition, the pnation of the material was carried out after each peak of the
Terfenol-D (Tbo.27Dy0.73Fe2) has outstanding magnetorestric- 1.2 bar run. After the first exothermic peak, the material hadmagnetoretrpc-nan d uic structure, indicating hydrogen absorption
tive properties combining a low crystalline anisotropy with a xpanded cub

huge magnetorestriction at room temperature. 3 In the light of in the crystalline state. The x-ray diffraction (XRD) patterns

these studies, it is therefore interesting to investigate the hy- of the samples hydrogenated after each endothermic peak

nbehavior of this compound. showed different rhombohedral structures. On hydrogenation
at 400 °C, very broad x-ray peaks corresponding to RH2 and

II. EXPERIMENT a-Fe could be seen. At temperatures above 500 'C, much
sharper peaks, corresponding to RH2 and a-Fe were ob-

The material used in the present work was served. When heated under 5 bar to 300 'C, no x-ray peaks,
Tb0.27DY0.73Fe1h93 (RFe. 93). Lumps (a single coarse particle but a broad maximum, can be observed, thus indicating
of -200 mg) were introduced to a specially constructed dif-
ferential thermal analyzer (DTA) with a hydrogen atmo-
sphere (HDTA), and were subjected to different pressures
with a heating rate of 3 C per min. The material obtained F5 "b"
was used for measurements on a vibrating sampler magne- "
tometer (VSM), and for x-ray diffractometry using Co K,,
and Cu K,, radiation. Curie-Faraday balance measurements I
were performed by hydrogenating freshly cut lumps of I I
around 30 mg, in situ. in this case, a hydrogen pressure of 1 I I
bar was employed. " . ....... ,,.. .

A. Hydrogen absorption I

HDTA was performed in order to investigate the influ- /
ence of the rare earth grain boundary phase on the hydroge- - - ... .. ., ..... 
nation process. It was found that, when the material was I

single phase and in lump form, the hydrogenation process
took place at about 280 °C, and at about 120 °C when in the 0 100 200 300 400 500 600

form of crushed powder. However, the compound RFe1 93  Tefra u ('CQ
(3.5 at. % of free rare earth) reacts very rapidly at tempera-
tures close to room temperature, even as a lump. Figure 1 FIG. 1. HDTA traces of Tbo 27Dyo 73Fe1 93(RFe 93) at different pressures.
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F amorphous material. Finally, the diffraction pattern of the 90

sample heated under 5 bar to 400 'C is very similar to the
one heated to the same temperature at 1.2 bar. The endother- 75
mic peaks move to higher temperatures with ir'creasing pres-
sure, and this could indicate that they are rclated to the form -" 60

of the pressure isotherms rather than to any change in the
structure or state. This data are consistent with the work of * 45

others researchers.
2'4

These results indicate that, below 280 °C in this range of 30 i'-
pressures, Terfenol-D absorbs hydrogen while maintaining a
crystalline structure. The second exothermic peak observed 15
at 1.2 bar can be ascribed to the combination of the hydrogen
induced amorphization and the disproportionation reaction. 0
These two reactions separate at higher pressures due to a 0 200 400 600 800 1000 1200

lowering of the amorphization temperature. This lowering of Field (kAn)

the amorphization temperature with pressure has already 50-3 c.C - 7oc
been reported in other Laves phases such as TbFe2 (Ref. 5) 400*c 25"c

and GdFe 2 6 t6oc - Amorphous

It was observed that, when cycles of absorption/
desorption were performed, the initial hydrogenation reac- FIG. 2. Magnetization of RFe1 93 samples heated in 1.2 bar H2 to different

tion would take place immediately at room temperature. To temperatures and in 5 bar H, to 300 °C (amorphous).

investigate if this could be done at lower temperatures, a
lump of RFel.93 was hydrided, and then desorbed by heating
under vacuum to 350 C and then cooled. At room tempera- C. Curie-Faraday balance experiments
ture, 5 bar of argon was introduced, and the sample chamber The results of the Curie-Faraday balance experiment are
was cooled with liquid nitroge;, When the temperature was shown in Fig. 3. Upon hydrogenation, there is a sudden drop
- 125 'C, the argon was replaced by 1.2 bar of H2.At around in magnetic susceptibility, which is consistent with the VSM
-75 *C, a sharp and strong exothermic peak (AT=52 0C) measurements. Between 350 and 520 'C, the susceptibility
was observed. From this point and apart from the hydrogen increases as the hydrogenated material starts to dispropor-
absorption peak at 40 'C, the trace was the same as that for tionate, with the formation of a-Fe. On cooling, the suscep-
1.2 bar H2 shown in Fig. 1. One possible contribution to the tibility increases steadily, as would be expected from the
low hydrogenation temperature is the very clean surface ob- presence of free iron.
tained in this material after hydrogen decrepitation. This be- peec ffe rn
haioral iniatesial vferr hydrogen dpifuion iThis After the initial drop at 57 °C, the susceptibility de-havior also indicates very rapid hydrogen diffusion in this c e s s s o l i h t e t m e a u e u o a o n 8 Ccreases slowly with the temperature up to around 180 °C,
system. after which the temperature exhibits an increase. Another

interesting feature is the peak between 260 and 350 'C,

B. VSM measurements which is approximately the temperature range where
the HDTA displays the combined amorphization/

Figure 2 shows the magnetization obtained for RFe,. 93  disproportionation peak. The increase in magnetic suscepti-
material heated in hydrogen at 1.2 bar to different tempera-
tures. It can be seen that the cubic hydride is still unsaturated
at 1100 kA/m, giving a magnetization of 9.2 J T- ' kg - '. The _.,.,_..__.__...___... __

rhombohedral hydrides (70 'C and 160 C) exhibit a behav-
ior close to paramagnetism. These observations agree with [eld-0 385 T

work by Annapoorni et al.2
The sample heated to 400 °C is easier to magnetize, and H ydrogen absorption

a magnetization at 1100 kA/m of 50 J T- 1 kg- 1 was ob-
tained. From the experiments on the HDTA, this value
should correspond to a mixture of amorphous plus very
finely disproportionated material. To measure the real value
of the amorphous material, one sample was heated under 5
bar of hydrogen up to 300 0C and thent quenched. The XRD Ms 0ig
studies confirmed the amorphous state of the material. The L teating rate = 5 Urn

amorphous material was found to be easy to magnetize, and . ...
a magnetization at 1100 kA/m of 46 J T- 1 kg-1 was ob- 0 100 200 300 40 500 600 700

tained. The sample heated to 500 TC at 1.2 bar had a magne- Temperature c)
tization of 82 J T- ' kg -1 at 1100 kA/m. This value is close to
the theoretical value of 86 J T- kg- expected for a fully FIG. 3. Curie-Faraday balance trace of RFe1 93 heated under 1 bar of hy-

disproportionated matet: I consisting of a-Fe and RH2. drogen.
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curve). On cooling, another Curie point can be observed at
Mass = 39.8 ming around 370 *C. These results show that, when ';cated under

Heating rawe= 5't/fli 0C
vacuum, the hydrogen amorphized Terfenol reverts to its

3 original crystalline structure.

Curie point of Terfenol-D
\n D. Conclusions

The pseudobinary Laves phase, Terfenol-D, exhibits in-Curie poineo

pho're -nol H. teresting and complex reactions with hydrogen. The initial
m T lHhydrogenation can take place at a very low temperature ur.

der low hydrogen pressure. As is the case with other RTM2
compounds, it is possible to induce amorphization with the
introduction of hydrogen in the structure. The transformation

......... , .............. ,........._ - of the rhombohedral hydride structure to the amorphous state

0 100 200 300 40 500 600 700 is accompanied by a recovery of magnetization at room tem-

Temperature (.C) perature. This amorphous material has a Curie point close to
70 °C.

FIG. 4. Curie-Faraday balance trace of hydrogen induced amorphized ACKNOWLEDGMENTS
RFe1 93 heated under vacuum.
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Control of Terfenol-D under load
A. G. Jenner, R. D. Greenough, and D. Allwood
Department of Applied Physics, University of Hull, Hull HU6 7RX, United Kingdom

A. J. Wilkinson
Department of Electronic Engineering, University of Hull, Hull HU6 7RX, United Kingdom

A vibration control case study is described which demonstrates the application of magnetostrictive
(Terfenol-D) actuators. The magnetomechanical properties of the material suggests that when
incorporated in devices for applications a nonlinear response will result. This case study compares
the performance of two kinds of control strategy (both discrete), a conventional proportional and
integral (Pt) algorithm and a variable structure algorithm (DVSC) in both servo and cancellation/
regulation roles. Both strategies were implemented on an INMOS 7 transputer based microcontroller
with a sampling period of 300 As. The results presented show that the control behavior of the DVSC
strategy offers significant advantages over the PI strategy when controlling actuators with nonlinear
characteristics, i.e., the rejection of a 5 Hz disturbance with a gain of -36 dB compared to a gain
of -15 dB when using the PI strategy.

I. iNTRODUCTION region of the strain (k)-field (H) curve, a drive coil to imple-
ment actuation signal, and a complete magnetic circuit to

The exceptional magnetomechanical properties of the reduce flux loss.3

rare earth compounds generically known as Terfenol-D, have The actuators in the system can be used as individual
been shown to offer a great potential for a variety of trans- units to implement servo tests or together with the lower
ducer and actuator applications. ' 2 This potential is now be- actuator causing a disturbance of the level two table for an-
ing realized with the development of linear and rotary actua- tivibration (AV) tests. The aim of the AV control is to mini-
tors but such devices usually require advanced mize the impact of any disturbance on the level one table
instrumentation to implement servo controlled loops, for ex- using only the measurement of the position via linear vari-
ample, linear micropositioning or active vibration control.3  able displacement transducers (LVDTs), type GTX2500

Actuator/transducer performance is sensitive to operat- (RDP, Ltd., Wolverhampton, UK) of the two tables to create
ing conditions and requires device designs to take into ac- a drive signal for the top actuator. Two control algorithm
count the specification and working conditions that are types, a conventional proportional and integral (PI) type, and
unique to each application. This sensitivity is due to the non- a variable structure control (DVSC) type, both discre3te, were
linear response of Terfenol-D.4 To achieve control over op- implemented on a INMOS5 transputer based microcontroller
erating performance, strategies are employed that cater to with a sampling period of 300 /S. 4

both the nonlinear magnetomechanical material properties
and the responses from the associated mechanical compo- Ill. RESULTS AND DISCUSSION
nents. At best, the overall system response can be considered
linear with a gain that varies with the operating point.3  The overall response of the level one table/antivibration

Here, servo actuators that achieve predescribed displace- actuator system must be linear and of appropriate speed and
ment wave forms (i.e., triangle, sine or step) are described, character in order to cancel the vibration of the level two
These form the basis of an active vibration control (AVC) table. This must be achieved in spite of the nonlinear behav-
system in which two types of control algorithms (both dis- ior of the Terfenol-D material. The presence of sensor two
crete) are incorporated, a conventional proportional and in-
tegral (PI) type and a variable structure control (DVSC) type.
A vibration control case study is presented to compare these SENSOR I

two types of control algorithms. LEVEL I]_/

ANTI-VIBRATION ACTUATOR-- - Orre s, nal I CONTROLLER

1I. EXPERIMENTAL TECHNIQUES ISNO

In order to demonstrate the potential of Terfenol-D in LEVEL 2 L

servo actuators and in active vibration control (AVC),
Terfenol-D based actuators were constructed and two of VIBRATION ACTUATOR--

these incorporated in a system arranged in the form of one | iv, signal 2

table carried by another (Fig. 1). These actuators have
built-in adjustable prestress to place the material on the op-
timum gain magnetostriction curve, permanent magnets to FIG. 1. Schematic of vibration experiment consisting of a vibration table in

bias the material in the middle of the approximately linear the form of one table carried by anotaler.
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FIG. 2. Displacement of level one table position under DVSC (---) and PI FIG. 4. Table displacements in response to a 5 Hz vibration actuation drive
(...) control in response to a triangular demand signal (-). signal. Level one table displacement (-), level two (...), and "canceled"

level one displacement under DVSC control as reference (-..... )

offers the possibility of using feed-forward control strategies ter immunity to process gain and behavior variations such
to reduce the effects of the disturbance on the level one table. te ausd behe aroachons toas those caused by Terfenol-D. Here, the approach used to

To test the actuators and the control algorithms servo control the level one actuator was to use a computer based
experiments were implemented with the use of predeter- form of VSC with a discrete form of the switching line. 7 In a
mined demand displacement wave forms. The response of practical device such as the level one actuator, additional
level one actuator to both triangular and step demand (fre- compensation dynamics n ist be used to ensure good perfor-
quency 10 Hz) signals supplied to the DVSC and PI control- manpensat h incsprtt of itere oo pevent
lers is shown in Figs. 2 and 3. No drive is supplied to the mance, such as the incorporation of integral action to prevent
vibration actuator (level 2) in these experiments. It can be steady state errors which may cause the DVSC to act diap-
seen that the DVSC algorithm shows a superior signal fol- propriately. If in certain situations the dynamics of the deviceare suspected to be higher than second order, then lead com-
lowing property particularly when using a step demand, it pensation in the form of discrete zeros must be incorporated
has the ability to suppress the excitation of unwanted me- into the feedback signal path. This prevents higher order
chanical resonances whilst responding to the demand in a resonances from being excited by the DVSC control.
desired way. The response of the level one and level two table to a 5

Variable structure control (VSC) is a modern nonlinearVariblestrctue cotro (VC) s a oden nnliear Hz drive signal applied to the vibration actuator when the
switching control technique 6 which can be described, for a DS cr le is used to the vibration actuator is

secod u~er rocssas ameas ofcontraningthedy- DVSC controller is used to drive the antivibration actuator issecond orier process, as a means of constraining the dy- shown in Fig. 4. The difference between using either PI or

namic behavior to that of a desired first order process re- s on T diere betion usin e lla-

sponse using switched feedback control, i.e., switching be- DVSC control to drive the antivibration actuator in cancella-

tween positive and negative feedback. In the implementation tion is highlighted in Fig. 5, using the same input drive levels

of this control approach, the feedback gains which are shown in Fig. 4, wuh the resulting amplitude reduction for

switched are typically much larger than those used in PI each type (from spectrum analysis at 5 Hz) as -15 and -36

control. Thus, there is an equivalent increase in control sys- dB for the PI and DVSC algorithms, respectively.
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FIG. 5. Relative "canceled" level one table displacements under DVSC
FIG. 3 Displacement of level one table position under DV'SC (---) and P1 (-) and PI ( •) control showing leduced effects of a 5 Hz vibration actuator
(..') control in response to a step demand signal (-). drive signal using the same drive levels as shown in Fig. 4.
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Pressure dependencies of magnetostrictive strain and d coefficient
in Terfenol-D after thermal or magnetic annealing

N. Gallowaya) R. D. Greenough, A. G. I. Jenner, and M. P. Schulze
Department of Applied Physics, University of Hull, Hull HU6 7RX, United Kingdom

The pressure dependence of the magnetostrictive strain coefficient, d33 , and maximum strains in
applied fields of 120 kA m- 1 have been measured in samples of Terfenol-D before and after thermal
or magnetic annealing. Application of an annealing field, Ha, parallel to the (111) axes which are
normal to grains oriented along the [112] axis, leads to an increase in d33 of as much as 81%, with
applied uniaxial prestresses as low as 3 MPa. The variation of optimum d33 values as a function of
stress applied along the [112] axis shows anomalous oscillations after magnetic annealing. The
thermal and magnetic effects of the annealing procedures are discussed and a mechanism to explain
magnetic annealing is proposed.

INTRODUCTION erate annealing fields, Ha, '-1000 kA m- . The sample en-
Investigations have been made previously into the ef- closure was evacuated and repeatedly flushed with argon,

fects of thermal1 and magnetic 2'3 annealing on the magneto- before filling to a pressure of -1/2 atm. Samples were
strictive properties of Terfenol-D. Of these, the most com- wrapped in tantalum foil to minimize oxidation. Cooling
prehensive study was made by Verhoeven on grain oriented rates of -25 °C/min were used.
samples with the annealing fields applied parallel to the 111) Commercial grade samples of material were prepared by

axes which are perpendicular to the [112] grain growth di- a free float zone process, -140 mm long and -6 mm diam-
rection. After heat treatment followed by magnetic anneal- eter, grain orientated with the [112] axes parallel to the rod
ing, one particular sample (Tho.318Dyo.682Fel.963) subse- axis. Polishing and etching were used to reveal grain struc-
quently produced an increase in the maximum anisottopic ture at each end for the purposes of orientation. Gross mis-
magnetostrictive strain, \max, measured in an applied field of orientation of grains along the lengths of the samples were
3 kOe and, more striking, an unusually large magnetostric- detectable with a nondestructive scanning technique.5 The
tive strain coefficient, d 3 3 (=dX/dH) in the absence of any nominal compositions of each sample provided by the manu-
applied uniaxial stress. The application of a prestress is usu- facturers are given in Table I, together with their individual
ally considered essential to generate such a response in heat treatments and magnetic annealing conditions. Sample
samples which have not been subjected to magnetic anneal.4  "C" was cut into four equal lengths C1,...,C4. Prior to treat-
As part of the same investigation, other samples still required ment, these four sections did not display any significant dif-
-1.7 MPa to obtain enhanced levels of Xmax and d 3 3 , even ferences in magnetostrictive behavior.
after magnetic annealing. Room temperature magnetostrictive strains in DC fields

The response to a magnetic field anneal depends on the (-<120 kA m- ) were measured using strain gauges with
conditions of the samples prior to the anneal. Grain orienta- fields, applied uniaxial stresses, and strain measurement di-
tion is clearly essential and while the rare earth (RE)-iron rections along the [112] direction of the oriented grains. Data
ratio regulates the magnetoelastic coupling, the Tb:Dy ratio were differentiated numerically to obtain values for the d
controls the magnetocrystalline anisotropy. The conse- coefficients.
quences of these two compositional factors are not unrelated;
the application of a uniaxial prestress induces additional an-
isotropy via the magnetoelastic coupling which, by virtue of TABLE 1. Sample compositions with annealing conditions and annealing

the sign of the magnetostriction, causes magnetic moments procedures.
to rotate away from the stress axis. The purpose of the
present work is to investigate the effects of thermal anneal- Sample Composition Measurement stages
ing which can induce compositional changes and magnetic (i) As received
annealing which induces magnetic anisotropy. Of particular (ii) Thermal anneal 950 °C 7 h
interest are the resultant magnetostrictive properties gauged A Tbo 3Dyo7Fe 95  Magnetic anneal HJlf11 i]

by the pressure dependencies of Xmax and d 3 3 . While provid- (iii) Thermal anneal 950 °C 7 h

ing some insight into the magnetization processes which Thermal anneal Hll[10]

generate the magnetostriction, the results are of potential B Tho32Dyo68Fe 95  As for sample A
value for practical applications. c

EXPERIMENTAL TECHNIQUES Ci (i) Magnetic anneal 950 *C
8 h Halili]

A furnace capable of reaching -1000 'C was situated C2 Th0 32Dyo68Fet9s (ii) Thermal anneal 950'C
between the 8 in. diameter poles of an electromagnet to gen- 8 h

C3 (iii) As received

C4 (iv) As for sample C1
a)DRA, Holton Heath, Poole, Dorset, UK.
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FIG. 1. Sample A: pressure dependence of the maximum strains at 120 FIG. 3. Sample B: pressure dependence of the d coefficient for as received
kA m -1 for material composition Tb0 3Dy0 7Fe1 95 as received (0), magneti- (0), magnetically annealed with Ha applied parallel to the [110] axis (A)
cally annealed with Ha applied parallel to the [110] axis (0) and [111] axis and [111] axis (0).
C*).

of this procedure was to identify how much of the subse-
RESULTS quent magnetostrictive response was due to the application

For sample A, the maximum strains at 120 kA m-1 and of Ha rather than thermally induced compositional changes.
maximum d coefficients as functions of pressure in "as re- The effects of the magnetic anneal over and above the ther-
ceived" material are compared with results after the sample mal effects are clear. Heat treatment alone (Fig. 4) moves the
was magnetically annealed twice, once with H0 applied ap- peak in the d 33 to a lower pressure (-8 MPa) but the mag-
proximately parallel to the [111] direction and then along the nitude is not increased; magnetic annealing doubles the
[110] direction (Figs. 1 and 2). Both annealing directions maximum d coefficient and reduces the required prestress
improve Xmax slightly at low pressures but the response of from 14 to 3 MPa. Sample C4 shows an almost identical
d 33 to magnetic annealing is more pronounced than Xmax. An change in behavior to sample Cl (Fig. 5).
exceptionally large d33-260 nm A-1 is observed with a pre-
stress of 10 MPa when annealed with Ha along the [111] DISCUSSION
axis. Sample B, having the same history of treatment as It is observed that magnetic annealing has a more
sample A, exhibits the same kind of response, viz., a small marked effect on the pressure dependent behavior of d 33

increase in Xmax at low pressures after magnetic anneal, re- than on Xmax .A reduction in uniaxial prestresses to achieve
gardless of the direction of H, The change in d-coefficient maxrepns s a retrwt d 3 19nm a-3Ma maximum d33 indicates that magnetic annealing introduces
responseextra anisotropy which assists in the preferential distribution
(Fig. 3) but in this sample an oscillatory variation of d33 with of moments along the [111) axis prior to the anplication of a
pressure is very strong after applying H0 along the (111] 6
axis. Similar oscillations can be seen in the results from magnetizing field.6 Magnetization then proceds by the ma-

sample A, but much weaker.
Sample C1 and C2 received identical heat treatments ex-

cept the -mealing field was not applied to C2. The purpose

300 120

250

200 80

C150

100 40

50
0 .. . . . . . . . . . . . . . . . . , ,0 . . .. . ..... . . . . .., . . . . .

0 5 10 15 20 0 5 10 15 20
Pressure (MPa] Pressure IMPa]

FIG. 2. Sample A: pressure dependence of the d coefficient for as received FIG. 4. d33 vs pressure for the composition Tb 0 32Dy0 68Fei 95 thermally
(0). magnetically annealed with H, applied parallel to the [110] axis '0) annealed sample ('2 (0) or magnetically annealed sample C1 (4), coin-
and [111] axis (*). pared widi the "as received" perfoinances for C (0) and C2 (0).
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160 .only from the initial distribution of moments but from pres-
sure induced periodic undulations in the energy surfaces.

The effects of magnetic annealing could be of value for
120practical purposes (for example, to reduce the level of pre-

stress required to gain maximum d coefficient) provided the
7response of any sample to post production processing can be

predicted. In the present work, no correlation is evident be-
Es 80 tween the pre- and post-annealed d coefficients. However,

the magnitude of the prestress required to achieve an opti-
mum d coefficient is lower for material containing a higher

40 Tb:Dy ratio (Table II).
In the absence of an annealing field, changes occur at

elevated temperatures causing, for instance, a reduction of
the bias pressure for optimum d coefficient in sample C2.

0 5 10 Compositional changes such as the diffusion of RE ions from10essur 15 2the grain boundaries maximize interatolmic magnetoelastic
Pressure [MPa] coupling,2 which enhances the pressure sensitivity. Only if

FIG. 5 d33 vs pressure for the composition Tbo 32Dyo68Fe1 95 magnetically the magnetoelastic coupling is strong enough will a sample
annealed samples C1 (*) and C4 (0) compared with performances prior to of material be susceptible to magnetic annealing. Then, in
annealing, C1 (0)and C4 (0). cooling from T, to room temperature, the annealing field

retains the moments along a particular (111) direction and
the maximum macroscopic contraction will develop along
the aligned [112] grain axes as the spontaneous magneto-

jor'ty of mome'its rotating away from the [111] direction striction develops. This lowers the free energy and after an-
towards the [112] axis and the corresponding magnetostric- nealing is completed the contraction will then be retained, as
tive response, as gauged by the magnitude of d 3 3 , is maxi- observed in practice, until sufficient energy is supplied to
mized. The maximum strain Xmax depends on the final state redistribute the moments among all the (111) axes. In other
of magnetization rather than the processes through which it words, magnetic annealing could be magnetostrictively
is achieved. Hence the magnitude of Xmax, as expected, is driven.
virtually independent of anisotropy induced by magnetic an-
nealing (Table II). CONCLUSIONS

In addition to the initial distribution of moments The d coefficient is particularly responsive to magnetic
amongst the (111) axes, the subsequent magnetization pro- annealing as seen in both its magnitude and the optimum
cesses which determine the magnitude of d 3 3 are also influ- pressure bias. The thermal element of a magnetic anneal pro-
enced by the shapes of the anisotropy surfaces. 7 The com- cess is important in controlling the composition, which maxi-
bined effects of three anisotropies, mangetocrystalline and mizes the magnetoelastic coupling. A spontaneous magneto-
induced artisotropies from the application of stress or mag- strictive deformation that accompanies magnetic annealing
netic annealing, will regulate the surface shape. When could be the origin of the extra anisotropy which subse-
uniaxial pressure is applied the balance of the three energy quently causes moments to align preferentially along the
components is perturbed and the surface modified. It is con- field anneal direction.
sidered that the oscillations in d33 as a function of pressure ACKNOWLEDGMENTS
in samples A and B after magnetic annealing originate not The authors are grateful to the SERC, DRA, and staff at

the University of Hull for their support, in particular K.P.
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K
Effect of bias magnetic field on the magnetostrictive vibrationof amorphous ribbons

Naoshi Asuke
Toppan Printing Co., Ltd, Sugito Saitama 345, Japan

Tatsuru Namikawa and Yohtaro Y'amaza'd
Tokyo Institute of Technology, Nagatsuta, Midori-ku, Yokohama 227, Japan

Electromagnetic waves generated from the magnetostrictive vibrations of amorphous ribbons under

nonuniform bias fields were investigated. The sample ribbon 80 mm in length was placed on a

plastic support board where both edges of the ribbon were free. In a uniform bias field generated by

a Helmholtz coil, four resonance peaks of 27, 54, 81, and 107 kHz were detected. The nonuniform

magnetic fields were generated by single-pole magnetic heads. Two single-pole magnetic heads with

3 mm spacing between the ribbon were moved along the ribbon. When the heads were located at 10

and 70 mm from an edge of the ribbon, the frequency of the detected response was 54 kHz, i.e., the

detected response was the second resonance peak. The other resonance peaks (81, 107, and 129

kHz) could also be separated by adjusting the positions of the heads. Therefore, the electromagneic
response of the magnetostrictive vibrations of amorphous ribbons could be controlled by applying

appropriate nonuniform bias magnetic fields. From the results, it is suggested that a magnetost;ictive

amorphous ribbon not only sends one bit data but also sends multiple bit data with the aid of bias
magnetic fields.

INTRODUCTION bon was not fixed and both edges were free. The position of

Some aniorphc . magnetic ribbons have large magneto- the ribbon was adjusted so that an edge of the ribbon was
Some aofficns aneticribbn have ledt man- located near the center of the figure-eight coil. In order to

devicesf When an ac magnetic field is applied to a magne- apply a uniform bias field to the sample ribbon, a Helmholtz
devies. Whn a ac agnticfied i appiedto mane- coil was added.

tostrictiv.. ribbon with a uniform dc magnetic field, a me- i a s at gre r

chanical vibration is induced. Through the analysis of me- Figure 2 shows the schematic diagram for generating

chanical resonance, the magnetomechanical coupling factor nonuniform field patterns by using single-pole magnetic

determined. 2- 8 The vibrations have many heads. The single-pole heads were made of soft steel plates
k of the material150.3 mm3, and a copper wire of 0.2 mm was wound
resonance points which depend on the sample's shape and 200Xturns. Th space b he ieo l heas and

induce electromagnetic waves which can be detected by an 200 pus The a s 3e mm. the mgle-pole he

antenna. It is expected that, through amorphous ribbons, we amorphous ribbon was 3 mm. The magnetic field from the

can send multiple bit data by separating the resonance mode. single-pole head was 6 Oe at the surface of the amorphous
ribbon.

In this study, we observe the resonance peaks of amor-

phous ribbons for uniform and nonuniform bias magnetic
fields, to investigate the separation of the vibration modes.

EXPERIMENT
NEITWORKSPECTRUM ANALYZER

The schematic of the experimental setup is presented in outpu t
nput

Fig. 1. An exciting coil of 34 mm in diameter and 200 turns
was placed 35 mm apart from the detecting coil. The signal OSCILSOP

from the sample was detected by a figure-eight coil, so as to E _

eliminate the exciting signal. The measurement was made in __

the frequency range from 10 to 200 kHz. The exciting cur- 1t;nholtzcoi

rent was from 44 to 2 mA. The exciting coil generated ac
magnetic fields of about 3.0 to 0.2 Oe rms, at the center of Excitingcoil figure-8 coil

the coil.
The figure-eight coil consists of two rectangles with a

size of 80X25 mm2 and 10 turns. The signal from the figure-

eight coil was measured by a network/spectrum analyzer.
The wave form and phase of the exciting voltage were moni-
tored by an oscilloscope.

A MetglasTM 2826MB (Fe 40Ni38Mo 4B 8) (Refs. 6 and 9) Sample

amorphous ribbon with size of 80X12 mm2 and thickness of
0.03 mm was used, as a sample. The sample ribbon was as
cast and placed on a plastic support board. The sample rib- FIG. 1. Schematic diagram of experimental apparatus.

7166 J. Appl. Phys. 76 (10), 15 November 1994 0021-8979/94/76(10)/7166/3/$6.00 © 1994 American Institute of Physics
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FIG. 2. Schematic diagram ',r generatrng nonuniform field patterns by us- 0 40 80 120 160 200
ing single-pole magnetic heads. Frequency(kHz)

RESULTS AND DISCUSSION FIG. 4. Power spectrum with a uniform magnetic field for a confined amor-
phous ribbon. 'Wo positions of the ribbon were fixed to the support board by

Figure 3 shows the poiwer spectrum measured w th a using a pair of thin plastic plates.
uniform magnetic field of a Oe. The frequencies of the peak
points were 27, 54, 81, ard 107 kHz, and correspond to the
first, second, third, and f.urth harmonics, respectively. The uniform field nor nonuniform field were apolied. The follow-
peak observed at 116 kHz was expected to be a resonance of ing iesults were obtained with nonuniform magnetic fields.
the transverse mode. We use the relationship between the Curies B-F were obtained by using a pair of single-pole
resonance frequency and the length of the media as magnetic heads. The spaces between the heads are shown in

f Cn2), the figure. The distances from the edges of the ribbon to the
heads are equal for both ends. The frequencies of the highest

where f, is the nth resonance frequency, I is the length of the peaks for the head distances and polarities were 54, 81, 107,
media, and v is the velocity of sound. We calculate the reso- and 129 kHz for 60, 30, 40, and 54 mm, respectively. Curves
nance frequencies from the first to the fourth as 27, 54, 81, B and D were obtained with magnetic heads having different
and 107 kHz by using Eq. (1) and v =4320 m/s. polarities. The peaks in curves B, C, and D correspond to the

In other amorphous ribbons, Metglas 2605SC
(Fe8 lB13.5Si3.5C2), 0 2605S-2 (Fe78Si9Bt3), l0 and 2605CO
(Fe 67Co18Bl4Sil), i t the power spectra did not generate sharp
peaks provided the sample ribbons were as cast. I I I I

Figure 4 shows the power spectrum with a uniform mag- 'K.
netic field of 4 Oe, where the two posiions of 20 and 60 mm
from an edge of the ribbon were fixed to the support board1 5dBm
by using a pair of thin plastic plates (0.2 mm thick). Only
one peak of 54 kHz was detected in this case. Considering
Eq. (1) and the result of Fig. 4, this peak is expected to be the Li I
second harmonic resonance, and the fixing positions corre- B

spond to the nodes for the vibration. Therefore, other har-
nionic modes were suppressed.

Figure 5 shows the separation of the resonance peaks Li -i
using nonuniform magnetic fields. The power spectrum with- U U
out peaks, shown as A in the figure was obtained when no C

-40,

D

V~-45

44)

-5

0 40 80 120 160 200 0 40 80 120 160 200

Frequency(kHz) Frequency(kHz)

FIG. 5. Separation of resonance peaks, A: without magnetic field, B-E:
FIG 3 Power spectrum of magnetostrictive vibrations with a uniform mag- nonuniform magnetic fields are applied ,ith magnetic heads. Magnetic
netic field. polarities of the heads are indicated by black and white.
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[ second, third, and fourth resonance peaks in Fig. 3. The peak appropriate nonuniform bias magnetic fields. From the result,

in curve E is not observed in Fig. 3, however, we estimate it is suggested that a magnetostrictive amorphous ribbon not
the fifth harmonic frequency as 135 kHz using Eq. (1). only sends one bit data but also sends multiple bit data with
Therefore the peak can be assigned to the fifth resonance. It the aid of bias magnetic fields.
is noted that the intensities of the highest peaks are almost
equal, compared with Fig. 3. ACKNOWLEDGMENT

The power spectra that we obtain by the measurements
relate to the magnetomechanical coupling factor k of the We wish to thank Dr. G. Sugiura for discussions on this

material. It is expected that more than six resonance peaks study.
may be detected when the magnetomechanical coupling fac-
tor of sample ribbons is increased. ' K. Mor, IEEE Trans. Magn. MAG-20, 942 (1984).

2 M. A. Mitchell, J. R. Cullen, R. Abbundi, A. Clark, and H. Savage, J.

CONCLUSIONS Appl. Phys. 50, 1627 (1979).3M. Broha and J. van der Borst, J. Appl. Phys. 50, 7594 (1979).

The relationship between the resonances in the magne- 4 C. Modzelewski, H. T. Savage, L T. Kabacoff, and A. E. Clark IEEE

tostrictive vibration of amorphous ribbons and bias magnetic Trans. Magn. MAG-17, 2837 (1981).
fL. T. Kabacoff, J. Appl. Phys. 53, 8098 (1982).

field patterns was investigated. The first, second, third, and 6p. M. Anderson III, J. Appl. Phys. 53, 8101 (1982).
fourth harmonic peaks were detected in an amorphous ribbon 7 L. T. Kabacoff and M. Wun-Fogle, J. Appl. Phys. 57, 3499 (1985).

80 mm in length and 12 mm in width, with a uniform bias 8M. Wun-Fogle, H. T. Savage, L. T. Kabacoff, K. B. Hathaway, J. M.

field. Specific resonance peaks were detected with nonuni- Merchant, and B. Beihoff, J. Appl. Phys. 64, 5405 (1988).

form magnetic bias patterns which were generated with a 9MetglasTM is an Allied Corporation registered trademark.
fhM. L. Spano, K. B. Hathaway, and H. T. Savage, J. Appl. Phys. 53, 2667

pair of single-pole magnetic heads. Therefore, the response (1982).

of the harmonics frequencies could be controlled by applying "A. Hernando, C. Aroca, and V. Madurga, J. Appl. Phys. 53, 2297 (1982).

7168 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Asuke, Namikawa, and Yamazaki



AUTHOR INDEX.

Abad H.-(10) 6294 Berkowitz, A. E.-(10) 6117, 6209, Castro, J.-(10) 7034 Cowens, 1. A.-(10) 6567Abarra, E. N.-00) 6292 6292, 6331 Cavaileri, A.-(10) 6332 Cowley, R. A.-(10) 6274Abdouche, R.-(10) 7084 Bernardi, Johannes-(10) 6241 Cebollada, A.-(10) 6618 Crespo, P.-(10) 6322Abele, M. G..-(10) 6247, 6853 Berry, S. D..-(10) 6284 Celotta, R. J.-(10) 6992 Cubitt, R -(10) 6784Abell, J. S.-(10) 7137 Bespyatyks, Yurij-(10) 6895, 6895 Cerdonjo, M.-(10) 6332 Cuccoli, Aicssandro-(10) 6362Acher, O.-(10) 6570 Beyers, R.-(10) 6618 Cerva, H.-(10) 6238 Cullen, J. R.-(10) 7027Adams, C. P.-(10) 6229 Bhiatia, S. N.-(10) 6944 Chamberlin, R. V.-(10) 6401Adenwalia, S.-(10) 6443 Bhatnagar, A. K.-(10) 6107, 6110 Chandra, G.-(10) 6501 Daboo, C.-(10) 6440Aeppli, G.-(10) 6788 Bian, X.-(10) 6796, 7084 Chang, Ching.Ray-(10) 6493, 6588 Dahlberg, E. Dan-(10) 6196, 6396,Aharoni, Arnikam-(10) 6977 Binek, C.-(10) 6528 Chsang, Kuo En-(10) 6262 6616Ahiers, D.-(10) 6453 Bishop, 1). J.-(10) 6788, 6789 Chang, W D.-(10) 6582DaioaN.P(1)73
Aka y, . A .(1 ) 6 78Bia co,3. .(1 ) 6 18Chantrell, R. W .-(10) 6368, 6407, Daosheng, D ai-(l0) 6769, 7102Albuquerque, E. L-(10) 6552 Bland, J. A. C.-(10) 6093, 6440 6811 Ds .N-1)62AI- ana i, . J-( 0) 359Bie del, . E -(1 ) 6 50Chapm an, J. N .- (10) 6440, 6613 da Silva, M . F.-(10) 6104. 6537, 6906Alien, P.-(10) 7074 Blinkin, V. A.-(10) 6892 Chapport, C.-(10) 6078 Davies, H. A.-(10) 6244Allia, P.-(10) 6817 Bloemen, P. J. H.-(10) 7081 Cho, Hao-(10) 6347 Davis, R.. L-(10) 6138Aiiwood, D-0i0) 7160 Boardman, Alan-(10) 6895 Chent, C. T.-(10) 6477 Dawson, F. P.-(10) 6871, 6874Al-Oman,. 1. A.-(10) 6159 B6deker, P.-(10) 6096 Cheni, C.-T.-(10) 6525 Day, R. K.-(10) 6153Aitounian, Z.-(10) 6038, 6796, 7084 Boekema, Canei-(10) 6703 Chen, C. Y.-(10) 6516 Do Boeck, J..-(10) 6281A iv e s, E .- (1 0 ) 6 9 0 6 B o lz o n i, F .- (1 0 ) 6 2 6 8C h n E .Y u u - 1 6 1d o B e , F R . 1 0 6 2 4 6 1 7 6 4 ,

Amado, M. M.-(10) 6851 Booth, J. G.-(10) 6359 Chen, R.0 6o94-1, 616 674Boe, 6.837, 61, 621,4640Ames, Edwin A.-(10) 6197 Borchers, J. A.-(10) 6284, 7092 Chen, Hon-(10) 67, 74 964, 6837 Be , 613, 740Andri, W.-(10) 6510 Borghs, G-010) 6281 Chen, J.-(10) 6291 de Francisco, C.-(10) 7133Ankner, J. F.(10) 6284, 7092 Boutiouh, A.-(10) 6078 Chen, J. P -0l0) 6316 de Greet F. M. F.-(10) 6453Antonov, . .-(10) 635 Brag, . A.-(10) 689, 51 861 Chen, L H.-(10) 6814 do Jonge, W. . M.-(10) 660, 7081A n t r p o v V . P . - 1 0 ) 6 7 0 B r n d , P .. A . ( 0 ) 2 9 3 6 5 8 , 9 1 2 C h e n , Q i x u -( 1 0 ) 6 5 7 9 d e J u i i n , C .-( 1 0 ) 6 5 7 3 , 6 8 4 0Aoki, Y.-(10) 6919 Braun, Hans-Benjamin-(10) 6177, Chen, S. K.-(10) 7071 Dekoster, J.-(10) 6428Arai, K. L.-(10) 6994 6310 Chen, X.-00) 6038 de Ia Fuente, C.-(10) 6180Arnaudas, J. 1.-(10) 6180 Brewer, E. G.-00) 6232 Chen, Y. Y.-00) 6516 Delamare, Jir6me-(10) 6865Aronson, M. C.-(10) 7049 Br~hl, K. Z.-(10) 6096 ChnBnPi(0 75Dellaiov, V. S.-(10) 6560Arrott, A. S.-010) 7031 Brohoim, C.-(10) 6788 Chong, BS. F-(10) 62570,02 deMoaA-(1)68Artman, J. O.-(10) 6307 Broussard, P. R.-(10) 6437 Chong, S. F.-(1 ) 6,700, 70714 deMala, A.-(10) 68Arutyunov, K. Yu.-(1O) 7139 Brown, L M.-(10) 6440 Ch6734 a.Ha(O)61, 74 Demanget, SC-(10) 699Azzhnikov, A. K.-(10) 7032 Brown, S. D.-(10) 6386 6734 ho-u-(0 64 Dcmorto, S t-.(10) 7018Ashraf, M. M.-(10) 6831 Briick, E.-(10) 6913 Cheng, AoS-hu10) 746 Detimoe, ACtono10 10 7018Asti, G.-(10) 6268 Bruno, P.-(10) 6972 Cherali, A.B.-(10) 7117 Detie, C..-(10) 4 5Asuke, Naoshi-(1O) 7166 Bruton, . D.-(10) 6110ChvirB-1)64DvneM.K(1)75
Attenkoter, K-010) 6453 Bruynseraede, C.-(10) 6281 Chien, C. L.-00) 6081 Dhard, C. P.-(10) 6944Awschalom, D. D.-(i0) 6656 Bruynseracde, Y.-(10) 6604 Chin, T. S.-(10) 6582, 6834, 7071 DiBari, R. C.-(10) 6284

Bucher, E.-(10) 6133, 6788, 6789 Ching, K. M.-(10) 6582 Diop, H. T.-(10) 6350, 7093
Buckley, M. E.-(10) 6093 Ching, W. Y.-(10) 6047, 7046 Dikshtein, 1. E.-(10) 6880Bader, S. D.-(10) 6419, 642S Budnick, J~. 1.-(10) 6576 Chiou, Gwo-Ji-(10) 6862 Dikshtein, Igor-(10) 6895, 6895Badia, F-(00) 6481 Bugosiavsky, Yu. V.-(10) 7142, 7143 Chou, Stephen Y.-(10) 6673, 6679 Dimitrov, D. V.-(10) 6799Balbis, L. C.-(10) 6989 Burkel, E,-(10) 6295 Chouairi, A.-(10) 6989 Ding, J.-(10) 7074Baidokhin, Yu. V.(i0) 6496 Busbridge, S. C -(10) 700 Chrisey, D. B.-(10) 6823 DiVincenzo, D. P -(10) 6195Baidomir, D.-(10) 6564, 7034 Buschow, K. H. J.4(10) 6035, 6731, Christodoulou, Chris N.-(10) 6041 Divii, M.-(10) 6214Baitensperger, W.-(10) 6980 6837, 6843, 6851 Chu, C W -(10) 6941, 7127 Dobbertin, D.-(10) 6618Bao, Xiaohua-(10) 6626 Bushida, K.-(10) 6198 Chu, T. Y.-(10) 6834 Dobysheva, L V.-(10) 7032Barbara, B -(10) 6676 Butler, W. H.-00) 6805, 6808 Chubing, Peng-(10) 6769, 7102 Dogan, F.-(10) 6778Baibeta, V. B.-(10) 7121 Buyers, W. J. L.-(10) 7075 Chui, S. T..-(10) 6449 Doi, NI.-(10) 6642Barnard, J. A.-(10) 6478, 6522 Ciria, M..-(10) 6180 Dong, Shengzhi-(10) 6053Birnte, K.-(10) 6925 Clark, A. E.-(10) 7009 Dorantes-Divila, J.-(10) 6328Barradas, N. P.-(10) 6104, 6537 Cabassi, R.-00) 6268 Clausen, K. N.-(10) 6788 Dresseihaus, M. S.-(10) 6291Bass, J.-(10) 6610 Cable, J. W.-(10) 6359 Clegg, S. J.-(10) 6371 Dreyssi, H.-00) 6328, 6989Batile, X.-(10) 6481 Cabral, C., Jr.-(10) 6601 Clemens, Bruce M.-(10) 6617 Du, Y. W.-(10) 6490Batiogg, B.-(10) 6789 Caciuffo, R -(10) 7034 Cobb, J. L-(10) 6110 Duh, J G.-(10) 6582Bauer, G.-(10) 6290, 6291 Cadieu, R. J.-00) 6059, 6068, 6760 Cochrane, R. W.-(10) 6796, 7075 Dunlap, R. A -(10) 6113, 6338, 6499,Beach, R. S.-(10) 6117, 6209 Cadogan, J. M.-(10) 6038, 6138, 6150 Coehoorn, R.-(10) 7081 6501, 6737Beatrice, C.-(10) 6817 Cat, Jian-Wang-(10) 7043 Coey, J. M. D.-(10) 6632, 7068 Dunlop, J. B.-(10) 6138, 6150, 6153Beauvillais, P.-(10) 6078 Camp, F. E.4(10) 6265 Collocott, S. J.-(10) 6138 Dupas, C.-(10) 6558Bedell, Kevin S.-00) 6130 Canifield, P. C.-(10) 6121, 7049 Cooper, B. R.-(10) 6226 Dupuis, V.(10) 6676Beiiin, P-(00) 6604 Cho, Lti-(10) 6711, 6714, 6746 Cooper, Bernard R. -(10) 6130 Dye, J. L.-00) 6567Beloy, S. L.-(10) 6353 Cao, Y.-00) 7127 Corme, J.-(10) 6078Bender, H.- (10) 6281 Carbone, C.-(10) 6966 Correia, J. G -(10) 6906 Eberhardt, W.-(10) 6966Ben-Dor, L-(10) 7121 Carbucicchio, Massimo-(10) 6626 Costa, J. L -(10) 7030 Ebert, H.-(10) 6453Bennett, L H.-(10) 6044, 6519, 6950 Carl, A.-(10) 6116 Costa-Kramer, J. L-(10) 6204 Eckert, D.-(10) 6268, 6717Berg, L.-(10) 6986 Carta, P.-(10) 6474 Cottam, M. G.-(10) 6549, 6883 Edwards, Brandon-(10) 6271

J. Appi. Phys., Vol. 76, No. 10, 15 November 1994 Author Index 7169



EI-Hito, M.-(10) 6368, 6407, 6802, Ge, X.-(10) 6490 Havela, L_(10) 6214, 6217, 6913, Jiles, D. C -(10) 7015

6811 Ge, Y. P -(10) 6843 7040 Jin, S.-00) 6814, 6929

Engel, Bead N._-(10) 6075, 6959 Gebel, B.-00) 6717 Hay, J. N.-(10) 6831 Johnson, M. T-(10) 7081

EngeE.(10 696Gehring, P. M.-(10) 6180 He, P.-00) 6084 Johnson, M. T.-(10) 6100

Engle, Ernily-(10) 6196 Geldart, D. J. W.-(10) 6338 He, Y.L-(10) 6446 Johnsn S -(10)649

Erwin, R. W.-(10) 6284, 6778 Genenko, Yuri A.-(10) 7144 Hegd' H.-(10) 6059, 6068, 6760 Jones, D. G. R -1)62

Eschrig, H.-(10) 6214 Gerlach, B.-(10) 7000 Heilman, F -(10) 6292 Jones, T.-(10) 7034

Escorial, A. Gaecia-(10) 6322 Gervais, B.-(10) 6661 Helman, J. S.-(10) 6980 Jonker, B. T.-(10) 6294

Espeso, J. 1.-(10) 6118 Gester, M.-(10) 6440 Helinolt, R. V.-(10) 6824 iou, C J.-(10) 7136

Etourneau, J.-(10) 6344 Ghidini, M.-(10) 6661 Hempel, K. A -(10) 6062 Joven, E -(10) 6180

Evetts, J. E.-(10) 6513 Gibbs, M. R. J.-(10j 6534 Henderson Lewis, L-(10) 6235 Judy, Jack-(10) 6579

Gider, S.-(10) 6656 Henmi, H.-00) 6919 Julian, S. R -(10) 6137

Giebultowicz, T. M.-(10) 6290, 6291 Her, Trao-(10) 6703 Jug9 yn i-1)67

Fadley, C S.-(10) 6452, 6477 Gignoux, D.-(10) 6118 Herbst, J. F.-(10) 6056, 6144, 6301 Jungblut, R.-00) 6100

Falco, Charles M.-(10) 6075, 6959 Gini, Anit K.-(10) 6573 Hermfndez, Laura-(10) 7093 Jungermann, J.4(10) 6293

Falenschek, J.-(10) 6986 Girt, Er.-(10) 6038 Hernando, A.-(10) 6322

Falicov, L M.-(10) 6595 Givord, D.-(10) 6661 Heyderman, L J.-(10) 6613 Kaczmarek, W. A.-(10) 6065

Farrow, R F. C.-(10) 6617, 6618 Gnezdilov, V. P.-(10) 6883 Hiflebrands, B.-(10) 6100 Kaduwela, A. P -(10) 6477

Faschinger, W.-(10) 6290 G6mez Sal, J. C.-(10) 6118 Hines, W. A.-(10) 6576 Klef .1)65

Fassbender, J-0(0) 6100 Gong, Hua-Yang-(10) 6711, 6714, Ho, G. H.-(10) 6477, 6525 Kalceffo, 0 -(10) 653

Fayeulle, S.-(10) 6676 6734 Hoffmnann, H.-(10) 6507 Kalogiro, 0. S-(10) 67229

Fazleev, N. G.-(10) 6347, 6896 Gong, Hua-yang-(10) 6746 Holden, T. M.-(10) 6229 Kamn, .K -(10) 7099

Feicher, G. P..-(10) 6443 Gong, W.-(10) 6156 Holody. P.-00) 6610 Kangy, 1. K -(10) 021

Fcng, Y B.-(10) 6591, 6594, 6903, Gong, X. G.-(10) 7037 Homma, M.-00) 6828 Katuy, H.auao-(10) 634

7145 Gonzilez, A.-00) 6564 Honda, T.-(10) 6994 Kawasri, H.asuaht-(10) 68

Feng, Yuan-Bing-(10) 7043 Gonzilez, J.M-0 6573, 6840 Hono, K-00) 6790 Kawasaki, Mshitok-(10) 67108

Fenimore, P. W.-(10) 6192 Goremychkin, E. A-(00) 6124 Hood, Randolph Q.-(10) 6595 Kawazo, Boshyuki010 6 7 10

Fernandez-Baca, J. A.-(10) 6359 Goryunov, Yu. V -00) 6096, 6889 Horwitz, J.-(10) 6823 Keimse, B.-(10) 67

Fernando, A S -(10) 6159 Goto, T.-(10) 6682 Hossain, S.-(10) 6522 Keira, K. Mk-(10) 6579

Ferri, J.-(10) 6983 Graf, T.-(10) 7052 Howard, B.-00) 6788 Kenerl, K. -(10) 632214

Feuteill, E-010) 7074 Grandjean, F.-00) 6731 Hsieh, W. T.-00) 7124 Kendall, D.-(10)706,714

Fidler, J-010) 7053 Greaves, S J.-(10) 6802 Hu, B. C.-(10) 6516 Kentma, . G.-(10) 66

Fidler, Josef-(10) 6241 Greene, R. L -(10) 6953 Hu, Bo.Ping-(10) 6383 Keradasl, V.Y.-(10) 6287

Fi~vct, F.(00) 6570 Greenough, R. D.-(10) 6371, 7154, Hu, JI.Fan-(10) 6383 Kergal, -0) 7040

Fivet-Vincent, F.-(10) 6570 7160, 7163 flu, W. Y.-(10) 6751 KergoaP, .-(10) 6787

Filipkowski, M. E.-(10) 6437, 700 Grigereit, T. E.-(10) 6772 Hu, Xiao-(10) 7108 Kes, .W.-(10) 6784658 61

7092 Grigorenko, A. N...(10) 6335 Hu, Z-0(0) 6147, 6162, 6731 Keaue, . -(10)3 6528, 689

Frorani, D.-(10) 7034 Grigor'ev, L. A.-(10) 7099 Hua, S. Z.-(10) 6519 Khalialn, G. G.-(10)60 6 889

Fischer, P.-(10) 6453 Grishin, A.-(10) 6947 Huang, Def-Ray-(10) 6862 Khatsno, B. N-00) 6353

Fischer, Paul B.-(10) 6673 Grishin, A M.-(10) 6560, 6965 Huang, F.-00) 6434 Khats'o, S .- (10) 7117

Fischer, R-0l0) 7053 Grolier, V -(10) 6983 Huang, H. L -(10) 6892 Kizro, ST-(10) 6532

Fisk, Z.-(10) 6121, 7049, 7052 Gniinberg, P.-(10) 6604, 7091, 7092 Hluang, J. C. A.-(10) 6516 Kief, M. S.-(10) 625

Fitzsimmons, M. R-010) 6295 Grundy, P. J.-(10) 6090, 7003 Huang, M. Q.-(10) 6648 Kim, A.u S-(10) 6 7

Foldeaki. M -(10) 6737 Cu, E -(10) 6440 Huang, Ming-Zhu-(10) 6047, 7046 Km .D0)61
Folks, L-010) 6391, 7074 Gudat, W.-00) 6966 Hucht, A.-(10) 6341 Kim, JS R.-00) 651

Fondado, A.-(10) 6564 Guillot, M.-(10) 6035 Humphrey, F. B.-(10) 6204 Kim, Y H -(10) 6099

Forgan, E. M.-(10) 6784 Guntherodt, G.-00) 6100 Hundley, M F.-00) 7052 Kim, Young-Suk-(10) 6087

Fraerman, Andrey A -(10) 6671 Gun, G.-(10) 6490 Huse, D. A -(10) 6789 Kinderlehrer, D.-(10) 7012

Frart, Z.-(10) 6897 Gun, Hong-(10) 6374 KaudKJ-1)61,61

Freitag, M.-(10) 6425 Guo, Hui-qun-(10) 6746, 6763 IdHdai( 15Klabune, K-(10) 66,631

Freitas, P. P.-(10) 6104, 6537 Guo, X.-00) 6465Io iek-1)665 Kleease, W.-0) 666

Fritzsch, L -(00) 6510 Guozhong, U-00) 7102 ldzerda, Y. U.-(10) 6437, 6452, 6477, Kleman, R. N-(10) 6288,68

Fruchart, D.-(10) 6035 Gurney. B. A.-00) 6805 6525 Klim, K. -(10) 6 7688,68

Fry, J L -(10) 6347, 6896 Gurney, Bruce A.-(10) 6616 fiiiguez, J.-(10) 7133 Knobk, M.o-(10) 69,88

Fuerst, C D -(10) 6056, 6144, 6232, Gusey, Sergey A.-(10) 6671 Inoue, Yoshiharu-(10) 6653 Knblel, M.-0l0) 6817

6301 Gjutfleisch, O.-(10) 6256, 6825 loffe, A. F.-00) 7099 Knbayas, (10) 4

Fujiki, N. M.-00) 6338 Gutierrez, C. J.-(10) 7090, 7092 Isaacs, E. D.-(10) 6133 Kobayashi, Y.-(10) 7024

Fujimori. H.-(!0) 67'90 Isnard, O.-(10) 6035 Kobasi, A. -(10) 61768

Fujiwara, H.-00) 6522 lzco, C -(10) 6564 Kocsharan, A. N -(10) 617,186

Fukamichi, K.-(10) 6682 Habib, J. M.-(10) 6950 KkhrV uA-1)74

Fuknag, H-(1) 646Hadjipanayis, G. C.-(10) 6156, 6316, Kolb, E -(10) 6558

Fulkn, PalH.-(10) 65461 6319, 6543, 6799, 7065 Jack, K. H.-(10) 6620 Kolotyrkin, P Ya.-(10) 6496

Funsmkau L.-(10) 7024 Haiying, Chen-(10) 7102 Jakubovics, J. P.-(10) 6099, 6513 Komada. Norkazu-(10) 6041

Furdna, J. .-(10) 602 91 Han, D. H.-00) 6591, 6900 James, . D.-00) 7012 Komuro. Matahiro-(10) 6637
FdyaJ.K-1)69 621Handstein, A -(10) 6717 Jardim, R. F -(10) 6585, 7121 Kong, Lin-Shu-(10) 6711, 6714

Hanisch, K.-(10) 6528 Jarratt, J. D -(10) 6478 Kong, Lin-shu-(10) 6746

Galloway, N -(10) 7163 Harada, Yasoo-(10) 6667 Jaswal, S. S.-(10) 6159 Konig, H.-00) 6474

Galtier, M -(10) 6558, 6983 Harbison, J P -(10) 6278 Jedryka, E -(10) 6428 Konrad, A.-(10) 6871, 6874

Camsa, S.-00) 6585 Hargraves, P.-00) 6338 Jehan, D.-(10) 6274 Koon, N. C.-(10) 6823

Gammel, P. L -(10) 6789 Harmon, B. N.-(10) 6474, 6705 Jenner, A. C -( 10) 7154, 7 i~o Korotkova, Natalia A -(10) 6671

Gangopadhyay, S.-(10) 6319, 6522 Harp, C. R.-(10) 6462, 6471 Meiner, A C. 1.-(10) 7163 Kortan, A R.-(10) 6110

Gao, L -'10) 6941 Harper, .r. M.-(10) 6601 Jensen, J. H.-(10) 6853 Kouvel, J. S -(10) 6965

Gao, Y H.-(10) 6740 Harris, I. R -(10) 6050, 6256, 6825, Jeong. S. Y.-(10) 6084 Krause, R. F -(10) 7065

Garcia- Jastida, A. J -(10) 6564 6831, 7157 Jerems, F-(10) 6371 Krauss, Peter R.-00) 6673

Garcia-Otero, J.-(10) 6564 Harris, V G.-(10) 6322 Jerome, R.-(10) 7087 Krebs, J3J -(10) 6294, 6452, 7090,

Garg, Anupam-(10) 6168 Hart, R.-(10) 6519 Jeyadevan, B -(10) 6325 7092

Carifullin, I. A.-(10) 6096, 6889 Harvey, D.-(10) 7151 Ji, 3. T.-(10) 6490 Kaunmuller, H.4(10) 7053

Gay, 3. M.-(10) 6676 Haupt, L -(10) 6925 Jiang, Xruguang-(10) 6953 Kryshtal, R G.-00) 6880

Ge, Sen-Lirrg-(10) 6725 Hauser, Hans-(10) 6561 Jiang, Z S.-00) 6490 Ku, Hf. C -(10) 6582, 7124

7170 J. Appi. Phys., Vol. 76, No. 10, 15 November 1994 Author Index



Kiibler, J.-(10) 6694 Loss, Danicl-(10) 6177 Molnir, S. von.-(10) 6656 Paillard, V-(10) 6676
Kubo, H.-(10) 6504 Lotnis, D. K.-(10) 6396 Moodera, J. S.-(10) 6101, 6546 Pan, C Y-(10) 6751

Kuhrt, C.-(10) 6238, 7068 Lu, C. L-(10) 6516 Mook, H. A -(10) 6784 Pan, Qi-(10) 6725, 6728
Kurne, Minoru-(10) 6667, 6793 Luo, H. L-(10) 6484, 6591, 6900, Mootoo, D. M.-(10) 6101 Pan, S. M.-(10) 6903, 7145
Kunkel, H. P -(10) 6356 6903, 7145 Morawe, Chi -(10) 6096 Pan, Shu.Ming-(10) 67210
Kuroki, Kazuhiko-(10) 6667, 6793 Luo He-Lie-(10) 7043 Mor6n, C.-(10) 6840 Pan, Shu-ming-(10) 6749, 6849
Kwon, H. W.-(10) 6050 Lyberatos, A.-(10) 6407 Mortensen, K.-(10) 6784, 6788, 6789 Panchanathan, V-(00) 6259
Kyriakidis, J.-(10) 6113 Lynn, 3. W.-(10) 6772, 6778, 7124, Moschel, A.-(10) 6560 Panina, L V.-(10) 6198, 6365

7136 Moshchalkov, V. V -(10) 6604 Panwar, Sunil-(10) 6220, 6223

Labarta, A.-(10) 6481 Movahovich, R.-(10) 6121 Papaefthymiou, V.-(10) 6319

Labb6, H. J.-(10) 6883 Ma, Ru.Thang-(10) 6720 Miihge, Th.-(10) 6096 Paramonov. V. P -010) 6365

Lacerda, A.-(10) 6121, 7052 Ma, Ru-zhang-(10) 6749, 6849 Muir, W. B.-(10) 6796, 7084 Park, Jae Yun-( 10) 6877

Lado, L.-(10) 6564 MacLaren, J. M.-(10) 6069, 6805, MuaThi(1)65PrkM.C-0)27
Lafford, Tamrzin A.-00) 6534 6808 M5ller, K.-H.-(10) 6268, 6717 Park, S. J.-(10) 6965

Lagarikov, A. N.-(10) 6365 Maeda, Atsushi-(10) 6667, 6793 Mulloy, M.-(10) 6558, 6983 Park, Seung lel-(10) 6877

Lai, W. Y.-(10) 6484 Mahia, J.-(10) 7034 Mufioz, J. M.-(10) 7133 Park, Y. S.-(10) 6278

Lai, Wu-Yan-(10) 6383 Majctich, S. A.-(10) 6307 Murata, K.-(10) 6682 Park, Yongsup-(10) 6443

Lai, Wuyan-(10) 6487 Majkrzak, C. F.-(10) 7092 Murphy, A. S.-(10) 7065 Parker, M. R.-(10) 6522

Langer, J.-(10) 6510 Maletta, H.-(10) 6217 Murthy, A. S.-(10) 6543, 6799 Parkin, S. S. P.-(10) 6462, 6471, 6613,

Langouche, G.-(10) 6428 Malhotra, S. S.-(10) 6304 6ask17,618 .- l0 69

Larson, Allen C.-(10) 6217, 7049 Mandrus, D.-(10) 7052 PskvcY.G-1)69

Lashmore, D. S.-(10) 6519 Mankey, G. J.-(10) 6434 Na, J. G.-(10) 6484, 6900 Pastor, G. M.-(10) 6328

Lavielle D.-(10) 6825 Mao, Ming-(10) 6038 Nakamura, H.-(10) 6828 Paul, D. L.-(10) 6271

Lawson, A. C.-(10) 7049 Mao, Weihua-(10) 6053 Nakamura, Ysisa10650Pars, D. P. -(10) 6531

Lawther, D. W.-(10) 6501 Maple, M. B.-(10) 6137, 7121 Nakatsuka, K.-(10) 6325 Pearson, D.PJ.-(10) 6 53

Leal, J. L.-(10) 6537 Maraner, A.-(10) 6332 Nakotte, H.-(10) 6214, 6217, 6913, Pedrsn J. -10 6788

LeClair, P.-(10) 6546 Marasinghe, G. K.-(10) 6731 7040PersnJ.S-1)68

Lee, C. 11-0 0) 6516 Margarian, A.-(10) 6138, 6150, 6153 Nantikawa, Tatsuru-(10) 7166 Pelloth, J.-(10) 6912

Lee, J.-G.-(10) 7031 Mar inero, E.-(10) 6287 Nashi, H.-(10) 6642 Per, J. -(10) 6253

Lee, K. C.-00) 7124, 7136 Markert, J. T.-(10) 6110 Nashima, Osamu-(10) 6165 Perera D.-(10) 6174

Le:, S.-F -(10) 6610 Marks, R.-(10) 6617 Nastasi, M. A.-(10) 6295 Perettie Donald) 614 57

Lee, S. L.-00) 6784 Marks, R. F.-00) 6618 Naugle, D. G -(10) 6107, 6110 Perezti, Dald0 6671)657

Le, . .-10 721Marques, J. G.-(10) 6906 Navarathna. A.-(10) 6068, 6760 Perez, JP.-(10) 6676
Lee, Seung Wha-(10) 6877 Martinez, N -(10) 6825 Iledkov, L.-(10) 7118 Peterman, D. W.-(10) 6886
Lee, Young Jong-(10) 6877 Mason, T. E.-(10) 6789 Ni, Qiang-(10) 6720, 6749, 6849 Petford-Long, Amanda K.-(10) 6099,
Lee, Young-Sook-(10) 6820 Mathieu, Ch.-(10) 6100 Niarchos, D -(10) 6380, 6722 6513
Lefakis, Harry-(10) 6616 Matson, M.-(10) 6396 Nicholson, D M. C.-(10) 6805, 6808 Petrov, Yu. L.-(10) 6496
Leonowicz, M.-(10) 6244 Matsui, M.-(10) 6642 Nicolaides, G.-(10) 6380 Pfandzelter, R.-(10) 6431
Lespold, H. A.-(10) 6253, 6856, 6859 Mattheis, R.-(10) 6510 Nielsen, Morten-(10) 6374 Pfeffer, R. L - (10) 6287
Levin, K.-00) 6935 Mayergoyz, 1. D.-(10) 6956, 7130 Nigam, A. K.-(10) 6501, 6944 Pflciderer, C -(10) 6137
Levy, Peter M.-(10) 6619 MO 3rmack, M.-(10) 6929 Nikitin, P. 1.-(10) 6335 Pick, 9.-(10) 6328
Li. Dongqi-(10) 6419, 6425 McGuire, T R.-(10) 6601 Nikitov, Sergey-(10) 6895, 6895 Pierce, D T -(10) 6992
Li, Hong-Shuo-(10) 6138 Mcl~enry, M E -(10) 6307 Nikolseva, A. A.-(10) 7139 Piercy, A. R.-(10) 7006, 7148
LU, Shuxiang-(l0) 6487 McKay, Susan R.-(10) 6197, 7117 Nikolayev, E. L.-(10) 6560 Pint, %I G.-(10) 6555
Li, W. Z.-(10) 6740 McKinley, J D.-(10) 7114 Ninham, B. W.-(10) 6065 Pinkerton, F. E.-(10) 6056, 6144
Li, W-Z.-(10) 6743 McLane, G. F-(10) 6253 Nishikawa, Madoka-(10) 6667 Pinto, R. P.-(10) 6851
Li, W.H.-(10) 7124, 7136 McMichael, R. D.-(10) 6301, 6519 Niska, J.-(10) 6947 Pitcher, P G -(10) 6531
Liang, Bing-(10) 6746, 6763 McMorrow, D. F.-(10) 6274 Nods, M.-00) 6198 Plaskett, T S.- (10) 6104, 6601
Lisng, N. T.-(10) 6516 McMullan, G. J.-(10) 6137 Noguis, J.-(10) 7030 Ploessl, R.-(10) 6440
Liao, S. Y -(10) 6516 Medved, A V.-(10) 6880 NlT .(0 01PltP-1)65
Liechtenstein, A 1 --(10) 6705 Migy, R.-(10) 6078 Nolt, .- (10) 6691 Pollar, P. .- (10) 6090

Limt, S. 11-(10) 7021 Meigs, G.-(10) 6477, 6525 Nowakn, W.-(1) 6341 Popla, R. .- (10) 705

Lin, C H -(10) 6834 Meisner, G P.-(10) 6259 Nowakre, U. .- (10) 666? Portwiii, M.W.-(0) 6284

Lin, Chin-(10) 6766 Melamud, M.-(10) 6044 NzieJ .(0 61PrwnW-1)68

Lin, D. L -(10) 6347 Milinon, P -(10) 6676 Nunez, V.-(10) 6290, 6291 Potenziani, 1E., 1l-(l0) 6856, 6859

Lin, H.-J.-(0) 6477, 6525 Melo, A. A.-(10) 6537, 6906 Nurgaliev, T -(10) 7118 Potter, C. D.-(10) 6604

Lin, X.-00) 6543 Melo, L V -(10) 6537 Nyenhuis, J. A.-(10) 6909 Prajapati, K -(10) 7154

Lind, D. M.-(10) 6284 Mendik, M. -(10) 6897 Pringt, .PJr-(10) 6310
Liou, S. H.-(10) 6304 Meng, R L -(10) 6941 Pige .A-1)63

Liou, Y.-(10) 6516 Meng, X -(10) 6796, 7084 O'Brien, W. L.-(10) 6462, 6468, 6471 Prinz, 0. A.-(10) 6452, 6477, 6525,

Liu, Cong-Xiao-(10) 6766 Mergia, K -(10) 6380 O'Connor, Charles J.-(10) 6820 7090, 7092

Li, e-k-(0 649MseveR (1)656Oda, Kiwaniu-(I0) 6165 Prodi, G. A.-(10) 6332

Liu, Gui-Chuan-(10) 6383 Messoloras, S.-(10) 6380 O'Donnell, K -(10) 7068 Prokes, K.-(10) 6214, 6217, 6913,

Liu, K.-00) 6081 Met~ger, Robert M.-(10) 6626 Oglesby, C. S -(10) 6133, 6789 7040

Liu, S -(10) 6757 Middleton, D P.-(10) 6731 O'Grady, K -(10) 6368, 6407, 6802, Psycharis, V.-(10) 6722

Liu, Y -00) 6304 Millci, B Hi.-(10) 6616 6811 Purdy, J. H.-(10) 6371

Liu, Zun-Xiao-(10) 6725, 6728, 6766 Miller, J -(10) 6531 Ogura, Takashi-(10) 6667 Purwanto, A -(10) 6214, 6217, 7040

Loberg. B.-(10) 6947 Miltat, J.-(10) 70387 Oh, Young Jei-(10) 6877 Pyns, R.-(10) 6295

Lochner, E -(10) 6284 Minakov, A. A.-(10) 7142, 7143 Qikawa, Satoru-(10) 6793
Lockwood, D. J -(10) 6883 Mira, J.-(10) 6564, 7034 Okada, M1 -(10) 6828 Qi, X.-(10) 6356
Loison, D -(10) 6350 Miraglia, S.-(10) 6035 Onda, N.-(10) 6897 Qtngqing, Fang-(10) 6769
Loloee, R -(10) 6610 Mishra, R K -(10) 6301 Osbom, R -(10) 6124 Qiu, Z Q.-(10) 6419, 6425
Long, Gary J1 -(10) 6731 Mishra, S -(10) 6731 Oseroff, S. B.-(10) 6564, 7034 Quandt, E.-(10) 7000
LUnzarich, G G -(10) 6137 Mishra. S K -(00) 6700 O'Shea, M. J.-(10) 6174

Upez.Ouintela, A -(10) 7034 Mitarnura, H-1-it 6682 Osofsky, M. S -(10) 6437
Lopez Quintela, M A -(10) 6564 Miteva, S -(10) 7118 Otani, Y.-00) 6661 Rabedeau, T. A -(10) 6617, 6618

Lord, D. G.-(10) 7003, 7151 Mitsuoka, Katsuya-(10) 6637 Ould-Malifoud, S -(10) 6078 Rader, O.-(10) 6966
Lord, J S -(10) 6504 Mohri, K -(10) 6198 Ounadjela, K.-(10) 7078 Rahman, M. A.-(10) 6868

J. AppI Phys., Vol. 76, No. 10, 15 November 1994 Author Index 7171



1-

Ramesh, R.-(10) 6287, 6929 Schwarzacher, W-(10) 6519 Suzuki, Shinya-(1O) 6708 van Heijdcn, P. A. A -(10) 6607
Ramirez, A. P.-00) 6133 Sechovsky, V.-(10) 6919 Suzuki, Shunji-(10) 6708 Van Hook, H. J.-(101 6059
Rani, R.-(10) 6068, 6760 Sechovskj, V.-(10) 6214, 6217, 6913, Suzuki, Takashi-(10) 6934 Van Hove, M. A.-(10) 6477
Rao, D.-(10) 6117 7040 Svoboda, P.-00) 6214, 6217 Van Roy, W.-(10) 6281
Rao, K V.-00) 6204, 6965, 7030 Seed, R. G.-(10) 6962 Swaddling, P.- 10) 6274 Vasyurin, S. L.-(10) 7142
Rathnayaka YL D. D.-(10) 6107 Seemann, K.-(10) 7000 Swainson, I. R.-(10) 7075 Vavra, W.-(10) 6525
Rau, C.-(10) 6431 Sellmyce, D. J.-(10) 6084, 6159, 6304 Swann, C.-(10) 6543 Vizquez-Vizquez, C -(10) 7034
Ravel, R.-(10) 6570 Seret, A.-(10) 6214 Swartzendruber, L. L.-10) 6950 Vega, A.-(10) 6691, 6989
Rebizant, J.-(10) 6214, 7040 Seshu, B.-(10) 6107 Swartzenruber, L J.-00) 6519 Veillet, P.-(10) 6078
Reich, G. R.-(10) 6127 Seyoum, H M.-(10) 6950 Swinnen, B.-(10) 6428 Vilu, E.-(10) 6558
Rejcek, J. M.-(10) 6896 Shafranovsky, E. A -(10) 6496 Veneva, A.-(10) 7118
R.nar 1, D.-(10) 6558 Shah, S. L-(10) 6543 Tgwkua10650Verbanck, G.-(10) 6604
Renard, J. P.-(10) 6078, 6558 Shaheen, S. A.(0 6754 T1bgawa, IkuR.-(10) 650 Verdier, M.-(10) 6256
Rennert, Peter-(10) 6459 Shan, Z S.-(10) 6084 Taahir, L.H.-(10) 606 Verrucchi, Paola-(10) 6362
Rensing, Noa M.-(10) 6617 Sharrock, M. P.-(10) 6413 Takuaiashi, H.rs-(1 6642 Vescovo, E -(10) 6966
Restorif, J. B.-(10) 7009 Shaw, K A.-(10) 6284 Taaah, Miroas-(10) 6637 Mau, G.-(10) 6570

RetrA-1)6555 ShawoC.-(10) 6534 Takaashi, Miakur-(10) 662 Victora, R. H.-(10) 6069
Richter, M.-(10) 6214 Shen, Bao-Gen-(10) 6711, 6714, 6734 Takanashi, Y.-(10) 6790 Villai, .-(10) 617
Ricketts, J.-(10) 6784 Shen, Bao-gen-(10) 6746, 6763, 6849 ~Thkan, K.-(10) 6292 Vitae, F.-(10) 6332
Riedi, P. C.-(10) 6504 Shen, J. X.-(10) 6084, 6304 Takebayashi, Shigeto-(10) 6633 Vtaes, . .-(10) 6 92
Rinaldi, D.-(10) 7034 Sheng, 0. (i.-(10) 6226 Tanaka, C.-(10) 6307 Vtbki .M-1)69
Ritcey, S. P.-(10) 6499 Sheng, Zhang-(10) 6769 Tanaka, M.-(10) 6278 Vittoria, C.-(10) 6962
Rivas, J.-(10) 6564, 7034 Shich, J. P.-(10) 7124 Tang, Jinke-(10) 6820 Von Dreele, R. B.-(10) 7049
Robinson, R. A.-(10) 6214, 6217, Shib, W. Y-(10) 6778 Tang, N.-(10) 6740, 6743, 6837 von Helmolt, R.-(10) 6923

7040 Shim, In Bo-(10) 6877 Tang, . J.-(10) 6903, 7145 von Kinel, H.-(10) 6897
Rodriguez Fernindez, J.-(10) 6118 Shin, D. H.-(10) 6507 Tappers, J.-(10) 6293 Vorst, M. T. H. van de-(10) 7081
Roesler, G. M., ir.-(10) 6437' Shin, Sung-Chul-ClO) 6087 Taslakov, M.-(10) 7118 Wyas, Gayatn-(10) 7111
Rojdestvcnski, 1. V.-(10) 6549 Shin, T.(10) 6278 Tattam, C.-(10) 6831
R611, A -(10) 6295 Shinjo, T..(10) 6919 Tautz, F. S.-(10) 6137 Wada, M.-(10) 6846
Rosov, N.-(10) 6772 Shkar, V. R.-(10) 6560 Tayurakii, D. A.-(10) 6353 Waddill, G. D.-(10) 6465
Rothberg, 0. M.-(10) 6278 Shoji, H-(10) 6642 Tedstone, S. F.-(10) 6831 Wakiyama, T.-(10) 6642
Rots, M.-(10) 6428, 6537 Shukh, A. M.-(10) 6507 Teitelman, M.-(10) 6443 Walker, M. J.-(10) 650a
Rozenstein, Dmitry B.-(10) 6671 Shyr, S. T.-(10) 7136 ter Haar, Leonard W.-(10) 7111 Wallace, W. E.-(10) 6648
Rubinstein, M.-(10) 6823 Si, Qimiao-(10) 6935 Teter, J. R.-(10) 7009, 7027 Wan, H -(10) 6331
Ruiyi, Fang-(10) 6769 Sikafus, K E.-(10) 6295 Thevuthasan, S.-(10) 6452, 6477 Wang, Fang-Wei-(10) 6711, 6714,
Ruiz de Angulo, L-(10) 7157 Silaev, P. Y-.(10) 7143 Thomas, G.-(10) 6287 6734
Ryan, D. H.-(10) 6038, 6138, 6150, Simion, B. M.-(10) 6287 Thomas, L-(10) 6676 Wang, Fang-we.-(10) 6746, 6763

6189, 6374, 6377 Simpson, A.-(10) 6274 Thompson, J. D.-(10) 6121, 7049, Wang, G.-C.-(10) 6446
Singh, David J.-(10) 6688 7052 Wang, J. L.-(10) 6740

Sachtler, W. M. H,-(10) 6576 Singh, Ishwar-(10) 6220, 6223 Thomson, T.-(10) 6504 Wang, JA- -(10) 6743
Saettas, L-(10) 6722 Singh, R. R. P.-(10) 6452 'ilberto, P.-(10) 6817 Wang, J. P -(10) 6591
Sahashi, M.-(10) 7024 Sitter, H.-(10) 6290 Tiefel, T H.-(10) 6814, 6929 Wang, J. Y.-(10) 6843
Sakalubara, T.-(10) 6682 Skomski, R.-(10) 7059 Tilak, A. S.-(10) 6856, 6859 Wang, Kai-Ying- 110) 6383
Sakuma, Akimasa-(1O) 6637 Slavin, A. N.-(10) 6335, 6549 Timasheva, E. V.-(10) 6365 Wang, Shyh-Jicr-(10) 6862
Salamanca-Riba, L-(10) 6519 Smith, G. S.-(10) 6295 Tindall, D A.-(10) 6229 Wang, Xijndong-(10) 6474
Salgueiro da Silva, M.-(10) 6344 Smith, P. A. 1.-(10) 7074 Tobin, J. G.-(10) 6465 Wang, Yi-Zhong-(10) 6383
Samarasekara, P,-(10) 6068, 6760 Snowman, Daniel P.-(10) 7117 Tognetti, Valerio-(10) 6362 Wang, Z.-(10) 6356, 6737
Samwer, K.-(10) 6824, 692.3 Soares, J. C.-00) 6104, 6537, 6906 Tohji, K.-(10) 6325 Wang, Zhenxi-(10) 6487
Sinchez, R. D.-(10) 6564 Sobolev, V. L.-00) 6892 Tomita, H.-(10) 6846 Wang, Zhigang-(10) 6540
Sanchez-Castro, Carlos-(10) 6130 Sogomonian, A. S.-(10) 6186 Tondra, Mark-(10) 6616 Ward, R. C. C.-(10) 6274
S&.,dratskii, L M.-(10) 6694 Someks, R.-(10) 6513 Toney, M. F -(10) 6618 Warren, G3arry W.-(10) 6262
Sang, H.-(10) 6490 Seng, Lin-(10) 6383 Tong, S. Y.-(10) 6465 Watson, M -(10) 6802
Sarrao, J. L-(10) 7052 Sorensen, C. M.-(10) 6316, 6319 Tonner, B. P.-(10) 6462, 6468, 6471 Watson, M. L-(10) 6481
Sarychev, A. K.-(10) 6365 Sousa, J. B.-(10) 6344, 6851 Torres, L-(10) 7133 Watson, R. E -(10) 6044
Sasaki, 1.-(10) 7024 Speriosu, V. S.-(10) 6805 Toshimura, T.-(10) 6846 Weber, H.-(10) 6947
Sastry, P. V. P. S. S -(10) 6944 Speriosu, Virgil S.-(10) 6616 Tracy, K.-(10) 6760 Wecker, J -(10) 6238, 6824, 6925
Sato, H.-(10) 6919 Spiflet, J. C.-(10) 6214, 7040 Trallori, L.-(10) 6555 Wei, Mark S.-(10) 6673, 6679
Satpathy, S.-(10) 6700 Springholz, G.-(10) 6291 Taai, K. L-(10) 6567 Weissman, M. B.-(10) 6192
Saxena, Siddha th S.-(10) 6820 Srnivas, V.-(10) 6501 bay, H. L -(10) 7136 Welch, D. O.-(10) 6235
Scalettar, R. T- (10) 6452 Stadelmaier, H. H.-(10) 6265 Bifinovich, V. 1 -(10) 6898 Weller, D -(10) 6078, 6116
Schad, R.-(10) 6604 Stihler, S.-(10) 6453 Tsoukatos, A.-(10) 6799 Wells, M. R.-(10) 6274
Schifer, M.-(10) 6604, 7092 Steierl, G.-(10) 6431 Tsymbal, E -(10) 7091 Wendhausen, P A. P.-(10) 6268, 6717
Schafer, R.-(10) 6604 Steinitz, M. O.-(10) 6229 Tusillon, J.-(10) 6676 Westphal, C.-(10) 6477
Scheip, L F.-(10) 6081 Stewart, R. J.-(10) 6380 Tuan, N. C.-(10) 7640 White, R. M.- -t10) 6396
Schloemann, E.-(10) 6059 Stoyonov, P -(10) 6284 Tin, Z -(10) 7075 Wiarda, D. - (10 16189, 6377
Schmidt, J. E.-(10) 6081 Street, R.-(10) 6386, 6391, 7074 Turchinskaya, M. J.-(10) 6950 Widom, A.-(10) 6962
Schmidt, S.-(10) 65 10 Str~m.Olsen, J. 0.-(10) 6796, 7084 Wiedmann, Michael H.-(10) 6075
Schnitzke, K.-(10) 6238 StrOSCIa, Jos~ph A -(10) 6992 UlM.10694Wigen, P. E.-(10) 6886, 7078
Scholz, B.-(10) 6293 Stfichelli, N.-(10) 6788 Uhm, Young0 669410 67 Wilhoit, Dennis R.-(10) 6616
Schrefl, T -(10) 7053 Suefuji, R.-(1u) 6828 Umgi, on.R-(10) 6 877 Wilkinson, A. J.-(10) 7160

aSchreiber, F.-(10) 6096 Sugawara, T.-(10) 6790 Unguri, K .-(10) 692 Wilks, Carlos W.-(10) 6959
Schreyer, X.-(10) 7092 Sugimoto, S.-(10) 6828 Usdl .(0 50Williams, A. J.-(10) 6831
Schroeder, P. A.-(10) 6610 Sugita, Yutaka-(10) 6637 Williamns, (iwyn-(10) 6356
Schuller, Ivan K.-(10) 7091 Sugiyama, Kiyohiro-(10) 6165 Vaia, Ruggero-(10) 6362 Williams, P 1.-(10) 7003
Schultz, L-(10) 6238 Sun, Yun-Xi-(10) 6725, 6766 Valet, T.-(10) 7087 Willis, R. F.-(10) 6434
Schulze, M. P.-(10) 7163 Sutton, M.-(10) 6038, 6796, 7075, van Alphen, E. A. M.-(10) 6607 Wils'n, M. J.-(10) 6090
Schumann, F. O.-(10) 6093 7084 van den Berg, H. A M -(10) 6559 Winand, J. M.-(10) 6214

Schuitz, G -(10) 6453 Suzuki, P. A.-(10) 6585 Van Esch, A.-(10) 6281 Wirsh, S -(10) 6268

7172 J. AppI. Phys., Vol. 76, No. 10, 15 November 1994 Author Index



Witcraft, B.-(10) 6986 Yamamoto, H.-(10) 6919 Yelsukov, E. P.-(10) 7032 Zhang, Shufeng-(10) 6619, 6993
Witlianawasam, L -(10) 7665 Yamnashita, F.-(10) 6846 Yethiraj, M.-(10) 6784 Zhang, X.-G.-(l0) 6805, 6808
Wojciechowski, S.-(10) 6*244 Yaniazaki, Yohtaro-(10) 7166 Yewondwossen, M.-(10) 6113, 6501 Zhang, Xiao-Dong-(10) 6725
Wolf, J. A.-(10) 6452, 7092 Yarnpolskii, S. V.-(10) 6560 Yewondwosscn, M. H.-(10) 6499 Zhang, Y B.-(10) 6084
Wolters, H.-(10) 6537 Yang, F. M.-(10) 6740 Yonmiet, Jean-Paul-(10) 6865 Zhang, Y. D.-(10) 6576Woodward, R. C.-(10) 7074 Yang, l'.-M.-(10) 6156 Young, S. J.-(10) 6871, 6874 Zhang, Z.-(10) 6576, 6700, 7078Woollani, J. A.-.(10) 6084 Yang, Fuming-(10) 6743 Yu, C. T.-(10) 6484 Zhao, J. G.-(10) 6484, 6900, 7037Wu, K. T.-(10) 6516 Yang, H. D.-(10) 7136 Yu, Chengtao-(1O) 6487 Zhao, Jian-Gao-(10) 6714, 6734
Wu, S. Z.-(10) 6434YagJ.10652YeJ.10696Zain-o(0 

73Wu, T C..-(1 0) 6814 Yang, Ji-i-(10) 62 0uJ-1)68 Zhao, R. .a-(10) 6763WnFgeM.10709Yang, Ji-lian-(10) 6720 Zhao, T. .-(10) 674Wynle, M.(0) 678 Yang, Ju~in-(10) 6749 Zabel, H.-(10) 6096, 7092 Zhao, T. .-(10) 68Wylie,~~awdzi J.M10 6717 68 agJn(1)65
Yang, Jyh-Shinn-(10) 6493, 6588 Zaazi .(0 77Zhao, Z. G.-(10) 68,43Zazo, M.-(10) 7133ZhoZ.G-1)63,84Xiao, H.-(10) 6477 Yang, Q.-(10) 6610 Zeng, D. C.-(10) 683 7 Zheng, Q. Q.-(10) 6751, 7037

Xiao, John Q.-(10) 6081 Yang, W T.-(10) 6516 Zeng, Y. W.-(10) 6743 Zheng, Qing-Qi-(10) 7043
Xiong, Q.-(10) 7127 Yang, Y.-(10) 6319 Zeng, Zhi-(10) 7043 Zhong, Xue.Fu-(10) 6047
Xu, Jun-Hao-(10) 6965 Yang, Ye-(10) 6487 Zha, Yuyao-(10) 6935 Zhou, L-(10) 7078
Xu, Xie-(10) 6754 Yang, Ying.Chang-(10) 6725, 6728 Zhan, Wcn.Shan-(10) 6711, 6734 Zhou, P. Y.-(10) 6335
Xu, Zu-Xiong-(10) 6720 Yang, Yingchang-(10) 6053 Than, Wcn-shan-(10) 6746, 6763 Zhou, Ping-(10) 6868Xu, Zu-xiong-(10) 6749, 6849 Yang, Z. J.-(10) 6499 Zhang, Bai.Sheng-(10) 6720 Zhou, Yuqing-(10) G487Xuan, Ping-(10) 6053 Yao, J. M.-00) 6834, 7071 Zhang, Bai-shong-(10) 6749 Zhu, J. J.-00) 6743Xue, De.Yan-(10) 6720 Yao, Y. D.-(10) 6516 Zhang, Bo-(10) 6763 Zhu, Y.-(10) 6235Xue, De-yan -(10) 6749, 6849 Yao, Yeong-Der-(10) 6862 Zhang, F.-(10) 6452 Zimnmernmann, G -(10) 6062Xue, Y. Y-(10) 6941, 7127 Yaron, U.-(10) 6788, 6789 Zhang, G. W.-(10) 7037 Zinn, W.-(10) 70J1

Ye, M.-(10) 6886 Zhang, J. Z.-(10) 6751 Zschack, P.-(10) 6133
Yakhnii, *1 V.-(10) 6944 Yee, 0. P.-(10) 6909 Zhang, Jun.Xian-(10) 6734 Zuberek, R.-(10) 6534
Yamada, Takashi-(10) 6667 Yeh, T.-(10) 6986 Zhang, Jun-xian-(10) 6763 Zuckermann, Martm-(10) 6374
Yamaguchi, M.-(10) 6994 Yelon, W B -(10) 6147, 6162, 6731 Zhang, S. Y.-(10) 6490 Zuo, F.-(10) 6953

J. Appi. PhyS., Vol. 76, No. 10, 15 November 1994 Author Index 7173



in cooperation with the AmiRicnn Vncuum SOCIETY

Series editor, H. Fredrick Dylla, CEBAF, Newport News, VA,
and College of William and Mary, Williamsburg, VA

Vacuum Technology and Space Simulation Ionized Gases
D.J. Santeler, D.H. Holkeboer, D.W. Jones, and F. Pagano A. von Engel

While specific projects have changed in the 30 years since this book was first Though based on the author's lectures for undergraduates at Oxford, this
published, the need for large, complex vacuum facilities has not. And despite classic 1955 work is also a valuable resource today for practitioners in
new developments in pumping, measurement, and outgassing, this book will atomic physics, astrophysics, spectroscopy, and, most especially, semicon-
remain, for many years to come, the standard of practical vacuum operation. ductors. Researchers and graduate students will find that von Engel's Ideas

hold up remarkably well.
1993, 350 pages, illustrated, ISBN 1.56396-123-7, paper
$35.00 Members $28.00 1994, 344 pages, ISBN 1-56396-272-1, illustrated, paper

$35.00 Members $28.00
Field Emission and Field Ionization
Robert Gomer Vacuum Sealing Techniques

Alexander Roth
This authoritative work was based on four lectures presented at Harvard
University in 1958. When it was written, field emission was one of the few This volume presents numerous techniques developed in the early '60s
techniques available for surface studies, and the attainment of ultra-high vac- for the construction of vacuum seals, providing critical insights into the
uum was a little-known art. Though more sophisticated treatments have design and construction of the vacuum system's constituent parts and
been developed, Gomer's pionee-ing work remains extremely relevant, the proper assembly of the system. Extensively researched, this work

covers a variety of sealing techniques and design concepts that are rel-
1993, 200 pages, illustrated, ISBN 1-56396-124-5, paper evant to this day.
$35.00 Members $28.00

1994,860 pages, ISBN 1-56396-259-4, illustrated, paper
Handbook of Electron Tube and $3S.00 Members $28.00
Vacuum Techniques
Fred Rosebury Basic Data of Plasma Physics:

The Fundamental Data on Electrical
This handbook was originally prepared so that workers would have a single Discharges in Gases
source for learning the procedures and materials needed to construct Sanborn C. Brown
tubes and other evacuated devices. Even now, as space and high-vacuum
research yield new information daily, much of the subject matter in this This 1966 reference work is a compilation of some of the most impor-
seminal work-such as properties of materials-are as cogent as they were tant plasma physics articles published during the late I 950s and the
in 1964 when the book was first published, early 1960s. It offers a wealth of useful information on elastic-collision

and charge-transfer cross sections, mobility and diffusion, electron1993, 600 pages, illustrated, ISBN 1-56396-121-0, paper attachment and detachment, and recombination. Numerous fundamen-
$35.00 Members $28.00 tal principles make this a much- consulted handbook on the physical

The Physical Basis of Ultrahigh Vacuum phenomena, measurements, and properties of plasma physics.

P.A. Redhead, J.P. Hobson, and E.V. Kornelsen 1994, 344 pages, ISBN 1-56396-273-X, illustrated, paper
$35.00 Members $28.00

Written 25 years ago, this book explains both the design and use of UHV
systems and components, as well as the underlying physical principles on
which the performance of the equipment depends. The close association of
these underlying physical principles with the practical problems inherent in To order, call toll-free: 1-800-488-BOOK
UHV equipment makes this a fundamental resource, still sought after by
today's researchers. Or mail check, money order, or purchase order to:

1993, 500 pages, illustrated, ISBN 1-56396-122-9, paper American Institute of Physics

$35.00 Members $28.00 cko AIDC * P.O. Box 20

Williston, VT 05495

Shipping & Handling: $2.75 first book ($7.50 foreign)

-lP Books of the American Institute of Physics $75 each additional book.Al p 500 Sunnyside Boulevard Credit card orders will not be billed until the book is shipped.

SWoodbury,NY 11797 Members of AlP Member Societies are entitled to a 20% discount.



......... " 4 New Books from AIP Press.

SFantastic Voyages
Learning Science Through Science Fiction Films
Leroy W. Dubeck, Suzanne E. Moshier, and Judith E. Boss

By revealing the facts behind the fiction of some of the finest sci-fi films,
Fantastic Voyages offers a novel approach to teaching science-using science
fiction to illustrate fundamental concepts of physics, astronomy, and biology.
Each film scene depicts a scientific principle, or its violation, reinforcing con-

cepts that are taught in more traditional ways. The chapter Electricity and
Magnetism discusses the use of computers in Blade Runner. Under astronomy,

Off?-" 1 2001 is examined as it relates to ancient astronauts. In the chapter Evolution,
Planet of the Apes is studied in detail.
Helpful end-of-chapter exercises, together with more than 20 movie stills, fur-

ther aid readers to grasp the technical material. Nonscience majors, science fic-
tion enthusiasts, and film buffs will find this work both enjoyable and instructive.
1993,400 pages, ISBN 1-56396-195-4, paper, illustrated

IA4 ol.,AI0.4 4 ,0,.(,A',, r. 'y~ $4000 M~embers $3.00O

The Physics of Golf "Most of the Good Stuff"
TheodoreP. Jorgensen Memories of Richard Feynman
In The Physics of GO , you'll learn how to apply the principles Laurie M. Brown and John S. Rigden

of dynamics and energy to perfect your golf stroke, to choose Prominent physicists such as John Wheeler, Freeman Dyson,
the right clubs, and to make the handicap system work optimal- Hans Bethe, Julian Schwinger, Murray Gell-Mann, David
ly. Using stroboscopic photographs and an ingenious mathe- Pines, and others offer intimate reminiscences of their col-
matical calculation, the author shows you how small changes in league and perceptive explanations of Feynman's trail-blazing
your swing can increase the distance the ball travels, work. These essays uncover the precocious undergraduate,
This engaging book provides many more tips concerning the the young scholar at Cornell, the theoretician in his prime at

critical components of a good swing, helping you to play better Caltech, and the mature teacher and
and to get more enjoyment out of your round. mentor. 3 .... ..

Highlighting both the charm and
1993, 156 pages, ISBN 0-88318-955-0, paper, illustrated the brilliance of Feynman, "Most of
$35.00 Members $28 00 the Good Stuff" is an engrossing col- p i j

lection for enthusiasts-scientists and FEY'I A
nonscientists alike-awed and enter-Time Machines tained by one of the century's great-Time Mach nesest minds.

Time Travel in Physics, Metaphysics, and Science Fiction
Paul J. Nahin 1993, 181 pages, illustrated

ISBN 0-88318-870-8, cloth
Tkme Mad is takes you on an exhilarating journey through $35.00 Members $28.00 L..

the intriguing theories of scientists and the far-flung imagina-
tions of writers. Explore the ideas of time travel from the first
account in English literature - Samuel Madden's 1733 Memoirs To order, call toll-free: 1-80-488-BOOK
of the Twentieth Centur - to the latest theories of physicists Or mail check, money order, or purchase order to:
such as Kip Thome and Igor Novikov. American Institute of Physics o c/o AIDC
This accessible work covers a variety of topics induding the his- P.O. Box 20 * Wlliston, VT 05495

tory of time travel in fictic ,; the fundamental scientific concepts
of time, spacetime, and the fourth dimension; time-travel para- Shipping & Handling: $2 75 first book, $.75 each additional book.
doxes; the speculations of Einstein, Richard Feynman, Kurt Credit card oiders will not be billed until the book is shipped.
Godel, and others; and much more. A Books of the American Institute of Physics
1993, 512 pages,ISBN 0-88318-935-6, cloth, illustrated i 500 Sunnyside Boulevard
$45.00 Members $36.00 . , Woodbury, NY 11797



FOW'IN

tI

"Agratlitlbok and _ ifevryphsis :
A m

A

0 0

textbook were like this, physics *

classrooms would be crowded." ..

--Scitech Book News '

With hardly a mathematical formula, Ms. Schwarzif you're involved in teaching science to the nonsci-
clearly explains the substance of elementary par- I entist, think about using this book. It's been used

ticde physics. The book guides readers through the sub- successfully to introduce future lawyers, politicians, and
atomic "zoo:' populated by some of the most dramatic parents to the ideas, terminology, and techniques of
discoveries of modern science--notably, quarks, leptons, high energy physics and it's given them a unique histori-
and the basic forces that govern their interactions. cal perspective on the field.

Most important, this tour is conducted in terms 1992, 128 pages, illustrated
that are easily understood-even by those who ISBN 0-88318-954-2, paper

have no prior particle physics background. Each chapter $25.00 *Members $20.00
in this book begins with an overview of concepts and
ends with a summary and self-tests to help readers *Members of AlP Member Societies are
gauge their understanding. entitled to a 20% discount.

J Yes! Please send me -copy(ies) of A Tour of the Subatomic Zoo Name_____________________________
by Cindy Schwarz (ISBN 0-88318-954-2) at $25 00 n r copy raizto
($20.00 for M em bers.) "O g m al n.

Shipping: $2.75 first book ($7.50 foreign), $,75 each additonal book. Address____________________________

City/State/Zip.
METHOD OF PAYMENT
J Check enclosed (payable in U S doiiars to the American Institute of Physics 'FOFATSRCECL .OL-E:

an~d drawn on a bank In the United States) 1 -800-488-BOOK (2665)
J1 Charge my credit card J) AMEX .4 VISA . MasterCard In Vermont: (802) 862-0095

Or mail to:
Cardholder name (please print).. __________--- American Institute of Physics * c/o AIDC
Acct No ___________--Exp Date _________P.O. Box 20 * Williston, VT 05495 '
Signature _____________________American Institute of Physics

(Cred cra rdes nn ya~ t ,,nt sratrelA lP 500 Sunnynide Boulevard
(Cfitaror .... ,o ... ....) P , Woodbury, NY 11797-2999 9472

CINDYCHWAR
Gt

• • w m n • u m u m u w w u u m wA

44 -nm uu |m



A l IP AMERICAN INSTITUTE OF PHYSICS

A IP SOO Sunnyside Blvd., Woodbury, New York 11797-2999 (516) 576-2268

Under U.S. copyright law, the transfer of copyright from the author(s) should be explicitly stated to enable the publisher to
disseminate the work to the fullest extent. The following transfer must be signed and returned to the Editor's office before
the manuscript can be accepted for publication. Please note that if the manuscript has been prepared as a Work Made
For Hire, the transfer should be signed by both employer and employee. Address requests for further information or
exceptions to the Office of Rights and Permissions, American Institute of Physics (AlP), 500 Sunnyslde Blvd., Woodbury,
New York 11797-2999 • (516) 576-2268.

TRANSFER OF COPYRIGHT AGREEMENT

Copyright to the unpublished and original article, including copyright to the abstract forming part thereof, entitled

submitted by the following author(s) (names of all authors)

is hereby transferred to American Institute of Physics (AlP) for the full term thereof throughout the world, BUT SUBJECT
to the following rights reserved to the author(s) and to acceptance of the article for publication in

Name of Journal

AlP shall have the right to publish the article In any medium or form, or by any means, now known or later developed.
AlP shall have the right to register copyright in the article and the accompanying abstract in its name as claimant, whether
separately or as part of the journal issue or other medium In which such work is Included.

Tho author(s) reserve the following rights:
(1) All proprietary rights other than copyright, such as patent rights.
(2) The right, after publication by AlP, to grant or refuse permission to third parties to republish all or part of the article or

translations thereof. In the case of whole articles, such third parties must obtain AIP's written permission as well.
However, such permission will not be refused by AlP except at the direction of the author. AlP may grant rights with
respect to journal Issues as a whole.

(3) The right, after publication by AlP, to use all or part of the article and abstract in compilations or other publications of
the author's own works, and to make copies of all or part of such material for the author's use for lecture or classroom
purposes.

(4) If the article has been prepared by an employee within the scope of his or her employment, the employer reserves
the right to make copies of the work for its own internal use. If the article was prepared under a U.S. Government
contract, the government shall have the rights under the copyright to the extent required by the contract.

The author(s) agree that all copies of the article or abstract made under any of the above reserved rights shall include a
copyright notice in the AIP's name. The author(s) represent and warrant that the article is original with them, that it does
not infringe any copyright or other rights in any other work, or violate any other rights, and that the author(s) own the
copyright in it or are authorized to transfer i,. if each author's signature does not appear below, the signing author(s)
represent that they sign this agreement as authorized agents for and on behalf of all the authors, and that this agreement
and authorization is made on behalf of all the authors.

Signature Date

Name (print)

If the manuscript has been prepared as a Work Made For Hire, the transfer should be signed by the employee (above)
and by the employer (below):

Name of Employer (print)

Signature Namo (print) Title Date

A work prepared by a U.S. Government officer or employee as part of his or her official duties is not eligible for U.S.
copyright, however, foreign copyright laws may differ. Thus, this form should be signed even by U.S. Government
officers or employees. Signing of this form will not affect U.S. copyright law provisions in the case of works of the U.S.
Government. If all the authors are in this category, check the box here and return the signed form. E]

1/94



AMERWAN
INSMTUTE
9P"YSICS 500 Sunnyside Boulevard, Woodbury, NY 11797-2999

The American Institute of Physics is a not-for-profit membership corporation chartered in New York State in 1931 for the purpose Governing Board 1994-1995
of promoting the advancement and diffusion of the knowledge of physics and its application to human welfare. Leading Roland W. Schmitt, Chair*
societies in the fields of physics, astronomy, aid related sciences are its members. Reuben E Alley
The Institute publishes its own scientific journals as well as those of its member societies; publishes both technical and general Benjamin Bederson
interest books; provides abstracting and indexing services; provides on-line database and e-mail services; disseminates Roger A. Bell

reliable information on physics to the public; collects and analyzes statistics on the profession and on physics education; encourages Marc H. Brodsky (ex officio)*

and assists in the documentation and study of the history and philosophy of physics; cooperates with other organizations on Robert L. Beyer*

educational projects at all levels; and collects and analyzes information on Federal prograrts and budgets. Patricia E. Clad IlsCharles Counselman, III
Member Societies G. Brent Dalrymple*
The American Physical Society American Association of Physics Teachers Amencan Associaton of Physicists in Medicine Robert L. Dixon
Judy Frsaz, Executive Officer Bernard V. Khoury, Executive Officer Sal Trofi, Exective Director William L. Duax
One Physics Ellipse One Physics Ellipse One Physics Ellipse Judy R. Franz
College Park, MD 20740-3844 College Park. MD 20740-3845 College Park. MD 20740-3846 Rode ck M. Grant (ex officio)*
Optical Society of Amienca American Crystallographlc Association American Vacuum Society Joseph E. Greene
David W Hcnage, Executive Director Wiltiam L Dua, Executive Officer William D. Westwood, Secretary David Hennage
2010 Massachusetts Avenue, N.W PO Box 96, Endicott Station Bell-Northern Research, Ltd, David W Hcffman*
Washington, DC 20036 Buffalo, NY 14205.096 PO Box 3511, Station C Karen L. Johnston
Acoustical Society of America American Astronomical Society Ottawa, Ontario KIY 4H7, Canada Frank 1. Kerr
Charles Schmid, Executive Director Peter B Boyce, Executive Officer American Geophysical Union Bernard V. K oury
500 Sunnytide Blvd., Woodbury, NY 11797.2999 1630 Connecticat Avenue, N.W A F Spilhaus Jr, Executive Director Car Kisslinger
The Society of Rheology Washington, DC 2009 1630 Connecticut Avenue, N.W PariiKKh
Andrew M Kraynik, Secretary Washington, DC 20009 Patricia K Kuhl
Department 1512 Donald N. Langenberg
Sandia National Labs Tingye Li
Albuquerque, NM 87185 Harry Lustig*

Christopher H. Marshall
Affiliated Societies Gregory B. McKenna
American Institute of Aeronautics and Astronautics, American Meteorological Society, American Nuclear Society, ASM Inte'national, Astronomical Duncan T. Moore
Society of the Pacific, Division of Physical Chemistry of ACS, Engineering Information, Inc, The Geological Society of America, Instrument Society of Notman F. Ness
America. International Association of Mathematical Physicists, International Centre for Diffraction Data, Materials Research Society, Microscopy C Robert O'Dell
Society of America. Nuclear and Plasma Sciences Society of IEEE. Physics/Astronomy Section of the Council on Undergraduate Research, Physics C. Kumar N. Paid
Section of AAAS, Society for Applied Spectroscopy, SPIE-The International Society for Optical Engineering Burton Richter
Corporate Associates: Approximately 175 leading corporations, by their membership, participate in and contribute to the support of AlP Barrett H Ripin
Publications J. William Rogers, Jr.
Physical Review A - Bemd Crasemann, Editor, Physics Dept., University of Oregon, Eugene, OR 97403 Charles E. Schmid'
Physical Review B - PD Adams, Editor, The American Physical Society, I Research Rd, Box 1000, Ridge, NY 11961 Benjamin Snavely
Physical Review C , Sam Austin. Editor, Cyclotron Labs, Michigan State University, E Lansing, MI 48824 A. F Spilhaus, Jr
Physical Review D • Lowell S Brown and D.L Nordstrom, Editors, APS, I Research Rd, Box 1000. Ridge, NY 11961 Hugo Steinfink
Physical Review E • Irwin Oppenheim, Editor, Dept of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139 Richard Stern
Physical Review Abstracts . Reid Terwilliger, Editor, APS, One Physics Ellipse, College Park, MD 20740.3844
Physical Review Letters • J Sandweiss, 0 Basbas, S.G Brown, and G L Wells, Editors, APS Howard G. Voss*
APS News - Brian Schwartz, Editor, APS, One Physics Ellipse, College Park, MD 20740.3844 Martin Wali
Bulletin of The American Physical Society , Brian Schwatz, Editor, APS, One Physics Ellipse, College Park, MD 20740-3844 * executive committee
Reviews of Modern Physics - David Pities. Editor, Loomis Lab of Physics, 1110 W Green St, Urbana. II. 61801
The Journal of the Acoustical Society of America , Daniel W. Martin, Edaor.n.Chief 7349 Clough Pike, Cincinnati, OH 45244 AIP Ofcers
American Journal of Physics -Robert It Romer, Editor, 222 Merrill Science Bldg, Box 2262. Amherst College, Amherst, MA 01002 Marc H. Brodsky, Executive Director
The Astronomical Journal • Paul W Hodge, Editor, Astronomy Depi FM.20, University of Washington, Seattle, WA 98195 and CEO
Publications of the Astronomical Society of the Pacific • Howard E Bond, Editor, Space Telescope Science Institute, Baltimore, MD 21218 Roderick M. Grant, Secretary
Bulletin of the American Astronomical Society • Peter B Boyce, Editor, AAS
The Astrophysical Journal - lelmut A Ati, Managing Editor, Kit Peak National Observatory, Box 26732, Tucson, AZ 85726 Arthur T Bent, Treasurer and CFO
The Journal of Chemical Physics , J.C Light, Editor, James Franck Institute, The University of Chicago Chicago, IL 60637 Theresa C. Braun, Director
Journal of Mathematical Physics • Roger G Newton, Editor, Indiana Univ., The Poplars, Rm. 324, Bloomington, IN 47405 of Human Resources
Physics of Fluids • A Acrivos, Editor, The Levich Institute, Steinman 202, CCNY, Convent Ave at 140 St, New York, NY 10031 Darlene Carlin-Walters, Vice President,
Physics of Plasmas Ronald C. Davidson, Editor, Plasma Phys Lab, Princeton Umv, P.O. Box 451, Princeton, NJ 08543 Publishig
Journal of Applied Physics Steven J Rothman, Editor, Argonne Nail. Lab, Box 8296, Argonne, IL 60439-8296
Applied Physics Letters - Hartmut Wiedersich, Editor, Argonne Nail Lab, Box 8296, Argonne, IL 60439.8296 John S. Rigden, Director
Review of Scientific Instruments • Thomas H Braid, Editor, Argonne Nail Lab, Box 8293, Argonne, IL 60439-8293 of Physics Programs
Journal of Physical and Chemical Reference Data • Jean W Gallagher, Editor, NIST, MS221/A3223, Gaithersburg, MD 20899 Publishing Services
Physics Today • Gloria B Lubkmn, Editor, AlP, One Physics Ellipse, College Park. MD 20740.3843
Computers in Physics - Lewis Holmes, Editor, One Physics Ellipse. College Park, MD 20740-3843 James J Donohue, Director
Chaos David K. Campbell, Editor, Dept of Physics, University of Illnois-UC, Urbana, IL 61801 Publishing Services
Journal of Vacuum Science and Technology A • Gerald Lucovsky, Editor, Dept of Physics, N Carolina State Univ, Raleigh, NC 27650 Edward P Greeley, Director
Journal of Vacuum Science and Technology B • Gary E McGure, Editor, MCNC, Research Triangle Park, NC 27709 Advertising and Exhibits
Surface Science Spectra • C E Bryson, Editor, Surface/lnterface, Inc,, Mountain View CA 94041, Gary McGtuire, Editor, MCNC, NC 27709
Medical Physics - J S Laughlin, Editor, Memorial loan-Kettenng Cancer Center, 1275 York ANe, New York, NY 10021 Douglas LaFremer, Director of
Nose Control Engineering Journal Alan H Marsh, Editor.in.Chief, DyTec Engineering, Inc, 5092 Tascsan Dr, Huntington Beach, CA 92649 Mfarkeing
Powder Diffraction -Deane K Smith, Edior.-i.Chieif Dept of Geosci and Mineralogy, Penn State Umv, University Park, PA 16802 Peggy Judd, Director ofAAPT Announcer Berard V Khoury, Editor, AAPT, One Physics Ellipse, College Park, MD 20740-3845 Information Technology
The Physics Teacher - Clifford E Swartz, Editor, Phys Dept, State University of New York, Stony Brook, NY 11794 Maria Taylor, Publisher
Journal of Rheology • Arthur B Metzner, Editor, Dept of Chemical Engineering, University of Delaware, Newark, DE 19716
Journal of the Optical Society of America A • Bahaa E A Saleh, Editor, 2010 Massachusetts Ave, N W, Washington, DC 20036 AlP Press
Journal of the Optical Society of A. enca B - Paul F Liao, Editor, 2010 Massachusetts Ave., N W, Washington, DC 20036 Carol Fleming, Manager
Applied Optics • William T Rhodes, Ediaor.rn.Chief Dept of Electr & Computer Eng, Univ of Colorado, Boulder, CO 803090425 Publishing H Branch
Optics Letters Peter W E Smith, Editor, Bellcore, 331 Newman Springs Rd, Red Bask, NJ 07701 Doreene A Berger, Manager
Optics and Photomcs News - Andrea Pendleton, Editor, 2010 Massachusetts Ave, N W, Washington, DC 20036 Journal Production I Division
Journal of Lightwave Technology Donald B Keck, Editor, Corning Glass Works, Sullivan Park FR29, Coming, NY 14830
The Journal of Undergraduate Research in Physics RE Adelberger, Editor, Physics Dept, Guilford College, Greensboto, NC 27410 Maya Flikop, Manager
AlP Conference Proceedings Translation Program Division
Acoustical Physics JETP Letters Physics of Atomic Nuclei Semiconductors John T Scott, Manager
Astronomy Reports Low Temperature Physics Physics of the Solid State Journal of Optical Technology Editorial Operations Division
Astronomy .eti.rs Optics and Spetroscopy Plasma Physics Reports Technical Physics Brian Schmitt, Division Manager
Crystallography Reports Physic.-Doklady Physics of Particles and Nuclei Technical Physics Letters Cian ant D ulfiln sager
JETT Circulaton and Fulfillment Division
Cusrent Physics Index (CPI), quarterly and annual subject index with abstracts to all the above journals Cheryl Taub, Manager
General Physics Advance Absuacts (GPAA), semimonthly advance abstuacts of AIP-pubhshed physics literature Composition I Division
Searchable Ph)sics Information Notices (SPIN), monthly computemeadoble tape of absuacts Denise Weiss, Manager
Current Physics Microform (CPM). monthly microfilm edition of all the above Journals Boos a e cialPronaer
Carrent Ph)sics Reprints (CPR), on-demand copies of any article in any of the above journals Books and Special Projects
Physics Briefs (PB), semimonthly comprhens"e index with abstracts to the world literature of physics Janice Wilmot. Manager
PINET, an online physics information network Production 11 Division



CLC

a) ;< 0

U)C ccjoU 7 R0 ,0 > w 2 d

-_ 4'(J) CO 6 Z()1
0)I ~

IF E E

J UC
I' IfCL ccC11 ID zI Iti ,l~i~*

CL 0

,- a) 1

*W C U

00

cc 4

cl) cl J ,0

00

ai v~ V >. I ! o

U)i t I gi iii iz!
_~1 8 h~j ~ A 2 

:3 21 -a-c4

E 42Z%

(n 0..

. 3 C


