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are fitted very closely by those determined by crystal-
field theory under the assumption of the spin-orbit
coupling, Heisenberg exchange interaction, and tetrag-
onal crystalline field (see Figs. 4 through 7). Points
with error bars are determined by diagonalizing the
4X4 interaction matrix to fit Mossbauer spectra, and
represent the estimated confidence in this fitting. The
solid curves are determined from crystal-field theory.
In this fitting, we adjusted various parameters, which
turned out to be in reasonable agreement with those
reported by others: (#2)=4.4 a.u. and 0=0.21 b are
essentially the same as those reported by others.?:26
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H.=—488 kG is also nearly the same as —500 kG
reported by Okiji and Kanamori.?® The covalency fac-
tor o? for many ferrous compounds® is reported to be
between 0.6 and 0.8, and our adjusted covalency factor
of 0.69 is also in this region. This implies a spin-orbit
coupling constant A =a?\o=102.3°K. The spin direction
of [113] (that is, 25° from the ¢ axis) is nearly the
same as the 27.3° value reported by van Laar? even
though a comparison with these results is of limited
value, because most samples of cobaltous oxides used
by people in the past were probably CoO(I, II) in-
stead of pure CoO(I).
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The change in the free energy that occurs when electric and magnetic fields are simultaneously applied
to a magnetoelectric medium is calculated. It is shown that a quadratic form related to this change in the
free energy is positive definite, from which it follows that all elements of the magnetoelectric-susceptibility
tensor must be smaller than the geometric mean of appropriate elements of the magnetic- and electric-
susceptibility tensors. It is pointed out that the diamagnetic contribution to the magnetic-susceptibility
tensor is negligible in materials in which the magnetoelectric effect is allowed. It is concluded that the
magnetoelectric susceptibility should be small compared with unity, except possibly in ferroelectric or

ferromagnetic materials.

INTRODUCTION

MAGNETOELECTRIC medium is one in which
there exists a linear relationship between an elec-
tric field and the medium’s magnetic polarization and
between a magnetic field and the medium’s electric
polarization. The possibility of such an effect was
first pointed out by Landau and Lifshitz.! Subsequently,
Dzyaloshinskii? predicted that the magnetoelectric
effect should occur in Cr;0;. Experimentally, the effect
was first seen by Astrov?® in CryOs, and additional ob-
servations have been made on this and other materials
by several investigators.t—®
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The purpose of this paper is to show that the ordinary
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This is done by calculating the change in the free
energy that occurs when electric and magnetic fields
are simultaneously applied to a magnetoelectric me-
dium. An expression for this energy change is obtained
by using the method of “thermodynamic perturbation
theory.”® It is shown that a quadratic form related
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netic- and electric-susceptibility tensors.

§S. Shtrikman and D. Treves, Phys. Rev. 130, 986 (1963).

6 B. I. Al’shin and D. N. Astrov, Zh. Eksperim. i Teor. Fiz. 44,
%195 )(]1963) [English transl.: Soviet Phys—JETP 17, 809

1963) 1.

7 G. T. Rado, Phys. Rev. Letters 13, 335 (1964).

8 E. Ascher, H. Rieder, H. Schmid, and H. Stossel, J. Appl. Phys.
37, 1404 (1966).

( 99M Mercier and J. Gareyte, Solid State Commun. 5, 139
1967).

10 L. D.Landau and E. M. Lifshitz, Statistical Physics (Addison-
Wesley Publishing Co., Inc., Reading, Mass., 1958) (English
traélslé 1of a 1953 Russian edition), p. 93; see also Ref. 1, pp. 63
and 131.



168

CALCULATION OF THE UPPER BOUND

Let us apply uniform electric and magnetic fields
to a magnetoelectric material. The material will be
considered to have the form of a flat oblate ellipsoid,
and to be positioned in the field region in such a manner
that the fields are perpendicular to the ellipsoid’s axis
of revolution. Then the applicable electric and mag-
netic demagnetizing factors can be made arbitrarily
close to zero, and we shall not have to introduce any
demagnetizing corrections to our calculated suscepti-
bilities.

In fact, this is possible only when there are no off-
diagonal elements of the various susceptibility tensors
connecting fields in the plane of the disk with polariza-
tions perpendicular to the disk. In the case of the 58
magnetic classes in which the magnetoelectric effect
is allowed, this requirement can be met in 56 by using
materials cut suitably with respect to the crystalline
reference axes.!*? Only in the triclinic classes, 1 and
1/, wherein the magnetoelectric-susceptibility tensor
has no crystalline symmetry, do the above considera-
tions not apply.

We show in the Appendix that the perturbation in
the Hamiltonian in the presence of the external fields
may be taken as

V=2 [(¢/mc)p-A+(&/2mc?) A2~ ep— y,» VXA
(1)

Here e, m, p, and u, are, respectively, the (magnitude
of the) electron charge, the electron mass, the electron
momentum, and the electron-spin magnetic-moment
operator and c is the speed of light. The summation is
over all electrons in the system, which we take to be
of unit volume. The scalar and vector potentials ¢ and
A are related to the uniform fields E and H that would
be present in the absence of the magnetoelectric ma-

terial by
=—E-r, (2a)
A=1(HXr). (2b)

Note that Coulomb gauge is being used throughout;
thus V-A=0. By use of Eq. (2), Eq. (1) becomes

V=2 [—(ur+u.) -Hter-E+(/8me*)r2H2],
(3)

wr=—(¢/2mc)TXp 4

is the electron-orbital magnetic-moment operator, and
ri=r—r-HH/H? is the component of r perpendicular
to H. Note that uz is not gauge-independent.

Now, for the 56 magnetic classes of interest, it is
possible to obtain individual upper bounds on all the

where

11 R, R. Birss, Rept. Progr. Phys. 26, 307 (1963).
12 S, Bhagavantam, Crystal Symmetry and Physical Properties
(Academic Press Inc., London, 1966), p. 171.
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elements of the magnetoelectric-susceptibility tensor
by considering only cases in which the external electric
and magnetic fields are perpendicular or parallel to
each other. The fields must, of course, be suitably
positioned with respect to the crystalline axes of any
particular material. Thus we will have, in any particular
case, only one component of E, namely, E; (¢=1, 2,
or 3), and only one component of H, namely, H,
(n=1, 2, or 3), with either =7 (E || H) or £&n(E_LH).
We can now write Eq. (3) as

V=a"H,+BE+3d"H,, (5)

where the superscripts on the operators a”, b, and d7
indicate that they depend on the directions in which
the electric and magnetic fields are applied. (Super-
scripts are used for convenience only, and no summation
is implied.)

We now calculate the free energy of the magneto-
electric medium, using the method of “thermodynamic
perturbation theory.” This method gives

l Vnm 12 (wm_w")
P=FrtViv—} 2 G 5o

— (ZkT)_"«Vnn— (V>Av)2>Av- (6)

Here F, is the unperturbed free energy, E,® and E,©®
are eigenvalues of the unperturbed Hamiltonian, % is
Boltzmann’s constant, and T is the temperature. The
symbol ( )a denotes

<W>Av= Z W pny (73)
where
wn=exp[ (Fo— E,®) /kT]. (7b)

Let us denote by F, that portion of F which consists
of terms second-order in the field components. Then,
upon subsituting Eq. (5) into Eq. (6), we obtain

Fo=—1 [ anm"Hn'*‘bnmEEE |2
T & TR O_E,©

— (2kT) [ (@pa"— {@")a) Hyt (braf— 05 ) Ec P)n
+3@nH 2 (8)

Note here that the terms in F, proportional to H,?
are not individually gauge invariant. That is, such
quantities as paramagnetic and diamagnetic suscepti-
bility are not individually gauge invariant; only
their sum, the total magnetic susceptibility, has this
property.!

Inspection of Eq. (8) shows that the first two terms
on the right side (i.e., those coming from the second-
order correction) are negative for all values of H, and
E;. (For the first term, this follows from the fact that
wn—wy and E,© —E,©® have the same algebraic sign.)

(wm _"’n)

18 7, S. Griffith, The Theory of Transition-Metal Ions (Cambridge
University Press, Cambridge, England, 1961), p. 434.
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Consider now the last term on the right side in Eq. (8),
which involves the quantity d". Comparing Egs. (3)
and (8), we see that

{@Mn= Z (&/4mc?) {r .2 ). 9

The negative of the expression on the right side of
Eq. (9) is the diamagnetic contribution x,,¢ to the
magnetic susceptibility. Combining the above observa-
tions, we have

F2+%erdHrl2S0-

The equality holds only for H,=E;=0.

Now the free energy Fa, which corresponds to a choice
of E, H, and T as independent variables, may be
written, for the disk-shaped specimens discussed
earlier, as

Fy=—5xmH?— (age/4m) HyEg— x5 B2, (11)

where x4q, (ame/4w), and kg are appropriate elements
of the magnetic-, magnetoelectric-, and electric-suscep-
tibility tensors, respectively. This has been discussed
for the magnetoelectric case by Dzyaloshinskii? and
by Rado.** Substituting Eq. (11) into (10) gives

$xmPH 2+ (oge/4m) HoEe+-3x5: B2 >0, (12)

where x,,?, the paramagnetic contribution to the mag-
netic susceptibility, is equal to xup—xn’

From the positive definiteness of the quadratic form
appearing in (12), we may conclude that!®

(10)

kg >0, (13a)
Xna® > 0, (13b)
gt/ 4 < (X kge) V2. (13¢c)

The inequality (13a) expresses a well-known limita-
tion on the diagonal components of the electric-suscep-
tibility tensor.® The inequality (13b) expresses an
analogous limitation on the paramagnetic-susceptibility
tensor. The inequality (13c), however, places an upper
bound on every element of the magnetoelectric-suscep-
tibility tensor. We thus have the result that each ele-
ment of the magnetoelectric-susceptibility tensor must
be smaller than the geometric mean of appropriate
elements of the paramagnetic- and electric-suscepti-
bility tensors. We remark that the inequalities (13b)
and (13c) might be capable of improvement by a ju-
dicious choice of gauge; that is unnecessary, however,
in view of the approximation to be made.

For materials having localized permanent magnetic
moments, the diamagnetic contribution of Eq. (9) will
be far outweighted by the paramagnetic contribution
of the unpaired electrons. Since all magnetoelectric
materials must, of necessity, be of this type in order
for the effect to be allowed, we may neglect the small

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

5 S, Perlis, Theory of Matrices (Addison-Wesley Publishing Co.,
Inc., Cambridge, Mass., 1952), p. 94.
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diamagnetic susceptibility. Thus, for all practical pur-
poses, inequality (13c) becomes

0‘715/ dr< (Xﬂn"fé) 12,
COMPARISON WITH EXPERIMENT

The most studied magnetoelectric material to date
is CryQ3.3751:17 The highest value of ¢, the magneto-
electric coefficient parallel to the trigonal axis, that has
been reported is'® «;=8X107% at a temperature of
approximately 285°K. This would correspond® to an
o) of about 8.6X10~* at 7~255°K, the temperature
at which o) is maximum in Cr,O;. It has been esti-
mated* that a); (7=255°K) may be as large as
14X10™

Using values of ;;=0.85% and x;;=9.2X10751 at
255°K (x ¢ is negligible at this temperature?), we find
that 4m (& x;) ¥2=0.1. Thus we see that o) (T'=255°K)
is approximately 19, of the upper bound given by Eq.
(14). All quantities are given in gaussian units.

It is easily shown® that, according to conventional
theory, the inequality

0t < (pumees) 12 (15)

must be satisfied in order to insure that the system be
thermodynamically stable. Here u,, and e are elements
of the permeability and permittivity tensors, respec-
tively. For the case of a;) in Cr,O3, Eq. (15) gives as
an upper bound, (uj€)¥?=3.4. We thus obtain an
improvement of more than an order of magnitude by
using Eq. (14) rather than Eq. (15) to place an upper
bound on the magnetoelectric susceptibility.

(14)

DISCUSSION

By considering the change in the free energy of a
magnetoelectric medium in the presence of applied
magnetic and electric fields, we have calculated an
upper bound on the magnetoelectric susceptibility.
This upper bound is given by the geometric mean of
appropriate magnetic and electric susceptibilities. It
thus appears that the chances of finding substances
with large magnetoelectric susceptibilities will be
better in ferromagnetic as opposed to antiferromagnetic
materials. We note that the magnetoelectric suscepti-
bility in Gay .Fe,05 (#=21),” which is ferromagnetic,2
is an order of magnitude greater than that of Cr,Os,
which is antiferromagnetic. It may also be concluded
that materials which are both ferromagnetic and ferro-

18T, J. Martin and J. C. Anderson, Phys. Letters 2, 109 (1964).
v T, H. O’Dell, Phil. Mag. 13, 921 (1966).
(1:6].;))' R. Renneke and D. W. Lynch, Phys. Rev. 138, A530
'S, Foner, Phys. Rev. 130, 183 (1963).
(129° S.) D. Silverstein and I. S. Jacobs, Phys. Rev. Letters 12, 670
64).
2T, H. O’Dell, Phil. Mag. 8, 411 (1963).
2 R. B. Frankel, N. A, Blum, S. Foner, A. J. Freeman, and M,
Schieber, Phys. Rev. Letters 15, 953 (1965).
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electric may have relatively large magnetoelectric
susceptibilities.
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APPENDIX

It is clear that the derivation of the upper bound
presented here did not depend on the particular charac-
ter of the operators a” and b appearing in Eq. (5). An
important point, however, was that no term of the form
c"H,E; appeared in Eq. (5). If such a term had been
present, it would have contributed to the (a,/4r) H, E;
magnetoelectric-susceptibility term in Eq. (12) through
the (V)a term in Eq. (6). Since such a term may be
positive or negative, we could no longer show that the
quadratic form of Eq. (12) was positive definite, and
our derivation would fail.

We now wish to show that the leading contribution
to a ¢®H,E; term in Eq. (5) is negligible. To do this,
it is useful to think of the many-electron Hamiltonian
as an expansion of v/¢, where the electron velocity v
is small compared with the speed of light ¢. From this
point of view, Eq. (1) gives the perturbation in the
Hamiltonian to order zero in v/c. The many-electron
Hamiltonian to order (v/c)? has been discussed in full
by Slater,? and we shall not go into it in detail here. We
simply note that, to order (v/c)% only the spin-orbit
mechanism leads to a term of the type ¢®H,E;; all other
mechanisms contribute only to the ¢'H, and bE;
terms in Eq. (3).

We now show that the term ¢"H,E; arising from the
spin-orbit mechanism is negligible in comparison with
H,E; terms in the free energy entering from the second-
order contributions. For definiteness, we shall consider
the case £=17. (The procedure for £y is completely
analogous.) Then there will be first-order contributions
to F, of the form

Z Z (e/4me®)wal (n | (ws) 1| m)s(m | 10| n)
+n | ru|m)-(m| (wo) o | n)JHeE, (A1)

8 J, C, Slater, Quantum Theory of Atomic Structure (McGraw-
Hill Book Co., Inc., New York, 1960), Vol. II, Chap. 24.
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where (u,)1=(u.—u,"HH/H?2) is the component of
u. perpendicular to H. The first summation is over
all electrons in the system. From the Hamiltonian of
Eq. (1), there will be a second-order contribution to
F, of the form

Wm/wn—1
ST el | Gl mm el

+n|re | m)m | (u)e | n)]
+(o/BT) Tanta (e m)n 7] n)}HsEs-

(A2)

Ignoring for the moment the matrix elements in (A1)
and (A2), let us examine the ratios of the coefficients
appearing in these two expressions. That is, we wish
to find the maximum values of the ratios Ry=AT/mc?
and Re=| (E.@ —E,®) /(wn/wn—1) |/2me2.

As k/mc*>~10"", and as we need be concerned only
with temperatures of up to 1000°K, we find that the
maximum value of the ratio R; is 1077,

To obtain a maximum for R, we make use of the
fact that g(x) =2/ (1—e#%) (8=1/kT, x=E,®—E,®)
is a monotonically increasing function of x. Now, «
will certainly be less than the ionization energy of a
hydrogen atom, which is 13.5 eV. For this value of z,
kT<x at any reasonable temperature, and we have
Re=| E,9—E,® |/2mc. For | E,®—E,©® |=13.5 eV,
we find the maximum value of R, to be 1075,

Turning our attention to the matrix elements appear-
ing in (A1) and (A2), we see that the first-order con-
tribution in a given direction (say, z) is 1075 times the
sum of the second-order contributions in the x and y
directions. But we already have shown that the second-
order # and y contributions are bounded by x.«. and
Xyky, respectively. Thus we find that the upper bound
on a,/4r is actually x.x,410"5(xzkztx0x,). On
physical grounds, we may drop this latter term just
as we did with the diamagnetic contribution. This then
justifies our use of Eq. (1) as the perturbation in the
Hamiltonian caused by the external magnetic and
electric fields. ’



