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On the Magnetization of Ferromagnetic Crystals

FRANcrs BnTER, S'estirighouse Research Laboratories

(Received December 15, 1932)

In a previous article a function Eg is discussed. This
function gives the energy of a crystal as a function of the
direction of magnetization. The present paper contains
photographs of plaster models representing Eg for an
undistorted crystal of nickel, for an undistorted crystal of
iron in zero applied 6eld, and in a field of 100 oersteds
parallel to the L1001, [110j, and L111j axes respectively,

and for an iron crystal distorted by compression and
extension along the above mentioned axes. Assuming that a
crystal is magnetized to saturation in the direction in
which Eg has a minimum, magnetization curves for
crystals distorted as mentioned above are calculated and
illustrated.

'N a previous article' a procedure was outlined
' for describing some properties of strained

ferromagnetic crystals. It is proposed to discuss
the consequences of this procedure in greater
detail. In the following pages certain aspects of
magnetization are taken up.

tion of the crystal for any given set of external
conditions is that direction in which Bg has a
minimum. If Eg has minima in two or more direc-
tions ambiguities may arise.

EVALUATION OF CONSTANTS

PROCEDURE

Let i, j, k be subscripts denoting measurement
along three axes parallel to the tetragonal axes of
a cubic ferromagnetic crystal whose spontaneous
magnetization is I . The orientation of I is
given by the direction cosines n;, n;, o.&. The crys-
tal may be distorted and the distortion described
by the components of a strain tensor, A;;. The
energy for an arbitrary direction of magnetiza-
tion is assumed to be:—
Zs =cp'arsctls+Xl+A;4cr, '+ esp'A;;a4n;

—I„gn,H, +const. (1)

For nickeP the constant c is approximately
—2.5X104 ergs/cc and I =500. For iron all the
constants may be evaluated with sufficient ac-
curacy to give some idea of the predictions of
Eq. (1). From observations by Honda and
Masiyama' we can evaluate xo, p&, and p2, as has
been done in a previous article. ' Certain con-
stants, s», etc. , related to the above elastic con-
stants, c», etc. , by the following equations:

cll $11+sls/(sit+ 2$12) ($11 $12) 1

C12 = $12/($11+ 2$12) ($11 $12) i

c44 = 1/$44,

From this expression it is possible to calculate the were measured for iron -by Goens and Schmid. '
magnetostriction in an arbitrary direction P;, From their measurements we obtain c» ——0.237

g 10" c» ——0.141P 10" and c44 ——0.116)&10"
ergs/cc. Knowing the magnetostriction and the
elastic constants, we may with the help of Eq.

The constants involved in Eq. (2) are related to (3) evaluate Kl and Es. The constant c'for iron
those in Eq. (1). is taken from Akulov. ' The values of the various

constants of Eq. (1) for iron as used in this paper
Xl +1 Cll Cls i Xs 2 2C44. 3

' F. Bitter, Phys. Rev. 38, 546 (1931).
The quantities c», t», c44 are the elastic constants 3 K. Honda and Y. Masiyama, Sci. Rep. Tohoku Univ.

of the cubic crystal under discussion. It is further &S 755 (&926).

assumed that the actual direction of magnetiza- 'E. Goens and E. Schmid, Naturwiss. 19, 520 (1931}.
5 N. Akulov, Zeits. f. Physik 57, 249 (1929); 67, 794

' F. Bitter, Phys. Rev. 42, 697 (1932). (1931).
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are: c = 2.15 X10', E&= —3.06X10', X2 = 2.85
X10' ergs/cc; I =1718.

THE REPREsENTATIQN oF E8

It is difficult to visualize the properties of the
function Eg without a rather wearisome lot of
computing. Since Eg promises to be of impor-
tance in the study of ferromagnetism, and per-
haps also in the study of certain non-ferromag-
netic crystals, ' I have thought it worth the
trouble to make a few models for representative
values of the parameters involved. Various
methods of representation are, of course, pos-
sible. Spherical polar coordinates were chosen.
Thus, since E& defines an energy for any direc-
tion, we may represent E& by a surface surround-
ing a certain point in such a way that the length
of the radius vector to the surface in any given
direction is equal to Zg for that direction. The
disadvantage of this representation is that nega-
tive radii are not desirable. The arbitrary con-
stant in Fq. (1) is therefore so chosen that the
figure has a reasonable size and does not become
negative. In other words, the length of the radius
of the model is not proportional to the corre-
sponding energy, but the difference in length be-
tween any two radii is proportional to the differ-
ence between the two corresponding energies.

The particular conditions illustrated below
were chosen in such a way as to cover the most
important aspects of the problem. The intention
is to show what shapes the function Ee may as-
sume rather than to carry out the calculations
for cases of experimental importance. This is
especially apparent below when we speak of
elastic compressions of 50 percent, etc. , which
are, of course, not experimentally realizable.

The first term in Eq. (1) contains only one
parameter c, giving rise to two different types of
material, one, like iron, for which c)0, and
another, like nickel, for which c(0. The remain-
ing terms in Eq. (1) represent the influence of
crystal distortion and of an externally applied
magnetic field. We shall consider these last terms
only for a crystal of iron, and only for the six
special cases listed in Table I.

It is to be observed that we have chosen dis-
tortions which give rise to no volume change.

6 F. Bitter, Phys. Rev. 42, 731 (1932).

TABLE I. The Parameters used in the illlstrations of Zy. IIis
the magneticPeld, and e is the elongation.

H )i $100$ H; =H; H; =Ha =0
H i[ L110]H; =H; =H/2'; Ha =0
H ([ L111)H;=H; =Hs=H/3*
e [[ L100j A;; = e; A;; =Asm = —e/2; A;; =A;s = =0
e [[ L110j A;; =A;; e/=4; A qa = —e/2; A;; =A;; = 3e/4;

A7k= ~ ~ ~ =0
e ~[ L111jA;;=A;;=Au=0; A;;=A;;=A;x= ~ =e/2

These distortions are not produced by the appli-
cation of ordinary tension or compression. On
the other hand the results obtained will be very
similar to those resulting from true tension and
compression, and in addition are particularly
simple to calculate.

THE FUNcTIoN Eg

Figs. 1 and 2 represent the function Eo for the
special case A;;=A;;= =0, I~=0, i.e. , for the
undisturbed ideal lattice. Since the constant c
for nickel is not only negative, but also ten times
smaller than for iron, Fig. 1, if constructed on the
same scale as Fig. 2, would not deviate much
from sphericity. The scale used for Fig. 1 is such
that 1 cm represents 1718/500 times as many ergs
as a like distance in Fig. 2. Since the ratio 1718/
500 is that of the saturation intensities, the scale
chosen is such that a field II produces the same
effect on the model for iron as on the model for
nickel, In all the photographs here reproduced the
plaster model stands next to a crystal model. In
every case the axes of adjacent models are
parallel. From Fig. 1 we see that in nickel Ee has
maxima in the direction of the tetragonal [100]
axes, and minima in the direction of the trigonal
[111]axes, whereas in iron, as shown in Fig. 2,
the maxima and minima are reversed. In Figs. 3,
4, and 5 we have Eg for iron in a field of 100
oersteds parallel to the [100), [110],and [111)
axes respectively. In Figs. 6, 7, 8 and 9 are il-
lustrated the effect of compression and elongation
on Zg in the absence of a magnetic field. Figs. 8
and 9 are two views of the same set of figures.
Referring to Table I, compression corresponds to
e (0, elongation corresponds to e)0. In the
photographs the model on the left represents
e)0, or elongation and the model on the right
e(0, or compression. The stick resting on the
crystal model in the center of each illustration
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FiG. 1. Zp for an undistorted nickel crystal. FIG. 2. Z& for an undistorted iron crystal.
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FIG. 3. Bg for an iron crystal in a field of 100 oersteds
parallel to a f100] axis.

FIG. 4. Eg for an iron crystal in a field of 100 oersteds
parallel to a f110]axis.
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FIG, 5. Zp for an iron crystal in a field of 100
oersteds parallel to a f111]axis.

FiG. 6. On the left, Eo for an iron crystal elastically
stretched 1 percent along a f100] axis. On the right, Ze for
an iron crystal elastically compressed 1 percent along a f100]
axis.

FIG. 7. On the left, Z|t for an iron crystal elastically
stretched 1 percent along a f110] axis. On the right,
Ep for an iron crystal elastically compressed 1 percent
along a f110]axis.

FIG. 8. On the left, Zp for an iron crystal elastically
stretched 1 percent along a f111] axis. On the right, Bg
for an iron crystal elastically compressed 1 percent along
a f111]axis.
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!!!iii!!!SR ready been pointed out, ' E& for compression along
a digonal L110j axis depends on K2, %~+%2,
and Xg —E2.

FIG. 9. A second view of the models shown in Fig. 8.

represents the direction of elongation or con-
traction. The models were all made for e = &0.01.
All the models in Figs. 2—9 are made on precisely
the same scale except the model on the left of
Fig. 6. For this model a slightly larger additive
constant was used to avoid negative values of Zg.
T'he models in Fig. 6 depend only on c and X&,

while those in Figs. 8 and 9 depend only on c and

X2, as may readily be verified by substituting the
values listed in Table I into Eq. (1). Because X&

and E2 in iron have opposite signs compression
along a [100]axis has an effect on E!!similar to
extension along a L111$ axis. Further, as has al-

MAGNETIZATION

The magnetization curves obtained by apply-
ing a field parallel to the elongation or compres-
sion in Figs. 6, 7, 8 and 9 are shown in Figs. 10,
11 and 12. The cross-hatched portions of the
curves indicate that there is a transition from
one minimum of Bg to another, and that we
therefore have a transition in some unspecified
manner from one magnetization curve to an-

other. Some of the magnetization curves are
vertical for II=0. These vertical portions also
involve transitions from one minimum of Eg to
another. Experimental evidence already pre-
sented' indicates that for e = 0, the curves as
drawn represent the behavior of actual iron
crystals fairly well. As far as I know, no experi-
mental data exist with which to check the other
curves.
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FrG. &0. Magnetization curves for an iron crystal elastically stretched or compressed along a Piooj axis by
amount e, the applied magnetic field being parallel to the compression.
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FzG. 11.Magnetization curve for an iron crystal elastically stretched or compressed along a f110/ axis by an amount
e, the applied magnetic field being parallel to the elongation.
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FIG. 12. Magnetization curve for an iron crystal elastically stretched or compressed along a f111j axis by an amount
e, the applied magnetic field being parallel to the compression.
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The formulae derived from Eq. (1) represent-
ing the curves drawn in Figs. 10—12 are:

II=gI+bP, a=(3eK2 4c—)/I '

b= Sc/I„',

II=aI+bI", a= (3eK, +4c)/I ',

b = Sc/I„,—4

for the lower part of the curves corresponding
to e(0

II=gI+bI"', a = [(3/2) (I&~+Kq)e+4c]/I„,',
(6)

b = 6c/I—„4.

The shape of Eg should be examined in some de-
For e)0 and for the upper portion of the curve tail before applying this formula for small values
for which e= —0.005 Of 8.

ei~ [III] I'ig. ZZ.—
3l 2c sin 0 cos 0[2 cos' 0 —sin' 0]+eK2[sin 0 cos 0+2 (cos' 0 —sin' 0)],II=—
I —sin 0+2' co@ 0

f = I [(1/3'*) cos 0+ (2/3) * sin 0].

Anyone interested in securing casts of the plaster models here illustrated should communicate
with the Magnetic Division of the Westinghouse Research Laboratories, East Pittsburgh, Pen»syl-,
vanla.




















