thin layers adjacent to the negatively charged cleavage
plane. The density »n, referred to one hole layer is then
7x10* ¢m~2 and the ratio is n,/n, =10, in accord with
the ratio of the effective-mass ratio of the heavy and
light holes in germanium.
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Spin-reorientation transitions in TbFeO, are investigated. It is shown that they may be regarded as
transitions of the Jahn-Teller type. The parameters of isotropic and of anisotropic R~Fe exchange are
determined (a =70 kOe, b =19 kQe). It is shown that the R—Fe interaction shifts the antiferromagnetic
ordering point of the Tb** ions and has a considerable effect on the cant angle of the magnetic sublattices
of the Fe** ions (at T~5 K, the change of the cant angle ~40%). The importance is noted of the Van
Vleck interaction of the quasidoublet ground state of the Tb** ion with the excited states.

PACS numbers: 75.30.Kz, 71.70.Ej, 75.50.Gg, 75.30.Et

1. INTRODUCTION

There have recently been intensive investigation of
mangetic phase transitions of the spin-reorientation
type (SR transitions) in rare-earth orthoferrites (ROF).
The variety of the magnetic properties observed inthese
compounds is determined, as a rule, by the peculiari-
ties of the magnetism of the rare-earth ion (RI) in the
orthoferrite structure and by the anisotropy of the ex-
change interaction of the rare-earth and iron ions. At
low temperatures, the magnetic behavior of the RI de-
pends substantially on the character of the wave func-
tions of its lower energy levels. A good material for
study of the influence of the ground state of the RI on
the magnetic properties of a crystal is terbium ortho-
ferrite, in which two phase transitions are observed
at low temperatures; during them the weakly ferro-
magnetic moment, which at high temperatures is di-
rected along the c axis of the crystal, with lowering of
the temperature deviates to the a axis, and then again
returns to its original state.?

1

In Refs. 3-5, phase transitions and H-T diagrams
were investigated in TbFeO; at low temperatures, and
the important role of dipole R-Fe interaction and of
specimen shape in the phenomena considered was
demonstrated. But in the theoretical 1nvest1gat10n,
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the nonisotropic part of the exchange R-Fe interaction
was neglected, and this led to difficulties in the inter-
pretation of the magnetic properties [in particular, of
the m (T) relation].

The present paper is devoted chiefly to explanation
of the mechanisms of SR transitions in TbFeO; on the
basis of microscopic ideas regarding the energy spec-
trum and the wave functions of the Th** ion in TbFeO;.
It is shown that the high-temperature transition® T
- T, can be regarded as a magnetic phase transition of
Jahn-Teller type.® The low-temperature transition is
more complicated. It occurs in two stages. First, at
Ty=3.3 K antiferromagnetic ordering occurs in the
rare-earth subsystem (I; —Tj,); then at Tz, =3.1K
this produces a reverse SR transition T}, — I'; in the sub-
system of the Fe®* ions, in which the RI go over to the
purely antiferromagnetic configuration Tg(A.G)).

During the comparison of the results of the theory
with experiment, the R-Fe exchange-interaction con-
stants are estimated.

2. Tb3* IONS IN RARE-EARTH ORTHOFERRITES

In orthoferrites, the elementary cell contains four
RI, which are located at crystallograph1c positions
having local environmental symmetry C D The ground
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multiplet "F; of the free non-Kramers Th®* ion splits,
in the crystalline field, into singlets, the nomenclature
of whose wave functions is determined by the irreducible
representations of the point group C,: A and B. The
lowest two singlets of the Tb?* ion, quite clearly sep-
arated from the excited states (E; = 10? cm!), form

a quasidoublet (the energy gap between the levels in the
quasidoublet is Ags 1 em™!), whose wave functions be-
long to different representations of the group C, (A and
B)." This leads to the result that the magnetic moment
of the Tb?* ion lies, at low temperatures, in the ab
plane of the crystal (since (A |J,|B)=0), displaying an
extremely anisotropic (Ising) behavior in the ab plane
itself. Its Ising axis lies at an angle & =+36° to the

a axis® (Fig. 1), and the magnetic moment along this
axis i$ close to the maximum possible value (=9 up.
We take the Ising axis as the 2z’ axis of a local system
of RI coordinates, and the y’ axis along the ¢ axis.
Then the wave functions of the ground quasidoublet,
corresponding to the maximum moment of the Tb% ion,
are (in the local RI axes)

|45, |BY=(|J=6, M,=6>=|J=6, M,=—6>)/72. (1)

Such a ground state of the Tb®* ion in TbFeO; leads
to the result that its magnetic moment lies in the ab
plane for any orientation of the external field. But a
considerable susceptibility (x,~10% cm®/g) and mag-
netization (m,~2.6 G cm?®/g) have been detected*?®
along the c axis of the crystal. The susceptibility X,
in TbFeO; is independent of temperature (for T<E;)
and evidently has a Van Vleck origin; thatis, itis caused
by admixture of the excited states of the Tb** ion to the
ground state on application of a magnetic field and can
be represented in the form (per RI)

K417, |A™)> |2 KB\, |B™>|*
Xe=Ayv=8'W5 [Z‘ 2-(-.) +2 'E"" ] :
n A n B

@)
The value of the susceptibility x. can be explained if
we suppose that in the expansion of the wave functions
of the first excited quasidoublet |A"), |BY, the state

|A®, |B®y=(|]=6, M,=5)F|]=6, M,=—55)/V2 , (3)

is represented with appreciable weight (~1). In this
case, on setting E{V = E{) =10 cm™!, we get Xyv
=2(gupV3 )*/EY =1.3+ 10 cm®/g, which agrees
fairly well with experimental data.

Thus in order to explain the magnetic properties of
TbFeO;, it is necessary to take into account the excited
~ states of the Tb* ion. Then as will be shown below,
an important role is acquired by asymmetric, aniso-
tropic R-Fe exchange interaction, because of which,
for example, an appreciable weakly ferromagnetic mo-
ment appears along the c¢ axis.

In order to calculate the energy levels of the Th**
ion in the crystalline field and in the effective field
produced by the R-Fe and R-R interaction, we rep-
resent the Hamiltonian of the Tb®* ion in the form

6,=36 c_ng'BIHaﬁ"v (4)
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< FIG. 1. Directions of the

- Ising axes of the Th** ions
in TbFeOs.
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where J is the operator of the total moment of the RI,
X is the operator of the crystalline field, Hey =H
+Hgg +Hpg is the operator of the total effective field
acting on the RI; H is the external magnetic field, Hy
is the effective field exerted on the given RI by the
others (it will be determined below), and Hy.g is the
operator of the effective field produced by the Fe®* ions,
which consists of two contributions, dipole and ex-
change. The dipole contribution to the effective field
can be represented in the form H‘?{?F, =p+ G, where the
nonvanishing elements of the matrix P+ are pE.=pt,
=py, pt,=pt, =tp, (the constants p, and p, are deter-

-mined through dipole sums, calculation of which for

TbFeO; gives p; =811.95 Oe, p, =2956.12 Oe).* We

represent the exchange contribution to the effective

field, in the standard two-sublattice approximation,
10

as

Hy y.=A(L)F+B(L)G, (5)

where F and G are, respectively, the ferromagnetism
and antiferromagnetism vectors of the Fe®* ions; L

is the orbital moment of the RI; A(L) is a symmetric
and B(L) an antisymmetric function with respect to
reflection in the plane C,. The first term of this ex-
pression describes isotropic R-Fe exchange with small

anisotropic corrections; the second describes aniso-

tropic, asymmetric exchange.®

At low temperatures, the principal contribution to the
free energy comes from the lowest two levels of the
Tb®* ion, but in calculating them it is necessary to al-
low for their interaction with the excited states. As a
result, the behavior of the Th3* ion can be described by
the following spin Hamiltonian:

_ xll wil
%~ 26.)
A, KAIVIE |
38.'-—2——2——;2.—-,
: AV
Humcatyizs Y AVIOHVIE)
13
BIVIK>KIVIA> ©
%,.-(BIVIA)—Z—.E__,
L3
A IKBIVIk>|*
MR My

where V=-g, upgJ ‘Her. The eigenvalues of the spin
Hamiltonian (6) can be represented in the form

E:,z="AEiA' AE=_(”M+%H)/2'
A= (36,,—H2) 4+ | K2 |
On using as the wave functions of the ground state the

functions (1) and of the first excited state the functions
(3), we get
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AE="/ 3yl (H, ff)'+(Heff)'],

A= (Ao/2) (moH g, )%,
(M
where my=g;Jup =9, H e =H + aF +(p* + B*)G +Hy
is the total effective field acting on the RI, and Bt is
the matrix of asymmetric R-Fe exchange, whose non-
vanishing elements are

bu*=bcosa, b,*==tbsina, b=i<A|B(L)J..|A®>/V3.
In calculating the matrix elements of the operator (5),
we have neglected small anisotropic corrections to

A(L) and have set A(L)=A(0) =aq.

3. THE THERMODYNAMIC POTENTIAL

We represent the Hamiltonian of the Tb% ions in
TbFeO; in the form

x= 2 (96, gupg(H+ B ) V] —"/ag g SMEFER

Taej

®)
where T, is the R-R interaction matrix of the ith and
jth ions, the contributions to which come from dipole
and exchange interactions between the RI,

In order to obtain the thermodynamic potential of a
system of RI interacting with each other, we use a vari-
ational principle of statistical physics in the form pro-
posed by Bogolyubov.!! We represent the Hamiltonian
of the system (8) in the form

=36+, (9)

where
= Z[aw—gm,,n;ﬂm. 36,=H-%.,

H ¢ =H+Hp_p.+Hx'.

The effective fields Hs are determined by minimization
of the following free energy!:

F=—T InSp(e~#T)+Sp(MH.e~*'T}[Sp(e~#VT),

(10)
which in our case reduces to the form
f——TlnSp(e""/’)+Zm,Hn ——2 m, T ;m;, (11)
where m; is the magnetic moment of the ith RI,
™= aa"f“ [T InSp (e T)]. (12)

On minimizing (11) with respect to Hy, we find

Hy = 2 7 ,m;.

Sl

On substituting HY in (11), we get the equilibrium free
energy of the Tb®* ions with respect to the m;. As a

result, the total free energy of TbFeQg, inthe approxi-
mation of four rare-earth sublattices, will be (per RI)
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T t— — 2 — — e
F== _ ZbGi+d(FG F.G,)—pzFH ZAE

i=xyz

——TZlnch( )+—2m|z asi,
(13)

where a,8=1, 2,3, 4 are the indices of the rare-earth
sublattices; T,4 are the interaction matrices of the
rare-earth sublattices, whose symmetry properties
for ROF have been expounded quite completely.

The magnetic moments of the rare-earth sublattices
are determined by the equation

GAE, | 9A. h(&), (14)

= o
Me="3H, 9H, \T

where the first term determines a temperature-in-
dependent Van Vleck contribution to the magnetization,
while the second is caused by Zeeman splitting of the
ground quasidoublet. In our case, with allowance for
(7), the components of the magnetic moment of the Tb®*
ion in the local axes will be

mHe" | Aa

Ao o

ma"'=xv‘{1,”', me* =

m"""=)(VV'F[(:¢X"

By using the linear character of the dependence of
mZ+¥ on H%'¥, one can eliminate them from the ex~
pression for the free energy and represent the latter
as a function solely of m,=mZ, the components of the
RI magnetic moments along the easy axis. This pro-
cedure leads to an inconsequential (by virtue of the
smallness of Xyy) renormalization of Tg; and of the
effective fields H% along the corresponding RI axes.

On minimizing this free energy with respect to F,
with allowance for the relations F-G=0and G =1

-F’=1, we get
p_ Bt A ((HAAH) )G (15)
4
H:—(HG)* AH—(AHG)* , 1 ' s
e s - +T‘Z .G, TZ‘ v, Hi
1 Acy 1 16)
— GG — T Y neh () + ?,2,' mTumy,
where

=(dG.+n.H,, n,H,—dG.An.H.), AH,=(aM>F, aM? 0)
ML2=!/.(m+m,+ms+m.) cosc,.

5,=b|—xvv(b cosa + pl )2 5:=bz—x (b sin a+pz)2 53=bz_X‘ VP"v

M}F="/.(m—m,tms—m.)sin a,

Tl:=p,re+xv vasinz a, = up,+x acos @, o= uQ;+x &

=y (bcosatp,), T.=~x- p p'=p,sina—p;cos a,
vv vv

. : v .
=y sina =y COsa =y .
L o Koy Fov *Xyv~Kyv

The magnetic moments m, of the RI are determined by

the system of nonlinear equations m, = (m} H,/5,)th(a,/
T)a=1,2,3,4).

HomH,* = (H,+aF,)cos a-+pG.£ (H,+aF,)sina + 2 Tapimp,
[

p=p,cos aatp,sinc.
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The R-R interaction constants (T,,= T4, ) possess the
following symmetry properties®:

T¢a=Taa, Tau"Tu T,;=T;‘—T;, T1l=T2l-le T“==T,,=T‘.

4. SPONTANEOUS PHASE TRANSITIONS IN
TbFeO,

Before passing on to a detailed analysis of the phase
transitions determined by the free energy (16), we shall
consider a simplified phenomenological model that re-
flects the basic features of the phase transitions ob-
served in TbFeO,.

According to experimental data,>® at T7>6.5 K the
spins of the Fe?* ions are in phase I,(G,F,), and at
Tr1 =6.5 K they change to phase I,(G,F,), polarizing
the Tb®* ions along the a axis of the crystal according
to mode FC). At Rpg;=3.1K the spins of the Fe®" ions
return to their high-temperature configuration G, F,,
while the Tb®* ions change to the antiferromagnetic
phase T(A.G!). Thus the behavior of the system during
the phase transitions may be described by a multidi-
mensional order parameter, containing F,, F,, G, and
G, (of the Fe subsystem and F,, C), A., and G} (of the
R subsystem).

But after minimization of the free energy with respect
to F, the components F, and F, may be eliminated; and
in the rare-earth subsystem, because of the fact that
the Tb** ions are of Ising nature, the number of com-
ponents of the order parameter shrinks to two, for
which we may choose

m=(mytmytmytm)/dm, l=(m—m,—mst+m) [4m,.
Now m describes the mode F;Cj, ! the mode A, G;.
Then by minimizing the free energy with respect to m
and eliminating m, we decrease the number of compo-
nents of the order parameter to three: G,, G,, andl.
Taking into account that G+ G:=1, one can use, in-
stead of two variables, one, for example the angle 6
between G and the ¢ axis of the crystal. Thus we have
F=%(0,1). Expanding ¥ in cos9 and I, we get

1

T B )
_—04 3 —_—l 2 0.
F 21 2<:¢7s6)'*-4l+21‘(;os() (17)

Angular phases are here unimportant to us, therefore
for the time being we neglect terms of higher order in
cosd. The coefficients a;,a,, B, and 0 are functions
of temperature and can be calculated from (16). It is
important that the coefficients @y and @, change sign
near T% and Tg,. Therefore they may be represented
in the form a; =a(T - T%), a, =a)(T - Tg,); we shall
suppose that 8 and b are temperature-independent and
positive.

Minimization of (17) with respect to 6 and ! gives the
following phases:

.4(1=o; 9=:!:-2—) . B(1=0; 0=0, %), c(z’=—.°ﬂpi°¥; 0=0,n) ,

1=_f¢_‘_- =if_)
D(l 0= g).

In phase A, the rare-earth subsystem is in the para-
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magnetic state,e) whereas the magnetic structure of the
Fe sublattice is described by the irreducible represen-
tation Ty(G, F,) of the group DiS. At T =Tg,, phase A
transforms to phase B, in which the magnetic structure
of the Fe and R sublattices is described by the single
irreducible representation I3(G,, Fy, F1,C)). At T=Ty
=TY - 8/a), the system transforms to phase C, where
the R sublattice is described by the reducible repre-
sentation I'y, and the iron, as before, by the irreducible
representation I',. Phase C is stable until temperature
Tf, =(T, —€T )/ (1 —¢), where ¢=paj/6a]. In phase
D, the magnetic structure of the Fe sublattice is de-
scribed by the irreducible representation I'y and that of
the rare-earth by I'y. This phase is stable in the tem-
perature interval 0 < T < T},, where Tk, = (T — €T g,)/(1

- ¢g). Since, the regions of existence of phases C and D
overlap, a phase transition of the first kind between them
occursatT =Tz, = (T, +T%,)/2. Thusthis model reflects
qualitatively the principal features of the phase trans-
formations observed in TbFeO;.

For a more detailed, quantitative description of these
phase transitions, we shall start from the free energy
(16) obtained earlier for TbFeO;; when H =0, this is

0 ‘2 K'G " k 2 " T
g KeGs | K6 kmG ——m(chﬁchA—’)
2 % 22 T T 18)
Tomt | TP
+ i
2 2

where Ay 5 =myG, +(kG: +Tg)m + T} 1 are the splittings
of the lowest levels of RI occupying, respectively, po-
sitions 1,4 and 2, 3;7

A=p+dacosa/A, k=(am, cosa)?/A,
K=K T+K">0, K,YV=y, [ (b cos a+p,)*~p"], K;">0,
T'=m* (T +T:+Ts+T,), Tw'=m(T\—T:—Ts+T.).

The values of 6, m, and ! that determine the equilibri-
um states of the system are found from the condition
that the free energy (18) shall be a minimum; they sat-
isfy the following system of nonlinear equations:

sin [ K,° cos 9+K2Ffzos’ 0—Amom—km? cos 8] =0.

LA Ay A A A
me=g(wy+ng), =g (ag-ug).

(19)

The results of solution of these equations are shown in
Fig. 2 and are interpreted as follows.

A. Reorientational transitonI"y — [‘2

In this case =0, and we may set &; =4,. The tem-
perature at which instability of the phase I,(G,F,)
occurs is determined by the condition

T F

— =0
d6* | omnsa
and is
Tm‘=l-'ml'/xl‘+qu- (20)

It is essentially the point where there is a change of
sign of the anisotropy constant K;(T) determined by the
expansion of the free energy in cosf:
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FIG. 2. Temperature dependence of the angle 6 between the
vector G and the c axis of the crystal (a), of the antiferromag-
netism vector! of the RI (b), and of the lowest two levels of
Th3* ions located in different nonequivalent positions (c):

solid line, positions 1, 4 (2, 3); dashed line, positions 2, 3 (1,
4). The dotted lines correspond to metastable or unstable
states. Numerical calculation for K{=0.656-101¢ erg/ion,

K5 =04K{, T4 =4.3K, T, =-09 K.

F="/:K cos’8+"/ K, cos'6+..., (21)

where

T S A l(w‘ L
K=Kl Ki=Ki 2"( mo) +3 m, ) v K T—TQ"'

It is evident that the change of sign of K{(T) with
lowering of temperature occurs because of magneti-
zation of the RI in the effective field A (the term —y 22
in K;). The temperature Tgy, at which the process of
rotation of the vector G is completed, and the system
changes to phase Iy, is

Tr/=[amy+ (TS +k)m ]/arth m®,

(=] )

T m)t

In order to explain the mechanism of the phase tran-
sition I'y~T',, we consider the behavior of the lowest
energy levels of the Tb®* ions during the reorientation
process (Fig. 2c). In the high-temperature phase
I(G, F,), which is stabilized by the anisotropy energy
of the Fe®* ions, their splitting is zero; that is, the
ground state of the Tb®* ions is degenerate. The de-
generacy can be removed as a result of deformation of
the magnetic structure of the Fe3* ions, i.e. deviation
of the vector G from the a axis of the crystal. The en-
ergy of the ground state of the RI is thereby lowered.
On the other hand, deformation of the magnetic struc-
ture entails an energy disadvantage (because of the ani-
sotropy energy). Competition of these two mechanisms
determines the phase transition Iy —TI,, during which
the degeneracy of the ground state of the Tb** ions is
removed. Thus the phase transition I'y =T} in TbFeO;
may be regarded as a cooperative phase transition of
the Jahn-Teller type.®
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B. Antiferromagnetic ordering of the Rl and the reserve
reorientational transition Fy>r,

On further lowering of the temperature, as is shown
by analysis of equations (19), the state of the RI with
=0 becomes unstable, and the system acquires a non-
zero antiferromagnetic RI moment (Fig. 2b). The anti-
ferromagnetic ordering point Ty is distinct from the
Néel temperature 7%, which is determined by the inter-
nal interactions of the RI, and is found from the equa-
tion

Aot (T +E) (1—T/Tx) "=Ty arth (1—T/Tx*)", (23)

whose solution in the case n=m/(T% - T% - k) <1 is

Ty=T °{1 2[1 4_Tr .
=1y n 3 TN°—qu—kn ( )
o_ o 23a
+ 2 g B8R n‘+...]}.
45 (Ty'—To—k)*

Thus the R-Fe interaction shifts the antiferromagnetic
ordering point of the RI. An estimate of the amount of
the shift of the Néel point for the parameters indicated
in Fig. 2 gives Ty~0.8 T%.

To determine the stability range of the low-tempera-
ture phase, in which cosf =0, we expand the free en-
ergy in cosf, representing it in the form (21). The
corresponding expansion coefficients K, and K,, which
have the meaning of anisotropy constants, depend on the
antiferromagnetism vector ! of the RI, which is deter-
mined by the equation I =tanh(7%1/T). The expression
for K,(T,1) has exactly the same form as in (21), but in
it the susceptibility x ; of the RI, in consequence of their
antiferromagnetic ordering, is decreased and is

x,(l)=mo’(7f-ﬁ— r;) - (24)

The decrease of X, with lowering of temperature (be-
cause of increase of 1) leads to a second change of sign
of K|, at Tg,, and stabilization of the phase I, (Fig. 3).
The point T%, of loss of stability of the low-tempera-
ture phase is determined by the condition K{(T,1)=0
and satisfies the equation

T\ Tx' Tr' \'
=R th( 1— ) , (25)
(1 T ) - e Tni .

whose solution for £ = (T g, ~T3)/2T <1 is

3

(25a)
557

Tnz'=Tm[1-—3§+%zg‘+ §’+__EA+ ]

From the relations obtained and from experimental

! FIG. 3. Temperature de-
pendence of the second-
order anisotropy constant

W Ty of the crystal in the ac

plane (schematic).
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data we shall estimate the constants of antisymmetric
and of isotropic R-Fe exchange (b and a). As has al-
ready been indicated above, an appreciable value of the
magnetic moment m, along the ¢ axis of the crystal is
produced by polarization of the RI as a result of anti-
symmetric R-Fe exchange. From the expression (16)
for the free energy, it is easy to obtain the value of m,
in phase TI:
m.~me.t+yyv(bcosatp,), (26)
where mp, =—pg d/A. On setting m,=2.6 G cm®/
g mg~1Gcm®/g, and xyy =10 cm®/g, we get b
=19 kOe. The constant a of isotropic R-Fe exchange
will be estimated from the relation (20). Supposing
that K[° has, as in YFeO,,™ the value K{®=0.556+10"1¢
erg/ion, and that KV =0,1-10"' erg/ion, T, ~6.5 K,
and T%~0, we get A=3 kOe. Hence it follows that the
isotropic field on the Tb* ions, which appears because
of canting of the sublattice of Fe®* ions, is ad/A
= -p)/cosa=1700 Oe (p =2394 Oe); and for |d/A|~107,
we have Ja|=170 kOe.

We note that such an appreciable value of the con-
stant of isotropic R-Fe exchange can lead, at low tem-
peratures, to a substantial change of the cant angle of
the magnetic moments of the Fe sublattice. We shall
estimate, for example, the value of the weakly ferro-
magnetic moment in the phase I, According to (15)
we have F,=F.+aM¥/A, where F)=d/A and MY= XA,
As aresult, at 7~5 K and Hp=d/p g, = 10° Oe we get
AF,/F%~ 40%.

5. CONCLUSION

The analysis presented shows that the spin-reorienta-
tion transition I'; ~TI, in TbFeO; can be regarded as a
cooperative transition of the Jahn-Teller type (Fig. 2c).
In such a transition, polarization of the Tb* ions occurs
under the influence of R-Fe interaction according to the
mode F;C).. In this phase, under the influence of the
R-Fe interaction, there occurs an additional change of
the cant angle of the iron sublattices (at 7~5 K the cant
angle changes by 40%). The low-temperature phase
transition is more complicated and is accomplished in
two stages. First there occurs, at T=Ty, an ordering
of the Tb* ions according to the representation Iy, (by
a phase transition of the second kind). Antiferromag-
netic ordering of the Th®* ions produces, at T =T ,, the
reverse transition I'; —T; in the Fe subsystem and the
transition I'y; =TI} in the R subsystem. It has been
shown that the R-Fe interaction shifts the Neel point
of the Tb®* ions (~20%). We have noted the important
role of asymmetric R-Fe interaction and of Van Vleck
susceptibility of the Tb®* ions in the shaping of the mag-
netic properties of TbFeO; at low temperatures. From
a comparison of the results of the theory with experi-
mental data, we have determined the constants of R-Fe
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exchange interaction (a='T0 kOe, b= 19 kOe).

The authors express their thanks to A. M. Kadomtseva
for valuable comments during discussion of the results
of the research.

DThe indices T; denote the magnetic configurations possible
in orthoferrites. Thus, for example, the modes F,, G,, C,
of the Fe3* ions and the modes F., C} of the Tb?* ions (in
Bertaut’s notation) exist in the configuration I',. We recall
that to each configuration I'; corresponds an irreducible
representation of the space group Déf, that determines the
symmetry of orthoferrites. Indices I'y, denote reducible
representations containing the representations I'; and I,.
To them correspond angular magnetic configurations.

I There is only one symmetry element, a mirror reflection
plane parallel to the ab plane of the crystal.

Y The signs + and —pertain to the positions 1, 3 and 2, 4,
respectively, of the RI in the elementary cell.?

9 These values are close to the corresponding parameters for
HoFeO; calculated in Ref. 8.

9In Refs. 3-5 only the first term of the R-Fe interaction was
taken into account, although in orthoferrites the antisym-
metric R-Fe interaction dominates.

6We note that in this phase the R-Fe interaction (mainly its
asymmetric part) leads to a weak polarization of the RI along
the ¢ axis of the crystal because of the Van Vleck syscepti-
bility of the Tb** ions,

DHere we set Ay =0, since its value is small4 (Ag<1K) and
has practically no influenece on the subsequent results.

IK. P. Belov, A. K. Zvezdin, A. M. Kadomtseva, and R. Z.
Levitin, Usp. Fiz. Nauk 119, 447 (1976) [Sov. Phys. Usp. 19,
574 (1976)].

2E, F. Bertaut, J. Chappert, J. Mareschal, J. P. Rebouilziat,
and J. Sivardiere, Solid State Commun. 5, 293 (1967).

JR. Bidaux, J. E. Bouree, and J. Hammann, J. Phys. Chem.
Solids 36, 655 (1975).

43. E. Bouree and J. Hammann, J. Phys. (Paris) 36, 391 (1975).

R. Bidaux, J. E. Bouree, and J. Hammann, J. Phys. (Paris)
36, 803 (1975).

€A. K. Zvezdin, A. A, Mukhin, and A. I. Popov, Pis’ma Zh.
Eksp. Teor. Fiz, 23, 267 (1976) [JETP Lett. 23, 240 (1976)].

J. Rossat-Mignod and F. Tcheou, J. Phys. (Paris) 33, 423
(1972).

8R. Bidaux, J. E. Bouree, and J. Hammann, J. Phys. Chem.
Solids 35, 1645 (1974).

%v. N. Derkachenko, A. M. Kadomtseva, I. B, Krynetskii', V.V.
Permyakov, V. A, Khokhlov, and V. V. Shaparenko, Summar-
ies of reports at the All-Union Conference on the Physics of
Low Temperatures, NT-19, 1976, pp. 594-595.

10g . P. Belov, A. K. Zvezdin, A, M. Kadomtseva, I. B, Kry-~
netskif, and V. M. Matveev, Fiz. Tverd. Tela 19, 259 (1977)
[Sov. Phys. Solid State 19, 149 (1977)].

ig v, Tyablikov, Metody kvantovol teorii magnetizma (Methods
in the Quantum Theory of Magnetism), Nauka, 1965 (transl.,
Plenum Press, 1967).

125 S, Jacobs, H. F. Burne, and L. M. Levinson, J. Appl. Phys.
42, 1631 (1971); V. N. Milov, Author’s abstract of Candidate’s
Dissertation, Moscow State University, 1977.

Translated by W. F. Brown, Jr.

Belov et al. 562



