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INTRODUCTION

1HERE has been great interest in recent years in in-
vestigations of the magnetic properties of rare-earth
orthoferrites in connection with the revealed possibili-
ties of using these substances as highly effective mag-
netic materials, especially for computer technology.11·1

The study of the magnetic properties of rare-earth
orthoferrites was initiated by French scientists№ '3 1 on
polycrystalline samples and was continued by Ameri-
cans l*'" on single crystals. It was established in these
investigations that rare-earth orthoferrites are weakly-
magnetic substances with antiferromagnetic behavior.

A more intense stage in the development of research
on the magnetic properties of rare-earth orthoferrites
began after the Soviet scientists Borovik-Romanov[eJ

and Dzyaloshinskiim discovered a new class of mag-
netically ordered substances—noncollinear antiferro-
magnets ("weak" ferromagnets). It was shown in L*'B1

that rare-earth orthoferrites are "weak" ferromagnets
with very interesting properties. For many years, this
approach to research on rare-earth orthoferrites at-
tracted the persistent interest of many researchers.

In spite of the great present interest in research on
orthoferrites, many of their properties are only just
beginning to be studied. In particular, there have been
practically no studies of the elastic and magnetoelastic
properties of orthoferrites, knowledge of which is es-
sential for dynamic measurements and for their prac-
tical utilization.

In the present review we present data on the mag-
netoelastic properties of rare-earth orthoferrites,
which the present authors and their co-workers were
the first to study. We discuss in detail the behavior of
these properties following spin reorientation. We pres-
ent also results of an investigation of the influence of
unilateral and hydrostatic pressure on the temperature
of the reorientation. To understand the presented re-
sults, let us stop first to discuss in greater detail the
nature of magnetic transitions connected with spin re-
orientation.

1. SPIN REORIENTATION IN RARE-EARTH ORTHO-
FERRITES

Rare-earth orthoferrites with the general formula
MFeO3, where Μ is an ion of a rare-earth element or

of yttrium (space group Ρ^ητη'^άΟ a r e c o m P l e x com-
pounds where an antiferromagnetic structure ordered
in first approximation can be formed both by the spins
of the iron ions and by the rare-earth ions. At high
temperatures, the weak ferromagnetism of the ortho-
ferrites is due to the noncollinear arrangement of the
spins of the iron ions, and the rare-earth ions are in
a disordered paramagnetic state. According to neutron-
diffraction d a t a , m the spins of the iron ions form an
antiferromagnetic structure of type G (checkerboard
order) with an antiferromagnetism vector oriented at
high temperatures along the a-axis of the rhombic
crystal. With decreasing temperature there is ob-
served in a large number of orthoferrites a spontane-
ous reorientation of the antiferromagnetism vector
towards the c-axis of the crystal, and the weak ferro-
magnetic moment goes over from the c axis to the a
axis of the crystal. The reorientation of the magnetic
moment is observed also upon application of an exter-
nal magnetic field along the antiferromagnetism axis.
C1O»11:| From such experiments one can determine the
values of the internal effective fields, an important
factor for the theory of antiferromagnetism.

It was shown in C12>13:i that spin reorientation in or-
thoferrites does not occur instantaneously, but extends
over a temperature interval on the order of several
times 10°. The first anisotropy constant of orthofer-
rites for which the spin reorientation phenomenon is
observed depends strongly on the temperature/ 1 1 ' " 3

reversing sign upon reorientation of the spins (Fig. 1).
In the temperature region where the first anisotropy
constant is small, the second anisotropy constant may
exert a significant influence. The expansion of the free
energy with allowance for the anisotropy terms of higher

2 -
J -

140 T.'C

FIG. 1. Temperature dependence of the first anisotropy constant of
the single crystal Eu0.2SSmo.7sFe03.
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order can be written in the following manner:

F = i Am* + ~ b^l + 1 b3l\ + d,mxlz - dsmjx

(1)

w h e r e m i s t h e m a g n e t i c - m o m e n t v e c t o r , 1 t h e a n t i f e r -

r o m a g n e t i s m v e c t o r [(m ·1) = 0, f + m 2 = 1], A t h e e x -

c h a n g e - i n t e r a c t i o n c o n s t a n t , b x a n d b 3 t h e c o n s t a n t s of

t h e r e l a t i v i s t i c i n t e r a c t i o n s of s e c o n d o r d e r , e 1 ( e 2 , a n d

e 3 t h e c o n s t a n t s of r e l a t i v i s t i c i n t e r a c t i o n s of o r d e r IV,

a n d d x a n d d 3 t h e c o n s t a n t s of t h e e x c h a n g e - r e l a t i v i s t i c

interactions. Introducing the angle θ between the vector
m and the c-axis of the crystal, assuming that the rota-
tion occurs in the ac plane, and substituting in (1) the
equilibrium values of m, we obtain for the energy an
expression analogous to that obtained empirically in t l 2 ] :

where F o is the part of the free energy independent of
the orientation of the magnetic moment,

dtf e, H e,
T"T · Ύ T

(3)

Minimizing the energy with respect to the angle Θ, we
obtain three equilibrium states of the system:

I.

II.

III.

sin 9=0 for temperatures τ > T2,
cos 9 = 0 for temperatures Γ<ΖΊ,

for temperatures Tt < Τ < r2.
(4)

T h e t e m p e r a t u r e s T x a n d T 2 a r e d e t e r m i n e d f r o m t h e

c o n d i t i o n

Ku(T,)=:8Kb, (5)

Ku(Tz)=-8Kb. (6)

T h e q u a n t i t y Kb c a n b e d e t e r m i n e d f r o m t h e t o r q u e

c u r v e s . F o r t h e o r t h o f e r r i t e S m 0 . 7 5 E u 0 . 2 5 F e O 3 , Kb i s

p o s i t i v e a n d d e p e n d s l i t t l e on t h e f ie ld, a n d i t s m a g n i -

t u d e i s 0.5 x 1 0 s e r g / g . t l 3 : l P o s i t i v e n e s s of t h e s e c o n d

a n i s o t r o p y c o n s t a n t i s o b s e r v e d a l s o f o r o t h e r o r t h o -

f e r r i t e s , l e a d i n g t o c e r t a i n d i s t i n g u i s h i n g f e a t u r e s in

t h e c h a r a c t e r of t h e t r a n s i t i o n fo l lowing t h e s p i n r e o r i -

e n t a t i o n . When t h e o r t h o f e r r i t e s a r e c o o l e d b e l o w T 2

t h e r e a p p e a r , in p l a c e of o n e e a s y - m a g n e t i z a t i o n d i r e c -

t i o n a l o n g t h e c a x i s ( s o l u t i o n I) , two d i r e c t i o n s t h a t a r e

symmetrically disposed about the c-axis at an angle θ
to it (solution ΠΙ), and during the course of the cooling
of the crystal the splitting angle increases, reaching
45° at Ku = 0, after which, on approaching T l f both di-
rections contract to the a-axis, i.e., a state corre-
sponding to solution II is realized. The splitting of the
direction of the easy magnetization can be seen easily
on the torque curves of compositions where the aniso-
tropy of the susceptibility of the rare-earth ions is
small.C 1 2 '1 3 J It was shown in L13i that at temperatures
T t and T2 in orthoferrites, in the absence of a field,
there exist two second-order phase transitions, corre-
sponding to the beginning and the end of the reorienta-
tion process.

It should be noted that in the presence of an external
magnetic field, the character of the phase transitions

following the spin reorientation in the orthoferrites
changes. According to C14J, the expression for the free
energy in the presence of an external field is written,
after minimization, in the following manner:

» ( φ - θ ) 1A
- M0H cos (φ — θ)

(7)
where Η is the external magnetic field, Mo is the mag-
netization of the sublattice, φ the angle between the
direction of the magnetic field and the c axis, and the
remaining symbols are the same as in formula (1).
Minimization of the energy for a field parallel to the c
axis of the crystal results in two classes of solutions:

I. sin 9 = 0,

II. cos39 — 3 ( . , - ,

\ 2 Λ 2 • « r
= 0 ;

(8)
Here σχ = Μ ^ / Α and σ3 = M ^ / A are the spontaneous
magnetizations along the a and c axes, χ ι = Μ2/A is
the transverse susceptibility, Kx = - (Ku + 8Kb), a n d Kz
= 8Kb- The first solution corresponds to the minimum
of the energy at any value of the magnetic field Η for
temperatures Τ > T2, and also for Τ < T2 if Η ^ Hn(T),
where

Hn(T)=-- 0 )

The second solution is realized for Τ < T2 if Η < Ηη(Τ).
Formula (9) coincides with that obtained in C101 for or-
thoferrites, where the condition σΧ = σ3 is satisfied. The
relation θ = Θ(Ύ, Η) for samarium orthoferrite was cal-
culated from Eq. (8).Cl4:l Figure 2 shows the tempera-
ture dependence of the polar angle, which determines
the orientation of the magnetization of the orthoferrite
in the ac plane, in dimensionless units 0/(JT/2) against
(T - T1)/(T1 - T2) at several values of the parameter

x = Χ ι Η/(3σ 3 - 2aj), for a field directed along the c
axis. In the absence of a field, when the temperature
decreases from the value T2, the magnetic moment
gradually turns from the c axis to the a axis of the
crystal, and at temperatures Τ < Tx it becomes paral-
lel to the a axis. As mentioned above, at the temper-
atures Tx and T2, in the absence of a field, there exist
two second-order phase transitions, corresponding to
the start and the end of the reorientation process. For

B/m/2)

FIG. 2. Temperature dependence of the polar angle 0for a field
applied along the c axis at several values of the parameter x = χ^Η/

(303-20!)·
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a field parallel to the c axis, when the temperature de-
creases from the value

τ2 ( f l ) . r2 (0) - H {T*(0) ~Ti ZTb'~
2°l+XxJ?> <10>

the magnetic moment gradually turns from the c axis
to the a axis, but does not reach the latter, and the
larger H, the smaller the angle from the c axis to which
the rotation of the magnetic moment takes place at a
fixed temperature. It was shown in llii that when a mag-
netic field is applied along the c axis, there remains
one phase transition at the temperature T2(H), instead
of the two second-order phase transitions observed in
the absence of the field. Assuming that σ1 = σ3 = σ0,
which agrees with the experimental results for certain
orthoferrites, we can assume that the shift of the tem-
perature T2 under the influence of the external magnetic
field Η is equal to

E-W'f dyn/cm1

1,84 V

= (11)

Analogously, upon application of an external magnetic
field along the a axis of the crystal, there should be
observed one second-order phase transition at a tem-
perature T^H) given by the formula

BAT JO) (αο ( 1 2 )

2. ELASTIC PROPERTIES OF ORTHOFERRITES AND
FEATURES OF THEIR BEHAVIOR NEAR THE SPIN-
REORIENTATION TEMPERATURE

The first investigation of the elastic properties of or-
thoferrites was undertaken in l u l , where a study was
made of the temperature dependence of the Young's
modulus of single-crystal thulium orthoferrite along
the a, b, and c axes of the crystal in the temperature
interval from 4.2 to 300°K. Measurements of Young's
modulus were made by the compound-vibrator method
at a frequency of 150 kHz. The results of the measure-
ments are shown in Figs. 3 and 4. The values of Young's
modulus along different axes of the crystal differ little
from one another (at 78°K, E a = 1.89 χ 1012, E b = 1.83
χ 1012, and E c = 1.92 χ 1012 erg/cm3). With increasing
temperature there is observed, against the background
of the monotonic decrease of Young's modulus, a sharp
drop in the value of the modulus in the temperature in-
terval 80-92°K. It is known that a spontaneous reorien-

Elufdyn/cnr

1.94

40 BO IZO WO 200 Z40 Z8O 320 T°H

F I G . 3. Temperature dependence of the Young's modulus of single-

crystal thul ium orthoferrite, measured along the c axis of the crystal.

10, dyn/cm

300 T°H

FIG. 4. Temperature dependence of Young's modulus of single-

crystal thulium orthoferrite, measured along the a axis (curve 1, scale

on the left) and along the b axis (curve 2, scale on t h e right) of the

crystal.

t a t i o n o f t h e s p i n s t a k e s p l a c e i n t h u l i u m o r t h o f e r r i t e i n

t h e i n d i c a t e d t e m p e r a t u r e i n t e r v a l , a n d t h e t w o j u m p s o f

Y o u n g ' s m o d u l u s a t T x = 8 0 ° K a n d T 2 = 9 2 ° K c o r r e s p o n d

a p p a r e n t l y t o t w o s e c o n d - o r d e r p h a s e t r a n s i t i o n s . T h e

o b s e r v e d a n o m a l y o f Y o u n g ' s m o d u l u s i n T m F e O 3 c a n

b e e x p l a i n e d b y s t a r t i n g f r o m a t h e r m o d y n a m i c a n a l y -

s i s . W h e n a n e x t e r n a l s t r e s s i s a p p l i e d a l o n g t h e c a x i s

of t h e c r y s t a l , t h e t o t a l f r e e e n e r g y of t h e c r y s t a l , w h i c h

i n c l u d e s , b e s i d e s t h e m a g n e t i c e n e r g y , a l s o t h e e l a s t i c

a n d m a g n e t o e l a s t i c e n e r g i e s a n d t h e e n e r g y of t h e e x -

t e r n a l s t r e s s e s i n t h e s p i n - r e o r i e n t a t i o n r e g i o n , i n t h e

a c p l a n e , c a n b e w r i t t e n a s f o l l o w s :

F-F,+ Ki sin" θ + K2 sin4 θ f Lzlt sina θ + » Mt\\ sin* θ + % |? + ζΐΡζ.

(13)

w h e r e F o i s the par t of the e n e r g y that d o e s not depend

on the or ientat ion of the a n t i f e r r o m a g n e t i s m v e c t o r and

on the s t r a i n | z , Kx and KJJ a r e the f i r s t and s e c o n d

m a g n e t i c - a n i s o t r o p y c o n s t a n t s (Kx = -(Ka + 81%), K2

= 8Kb), L z and M z a r e the constants of the m a g n e t o -

elastic energy, E o z is Young's modulus, p z is the ex-
ternal stress, and ξζ is the relative strain along the c
axis of the rhombic crystal. Then the equilibrium val-
ues of ξ ζ and θ can be obtained from the condition of
the energy minimum:

dr' = 0. (14)

L, sin'- θ + pz + [EOz + M, sin' Θ] %t = 0,

K, + 2Kt sin
a θ + Lz\z+4· MM = 0.

(15)

-̂ •"-•zb* — ^· ( 1 6 )

Substituting the value obtained from (8) and (7) for sin2 θ
= - Kt/ΏΚ, - L zi; z /2K2 and neglecting terms quadratic
in ξ ζ, we obtain

UK, Pt_

."Or —~2Jf7"

At temperatures Τ < T1 ? when sin θ = 1, we have

(17)

(18)

At Τ > Ta, when sin θ = 0, we have

*, = *«.' (19)

In the temperature region Tx < Τ < T2, where the spon-
taneous spin reorientation is observed, Young's modulus
decreases in accordance with (17) and becomes equal to

&1 = C-S)Z ΪΓ ΤΡ~· (ώϋ)
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Consequently, at the temperatures T x and T2 there should
be observed two jumps of Young's modulus, correspond-
ing to two second-order phase transitions. According to
(13), the jump of Young's modulus on the right at the
temperature T2 = 92°K should be equal to

£W"dyn/cm'

\E,= L\ (21)

since the first anisotropy constant Kx vanishes at T2.
Thus, knowing the second anisotropy constant (K2 = 4
x 103 erg/g « 30 x 10s erg/cm3) we can determine,
from the value of the jump of Young's modulus along
the c axis (see Fig. 3), the absolute value of the mag-
netoelastic constant L z , which turns out to equal 5x 107

± 0.5 x 107 erg/cm3. As seen from Fig. 3, the values of
Young's modulus at the temperatures Tx and T2 are
somewhat different from each other. According to re-
lations (18) and (19), it is possible to determine the
second magnetoelastic constant M z = (6 ± 0.6) χ 109

erg/cm3 from the difference in the values of Young's
modulus at Tx and T2. We also observed analogous
anomalies in the temperature dependence of Young's
modulus following spin orientation upon application
of stresses along the a and b axes of the crystal (see
Fig. 4). From the values of the jumps of the Young's
modulus we determined the values of the first magneto-
elastic constants along the a and b axes.
I Lx | = (2.2 ± 0.2) -107erg/cm3, I z,, I =(2,8 ±0.3)-10' erg/cm3 ,

and from the difference of the values of Young's modu-
lus at the temperatures Tx and T2 we determined the
second magnetoelastic constants M x = — (3 ± 0.3)
x 109 erg/cm3 and My = - (3.5 ± 0.4) x 109 erg/cm3.

The magnetoelastic constants L^ V ) Z and the elastic
moduli Ex ; V z can be expressed in terms of the con-
stants δ̂  and λ̂  with the aid of which the magnetoelastic
and elastic energies of the orthoferrites were expressed
in u e ] . In i l i l , measurements were made of the tempera-
ture dependence of Young's modulus of single-crystal
thulium orthoferrite in the absence of a field and with
a magnetic field applied along the c and a axes of the
crystal. Figure 5 shows the temperature dependence
of Young's modulus measured along the c axis of the
crystal. It is seen that whereas in the absence of the
field two jumps of the Young's modulus are observed
at temperatures Tx = 80°K and T2 = 92°K, in a field
parallel to the c axis only one jump is observed at
T2(H) = 90°K, and the second transition becomes
smeared out. The experimentally observed decrease
of the temperature Ta in a field of 1.5 kOe (ΔΤ2 « 2°)
is in good agreement with the value calculated from
formula (11).

£ W , dyn/cm*

1.92

1.90

I. SB

FIG. 5. Temperature dependence of
Young's modulus of single-crystal thulium
orthoferrite measured along the c axis in
the absence of a magnetic field (curve 1)
and in a field applied along the c axis of
the crystal (curve 2).

9.44

9.43
FIG. 6. Temperature dependence of

Young's modulus of poly crystalline neo-S/f2

dymium orthoferrite.
9.41

9.40

9J9

32

BO 120 160 200 240 2BO T,°K

In the field applied along the a axis of the crystal
there was observed an increase of the temperature T x;
the character of the transition at this temperature re-
mained the same, while the second phase transition at
the temperature T2 vanished.

In connection with the presence of a distinct anomaly
in the spontaneous reorientation of the spins, it is pos-
sible to determine the region of reorientation more ac-
curately from the temperature dependence of Young's
modulus than from magnetic measurements, in which
the presence of the magnetic field changes the charac-
ter of the transition and shifts the reorientation tem-
perature. In addition, from the temperature dependence
of Young's modulus it is possible to determine the tem-
perature region where the reorientation of the spins is
observed, not only in single crystals but also in poly-
crystalline samples, something impossible to do in
magnetic measurements. This is connected with the
fact that, as seen from Figs. 3 and 4, Young's modulus
decreases along the three principal axes of the crystal
upon reorientation of the spins, giving grounds for ex-
pecting a decrease of Young's modulus following spin
reorientation in polycrystals, too. Figure 6 shows the
temperature dependence of Young's modulus for a poly-
crystalline sample of neodymium orthoferrite. We see
that in a definite temperature interval centered at
~130°K there is observed a noticeable anomaly of
Young's modulus, and the region of the reorientation
amounts to approximately 40°.

The phenomenon of spin reorientation in single-
crystal neodymium orthoferrite was observed relatively
recently in torque-curve measurements. ί 1 Ί 1

The process of reorientation in the neodymium single
crystal was gradual and spanned a temperature interval
~40° with center at 145°K. Some difference in the tem-
perature of the center of the reorientation region for
poly- and single-crystal neodymium orthoferrite can
be explained as being due to the fact that Fe 2 + ions,
which, according to the published data, can change the
reorientation temperature, can appear in single crys-
tals grown from a melt of lead compounds. Thus, from
the temperature dependence of Young's modulus of or-
thoferrites it is possible to determine reliably the tem-
perature region where spin reorientation is observed,
and the indicated method is almost the only simple
method with the aid of which it is possible to observe
the reorientation of spins in polycrystals. We have also
measured Young's modulus in torsional vibrations in
the three principal planes of a rhombic crystal, i.e.,
perpendicular to the a, b, and c axes. The obtained
values of the shear modulus G x v , GyZ, and G x z differed
by not more than 10%, which is within the limits of the
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ΙΟ Η, kOe

F I G . 7. V a r i a t i o n o f t h e longi-

tud ina l m a g n e t o s t r i c t i o n o f t h u l i u m

o r t h o f e r r i t e a l o n g t h e c a x i s o f t h e

crystal .

25

20

IS

10

-5

β «7,H, kOe

F I G . 8. M a g n e t o s t r i c t i o n o f t h u l i u m o r t h o f e r r i t e a l o n g t h e b a x i s

at Η parallel to the c axis.

e x p e r i m e n t a l a c c u r a c y , a n d w e r e e q u a l t o (0.67 ± 0 . 0 7 )

x 1 0 1 2 e r g / c m 3 .

Magnetostr ic t ion of Certa in R a r e - e a r t h Orthofer r i t e s

T h e f i r s t m e a s u r e m e n t of t h e l o n g i t u d i n a l m a g n e t o -

s t r i c t i o n a l o n g t h e c a x i s of a t h u l i u m o r t h o f e r r i t e

c r y s t a l w a s c a r r i e d o u t in i l a i . T h e m e a s u r e m e n t s w e r e

m a d e on s i n g l e c r y s t a l s g r o w n by V. A. T i m o f e e v a a t

t h e I n s t i t u t e of C r y s t a l l o g r a p h y of t h e USSR A c a d e m y

of S c i e n c e s , b y t h e m e t h o d of s p o n t a n e o u s c r y s t a l l i z a -

t i o n f r o m t h e s o l u t i o n in a m e l t of l e a d c o m p o u n d s . The

m a g n e t o s t r i c t i o n w a s m e a s u r e d in t h e t e m p e r a t u r e i n -

t e r v a l f r o m 7 0 t o 300°K in m a g n e t i c f i e l d s up t o 15 k O e .

It w a s shown t h a t a n e x t e r n a l m a g n e t i c f ield a p p l i e d

a l o n g t h e c a x i s of t h e c r y s t a l c a u s e s a n a p p r e c i a b l e

p o s i t i v e m a g n e t o s t r i c t i o n in t h e t e m p e r a t u r e i n t e r v a l

f r o m 86 t o 70°K. T h e m a g n i t u d e of t h e m a g n e t o s t r i c t i o n

in a f i e ld of 15 k O e r e a c h e d a m a x i m u m a t 78°K ( ~ 2 0

χ ΙΟ"*), and then decreased with decreasing tempera-

t u r e . The occurrence of magnetostrict ion upon appli-

cation of a field along the c axis of the crysta l , which

is the anti ferromagnetism axis at low t e m p e r a t u r e s ,

was explained as being due to the deformation of the

crys ta l following the turning of the antiferromagnetic

iron sublatt ices. The relatively low value of the t h r e s h -

old field (-15 kOe) at 78°K was attributed to the small

value of the f i rst anisotropy constant, which goes through

z e r o in the t e m p e r a t u r e region where the spontaneous

spin reorientat ion is observed. The decrease of the

magnetostrict ion in a field of 15 kOe with decreasing

t e m p e r a t u r e is obviously connected with the fact that

the anisotropy constant, and consequently also the value

FIG. 9. Magnetostriction of thulium orthoferrite along the a axis
with Η parallel to the c axis.

of t h e t h r e s h o l d f ie ld, i n c r e a s e wi th i n c r e a s i n g d i s t a n c e

f r o m t h e r e o r i e n t a t i o n t e m p e r a t u r e .

T h e l o n g i t u d i n a l m a g n e t o s t r i c t i o n a l o n g t h e a, b , and

c a x e s of a t h u l i u m o r t h o f e r r i t e s i n g l e c r y s t a l l192 g r o w n

b y t h e c r u c i b l e - l e s s z o n e m e l t i n g m e t h o d in t h e p r o b l e m

l a b o r a t o r y of t h e M o s c o w P o w e r E n g i n e e r i n g I n s t i t u t e ,

w a s m e a s u r e d r e c e n t l y i n o u r l a b o r a t o r y . T h e m e a s u r e -

m e n t s of t h e l o n g i t u d i n a l m a g n e t o s t r i c t i o n a l o n g t h e c

a x i s of t h e c r y s t a l ( F i g . 7) a g r e e q u a l i t a t i v e l y with t h e

r e s u l t s d e s c r i b e d a b o v e , a l t h o u g h t h e m a g n i t u d e of l o n -

g i t u d i n a l m a g n e t o s t r i c t i o n w a s s o m e w h a t l a r g e r ( ~ 2 7

x 10"*).

T h e m a g n e t o s t r i c t i o n s of t h u l i u m o r t h o f e r r i t e a l o n g

t h e a, b , a n d c a x e s of t h e c r y s t a l w i th t h e f ield a p p l i e d

a l o n g t h e c a x i s of t h e c r y s t a l ( F i g s . 7, 8, and 9) di f fer

both in m a g n i t u d e a n d in s i g n . At t e m p e r a t u r e s b e l o w

95°K t h e m a g n e t o s t r i c t i o n h a s a c o m p l i c a t e d d e p e n d e n c e

on t h e f ie ld. T h u s , t h e m a g n e t o s t r i c t i o n a l o n g t h e b

a x i s of t h e c r y s t a l in a w e a k f ie ld i s n e g a t i v e , a n d t h e n

r e v e r s e s s i g n wi th i n c r e a s i n g f ie ld a n d i n c r e a s e s r a p i d l y

in m a g n i t u d e . At h i g h e r t e m p e r a t u r e s , t h e m a g n e t o -

s t r i c t i o n d e p e n d s q u a d r a t i c a l l y on t h e f ie ld , t h u s e v i -

d e n c i n g t h a t a t t h e s e t e m p e r a t u r e s i t i s due m a i n l y t o

t h e p a r a m a g n e t i s m of t h e r a r e - e a r t h i o n s . As s e e n

f r o m F i g s . 7, 8, a n d 9, t h e m a g n e t o s t r i c t i o n d u e t o t h e

p a r a m a g n e t i s m of t h e r a r e - e a r t h i o n s a l o n g d i f f e r e n t

a x e s of t h e c r y s t a l i s a n i s o t r o p i c . T h e a n i s o t r o p y of

t h e p a r a m a g n e t i c m a g n e t o s t r i c t i o n w a s o b s e r v e d b y u s

a l s o upon a p p l i c a t i o n of a f ie ld a l o n g t h e a a n d b a x e s

of t h e c r y s t a l .

T h e r e s u l t s o b t a i n e d on t h e m a g n e t o s t r i c t i o n of t h e

r a r e - e a r t h i o n s c a n be d i s c u s s e d w i t h i n t h e f r a m e w o r k

of t h e p h e n o m e n o l o g i c a l a n a l y s i s . T h e e x p r e s s i o n for

t h e m a g n e t o e l a s t i c e n e r g y l l i ' m c o n n e c t e d wi th t h e

m a g n e t i z a t i o n of t h e r a r e - e a r t h i o n s wi th a l l o w a n c e

f o r t h e s y m m e t r y of t h e c r y s t a l c a n b e w r i t t e n a s fo l-

l o w s :

/•'m.e. = [Λι ( M | — Ml) + Λ2 {Ml - Ml)} Uxx

+ [Λ, (M'x _ Ml) + Λ4 {M\ - Ml)] Um

Λί»)υ7,ι ( 2 2 )

+ 2A7MyMxUxy + 2AaMxMzUxt

Here Aj a r e the magnetoelastic constants, M x y z

= χ χ y ζ Η (Xi —susceptibility of the r a r e - e a r t h ions),

and Uh a r e the components of the s t ra in tensor of the

crys ta l . Upon application of a field Η along the c axis

(the ζ direction) of the crys ta l , we have
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and the expression for the magnetoelastic energy takes
the form

Fm e . = —(Λ, + Λ2) M\UXX — (Λ3 + Λ4) M\Uvy—(Λ5 + Λβ) M\Uzt. (23)

Drawing an analogy between the obtained expression
and the express ion for the energy of the external
s t r e s s e s i m

we can assume that

τι —

where ΙΙχχ, U y y , and U z z can be regarded as magneto-
str ict ion deformations along the a, b, and c axes follow-
ing application of a field along the c axis of the crys ta l .
In the consideration of the s t ra ins we have neglected
h e r e the anisotropy of the Poisson coefficient μ and of
Young's modulus, s ince, as indicated above, according
to our experimental re su l t s from measurement of
Young's modulus this anisotropy i s smal l in the case
of longitudinal and torsional v ibrat ions.

Analogously, for a field applied along the a axis of
the c rys ta l we have

from which we can calculate the magnetostrict ion
s t ra ins along the a, b , and c axes of the crysta l .

Substituting in the obtained re lat ions our measured
values of the magnetostrict ion along the a, b, and c
axes with the field applied along the c and a axes of
the crys ta l , we can calculate for a definite tempera ture
the values of the magnetoelastic constants :

Λ , = ( 6 ± 1)·106, Λ2 = (—8.5 ±2)·ΙΟ6,''
Λ3 = (—14 ± 2) • 10β, Λ4 = (15 ± 2) · ΙΟ6,
Λ5 = (0.5±0.5)·10 6 , Λβ = ( - 0 . 5 ± 0 , 5 ) ΙΟ6

(Ai a r e g iven in e r g - g 2 / c m 9 G 2 ) . In a c c o r d a n c e wi th as},
we assumed that the Young's modulus is equal to Ε
= 1.9 χ 10 1 2 dyne / c m 2 and the Poisson coefficient is
μ = 0.3.

Knowing the magnetoelastic constants, it is possible
to calculate the paramagnet ic magnetostr ict ion upon
application of a magnetic field along the b axis, a s s u m -
ing that the magnetoelastic energy has in this case the
form

Fm.e.'=A2MlUxx + AlMlUyy-i-AeMlUzz. (26)

The calculated and directly measured values of the
magnetostrict ion a r e in good agreement, thus indicating
that the assumed analysis is c o r r e c t . We thus find, in
accord with the experimental r e s u l t s , that even if the
elast ic energy is assumed to isotropic, the magneto-
elast ic energy of the or thoferr i tes is strongly aniso-
tropic, owing to the paramagnet i sm of the r a r e - e a r t h
ions. We consider now the behavior of the or thoferr i tes
at lower t e m p e r a t u r e s , when, as noted above, the depen-
dence of the magnetostrict ion on the field has a more
complicated c h a r a c t e r . As mentioned ear l i e r , in thulium

orthoferrite in the temperature region 80-90°K there is
observed a spontaneous reorientation of the spins of the
iron ions. In this connection, upon application of a suf-
ficiently strong magnetic field along the c axis of the
crystal, which is the antiferrimagnetism axis of the iron
ions at low temperatures, there should be observed, be-
sides the magnetostriction due to the paramagnetism of
the rare-earth ions, also magnetostriction due to the
turning of the antiferromagnetic iron sublattices. The
"turning" magnetostriction is best observed along the
c axis of the crystal (see Fig. 7), since the magneto-
striction due to the paramagnetism of the rare-earth
ions is small along this axis. The presence of a weakly
ferromagnetic moment along the c axis of the crystal
at high temperatures likewise does not make a notice-
able contribution to the magnetostriction, so that the
magnetostriction along the c axis is the result mainly
of rotation of the vector of antiferromagnetism of the
iron ions. To determine the magnitude of the "turning"
magnetostriction along the different axes of the crystals
it is necessary to subtract from the total magnetostric-
tion the part due to the paramagnetism of the rare-earth
ions. The result yields the following values of the mag-
netostriction due to the turning of the sublattices along
the c, a, and b axes of the crystal:

λο=»(27±3)·10-«, X a = - ( 1 1 ±2)·10- δ , λ 6 = - ( 1 1 ± 2).10"e.

A s s u m i n g t h e o b t a i n e d v a l u e s of t h e m a g n e t o s t r i c t i o n
a l o n g t h e a, b , a n d c a x e s of t h e c r y s t a l t o b e e q u a l t o
t h e d e f o r m a t i o n s of t h e l a t t i c e a l o n g t h e c o r r e s p o n d i n g
a x e s upon s p o n t a n e o u s r e o r i e n t a t i o n of t h e s p i n s , we c a n
d e t e r m i n e , in a c c o r d a n c e wi th C15], t h e v a l u e s of t h e
t h r e e m a g n e t o e l a s t i c c o n s t a n t s in t h u l i u m o r t h o f e r r i t e :

£ x - \aEx = - (2.2 ± 0,4). 10' e r g / c m 3 ,
LV •- xbE,r^ - (2,2 ± 0,4) · 10' e r g / c m 3 ,
^ = ^ £ ^ ( 5 . 4 ± 0 , 6 ) . 10' e r g / c m 3 .

T h e o b t a i n e d v a l u e s of t h e m a g n e t o e l a s t i c c o n s t a n t s
a g r e e w e l l w i th t h o s e o b t a i n e d in a s l f r o m t h e f o r m u l a
Li = /ΔΕϊϊζ", where AEj is the jump of Young's modu-
lus along the a, b, and c axes of the crystal following
the reorientation of the spins and K2 is the second
anisotropy constant (see Sec. 2). The determination
of the magnetoelastic constants from magnetostriction
measurements has the advantage over the method de-
scribed in us2 that it makes it possible to determine
both the magnitude and the sign of the magnetoelastic
constants. Knowing the magnetoelastic and elastic con-
stants, we can estimate the contribution of the magneto-
elastic and elastic energies to the anisotropy energy.
Far from the temperature where the spin reorientation
is observed, the anisotropy energy (~ 105 erg/cm3)
greatly exceeds the magnetoelastic and elastic energies
due to the iron ions (~102 erg/cm3). The magnetoelas-
tic energy due to the thulium ions is also small near
the reorientation temperature (~0.5 χ 10* erg/cm3).
However, following the spin reorientation the anisotropy
constant passes through zero and the influence of the
magnetoelastic and elastic energies becomes appreciable

Together with V. V. Uskov, we also carried out a
measurement of the longitudinal magnetostriction along
the a, b, and c axes of the crystal at liquid-helium tem-
perature in superconducting-solenoid fields up to 50 kOe
(Fig. 10). It is seen from the figure that at 4.2°K the
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FIG. 10. Dependence of the
longitudinal magnetostriction on
the field for thulium orthoferrite
along the a, b, and c axes of the
crystal at 4.2°K, (curves 1, 2, and
3, respectively).

12.5 25 37.5 50 H, kOe

-f-W*

b-axis

FIG. 11. Dependence of the longitudinal magnetostriction on
(χΗ) 2 at 4.2°K for single-crystal thulium orthoferrite: a) along the
c axis of the crystal, b) along the a and b axes of the crystal.

magnitude of the magnetos t r ic t ion i n c r e a s e d s trongly .

The m a x i m u m value of the magnetos t r ic t ion w a s ob-

s e r v e d along the c a x i s of the c r y s t a l , where a va lue

Xc as - 4 x 10" 4 w a s o b s e r v e d in a f ield ~ 4 5 kOe. The

magnitude of the longitudinal m a g n e t o s t r i c t i o n along the

a, b, and c a x e s of the c r y s t a l i s negat ive and has an

approximately linear dependence on (χΗ)2 (Fig. 11), in-
dicating that it is due mainly to the paramagnetism of
the rare-earth ions. The magnetostriction along the c
axis of the crystal in a strong magnetic field revealed
a strong kink connected apparently with the fact that the
c axis is the antiferromagnetism axis at low tempera-
tures, and a field of ~ 30 kOe is sufficient to cause the
turning of the iron sublattices. This assumption is con-
firmed by the fact that the magnitude of the magneto-
striction observed by us earlier along the c axis upon
turning of the sublattices in the temperature region
where the spin reorientation takes place (Fig. 7) coin-
cides with the value of the magnetostriction jump at
4.2°K at the point of the kink of the Xc = f(H) curve, and
has the same sign.

The lattice deformation which is observed upon ap-
plication of a threshold field along the antiferromag-
netism axis of the iron ions should also occur in the
absence of the field in the temperature region where
the spontaneous spin reorientation takes place. For the
purpose of measuring directly the lattice deformation
occurring during the spin reorientation, Μ. Μ. Uman-
skii and A. S. Kononenko (see t l 9 J ) measured the tempera-

5.314

5.311
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273
173

5.574

15.571

223 323 T,"K

b)

173 223 273 323 T,°K

7.631

7.B2B

7.B25 ;
173 223 273 323 T°K

FIG. 12. Temperature dependence of the lattice parameters of
single-crystal Tmo.s Smos FeO3.

ture dependence of the lattice parameters in the ortho-
ferrite Tm0>5Sm0,5FeO3, for which the region of reori-
entation of the spins has a center at 223°K. It should be
noted that for thulium and samarium orthoferrites and
for mixed compositions Τπίχβηι^χΡβΟ, we do not know
to this very day the causes of the spin reorientation.
It follows from magnetic measurements thai in these
compounds the spin reorientation is not connected with
the interaction between the rare-earth and iron ions,
as is the case, for example, for the orthoferrites of
holmium, erbium, and ytterbium.C2o:l

In the measurement of the temperature dependence
of the lattice parameters of Tm 0 # 5Sm 0 5FeO 3 in the tem-
perature interval 173-300°K it was found that the lattice
parameters along the a, b, and c axes of the crystal vary
anisotropically with the temperature (Fig. 12). It is pos-
sible that the anisotropic variation of the lattice param-
eters with temperature leads to reversal of the sign of
the anisotropy constant and is the cause of the reorien-
tation of the spins in this compound, all the more since,
according to the published data/2 1·1 the lattice param-
eters of lanthanum orthoferrite, for which no spin re-
orientation is observed, vary with the temperature prac-
tically isotropically. As to the jump in the lattice pa-
rameters following the spin reorientation, we see from
Fig. 12 that its magnitude lies within the limits of the
experimental errors and consequently cannot be deter-
mined from our measurements. Thus, the magnitude
of the deformations following spin reorientation is ap-
parently determined most reliably by measurements of
the magnetostriction resulting from the turning of the
antiferromagnetic ion sublattices, especially for those
orthoferrites where the magnetostriction is small be-
cause of the paramagnetism of the rare-earth ions.

3. INFLUENCE OF PRESSURE ON THE SPIN-
REORIENTATION TEMPERATURE

The influence of unilateral and hydrostatic pressure
on the spin-reorientation temperature in thulium ortho-
ferrite was investigated in our laboratory. To this end,
torque curves in the ab plane were obtained without and
with pressure. The hydrostatic pressure was produced
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FIG. 13. Temperature dependence of
the magnetization of TmFeO3 along the
a axis without pressure (curve 1) and
under unilateral pressure of 1.5 kbar
(curve 2).

ao τ,°κ

by freezing water inside a beryllium bomb. The unilat-
eral pressure was produced by mechanically compress-
ing the sample with a special stopper which was screwed
into the body of the bomb. The previously oriented crys-
tal was secured inside the bomb, and the bomb was sus-
pended on bracing wires from the quartz filament of the
balance.

Figure 13 shows the temperature dependence of the
spontaneous magnetization of thulium orthoferrite along
the a axis of the crystal, determined from the torque
curves in the ab plane without pressure and under uni-
lateral pressure along the c axis of the crystal P z » 1.5
kbar. We see that the indicated pressure shifts the tem-
perature of the center of the region of reorientation
(taken to be the temperature at which a maximum de-
crease of magnetization is observed) by about 10°. It
follows also from the thermodynamic analysis that the
application of the unilateral pressure should shift the
reorientation temperature. According to (16), recogniz-
ing that Kx = a(T - T2), where a = 2K2/(T - T2), we find
that the reorientation temperature for a pressure along
the c axis should shift by an amount

(27)

If we substitute in this formula the values determined
by us

£* = 5·ΐθ' erg/cm 3 -deg, £ 2 = l,9-i012 erg/cm 3 -deg,

α = 5·ΐθ8 e r g / c m 3 - d e g .

then we get ΔΤ « 10°, which is in good agreement with
the experimentally observed shift. The influence of hy-
drostatic pressure on the reorientation temperature was
analyzed thermodynamically in u e ] . A formula was de-
rived for the critical pressure p c causing the reorien-
tation of the spins:

(28)

Taking into account the temperature dependence of the
first anisotropy constant Kx = (b s - bJ/2 = a(T - T2),
we obtain an expression for the reorientation-tempera-
ture shift

τ'Μ+*+·*>-'* + " + · ' " (29)

The difference in the n u m e r a t o r (s[ — Sj)/A, where i
= 1, 2, 3, r e p r e s e n t s the deformation along the c o r r e -
sponding axis of the crys ta l upon reorientat ion of the
spins, which we m e a s u r e d as magnetostr ict ion upon
turning of the iron sublattices by the field. It is easy

so mo T.°H
FIG. 14. Temperature dependence of the spontaneous magnetiza-

tion of thulium orthoferrite along the a axis of the crystal in the ab-
sence of pressure (curve 1) and under hydrostatic pressure of 1.5 kbar
(curve 2).

to see that for uni lateral p r e s s u r e s , formula (29) goes
over into formula (27), since

If we take into account the fact that the magnetostr ic-
tion was negative along the a and b axes of the crysta l
and positive along the c axis, one should expect hydro-
static compress ion to exert a smal le r influence on the
reorientat ion t e m p e r a t u r e than unilateral compress ion.

We attempted to m e a s u r e the reor ienta t ion-temper-
ature shift under the influence of hydrostatic p r e s s u r e .
The r e s u l t s of the experiment a r e shown in Fig. 14,
from which it is seen that the reorientat ion t e m p e r a -
ture changed insignificantly, by ~ 1-1.5°, at a p r e s s u r e
~1.7 kbar, with the sign of the shift being opposite to
that observed for uni lateral p r e s s u r e . This r e s u l t is
somewhat unexpected, but if we consider the value of
(s[ - s^/Δ obtained by substituting the deformations
determined from the jumps of the Young's modulus,
then we obtain

It follows therefore that the shift of the reorientat ion
tempera ture under hydrostatic p r e s s u r e should be neg-
ligibly small and could be either positive or negative,
in accord with the experimental r e s u l t s .
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