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Results of investigation of the properties of antiferromagnetic Cry03, presented in a number of

papers’[l-lﬂ

are considered. It is shown that the observed peculiarities in the behavior of the

magnetic susceptibility X, at T — 0°K and of the constant of the magnetoelectric effect in a
magnetic field can be explained qualitatively by the influence of a domain structure of the ma-
terial. The existence of a ‘‘perpendicular’’ magnetoelectric effect, due to the influence of inter-

domain boundaries, is detected experimentally.

NEW results of experimental investigations of
the properties of antiferromagnetic CryO3 have
been published recently. The results of these re-
searches in many cases contradicted the experi-
mental data obtained earlier on the study of the
properties and on the determination of the magnetic
structure of chromium oxide; some newly obtained
experimental dependences, in particular the form
of the dependence of the magnetoelectric-effect co-
efficient on the applied magnetic field, seemed in-
comprehensible. In the present paper, an attempt
is made to explain the observed discrepancies of
the experimental data by the presence of domains
in the structure of antiferromagnetic Cr,0;, and
by processes that occur in the interdomain bound-
ary regions. Furthermore, it follows from our in-
vestigation that the magnetoelectric effect in an
interdomain boundary region in CryO5 should differ
from the usual one in that the magnetic moment
that arises should have a component perpendicular
to the applied electric field. This hypothesis was
confirmed experimentally: in a fine-grained poly-
crystalline specimen, a magnetoelectric moment
perpendicular to the applied field was observed.
As is known, the magnetic structure of Cr;O;
was determined by Brockhouse,[” by neutron-
diffraction measurements made on polycrystalline
specimens. Brockhouse determined the order of
alternation of the chromium spins in the elemen-
tary cell, but he did not establish the distribution
of spins with respect to the crystallographic axes.
McGuire and collaborators,'?? by measuring the
magnetic susceptibility of single-crystal speci-
mens, showed that the susceptibility along the Cg
axis decreases on lowering of the temperature

below TN, whereas in the perpendicular direction
it is practically unchanged.

Thus the magnetic structure of Cr,O3 was de-
termined: its chief distinctive feature was the ex-
istence in the magnetic point group not of simple
inversion I, but of inversion combined with the
operation R, consisting of a simultaneous change
of direction of all magnetic fields and spins.

The presence of the symmetry element IR de-
termined the existence of a magnetoelectric effect
in this material. In Foner’s'?’ however, it was
shown that the magnetic susceptibility of single-
crystal CryO5 parallel to the Cj axis, X);, ap-
proaches a constant nonvanishing value at low tem
peratures; the value of X (T — 0) changes greatly
from specimen to specimen. To explain this phe-
nomenon, Pratt and Bailey[ 4 supposed that the di-
rection of the spins of the chromium ions makes
an angle of 30° with the C; axis and that the mag-
netic structure itself is helicoidal. In the opinion
of Pratt and Bailey, this is corroborated also by
the results of their investigations of the optical
spectra of CryO3. It should be mentioned at once
that the conclusion about helicoidal structure is to
all appearances wrong, since with it there could
be no magnetoelectric effect.’ % &3

Another explanation of Foner’s results was
proposed by Silverstein and Jacobs,”] who sug-
gested that the form of the susceptibility curve
X(T) can be explained by Van Vleck temperature-
independent paramagnetism, connected with virtual
transitions between orbital levels; they obtained
satisfactory agreement of the results of the calcu-
lation with Foner’s experimental data.

We should like to call attention to another pos-
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sible explanation of this phenomenon: namely, to
attribute it to the influence of interdomain bound-
aries in the Cry;05 single crystal.

There have been earlier communications
about experimental indications of the existence of
antiferromagnetic domains in Cry03, obtained dur-
ing investigation of the magnetoelectric effect.

The existence of domains was revealed by the dif-
ferent signs of the magnetic moments that appear
in an applied electric field.

This circumstance is also easily explained by
the thermodynamic theory developed by Dzyaloshin-
skii;[“ in it, the sole vector for the magnetic
structure of Cry0O;, which takes naturally the form
lyz =8y — 8y + 83 — 84 (8§ = spins of the chromium
ions in the elementary cell), changes sign on in-
version of all spins, i.e., on transition to another
domain. The vector lyz is linearly related to the
constants X| and X; that describe the magneto-
electric effect according to the formula'®! for the
induction and intensity of the fields in the material,

Dy = e+ oytly, Di=¢e B +aH,
By=wHy+ ok, Byi=pH +ao,E

[s,10]

(here €| and €| are the dielectric constants along
the C3 axis and in the basal plane of the crystal,
and u4|| and p| are the corresponding magnetic
permeabilities). Thus different domains corre-
spond to different signs of @) and .

In investigation of the magnetoelectric effect,
we observed that an increase of the number of do-
mains in a single-crystal specimen occurs very
easily. In fact, a specimen that has been at tem-
perature 25° C for a month becomes multidomain
to such an extent that in general no magnetoelec-
tric effect can be observed in it, because of the
different signs of the constants « of the effect in
domains of different types.[s'm In this process,
naturally, there also occurs a growth of the volume
in the specimen that is occupied by interdomain
boundaries, in which there is a gradual rotation of
the antiferromagnetic vector through an angle w
over a distance of some hundreds of atomic dis-
tances. Thus spins lying in the interdomain region
have nonvanishing projections on the basal plane
and show, qualitatively, the same sort of effect on
the temperature dependence of the susceptibility
X as does the Van Vleck paramagnetism. In the
immediate vicinity of impurity atoms and lattice
defects, the configuration of the field that acts on
the spins of the chromium ions and forces them to
orient in a definite manner is different from that
for a homogeneous material in which the spins also
have a projection on the basic plane. Such a situ-

ation occurs on the external surface of a specimen,
and this can evidently explain the results of Pratt
and Bailey, who investigated optical spectra ob-
tained by Wickersheim' 1! on thin specimens.

In an investigation of the magnetoelectric effect
in a single crystal of CryO5 in a magnetic field,
applied parallel to the Cj axis, Foner! 123 obtained
a smooth dependence of the coefficient « of the
effect on the value of the applied field. When the
value of H reached critical values Hg, corre-
sponding to a transformation of the spins into an
antiferromagnetic state with the spins perpendicu-
lar to the C3 axis, the coefficient @ underwent a
large change. But over the whole interval of ap-
plied fields from zero to Hg, the function «(H)
was described by a smooth curve, on which there
was no indication of a sudden transformation of the
spins into the basal plane of the crystal, as might
have been expected; the form of the function «(H)
was like the usual magnetization curve of ferro-
magnets.

Such a form of the a(H) curve, obtained by
Foner, can evidently be explained by the fact that
as the increase of the applied magnetic field pro-
gresses, there occurs not a sudden transformation
of the spins, but a gradual increase of the dimen-
sions of the interdomain regions by rotation of the
spins, and the appearance in them of a projection
on the basal plane; thus there is realized in a
whole large volume of the crystal a configuration
of spins which, at H =0, occurred in the interdo-
main region. Upon attainment of the value H = Hg,
this configuration is realized in the whole volume
of the crystal.

The general picture of the phenomenon de-
scribed above explains qualitatively the results
enumerated in the investigation of the properties
of Cry03; and it enables us to make still another
suggestion, which it is relatively easy to test ex-
perimentally. It can be shown that for the mag-
netic structure of Cry05 in the interdomain regions
and near the specimen boundaries, where the spins
of the ions have projections on the basal plane (un-
der the condition of retention in the magnetic class
of the symmetry element IR), the form of the part
of the thermodynamic potential that corresponds
to appearance of a magnetoelectric effect is quite
different from that considered earlier by Dzyalo-
shinskii.!® The basic difference of interest to us
consists in the fact that in the thermodynamic po-
tential of the crystal in this case, there appear
terms (invariants) of the form v EiH;j (i #3j). A con-
sequence should be the existence of a ‘‘perpendicu-
lar’’ magnetoelectric effect, i.e., the occurrence of
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magnetization perpendicular to the applied electric
field. For observation of this phenomenon, of
course, the specimen should possess a sufficiently
extended surface, in-order that the volume of the
boundary layer may be comparable with the volume
of the whole specimen. It was mentioned earlier'?
133 that when a sufficiently homogeneous applied
electric field is insured, it is possible to observe
a magnetoelectric effect in polycrystalline speci-
mens at the moment of magnetic ordering.

To record the ‘‘perpendicular’’ magnetoelectric
effect, we used a method little different from that
described earlier. What was measured was the ra-
tio of the value of the magnetic moment m; of
the specimen, induced by an applied electric field
in a direction perpendicular to the field E, to the
value of the magnetic moment m;; induced in the
parallel direction. The measurements were made
on powders with various mean particle dimen-
sions. The specimens were made by the method of
Schiff and Ditte' 14! from preparations of qualifica-
tion ChDA, with subsequent sifting through a
screen. The mean dimensions of the particles of
the specimen were determined by means of an
MIM-8 microscope.

Eight different specimens were observed, with
the mean particle dimension from 20 to 2001. The
specimens were placed in a teflon container, filled
with dichloroethane; this made it possible to in-
sure a satisfactorily homogeneous electric field in
the process of antiferromagnetic transition and in
the measurements. All measurements were made
at room temperature. The results obtained on
specimens with a single mean particle diameter
showed good reproducibility.

The figure shows the dependence of the ratio of
the values of the ‘‘perpendicular’’ and ‘‘ordinary’’
magnetoelectric effects, 8 =m)/m) , upon the
mean dimension L of the particles in the speci-
men. It is clear that the size of the magnetic mo-
ment induced perpendicular to the applied electric
field increases with diminution of the particle di-
mensions, i.e., with increase of the volume occu-
pied by the domain boundary layer.

On the basis of the data obtained, we did not
succeed in answering definitely the question: how
are the spins that have projections on the basal
plane oriented with respect to the x and y axes
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(the z axis is parallel to the Cj axis)? A differ-
ence in the arrangement of spins lying in the basal
plane along the x or y axis leads to the conse-
quence that in one of the cases of orientation, as
can be shown, the ‘‘longitudinal’’ magnetoelectric
effect in general vanishes. To determine the an-
swer, it is necessary to make measurements both
on specimens with smaller particle dimensions
and on specimens of different purity.
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