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A new magnetic symmetry of the rare-earth orthochromites and orthoferrites (RMO; ) below the second
Néel temperature due to the reordering of the rare-earth spins is proposed. It is shown that the magnetic
symmetry group is lowered to the subgroup of index two, thereby keeping the unit cell invariant. The
proposed symmetry is shown to be consistent with the previously observed spin configuration of RMO,
such as GdCrO;, DyFeO,;, and DyCrO;, and would also be consistent with those of other RMO;. Although
symmetry arguments and the calculation of the free energy show that two spin configurations are stable, in
GdCrO;, a future measurement of the magnetoelectric tensor would determine which configuration GdCrO,
has. It is further predicted that the magnetoelectric effect should be observed in any RMO; below the

second Néel temperature.

I. INTRODUCTION

One of the fundamental problems in the rare-
earth orthochromites and orthoferrites (RMO;, R
is a rare earth and M is Cr or Fe) is concerned
with the magnetic symmetry below the second Néel
temperature Ty, due to the reordering of R% spins,
where according to existing theory' the magnetic
symmetries of the observed M3* and R* spin con-
figurations are not compatible with each other.

RMO, are weak ferromagnets resulting from a
small canting of the antiferromagnetic M3 spins. 2
Just below the first Néel temperature Ty, (where
the M * spins order), the M % sublattice moments
and the net moment are observed to lie either along
the a axis and the ¢ axis, respectively, in most of
RMO;,, or along the c¢ axis and the a axis in some
RCrO, (R=Nd, Tb, Dy, Ho, Yb).? The net mo-
ment of the R* spins is polarized parallel or anti-
parallel to the net M % moment by the M**-R* mag-
netic interactions. Although the R®* spins of this
state are sometimes said to be polarized quasi-
paramagnetically, they should be considered to
have a magnetic ordering given in Table I. As the
temperature is lowered, the R** moment increases
and the spin reorientation occurs at 7, and 7; (or at
T,) in most of RMO, .? Finally, below Ty,=1-4 K,
a different configuration of R3* spins is caused by
the R*-R* interaction.

The R? spin configuration below 7y, can not be
explained by the existing theory, ! which assumes
that the magnetic symmetry group is the same for
both above and below 7Ty,. Bertaut et al.*® have
investigated the R** spin configurations in some
RMO; under the assumption that the magnetic unit
cell is different from the paramagnetic one. For
instance, the spin configuration of Th®* spin in
TbCrO,* is assumed to belong to a two-dimension-
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al irreducible representation associated with the
wave vector k= (0, %, 0), that is, the magnetic unit
cell is twice the paramagnetic one in the direction
of the b axis. Following the procedure of Bertaut
et al., we have to assume that the magnetic unit
cell is different from material to material.®

Experiments on some RMO; near Ty, have shown
that the transition at T}, is of second order.%’
Here, it should be noted that a phase transition is
of second order if the symmetry of a crystal
changes in such a way that the number of symmetry
operations after the transition is reduced to half
that before transition.® Lowering symmetry can
be realized either by (i) a doubling of the unit cell
for a given crystal class, or by (ii) a halving of the
number of rotations and reflections for a given unit
cell. Bertaut ef al. have investigated just the first
case to explain the magnetic symmetry below Tj,.3~®
In this paper, we shall show that case (ii) is more
plausible than case (i) to describe the magnetic
symmetry below Ty, in RMO,.®

II. MAGNETIC SYMMETRY
A. Spin Structure

Table I gives all the spin configurations of RMO,
derived with the assumption that the magnetic and
the paramagnetic unit cells are the same.! In
RMO, containing magnetic R* ions, the observed
spin configuration just above Ty, belongs either to
Ty(F,,C,,G,:FF cFor to T'(4,, G,, C,:CF) (Ref.
2) and is compatible with this table. Below Ty,
owing to the R*-R* magnetic interaction, a new
R3* spin configuration appears, as will be shown
below.

Now, we point out some experimental results re-
quiring a new explanation of the magnetic symmetry
below Ty,. (a) In GdACrO;, where the single-ion
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TABLE I. Compatible spin configurations in RMOg for
T=Ty,. (After Bertaut; see Ref. 1).

M R%
rl Ar; Gy, C‘ Cf
r2 Frs Cy: Gl Ff: C§
r3 CX) Fy’ A‘ Cf, FI;
Ty Gy, Ay Fy Fg
r5 G}i’, A?
I A
r, Gs
Ty AR GR

anisotropy of the Gd** ion can be neglected, the
magnetically observed results’ show that the Gd**
spin configuration below Ty, =2.42 K is antiferro-
magnetic along the ¢ axis and ferromagnetic along
the a axis, and that the Cr®* spin configuration is
(F,, G,) which belongs to the I'; configuration.
However, we see from Table I that although the
ferromagnetic Gd** spin configuration F® is com-
patible with the Cr® configuration (F,, G,) men-
tioned above, the antiferromagnetic configuration
of the Gd* spins along the ¢ axis is forbidden. (b)
In DyFeQ,, where the Dy* anisotropy is large, the
Ising-like spin of Dy ion will be confined to the
direction of the anisotropy axis. The Dy spin in
DyAlO; (nonmagnetic M?* ion) has been analyzed to
be confined in the a-b plane, the angle between the
Dy* spin and the b axis being 33°.!%!! The Dy*
spin configuration below Ty, is T's(GF, AF), How-

TABLE II. Symmetry operations for various spin con-
figurations. The screw axis Cyq (@ =x, y, z) is parallel
to the a axis indicated in Fig. 1 of Ref. 2. The center
of inversion i is at each M® site, and R is the time-re-
versal operation. (+) means that the spin configuration
is invariant to the corresponding operations.

Ty I Ty T, r, ry Iy Ty
M*  AGC, F.CG, CFA, GAF,
3 R RCR ~R R
R¥ ck  FBCR  CRFR FR GRAR A} GF AfGP
field H, H, H, E, E, E,
E + + + + + + + +
(32, + + + +
Cay + + + +
Cop + + + +
i + + + +
i?zx + + + +
ig!:v + + + +
iCop + + + +
R
RCy, + + + -
R(;zy + + +
RCy, + + + +
iR + + + +
iRC,,y + + + +
iRC,, + + + +
iRCz, + + + +

ever, the configuration of Fe®* spins is I';(4,, G,,
C,), which is incompatible with that of Dy* spins.
(c) The Cr* and Dy sublattice spins of DyCrO,
favor the I'x(F,, C,, G,) and I's(GF, AF) configura-
tions, respectively.™'®!! These two configurations
are not compatible with each other. Furthermore,
the observed spontaneous magnetization along the
a axis” is too large for the weak ferromagnetic
moment F, of Cr® ions, and is too small for the
Dy* ferromagnetic moment FF of the I'y(FF, CF)
configuration which is compatible with the Cr®*
configuration. Note that this T'p(FE, CF) configura-
tion is the spin-flopped configuration of I'5(GF, AF).

In order to explain the magnetic symmetry of
RMO, below Ty,, we assume that at Ty, Landau’s
second-order phase transition takes place and the
magnetic symmetry group is lowered to the index-
two subgroup, the magnetic and the paramagnetic
unit cells remaining the same. Now the symmetry
operations for RMO; crystals above Ty, are given
in Table II, where the transformation properties of
the magnetic and electric fields are also given for
later use. The order of magnetic groups I'; through
T'y is eight for all. At Ty, Landau’s second-order
phase transition occurs and the number of symme-
try operations is reduced to half that above Ty,.
Thus, the order of the magnetic group below Ty,
should be four. Table III gives the spin configura-
tions and the magnetic symmetries compatible with
our assumption.

(a) For instance, the two symmetry groups D,
(C,)222 of the T'y(F,,C,,G,:FF,C¥ AF) configura-
tion and Cy,(C,) 2m’m of the T'y(F,, C,, G, :F}, C3,
Gf) configuration are both the index-two subgroup
of the group D,,(C,,)m’m'm of the ', configuration.
The T, and T'y; configurations are invariant to op-
erations (E, C,,,RC,,, RC,,) and E, iC,,, iRC,,,
RC,,), respectively. If we apply these to GdCrO;,
Table II shows that the Gd** antiferromagnetic con-
figuration along the ¢ axis is either AF for the I',q
or GF for the I'y, configuration. (b) On the other
hand, the symmetry group D,(D,)222 of the I'j5(4,,
G,,C,:GE A CF) configuration is the index-two

[27
(b)

FIG. 1. Spin configuration in RMOg below Ty,. (a)
The Ty5(A,, Gy, C, : G, A% CF) configuration. (b) The
Ty(F,, C,, G, : FE,CF c"y) configuration.
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TABLE III. Magnetic symmetry of various spin con-
figurations.

Magnetic
symmetry
group
Dyyp(Dypymmm Ty
Dz,,(Cz,,')m'm'm rz, 1‘3, I‘4

Spin configuration

T=Ty,

Con(Cop)2m Typ, Tys, Ty
Ca(Cy)2m’ Ty3, T, * Ty
T<Ty DyDy)ym'm'm’ TP
DZh(sz)mm'n' FS» r'I: rﬂ
Dy(Dy)222 Tys®
D,(Cy) 222 Ty, % Ty, Typ
Cg,(Cz‘)me I‘,s, I'”, 1‘18
CafCa)2m'm’  Tp5,° Ty, Tygs
Cp,(Cg)2m'm Ty, 9Ty, Tgq Tggy Ty Tyg
Not Cap(Cy) 2m’ Tse, T'sy, I'sg
realized Cy,(Cy) 2m Tgr, Tes, Tig

2The spin reorientation region. See Ref. 2.
PRA10; (R=Gd, Tb, Dy) See Ref. 11.
°DyFe03.

4GdCrO;.

*DyCrO;.

subgroup of that D,,(D,,) m'm’m of the T', configura-
tion. The I'j5 configuration is invariant to opera-
tions (E, cz,, Cay, Cz). This is applied to DyFeOj
and the (GF, A¥) configuration of Dy** spins is com-
patible with the G, configuration of Fe* spins. (c)
Furthermore, DyCrO; has the I'y(F,,C,,G,: FE,
CE; GE, AF) configuration, which means that the
T,(F,,C,,G,: FF, CF) configuration is mixed with
the T's(GF, A¥) configuration. The magnetic group
of the I';5 configurationis C,,(C;)2m'm’, which is the
index-two subgroup of that D,,(C,,)m m’m of the T',
configuration and consists of elements (E, éz,,
iRC,,, iRC,,). More detailed discussion of DyCrO,
will be given in Sec. II(E). (d) Finally, any other
RMO; below Ty, would have one of the I'j;(i=1-4
and j=5-8) configurations given in Table III. The
I'ys and I'y; spin configurations are illustrated in
Figs. 1(a) and 1(b), respectively. The I'ps configu-
ration is obtained by exchanging the spins S; and S,.

B. Hamiltonian

The Hamiltonian of our system is given as
Je=3CY +3CM-R L3R (1)

where the first term represents the Hamiltonian
for M* ions which is shown, from the symmetry
considerations, to be the same as those given in
Ref. 2. The second term represents the Hamilto-
nian for the interaction between M** and R ions
and the third that for R ions. The term 3¢“°® con-
sists of the isotropic, antisymmetric and aniso-
tropic symmetric exchange interactions:

5189

ge-® =3Cy00 +Hants +'3Csymm . (2)

The expression of this Hamiltonian is a little dif-
ferent from that of Ref. 2, since the inversion is
no longer the symmetry operation of RMO; below
Tys. The term 3¢® consists of four parts, the iso-
tropic, the antisymmetric, and the anisotropic-
symmetric exchange interactions between R** spins
and the anisotropy energy of R* ions whose site
symmetry is C,:

3R =30, 4 +Horme s +Foaymm + 5o

= I 508 8+ D Dy G5xS)

KR, A1 KRy A1
S -
+ 2 SE-E N8
KRy A1

+E {D (S%)? + B [(SE)? - (S,)?]

+Pk”(sixs“y +S5,Sk)t
+ (fourth-order terms)
+(sixth-order terms). (3)

Now, we introduce average sublattice spins de-
noted by S;, where

§,=N"2 8¢ (4)
[

and N is the number of unit cells in the crystal.
Further, we use new isotropic exchange-interaction
constants multiplied by the number of nearest-
neighbor spins as follows®:

J=2dy, J'=2Jy, J'=2dy, J''=2Jy,,  (52)
Ja=4J5s, Jp=2J5s, Jc=8J5, Jp=4J5s . (5b)

Similarly, the antisymmetric and the anisotropic-
symmetric exchange-interaction constants multi-
plied by the number of nearest-neighbor spins are
used below in this paper. Symmetry considera-
tions show that these constants are given as those
in Table IV(a)-IV(f). Then, the Hamiltonians (2)
and (3) are given_in Appendix, where Bertaut’s ir-
reducible bases F, G, C, and A2 are used.

C. Spin Configuration of GdCrO,

We first consider the spin configuration of
GdCrO;q below Ty,. The Gd* anisotropy energy of
GdCrO; is small as compared with other interac-
tion energies such as the Cr®-Gd** and Gd**-Gd**
exchange interactions.?'®!® Thus, the Gd** spin is
not confined to its own single-ion anisotropy axis
but to the direction of the effective field due to the
magnetic interactions with Cr* and Gd** spms

The Hamlltoman (1) is also written as?

3C=3Cq +3C,, (6)
where
Hp=HJ 4 —dp+Jc —J )G 7)
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TABLE V. Orders of magnitudes of various exchange
constants and of the single-ion anisotropy constants for
GdCrO;. Compare with Table II of Ref. 2.

€ €2 € €t
MY - J ] 2
M K
R% J B Y
R¥ -R® J’ 4 a
R¥ K’

is the unperturbed isotropic Hamiltonian given in
Ref. 2 and ¥C, is the anisotropic part of the Hamil -
tonian. The free energy (3C) of the system is giv-
en, to the first-order perturbation of 3C,, by

(3¢) = — kT In Tre™®®0+ (3¢,), (8)

where the angular brackets denote the thermal av-
erage taken with respect to the density matrix p,
=™ /Tre™®%0, Here, we approximate the mean
value of the product of spin operators by the prod-
uct of the mean values of spin operators: (§;§,)

= (§i ><§l ) .

To simplify the calculation, it is convenient to
know the order of magnitudes of parameters. For
GdCrOs they are given in Table V, where € repre-
sents |D|/J~10%, the order of magmtudes of the
overt and hidden canting angles of Cr® spins.

We assume that the antisymmetric and the aniso-
tropic-symmetric exchange-interaction energies,
respectively, between the orbitally nondegenerate
ions such as Gd* and Cr* ions in GdCrO, are one
and two orders of magnitudes smaller than the
corresponding isotropic exchange interaction en-
ergy. Furthermore, we assume the anisotropy
tern; K'=(D',E’,p") of Gd** ion'® to be of the order
of €.

Since the real spin configuration of GdCrOg can~
not be identified definitely by the magnetic data’
alone, we assume in this subsection that GACrOg4
has the T'p(F,,C,,G,: F¥, CF, G%) configuration
below Ty, . From the Hamiltonians (9a2)-(9d) of
Ref. 2 and (A1)-(A7) of this paper, the normalized
free-energy of the I'y; spin configuration is found
to be

F=(3)/(Sc,)*N
=3 g +Jg+dc+dp)Fi+ W 4+dg=dc—Jp)CE
+3J ~Jg+dc—dp)G>
+(D,+B,F,G, - (B, - C,)C,G,+DG?
+s[(f +J " +J' +J""")F,FE

+(J+d" =" =J""C,CF

8
-(D,+D!'-D,-D.'"G,CF
+(Dy+ D) +D} +D})"GF 3]
+S UL +Tp+J s +dp)(F B2
+3(J 4 +Jp = I~ Ip)(C))?
+3Wh-Th+de-Ip)(GR?], (9)

where terms smaller than the order of € are
omitted. s is the ratio of the mean values of the
Gd®* and Cr®* spins, (Sgq)/(Sc:), which is the
only parameter depending on the temperature.

In the classical-spin approximation, equilibri-
um directions of the sublattice spins are defined
in terms of ¢, ¢, ¥, and &', where 3 and ¢ are
the overt and hidden canting angles of Cr®* spins,
respectively, 2% is the angle between two sub-
lattices of Gd** spins §; and §; or Seand §,, 26’
is the angle between S; and §, or §, and §; which
gives the GR configuration [see Fig. 1(b)]. This
angle &’ can be taken as an order parameter of
the second-order phase transition at Ty, . Then,
the normalized basis vectors are expressed in
terms of ¢, ¢,®, and &’ as follows:

F,=sin)~9, (10a)
C,=cosysing~¢ , (10b)
G,=-cospcosp~-1, (10¢)
Ff=cos?, (10d)
CE=sind cosd’, (10e)
GF=sin® sind’ . (10£)

The minus sign in Eq. (10c) shows that the up-
spins of the G, configuration of Cr® 1ons are Sz

and S4 and the down -spins are §1 and S, , which is
the configuration below the spin-reorientation
temperature of the I'y~ T, type.? Inserting Eq.

(10) into Eq. (9) and minimizing Eq. (9) with re-
specttoy, ¢, ® and &', we obtainthe expression for the
free-energy as a function of the temperature T.
Minimization of the free-energy with respect to
these angles gives the following four equations:

=((D,+B,) —s(j+j”+J-’+J"')cos<I>]/2(JD+JB),

L (11)
¢ ==[(B,= C,)+s(J+J"" = J' = J'"") sin®

xcos®’]/2(J5 - Jg), (12)
(g =) (J + T +J* +J*"2(sy +5 + cos®)s - sind

+(Jp +JB)(j+j" -J —J""(sh - s . sin® cos*)

X s+ cos®cosd’

- 4(Jp+Jg)(JIg ~ J)s? sin® cos®[(Jp+Jg)

- (Jp - J4)cos?®’]=0, (13)
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sin® sind’« {[(J+J"" ~J' =T} ~ 4(J - J;) —J"yst}=0, (14)
X(Jh-Je)] s - sin® cos®’ — (4T —J* where
o
§g= 2D, + DY +b;+5;é')(:’n +-J3) - (" + ' + J""")(D, + B,) , (15)
(J+J" +I"+J""" )2
o 2De 4Dy =Dy = D\ Jy = Je) = (I +J" =" = J""") (B, - C,) (16)
o ('j+j:l_jr_jl'r)z ¢
I
The angles ® and ' which are assumed to be gen- other angles are obtained as
erally of the order of 1 are determined by Egs. &'=0 (21b)
(13) and (14). The stability conditions with respect o .
to ¢ and ¢ Y=[(Dy+B,) = s(J+J"” +J" +J""")cos®]/2(Jp + ),
82F (21¢)
B'F=2(JD+JB) >0, ) ¢=—[(BS—C,)+S(j+j"—j'—r}"')
8%F -
il 2(Jp = Jg) >0 (18) x sin®]/2(Jp - J¢) . (21d)

are always satisfied.? For a stable configuration
the following equations should be positive:

8%F T N LY

spz =T+ +d"+ ") /2J 5+ Jp)]
X(sg+Ss+ cos®)s. cos®

~[(T+d" = F" = "R /2Tp - TS
X(s§~ s+ sin® cos®’)s . sin® cosd’

-2s%cos2® - [(J} +J5) — (- J%) cos?®’], (19)

2 - - - -
:—q,%= s+ sin®{=[(F+T" = F = T"V2/2(J - T )]

X(s§— s+ sin® cosd’)cos®’
+2(J5=JL)s « sin® cos2®’}. (20)

Equations (13) and (14) give an unstable solution
(I), and two sets of stable solutions (II) and (III).

Case 1. sin®=0. In this case, Eq. (20) shows
that the spin configuration is stationary and not
stable. Following Eqs. (10d)-(10f), the configura-
tion of Gd** spins is completely F¥ which means
that the Gd®* spins are polarized parallel or anti-
parallel to the net moment F, of Cr* spins.

Case II. sin®’=0. The angle ¢ is determined
by Eq. (13):

(Jg =J) T+ +3 +J""¥(sg+ 5+ cos®)s « sind
+(Jp +JB)(J+J" -J —J”")z(sé —s. sin®)s. cos®

4Ty +Tp) g =T O)(Th +J%)s? sin® cos® = 0.
(21a)
This equation is similar to Eq. (37a) of Ref. 2 ex-
cept for the last term which results from the Gd**
—Gd* exchange interaction. Using the angle @ de-
termined by Eq. (2la), the equilibrium values of

This corresponds to the T'y(F,, C,, G,: FF,CF) con-
figuration above Ty,. The stability conditions of
Egs. (19) and (20) should be satisfied.

Case II. In this case we have

s+ sin® cos®’=B, (22)
where
SYT+T" = J! = J"Y?

B = = —
(T+T" =F =TV —4(J = T)T, = JL)

(23)

The angle ® is determined by the following equa-
tion:

g =TT +T” +" + """V = 4(Jp + )T+ I2)]
x 5% cos’® + (I - )T +J" +j'+f"’)zs,,sz cos’®
ATy =TT+ " +T" 4TV — 4(Jp + T ) + I4)] 62
+(Ip+dp)T+d” =T = J""Vs.B
—(Ip+ IR+ =T = J"" = 4(J5 = J)(Th - J5)]
XB%}s. cos® - (Jp —Jc)(:l+j” +J' +j’”)2s(,s2 =0.

(24a)

By using the angle ® determined by Eq. (24a), Eqgs.
(22), (11), and (12) give the other stable angles to
be

®'=cos~YB/(s+ sin®)], (24b)
v =[(D,+B,) —s(T+d*" + ' +J"")cos®)/2(J p+ Ip),
Lo .. (24c¢)
¢ =-[(B, =C,)+ B +J" =J" = F"")|/2(d5 - Jc) .
(244d)

This corresponds to the I',,(F,, C,, G,: F¥,Ck GF)
configuration below Ty,. Also in this case the
stability conditions of Eqs. (19) and (20) should be
satisfied.



5194 YAMAGUCHI AND TSUSHIMA 8

Up to the order of €%, the free-energies F(T'}),
F(T3Y), and F(T3) of three cases I, II, and III,
respectively, are given as

FTN=FCr _[(J+J" + 3" + "'V /2(J p+ Jp)]
X $(8 +8g) + 3(J +Jp +Ib+dp)s?, (25a)
F(TRy = FOr _[(J+ " + '+ TV /2(J p + I p)]
X(Sg+$+ cos®)s. cos® +[(:I+J" _J ~Je/
2(J5 - J )] (sh— s+ sind)s+ sin®
+ 5[+ I+ 5 +Jp) cos®d
+(Jy +Jh = Jb = J)sin®®]s?, (25b)
F(CBY=FCr _[(J+J + T+ TV /2(J p+ I p)]
X (sg+S*cos®)s: cos®
H[(F+d" =T =" /25 - I))(s§ - B)B
+(Jh =JE)B? + 3[(Jy+ 5+ T+ Jp) cos®®
+(J4 = Jf +J4 - Jpsin®®]s? | (25¢)

where FCF is the free-energy of Cr®* spin sys-
tem:

FCr=Fy+D -[4(Jp+Jp) = (Jo+J5 +Jc+Jp)]
X(Dy +By)2/a(JD+JB)2 —[4(JB -Jo
—(Ja+Jp -Jc - JD)](Bx - C:)z/a(JB— Jc)a . (25d)

Although the configuration of case I has been shown
to be unstable, the free-energy F(I'}) is also given
for comparison.

In the high-temperature phase, s is relatively
small and the free energy F(T'}) is the lowest.
Then, the I'y(F,, C,, G,: F¥, C¥) configuration is
realized.? As the temperature is lowered, s in-
creases and then the free energy of this configura-
tion crosses that of the I'y,(F,, C,, G,: F¥ CE GE)
configuration at a critical point s,, where the cor-
responding temperature is defined as Ty,. Then,
&’ takes a nonzero value and a new antiferromag-
netic configuration G¥ of Gd** spins appears. The
free energy F(I'31Y) is the lowest for s larger than
s. and the T'y; configuration is realized in the
lower-temperature phase. Here, although we have
no available values of parameters in Eq. (25), it
seems that F(I'}) is higher than F(T'}") or F(T31
for all values of s. The case I, therefore, is nev-
er realized.

Now, we can obtain the expressions of the deriv-
atives of the angle ® with respect to the tempera-
ture T by differentiating Eqs. (21a) and (24a) for
the high- and low-temperature phases, respective-
ly. The resulting expression is lengthy and is not
given here; its derivation is quite straightforward.
9% /8T has a finite discontinuity at Ty,. The deriv-
ative of the angle ¢’ is obtained from Eq. (22) as
follows:

[(8s/8T)sin® +(8®/3T)s . cos®]cos®’
’ =
9%’/5T (s. sin® sin®’)

' (26)
using the derivative 8®/87 to be determined. At
Tys, ®' is zero and Eq. (26) shows that 8®’/8T has
an infinite discontinuity. This is characteristic of
Landau’s second-order phase transition.® Similar
discussions are applicable to the case where
GdCrO; has the I';g configuration.

D. Spin Configuration of DyFeO,

We next investigate the spin configuration DyFeO;
below Ty,, where the Dy* anisotropy is large
enough as compared with the Fe®**-Dy** and Dy**-
Dy** magnetic interactions. Then, we can regard
the Dy* spin as the Ising-like spin directed along
its own anisotropy axis.

As mentioned previously, we assume that the
spin configuration of DyFeO; below Ty, is I'y5(4,,
G,,C,:GF AF). Here, the C¥ configuration of
Dy** spins is omitted, since the Dy** Ising-like spin
is confined to its anisotropy axis in the a-b plane.
The Hamiltonian of this I';; configuration is easily
obtained from Eqs. (9a)-(9d) of Ref. 2 and from
Eqs. (A1)-(A7) of this paper. Then, in this con-
figuration the isotropic and the antisymmetric ex-
change interactions between Fe®* and Dy** spins are
absent and the anisotropic-symmetric exchange in-
teraction is given as

Koymm/2N= (@, — Ll +al —alt’ A, GE

~ b T B 1 ) 2 R
+(ay, —ay, —ag, +a,, )G,Ay

+ (&,, -al’+al, -all' )G,GF
+(@yy — aly —ap, +aly’ A AF
+(ap —all +al, -all’)C,GF
+ (&” — =AY+ Zl;' )CLAE . 27

Now, for the temperature above Ty,, symmetry
arguments show that ajg=a,, and al; =aL,. Ex-
pecting that the same relations nearly hold for the
temperature below Ty,, the anisotropic-symmetric
exchange interaction is small enough tobe neglected.
Thus, since the Fe3*-Dy* interaction is nearly ab-
sent for this I';s configuration, we can treat two
spin systems of Fe®* and Dy** ions to be indepen-
dent of each other. Therefore, the spin configura-
tions of Fe3* and Dy** ions in DyFeO, are the same
as those of Fe® ions in YFeO, and of Dy®* ions in
DyAlQ,, respectively. The Fe® spin configuration
is (A,, G,,C,). The hidden canting angles ¢ and ¢’
which give the A, and C, configurations, respective-
ly, are given as follows'*:

¢=(D,-C,)/2(Jp-Jd¢), (28a)
¢'=-(B,,-Cx)/2(JB“Jc)- (28b)
The Dy®* spin configuration is (GF, A%); each spin
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is confined in the a-b plane and canted from the b

axis by 33°. 1

E. Spin Configuration of DyCrO,

The Cr®* spins of DyCrO; have the I'y(F,,C,, G,)
configuration. Then, following Bertaut, ! the com-
patible configuration of Dy** spins should be I',(FE,
CF). However, the Dy** spins favor the I's(GF,AF)
configuration as mentioned previously. We assume
that the Dy* spins are confined to its own anisot-
ropy axis. The free energy of the T, (FE, Cf) con-
figuration is not so much higher than that of the I's
(GF, AF) configuration. The difference of free en-
ergies between two configurations is of the order
of the Dy®*-Dy®* interaction J’ which is calculated
to be nearly 0.2 cm™! by using the experimental
data.!! Here, the I', configuration is the spin-
flopped configuration of I's. In fact, Holmes ef a
found in DyAlO; that with the magnetic field applied
along the a axis, the metamagnetic transition which
involves a simultaneous reversal of two spins takes
place at a critical field H =11 kOe at the tempera-
ture T=1.45 K (Ty,=3.52 K). Now, in DyCrO;,
the weak ferromagnetic moment of Cr®* spins along
the a axis induces the effective field acting on Dy
spins along the a axis owing to the Cr*-Dy® inter-
actions. The comparison with the observed data’
shows that the magnitude of this effective field is
7 kOe which is smaller than H,. Then, the Dy**
spin configuration would be mainly I's(GF, AF).
However, this effective field induces the ferromag-
netic moment Ff of Dy** spins, resulting in the I',
(FR, C¥) configuration in addition to I's(GF, AR).
Thus, there is a possibility that the two spin con-
figurations coexist stably.

This is also justified from symmetry arguments.
Table II shows that the effective field and the in-
duced Dy** spins above Ty, both belong to the T,
(H,: F®, CF) configuration whose magnetic symme-
try group is Dy,(Cgy) m'm'm. This magneticgroupis
invariant to operators (E, Cy, 4, iCs, RC,,, RC,,,
iRC,,, iRCj,). At Ty, the reordering of Dy** spins
takes place. Below 7y, the Dy** spins favor the I';
(GE, AF) configuration in addition to I',(FF, C¥) due
to the effective field from the Cr® spins, resulting
in the Ty (FF, CJ; GF, AJ) spin configuration,
whose magnetic group is C,,(C,)2m’m’. The sym-
metry operations in this group are (E, C,,, iRC,,,
iRéa,). Thus, at Ty, Landau’s second-order phase
transition occurs and the number of symmetry
operators is reduced to half that above Ty,. The
spin configurations below and above Ty,, I';;, and
I',, respectively, are illustrated in Figs. 2(a) and
2(b). ¢

Now, we calculate the free-energy of the I'yg
(Fy, Cy, G,: FE, C%; GE, AF) configuration. In
DyCrO, containing orbitally degenerate Dy®* ion,
the orders of magnitudes of interaction parameters

lll
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are given in Table II of Ref. 2. In a procedure
similar to that in Sec. IIC, we obtain the equilib-
rium values of the angles ¥ and ¢ which define the
overt canting F, and the hidden canting C,, respec-
tively, of Cr® spins:

$==[(D,+B)+s(T+J" +J" +J""")sin@,)/2(Jp+Jp) ,
(29a)

==[(B,=C)+s(T+J" =d" = J"")sind,)/2(J5 - J¢),
(29b)

where s is the ratio of the induced Dy** sublattice
spin to the Cr* sublattice spin and ®, is the angle
between the Dy** anisotropy axis and the b axis.
(®, is taken to be 33°.) Finally, from Eqs. (Al)-
(A3), we obtain the effective field acting on the
Dy* spins along the ¢ axis as follows:

Hoyy=(See) [(F +J"" +F"+F" " + (D, +Dy' + D} + D))

(30)

+ 28y + By + gy + gy )]
~(Sc) {2[(Dy + Dy + D)+ D) + 2(py + gy + iy +ay )]

Frn

X(Jp+dp) = (T+J" +J +J""")(D, + B,)}/2(Jp +Jp)

—(Sp)T+T" +d + "2 p+ ) (30")

which is expected to amount to 7 kOe at T=1.5K
to fit the observed data.”

III. MAGNETOELECTRIC EFFECT

In a material which exhibits the linear magneto-
electric (ME) effect, "~2! an applied electric field
E induces a magnetization M which is proportional
to E, and an applied magnetic field H induces an
electric polarization P which is proportional to H.
Since the qualitative nature of the ME tensors is
determined by symmetry, measurement of these

(a) (

FIG. 2. Spin configuration in DyCrO;. (a) The Iy
(Fy, C,,G, :FE,CE; Gf,A;) configuration below Typ. (b)
The Ty(F,, C,, G, : F&, CF) configuration above Ty,.
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TABLE VI. Magnetoelectric susceptibility tensors for
various spin configurations.

ME tensor Spin configuration

0 0
r,, Iy, Iy, T
T>T o o o -
e [0 0 0:' Tyy, Ty, Ty, Tag, Ty, Ty

xx rsb
a
¥ Ty5,°Tp5,% Tgs, Tys
z2g
0 0 0 T,
0 0 o
0 a, o | Tie T26° Tgg Tgg
=
T=Twm 0 ag] p
0 0 0 7
S O:I Ty7, Tp1,° Ty, Ty

0 a, 0 r
o, 0 0 8
0 0 0 riB» PZﬂi r38» r48

2The spin reorientation region.
PRAIO; (R=Gd, Th, Dy); see Ref. 11,
°DyFe03.

dDyCrOS.

°GdCr03.

tensors provides a powerful tool for justifying our
arguments developed in Sec. II.

We can write the free energy of a ME material,
the electric polarization, and the magnetization as

1 1

F= —542.1;“” E,E, —‘L?au E, H, —E‘Z;Xu HH ,
(31a)

P‘=-(8F/8E{)H,T=?KU Ej +2}3a,,H, ) (31b)

M=~ (8F/8H,)5 ¢ =§)xu H, +§) a, E, , (31c)

where k;,; and x;, are the usual electric and mag-
netic susceptibility tensors, respectively, and ay;
is the ME susceptibility tensor.

By using symmetry considerations together with
Tables II and ITI, the ME susceptibility tensors
for various spin configurations are given in Table
VI. (i) Above Ty,, the tensors vanish for all T,
(i=1-4) and T, ,(, j=1-4) configurations, since
the corresponding groups involve the inversion
symmetry. (ii) However, below Ty,, all RMOs
crystals are expected to exhibit the ME effect due
to the lack of the inversion symmetry. (iii) The
nonvanishing ME tensor elements of the I';5 and
T',5 type such as DyFeO; and DyCrQs, respectively,
are a,,, a,, and «,,. Thus, the magnetic and
electric fields along any crystal axis induce polari-
zation and magnetization, respectively, along the
applied field. (iv) Since a,, and a,, are nonzero
tensor elements for the I'pg configuration, the ap-
plied magnetic and electric fields along the b axis
(or the c axis) induce an ME polarization and mag-

netization, respectively, parallel to the ¢ axis (or
the b axis). For the Iy, configuration a,, and a,,
elements are nonzero. Therefore, future experi-
ments on the ME effect of GACrO; will clarify
whether it has the I'y4 or T'p; configuration. (v)
All of the magnetic symmetry in RMOg below Ty,
are to be determined by the ME effect measure-
ment by using Table VI.

IV. CONCLUDING REMARKS

Assuming that in RMO3; the magnetic and the
paramagnetic unit cells are the same both above
and below Ty,, we have clarified that the magnetic
symmetry group is lowered to the index-two sub-
group of that above Ty,. By calculating the free
energy, the spin configuration corresponding to
this magnetic group has been shown to be stable.
Then, we have shown that GACrO; has either the
Ty(F,, C,, G,: FF, C¥, AF) or the I'y(F,, C,, G,:
FE, CE, GF) configuration, DyFeO; the I';5(A,, G
C,: GY, AF) configuration, and DyCrO; the Ty
(F,, C,, G,:FE, C% GE, AF) configuration.

Furthermore, we have predicted that the ME
effect may be observed in RMO; below Ty,, al-
though any RMO; has no ME effectaboveT y,. In
DyFeO; and DyCrOg which have the I'y5 and the
T',5 configurations, respectively, a magnetic or
an electric field along any crystal axis induces a
polarization or a magnetization parallel to the ap-
plied field. In GACrO; with the I';g configuration,
the ME polarization and magnetization are induced
along the b axis (or the ¢ axis) with the applied
magnetic and electric field along the c¢ axis (or the
b axis). If GACrO, has the I',; configuration, the
role of the b axis in the I'yg configuration is re-
placed by that of the ¢ axis. Thus, measurements
of the ME tensor determine which configuration
GdCrOg has. It is hoped that all the magnetic
symmetry of other RMOj; could be determined by
observing the ME effect.

vy
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APPENDIX: HAMILTONIANS FOR THE INTERACTION
BETWEEN M3* AND R** JONS AND FOR R3* IONS

s

JEm/N=(J'+f"+J"+J YF. TR
+(J+J" =T =J")C. T?

+(J=-TJ"+J =J"")A. G
T =T TG AR (A1)

Rt/ N= (D, +D;' + D, +D,'")(AFF - A, FF)
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~/ I!I

+(D, + D, - D, - D,"")(G,CF - G,CF)
+(D, - ,: +D)] D"’)(F,Gf-F,cf)
+(D, - b, - D, +D,"")(C,AF - CAF)
+(D,+Dy' +D +13”')(G,pf-c,pf)
+(D,+ D, - D, - D, )(A,CF - A,CF)
+(B, - B, +D. - B,"")(C,G? - C,GF)
+(D, - D, - D, + D, )(F AF - F AF)
+(D,+D. +D, +D'”)(C,Ff- C,FF)
+(D, +D;' - D, - D,"')(F,CF - F,CF)
+(,-D, +D, - D,"')(G,G} - G,GF)
+(D, - D, - D, +D,"")(A,A} - AAF) ,
3 (a2)
JC,mm/ZN-(a,,+a“+an +d, ) F.F}
+ (fgy + iy — Gy — g’ ) C,CF
+ (g = Ty + Ty = Gy ) AGF
+ (G = ey — s + Byy ) G,AR

+(terms where x= y)

-l??

+ (terms where x= z)

+ (G, + a,‘y + a” +('i,::,')(C,,F';z + C,Ff)

+ (Byy + By = Gy = gy ) (F, C% + F,CF)

+ @y = Gyy + 8y, = Gey )(G,GR + G,GR)

+ (@ - aw Tyyt By VALAT + AAT)

+ (Gyg + Gy + a,, +ay VA, FR + A FR)

Gy e~ Gy )(G,CF+G,CR)

+(@,, - @ a,,+a,, a,, (F,G®+F,GF)

+ @y = By = By + Gy )(C,AF + C,AR)

+ (g + gy + gy + "")(G FF+G.FF)

+(a,,+a,, =G = By NA,CF + ACT)

+ (Ggg = Gy + Gy = dgy )(C,GE + C,GF)

+ (A ~ am ~ ap +apy N(F, AR+ F AF) |
(A3)

+ (g, + ay,

H{p/N=3U 4+ +d¢ +Jp)(FR )

+3WUa-Jp+de —J{;)(én)z

+%(J;+J;a ~J¢ - Jp)CRY

+SJ4=Th =L +JTH)ARR, (A4)
H{xy/N= (B;w;)(c’:Ff -G F5)
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+(B{ - D) AFCT - AFCT)

+(By+C)AFFS -~ AT FY)

+(By - C)(GECE - GECE)

+(D{+CCTFS - CSFY)

+(D; - C)(GFAT - GJAT), (A5)

Hpyon/N = @y +bly +C Ly +d L) FR P

+(@fy = by +Cly —dL)GE P

+(afe +bly — iy —dL)(CT P

+laf + bl —clp+di) AT P

+(terms where x=y)

+ (terms where x=2z)

+2(al,+bL)(FRCR + FRCE)

+2(al, - b.,)(GRAR + GRAFR)

+2(ag+ CL)FYGE + FEGE)

+2(aly —c i \CRAR + CRAFR)

+2(as, +d.)(FTAT + FEAT)

+2(a/, - d;,)(CE G +CEGE), (A6)

HL/N =D'(FFY +(GE)%4+ (CFY + (AF Y]

+E'[(F?+ G+ €3+ AD)]
- (F§P - (GEP - (CF P - (AF ]
+2p/(F3C5 + FyC3+ GTAT + GJAT)
+ (fourth-order terms)

+ (sixth-order terms), (A7)
where N is the number of unit cells in crystal, and

~ - - -y - -
Aog= — (azz +aw) ’ Agg == (ax’x+a;y) ’

au" - (axx'*'as;) a,'.” =- (a::x”"'a;;')

ag, = - (a;, +agy), bee= — (bix+byy),

Cae=—(cix+cyy), dge= - d} +dy,).

For T= Ty,, the symmetry group contains the in-
version operation. Then,

ju=j jlll=:jl ﬁu=:ﬁ :ﬁlll=ﬁl
’ ’ ’ ’

-3 -S4
1 _ e _
a’’=a, a'’’=a

and
' _nt!_ ’_ r_ o _ A g
B,=By=C =D, =0g=0a;,=Cye=dgr, = 0.

Therefore, for T= Ty,, Eqs. (Al)-(A3) coincide
with Eqs. (9e)-(9g) of Ref. 2, respectively.

*Partly supported by the Broadcasting Science Research
Laboratories of Nippon Hoso Kyokai
!E. F. Bertaut, in Magnetism III, edited by G. T. Rado and H.

Suhl (Academic, New York, 1963), p. 149.
2T. Yamaguchi, J. Phys. Chem. Solids (to be published). As for
the spin-order data of RMO;,, see the references cited in this paper.



5198 YAMAGUCHI AND TSUSHIMA

3E. F. Bertaut, Acta Crystallogr. A 24, 217 (1968).

‘E. F. Bertaut, J. Mareschal, and G. De Vries, J. Phys. Chem.
Solids 28, 2143 (1967).

SB. Van Laarand J.B.A.A. Elemans, J. Phys. (Paris) 32, 301 (1971).

€A. Berton and B. Sharon, J. Appl. Phys. 39, 1367 (1967).

7K. Tsushima and T. Tamaki, Proceedings of the International
Conference on Magnetism, Moscow, 1973 (unpublished).

’L. D. Landau and E. M. Lifshitz, Statistical Physics (Pergamon,
London, 1958), Chap. 14.

°In the spin-reorientation of the 'y — I', type discussed in Ref. 2,
the magnetic symmetry group of the spin-reorientation region
(T, < T < T,) is the index-two subgroup of those in the high-
and low-temperature phases, where the magnetic unit cell is the
same as the paramagnetic one. At the spin-reorientation
temperatures T, and T,, the second-order phase transition takes
place. See Ref. 2.

'°H. Schuchert, S. Hiifner, and R. Faulhaber, Z. Phys. 222, 105
(1969).

"'L. M. Holmes, L. G. Van Uitert, R. R. Hecker, and G. W. Hull,
Phys. Rev. B 5, 138 (1972).

K. W. Blazey and G. Burns, Proc. Phys. Soc. Lond. 91, 640
(1967).

BR. L. White, G. F. Herrmann, J. W. Carson, and M. Mandel,

|oo

Phys. Rev. 136, A231 (1964).

“G. F. Herrmann, Phys. Rev. 133, A1334 (1964).

5We assume that Dy>* spins are confined to their own anisotropy
axes in the a-b plane. Then, the spin configuration of DyFeO;
above Ty, is I'\(4,,G,,C,), where C¥ vanishes, that is, Dy**
spins are really paramagnetic.

Above T y, the Dy** spins are polarized due to the magnetic
interactions between Dy** and Cr’* spins. The polarized Dy**+
spins might direct along the effective field induced by the Cr**+
moment. However, since the Dy** single-ion anisotropy is large
enough, the polarized Dy** spins are confined to their easy axes
and the net moment of Dy** spins is along the net effective field
from the Cr** spins, that is, along the a axis. The resulting
configuration of the Dy** spins is T, (F, CF).

'7S. Foner and M. Hanabusa, J. Appl. Phys. 34, 1246 (1963).

3G. T. Rado, Phys. Rev. Lett. 23, 644 (1969); Phys. Rev. Lett.
23, 946 (1969).

M. Mercier and P. Bauer, Les Elements des Terres Rares
(Centre National de la Recherche Scientifique, Paris, 1970), Vol.
1I, P. 377.

R. M. Hornreich, IEEE Trans. Magn. MAG-S8, 584 (1972).

2IL. M. Holmes and L. G. Van Uitert, Phys. Rev. B 5, 147 (1972).



