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The maximum value of 0.1 W for the acoustic
power Pf was set by electric breakdown in the
cavity. By increasing the breakdown field, one
could make the harmonic of the same magnitude
as the fundamental for Pf= 0.5 W. Harmonic
generation can be useful in extending present
techniques to the millimeter range, where high-
power microwave sources are presently unavail-
able.

The author is indebted to Dr. J. deKlerk for
fabricating the thin film CdS transducer, W. M.
Lepsevich for constructing the cavities, and
J. Silva for technical assistance.
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OBSERVATION AND POSSIBLE MECHANISMS OF MAGNETOELECTRIC EFFECTS
IN A FERROMAGNET

George T. Rado
U. S. Naval Research Laboratory, Washington, D. C.
(Received 13 July 1964)

In this Letter we report the first observation
of magnetoelectric (ME) effects in a material
which is ferromagnetic. Previous ME experi-
ments in magnetically ordered substances were
confined to chromic oxide! (Cr,O,) and titanium
oxide? (Ti,0,), both of which are antiferromag-
netic. In addition, we suggest an atomic model
which qualitatively explains our experimental
result that the direction of the induced magnetic
(electric) polarization is perpendicular to the
applied electric (magnetic) field. This is in con-
trast to earlier theories®™® whose applicability
is restricted to situations in which the induced
polarizations and the applied fields are coaxial.

Our experiments were performed on single
crystals” of gallium iron oxide having the com-
position Gag_,Fe, O3, where x is around unity.
This material is piezoelectric as well as ferro-
magnetic. Its magnetic structure and even its
crystal structure are unknown, but it is known®
that the crystals are orthorhombic and that the
most probable crystallographic space group is
C2v9- The axes of the unit cell are assigned ac-
cording to ¢ <a<b. If the crystallographic point
group is indeed 2mm, the possible magnetic
point groups are 2mm, 2m'm’, 2'm'm, and
their subgroups. On the basis of the experimen-

tally established magnetic properties® of this
material, we eliminate the group 2mm because
it does not allow ferromagnetism, and the group
2m'm’ because it allows a spontaneous magnetic
moment along the two fold axis (y axis) only.
(We take the rectangular coordinates x, v, z to
be along a, b, c, respectively.) Since in our
experiments the crystal is exposed to a static
biasing field H, which is applied along the +z or
-z direction, and since there is no reason for
lowering the symmetry, we suppose the correct
magnetic-point group to be 2'm’'m. If we now ex-
pand some appropriate thermodynamic potential
of the biased crystal in powers of the applied
electric-field components E; and the applied in-
cremental magnetic field components H j (whe;;
i and § denote x, ¥, z, and we assume lHjl
< |H,!), then we easily see that the symmetry
permits terms of the type EyH 2z and E,H > both
of which lead to linear ME effects. For the ex-
perimental configuration used in this work, only
the EyH 2 term is applicable, so that the induced
magnetization 6M; and the induced electric po-
larization P, are given by

oM =oE , (1a)

4 y

P =aH , (1b)
¥ z
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FIG. 1. Temperature dependence of the magneto-
electric susceptibility, «, as measured by means of
the (ME)g effect (circles) and the (ME)y effect (tri-
angles). The value of the biasing field, H;, was 4450
oersteds.
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where a is a (nondiagonal) magnetoelectric sus-
ceptibility. Both of these linear ME effects
[which we denote by (ME)g and (ME)g, respec-
tively] were observed and measured in the pres-
ent experiments by means of ac methods (using
1000 cps which will be described elsewhere.

The absolute magnitudes of the a’s measured
by either effect were found to be independent of
the direction of ﬁo. Furthermore, they were
found to be independent of the value of H,, pro-
vided H, is sufficiently large and T sufficiently
small. (In the case of the crystal used for the
data of Fig. 1, H, at 77°K must exceed 400 oer-
steds to achieve bias independence of the ME ef-
fects as well as approximate magnetic satura-
tion.)

As expected on the basis of symmetry consid-
erations, the signs of the alphas measured by
either experiment were found to reverse upon
reversal of the direction of ﬁo. When the crys-
tal was in a demagnetized state (H,=0), the
domain structure presumably leads to cancella-
tions and no ME effect was detected experimen-
tally.

Figure 1 shows the experimental data on the
temperature dependence of o as determined by
means of the (ME)g effect as well as the (ME)yg
effect. In accordance with the thermodynamic
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prediction, these two sets of data (which are
normalized to each other at about 77°K) agree
over the whole temperature range investigated,
and both sets tend toward zero as the magnetic
ordering disappears at the Curie temperature.
Analogous results were obtained on three differ-
ent crystals whose Curie temperatures differed.
Since the experiments were carried out by a
dynamic rather than a static method, we wish to
point out that the equality of the a’s measured
by the (ME)g and (ME)y effects can be derived
alternatively from a generalization'® of the On-
sager reciprocity relations.

Because of the poor geometry resulting from
the smallness of the crystals (whose dimensions

are roughly 1X1X4 mm), the actual magnitude of
a could not be obtained reliably. A very rough
estimate shows, however, that for the data of
Fig. 1 the (dimensionless) value of & as deter-
mined by either effect is of the order of 3x10~*
at 77°K. This exceeds the largest value observed
in Cr,0,4 by an order of magnitude.

Additional experiments, which will be de-
scribed elsewhere, employed a purely static
method for measuring the induced voltage aris-
ing from the P, produced by H,, as the latter is
rotated in the xz or yz plane. It was found that
at 7T7°K this voltage is a 11near function of | cosf!,
where 6 is the angle between H0 and the z direc-
tion, and that if H0 is applied along the x axis,
the induced voltage varies as the square of H,,.
All previous observations of ME effects in mag-
netically ordered materials were confined to
linear phenomena.

To construct a theoretical model (see Fig. 2)
which predicts a purely nondiagonal o, we as-
sume that the material is a weak ferromagnet.
We further assume, for the sake of simplicity,
that the dev1at10n of the sublattice magnetizations
M and M from antiparallelism is small. The
spontaneous magnetization M, (which roughly
equals the actual magnetization in the field H,) is
then given by M, =Mq(p/2), where M, equals
IM,| and lel , A is a molecular field coefficient,
and p denotes the perturbation responsible for
the weak ferromagnetism. Thus p may be of the
order of (anisotropy constant/M.?), or else be
equal to the magnitude of the Dzyaloshinskii vec-
tor. If the spin Hamiltonian describing the ME
effects is of order no higher than second in the
spin operators §, which seems probable for a
material whose symmetry is low, then we may
replace the applied electric field E,, by a ficti-
tious magnetic field # introduced®»* earlier for
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FIG. 2. Possible theoretical model (see text) of non-
diagonal ME effects and weak ferromagnetism in a
material whose magnetic point group is 2’m’m. The
dashed arrows refer to a domain whose magnetization
is opposite to that containing ﬁi and ﬁz.

Cr,0,. In contrast to the case of Cr,0;, however,
we now propose two oppositely directed fictitious
fields, ﬁl and ﬁz, one of which acts on each of
the sublattices. The effect of these fields on the
two-sublattice system is easily shown to be
equivalent to a change in X given by 8\ =h/(2M,),
where 2 equals lﬁll and ‘ﬁzl. Thus the fictitious
fields induce the magnetization 6M, = —(M,/))6x
= —(p/2X%)h. Recalling that & is of the form®®

h =a,{SydayEy, and that {Syday=2Mo/(NgupB) ap-
plies because the canting angle is assumed to be
small, we now use Eq. (1a) to obtain the result

as= -(ao/ANguB)Mz, (2)

where q, is a temperature-independent constant
of the material, g is the g factor, up is the
Bohr magneton, and N is the number of magnetic
ions per cm®. In a strongly piezoelectric mate-
rial, like Gag_,Fe,Og, it is reasonable to ex-
pect that the odd-parity crystalline potentials
are considerably larger than in Cr,O4 so that
they may give rise to a relatively large q,, thus
yielding an o in agreement with the measure-
ments. According to Eq. (2), the temperature
dependence of o is given by that of M,. Since
M, is known experimentally to have an approxi-
mate Brillouin function behavior,? there is a
discrepancy between this prediction and the data

of Fig. 1. However, the approximation involving
a small canting angle is probably not valid in
this material, and in most weak ferromagnets!*
the temperature dependence of even the magnetic
susceptibility is not fully understood. The de-
tailed predictions of the present model may have
to be modified once the actual magnetic struc-
ture of Gag_,Fe,Og is known.

The author wishes to thank V. J. Folen, R. D.
Myers, and E. Prince for valuable discussions,
R. V. Jones for making available the single crys-
tals and information on some of their properties,
and J. M. Ferrari for excellent technical assis-
tance with the experiments.

{(ME)g effect: D. N. Astrov, Zh. Eksperim. i Teor.
Fiz. 38, 984 (1960) [translation: Soviet Phys. —JETP
11, 708 (1960)]; V. J. Folen, G. T. Rado, and E. W.
Stalder, Phys. Rev. Letters 6, 607 (1961); D. N.
Astrov, Zh. Eksperim. i Teor. Fiz. 40, 1035 (1961)
[translation: Soviet Phys.—JETP 13, 729 (1961)];

S. Shtrikman and D. Treves, Phys. Rev. 130, 986
(1963). (ME)pg effect: G. T. Rado and V. J. Folen,
Phys. Rev. Letters 7, 310 (1961); S. Foner and
M. Hanabusa, J. Appl. Phys. 34, 1246 (1963), which
contains data on (Cry03)y ¢*(Al,03)9 5 also. Reviews:
G. T. Rado and V. J. Folen, J. Appl. Phys., Suppl.
33, 11268 (1962); Suppl. J. Phys. Soc. Japan 17, 244
(1962).

¥ME)y effect: B. I. Al’shin and D. N. Astrov, Zh.
Eksperim. i Teor. Fiz. 44, 1195 (1963) [translation:
Soviet Phys. —JETP 17, 809 (1963)].

5G. T. Rado, Phys. Rev. Letters 6, 609 (1961).

‘M. Date, J. Kanamori, and M. Tachiki, J. Phys.
Soc. Japan 16, 2589 (1961).

5G. T. Rado, Phys. Rev. 128, 2546 (1962).

8T. Izuyama and G. W. Pratt, Jr., J. Appl. Phys.
34, 1226 (1963).

"The crystals were grown by Frank Molea under the
supervision of R. V. Jones.

8E. A. Wood, Acta Cryst. 13, 682 (1960).

’C. H. Nowlin and R. V. Jones, J. Appl. Phys. 34,
1262 (1963); C. H. Nowlin, Gordon McKay Laboratory,
Harvard University, Scientific Report No. 7 (Series 2),
30 April 1963 (unpublished); measurements by A. A.
Pinto (unpublished).
1y, B. Callen, in Fluctuation, Relaxation and Reso-
nance in Magnetic Systems, edited by D. ter Haar
(Oliver and Boyd, London, 1962), p. 15.

"¥or recent discussions of weak ferromagnetism,
see the review by T. Moriya, in Magnetism, edited by
G. T. Rado and H. Suhl (Academic Press, Inc., New
York, 1963), Vol. I, p. 85; D. Treves, Phys. Rev.
125, 1843 (1962).

337



