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ABSTRACT

In the attempts to derive from theory the magnetization curve, in the region of rotational
magnetization, for well annealed ferromagnetic polycrystals, a generally recognized complication is
the possible existence of internal fields caused by the out of alignment of the magnetization vectors
of the grains. However, if such internal fields do not really exist, a simple deduction by the usual
formal treatment predicts that the magnetization curves of polycrystals, of the same crystalline structure
and having the same sign for the values of the principal anisotropy constant, can be brought into
coincidence by expressing the intensity of magnetization and the field in proper reduced units. 'This
prediction is checked experimentally by measurements on iron and an iron alloy containing 15 percent
cobalt by weight, In each case, it is found that the normal magnetization curves for various temperatures
can be brought into coincidence in the -manner as indicated. It is therefore concluded that the
effect of internal fields on the process of magnetization in the case of polycrystals cannot be any
greater than that in the case of single crystals. The absence of wide spread internal fields of magnetic
origin in polycrystals during rotational magnetization is then discussed in the light of recent develop-
ments in the domain theory.

INTRODUCTION

The magnetization of a well annealed polycrystal of a ferromagnetic, in
the field range 10-500 oersteds is presumably entirely rotational. Indeed, it
has been generally recognized that the magnetization curve of such a poly-
crystal can be derived by averaging those of a collection of single
crystals randomly oriented with respect to the applied field. On account of
mathematical difficulties, such an averaging process cannot be carried through
even under the most simplifying assumptions. For this reason, early theoretical
works® 2 2 have been confined to the region around the ‘knee’ of the magnetiza-
tion curve and that near saturation. To complicate the problem further,

*Based on part of a thesis submitted on January 11, 1943 to the. Department of Physics at the
Massachusetts Institute of Technology, Cambridge, Mass., U.S.A., in partial fulfilment of the require-
ment for the degree of Doctor of Science.
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there is the question as to the existence of internal fields due to the incomplete
alignment of the magnetization vectors of the grains, as it was first pointed
out by Holstein and Primakoff* in 1941. Assuming the existence of such
internal fields, the latter authors rederived the law of ‘approach to saturation’.
The main result was that, for moderately strong fields, the coefficient of
the principal term in that law was reduced to half of what had been previously
given. The same result was independently obtained by Néel.’ Very recently,
Stewart and Lawton® proceeded to derive a magnetization curve for poly-
crystals of iron, on the basis of their earlier work on single crystals.” On the
assumption that the magnetization of each grain was equal to the macroscopic
magnetization of the whole specimen, a mathod was developed in which
averaging was actually done on the effective felds acting on the individual
grains, so that the effect of internal fields was taken care of automatically.
However, the agreement between theory and experiment did not come out
as satisfactory as in the case of single crystals.

Approaching the same problems from another angle several years ago,
the writer obtained some experimental evidence which indicated that no
appreciable internal fields existed in polycrystals during rotational magnetiza-
tion. Owing to war conditions, publication of this work has been long
delayed. Now that the problem is again of current interest, it is thought
that a presentation of the results might stimulate further investigations.

A DepucrioNn FroM SiMpLE THEORY

Following Akulov’s® formal treatment, we will investigate what function-
al relationship exists between the macroscopic magnetization of a specimen
and the various energy parameters. Let us at first confine our attention to
the magnetization of a single crystal of the cubic system. To proceed, take
the three tetragonal axes of the crystal as the x,y,z axes, and, with the z axis
as polar axis, form a system of ordinary spherical coordinates, using 0 to
denote the colatitude and ¢ the longitude measured from a (100} plane
passing through the z axis. Then the part of the free energy density of the
crystal which depends on the direction of its intrinsic magnetization vector,
I, is given by

U© %) = K (5in229 + sint 0 sin?2)

- ISH{cosﬁ cosf’ + sinf sinf’ cos (¢ — CP’)} (D)

T. Holstein and H. Primakoff, Phys. Res. 59 (1941), 388.

L. Néel, . Phys. Radium 9 (1948), 184.

H. Lawton and K. H. Stewart, Proc. Phys. Soc., A, 63 (1950), 848.

H. Lawton and K. H. Stewart, Proc. Roy. Soc., A., 193 (1948), 72.

For a general discussion see F, Bitter, Introduction to Ferromagnetism, Chap. VI, (McGraw-Hill,
New York 1937). Also sce reference 3, Chap, 10:
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where K; is the first magnetocrystalline anisotropy constant,” H the external
field, @ and ¢ are the direction parameters of I, and & and ¥’ those of H.
The equilibrium orientation of Z, is in the direction of the absolute minimum
of U(6,%?). The conditions for the extreme values of U(6,?) are

Ki _ cosfsing’ cos (P — ¢’) — sinf cosd’ ©)
2 ] i sin 40 + sin?0sin 20sin?2%¢ =
and
Ki __ sinfsin@’sin (P’ — ¢)° \ 3)
QREL sin*@'sin 4 ¢ ;

The magnetization in the direction of the field, , is given by

[ = Isl.":IH = I { cosf cosd’ + sinf sinf’ cos (¢ — ‘P')} . “4) :

The equation of the magnetization curve is the solution of I from Egs. (2),
(3), and (4) as a function of H with 8, ’, I,and K; as parameters. It is
obvious that this solution must be of the form

Lmu(fy o 9),

or =% 0 ¢, 6))
: el G
Wlth ! [’ s h = [s H .

Eq. (5) shows that, for a given crystallographic direction, the magnetization
curves of single crystals having the same sign for K; can be made to coincide
by plotting 7 vs 4. This conclusion is reached on the tacit assumption that
the crystal has no demagnetizing fields so that it consists of a single domain
throughout the rotational magnetization process. In the case of an isolated
single crystal, we know that this is not the case. However, if the crystal
has a highly symmetrical shape, for example, a sphere, and the field is
symmetrically oriented with respect to the directions of easy magnetization
(for instance’ in a <110 > or <111 > direction in the case of iron), our con-
clusion will be valid, provided that H now denotes the effective field. Bitter®

9. The notations for the magnetocrystalline anisotropy constants used in this paper follow the
convention of reference 3.
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has verified this conclusion by bringing corresponding magnetization curves
for various temperatures of an iron single crystal into coincidénce.

Furthermore, if for some reason a grain in a polycrystal is not,subject to
the action of ‘free poles’, then the value of j for a polycrystal with random
grain orientations will be given by the average of ¥ in (5) over all possible
values of 6" and ¢’. Obviously, such an averaging process will result in an
expression of the form :

i=@ (h). (6)

Thus the conclusion reached above holds for the case of*a polycrystal as
well. Of course a real specimen cannot be devoid of surface ‘free poles’.
However, the effect of surface ‘free poles’ can be approximately accounted for
by the demagnetization factor of the specimen so that if we take H to
mean the effective field, which is uniform over the specimen, there will be
no need to change our conclusion. Conversely, if the incomplete alignment
of the magnetization vectors of the individual grains causes the occurrence
of ‘free poles’ at the grain boundaries and, hence, internal fields, a relation
of the type of Eq. (6) cannot be obtained. For, the contents of Eq. (6)
mean that, if* at a certain state of magnetization, one could, by some means,
vary K; and I, in the same proportion but keep the effective field constant,

the equilibrium orientations of the individual magnetization vectors would

not be disturbed. Now if internal fields due to ‘free poles’ are present, such
fields will, to a first approximation, be proportional to I, so that they will
automatically change with a change in I;, and, therefore, the orientations
of the magnetization vectors cannot be in equilibrium any more.

In passing, some additional remarks seem necessary. First, we have
neglected the second magnetocrystalline anisotropy constant K, in the above
derivation. This may not be allowable. However, existing data give hardly
any consistent values to K, for iron, while all sets:of observations agree that
K, vanishes for nickel® For these reasons, the importance of K, in an actual
case is rather doubtful. On the other hand if K, is directly proportional
to K; its presence will not affect our conclusion. Secondly, the condition of
random grain orientations is not necessary. All that is required is that
comparison be made with polycrystals of the same distribution of grain
orientations. Thirdly, our conclusion is valid as long as the magnetization
vectors of the grains are rotating under the action of an effective field which
is uniform over the whole specimen. It does not imply that the magnetization
vector of an individual grain starts rotation from the direction of easy
magnetization nearest to the field. .

EXPERIMENTAL

If one checks the foregoing prediction by trying to bring the magnetiza- -
tion curves obtained from polycrystals of different substances into coincidence,
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one is unlikely to succeed because ordinary polycrystals seldom have exactly
the same distribution of grain orientations. Fortunately, both I, and K;
vary with temperature, but different rates. Therefore, one can check
the prediction by using -the magnetization curves obtained from the same
specimen at various temperatures.

In the present undertaking, normal magnetization curves were measured
on pure iron and an iron alloy containing 15 percent cobalt by weight, in
the range from room temperatures to about 50°C below the Curie point.
According to a phase diagramh compiled by Hansen", this alloy is a b.c.c.
solid solution below about 910°C. The transformation from the b.c.c. to the
f.c.c. phase completes in a temperature range of a few degrees and the latter
phase is nonmagnetic. The value of K; for the alloy at room temperature,
as interpolated from Shih’s" results, is about 2.7X10° ergs/cm’.

The iron stock was supplied by the Westinghouse Laboratories. Accord-
ing to their information, this iron was quite pure and had very good magnetic
properties. The alloy was made by melting weighed amounts of this iron
and of a stock of high purity cobalt in vacuum by a high frequency induction
furnace. Although no chemical analyses were available for the stock materials,
the small coercive forces of the specimens (a few tenths of an oersted at
room temperature for Bp., =1,000 gauss) testified for the statements about
purity. Both specimens were annealed at 900°C for 12 hours and slowly
cooled before being measured. The sizes of the cylindrical specimens were:—

Iron: . Length, 325 cm; diameter, 0.163 cm.
85 Fe—15 Co: Length, 20.0 cm; diameter, 0.252 cm.

The measurements were made by the usual ballistic method, using a
sensitive ballistic galvanometer, an air-cored solenoid about 80 cm long, and
a noninductively wound tube furnace which was 50 cm long and could be
fitted coaxially into the solenoid. The solenoid supplied about 100 oersteds
per ampere. The search coil covered a section of only about three centimeters
at the middle of the specimen where the temperature and field were essentially
uniform. The temperature was measured by a thermocouple placed close to
the search coil. Both the intensity of magnetization and the field could be
measured to an accuracy of about 0.5 percent. The demagnetizing fields of
the specimens were evaluated according to Stablein and Schlechtweg’s™
results.

REesuLTs

Figs. 1 and 2 show the normal magnetization curves of iron and 85 Fe-15
Co respectively, in the field range 5 to 500 oersteds. In order to show the

10. M. Hansen, Aufbau der Zweistofflegierungen (J.Springer, Berlin, 1936).
L ERTEEW, Shlh Phys. Rey, 46 (1924). 129.
12. F. Stiblein and' H. Schlechtweg, Zeits, f. Phys. 95 (1935), 630.




228 S. T. PAN : Vol. 8

L0 7 :——é‘ 1—@-&; Lo — | _—— l//:::
f / // // ,// Gl T |
IEEAmzeler ot
09 1 / / o ,//
S e e
WA A
ey i
i
Wi/ | 4
1 |
o7 ’
1) 100 :Jo? 200 500

200
H . Oersteds

Fig. 1. Normal magnetization curves of pure iron at various temperatures, with the intensity of
magnetization expressed in terms of the saturation magnetization.
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Fig. 2. Normal magnetization curves of an iron alloy containing 15 percent cobalt by weight.at :
various temperatures, with the intensity of magnetization expressed in terms of the saturation =

magnetization.
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-

effect of temperature more properly, the intensity of magnetization, I, has
already been expressed in reduced units and plotted against the effective
field H in these figures. Actual measurements were carried up to 1,000
- oersteds.  As the specimens were soft, the high field portions of the normal
curves were practically straight lines with a slight slope. The straight portions
of the curves were extended to the I axis and the intercepts thus obtained
were taken as I,. These values of I, are believed to be within one percent
of the true values.

For each specimen, an arbitrary value of I/I, may be chosen and the
ratios, C, of the corresponding value of H on the room-temperature curve
to those on curves for elevated temperatures computed. In this way an average
value of C can be obtained for each temperature from several I/, values.
I/1, can then be plotted against CH for all curves of each specimen. The
results for iron and 85 Fe-15 Co are shown in Figs. 3 and 4 respectively. For
convenience, most of the points plotted in Figs. 3 and 4 were arbitrarily taken
from the smooth curves joining the measured points in Figs. 1 and 2. It is
seen that, within the errors of measurements and graphical interpolations,

all the points for each specimen lic on the same curve.
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Fig. 3. Normal magnetization curves of pure iron at various temperatures, with both the m.tcnsuy
of magnetization and the field expressed in reduced units.
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The constant C is related to the saturation magnetization, I,, and the first
anisotropy constant, Kj, by the equation

Gy AKGe

C o o

TKios alvia
o s

where the second subscript 0 signfies room temperature. Thus from our data '
for C and I, we can study the relative variation of K; of iron with temper-
ature and compare the result with that obtained from experiments on single
crystals. Such a comparison is shown in Fig. 5. In this figure, the data
represented by triangles were evaluated by Piety” from the measurements
made by Honda, Masumoto, and Kaya'. Data for two specimens obtained by

13. R. G. Picty, Phys. Res, 50 (1936). 1173.
14. K, Honda, H. Masumoto, & S. Kaya, Tohoku Imp. Univ, Sci, Rep., Series 1, 17 (1928), 111.
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temperature.

Piety himself are ‘also shown. The agreement between our result and that
of Honda, etc., is very good, but the points for Piety’s specimens are distinctly
~ higher. Thére are differences of a few degrees among the room temperature
values of the different sets of data, but these differences are not large enough
to account for the latter discrepancy. The points represented by the upright
crosses were obtained from another specimen of the same iron stock by ‘ap-
proach to saturation’ studies, the results of which will be reported shortly
in this journal. Fig. 6 shows a similar plot for the iron-cobalt alloy, but,
in this case, there are no single-crystal data to compare with.

DiscussioNn

From the results just described, we may conclude that internal fields are
not present in a polycrystal to an extent great enough to interfere with the
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Fig. 6. The fractional variation of the first magnetocrystalline anisotropy constant
of the 85Fe-15Co alloy with temperature.

rotation of the magnetization vectors of the grains by the over-all effective
field. Therefore, an average grain in a polycrystal behaves like a single
crystal without demagnetizing fields of its own. This conclusion seems at
first sight rather surprising. However, viewed in the light of the results
of recent theoretical and experimental studies on the formation of domains
in single crystals by Lifshitz", Néel'®, and Williams, Bozorth, and Shockley?,
this situation seems qualitatively quite understandable. These authors have
shown that owing to the effect of the demagnetization factor, a single crystal
of common shape is divided into domains even during rotational magnetiza-
tion; that the domain boundaries must be plane and must so orient themselves
that ‘free poles’ are eliminated; that the major domain formation do not
extend to the surface of the crystal where ‘free poles’ would develop to

15. E. Lifshitz, J. Phys. U.S.S.R. 8 (1944), 337.
16. L. Néel, J. Phys. Radium 5 (1944), 265. :
17. H.J. Williams, R, M, Bozorth, and W. Shockley, Phys, Res, 75 (1949), 155-183.
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disturb the equilibrium of the domain magnetization vectors, and therefore
‘lux closure’ domains and, sometimes, domain branching are formed. On
the basis of these fundamental ideas, a crude picture of what happens in a
polycrystal may be imagined. At the surface of the polyerystal, the domain
formation is probably not very different from that on the surface of a single
crystal. The distribution of ‘free poles’ is reduced to a minimum, with the
macroscopic demagnetizing field as the resultant effect. As for the interior
of the specimen, it is important to remember that the individual grains are not
isolated but are surrounded by material of its own kind, and, since domains
and domain boundaries are so readily created, large concentrations of ‘free
poles” at the grain boundaries can hardly be stable. Thus, during rotational
magnetization, the major portion of a grain is probably a single domain with
its magnetization vector rotating out from the direction of easy magnetization
_nearest to the field, but, at the grain’s boundaries there will be a minor forma-
tion of domains such that the transport of flux from grain to grain is affected
without the creation of ‘free poles’. The existence of such minor domain
formations in polycrystals as well as single crystals will not show up conspicu-
ously in flux measurements of ordinary accuracy. Whether such a picture
is any thing near reality can be best checked by observation of magnetic
powder patterns on polycrystals of special texture. For iron, a rolled sheet
in which most of the grains have a {100} plane parallel to the rolling plane,
but are otherwise random, will be quite ideal.

It seems to be generally recognized that a grain boundary in a pure
polycrystal is a transition layer only a few atoms thick. In it, the ordered
arrangement of atoms is more or less broken up but the short range forces
between atoms are still effective so that a Bloch wall can extend through
a grain boundary. It can then be alternatively suggested that a grain boundary
is probably the seat of a domain boundary which completely envelops the
former. Such a domain boundary will so adjust its orientation that the usual
function of transporting flux without the creation of ‘free poles’ is achieved,
but will be different from those of the usual kind in that it is not affected
by a field as far as body displacement is concerned. In this connection, a
situation that is conceivable but not so easy to justify is that, at the early stages
of rotational magnetization, not all the grains may have their magnetization
vectors rotating away from the direction of easy magnetization nearest to
the field. For, a given grain boundary may be so oriented with respect to
the directions of easy magnetization nearest to the field in the grains on both
sides of it that the creation of a domain boundary to cover it would be
energetically unfavorable. In such a case, the magnetization vector in one
of the grains may start out from a direction of easy magnetization which is
not nearest to the field. The occurrence of such a situation can probably
be detected in the macroscopic remanence but not by the type of experimental
observations as we have made.

The problem of calculating the macroscopic magnetization of a specimen
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is a search for the state of minimum free energy. Not being able to solve
it by taking all the energy terms into account at once, previous investigations
have considered the various energy terms more or less separately, approaching \
thereby an integrated picture. Whatever the final picture will be, experiment-
al results seem to show that the wide spread occurrence of ‘free pole’ con-
centrations in a specimen is precluded.
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