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lm INTRODUCTION.

The magnetic alloys of manganese are composed of metals

which ordinarily are non-magnetic. Manganese itself is not only

non-magnetic hat a small percent of it will reduce the magnetic

properties of iron. It is probable that the explanation of these

magnetic alloys will add considerable to our understanding of the

ultimate nature of magnetism.

Recent developments in the electron theory of magnetism have

opened up a means of studying the molecular structure of the alloys.

The present investigation was undertaken with two objects

in view, first: to study the effect of temperature upon the satur-

ation value of the intensity of magnetization. Then, to determine,

if possible , from the data obtained, the structure of the molecular

magnets.
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II. HISTORICAL REVIEW

The magnetic alloys of manganese were discovered in 1901 by

Dr Heuslerl"^ He was able to produce from so-called non-magnetic

metals several alloys which approached iron in their magnetic

properties.

(2)
Heusler, Stark, and Haupt found that the copper-manganese

alloy itself was non-magnetic, but when mixed with zinc, arsenic,

antimony, bismuth, or boron, magnetic properties were detected.

The addition of aluminum, however, gave an alloy of good ferro-

magnetic qualities. They found that the magnetic properties were

greatest when the manganese and aluminum were present in proportion

to their atomic weights.

In 1904 Fleming and Hodfield made two rings that gave

B & H curves similar to cast iron, with a maximum value of /* = 30

for B - 1500. They concluded that: "Since none of the metals

in the alloy are magnetic , the ferro-magnetism is not a property

of the atom >rat of molecular groupings."

(4)
McLennai/ found that the properties of any given specimen

varied greatly with age, and with previous heat treatment. Uewly

cast specimens were in a state of unstable molecular equilibrium.

He found the magneto-striction to be about one-third that of cast

iron. The maximum elongation was observed in specimens having

(1) Verh. d. deut. Phys. Gesel. v. 5, p. 219, (1903)

(2) Verh. d. deut. Phys. Gesel. v. 5, p. 224, (1904)

(3) Roy. Soc. London, Proc. , ser. A, v. 76, p. 271, (1905)

(4) Phys. Rev. v. 24, p. 449, (1907)
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manganese and aluminum in proportion to i/heir atomic weights.

Considerable work has been done in studying the effect of

heat upon the properties of the alloys. Gray^ found the trans-

formation temperature to be in the neighborhood of 350°C. Quench

ing from 400° destroyed the magnetization of the specimens.

( 2)
The effect of quenching was studied by Ross . He quenched

his specimens at 50° intervals between 400° and 750°C and found

that the permeability decreased to a minimum at 615° and then

increased to the original value at 650°. Prolonged heating at

100° had no effect, but magnetic properties were improved upon

heating to 160°.

UcLennanf 3) found that when the alloys were raised to a tem-

perature higher than the transformation point and cooled, they

possessed a permeability that was largely determined by the tem-

perature from which the cooling took place. The value of the

permeability is greatest when cooled from near the melting point.

Stephenson^ 4
^ made a series of photo-micrographs of the

alloys after quenching from various temperatures. He found a

variation of crystalline structure due to previous history, but

could establish no simple relation between the magnetization and

the presence of the crystals. Cooling curves of the alloys gave

the freezing point at about 925°. Like McLennan, he obtained the

largest value of B after the specimen had been quenched from near

its melting point.

(1) Jftoy. Soc. London, Proc. , ser. A, v. 77, p.. 256 (1906)
(2) Roy. Soc. Edinburgh, Proc, v. 27, p. 88 (1907)
(3) Phys. Rev. v. 24, p. 449 (1907)
(4) Phys. Rev. v. 31, p. 252 (1910)
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The effect of a magnetic field upon the thermo-electric

behavior of the alloys was investigated by Grondahl and Karrer^ .

They found the phenomena to be present and of the same nature as

in the magnetic metals.
(2)

Knowlton made a large number of specimens and studied the

effect of heat treatment. Both maximum induction and temperature

of transformation were affected by the percent of copper present.

He infers that the transformation point i3 dependent upon the

ratio of copper to manganese. By varying the proportion of copper

he was able to vary this point from 6° to 300°

(1) Phy. Rev. v. 33, p. 531 (1911)

(2) Phy. Rev. v. 30, p. 123 (1910)





III. METHOD USED.

There are several methods of determining the saturation value

of the intensity of magnetization. The method used by Weiss, how-

ever, seemed best adapted. Aballistic galvanometer is connected in

series with a helix placed in a strong horizontal magnetic field.

An ellipsoid of the substance to be tested is placed in the center

of ^this helix and the deflection of the galvanometer is observed as

the ellipsoid is quickly jerked out. The deflection of the gal-

vanometer is then compared to that obtained from the current induced

in the secondary of a standard helix which is included in the cir-

cuit •

n L
\

Figure 1.

The ellipsoid and helix

were surrounded by a coil of

German silver wire, by means of

which the desired temperature

was obtained. A thermo-couple

inserted in the helix next to

the ellipsoid was used to meas-

ure the temperature, as described

later.

When the ellipsoid is withdrawn from the helix S a current is

set up. This current produces a magnetic field Hs along the axis

of the coil, which opposes the motion of the ellipsoid. The field

H
g

is given by the equation:

H s

whe re

Gi c 4 it it 1- if):
21 2

n » number of turns per cm. on S.

1 length of S in cm.





d diameter of S.

i » instantaneous value of current in e.g. s. units.

The work done in withdrawing ±he ellipsoid is equal to the

mean value of this field multiplied by the magnetic moment of the

ellipsoid, or

w H
s
m cr

= iGm cr

where ITB
« mean value of H

g

T = mean value of i

m * mass of ellipsoid in gm.

(T = —- specific intensity of magnetization.
den sity

<T will be used hereafter in preference to the intensity because it

is independent of changes in volume due to temperature variations.

The work done in establishing the aurrent is

w » / ei.dt

T / e.dt

Hence SSLZL. = q
R

= kd (1)

where d » the deflection of the galvanometer

k = the galvanometer constant

k and R may be eliminated by means of the standard helix, S,

Let

A * area of cross section of the primary of S.

n, = number of turns per cm. on primary

n 1 total number of turns on secondary

1, * length of primary

e£ • the e.m.f. induced in one turn of the secondary,
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when current I* is made or broken in the primary

Then e2 - - -
dJ
It

and § =
4TTn

'
A (1- *? )I«

* 10 21?

where I* is expressed in amperes.

Since there are n' turns in the secondary, the total e.ra.f. set up

is

62= n'ejj

dt
- igR

where ig is the induced current in the secondary.

Hence i 2dt - Sld^
R

TUhe quantity of electricity discharged thru the galvanometer is:

qtz 9 f igdt

R
» Kd' (2)

Dividing equation (1) by (2) , we have:

Om o~ d

a*
Hence CT - 4-nn.n'A (1- ^-*r )

10m4T7n(i-i£ )

212

K JL. ±'.d
m a»

Since Intensity = I = <T . 2
v

I - K.-L.I' .d
v d»

The magnetic field inside an ellipsoid of revolution placed in





a uniform external field is uniform, but it is less than the ex-

ternal field by an amount equal to the product of the intensity

of magnetization I and the demagnetizing factor L, where L depends

upon the shape of the ellipsoid.

Let

H « external field

H = uniform field inside the ellipsoid

I m intensity of magnetization

L = demagnetizing factor of ellipsoid

It can be shown that for a prolate ellipsoid of revolution

H = H - LI
o

where L - ±2L(l-e2 ) ( l_JLog ~l - 1)

e2 2e

and e - Va2 -<
2

a

a and c are the semi- major and semi-minor axes respectively of the

ellipsoid.
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IV. APPARATUS

.

Electro-Magnet .

The magnetic field was obtained "by means of a large du Bois

eleotro-magnet. It was equipped with oonical pole pieces. A

horizontal hole, 2 om. in diameter, was drilled thru the core and

the centers of the pole pieces, as shown in figure (3). An air

gap of 6.2 cm. was left between pole pieces. In this gap the

helix coil and electric furnace were built. They were placed

inside a hard glass tube, which was inserted into the horizontal

bore, so that the helix was equidistant between the pole faces.

With this air gap a field of 4000 geuses was obtained with a

current of twelve amperes. The strength of the field in the

center of the air gap was calibrated by a magnetic balance made

by Weber.

A diagram of the balance is shown in figure (2). The side

ab of the coil abed was placed in the center of the air gap with

the plane of the coil perpen

dicular to the axis of the mag-

net. To measure the strength
b

of field for a given current in

the electro -magnet a current

was sent through coil abed

from the battery B , and

weights were placed in the pan

until a balance was obtained.

Figure 2. The condition of equilibrium is

given by the equation:









U. Or I. B. S. FORM 3
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Hli « rag

or H = m. g
T 1

where H the magnetic field in gauses,

i = current in coil abed in c.g.s. units,

m - mass of weights in pan

,

g - gravity - 980

,

and 1 length of ab Z Cm.

The value of H was taken as the mean obtained from several

values of i. After a series of readings had been taken for va-

rious values of H, the balance was raised until ab occupied the

position of cd. The readings were now repeated and the values

obtained for H were added to the corresponding values of the

first set.

The saturation curve of the electro-magnet for 6.2 cm. air

gap is given in figure 4. This curve, however, was not needed

except as a check on the calibration values of H. As the read-

ings of the experiment were taken only for integer values of

current in the electro -magnet , the calibration values of H

were used directly without referring to the curve.

Galvanometer .

The galvanometer used was a Leeds & Northrup silver suspen-

sion instrument. It had a resistance of 25.6 ohms, a ballistic

sensibility of 31.8 m.m. per micro-coulomb on open-circuit, with

a scale distance of 50 cm. , and a period of 11.2 seconds on open

circuit.

The scale was placed at a distance of 6 meters from the gal-
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vanometer. It had a length of 150 cm. and was graduated in milli-

meters. As the lamp and scale method was the most convenient, a

filament of a tungstan lamp was focused by an eye-glass lens and

reflected from the galvanometer mirroxr to the scale. As very littl

light was absorbed by the lens, the image of the filament was

sharp and distinct. It had a width of less than a millimeter,

even at the long scale distance, and the deflections could be

read to 0*5 m.ra

Induction -helix and heating coil .

Instead of placing the ellipsoid to be tested in a tube and

then inserting that tube into the tu oe on which the helix is wound

the ellipsoid was inserted directly into the tube forming the

core of the helix. It was moved along by pushing with a small

glass rod in one end and with the tube containing the thermo-

couple in the other end. By this method the diameter of the helix

could be decreased by half, which increased the sensitiveness con-

siderably.

The induction helix was wound upon a thin-walled glass tube

45 cm. long and 0.5 cm. outside diameter. Three layers of number

36 silk-covered copper wire were used. The layers were separated

by mica, and each layer was covered with a mixture of water glass

and calcined magnesia. This mixture became very hard when dry and

held the wires firmly in place even at high temperatures.

The specifications of the helix coil are as follows, each

measurement being a mean of ten readings:

3 layers of no. 36 silk-covered copper wire

total number of turns , «=825,
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Mean out side diameter of core= 0.496 cm.

Xayer
go.
Turn s

1«
Length

cm*

n=Turns
per cm.

Outside
diam.
cm.

d=
mean
diam. XT

A.

1 275 6.97 45.3 0.539 0.518 45.14

2 275 5.96 46.1 0.630 0.608 45.87

3 275 6.00 45.8 0.721 0.699 45.48

where K = n ( l-d^ )

2T2

total K = 45.14 + 45.87 * 45.48 = 136.5

A hard glass tube long enough to reach to the end of the

bore in the magnet was slipped over the helix coil as shown in

figure (5). Thus the possibility of leakage from the heating cir-

cuit to the helix coil or lead-in wires was avoided. The heating

coil consisted of one layer of 230 turns of number 16 German silver

black enameled wire. The winding was done from the middle towards

the ends so that the two halves were wound in opposite directions

and opposed each other magnetically. As in the induction helix,

a mixture of water glass and magnesia was used to hold the wires

firmly in place. As the length of the coil was 30 cm. the tem-

perature gradient in the center was very small.

The induction helix and heating coil were enclosed in a glass

tube small enough to slide into the bore of the magnet. This

tube was filled with calcined magnesia. Further heat insulation

between the pole pieces was obtained by enclosing that part of

the furnace in a fire clay cylinder filled with shredded asbestos.
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Standard helix .

The standard helix used for calibration of the galvanometer

deflection consisted of a small coil of fine wire surrounding the

center of a long primary coil. The dimensions of the coils are

as follows:

Primary coil: one layer Ho. 16 double cotton covered copper wire

length 89.8 cm.

inside diameter = 4.0 cm.

outside diameter = 4.31 cm.

mean area = 13.56 cm.

total turns = 559

turns per cm. = 6.14

Secondary coi}: 1000 turns of no. 30 copper wire.

resistance = 77.52 ohms.

width of coil about one cm.

K = n.n'Aft- df_) = 83,167. *



t
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V. TEMPERATURE MEASUREMENTS.

To measure the temperature of the ellipsoid inside the helix

a copper constantan thermo-couple was used. The hot Junction was

placed in a hard glass tube, 3 num. in diameter and 26 cm. long.

Inside the tube the wires were separated by mica strips, outside

they were separated by 1/16 inch rubber tubing .

The cold junction was kept at zero temperature by immersing

in a mixture of ice and distilled water. The e.ra.f. of the couple

was balanced against that of a weston standard cell by means of

an Otto Wolff potentiometer. A resistance R was placed in the

galvanometer circuit as shown in Figure (7) so that a deflection of

one cm. corresponded to 10 micro-volts. The dials of the potentio-

•Tliermo
couple

Figure 6

meter mere set on numbers cor-
R

responding to the e.ra.f. of the

standard cell. The auxiliary

£> /.£>)<?)
for a balance. This balance

tentiometer, was then adjusted

resistance R„ connected in

series with the battery and po

was sensitive to one ohm in 20,00C

Figure 7. Readings were taken in a
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darkened room by watching the movement of a ray of light along a

graduated scale. One filament of a tungsten lamp was focused by

an eye glass lens and reflected from the galvanometer mirror onto

the scale. The advantage of this method was that the reading of

the thermo-couple could be observed from any part of the room.

The thermo-couple was calibrated by observing the e.m.f. of

the couple when the hot junction was at a known temperature. The

temperature of steam and the freezing points of metals were used

for the calibration. They are:

Freezing point of Zinc 419. 4°G

" " » Cadmium 321.0°

• » Tin £31.9°

Steam (with barometer correction) 100.0°

The method of calibration by freezing points was to heat the

metal in a graphite crucible placed in a vertical electric furnace.

As soon as the metal in the crucible had melted the heating current

was shut off and readings of t he e.m.f. of the couple were taken at

intervals of 15 seconds, as the metal was allowed slowly to cool.

At first the readings decreased as the metal cooled., but when the

freezing point was reached thoy remained constant until all the me-

tal had solidified, and then they again decreased. A typical set

of readings is given in the following table.

*Waidner and Burgess Bull. Bur. of Stand. #1.





TABLE I.

Readings, TakBii at 15 sec. Intervals.

Zinc Cadmium Tin
Micro -volts Micro-volts Micro -volts.

21200 15420 10520

21130 15390 10500

' 21110 15370 10490

21103 15355 10480

21100 '15350 10490

< 21100 15350 ' 10499

21100
k
15850 10499

21100 15349 10499

^ 21100 15349
<

10499

21095 15348 10499

21095 15347 10499

21095 15346 10499

21090 15344 « 10499

21090 15341 10498

21085 15339 10498

21080 15336 10498

21073 15333 10497

21065 15329 10497
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The relation between the e.m.f. of a thermo-couple and the cor-

responding temperatures is expressed most accurately by a cubic

equation of the form

(1) E = at + bt 2 * ct3

where E is the e.m.f. of the couple and t is the corres-

ponding temperature. The corresponding values of E and t as

obtained for the calibration are:

E t

Zinc 21,100 419.4°

Cadmium 15,350 321.0

Tin 10,499 231.9

Steam point 4,085 99.55

As there are but the three constants a,b, and c to determine

and we have four points on the curve, we can use the method of

least squares. Solving the equations obtained, we get the follow-

ing value Si

a « 3.747

b = .00375

c = -.00000164

Hence equation (1) becomes

E = 3.747t + .00375t
2

- . 00000164t3

The calibration curve is given in figure (s)

This curve, however, was not used in getting the temperature

corresponding to a given e.m.f. of the couple. Instead, the equa-

tion was solved for E by substituting values of t at intervals

of 10°. The corresponding values of E and t are fciven in table (n).

Intermediate points were obtained by assuming the curve to be a
straight line for the 10° increments.
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TABLE II.

Calibration of oopper-coiiBtantan thermo couple.

E « 3.747t * .00375t 2 - . 00000164t 3

t E t E t E

10 379 160 6888 310 14732

20 764 170 7362 320 15292

30 1158 180 7864 330 15859

40 1558 190 8361 340 16430

50 1765 200 8863 350 17005

60 2380 210 9371 360 17584

70 2791 220 9884 370 18158

80 3229 230 10402 380 18770

90 3668 240 10926 390 19345

100 4106 250 11454 400 19935

110 4554 260 11989 410 20538

5008 270 12517 A OA C.LXO I

130 5469 280 13070 430 21738

140 5936 290 13620 440 - 22352

150 6409- 300 14173 450 22967
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VI. DESCRIPTION OP SPECIMENS.

The alloys were prepared by melting in a new graphite

crucible heated in a gas furnace. The manganese and copper

were put in first, and when they were thoroughly fused the alu-

minum was added. To insure a uniform mixture, the molten alloy

was stirred with a graphite rod, and then quickly poured into

vertical moulds. Care was taken to pour in a continuous stream

so that the oxide formed on the surface would not injure the

casting.

The ellipsoids were obtained by grinding the castings with

a properly shaped alundum wheel in a Universal Grinder. A pro-

jection of the shadow of the ellipsoids showed the cross-

section to be fairly accurate.

The dimensions and composition of the two ellipsoids are

given as follows:

Ellipsoid #1 Ellipsoid #2

Length 1*686 cm. 1.680 cm.

Mean dlam. 0.393 "
0.399

Volume 0.1364 cu.cm. 0.1401 cu.cm.

Mass. 0.9487 gm. 1.0028 gm.

Density 6.96 7.15

Copper 62.9? 61.95#

Manganese 18. 5# 21. 9#
Aluminum 15.1% 15. 9#
Undetermined o.5% ,0.85#
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VII. PROCEDURE IN TAKING READINGS

After the heating current had been on for a sufficient time

until temperature equilibrium was established, the ellipsoid was

inserted into the core of the helix. It was moved along by pushing

with the tube containing the thermo-couple from one end and with a

glass rod from the other end. A mark on the glass rod indicated

when the ellipsoid was in the center of the helix. When the

temperature had ceased to increase the reading of the thermo-

couple was taken, the magnetic field was thrown on and the de-

flection of the galvanometer was observed as the ellipsoid was

quickly pushed out of the helix. A rapid movement of the ellip-

soid was obtained by striking the end of the glass rod with a small

piece of wood.

The ellipsoid was now replaced in position, allowed to regain

its former temperature and the reading repeated. As a rule three

readings were taken for each field strength and the intensity of

magnetization was calculated from a mean of the three deflections.

Table IV shows a typical set of data taken at 290° and gives an

indication of the accuracy of the work.

At lower temperatures the deflections agreed to within 1% but

in the neighborhood of the transformation temperature the agreement

was not as close. For some of the readings taken above 300° the

maximum deflection was 1 cm. at a scale distance of 6 meters. The

accuracy in this case was probably about 10%.

After every set of readings the galvanometer was calibrated

by means of the standard helix. The current in the primary of the

helix was read by a Weston railli -ammeter , which had been calibrated by
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TABLE IV.

Typical Set of Data. Taken at 290°

Ellipsoid #2.

I = 4.157d <P' = 0.580d L » 0.749

d » deflection of the galvanometer

mv * reading of thermo couple in microvolts

Im current through the magnet

H external field
o

H « field inside the ellipsoid

I intensity of magnetization

mean
mv d d cr I LI *m H

o a

13670
13680
13675

27.5
27.3
27.5

27.4 15.9 114.0 85 2.0 930 845

13670
13680
13670

27.8
27.7
27.7

27.7 16.1 115.3 86 3.0 1395 1309

13675
13665
13665

29.0
28.8
29.2

29.0 16.8 120.5 90 4.0 1860 1750

13670
13670
13675

29.0
28.7
29.0

28.9 16.75 120.0 90 5.0 2335 2245

13670
13670
13665

29.0
28.8
28.9

28.9 16.75 120.0 90 6.0 2730 2640

Mean value of thermo couple readings = 13670 m.v.

Corresponding temperature = 290.9°

Deflection due to standard helix - 70.3

Current in primary of standard helix =0.672 amperes.
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comparison with a standard instrument kept in the constant-tempera-

ture room. The ratio of I'/d' varied slightly as the temperature

increased, due to the increased resistance of the helix coil at

higher temperatures.

The current in the magnet was varied by integer values, so as

to simplify the calculations. As the heating coil was wound non-

magnetically , it was not necessary to make any correction for it.

Thermo-couple readings were taken just before the ellipsoid

was pushed out of t he helix. The mean of the thermo-couple read-

ings was used in calculating the temperature. These were not

allowed to vary more than 20 micro-volts, corresponding to 0.4°G.

As the end of the tube containing the thermo-couple was left open,

and as the couple was within a millimeter of the end of the ellip-

soid when readings were taken; it is quite probable that the

temperature measured corresponded very accurately to the actual

temperature of the ellipsoid.

The adjustment of the potentiometer was checked frequently by

comparison with the Weston Standard cell, and the e.m.f. of the cell

was corrected for changes in temperature by means of the formula:*

Et " E20 " .00004075 ( t - 20 ) - .000000944 ( t - 20 )

2

4 .0000000098 ( t - SO )

3

*Bul. Bur. of Standards, v. 5, no. 2.



r
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VIII. RESULTS OBTAINED

The first set of data obtained (Table 5) is apparently of

little theoretical value. The curves (figure 9) showing the speci-

fic intensity of magnetism CTas a function of the temperature are

quite irregular, having a maximum at 140°. Although it is possible

that the irregularity of these curves is due to a defect in the ap-

paratus, it is more probable that it is due to the unstable condi-

tion of the alloys. The data was obtained with the alloys in the

condition as cast and without previous heat treatment.

A new helix coil was now built (the one described on page 14)

and a series of readings taVen at 320°indicated that the substance

had become paramagnetic. -Beginning at room temperature, the whole

set of data was repeated (table VII) and very regular curves were

obtained, as shown in figures 10 and 11, These curves showing 0" as

a function of the temperature, are similar to the ones obtained

for iron, nickel and cobalt, although they are much flatter at low-

er temperatures. It is seen from the curves that the temperature

of transformation is in the neighborhood of 310°. A theoretical

discussion of these curves will be given in a later paragraph.

As the values of (T at room temperature were found to be about

half of what should be expected from the theoretical calculations,

an attempt was made to increase the magnetic intensity by chilling

from a temperature near the melting point of the alloy. To do this

the ellipsoid was inserted in a quartz tube together with a plati-

num platinum-rhodium thermo-couple, and heated in an electric

furnace to 095°C. It was kept at this temperature for 10 minutes
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TABLE V

Readings taken without previous heat treatment.

Ellipsoid #1 Ellipsoid #2

Temp. (T Temp. (T

60 13.2 60 14.8

100 13.1 100 13.8

139 17.5 138 27.7

165 16.7 168 24.2

182 15.3 180 19.2

200 14.6 200 16.5

220 12.9 220 12.5

260 6.0 260 9.1

Saturation value of 0" as a function of the temperature.

Taken after the ellipsoids had been chilled from 8£50.

Ellipsoid #1 Ellipsoid #2 Ellipsoid #1

Temp. cr Temp. <r Temp. <r

24.6 54.9 24.6 50.5 23.2 52.1

102.1 50.3 104.0 47.2 150.0 44.8

199.0 41.0 210.4 39.4 252.0 30.8

247.0 32.0 247.0 31.0

277.5 21.1 280.0 20.5





TABLE VII.

Saturation value of cr as a function of the temperatur

Ellipsoid #1

ATOT) *

18.0° 38.4

140.5 37.0

175.4 36*0

222.5 33.2

258.9 28.5

290.9 17.6

297.6 12.9

310.0 6.3

314.5 2.7

320.0 1.6

327.7 1.0

340.0 0.6

360.0 0.3

400.0 .7

Ellipsoid #2

T* ATUT) * u

21.2° 34.0

60.0 33.2

99.7 32.4

140.5 31.4

175.3 30.0

222.4 27.8

258.9 24.4

290.9 16.8

297.7 13.5

310.0 8.0

314.5 2.9

320.0 2.0

327.7 1.4

340.0 0.85

360.0 0.5

400.0 ?
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and then chilled by plunging the quartz tube into cold water.

The value of the intensity of magnetization was found to have

been increased considerably by the chilling. Values of CT" were

obtained, as before, for different values of temperature below the

transformation point.

In order to be sure of the results the chilling was repeated

for ellipsoid #1 and similar values were obtained. The data for

both ellipsoids are given in table VI and the curves in figure 12.

o
Table IV shows a typical set of readings taken at 290 . The

value of tT t . each field strength was obtained from the mean of

three galvanometer deflections. The temperature was obtained from

the mean of the thermo-couple readings. These were not allowed

to vary more than 20 micro-volts, which corresponds to 0.4°.
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IX. MOLECULAR THEORY OF MAGNETISM.

The present theory of magnetism, as developed by Curie^"^ '

(2) (3) ( 4)
Wdiss , Langevin , and Eunz , aocounts for the various

phenomena by assuming that a magnetic substance is made up of

small molecular magnets.

In a non-magnetic state these elementary magnets are dis-

tributed with their axes pointing uniformly in all directions.

Under the influence of a resultant magnetic field H, each molec-

ular magnet is acted upon by a turning force MH sin oi , where ffl

is the moment of the elementary magnet and a is the angle between

H and the axis of the magnet. The tendency of this couple is to

cause the magnets to turn with their axes toward the direction of

the existing field. The amount of this ro-

tation depends upon the strength of the field

and upon the temperature of the substance.

If there were no thermal agitation of

the molecules all the elementary magnets would

revolve until their axes coincided with the

direction of the existing field. This condition is obtained at

absolute zero.

(1) Archives des Sciences, Ser. 4, 31, p. 5-19 (1911)
( 2) Journal de Physique. 36, p. 661-690 (1907)
(3) Annales de Ohemie et de Physique, Ser. 5, 8, p. 70-127(1905
(4) Phys. Rev. 30, p. 359-370 (1910)
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A farther hypothesis has been formulated "by Weiss to the

effect that each magnetic molecule in a ferro-magnetio substance

is subject to a uniform intrinsic magnetic field AI T proportion-

al to the intensity of magnetization I and acting in the same

direction as I. This molecular magnetic field is due to the

action of the neighboring molecules upon each other. It accounts

for the great magnetic intensity of iron and other ferro-magnetic

substances in the same way as an internal pressure added to the

external pressure accounts for the great density of liquids. The

sudden increase of density when a vapor liquifies is due to the

fact that an enormous internal pressure is suddenly made effective

in addition to the external pressure.

Ferro-magnetic substances when heated above a certain temper-

ature are but slightly magnetic. When the temperature is lowered

below the transformation point the substance suddenly becomes

very magnetic , which means that a strong molecular field has become

operative.

At other temperatures than absolute zero the magnetic energy

of the molecules tending to arrange the molecules in the direction

of the magnetic field is opposed by the thermal energy. The moleo-

ules are continually being deflected by their mutual collisions,

and the resultant condition of equilibrium depends upon the ratio

of the thermal energy to the magnetic energy.

*A is merely a proportionality factor and has no physical mean-
ing. In order to avoid ambiguity later the symbol A is chosen in
preference to U, the symbol used by Weiss, Kunz and others.
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Consider a sphere of unit radius

within which are a large number of

magnetic molecules. When there is no

magnetic field acting, the magnets are

distributed with their axes pointing

uniformly in all directions. Imagine

all these magnets concentrated with their centers at 0. Under

the action of a magnetic field the magnets will be caused to

rotate about 0, and the tendency will be to place their axes in

line with the magnetic field. The magnets will no longer have

their axes pointing uniformly in all directions, but the magnetic

density will be greatest in the direction of H. Let us define

magnetic density as the number of magnetic axes per unit solid

dn
dn
6 to

ha

angle or —-. For abbreviation put /o
dw f

Let /O be the magnetic density at any angle a with the field

H. Then at angle a +d<* the magnetic density will be /Q - -

/
"ha

The change of magnetic density in moving

thru angle da is therefore^ ^^.d<A~P-^d^
ha J r

}d
This change of density depends upon the

density at a . It is also proportional

to a resultant turning force or couple.

If we assume that the molecules of

iron, or other ferro-magnetic substance,

when in a non-magnetic state are as free to move relatively to

each other as the molecules of a gas, then the thermal energy
can be deduced from the laws of thermo-dynamics. Since a rota-
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tion of the elementary magnet about ita own axis has no effect upon

its magnetic energy, there remain but two degrees of rotation.

Hence, for the molecular magnets, the kinetic energy of heat is

equal to R T, where R is the universal gas constant and T is the

absolute temperature.

In dynamics worlc
* a couple, hence R T - a couple due to

angle d 01

the thermal energy of the molecules. The magnetic couple acting

upon the elementary magnets is JUL H sin w.

The change of magnetic density varies directly as the magnetic

couple and inversely as the couple due to the heat energy; that is,

the greater the magnetic couple, the greater will be the change

of density as we pass from a to a + da , and the greater the

thermal energy, the smaller will be the change of density. Hence,

we can Dut ,^^ MHsina - ^ M H sin a d a

RJL / R T
d a

Then

and

-^=11 sin * doc

Z9 R T

Integrating:

log/? = H-I cos a _ log K
' R T

whenc e ,

f>
= k e TY 00s0(

«£, . r .H oosa

and
I H cos a

dn = K e R T d oo
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but
dot: 2 tt sin <x da

M H qqq a
hence dn = Ke R T tt 2 sin a da (1)

Intensity of magnetization may be defined as the product of

the number of molecular magnets per unit volume and the moment of

the magnets in the direction of the resultant magnetic field. The

intensity is a maximum when there is no thermal agitation, so

that the molecular magnets are all directed along the field. This

condition obtains only at absolute zero.

At other temperatures the intensity due to the magnets whose

axes make an angle a with H is

dl = M cos cx dn

where

.

11 is the moment of the molecular magnets,

and
I is the intensity of magnetization.

Substituting the value of dn from eq. (1),

we have
M H

dl = M cos o( Ke R T cos ztt sin da

and, integrating between the limits o and tt

IA cos<* ,

I - / M cos <x K e R T 2 tt sin a da

Now let M
,

H = a, cos « = x , - sin a da - dx,
R T

then,
i

I = 2nMK / xe
aX

dx

a*
°~* - e

+ 1

x e dx - — (ax-1)
a2

e (a-1) e~ (-a-1)

a2 a2
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hence

- a(e + e ) - (e - e )

a2 a2

_ - t cosh a - sinh a \
- 2 2— '

a a^

^ M cosh a - sinh a x
I = 2T7MK 2( ~— ~2~ ) (2)

a a

To evaluate K, integrate equation (1):

n a 2tt K / e sin * d«

= 2ttk / e dx

a. - a.

-

—

~— = sinh a

a -a
-— — 3 cosh a

2 ttk ax
e J.,

a

= £Hl (a* - e
_a

)

a

3 4 ttk sinh a

whence

4tt sinh a

Substituting the value of K in equation (2), we have,

I = 2.2 ttm na
... (

00 3h a
_ - sinh a )

4TTsinh a a —

a

2
—

s Mn (
CQ3h a " i

)

sinh a a

but Mn 3 Im

hence, I = I (
coah a ' 1

) (3)m sinh a a

a = — (4)

where
a 3

RT

Equations (3) and (4) give us an expression for the intensity

of magnetization as a function of the temperature.
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So far, we have considered only the arrangement of the

molecular magnets due to the action of an external field H. Each

molecule, however, has an effect upon the surrounding molecules,

and the result, according to Weiss theory, is a uniform field

proportional to the intensity of magnetization at the point con-

sidered, and coinciding in direction with the direction of the

magnetization. If Hm represents the molecular field and I the

intensity of magnetization, then Hm = AI, where A is a propor-

tionality factor.

The resultant magnetic field within the substance is, con-

sequently, the sum of the external field, He and the molecular

field H , or,

H s He + Hjjj

Prom equation (4)

T , MH
" aR

whence

,

T= M(He + 1^)

aR

and .

T= M(He + AI)
(g)

aR

The large magnetic intensity of ferro-magnetic substances at

ordinary temperatures indicates that the molecular field must

be very strong in comparison with the external field. This con-

dition holds up to the temperature at which the substance ceases

to be ferro-magnetic. Let a be that temperature, then for T =* 9

we can neglect He in comparison to Hm and equation (5) becomes

T - MAI
aR for T = (5a)
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From equation (3)

I = i_ (
coah_a - 1

)

sinh a a

The expression (
C® 8

^
a " — ) can be expanded into the converg-

s inn a a

5ent series ia - 5 a3 + —£— a
3 90 45*42

For very small values of a it is sufficient to consider only

the first term of the series, and equation (3) becomes

I = aim (6)
3

Fbr T = 9 equation (5) may be written

9 = Mlm (7)
3R

Dividing equation (5) by (7), we have

T M(He AI)
? He +5 I

9 = aR - aAlm a T"m
MAIm
3R

but I = St
3 m

hence ^ = |a + i

Solving for A, we have

(8)

Knowing A, we can calculate Hm the strength of the molecular field,

since Hm = Aim

We can also calculate M, the moment of the elementary magnet,

for from equation (7) we have

9 = MAIm

or M = 3R9 (9)
AIm
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If N is the number of molecular magnets per cu. cm,, then

Im = NM or N = Im (10)
~M

If there are n atoms per elementary magnet and each atom has

a mass of n grams, then

N n ra = mass per unit volume

e density or d

Let mH = mass of the hydrogen atom

w s atomic weight of the substance,

then m = w,mH

and
n = £L = __d

N m w.N mfl
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X. DISCUSSIOU OP RESULTS.

Yhe curves (10) and (11) ,
showing (Fas a function of the

temperature, indicate that the temperatures at which the alloys

cease to be ferro-magnetic is in the neighborhood of 310°G.

Knowing 9 it is possible to express T as a function of

the parameter a. Then by comparing the graph obtained^with the

experimental curve near the transformation point , we can calculate

a value for Im , the intensity of magnetization at absolute zero.

Equation (5a) can be written in the form

I = aJLl
M A

Dividing thru by Im , we have

but from equation (7)
R

M A Im 3Q

hence

and

I = 1 a I
Im 36

T . ?e I . 39
(

cosh a _ 1
}

a Im a sinh a a

Putting » 3100 + 273° - 583° and evaluating equation (12)

for T , we obtain the following v alues:





TABLE VIII.

a
cosh a
sinh a

cr _ cosh a 1
sinh a a

r 4,z

0.3 3.4328 0.0995 580 307 7.0

0.4 2.6317 0.1317 577 304 9.8

0.5 2.1639 0.1639 574 301 12.2

0.6 1.8619 0.1952 569 296 14.5

0.8 1.5059 0.2559 560 287 19.1

1.0 1.3131 0.3131 548 275 23.3

1.2 1.1995 0.3662 534 261 27.3

1.6 1.0849 0.4599 503 230 34.3

2.0 1.0373 0.5373 470 197 39.9

3.0 1.0049 0.6716 372 119 50.0

4.0 1.0007 0.7507 328 55 55.9

5.0 1.0000 0.8000 280 7 59.6

cr

crm

I = t 273

Plotting the corresponding values of T and

we get the curve shown in figure 13.

Since

cosh a _ 1

sinh a a

m
cosh a _ 1

sinh a a

where crm is the value of cr at absolute zero.
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In table IX the experimental values of CT are compared with

cry

the calculated values of /(Tfor values of t above 250°.

Table IX

- cr Value of
t observed calculated

297.7 12.9 0.184 70.1

297.7 13.5 0.184 73.4

290.9 17.6 0.234 75.5

290.9 16.8 0.234 71.8

258.9 28.5 0.372 76.6

74.5 mean

It is evident that if we divide the observed values

by the calculated values of %- we can determine the value of (T^

Taking the mean of several values, we get 0^,= 74.5, as shown in

table (IX)

.

If we now multiply the values of cosh a - 1 as given in
sinh a a

table (VIII) by 74.5, we obtain corresponding values for (T and t,

as given in the last two columns of table (VIII). Using these

figures, we can plot a theoretical curve between CT and the tem-

perature. Such a curve is shown in figure (14).

It will be noticed that the Experimental values of CT as

given by the dotted lines agree with the theoretical values for high

temperatures, but at low temperatures the experimental curve bends

away from the other. The same phenomena is observed in iron,

nickel and cobalt, but to a lesser degree. In the case of the

manganese alloys the bending is less (curve B) after the alloy has

been chilled from a high temperature.









TABLE X.

Ellipsoid #1
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H
462
924

1382
1844
2319

e

46§
927

1390
1853
2326

Temp.
I
3.93
7.42

14.4
17.9
18.2

Tamp.
I

1.98
4.02
6.23
7.56

10.25

314.5°

.00851

.00803

.01041

.00973

.00788

320°
K

.00427
. 00434
.00448
.00408
.00440

.00891 mean

T

A

T
A

587.5 e i

1 8

K T-e

1 . 583

.00891 4.5
14560

593
1 .583

.00439 ~TS

583

=13270
.00439 mean

H
464e

928
1392
1855
2329

Temp,
I

1.31
2.62
3.92
5.23
6.54

327.7
K

•00282
.00282
.00282
.00282
.00281

T = 500.7
A 1 .585

.00282 17T7

« 11700
.00282 mean

H
11394
2726
3425
3694

e

Temp,
I

1.79
4.15
5.68
7.0

340
K

. 001284

.001521

.001658

.001894 .00159 mean

T = 613
A = 1 .583

.00159 ~3T3"

12*230

Temp.

314.5

320.0

327.7

340.0

A

14,560

13,270

11,700

12,230

Mean a - 12,940





TABLE XI.
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Ellipsoid #2

Temp. = 314.5°
H I T = 587.5 e - 583
e e

A = 1. e

463 4.61 .00996 K T-e
923 0.66 .01046 = 1 .585

1384 15.14 . 01094 . 0104 475"

1846 18.92 .01026 .01040 mean » 12,460

Temp. = 320.°
He

463
I K T - 593

2.26 .00489 A » 1 .583
926 5.83 .00630 .00559 "ITT

1389 7*96 .00573 - 10,430
1852 10.83 .00584
2326 12.00 .00518 .00559 mean

1393
2726
3425
3825

Temp.
2.74
5.77
6.74
7«37

340.°
.001966
.002115
.001967
.001926 .001993 mean

I » 613
A * 1 .583

.001993 ~50
=9,760

1394 e

2728
3427
3827

Temp.
I

1.904
3.38
4.23
4.02

360°
K

.001365

.001240

.001233

.001050 .001227 mean

T » 633
A = 1 .583

.001227 ~50
«= 9,500

Temp.

314.5

320.0

340.0

360.0

A

12*460

10,430

9,760

9,500

Mean A » 10*540
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Since the internal or molecular field becomes negligable above

the transformation temperature, the intensity of magnetization be-

comes proportional to the external field, and from a knowledge of

the magnetic properties of the alloy in its paramagnetic state we

can calculate Hm the intrinsic molecular field and u the moment

of the elementary magnets.

In doing this we will first calculate A the proportionality

constant.

From equation (8) we have

a - 5a 9

I T - 9

where He is the external magnetic field and I is the intensity of

magnetization at temperature T.

Several calculations of A have been carried out in tables X

and Xlfor various values of T. They give for ellipsoid #1 A = 12,94C

#2 A - 10 ,54C

The calculation of the other quantities consists merely in

substituting in the equations already obtained. The work is

summarized in the following table:
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Ellipsoid #1 Ellipsoid #2

<Tm k
74.5 74,5

d = density 6.96 7.15

Im d 0"
m 518 533

A * He 9 (8) 12,940 10,540
r~ ttq

Hm - A Im 6,700,000 5,620,000

,*
S-SJL (9) 3.55-10"20 4.23 • lO' 20

U = ^ (10) 1.46 . 1022 1.26 • 1022
M

* R is the universal gas constant , and the value to be used is

that corresponding to one molecule.

R - 1.36 • 10"16

For comparison, the constants obtained for iron and nickel

by Kuna^and for cobalt by Stifle? are given in the following table

e A 2m M x 10-20 I X

Iron 2120 756°G 3,850 6,560,000 5.15 4.12

Cobalt 1435 1075 6,180 8 ,870 ,000 . 6.21 2.31

Nickel 570 376 , 12,700 6,350 ,000 3.65 1.56

Alloy §1 518 310 12,940 6 ,700,000 3.55 1.46

Alloy #2 533 310 10^540 5,620,000 4.23 1.26

(1) Phy. Rev. v. 30, p. 259 (1910)

(2) Phy. Rev. v. 33, p. 268 (1911)
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If we assume that there is one atom of manganese in the magnetic

molecule then for alloy #1 we have the relation

mH = _d_
w N

where r=rth< weight of a hydrogen atom

w = 55 the atomic weight of manganese

22
N= 1. 46*10 the no. of magnetic molecules per cu.cm.

d= density of alloy x % of manganese in the alloy

= 6.96 ' 0.185

-24
mH = 6.96 * 0.185 = 1.60-10

55 ' 1.46* 10^

This value of mH agrees almost exactly with 1.61-10*24 the value

-24
obtained by Rutherford. From alloy #2 we get m^ = 2.12*10 which

does not agree so closely.

If e is the elementary charge of a hydrogen atom and

a„ is the chemical equivalent of hydrogei. , then e = mH

Using the values of mR obtained above, we get from alloy #1

e = 1.54»10
20

and from alloy #2 e = 2. 04* 10~ 20

We could have obtained, however, the same values by assuming

that the magnetic molecule was composed of one atom of manganese

and one atom of aluminium, or one atom of manganese and one atom

of copper. Since a molecule must contain more than one atom, it is

quite probable that the magnetic molecule is a composite molecule

containing one atom of manganese and one atom either of copper or

of aluminium. This hypothesis would also account for the increase

in the intensity of magnetization after chilling from a high temp-

erature as shown in figure (14). The chilling prevents one of the

metals from crystalizing out and thus decreasing the number of

molecular magnets.
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XI. SUMMARY

The chief results of this investigation may he summarized

as follows:

1. The temperature of magnetic transformation from the

ferro-magnetic to the paramagnetic state was established at 310°C

for alloyB containing 62% copper.

2. The curve giving f as a function of the temperature

has been shown to agree with the theoretical curve above 200°.

3. Chilling from near the melting point causes the ex-

perimental curve to follow the theoretical curve to a lower tem-

perature than before.

4. The nature of the molecular field was found to be of

the same order of magnitude as nickel, all the constants Im ,
Hm ,

M and a. being of approximately the same value.

5. The results, while not extensive enough to determine

the number and kind of atoms in the elementary magnet, are

sufficient to show that the alloys obey the laws of ferro-magnet-

ism, as derived by the present molecular theory.

The writer takes pleasure in acknowledging his indebtedness

to Professor Jakob Kunz for his general supervision of the work,

and for many valuable suggestions.

Urbana, Illinois.
April, 1912.



SI

1 1M»

^3

^As






