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We consider a two-sublattice model of an antiferromagnet lacking inversion symmetry and possessing
interaction between the magnetic atoms of the same and different sublattices, i.e., nearest- and next-nearest-
neighbor coupling. Correlation functions are derived by the Green’s-function method, which is linearized
by the random-phase and Callen’s decoupling approximation. Formal expressions for the parallel and per-
pendicular magnetic and magnetoelectric susceptibilities are then obtained. Comparison of these results
with those gained in the molecular-field approximations elucidates the shortcomings of the latter method.
The theory is applied to Cr:O3 with the simplification that this crystal is regarded as having two cations in the

unit cell instead of (as in reality) four.

I. INTRODUCTION

N this work, we approach the problem of the mag-
netoelectric (ME) effect by the Green’s-function
method, derive general equations for the experimental
quantities (susceptibilities), and compare the results
obtained in various approximations of the Green’s-
function theory with each other. We also make compari-
son with the results of the molecular-field theory and
some phenomenological Hamiltonians used previously
by different authors.

The advantage of the Green’s-function approach,
first applied to magnetic problems by Tyablikov,! is the
general manner in which it lends itself to approximative
treatments. It also treats the whole temperature range
from T=0 to T — =, coinciding with spin-wave theory
in the lower limit and with classical methods in the up-
per. For practical use, a decoupling or linearization
procedure must be introduced in the equations at some
stage; this may be the random-phase approximation
(RPA) or the Callen decoupling approximation (CD).2-?
For antiferromagnetics the same methods have been
applied by Lee and Liu.*

The ME effect is one of the various manifestations of
the couplings, in material media, between electrical and
magnetic modes; as such, it enters our investigation.
(Other manifestations of the same coupling, e.g., ferro-
electric-ferromagnets, polaritons, and magnon side-
bands in optical absorption, will be taken up at some
later stage.) The possibility of the effect was envisaged
by Landau and Lifshitz.5 Its existence in CryO; was
demonstrated theoretically by Dzayloshinski® and

* Research sponsored by the Air Force Materials Laboratory,
Research and Technology Division, AFSC, through the Euro-
pean Office of Aerospace Research, U. S. Air Force, under Contract
No. AF-61-(052)-67-C-0051.

1S, V. Tyablikov, Ukr. Math. Zh. 11, 287 (1959).

2 H. B. Callen, Phys. Rev. 130, 890 (1963).

( ; 612- ) B. Anderson and H. B. Callen, Phys. Rev. 136, A1068
1 .

4 K. H. Lee and S. H. Liu, Phys. Rev. 159, 390 (1967).

$L. D. Landau and E. M. Lifshitz, Electrodynamics of Continu-
ous Media (Addison-Wesley Publishing Co., Reading, Mass.,
1960), p. 119.

8 I. E. Dzyaloshinskii, Zh. Eksperim. i Teor. Fiz. 37, 881 (1959)
[English transl.: Soviet Phys.—JETP 10, 628 (1960)].
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shown experimentally by Astrov.” In antiferromagnetic
Cr20s, the product of time inversion and space inversion
is a symmetry element, but each of them separately is
not. This type of symmetry makes possible the ME
effect.

The microscopic foundation of the ME rests on some
rather high-order terms in perturbation theory, with
the crystalline field, the spin-orbit coupling, anisotropic
exchange, and Zeeman splittings regarded as perturba-
tions. Consequently, a number of possible combinations
of the perturbations have been suggested as explanation
for the effect. Effects residing on one ion® or on a pair of
ions® have been suggested. In the former category be-
longs also the suggestion of Alexander and Shtrikman!®
based on the change in the g factor due to the external
applied field. The recent experimental work of Hornreich
and Shtrikman!! single out the g factor as responsible
for the parallel ME susceptibility (X, ™E) near the
absolute zero; at higher temperatures the two-ion (infra-
sublattice) exchange coupling is important. The per-
pendicular ME susceptibility (X,ME) is dominated by
the single-ion term advocated by Rado.® It should be
emphasized, however, that the assignment in Ref. 11 of
the causes of the ME effect is based on a semiempirical
variant of the molecular-field theory. The object of the
present work is, partly, to derive the relation of the
molecular-field theory to the more rigorous Green’s-
function apparatus and to indicate what microscopic
mechanisms are favored by the experimental results
when interpreted through the Green’s-function method.

The first part of this paper contains formal deriva-
tions of the formulas, culminating in a set of nonlinear
self-consistent integral equations for the magnetization
of the sublattices. It is therefore rather tedious to read,
to our regret. The second part, containing the outcome
of computations and comparison with experiment,
should therefore be more interesting.

"D. N. Astrov, Zh. Eksperim. i Teor. Fiz. 38, 984 (1960)
[English transl.: Soviet Phys.—JETP 11, 708 (1960)].

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

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

19S. Alexander and S. Shtrikman, Solid State Commun. 4, 115
(1966).

' R. Hornreich and S. Shtrikman, Phys. Rev. 161, 506 (1967).
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While the scope of the paper is rather general, we are
mainly interested, at this stage, in Cr,O3. There are four
cations per unit cell. Our calculations for four inequiva-
lent sublattices would have been extremely difficult. We
have therefore retained the formalism for two sublat-
tices. However, distances between a cation on one sub-
lattice and different cations on another sublattice are
not the same now. Therefore, we shall use the concept of
“coordination polyhedron,” meaning the polyhedron
of cations of a sublattice around a cation. In the calcula-
tion, we employ mean values of the distances.

Another remark concerns terminology. We have so
written our Hamiltonian that the strengths of all
physical interactions are expressible in terms of dimen-
sionless parameters ¢ (e.g., a9, a*S, a?, etc.). In Sec. IV,
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we make comparison with the Hornreich-Shtrikman
work!! and, therefore, we switch over to their terminol-
ogy. We regret the need for this change in terminology.
One conclusion arising from the comparison should be
stated here. It follows from our results that the suscepti-
bilities are not the same functions of the moments of
spin operators in different theories. The optimism con-
cerning the molecular-field approximation is probably
less justified than deemed by the authors of Ref. 11.

II. HAMILTONIAN

Below the transition temperature T, we write the
Hamiltonian for the two-sublattice antiferromagnet of
unit volume in the form

H=—u Z H- Sj+y.2//.’d(d||szEz+(ll"Hsz+aﬂ’HyEu)Z €S
J

()

(if)

FuanSE: 30 ) (S57) +pa"SE, 3 ey 5(S;2S 7 4S7S5)
J J

(i)

+3uE. Zl e tew)an’ (DS, Sit-3uE: 3 3(eh+ew)a’ (1,1)S; S
J Jl

(iv)

FrE; 3 3(ech —ew)aiP(8;X8S)+5 X JuS;- Si—31. Y (S7)—3XyvH?.
Fl gl J

v)

The terms have the following meaning:

(i) Zeeman term, (ii) g-factor term.! a,,%, a,? represent
the change in the g factor due to the electric field E
parallel and perpendicular to the magnetic axis z of the
antiferromagnet. All @’s are dimensionless. (iii) Single-
ion term,? arising from spin-orbit coupling, (iv) two-ion
term?® due to the exchange integral J;;

a,.J(j,l)za,,’(l,j)za,,J(| j—” ).

(v) Dzyaloshinskii term,® due to vectorial interaction
between angular momenta on different ions.!* This
term appears only in the perpendicular case: a;,?=a;;”
=aP(]|j—I|). (vi) Isotropic exchange interaction, (vii)
anisotropic term, 7,> 0, (viii) constant Van Vleck term.!3
Further, we have used u=usg, where up is the Bohr
magneton; e;, = ==1 for the upper and lower sublattices,
respectively; ; is the index of atom; () is the index of
the sublattice of the atom 7; S; is the spin operator on
atom j; Ja=2_;J;, where the ! summation is over
cations in the nearest coordination polyhedron, all hav-
ing different spins from j. For the purposes of future
reference, we quote the relation between our microscopic
coefficients and the coefficients of Hornreich and
12 E, F. Bertaut, J. Phys. Radium 23, 460 (1962).

13 S, D. Silberstein and I. S. Jacobs, Phys. Rev. Letters 12, 670
(1964).

(vi) (vit)

(viii)

Shtrikman.!! Relations between quantities not yet in-
troduced are also shown for the sake of completeness:
an? =Jacn/p, a’=Jacr/u,

allLS=all, alLS':aJ.,

a’ =3Nub, (VN is the number of cations in a sub-
lattice per unit volume, i.e., twice the
reciprocal of the volume of a unit cell.)
djlb =]jzb1,

Ja = %A’Tp?A , Js= %A’Y/“?P )
M, = %NMS, M,=Num.
III. THERMODYNAMICS OF OBSERVABLES

The thermodynamic quantities are the partition
function:

Z=Tr:e® (3=1/kT, T is temperature),

the free energy:

F=—g"1InZ,
the magnetic moment per unit volume:
oOF 1192
T oH pzoH

=0,
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in an antiferromagnet at H = E=0, the magnetic
susceptibilities:

9k 1[1 927 Caz>2]
oH? pLzoH? \ZoH,
1 C azz>
B\ZoH ) yopoi
PF  1r1 022 1 0Z\?
L)
oH2 pLzoH? \ZoH,

IC 622>
 B\ZoH2 yopoo

For small magnetic and electric fields the susceptibilities
are insensitive to the fields. Therefore, we consider all
derivatives of Z in the limit of H= E=0.

The magnetoelectric susceptibilities are

XuM=

9°F 1[1 927 CMX; a[~:>]
X, ME— _ I I I
! oH.0F. ALZoH.0E. \ZoH./\Z L.
1@ 97 >
._B d0H.0E. H=E=0’
oF  IF1 97 1 9Z\/1 oz
et Lt )
0H.0FE, BLZOH.0FE, \ZoH,/\Z oL,

0*Z

Goanar)
‘B 7 0H 0F, H=E’=0.

There are no other susceptibilities, by symmetry. The
magnetic moments may now be written as

Mz=xuMHz+xuMEEz,
Mx=X1‘MH,;+X1MEEz.

Further, it may be shown that

oz 93¢
—=—8Tr: e he
0H, 0H

0%z R

Ly | T
OH ,OF, 0H OE,

asc ase 1 ke a3
+6 ——ﬁ?—[ﬂc,—-]
OE.0H, 2! oEL oH,
8 ase ase l
L RS TR
319El oH J

IN MAGNETOELECTRIC EFFECT. 1

Note now that from our Hamiltonian

(03C/0H ,) HeE—0= —u z Si#=—uS?,
j

(93¢ 0H ;) H=p=0= —uS<,
(3C) Hep—0=3% Z J:‘ZSJ" Sl“%la Z (sz)z.
sl i

Therefore, 93C/dH. commutes with the zero-field
Hamiltonian, yielding ultimately for the parallel
susceptibilities

93C\?
(),
6}Iz n
a23C 93¢ a3C
XIIME=_< > +B<__— ,
J0E.0H./ , dE.0H .,/ ,
where

(R)()E (TI‘: Re‘ﬁ"’c)y=E=0/ (Tr: 6—ﬂ5c) H=E=0-

In the formulas for the perpendicular susceptibilities,
we encounter commutators like [3¢,83¢/0H . ], which do
not vanish owing to the presence of the anisotropy term
(vii) in the Hamiltonian. However, in general, /,/J ;<1
and the noncommutativity may be expected to have
little effect on the susceptibilities.!*

With the neglect of the commutators, we find then

that
a3C\?
e, (),
0H, 0
923 a3 a3C
X1ME=—< >+B< — .
dE,0H,/ dE, 0H ./ o

Returning to the Hamiltonian, we get

XM =Bu? 3 (S7S17),
gl

XM =By’ é‘, (S5,
X ME = —(u2a.."/fd)zj: e {Si*)o
—Buan s % €6 {(Sk*(S5%) %o
+3 Zk: ﬂ;s’ eman’ (FDS*(S;-S0)o,

where jl: s denotes the restriction that ;I are taken to
be on the same sublattice, and we have

X ME= —(u2q,9 "Jd)z E(j)(.gj:>0
7
—3BuPa 5 3 e (SkT(S;°S 5 +S575) )o
ik

+2 3y —e)an® (S (SS =SS 1) Y.

Tkl

14§, Foner, Phys. Rev. 130, 183 (1963).
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Terms involving expectation values of odd powers of
S~ have been equated to zero. We see that the parallel
magnetoelectric susceptibility contains the g-factor
term,!® the single-ion term, and the double-ion term,
whereas in the perpendicular susceptibility instead of
the last term we have the Dzyaloshinskii term.

We shall now continue the ‘“processing” of the per-
pendicular susceptibilities, first by the algebra of spin
operators and then by applying an approximating, line-
arization procedure. The parallel susceptibilities will be
simplified later, using a different method. From

S8 =1(Sit+S)(St+S5r),
Sj+51_—Sz‘S,-+= 25,'15_,‘ ,

we derive that

(Si=S™)o=1(S;*Si+S5;78 )
=3(S;7SH) o+ 35(Si*)bj1.

The last term when summed over j/ is zero in an anti-
ferromagnet. Therefore, we have

XM =3Bu? 3 (Si™Sit)o.
jl

By similar manipulations and the introduction of S, the
positive sublattice magnetization, we can rewrite X, ME
as

X, ME = —-A\'yzal”S/Jd

—iBu[a,"S X e Re(Sm (574557 +5755%))o
im

+3 e —ew)aaP @ Re(Sn (S8 —SeSit))o],

Jjlm

where Re denotes the ‘real part of.”

We next reduce the expectation values of a product of
three operators to those involving at most two operators.
This is accomplished by applying the Callen approxima-
tion,*? originally designed for the linearization of the
Green’s function, to the thermal expectation values. We
shall justify this in a later section.

The procedure is to put

(Sw(S;tS7#+S725))o
= 2(S;*)(1—ag (S8 +S577577)0)(Sm™Si*)o
=2¢(SBo(S»n=Si ),

defining By as 1—a3(S;~S;t+ 5557 ), which is inde-
pendent of j. ais 0 in the RPA, and (25%)~! in Callen’s
approximation. Further, we have

(Sm(S52Sit—S81SiM))e

=eS(14aege WSS )0)(Sm=Sit)o
—eS(1+aeen (S Si)o)(SmSi ).
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Then, we have

X ME= —(Vp?/J 2)a,'S ~38u*[6175BoS 5 (Sm™S;*)o
m

+18 T ainP @ (e —ew)(1taepea(SiSi+))
Jlm
X (e {SmStH) —ey(Sm=Si™) 1.

Because of the factor (e¢;y—e(y) in the last sum we can
rewrite the brackets following as

1—a(SS;*)=Ba,

since the / and j must belong to different sublattices.

We obtain, therefore, in terms of the magnetic sus-
ceptibility and e¢,2=3 a;?% (I on different sublat-
tices),

X ME= -‘A7\‘7y2]d—1(11_gg —XL‘MS(GLLSBQ+ alDBd) .

We shall return to the perpendicular susceptibilities
after we have calculated, by the Green’s-function
method, the averages S, By, and B, evaluated at zero
fields. Here we wish merely to note that above the
Néel temperature the magnetoelectric susceptibility is
zero since S=0. The same result would also follow from
general thermodynamical arguments.

The formulas for the parallel susceptibilities require
the calculation of thermal averages of the sort (S;25;)
and (S.?(S;%)?). The first of these, so-called longitudinal
correlation functions, was calculated in the Callen ap-
proximation, but only with nearest-neighbor interac-
tion, by Lee and Liu.* The method turned out to be
rather difficult, much more so than for the perpendicu-
lar case, and may be prohibitively involved for the
third-order longitudinal correlation with next-nearest-
neighbor forces. [The reason for the contrast with the
perpendicular case is that there we have to calculate
averages of S, (§7)% etc., which are small quantities,
whereas now we are concerned with deviations from the
finite quantities .Sz, (52)2, etc.]

We shall therefore start with the alternative defini-
tions, based on M ,:

XlleaMz/aHz, X”ME= aMz/aE,,

where
M.=p Z (S —waanE, T ey (Siho
J )

=u Z (sz> —A\vllz]d—ldu”EzS',
J

since in the second term, which is already proportional
to the electric field, we can evaluate the average at zero
fields; not so in the first term. Consequently, we have

a
XM =p T —(S5),
i 0H,

7]
oE,

XuME=p T —(S;%) =Nl ~ayoS.
J
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The coefficient a? appears only in the form explicitly
shown, so we can start with a Hamiltonian without the
g-factor term, calculate with it the first term in X, ¥®
and add on the second term. Another additive term
Xvy, indicative of Van Vleck paramagnetism in Cr,Os
and not derivable from the spin Hamiltonian, appends
a constant to X, M.1%

Using the calculations carried out in Sec. IV, we ob-
tain the results given below.

We define J,=the sum ) ;J;; over next-nearest
neighbors having same spin as ¢. Previously, we defined
Ja=the sum ) ;J;; over nearest neighbors having
opposite spin to i. We further recall that

a=0in RPA
= (25?)~! in Callen’s approximation.

Also, we write that I, is the anisotropy-term coupling
constant in the Hamiltonian; Bo=1—a(S;"S;")o;
Ba=1—a(S;=5;T)o, where j is on a different sublattice
from ¢; By=1—a(S;=S;*)e, where j is on the same sub-
lattice as 7; N (x)= (ef*—1)~1. Let Z; be the number of
cations on the first coordination polyhedron round a
cation, and Z, the number on the next coordination
polyhedron. Let the mean distances in the polyhedra be
a; and a,.

Define the sums over the first and second polyhedra:

Yaw=(1/Z1)3 e i=De1,
j
Yox=(1/Z2)2 e (—Deaz,

We introduce the energies (in terms of the as yet unde-
fined S)

wie=S[(JaBa+I.Bo—J.B.(1—vsx))*— (JaBavax)* ]2,
and define the £ averages of an operator Ry:

(R=(2/ N)z wi 'Ry cothdfwy,

where the sum runs over all values of k (V in number) in
the Brillouin zone.

IN MAGNETOELECTRIC EFFECT. I
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We now define
D=14aS[L{1)x+J {vs(1—veic) )i ]
Fa284 La((yahd — (Dlya)i) ,
Xo=S8{(JaBa+I)[{(1)x+aS2T({yah—(Dilya))]
—J«{l=va)}/D,
(Xo+1)*+1+(Xo— 1)2S+1——X >
(Xo+1)25+ — (X —1)25+1

=%<(2s+1)

It is clear that all quantities and functionals between
wy and S are only implicitly given. An approximate or
numerical evaluation is a major programmatic aim of
the present work.

We define, finally,

. (Xo2—1)28
A (S B) =4(25+1)2

[(X0+ 1)2S+1 — (XO— 1)23+l]2

C 1+ZQS2|: < >+J <'Yal&'(1""Ysk)—_~ ]
dwk k
_ dN aN
vt (1) (Y (1) ]
dwy/ x dw/ « dwy/ «

+[JaBa—1,(2B,—1)]

dN _ dn\ 2
X[<_ +2a82]s<<’)/rk_
dwy/ dwi/ «
" — 4(S,
dwk>k<’y ¢ dwk )] ( B)

+J.(2B.—1)<(1 )

]V

>kA (S,8).

Wy

The parallel susceptibilities are now given in terms of
the quantities defined above, and the coefficients in the
Hamiltonian:

aN
XM =Xyyp+Nu24 (S ﬁ) {< +2(1S J (<’Ytk > < > <'Ysk >} /C)
dwy/ x dwy/ « dw/ x dwy/

X”ME-': "—A"#zjd_lallas

(I =7e)dN / dwi)x

- (Xl IM—XVV)S [zal lLsBo+a||JB:

We note that the second term in each curly bracket is
due to the next-nearest neighbors. Date ef al.® and Horn-
reich and Shtrikman!! stressed the importance of this
term.

18 S. D. Silberstein and I. S. Jacobs, Phys. Rev. Letters 12, 670
(1964).

(dN/(lwk)k—{— ZaSU_,(('y,de/dwk)kZ —_ (d.\’/d'wk)k(yskzdf\"/dwk)k)

IV. GREEN’S-FUNCTION METHOD

We shall apply this method, with the inclusion of the
Callen approximation, to the calculatlon of the perpen-
dicular magnetoelectric susceptibilities for a zero-field
Hamiltonian which contains next-nearest-neighbor
(n.n.n.) interactions and the anisotropy term. Previ-
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ously XME was calculated by Rado® and Hornreich and
Shtrikman!! in the molecular-field approximation. As
an additional step, for the parallel susceptibilities we
shall derive the magnetization as a linear function of the
electric field, and a fortior: for zero fields. This latter
result was obtained in the Callen approximation for
antiferromagnets in Refs. 3 and 4, but only for nearest-
neighbor (n.n.) interactions. The earlier work of Lines!®
did include next-nearest neighbors, but they were
treated only in the RPA.

A. Zero Field
We have

Ho=3 2 JaS; Si—31a 2 (S5)?
; 7

as the Hamiltonian. In the thermal averages in this sec-
tion we shall dispense with the O subscript indicating
zero fields, this being understood.
Define the retarded Green’s function (G.f.)
G(Sg*(0),e*5@S8(0)
=[06(0)/i Sy (1),e*54* =08~ (t=0)])
={(S,7(0),Bre(1=0))).

We introduce the spectral G.f.17 through the equation
(S0, BuO)) = [ o005, B

Tts equation of motion is

(St Bu))w
1
=2_<[Sa+;Bh:|>equal time <<[‘gﬂ+73C0]; Bi))w,

which takes the explicit form
w{(Syt; Ba))=(2m) IF (@6,
F3L{(S 7St +SetSe?); Biyhwt
=2 J3ll(Se"S5*=54°5%); B))u-

7
The quantity F,(®, defined by the above two equations,
depends (apart from the parameter @ entering through
B;) only on the sublattice of %, not on the atoms.
After introducing the Callen decoupling approxima-
tion,>~* CD, namely,

{(Sg2Set+S61S6%); Bi))w
= 2<Saz>[1 _a<%(50+50—+Sa—Sa+)>](<Sa+§ Bi))w,
(S5285%5 Bu))w= (S5 ){(Se*Bh))w
—aem e (S NSTSMUST; Bi)w,
16 M. E. Lines, Phys. Rev. 135, A1336 (1964).

17 D. N. Zubarev, Usp. Fiz. Nauk 71, 17 (1960) [ English transl.:
Soviet Phys.—Usp. 3, 320 (1960)].
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where
«=01in RPA
=(28%)"1in CD,

and as before e;;==1 depending on the sublattice of
7, we find that the equation of motion has become

[w+2 J5o(Sit) (1 taeg e (S,SiT))
—1(S?) (1 —aG (S-S, 4+, SN IS ™5 Ba))w
=(2m) 78w (5022 T 5o(1+-eeire(SiS,t))
] XT3 B

We shall now utilize the translational invariance of the
lattice and the Hermitian properties of the spin opera-
tors to rewrite the last equation in the wave-vector k
representation. For each k we get a set of two coupled
equations for the quantity G ), ) *(k,w) depending only
on the sublattices of atoms g and %, and defined by

{SHB)w= (2/N)X e &G,y mo(k,w),
[w+S 5T aBa+8 g0 J :Bs(1—v40) "S_(h)]aBO]G(h) m*
= (2m)7'F gy*+S wJ aBavaxG &y i,

[w+S(h)JdBd+S(z)JsBs(1 _'Ysk) _‘S_(TL)IaB()]G(T,) [N
=S ®mJaBayaxG nym®.

The bar on % in (h) denotes the sublattice complemen-
tary to (k), and

V=211 Y etk iiar
j

'YskzZZ-l Z e{k.(iij)ﬂ b
J

where Z; and Z, are the number of cations on the first
and second cation coordination polyhderon round the
cation j, and a; and @, are the mean distances in the
polyhedron. The summations above also go over the
first and second type of cations. In a crystal with two
cations per unit cell (instead of four as in Cr,0O3) the two
polyhedra consist simply of the nearest and next-
nearest neighbors. In Cr;0;, the distance in the same
polyhedra are necessarily different. We have circum-
vented this complication, which would have resulted in
having a set of four equations instead of two, by sum-
ming over atomic indices rather than distances.!8

Js and J, have been defined previously as sums of J;
and j running over the nearest coordination polyhedron
of the same and different magnetization as 7, and

B=1 _a<%(sa_sa++so+sv_)> ’
Bi=1—a(S,~S;),
B,=14a(S5;S;%), gand j on same sublattices.

g and j on different sublattices

'8 A small adjustment in some Cr-Cr distances and in the angle
between the primitive vectors yields a unit cell with one formula
unit.
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We shall assume that, as a consequence of the anti-
ferromagnetic nature of the lattice, in the absence of
electric and magnetic fields,

‘§lh'): '"SJ‘J: é(h;S (S>U).

In what follows we shall mainly be concerned with
solving for S as a function of temperature and of the
coefficients of the Hamiltonian and the structure of the
lattice (which enters through v and yax).

The solution of the previous coupled equations is now
written in terms of

kk = J(le—JsBs(l _”Ysk)+1u[3()y

and the spin-wave energies
wi= SINE — (JuBuyax)- 112

Let the suffixes & or A_take the values u (for the upper
spin sublattice, with S,>0) and / (lower, with S;<0).
Then explicitly, we have

A W 1—}-wk“‘S}\k 1— Wk A\/\k
Gu.= *‘( + ) )
4 W — Wy wwy
Foe /1l —awy lb}\k 1—}—w ]S}\k
G =*‘*< > ’
4 W—Wk LL’+ Wk
) 1"ud deljd'ydk 1 1
o wy w—wx  wHwy
114 ST uBuyax 1 1
Gur=—r ( _— )
4 Wy W—wWg W+ Wk

Formally equivalent solutions to these equations
were obtained by Anderson and Callen,® but without
the appearance of J, in \i. In the results of Lines,!
based on RPA, By=By= B, - 1.

We have still to solve for S. This is done by means of
the result of the Green’s-function theory,'” namely,

(Biset)=tiny i [ X g
i

X (<<Su+§ Bi)wtin—
NE)=(e—1)",

Remembering that B,=¢"5*S;,~, we can manipulate
ring :
the equation to yield'

1
S =—<(2S+
2

in terms of the spin multiplicity 25+1 of the cations.

(ST Bi)w—in)dw

(X0+1)2b+1+(\0_1)2b+1 ' >
(Y0+1)nb+1_(§(0_1)28+1 S0

YR, A, T[ahlr Khelli and D. Ter Haar, Phys. Rev. 127, 88
(1962).
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A\'OE <S)\k>k

=2 \)Z (Sh)wi* coth(3Bux)

={S(JaBa+1)[{(Dx+aS2T o((vad — (Dxlva) ]

—Js<1 -'Yak>k}/D ’
D= 1+GA§2[Iu<1>k+Js<7ak(1 — Vo) )k |

+0¢2S4Jsla|:<78k>k2 —(Dulva].

Near the Néel temperature, we have Tx= (kpBy)"1,
S—>0 Then, because wixS, from its deﬁmtlon

X, — (S)~L I*;xpandlng the curly brackets in the above
equation for S in the limit of large X,, we find

SXo— 25(S+1), as T — Ty
from which 7'y may be found as a function of the param-
eters of the Hamiltonian, crystal structure, etc.
Returning to temperatures below Ty, and supposing
S to be available from its self-consistent equation, we
can retrace our steps to find first wy, A, then the Fourier
components G, from these the correlation functions of
the atomic spins, and from these latter, the perpendicu-
lar susceptibilities.

B. Presence of Fields

We retain now the terms up to linear in the electric
or magnetic fields, i.e., (i), (ii), (iv), (vi), and (vii), in
the original Hamiltonian. The Dzyaloshinskii term (v)

is irrelevant for the parallel susceptibilities and is
excluded.

The theory in this part will be formally quite analo-
gous to that in Sec. IV A with two differences, however:
(1) The quantum-mechanical averages are to be evalu-
ated in the presence of fields. We shall emphasize this
by adding the superscript f. Thus, we have (S,~S;*);
(2) as a consequence of the above, the averages will be
different on the upper and lower sublattices. Therefore,
we shall have to write for an average going over the
same sublattice (S,7S;"). or /- No extra subscript will
be needed for averages over different sublattices, by
symmetry.

We are led to the following equations:

Cwo+SaJaBa/+Sand B oo (1—va)
_S(h>laBﬂ(h)f_MH+ Z#QHI‘SEG(h)S(h)BO(h) f
+uan” Ee oS in By (1= y.) 1G thy oy (k)
=F /21 +S iJ aBa?vaxG iy oy (k,w)
Cw+SayT aBa'+8 @ J «Baiy (1 —ya)
*S@)laBo(h)_f—uH~2ﬂan"‘sEf(ﬁ)S<T»)Bo<i>’
—uan’ EemyS iy Be iy (1—7.) JG @y iy (k, )
=S &I aBa'vaxG oy my*(k,w) .
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The solutions are now
Fu“(l-}- (wit —w) " (Su =S\
4r

G —

uu
w—wyt

+

1—(wk+—wk-)—l(Su—Sz)M>
+ b}

wW—Wx

Fe f1— (e —wie) " (S —S)M’
Gu® =——<
T w—wyt
14 (wit —wi ) (S, —S,)Akf>
1
T w _wk_ )
F.° ZS_IJdBdf'de/ 1 1
Gno=— - )
4 wT—we \w —wyt w—wy
F12 28T aBa'y ax (1 1
Gut=— - .
4dr  wet—we \w —wt w—we

The following amended definitions have been intro-
duced:

wit=+3(Su—8){ W)+ [48.8/(8.— 8]
X (JaBalya)*} 4 px
with
ux=uH —ua“LSE(SuBo./—SzBolf)
—%FEGIIJ(SuBIu, —SIBJII)(I _'Yak)
—3174Ba?(Su+81) =17 4(SuBs’+S:B’)

+317a(SuBou’+S:Bor’)
and _ -
SuBluf—Schl!
)\k/=JdBdf—-J,———STu——Sl—(1 —’Y.k)
SuB()uf—SlBOl'f S—uBOuf+SlBOlf
a——_—_—_—_zﬂallLsE-—_—__——_—'—
S.—S NPENY
JESuBauf“SlBalf 1 )
—ua == U —%sx).
uan 5.4 k

It may be noted that although we wrote S,—S,, to
the linear approximation in the field the difference is
really 28, twice the zero-field sublattice magnetization.

The correction is O(H?).

To complete the solution, we have to write out the
equations for the individual sublattice magnetizations.
There are now two equations of the form

\(Xh+1)2s+l+(Xh_1)ZS+l v )
I(X;.+1)ZS+1—(X;.—1)25+1 ’

o1
Sh=5((25+1

) (h=u, 1)

Xy 5 [N )+ () 1]
2 S | S S r

+— Z —_\ [N (ﬂwﬁ) —-N (ﬂwk_)] .

N x Wk+—"wk~

H. YATOM AND R. ENGLMAN

188

The susceptibilities are now derived by solving for
S., S from this set of four equations, remembering that
(S;)=8, or S;, depending on whether 7 is in the upper
or lower sublattice and then substituting (S;,) into

d
X = £ —(S7):
i z

] -
X ME=y 3 —<sz> —Nu2J ey S ,
dE,
where one puts H= E=0 after differentiation.

V. MOLECULAR-FIELD APPROXIMATION

We derive the observables (susceptibilities) by this
method, with a view to comparing the results with
those of the previous section.

Our starting point in this method is to write

S;=(S)+(8;—(8;)),

and to regard the second term as small, so that the
square can be neglected. S;-S,; then becomes

(8;)-(S)+(8;—(8)) - (S1)+(8;)- (S:—(Sy))
+(S;—(S)) - (S:—(Sy)).

Neglecting the last term and rewriting, we obtain the
linearized expression

S;-8>8;-(S)+ 8- (8;) —(8,)- (8y).
We further write the averages (S;?) as ¢;S+m, while
(§;*)=(S;¥)=0 by the same token.

The Hamiltonian for the parallel case now takes the
form

(@0 =—pX Sy [H.—mu (T a+T ) +8ew(Ta—J.)]
+utJ ' H.E: 3 e)SitpantSE. T €;(S7)?
j J

+uan’E, 2 [S78+eSim]— N uE.a1?Sm
J
+IN82(J4—T) —INm(J o+ T,),

with @,V =3 ¢,,’(jl), where the summation runs over
next-nearest neighbors of the same sublattice.

It is noted that the above Hamiltonian resembles
(apart from the term with the coefficient a,“5) the
familiar molecular-field Hamiltonian. This resemblance
can be made more apparent by introducing a number of
notational changes.

Define 4, T', Mo, M,, Gy, cu, au, Vo, 3¢, and 3¢~ by

Ja=3Nu4, J.=3Nw'T, M,=3NuS,
My=Num, a,'=3Nuby, an?=Jacu/p,
Vo=M¢?(A—T)—byEM M —iM?(A+T)=ac¢ number.

3¢+ are the Hamiltonians acting on the spin S, of an
atom of either the 4+ or — sublattice. (Previously we
denoted these by #,1.)

duLS=0u,
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Jer= —puS((A—T)Mx[H—3(A+T)M ]}
:t#allEz(Szz)_'_#blIMOSZ'*’#(C[IHE_*_%I)IIEM)SZ-

The Hamiltonian on the previous page then becomes
(3C)n=Vot+3N3CT+H3N3C.

The aim of the redefinitions was to bring the notation of
the present work in line with that of Hornreich and
Shtrikman.!!

In order to obtain the susceptibilities, we must first
find the energies of the Hamiltonian and then obtain
the free energy F from the position function. The trace
will involve energies over the eigenvalues = of S..
The free energy correct to terms bilinear in E, H will
then be

F=Fy—iM*(A4T)+Nu(m)cu HE
—3NBu(CH —3(A~+ DM — Ebu M J(m?)— (m)?)
—2anE[H—L(A4+T)M — Eby M o J({m®) — (m*)(m))} .
This contains the hitherto unknown M, which is to be
determined by the self-consistency requirement that

M= —09F/dH or, which is more convenient for our pur-
poses, by writing

M=XHMH+X||MEE
and
x“M= —62F/(9H2 R

X ME= — 3*F/0HJE.

The first of this pair yields a quadratic self-consist-
ency equation for X;;™, which has two solutions:

XM= 2(/1““ F)_1+XVV
o NBu((m?)—(m)?)
no =
1+3.VBu((m?) — (m)?) (1 +T)
The latter solution is physical. We then get

and

X ME= ‘A\‘F-<m>6n

m3)—(m?)(m
—(x..ﬂ!—xw)<a,. (m*)—(m?)(m)
(m)((m?) —(m)*)
which agrees with Ref. 11.
In an analogous treatment of the perpendicular case,
the Hamiltonian reduces in the molecular-field approxi-
mation to

(10)s= —u = SyLH—3(1+1)M]

—+

%.\'yb.,)<m>,

—1 2 eSF(A=T)MotpParJi HE 3 €Sy
J 7
e SE Y €y (S7S5+557S5%)
7

+rEaP(AM Y S#+3AM T € S5)
j J

—EaPAMM +M (4 —1)—1M*(A+T).
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The second term in the parentheses led by a? differs from
the corresponding term [A4/(4—T)[H—3(A+T)M]
X3, €»Sy?, which is required to prove the equivalence
with the Hamiltonian of Ref. 11.

With notational changes introducing @i, bi, ci, Vo,
3Co, and V*:

alLS GD=b1(A—I‘)A—'1,
Vo —biE(A—T)MMo—3M*(A+T)+ME(A—T),
Sevt= 4 S (A —T) Mo,

VE=tu{[H—3(A+T)M — E(A—T)bM ]S*
—1Eay(S=S*+5:5%) )+ u[csH E+3(A — )b, M E]S*,

=aqy, af=Jacut,

we can write the Hamiltonian in the form
(JC)l =Vo+ %z\vﬁco"'-f‘ %I\VJCO_‘*' %i\’ V4 %AV V-.

The perturbational solution of the Hamiltonian and
the expansion of the free energy to the desired order
leads to

F=F(a constant)+M (4 —T)
—iM(A+4T)+NuHEc(m)

Nu

201 —I‘)AZ,{ (m)[H—%(A+T)M —Eby(4 —T)M,]*

X[m*) —S(S+1)/3]}.

Putting M =X,"H+XMEE we again determine X,
self-consistently from

il A4T
_ =X, M= (X, )?
dH? 2
Nu 44T 2
+—-————-(m)<1 — Xﬂ’) ,
(4=T)M, 2
leading to

X M=2/(A+T),
or

=1/4,

of which the second is physical.
The magnetoelectric susceptibility is, accordingly,

X ME= — A\'ﬂ<m>61 _XlM(m)
3 (m*)—S(S+1)/3
X(lll -
(m)*

which agrees with the Hornreich-Shtrikman
corrected.?®

+3.Vu(d — I‘)bx> .
result, as

20 R. Hornreich and S. Shtrikman, Phys. Rev. 166, 598 (1968).
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VI. COMPARISON OF DIFFERENT
METHODS AND SUMMARY

In Sec. I1I of this work, we derived expressions for
the susceptibilities by the Green’s-function method,
starting with a microscopic Hamiltonian. From the
same Hamiltonian we derived the susceptibilities of
Hornreich and Shtrikman, based on a phenomenological
Hamiltonian, and using the molecular-field approxima-
tion. We have thereby established the connection be-
tween the two starting points.

A further point is important in the choice of the theo-
retical method, and for other reasons, too.

Callen and Shtrikman?! showed that the functional
relationships between the statistical means of the powers
of the spin operator are the same in the molecular-field
approximation as in the Green’s-function theory, and
may be generally valid. In Ref. 11, the formulas of the

H. YATOM AND R. ENGLMAN
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MFA were therefore used, albeit with empirical values
substituted for the first moment.

We have shown, however, that the susceptibilities
are not the same functionals of the moment in the differ-
ent theoretical procedures.?

In conclusion, we give the list of susceptibilities in
the MFA and the RPA and CD of the Green’s-function
theory. The notation of Ref. 11 is used:

MFA: X M=4-1,
RPA: X,M=A-1,
CD: XM=A-1B;1,

For the parallel susceptibility X,,#, the expressions in
terms of the moments are altogether different and do
not bear comparison. For the results the reader is re-
ferred to Secs. IIT and V.

MFA: XME=—Np(m)e,— A" m){a3[(m?) —5S(S+1)]/(m)>+3Npu(4 —T)b4},
RPA: XME=— NVu(m)cr— A" Y m)[ar+3Nu(4 —1)d,],
a1 /25—1 (m?)
CD: XME= ~A\'y<m)cl—.—1‘1<m)[—<————+ )—i—% u(A —I‘)b{] ,
Ba\ 2§ 252
(m*)—(m?)(m)
MFA: X“ME__.__‘\‘ < ) H_(XHM'“XVV)< 1 } ;-\v bil)y
e M)y — ()"
1—va)dNy/
RPA: X, ME= "‘\'#<m>C||—(xl|‘V—XVV)<2‘1“+%A\VMZ’H<( Yt /dwk>>:
<dA\yk//d'wk>
_ 25—1 (m?)
CD: X ME= —\ #<m>5|1“(XHM—XVV)l:Gn( + S >

+~\v#bHBS

(1 —=7sx)dN/ dwy) ]

2d N/ dwie)+ (Nt (m)?/ SO (v (dN i/ dwie) )2 — (N o/ dwie) )y (AN /du) ) ]

Within the last set, the similarity (even as far as it exists) is deceptive since the factors (X, —Xyy) have
to be evaluated in their own approximations; these do not bear comparison, as we have just remarked.

2 H. B. Callen and S. Shtrikman, Solid State Commun. 3, 5 (1965).
22 We have been informed by Professor H. B. Callen that Dr. A. B. Harris has reached similar conclusions for sublattice magnetization,



