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The spin-reorientation phase transition in SmCrO, at T 33'K is studied using acoustic-velocity and specificheat measurements. Although the reorientation occurs within a narrow temperature region
the
acoustic data show clearly that the process is a continuous one, involving two second-order phase transitions.
All the observed effects, including those induced by externally applied magnetic fields are satisfactorily
accounted for using a phenomenological
model with magnetoelastic coupling terms. The thermal anomaly
associated with the spin reorientation is also observed and used to calculate the uniaxial energy of the chrome
spin system.

(-1'K)

I. INTRODUCTION

The compound SmCrp„ in conformity with other
rare-earth orthochromites, crystallizes in an or-

thorhombically distorted perovskite structure
(space group Pbnnz) with four formula, units per
unit cell. ' In these compounds the exchange coupling between the magnetic moments of the Cr'+
nearest neighbors is predominantly antiferromagnetic and they order in a predominantly Ctype spin mode. A characteristic feature of this
spin mode is the appearance of weak ferromagnetism, resulting from a small canting from the
antiferromagnetic axis.
Four of the rare-earth orthochromites, ErCrp3, '
NdCrP„' SmCrp„" and GdCrp„" exhibit a
spontaneous reorientation of the magnetically ordered spin system. In SmCrp„ for example, the
Cr" antiferromagnetic axis coincides with the
orthorhombic a axis immediately below T„= 190 K.
At approximately 33 'K the magnetic structure
changes spontaneously and the Cr'+ antiferromagnetic axis rotates from the a to the c axis.
This process is apparent in the single-crystal
magnetization and susceptibility measurements
reported by Yaeger' and reproduced in Fig. 1. We
see that the change in the direction of the bulk

'

magnetization occurs within a narrow temperature
region, approximately 1 K in width, and that the
a and c axis susceptibilities each exhibit an anomalous peak at the high- and low-temperature end
points, respectively, of this process. The occurrence of such susceptibility peaks at the end
points of the transition region is indicative of two
second-order phase transitions, associated with
the rotation of the antiferromagnetic
axis from
one symmetry axis to another.
Although common
in the orthoferrites,
this was the first indication
of continuous spin-reorientation
in an orthochromite. (There is evidence" that the reorientation
process in GdCro, is also a continuous one. )
The central objective of our study was to determine whether the spin-reorientation process in
SmCrP, is indeed continuous. Two experimental
techniques were employed for this purpose: acou-

"

"

stic-velocity and specific-heat measurements.
Acoustic measurements ar e particularly suited
for this purpose as inelastic-scattering experiments on similar compounds" have shown that the
acoustic branch of the spin-wave spectrum becomes soft at the end points of a continuous rotation process. Since critical fluctuations are negligible at such displacive-type phase transitions,
the interaction between phonons and this soft mode
515
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a 5. 5&&5XS mm crystal, with its
measurements,
longest dimension coinciding with the crystallographic c axis, was chosen. Sound wave propagation at 30 MHz was studied by a phase-comparison single-echo technique described in detail elsewhere.
The echo pattern showed several echoes
at liquid-nitrogen temperature, but deteriorated in
the vicinity of the phase-transition temperatures.
The velocity resolution was better than 100 ppm
and the temperature stability better than +0.02 'K.
The absolute accuracy of the temperature measurement was +1 'K.
Three different sound wave propagation modes
were studied. (a) Shear waves propagating along
the c axis, polarized parallel to the a axis: The
results obtained are summarized in Fig. 2. Two
pronounced dips of about 3/q in the sound velocity
were observed, corresponding to the transition
end points T, and T„. The effect of a 1-koe magnetic field applied along the c axis on the shear
velocity is shown in Fig. 3. We see that the dip
corresponding to T, is suppressed and that both
The
dips are shifted toward lower temperatures.
effect of magnetic fields applied along the a axis
on the shear velocity is shown in Fig. 4. Here
both of the shear velocity dips are shifted toward
higher temperatures and there is a suppression of
the dip corresponding to T„. (b) Shear waves prop-
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Temperature dependence of (a) magnetization
parallel to the a and c crystallographic axes of SmCr03 in the spin-reorientation region,
as measured by Yaeger (Ref. 6).

FIG.

and {b) susceptibility

is essentially of a resonant nature and manifests
in characteristic anomalies in the elastic
constants. The form of these anomalies is dependent upon the nature of the magnetoelastic interaction. Thus it is known" that a magnetoelastic
coupling term, linear in the order parameter of
the phase transition, results in resonant dips in
the elastic constants whereas terms quadratic
in the order parameter lead to steplike discon-

itself&

These resonant interactions can be
examined further by applying an external magnetic
field in the a-c crystallographic plane. The presence of such a field has two effects, a shift of the
transition temperatures and a supression of soft
These effects have been observed by us.
modes.
They are analyzed using a phenomenological freeenergy model which includes a magnetoelastic coupling linear in the strain. This model has been
used previously'
in acoustic studies of continuous spin-reorientation-type
phase transitions

Il-

tinuities,

"

"

ErFe03

TmFe03.
The purpose of the specific-heat measurements
was twofold: First, to confirm the second-order
character of the spin reorientation process, and
second, to obtain quantitative data on the magnetic interactions responsible for the phase transition.
in

and

II. EXPERIMENTAL RESULTS

"

The single crystals of SmCrQ3 used in our work
were grown by the flux method.
For the acoustic
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FIG. 2. Temperature dependence of velocity changes
of a 30-MHz shear wave, propagating along the c axis
and polarized parallel to a. The solid line is the theore-

tical best-fit curve.

..

SECOND-ORDER NATURE OF THE SPIN-REORIENTATION.
QJ

I-

In
R
K LLj
O
o&

0—
Hc= IkO

LLJ

&-

CL

—
0o
g

)

~,

SmCrOs
I

20

IO

50

50
MPERATURE t'K)

FIG. 3. Temperature dependence of velocity changes
of a 30-MHz shear wave, propagating along the c axis
and polarized parallel to a. The magnetic field H~ is
applied along the c axis. The solid line is the theoreti-

cal best-fit curve.
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agating along the c axis, but now polarized along
the 5 axis: The experimental results are shown
in Fig. 5(a). No significant anomaly was observed
in the phase-transition
region. (c) Longitudinal
waves propagating along the orthorhombic c axis:
The experimental velocity changes as a function of
temperature are shown in Figs. 5(b) and 5(c). A
single velocity dip of about 0. 3/o was observed in
the transition region.
The velocities at T =300'K were Vt = (7.00+0.07)
x10' cm/sec for longitudinal waves and V~o = (3. 55
+0.04) x10' cm/sec for shear waves polarized along
the a axis.
For the specific heat measurements several
small crystals, each approximately 1 mm' in
volume, were glued together using a Q. E. varnish
with a high thermal conductivity.
The total weight
of the aggregate was 1.5 g. Measurements were
carried out in an adiabatic calorimeter using a
continuous-heating
technique. The temperature
was raised at an average rate of 0.2 'K/min and
data points were recorded at temperature intervals of 0.2 'K from 22 to 54'K. The temperature
was measured with a 100-Q ambient-resistance
Bosemount 118F miniature platinum resistor.
The absolute temperature accuracy was +1 'K.
Details of the experimental apparatus will be
given elsewhere.
The results of the specific-heat measurements
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FIG. 4. Temperature dependence of velocity changes
of a 30-MHz shear wave, propagating along the c axis
and polarized parallel to a. The magnetic field H~ is
applied along the g axis. The solid lines are theoretical

~

o~ ~o

I

I

20

I

50

~ ~ ~

~ ~

I

I

I

40

TEMPERATURE

I

TEMPERATURE ('K)

~ ~

4

55

ELV[/ Vt

~ ~ ~
I

I

best-fit curves.

/V o

I

0 —~

10

0~

I

CL

0—
LLI

1

I

I

~ ~ ~ 0'H+

~

~
I

50

('K)

FIG. 5. Temperature dependence of (a) velocity
changes of a 30-MHz shear wave, propagating along the
c axis and polarized parallel to b; (b) velocity changes
of a 30-MHz longitudinal wave, propagating along the
c axis; (c) velocity changes of a 30-MHz longitudinal
wave, propagating along the c axis in and near the spinreorientation

region.
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are given in Fig. 6. Also reproduced in the figure
are the T&20 K results of de Combarieu et al.
The anomaly between 33 and 35'R is clearly evident.

It has been shown" that a conventional freeenergy model is applicable to the analysis of the
static magnetoelastic properties associated with
a coherent rotation of the spin system. In this
model, the zero-field free-energy density includes
a magnetic anisotropy term E~, a magnetoelastic
coupling term E „and the elastic energy E, . The
expressions pertinent to the propagation geometry
employed in this study are
E~ = 2K„cos28 +Kb

cos48,

F, =2e„(B»-B»)sin 8 —c,B»sin28,
1
2

e

1

1

2
2
2
p
p
33~zz+ ~ C 55~F8+ ~ C44~yz.

p

Here K„and K, are twofold and fourfold anisotropy
coefficients, due to crystalline anisotropy and the
coupling between the chrome and rare-earth spin
systems. 8 is the angle between the antiferromagnetic and the a axes; e, , are strain components; C,', are normal elastic constants; and (B»
—B»), B» are magnetoelastic coupling coefficients. Higher-order terms in the magnetoelastic
coupling energy can be neglected.
The spontaneous spin reorientation is due to
the dÃferent temperature dependence of K„and
Since the effect of the coupling term Em,
K, .

"'"

I

I

SmCrOp

-K„ /8K„T,

=

~T~

T„,

where the transition temperatures T„and T, cor'm, respectively.
respond to 8=0 and 8= —,
In the presence of an external magnetic field,
we must supplement the free-energy density terms
in Eq. (1) by
2

2

F„=—Q M

H

—

i=1

Q M D;;(7, H) .
i, j=l

(2)

This expression consists of Zeeman term, in
=1, 2) denotes Cr'+ sublattice magnetizations and H denotes the applied magnetic
field, and a term due to the coupling between the
Cr" spin system and the polarized rare-earth
ions. This latter term has been written in a twosublattice molecular-f ield approximation,
in
which 5,, is the coupling tensor and y,. is the
susceptibility tensor of each rare-earth sublattice.
The indices i, refer to Cr'+ and rare-earth sublattices, respectively. Since the entropy change
associated with the rotation of the magnetically
ordered system is negligible, ' ' ' we can omit the
spin-entropy term from the free-energy in the
present analysis. We also omit the contribution to
inthe free-energy due to rare-earth-rare-earth
teraction terms; this contribution is of minor importance whenever the spin reorientation takes
place at temperatures well above those at which
cooperative rare-earth ordering occurs.
For
the case of SmCrQ„we have seen that the reorientation is at approximately 33 'K, while Sm'+
ordering in isomorphic SmA10, occurs at 1.3 'K.
The effective elastic constants C„. in the spin
reorientation region are derived from the total
free-energy density
which M, (i

j
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is negligible, the angular dependence of the magnetization in the spin-reorientation region T, & T
~ T„ is obtained from the equilibrium condition
8F, /88 =0. This gives
cos28
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by means of the equilibrium
We obtain

I2—
(gb

r

O

(3

+F, +F, +E„,
condition (8F/98),

5

j

C;, =C, , —

0

4
C3
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CL
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where C, , =O' F/Bc,',. and C,', = (&'F/&e,';)e.
second derivative ( ' O/F8)8, is proportional to
the square of the soft-mode frequency.
The velocity change of a given sound wave in the spin-reorientation region is a consequence of the change
in the appropriate elastic constants. For the
geometries employed in our study, we have the
following:
(a) Shear wave propagating along the c axis,
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FIG. 6. Specific heat of SmCr03 vs temperature. The
data below 20 K are taken from de Combarieu et al.
(Ref. 18).
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polarized parallel to a: The relative velocity
change, as obtained from Eqs. (1) and (3)-(5), is

6V
v,'

2B» cos'20

(6)

p(v,')'(6 2z/s6')

where p = 7. 35 g/cm' is the x-ray density' and
p(VD, ' =CD„. A least-squares fit of Eq. (6) to the
experimental results yielded the following parameter 'ralues: B2»/K~ =4.4x10" erg/cm', T,
=32.4'K, and T„=32.9'K. It was assumed that
X„ is linearly dependent on the temperature and
that Kb is constant in the spin-reorientation region. This has been found previously to be a
fairly good approximation.
The calculated
velocity shift for H=O is shown in Fig. 1. It is
in excellent agreement with the experimental data.
The effect of an external magnetic field on the
velocity change was studied experimentally by
applying fields H, and H, along the orthorhombic
c and a axes, respectively. In an applied field H,
the free-energy density becomes"

"'"

E, =-,'K„cos20+K, cos40 —&„,B» sin20
'Ca»e„',
+ —,

-mH, cos8 —2H, y,",H, cosa. (7)

..
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TmFeO„on the other hand, there can be a significant contribution from single-ion anisotropy
terms. We shall return to this point in Sec. IV.
In an external field H„ the free-energy density

s"

E, = -,'K„cos20+K, cos40 cgzB» SM20
(

R

B HB) sing

HB

(8)

where the final term is a consequence of the
chrome-rare-earth coupling. Here y„, X„are
components of the rare-earth susceptibility tensor
and H, , H~ are the effective-field components
acting on the rare-earth moments along the crystallographic a and b axes, respectively, in the
I', (F„) configuration.
The theoretical velocity
change curves calculated using Eqs. (6) and (8) for
various applied magnetic fields H, are given in
Fig. 4. The characteristic temperature shift and
suppression of the higher-transition-temperature
dip are clearly evident and are in excellent agreement with the experimental results. The best-fit
curves were obtained with

"

i

The final term in Eq. (7) is, as discussed earlier,
due to the chrome-rare-earth
coupling. In this
expression, m =M, +M, denotes the Cr" weak
ferromagnetic moment, X„ is the susceptibility
of the rare-earth ions parallel to the c axis, and
H~ is the I', (E,) configuration effective field exerted by the ordered Cr'+ spin system acting on
the rare-earth ions.

"

Theoretical velocity-change curves were calculated using Eqs. (6) and (7) and the H = 0 bestfit parameters given above. The best-fit curve,

obtained with (m + 2y~ Hg)/K~ = 1.92x10 ' Oe ', is
shown in Fig. 3. The agreement with the experimental data is excellent.
The effective field H~ in I', (E„)-phase SmCrO„'
and in the isomorphous and magnetically similar
compounds ErCrO3, ' and TmCrO„' has been found
to be of the order of 10 kQe. The same order of
magnitude is found in several of the orthoferrites. ~4
If we assume that the effective field in I'~(E, )phase SmCrO, is of the same order of magnitude
and use the values m =6.3 G and g~, = 10 ' emu/
mole Oe obtained from magnetic measurements, '
we obtain K, =3.6x10' erg/cm',
B»~ = 1.3x10'
'
erg/cm', K„= 3.8x10' —11.5x10'T erg/cm'. The
value of the magnetoelastic coupling B»~ is of
the same order of magnitude as those found for
ErFeO„' and TmFeO„" but the value of K, is
smaller by about two orders of magnitude. Note
that the origin of the fourfold anisotropy in SmCrO3
is in the chrome-rare-earth coupling and, possibly, a two-ion anisotropy term. For ErFeQ, and
~

~

(m+2',",H,"+2y",H~)/K, =1.81x10

2

Oe

Using the values, ' lt,", =10 ' emu/mole Oe and
H~ =10 kOe, we botian( ~ H/y, ", H)-2, indicating
that the effective Cr-Sm coupling is mostly along
the a axis. This differs from ErFeQ3
and
TmFeO„" where the b axis coupling term was
found to be the dominant one.
Note that, in the spin-reorientation
region, the
and field-induced anisotropies
magnetocrystalline
are at least two orders of magnitude smaller than
the magnetoelastic coupling. For this reason the
effect of the rotational motion on the shear wave"
was not considered in our analysis. Furthermore,
no detectable effect was found when the soft mode
was suppressed by the external field.
(b) Shear wave propagating along the c axis,
polarized parallel to b: In this geometry the shear
plane is perpendicular to the rotation plane of the
sublattice magnetization vectors. The magnetic
anisotropy in the shear plane does not change significantly during the spin-reorientation process
and therefore the energy gap between the acousticphonon branch and the soft modes is essentially
In this case resonant interactions are
unchanged.
not expected to occur and indeed [see Fig. 4(a)j
the experimental data do not exhibit any anomaly.
A significant monotonic decrease in t" 4~ was observed upon cooling below the reorientation region. The reason for this effect is not clear.
(c) Longitudinal wave propagating along the c
axis: The relative velocity change for H =0 as
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obtained from Eqs. (1), (3), and (5)

(II--II»)'
Vo

V/V~~=0

6

(Vo)2'

(

(T& T„'

T&T„).

l

u)

is'
(9)

expression p(V, )'= C» and b, V/V,
From Eq. (9), no velocity shift is
expected outside the spin-reorientation region,
whereas, for T, & T ~ T„, the magnetoelasticcoupling term results in a reduction in the effective stiffness of the crystal. The experimental
results for this sound wave mode are given in
Figs. 5(b) and 5(c). Instead of the expected steplike discontinuities at the two transition end points,
we see that the velocity change is spread over
the reorientation region. Such a spread has been
observed previously in the orthoferrites.
Since the spin-reorientation in SmCrQ, occurs
over a very narrow temperature range the discontinuities in the velocity could not be evaluated
and thus no quantitative evaluation of the magnetoelastic constants appearing in Eq. (9) could be
made.
Turning to the results of the specific-heat study
(Fig. 6), we have noted that a thermal anomaly is
clearly evident between 33 and 35 K. Such an
anomaly is expected whenever a spin-reorientation
The center T~ of
phase transition occurs.
the anomaly is 1-1.5'R higher than that found from
the acoustic measurements; we attribute this to
the +1 'K absolute accuracy in the temperature
calibrations. The 2 K width of the thermal anomaly is considerably greater than the value of
0. 5 'K derived from the acoustic data and is probably a consequence of the fact that an aggregate
of crystals was used for the specific heat measurement.
Due to the narrow temperature region within
which the spin reorientation takes place, it was
not possible to resolve the two peaks, centered at
T, and T„, which are theoretically expected.
This was expected in view of the results of specific-heat studies on YbFeQ3, ' TbFeQ3 and
GdCrQ„ in each of which the spin reorientation
occurs within approximately 2 K. The total entropy per mole AS associated with the spin reorientation is related to the specific heat by
In the above
= —,
'C»/C».

"*"

""'"

"'"'"

I

T„AS =

C „dT = 1.75~0.2 J mole,

(10)

where C„ is the specific heat at constant (zero)
external field and the integral is over the area
of the anomaly. Ignoring terms of order (T„—
T~)/
(T„+Tz) = (T„—T~)/2T„, it can be shown by therthat the Cr'+ a-c plane
modynamic arguments
uniaxial anisotropy field H~ is related to AS by

""

and N is Avap, ~ is the Bohr magneton
gadro's number. Taking T~ =33 K and substituting from Eq. (10) gives H» =2. 1+0.2 kOe. This
is in good agreement with the value H~ = 1.7+0. 1
kQe determined in a study" of the field-induced
spin reorientation in SmCrQ, .

where
&

~. DISCUSSION
The results presented
show clearly that the

sections
reorientation in

in the preceding

I', -I 4 spin

SmCrQ, is a continuous process, involving two
second-order phase transitions. The acoustic
data in the spin-reorientation region were analyzed
using a phenomenological model in which magnetoelastic terms linear in the strain provided
the coupling between the magnetic and elastic degrees of freedom. The coupling between the
chrome and rare-earth spin systems was taken
into account using an eff ective-field approximation.
The theoretical best fits obtained were in excellent
agreement with the experimental results. All the
observed effects, including particularly those due
to external a- and c-axis magnetic fields, were
reproduced satisfactory by the model calculations,
confirming the continuous nature of the spin reorientation. The expected anomaly in the specific
heat was also observed.
The central question is why the spin reorientation is continuous in SmCrO, (and, possibly, in
GdCrO, ), but discontinuous in ErCrO„' and
NdCrQ, .4 This problem has been considered in
particular by Yamaguchi" in his theoretical study
of spin reorientation in the orthochromites and
orthoferrites. He concludes that I'~-I", (with decreasing temperature) transitions should indeed
be continuous in these compounds while both I"4
and I',
(ErCrO„DyFeO,
(NdCrO, )
transitions will occur abruptly. However, mag-

"

)"

-I',

netization"""

and

-I',

neutron-diffraction"

ments have shown that the DyFeQ,

measure-

I', -I',

spin

reorientation is rotational in character and, in
fact, takes place over a rather wide temperature
range (from approximately 60 to 20 'K). In addition, the incomplete low-temperature l"2 I'y
transition in ErFeQ, is rotational in character. 4
It thus appears that an essential element in understanding why a given transition is continuous
or abrupt, in addition to the specification of the
two end phases, is the source of the effective
fourfold anisotropy coefficient K, [see Eq. (1)j.
Here there is a significant difference between
orthoferrites and orthochromites as K„will have
'„
a single-ion contribution for Fe'+ ions with S = —
' spins of Cr'+ ions. While a
but not for the S= —,

"

SECOND-ORDER NATURE OF THE SPIN-REORIENTATION. . .

16

Cr-only fourfold anisotropy

term can, in principle,

arise from a bvo-ion or ion-pair mechanism, this
is not expected to be significant in R CrQ3 com-

pounds where no crystallographic pairing of Cr'+
ions occurs. Thus, for the orthochromites, one
must consider not only the contribution of the rareearth spin system to the effective twofold anisotropy coefficient K„, but also its contribution to
His
K„. This has recently been done by Gordon.
analysis confirms that the l-,
spin reor ientation in SmCrO, (and also the I'~-I', reorientation
in DyFeO, ) can be rotational in character, in
agreement with the results of our acoustic-velocity

"

-I',
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