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The magnetization and principal magnetic susceptibilities of LuCr03 are measured from ambient temperature
down to 4.2'K. It is found that LuCr03 exhibits a weak ferromagnetic moment along the a crystallographic
axis below T„= 111'K. By applying a magnetic field along the antiferromagnetic c axis, the
antiferromagnetic vector can be rotated smoothly in the a-c plane until it coincides with a at and above a
critical field H„, This field increases with decreasing temperature, its value at T = 4.2'K being H„= 3.6 ~ 0.4
kOe. By comparing the temperature dependence of the spontaneous a-axis magnetization with that of the c-
axis magnetization extrapolated to zero field, a quantitative separation between the Dzyaloshinsky-Moriya
antisymmetric exchange (D) and single-ion anisotropy (A„,) contributions to the canting is made. %'e find

that
~ A„,/D

~
& 0.05 for the case of LuCrO, . As a consequence, a temperature-independent constant-canting-

angle model is adopted. The temperature dependence of the reduced magnetization can then be analyzed using

statistical-mechanical models developed for antiferromagnets. For 0.60 & T/T„& 0.99 the magnetization

exhibits power-law behavior with P 1/3. For T/T„& 0.5, its behavior is well described by spin-wave models.

A comparison of the experimental results with theoretical curves calculated over the entire temperature range

using molecular-field and several Green's-function models is also presented.

I. INTRODUCTION

The compound LuCr03, in conformity with other
rare-earth orthochromites, crystallizes in an
orthorhombically distorted per ovskite structure
(space group Pbnm) with four formula units per
unit cell. ' The exchange coupling between the Cr
nearest neighbors is predominantly antiferromag. -
netic and these ions order magnetically at a Neel
temperatureof T„=111'K. Below this tempera-
ture LuCrO, exhibits a weak ferromagnetic mo-
ment.

From powder neutron-diffraction studies it has
been reported that the antiferromagnetic axis of
the Cr 'spins in LuCr03 at 4. 2 and 80'K lies in the
a-c plane at an angle of 63' to the crystallographic
g axis. The structure of the Cr ' spins is thus, in
the notation of Koehler et al. and Bertaut, pri-
marily G„, at these temperatures. This then im-
plies that the weak ferromagnetic moment should
have components along both the a and c axes and
furthermore that the overall symmetry of the system
is lowered from orthorhomic to monoclinc. In view
of the directional behavior of the antiferromagnetic
axis in other orthochromites and in the isomorphic
orthoferrites6 (wherein the antiferromagnetic axis
departs from a crystallographic direction only
during a spin-reorientation process~ which occurs
over a limited temperature range) it is somewhat
puzzling that in LuCr03 this axis should be fixed in
a direction not prescribed by symmetry over a rel-

atively wide temperature range. The clarification
of this point was one of the objectives of our study.

Since the Lu ions in LuCr03 are in a diamag-
netic So ground state, this compound's magnetic
properties are dominated by the Cr spin system
Thus LuCr03 is a suitable material in which to
study the behavior of the Cr spin system in the rare-
earth orthochromites. Such a study is complicated
in most of the orthochromites by the interactions
between the Cr spin system and the paramagnetic
rare-earth ions. The comparatively large contri-
bution of the polarized rare-earth ions to the total
magnetic moment and susceptibility, particularly
at low temperatures, tends to dominate the rela-
tively small Cr contributions. ' In the case of
LuCr03, however, the contributions of the diamag-
netic Lu ions to the over-all magnetic properties
will be negligible.

II. EXPERIMENTAL RESULTS

The magnetization and principal susceptibilities
of flux-grown single crystals of LuCrOS (weighing
a few tens of milligrams) were measured by means
of motor-driven vibrating-sample magnetometers.
The measurements were carried out in the 4. 2-
300 'K temperature range. The sample was cooled
by a. stream of helium gas inside a double-walled
glass cryostat. Constant temperatures were main-
tained by means of a temperature controller operat-
ed by a magnetic valve. In addition, measurements
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tures above 40 'K it was difficult to trace the spin-
reorientation process, as it was obscured to a
large extent by the usual low-field demagnetizing
effects. It was found that the ferromagnetic mo-
ment extrapolated to zero field in the field-induced
G, F, phase coincided, to within the experimental
error of a 5%, with the G, E,-ph ase spontaneous
magnetization.

The magnetic susceptibility measured along each
of the principal crystallographic directions of
LuCr03 is shown in Fig. 3. Note that the high-field
c-axis susceptibility was measured in the field-in-
duced G„F, phase. The field-induced spin-reorien-
tation process is reflected in the low-field c-axis
susceptibility data. The slight rise found in the a-
axis susceptibility at low temperatures is probably
due to isolated paramagnetic impurities.

0.25
I
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FIG. 1. Reduced spontaneous magnetization M~(T)/
M~(0) of LuCr03 in the G,F„phase (which is equal within
the experimental error to the zero-field-extrapolated
magnetization in the induced GQ, phase) as a function of
the reduced temperature T/Tz. (a) Experimental results;
(b) spin-wave theory at low temperature (Oguchi); (c)
spin-wave theory at low temperature (Kubo); (d) one-
third-power law near T~.

III. ANALYSIS

The relatively simple spin structure of the or-
dered Cr moments in LuCr03 makes it possible to
compare the experimental results with those ob-
tained from different statistical-mechanical models
and thus to obtain some indication of their appli-
cability to the rare-earth orthochromites in gen-
eral. Ne shall therefore analyze the experimental
data presented in Sec. II using molecular-field,
spin-wave, and Green's-function models, and a
power-law critical behavior for the sublattice
magnetization. The calculations will be based on

a single-ion, two-sublattice description for the Cr

at 4. 2 'K were taken with the sample immersed in
liquid helium. The reported results were compiled
from (i) magnetization measurements versus tem-

peraturee

recorded at various fixed magnetic fields
while heating or cooling the sample and (ii) curves
of magnetization versus applied field recorded at
fixed temperatures.

The spontaneous magnetization of LuCr03 is
shown in Fig. 1. Below its ordering temperature,
T„=111+1 'K, and down to 4.2'K the magnetiza-
tion, to within an experimental error of +3', was
found to lie in the crystallographic a direction.
(The crystallographic a axis was determined from
a knowledge of the symmetry and morphological
features of the crystals. ~'~ ) Thus our results dif-
fer from those reported from powder neutron-dif-
fraction studies. ~ The spontaneous magnetization
extrapolated to 0 'K was 360+ 20 emu/mole. By
applying a relatively small external magnetic field
parallel to the c axis the spontaneous magnetization
could be aligned along c. An example of this field-
induced phase transition is shown in Fig. 2. The
magnitude of the critical field H„required to induce
the phase transition was found to decrease mono-
tonically as the temperature was increased. At
4. 2 K H„was approximately 4 kOe. At tempera-
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FIG. 2. Magnetization of LuCr03 as a function of an
applied magnetic field along the orthorhombic c direc-
tion at T=4.2'K.
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where N is Avogadro's number, g= 2 is the gyro-
magnetic factor of the Cr moments, p.a is the Bohr
magneton, and (St)/S is the reduced spontaneous
magnetization per S=-,' spin as a function of the
absolute temperature T. Q is the direction of the
local effective field on the given spin. ) The angle
a; is the canting angle of the Cr sublattice moments
away from the antiferromagnetic axis. For small
canting angles the magnitude of a, is given bye~

0
0

FIG. 3. Principal magnetic susceptibilities of LuCr03
as a function of the reduced temperature T/T„. The
subscripts a, b, and e refer to the orthorhombic crys-
tallographic axes. All of the curves in the lower part
of the figure are experimental. The dotted regions in
the X,(low field) and X, (low field) curves indicate inter-
polations and extrapolations.

moments. In this approximation the Hamiltonian of
the Cr spins can be written in the form~~

X=2JQS, S, -5 QK,xS,. -g„gs S„
(~~) (l~)

-Esp S~ -ffzZSr*-gus&'Z&r

where S, is a spin in one sublattice, S& belongs to
the other sublattice, S, belongs to either of the sub-
lattices, the l summation extends over all spins,
and the (ij ) summation extends over pairs of nearest-
neighbor spins. The first and second terms are
isotropic nearest-neighbor and Dzyaloshinsky-
Moriya exchange interactions, respectively. The
third and fourth terms are due to quadratic anisot-
ropy. As a result of the third term, the two sub-
lattices wiQ have different easy directions in the
a-c plane. The fourth fixes c as the antiferromag-
netic. axis of the system. The final term is the
direct interaction of the spins with the external
magnetic field. The Dzyaloshinsky vector 5 is in
the -b direction~ and in the absence of an external
magnetic field the spins of both sublattices are con-
fined to lie in the a-c plane. The subscripts x, y,
and z refer to the orthorhombic a, b, and c axes,
respectively. The four constants in the Hamil-
tonian, J, D, A„„andKz, will be regarded as ad-
justable parameters, to be determined by fitting
the model calculations to the experimental data.

A. Molecuhr-field model

In the molecular-field approximation the weak
moment M„of LuCr03 in the G, F, phase and the
zero-field extrapolated moment M„ in the field-in-

D &„3S (S~) —~ S(S+1)
( )2J 2J 2S-1 (S)

where ( ) denotes a statistical average over the
2S+1 spin states and the upper and lower algebraic
signs apply to the G„F, and the G, F„phases, re-
spectively.

Experimentally, we find that M„and M„are
equal to within an estimated maximum experimental
error of 5% between 4. 2 and T„=111 'K. This
implies that (A„,/D( & 0.05, i.e. , that the anisot-
x opy contribution to the Cr canting is negligible com-
pared with that owing to antisymmetric exchange.
It follows that the canting angle is temperature in-
dependent for a11 T & T„and that the temperature
dependence of the spontaneous moment is identical
to that of the sublattice magnetization. We can
therefore compare the temperature dependence of
the reduced sublattice magnetization, as obtained
from the S=-,' Brillouin function, with that of the
measured weak ferromagnetic moment of LuCr03.
The results are shown in Fig. 4. The canting angle
a, as determined by fitting Eq. (2) to the measured
moment of LuCr03 at 4. 2 K, is ~ = 21.3 + 1.0
mrad for both phases. The value of J, as obtained
from the molecular-field expression

T„=2ZzS(S+ 1)/3k, (4a)

is J/k = V. 4 'K. This is the value used for the
molecular-field calculation shown in Fig. 4. Here
z = 6 is the number of nearest Cr 'neighbors and
k is Boltzmann's constant. Alternately, J may be
found from the perpendicular susceptibility

Xi =Ng l"z/4' (4b)

Taking the experimental value, X, = (5. 5+0. 5)x10 s

emu/mole Oe (see Fig. 3); Eq. (4b) yields 8/k
=11.4+1.0'K. This value of Jwill be used for
the remainder of our molecular-field analysis.
The reasons for this choice will be discussed in
Sec. IV. The value of D can now be determined
from the canting angle n, using Eq. (3). The re-
sult is D/k = 0.96 + 0. 10 'K.

We sha11 now use those parameter values to ana-
lyze the field-induced G, F,-G„F,phase transition.
We restrict our analysis to temperatures T«T„.
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FIG. 4. Difference between the experimen. tal and
various theoretical values of the reduced spontaneous
magnetization of LuCr03as a function of the reduced
temperature T/T„.

In this region the sublattice magnetization vectors
are essentially saturated and the free energy F
can be taken as

F=U, (5)

n = (Hn +H, sine)/(2Hz),

where

=H, Hz/(2HzHz -H, ), for H, ~H~,
sin&

=1, fora, H .
(8)

Here H~ is the critical field above which only the
G„F,phase is present. This field is given by

H~= 2[-Hz+(I4+8HzHz) ]. (9)

where U is the Hamiltonian of Eq. (1) with the spine
regarded as classical vectors. %'e set g„,=0
in accordance with our previous results and define

Hz = 2JzS/gp+, Hn = DzS/g p» Hz = 2KzS/g pe.

(6)

Using Eq. (6) and the J and D values found previ-
ously, we obtain H& =990+100 kOe and H~ =42a4
kOe. Ne now minimize F with respect to the
canting angle 0. and the angle 8 between the anti-
ferromagnetic axis and c for the case of a field
K, applied parallel to c. Assuming H~«KD «K~,
we obtain

The component of the magnetization in the c direc-
tion is given by

~, (H, ) =Ng ps Sa sins, (10)

B. Spin-wave models

When the canting angle is temperature indepen-
dent, the temperature dependence of the sublattice
magnetization is identical to that of the spontaneous
magnetization for all T &TN. %e can therefore
compare the results of spin-wave models of anti-
ferromagnetic behavoir with the measured spon-
taneous magnetization of LuCr03 at low tempera-
tures.

Using a spin-wave treatment, the low-tempera-
ture reduced sublattice magnetization of a simple-
cubic antiferromagnet with negligible anisotropy
has been found by Kubo~ to be

(Sc)/S= 1 -(S-O.OV8) ~
z ~(kT/2z JS) . (12)

For the case of LuCr03, this reduces to

(SK)/S = 1 —1.880x10 (AT/J ). '(i3)

A best least-squares fit of Eq. (13) to the experi
metal data for T/Tz» 0.5 was obtained with J=15.8
a 2.4 'K. This value is in poor agreement with

where a and S are given by Eqs. (7) and (8), re-
spectively. From a best least-squares fit of
Eq. (10) to the experimental data at 4. 2 'K (see
Fig. 2) the value of the remaining parameter Hz.
was found to be H~ =84+10 Oe. This is equivalent
to Kz/k =(3.8+0.4) xlO ' 'K. Using these values
for Hz, Hn, and Hz, Eq. (9) yields H„=3.6+0.4

kOe, in good agreement with the experimental
data. Here and henceforth all quoted errors are
statistical and correspond to two standard devia-
tions.

The spin-reorientation process also contributes
to the low-field magnetic susceptibility parallel
to the antiferromagnetic axis. At temperatures
T/T„«1 this susceptibility will be due entirely to
the rotation of the antiferromagnetic axis. It is
then given by~z

g, (low field, T=0'K)=Ng psD/32J K,

= 0.09 emu/mole Oe.

It follows from Eq. (11) that demagnetizing correc
tions are negligible.

The temperature dependence of the low-field
parallel susceptibility can be found using the
equations derived for the case of YFeO~. '3 In adopt-
ing these equations to LuCr03 the roles of the a
and c axes were interchanged (in YFe03 the spin
reorientation is from g to c when a magnetic field
is applied along a). The resulting calculated tem-
perature dependence of g,(low field) is shown in
Fig. 3.
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that derived from the perpendicular susceptibility
y ~ in the molecular-field approximation (the same
expression for g ~ is obtained by Kubo~~). However,
as shown in Fig. 1 the calculated curve agrees
quite well with the experimental results for T/T„
~ 0.5.

The behavior of the antiferromagnetic subla. ttice
magnetization has also been studied by Oguchi~'

using spin-wave theory. In his approach, the re-
duced sublattice magnetization is calculated as a
series expansion in powers of (kT/J)~. For the
case of LuCrO3 his results can be expressed

(S&)/S = 1-1.758 x10 ~(kT/J)~

-1.994 x 10 (kT/J)- '1.126x 10 (k T/ J), (14)

keeping terms up to sixth order in kT/J. The best-
fit value of J' obtained using Eq. (14) in the range
T/T„~ 0.5 was 16.3+1.8'K. This result is in
agreement with that obtained from Kubo's expres-
sion for (S&)/S but again differs from that found from
the molecular-field expression for y ~. The calcu-
lated curve obtained using Eq. (14) is in good agree-
ment with the experimental data for T/T ~ 0. 5

(see Fig. 1).
We have also evaluated Jusing Obuchi's expres-

sion for y ~. + This calculation gives J/k = 10.4
a 1.0 'K. As might be expected, this is essentially
the same as the result found using Eq. (4b).

C. Green's -function models

We have also calculated (S&)/S as a function of
temperature using the method of Green's functions.
Results were obtained using three different decou-
pling schemes. We use the notation of Copeland
and Gersch. They have shown that the reduced
sublattice magnetization of a Heisenberg antiferro-
magnet [i.e. , taking into consideration only the
first term in the Hamiltonian of Eq. (1)j is given

y, = 2[cos(k, a) + cos(k, a) + cos(k, o)], (21)

and, obviously, yo= 6. For the case of LuCr03,
a = 8.7875 ][.

The procedure used to calculate (S~)/S as a func-
tion of T/T„was to choose a value for the param-
eter R and then to evaluate $0 and P, numerically.
Following this, (S&)/S, g, and T/Tz were calcu-
lated. This process was then repeated for differ-
ent values of R and for each of the three decoupling
schemes. The results are shown in Fig. 4 and the
values of Jare listed in Table I. Clearly the CG
decoupling scheme yields the best fit to the experi-
mental data. Note that the over-all difference be-
tween theory and experiment in Fig. 4 is not signifi-
cantly different for Green's-function and molecular-
field models. However, the description of the

with

X=
k TH /8 J. '

Here 8 is an auxiliary computational parameter.
The values of X and the termination fuction g de-
pend upon the particular decoupling scheme used.
For a simple-cubic antiferromagnet, X= l.648 and

q = 0 in the random-phase approximation~~ (RPA),
X=1.9565, g =(S&)/2S using Callen (CD) decou. -
pling 7, andX=1. 667, q=(S&)3/2S~ using Copeland-
Gersch (CG) decoupling. ~~ For each decoupling
scheme, the exchange integral Jwas chosen to
make the calculated value of T„equal to the ex-
perimental value.

In the rare-earth orthochromites, the Cr ions
form a simple-cubic lattice. Replacing the sum of
k in Eq. (16) by an integral gives

a ~ ~ ~ ~ cos(k ~ 5)dk dk„dk~

0 0 '0 exp[6'0 -&a)/R] —1

(20)
For a simple-cubic lattice of side a,

(S,) 1 (S-&0) (1+y ) "+(S+1+po)po
"

(1 +y ps+1, y2s+1

where

TABLE I. Values of the exchange integral J/»n
LuC re.

fk ~ 4

a exp[(&0- Ya)/Rl -1 (16)

T/T„= 2(R/zX) (S,) (1+2qy, ), (18)

~1k-6
6

The sums on R and 5 in Eqs. (16) and (17) are over
the first Brillouin zone and the vectors joining
a magnetic lattice site to its nearest neighbors,
respectively.

The relation between (S~) and the reduced tem-
perature T/T„ is

Method of Evat. uation

Molecular field (T„)
High-temperature series expansion (T„)
Green's functions (RPA) (Tz)

Green's functions (CD) (T~)

Green's functions (CG) (T~)

Kubo's spin waves and molecular field (X~)

Oguchi's spin waves (»)
Kubo's spin waves ((S&)/S)

Oguchi's spin waves ((S&)/S)

z/a (.K)

7.4

10.3

11.2
9.4

11.4 +1.0

10.4 +1.0

15.8+2. 5

16.3 +1.8
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temperature dependence of the spontaneous mo-
ment by the Brillouin function was obtained, as
noted earlier, by choosing J/k=7. 4'K. If a more
realistic value of Jhad been chosen, the disagree-
ment between the molecular-field calculation and
experiment would have been considerably greater
than that found for any of the Green's-function
theories.

D. Power-law behavior

H (kOe)
H, (koe)

LuCr03
(This work)

990 +100
42+4

YCr03
(Ref. 34 )

2300
61

YFe03
(Ref. 34')

6400
140

YFe03
(Ref. 13)

5200
125

TABLE II. Comparison of LuCr03 with YCr03 and
YFe03 (n —can.ting angle; Hg, Hg, Hz, and Hg -O'K
Heisenberg exchange, Dzyaloshinsky-Moriya antisym-
metric exchange, quadratic anisotropy, and quartic an-
isotropy fields, respectively; H~- critical field).

The reduced sublattice magnetization as a func-
tion of temperature T near the Noel point has been
found, both theoretically and experimentally ~
to behave as

Hf'f (kOe)

o. (mrad)

H„(koe)

21 ~ 3 +1,0

3.55+0~ 40

Hff (kOe) 0. 084 + 0. 010 0. 88

13.2

40

1.2

0.26

10.9

74

2. 08"
0. 086

0.36

12

(22)

where d and P are constants. A least-squares fit
of Eq. (22) to the experimental spontaneous mag-
netization of LuCr03 in the temperature range 0.60
& T/T„& 0.99 yielded d = 1.28+ 0.01 and P = 0.337
a 0.003. The magnetization calculated using these
values and Eq. (22) is shown in Fig. 1. We see
that the magnetization of LuCros follows Eq. (22)
over a wide temperature range near T„with a
value of P close to -', . This is in agreement with
the Green's-function theories in the RPA and CD
decoupling approximations. (See, for example,
Table III of Ref. 28. ) Similar results have been
reported for the temperature dependence of the
reduced hyperfine field in the isomorphous rare-
earth orthoferrites RFe03. '~ A P value close to
—,
' has been reported from magnetization and suscep-
tibility studies on YFe03 in the range 0.998 & T/
TN & 1.003. However, it was found that P —3 in a
temperature range further away from T„.~~

IV. DISCUSSION

Since the spontaneous ferromagnetic moment of
LuCrO3 lies along the crystallographic a axis, it
follows that this compound's spin structure is 6, I'„.
This conclusion thus differs from that reported from
neutron-diffraction studies on LuCr03 power.
Similar differences have been reported for
TmFeO» ' NdCr03y YbCr03y and TmCr03.
Since the directions of the spontaneous magnetiza-
tion and antiferromagnetic axis determined by
single-crystal magnetization measurements are
unambiguous, it is clear that the results of neutron-
diffraction studies on powder samples may be con-
sistent with more than one spin structure. This
is particularly true when the details of the spin-dis-
tribution function are not known. 33

In Sec. III, the LuCr03 data have been compared
with the predictions of several statistical-meehan~
ical models of antiferromagnetism. We have seen
that a relatively simple molecular-field model
gives a good description of the main features of

From the field dependence of the magnetization at
4.2'K.

From the temperature dependence of the spontaneous
magnetization and/or magnetic susceptibility.

the temperature and fi.eld dependence of the spon-
taneous magnetization and magnetic susceptibility
of LuCr03. However, this result is somewhat
misleading, as it was based upon determining the
exchange constant J from the Noel point. In fact,
this yields a very poor value for J (see Table I).
For this reason, the remainder of the molecular-
field analysis was based upon the value of J obtained
from the experimental perpendicular-susceptibility
data. This latter value is in good agreement with
valuesderivedfromthe other models considered by
us and also with that found using the results of high-
temperature series expansions" (see Table I).
With this additional consideration, we conclude
that the Green's-function models give the best over-
all description of the temperature dependence of
the spontaneous magnetization.

In our analysis we did not include a quartic an-
isotropy term of the form -K4$, S„in Eq. (1)
though such a term was necessary for the case of
YFeo, .~'3~ (The quartic anisotropy field at 0 'K
in YFeos, Hz' =2X4$ /gps, is given in Table II. )
Our results thus indicate that a quadratic anisot-
ropy model is adequate to describe the magnetic
behavior of LuCr03. This was also found to be
true for the case of YCrO, . Note that this
does not imply that the quadratic anisotropy
energy is entirely magnetocrystalline in origin.
In fact, a direct calculation yields a dipolar con-
tribution to Xa/k of —58 x 10 ' 'K, indicating that
the effective E2 appearing in Eq. (1) has both dipo-
lar and magnetocrystalline components that are
nearly equal in magnitude and opposite in sign. A
comparison of our results with those reported for
YCr03 and YFeO, is given in Table II.

Finally, LuCr03 is the only known compound
among the orthochromites and orthoferrites con-
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taining diamagnetic rare-earth iona that sponta-
neously orders with its antiferromagnetic axis along
c.~'~'~ 3 When a magnetic field is applied along
c the system appears to undergo two second-order
phase transitions, from G, F„ to a mixed phase to
G, F,. The second-order nature of the latter tran-
sition is in accord with the predictions of molec-
ular-field studies. ' ' To illustrate this let us con-
sider the phase transition shown in Fig. 2. The
field-induced phase transition at O'K is expected

to be of first or second order according to whether

H~ is less or greater than B~"', where H~"'
=4.5M(Hz/Hg) I Hz. We find H~"t =5 Oe and
H~=42 kOe, in agreement with the observed second-
order character of the phase transition.
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