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A photopyroelectric technique has been used to simultaneously measure the critical behavior of
specific heat, thermal conductivity, and thermal diffusivity of Cr203 at the antiferromagnetic-
paramagnetic phase transition. An Ising-1ike behavior has been found for ~t,„~ 3X10 with
a=0.10+0.02 and A/2'=0. 48+0.03. A possible crossover between Ising and Heisenberg behaviors
has been found if

~ t,„~ is increased. Thermal diffusivity data have been fitted according to the model for
uniaxial antiferromagnet with energy conservation for ~t,„~ 3 X 10 with a critical exponent
b = —0.11+0.02. A correction term similar to the static correction to scaling factor has been intro-

duced in the fitting function. No anomaly has been found in thermal conductivity.

I. INTRODUCTION

The critical phenomena associated with thermal pa-
rameters at magnetic phase transitions has been widely
studied in the past. Most of the experimental results
seem to confirm the universality hypothesis which states
that the critical behavior depends only on the dimen-
sionality of the system (d) and on the degree of freedom
of the order parameter (n). An antiferromagnet, for ex-
ample, provided that only short-range interactions are
relevant in the system can be described by a Heisenberg
model if d =3 and n =3 or by an Ising one if 1=3 and
n =1. There are systems, however, which do not seem to
follow the universal behavior and many possible explana-
tions have been suggested. In the case of specific-heat
data, Ahlers and Kornblitt' for example, argue that the
disagreement could be due to the presence of long-range
interactions like the dipole-dipole ones which in some
materials can be relevant. In this case a crossover from
the Heisenberg behavior to a mean-field one very close to
T, could be observed. Bruce and Cannel, on the other
hand, try to explain the deviation of their results on the
specific heat from universality at the antiferromagnetic-
paramagnetic phase transition in Cr203 with a systematic
error which is due to the fact that while the theoretical
predictions are valid for the specific heat at constant
volume, the measurement is performed at constant pres-
sure. This could be a severe limit in the interpretation of
the results especially in system with a large expansion
coefBcient.

It should be noted that while very many data are avail-
able in literature for the critical behavior of static quanti-
ties such as the specific heat, the situation is completely
different in the case of dynamic quantities like the
thermal diffusivity and the thermal conductivity. There
are few high-resolution data which can be used to study
in detail the dynamic critical behavior. Apart from the
superfluid transition in He (Ref. 3) and some recent re-

suits at various transitions in liquid crystals, to our
knowledge no data on the critical behavior of the thermal
difFusivity and thermal conductivity have been reported.
It is a worthwhile to note that the results on the critical
behavior of dynamic quantities can greatly help also in
the understanding of the open questions connected to a
given transition.

In the present paper, high-resolution simultaneous
measurements of specific heat, thermal difFusivity, and
thermal conductivity of Cr203 are reported. Cr203 is a
weakly anisotropic antiferromagnet which is expected to
follow a Heisenberg behavior and perhaps an Ising one
close to T, . Our specific-heat data show an Ising-like
behavior for ~t

~

(3X 10 with a possible crossover to
Heisenberg if a wider temperature range is considered in
the fit. No singular behavior but a change in slope and a
small discontinuity at T, have been obtained for the
thermal conductivity. The thermal diffusivity data,
which show a dip at T„can be interpreted, in the re-
duced temperature range

~

t
~

(3 X 10, using a dynamic
model corresponding to a uniaxial antiferromagnet with
energy conservation.

II. Cr303 PROPERTIES

As already stated Cr203 is a low anisotropy easy-axis
antiferromagnet with a Neel temperature at about 307 K.
It has a corundum structure with an orthorombic unit
cell, the [111]direction of such a unit cell being the c
axis which is also the easy axis of magnetization. Inelas-
tic neutron scattering has been used to study spin waves
at 78 K (Ref. 5) and exchange constants have been calcu-
lated. Such constants are about 20 times larger for near
and next neighbor than a11 the others. Measurements of
magnetic susceptibility and antiferromagnetic resonance
have shown that the anisotropy field and the exchange
field at T =0 K are 7X 10 and 2.45 X 10 Oe, respective-
ly, the ratio of the two (-10 ) being unusually small for

0163-1829/94/49(14)/9523(10)/$06. 00 49 9523 1994 The American Physical Society



9524 M. MARINELLI et al. 49

a uniaxial antiferromagnet. This is the reason why the
system could be expected to follow a Heisenberg behavior
(n =3) and perhaps an Ising one (n =1)very close to the
transition temperature. Regarding the critical behavior
of this system very little is known and the available criti-
cal exponents seem not to show any clear evidence of
Heisenberg or Ising behavior. Staggered susceptibility
has been measured near the Neel temperature and has
been reported to diverge with a critical exponent
y = —1.35+0.05 which is in agreement with that predict-
ed by the Heisenberg model. On the other hand, sound
velocity attenuation measurements have been interpret-
ed with a specific-heat critical exponent of a=0. 14, not
too far from what is expected for the Ising like behavior.
The specific-heat critical exponent has also been mea-
sured with a calorimetric technique and the obtained ex-
ponent was a= —0. 12. Although this seems to be in
agreement with what is predicted from the Heisenberg
model, the authors, on the basis of a detailed statistical
analysis of their data, argue that this conclusion can be
neither confirmed nor excluded. The argument is based
on the presence of a systematic error in the measurement
due to an anisotropic thermal expansion coefficient in the
vicinity of the transition temperature which is the origin
of the systematic error in the comparison between the ex-
perimental results (constant pressure) and theoretical pre-
dictions (constant volume). In the same paper, thermal
conductivity data as a function of temperature have been
reported. They show a decrease with a temperature in-
crease with a peak, which has been regarded as an experi-
mental artifact, and a change in slope at the transition
temperature.

III. EXPERIMENTAL

The experimental setup used was a standard photopy-
roelectric configuration. Several Cr20, slices of about 5

mm in diameter and difFerent thickness have been cut and
polished from a 3N purity single-crystal ingot. One side
of the sample was in thermal contact with a 300-p,m-
thick LiTaO& pyroelectric transducer by means of a cou-
pling fiuid whose infiuence on the heat transport process
is negligible as will be shown later. The other sample sur-
face was heated by an acousto-optically modulated He-
Ne laser. The photopyroelectric signal amplitude and
phase were obtained by a two phase lock-in amplifier. It
has been shown' that if the sample is optically opaque
(p&« /„ where p,&

is the optical penetration depth, I, is
the sample thickness and subscripts s and p refer to the
sample and the transducer, respectively), the pyro and
the sample are thermally thick (p, « I, ~ where
p='t/2D/co, D =k/pc is the thermal difFusivity and co

the angular modulation frequency) and P,p, ))1, where

P, is the sample absorption coefficient, then,

—+co/2D I

I [ 1+(~~, )~]'~~ p~c~ e, (e~/e, +1)
1/2

P(co) = —arctan(cor, )—
2D

where Io is the nonre6ected light source irradiance in-
cident at the sample surface, g, is the nonradiative con-
version elciency, p is the density, f, = 1/2m ~, is the
transducer plus detection electronic cutoff frequency,
e =&pck is the thermal effusivity, and c and k are the
specific heat and the thermal conductivity, respectively.
The sample thermal diffusivity can be calculated from the
signal phase and then substituted in the signal amplitude
to obtain the sample thermal effusivity. The thermal con-
ductivity and specific heat can be calculated as follows:

c, =e, /p, +D„k,=e,~D, .

It has been shown" that in Cr203 there is no discontinui-
ty in the volume of the unit cell at T, and that the
thermal expansion is so small that the error we make con-
sidering the density as a constant all over the investigated
temperature range in the derivation of the specific-heat
value is negligible. It is worthwhile to note that with the
present technique the critical behavior of static and dy-
namic quantities can be studied on the same sample un-
der the same experimental condition, such as thermal
gradients, heating rate, etc., and that would be very help-
ful when using the results of the measurements in scaling
laws.

We used a negative lens to spread the light on a larger
area with respect to the beam diameter so as to control
the power density impinging on the specimen. In all the
experiments the illuminated area of the sample was much
greater than its thickness to allow a one-dimensional ap-
proach for which Eqs. (1) and (2) have been obtained.
The sample and the transducer were contained in an oven
whose temperature rate change was of (4+1) mK/min.
Data were collected every 2 mK and the sample tempera-
ture was controlled by means of a thermistor. The sam-
ples' surfaces have been blackened with a thin layer of
carbon black to make sure that no contribution due to
possible reflectivity changes are present in the signal. It
is well known that a too high power density and a too fast
heating rate can affect the results of the measurement, the
sample not being in thermal equilibrium. We successive-
ly decreased both the heating rate and the power density
down to values where a further decrease gave no effects
on the measurement. Different measurements at difFerent
frequencies in the range 20-80 Hz have been performed:
the obtained results for the thermal parameters were the
same within the experimental errors. This ensures that
there is no effect due to the thermal coupling Suid, which
was silicone grease. Several runs have been performed
heating the transducer alone to check for a significant
variation of its pyroelectric constant and thermal proper-
ties in the temperature range 20-60 C. In agreement
with that reported in Ref. 12, no variations were observed
provided that the transducer was constraint free. On the
other hand, during the measurement the sample itself can
act as a constraint for the transducer. We made runs
with the sample attached on the opposite sides of the
transducer with respect to the heated one and again no
variation of the pyroelectric constant and transducer
thermal parameters were detected provided that the saxn-

ple surface was small with respect to the pyro one.
A frequency scan has been performed for each sample
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FIG. l. Photopyroelectric signal phase vs square root of fre-

quency for a 350-pm-thick Cr203 sample.
FIG. 2. Specific heat vs temperature: CI data taken from Ref.

2; o data obtained from a 350-pm-thick sample.

to experimentally determine the frequency at which the
condition for the validity of Eqs. (1) and (2) are fulfilled.
In particular, from Eq. (2), a linear dependence of the sig-
nal phase vs ~f must be expected if co~, ))1. Figure 1

shows the results obtained for a 350-pm-thick sample: a
region of linear dependence is clearly evident for frequen-
cies greater than 30 Hz. For such a sample the measure-
ments were performed at 78 Hz. This linear dependence
is more experimental evidence that the results are not
inffuenced by the presence of the coupling ffuid. Choos-
ing the working frequency well within the linear region of
a frequency scan for each measured sample the same
behavior of the thermal parameters have been obtained,
thus confirming the homogeneity of the ingot from which
the samples were cut. A normalization on the amplitude
and phase of the signal have been performed using data
reported in Ref. 2 for the specific heat and thermal con-
ductivity at 50'C, which is a temperature away from the
transition one so that possible difFerences in the sample
purity and homogeneity are not relevant. This normali-
zation is necessary to make the results dependent only on
the sample parameters, the modulation frequency and the
pyro thermal effusivity being known. It must be noted
that the transition temperature for our samples is always
higher than the one reported in Ref. 2 thus denoting a
better sample quality. %e have also annealed one of our
samples in a nitrogen atmosphere at 850'C for 40 h, al-
lowing it to cool down to room temperature in 24 h to re-
move possible mechanical stresses that can afFect the crit-
ical behavior of the thermal parameters. Again the ob-
tained experimental results were similar to the ones ob-
tained in as-grown samples.

IV. EXPERIMENTAL RESULTS
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tivity at 50'C. DifFerences among samples can be
relevant in this calibration procedure, especially in a tem-
perature region close to the transition, where, because of
the possible strong temperature dependence of thermal
parameters, impurities and crystal imperfections can sub-
stantially alter the critical behavior. Since the width at
half maximum of the specific heat is less than 2'C we
think that 50'C is sufficiently far from the transition tem-
perature, which is at about 34'C, to minimize the efFect
of the calibration.

There are two main difFerences between the two sets of
data: the peak value is obtained at about 100 mK higher
temperature in our sample, thus confirming the good
quality of the crystal, and a less rapid decrease on both
sides with respect to T, is clearly evident. Figure 3
shows the results obtained from three difFerent samples:
samples b and c were 350 and 520 JMm thick, respectively,
while sample a is the same as sample c after the annealing
procedure already described in experimental section. The
modulation frequency was 78 Hz for sample b and 27 Hz
for samples a and c. The three curves superimpose one
on top of the other but curve a and c in Fig. 3 have been

A. SpeciSc heat

Figure 2 shows the results obtained for the specific heat
of the 350-pm-thick sample at 78 Hz in the temperature
range 29-51'C compared with the ones reported in Ref.
2. As already stated, the photopyroelectric technique
gives relative quantities and, therefore, a calibration is re-
quired. In our case we used the values reported by Bruce
and Cannell, for the specific heat and thermal conduc-
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FIG. 3. Specific heat vs temperature: (a) 520-pm-thick sam-

ple annealed at 850 C for 40 h and cooled down to room tem-

perature in 24 h; (b) 350-pm-thick sample; (c) 520-pm-thick
sample. The modulation frequency was 78 Hz for sample (b)
and 27 Hz for samples (a) and (c). Curves (a) and (c) have. been
shifted down and up of 0.025 J/gK, respectively.



9526 M. MARINELLI et al. 49

0.18 the first thermal diffusivity data, for a magnetic transi-
tion, reported in literature.

I

(

0.12

0 3x10
)

V. DATA ANALYSIS

A. Fitting functions

The critical behavior of the specific heat is generally
described by a function of the form

20 30 40

T('C)
50 60

Cp =(~ «)Itl (1+DIrl")+B+Et, (3)

FIG. 4. Thermal conductivity data vs temperature.

shifted, for clarity, down and up a fixed amount, respec-
tively. The comparison between curves b and c demon-
strates the reproducibility of the measurements and also
the homogeneity of the ingot from which the slices were
cut. As already stated, crystal imperfections or strains in
the sample can substantially alter the critical behavior.
The comparison between curve c and a shows that before
and after the annealing no significant changes can be
detected. This means that in our Crz03 samples there is
no contribution to the critical behavior from the crystal
defects which can be removed with the above mentioned
heat treatment.

where t =(T T, )/—T„a, A, D, B, E, and T, are adjust-
able parameters for T & T, . Primed parameters will be
used for T&T, . The linear term represents a regular
contribution to the specific heat due to the transition it-
self. This means that E must be equal to E'. A trivial
consequence of the continuity of C~ imposes 8=8' if
a &0. This equality, however, must be valid even for pos-
itive a and follows from a more detailed calculation
based on the renormalization group (RG). The term
(1+DItI") is the correction to scaling term which
represents a singular contribution to the leading power if
x =0.5 as known both from experiments' and theory. '

To reduce the statistical correlation among sets of param-
eters the expression we have used in our fitting routine
was

B. Thermal conductivity and thermal diffusivity

Figure 4 shows the behavior of thermal conductivity.
Even if the transition is not as evident as in the case of
specific heat, a clear change in slope in the curve and a
discontinuity in the vicinity of T„shown in the insert,
are detectable. The above-mentioned change in slope is
also evident in the data reported in Ref. 2 and it seems
qualitatively consistent with the one present in our re-
sults.

A completely di8'erent behavior has been obtained in
the vicinity of T, : while Bruce and Cannell reported a
peak which has been attributed to some experimental ar-
tifact, a discontinuity which will be discussed later on, is
present in our data. A sharp dip, due to "critical slowing
down, " has been obtained in the thermal diffusivity as
shown in Fig. 5. To the best of our knowledge, these are

0.034

0.032—

0.03—

0.028—

Provided that we consider IT T, I
as I(T—T, )/1E I, —

parameters in Eqs. (3) and (4) have the same units, even if
the standard errors between the two sets cannot be com-
pared in an easy way. Therefore, the same relations
which apply among the parameters in Eq. (3) must also
apply to the parameters in Eq. (4). Regarding the
thermal diffusivity, the analysis has been made assuming
that it is given, similarly to the specific heat, by a sum of
a regular term plus a singular one, with a correction term

D = V+ W(T T, )+ Ul T T—, I
"(1+~IT—T, I")

(with b &0) . (5)

The constraint on the exponent b is due to the fact that D
cannot diverge at T, . Correction terms in the thermal
transport parameters are sometimes necessary to account
for the departure from universality as in the case of liquid
He. ' %e used a correction to the scaling factor similar to
the one for the specific heat with the same exponent
x =0.5.' The reason for this particular choice will be
clear in the following discussion of the results. The
thermal conductivity was obtain. ned from the specific heat
and thermal diffusivity data.

0.026 '-
B. Fitting yrocedure

0.024
25
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FIG. 5. Thermal diffusivity data vs temperature.

Specific-heat data for T & T, and T&.T, were simul-
taneously fitted with a nonlinear least-squares routine, in-
itially assuming D =D'=0. Regarding the other parame-
ters B=B', E=E', a=a', and T, =T,' were the con-
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TABLE I. Results of the St for the specific-heat data with no correction to scaling term.

tmax

t;„(T(T, )

t,-„(T)T,)

T, (K)
a

A' (J/gK)
A (J/gK)
E (J/gK)
B' (J/gK)
B (J/gK)

A/A'
rms

Fit 1

5X10
3.0X 10
4.9X 10-'

307.173+0.025
—0.043+0.006

( —4.6+0.1)X 10-'
( —5.5+0.1)X 10
( —5.8+3.0) X 10-'

1.40%0.01
1.40+0.01
1.20+0.05
0.00155

Fit 2

8X 10-'
3.1X10-'
7.5 X 10

307.264+0.025
—0.12+0.05

( —2.9220.06) X 10
( —1.27+0.06) X 10-'

( —5.620.8) X 10-'
1.22+0.01

(9.8%0.1)X 10-'
0.43+0.03

0.00179

Fit 3

5X10
3.3X 10-'
2.6X 10

307.258+0.025
—0.046+0.008

( —6.67*0.06) X 10-'
( —3.21+0.06) X 10

( —3.4+0.8) X 10-'
1.60+0.01
1.17+0.01
0.48+0.02

0.00149

Fit 4

3X 10-'
3.2X 10
2.4X 10

307.259+0.025
—0.0046+0.008

( —6.7920.06) X 10
( —3.18%0.06) X 10

( —3.3+0.8) X10
1.61%0.01
1.17+0.01
0.47+0.02

0.00148

straints used during the fit. First we made a rough es-
timation from the data plot of the region affected by the
rounding and those data points that were not considered
in the fit. We next fixed a value for T, and all the other
parameters were least-squares adjusted. At this point T,
was released and the data fitted again.

For every fit we looked not only to rms deviation but
also to the deviation plot, which is a plot of the difference
between the fitted value and the measured one as a func-
tion of reduced temperature. Using these plots it was
also possible to decide in a more accurate way which data
points close to T, were affected by the rounding. The fit

was then repeated with a consequent improvement of its
quality.

Next we tried to extend the temperature range includ-

ing data that could be fitted with the same power law.
We first fixed the t~;„and increased t,„up to values
where no changes were detected in the fit quality. The
same procedure was then repeated fixing t and de-

creasing t;„ to go as close as possible to T„ looking for
the widest temperature range where a single power law
best represented the data and bearing in mind that a pos-
sible crossover could be expected for CrzO&. Checks on
the constraints on B and a were also made after t;„andt,„had been fixed. We first released the condition a =a'
but fits made for T & T, and T)T, gave values of the ex-

ponent which were equal within the errors. The same
procedure and the same results were obtained when
releasing the constraint B=B'. These checks also proved
some prediction of the Renormalization Group Theory.

Finally, we add the correction to scaling term to our
fitting function to check for an increase of the tempera-
ture range where the data can be fitted by the same power
law. In this case we put the constraint x =0.5. The sta-
tistical errors for each parameter were calculated as the
quantity which produce a variation of one standard devi-
ation in the function which had to be minimized, adjust-
ing all the other parameters to their best values. The
function we minimized was a y -like function and the un-
certainty in the case of specific heat was 0.08%, while for
the thermal diffusivity it was 0.04%.

The same fitting procedure was also used for the
thermal difFusivity. In this case we did not put any con-
straint on b.

C. Results
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FIG. 6. Deviation plots corresponding to fits of Table I with
D=D'=0: (a) Fit 1 with B=B', (b) Fit 2; and (c) Fit 4 with
BAB'.

1. Specijfc heat

The results of the fits for the specific heat are reported
in Table I and the corresponding deviation plots are
shown in Fig. 6. Fit 1 has been obtained with D =D'=0,
B=B', and t,„=5 X 10

The fit quality is not very good as can be seen from the
deviation plot of Fig. 6(a). A systematic deviation is evi-
dent near t =10 and the t;„values of this fit are larger
than the ones of any other fit. A further reduction of t,„
gave a fit which was valid over less than one decade in re-
duced temperature. Moreover, the values of the critical
exponent a= —0.043+0.006 and of the amplitude ratio
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TABLE II. Results of the fit for the specific heat with the correction to scaling factor included in the
fitting function.

tmax

t;„(T(T, )

t;„(T&T, )

T, (K)

A' (J/gK)
A (J/gK)
E (J/gK)
B (J/gK)

Dt

D
A/A'
rms

Fit 5

8X10
3.4x10-'
6.5x 10-'

307.249+0.025
—0.032+0.006

( —4.8+0.1)x 10-'
( —6.3+0.1)x 10-'
( —1.8+0.4) x 10-'

1.46+0.01
(1.2+0.5) X 10

(
—5.4+2.6) x10-'

1.25+0.05
0.00177

Fit 6

5 X10-'
3.1x10-'
4.6X10 '

307.245+0.025
—0.032+0.007

(
—5.8+0.1)X 10

( —7.2+0. 1)X10
( —1.9+0.4) x 10-'

1.55+0.01
(8.8+2.9) X 10

( —6.0+2.0) x 10-'
1.25+0.04
0.00152

Fit 7

3X10
3 x10-'
6x 10-'

307.257+0.015
0. 10+0.02

(1.7+0.1)x 10-'
(8.1+0.9) X 10

( —3.3+0.9) X 10
(7.9a0. 1)x10-'

( —1.9+0.9)x 10
( —2.2+0.9) X 10

0.48+0.08
0.00147
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A/A'=1. 20+0.OS do not agree with any theoretical
prediction.

Following the procedure of Ref. 2, we next allowed a
discontinuity in the specific heat at T, (BAB'), with
D=D'=0. The fit quality improved as shown in the de-
viation plot reported in Fig. 6(b). Moreover, the fit is val-
id over a wider reduced temperature range. The results
(Fit 2) are very similar to those obtained in Ref. 2:
though a= —0.12+0.05 is not too far from the Heisen-
berg behavior, the A /A ' =0.43+0.03 is in strong
disagreement with the theoretical predictions. For the
Heisenberg system we expect o;= —0. 115+0.009 and
A /A '=1.52+0.02 (Ref. 16). Fits 3 and 4 have been ob-
tained with t,„=S X 10 and t,„=3 X 1 0, respec-
tively.

The deviation plots of Fits 2 and 4 are reported in Figs.
6(b) and 6(c), respectively. The disagreement with
Heisenberg predictions becomes more evident mainly in
the critical exponent which increases. No agreement
with any other model can, however, be found.

Next we tried with DAD'%0 and B=B', the results of
these 6ts are reported in Table II, while the correspond-
ing deviation plots are shown in Fig. 7. Fit 5 shows the
results we have obtained for t,„=8 X 10

It is clearly evident from the deviation plot shown in
Fig. 7(a) that the fit quality is rather good and the rms de-
viation value is about the same of Fig. 2. Nevertheless,
the values a= —0.032+0.006 and A/A'=1. 25+0.05
seem to indicate a nonuniversal behavior. Since, as stated
earlier on, there is a possibility of a crossover for this ma-
terial from Heisenberg to Ising very close to T„we tried
to reduce t,„. Fit 6 shows the values we obtained fort,„=SX10 and the deviation plot is shown in Fig.
7(b). Again, no universal behavior can be recognized.

If t,„ is further reduced to t,„=3X 10 a strong in-
dication of an Ising-like behavior, for which
a =0. 110+0.0045 and A /A ' =0.51 (Ref. 17) are expect-
ed, was found. Fit 7 shows these results where
a=0. 10+0.02 and A /A'=0. 48+0.08, while the corre-
sponding deviation plot is reported in Fig. 7(c). Fit 7,
which is shown in Fig. 8 with experimental data points
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FIG. 7. Deviation plots corresponding to fits of Table II with
8 =B', DAD'WO: (a) Fit 5; (b) Fit 6; and (c) Fit 7.

FIG. 8. Specific-heat data vs reduced temperature. Symbols
are much larger than the experimental errors {see text). The
solid line corresponds to Fit 7 of Table II.
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close to T„ is the one which allows the lowest values of
t;„on both sides of T, . To check if the abrupt change in
a between Fits 6 and 7 of Table II can be due to the ex-
istence of two similar least-square minima, we made fits
with a fixed. With a =0.10 and the same t,„and t;„of
Fig. 6, we found a fit with a rms=0. 00176, which is
larger than the one of Fig. 6 and a deviation plot shown
in Fig. 9(a) which shows systematic deviation close to T, .
On the other hand, fixing a= —0.032 and the same t,„
and t;„ofFit 7, we found a fit with rms=0. 00187 which
is larger than the one of Fit 7 and, again, the deviation
plot, shown in Fig. 9(b), clearly shows systematic devia-
tion close to T, . These results seem to suggest that while
the data close to T, can be described with an Ising-like
behavior, a crossover to Heisenberg is present if t,„ is
increased.

The data points not included in the fit lie in a tempera-
ture interval of 96 mK around T, . We do not have
sufficient information to decide whether this "rounding"
is due to the sample imperfections and impurities or to
thermal gradients introduced by the measuring tech-
nique. Nevertheless, we are inclined, by our experience
on the study of liquid crystal phase transitions, ' which
have been studied with the same experimental setup, to
conclude that the thermal gradients due to the experi-
mental setup play a role in a temperature region smaller
than 20 mK around T, . On the other hand, crystal im-

perfections do not seem to be relevant as shown in Fig. 3,
so we can argue that the "rounding" is mainly due to im-

purities, even if it is not clear why t;„for T & T, is much
smaller than t;„for T & T, .

We can conclude from the above-mentioned results
that the introduction of a discontinuity at T, or, alterna-
tively, of a correction to the scaling term, improves the fit

quality, but, while in the second case there is strong evi-
dence of an Ising-like behavior close to T„ in the first
case the results agree neither with Ising nor with Heisen-
berg model predictions.

2. Thermal diffusivity

The results of the fits for the thermal diffusivity are re-
ported in Table III and the corresponding deviation plots
are shown in Fig. 10. Fit 1 was obtained with F=F'=0
and V= V'. The rms deviation for this fit is smaller than
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FIG. 9. Deviation plots corresponding to fit of the specific-
heat data: (a) a Sxed to 0. 10—same t range of Fit 6 of Table II;
(b) a fixed to —0.032-same t range of Fit 7 of Table II.

the corresponding value of our best fit for the specific
heat (cf. Fit 6 of Table II) but we must be careful in the
comparison of these two values. Thermal difFusivity data
are much less scattered than the specific-heat ones as can
be seen from the comparison of Figs. 3 and 5. For this
reason we expect a larger rms deviation for the best fit of
the specific heat than the corresponding one of the
thermal diffusivity. As a matter of fact, if we look at the
deviation plot corresponding to Fit 1 of Table III report-
ed in Fig. 10(a), a systematic deviation close to T, is

clearly evident.
Further reduction of t gave fits valid over less than

one decade and we did not consider them. So we next al-
lowed a discontinuity (VXV') at T, also in the case of
thermal diffusivity. Discontinuities in D have been re-
ported in literature for several liquid-crystal phase transi-
tions and no explanation was available until now.

Fit 2 shows the results we have obtained fort,„=8X 10 . The rms deviation value we obtained is
close to the one of Fit 1 and the deviation plot, reported
in Fig. 10(b), continues to shows systematic deviations
close to T, .

Improvements have been obtained decreasing t,„ to

TABLE III. Results of the fit for thermal diffusivity data with no correction term.

tmax

t;„(T(T, )

t;„(T&T, )

T, (K)
b

U' (cm /s)
U (cm /s)
W (cm /s)
V' (cm /s)
V (cm /s)

U!U'
rms

Fit 1

5X10
1.6x10-'
5.7X 10

307.136+0.02
—0.18+0.03

(3.2+0.5) X 10
(6.5+0.5) X 10

( —6.6+0.6)X 10
(2.47+0.05) X 10
(2.47+0.05) X10 2

2.03+0.47
0.00076

Fit 2

8X10
2x 10-'

3.5x 10-'
307.176+0.015
—0.27+0.03

(3.3+0.6) X 10
(3.5+0.4) X 10

( —3.5+0.8)X10 4

(2.48+0.06) X 10
(2.74+0.04) X 10

1.06+0.31
0.00050

Fit 3

SX10
1.9X 10
3.4x10-'

307.181+0.015
—0.26+0.03

( —3.4+0.7) X 10
( —3.5+0.6) X 10

( —3.0+1)x10-'
(2.45+0.09)x 10-'
(2.74+0.09)X10 '

1.03+0.37
0.00044

Fit 4

3x 10-'
3x10-"

1.4x 10-'
307.254+0.015
—0.09+0.02

( —1.26+0.09)X 10
( —5.5+0.7)x10-'
(2.8+2.4) x 10-'

(1.61+0.09)x 10-'
(2.50+0.09)X 10

0.44+0.08
0.00051
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5X10 and 3X10, respectively, as can be seen from
Fits 3 and 4. The deviation plot of Fit 4 is shown in Fig.
10(c).

Table IV shows the results we obtain setting FAF'%0
and V= V'. The deviation plot corresponding to Fit 5,
reported in Fig. 11(a) which has been obtained witht,„=8X10,shows rather small systematic deviation.
Though this fit seems statistically acceptable, we tried to
reduce t,„ to investigate the possibility of a crossover.
Fit 6 corresponds to t,„=5X10 . No significant vari-
ations are evident in the rms value but also in the devia-
tion plot which remains quite good as can be seen from
Fig. 11(b).

FIG. 11. Deviation plots corresponding to fits of Table IV
with V= V'and F/F'AO: (a) Fit 5;(b) Fit 6;and(c) Fit 7 .

For t,„=3X10 the best fit (not reported in Table
IV) was obtained with a positive b value. This fit is not
acceptable since a positive b does not give the right
asymptotic behavior for D which is expected to remain
finite as T approaches T, .

Assuming a nonsingular behavior for k (cf. Fig. 4) and
since D =k /pc, we tried to fit the data in this interval
with the function

V+ W(T T,)—D= (with b (0),
1+UiT T, i (1+F(T T,—i

)—
where the linear term in the denominator coming from
the specific-heat expression has been neglected (cf. Fit 7

TABLE IV. Results of the St for the thermal diffusivity with the correction to scaling factor included in the fitting function. Pits
5, 6, and 8 have been obtained using Eq. (5), while Fit 7 has been obtained using Eq. (6). The parameters in Fit 7 have different

meanings and therefore different units with respect to the ones of the other fits (see text).

tmaxt,„(T(T, )

t-,„(T)T, )

T, (K)
b

U' (cm /s)
U (cm /s)
W (cm /s)
V (cm s)

F'
F

U/U'
rms

Fit 5

8x 10-'
1.8X10-'
3.8x10-'

307.190+0.015
—0.015+0.002

(2.47+0.2) X 10
(2.76+0.2) x 10-'

( —2.8+1.5) x10-'
(2.35+0.01)X 10
(4.8+0.5) X 10
(3.0+0.5) X 10

1.12+0.17
0.00041

Fit 6

5x 10-'
1.8X 10
3.8X10 "

307.192+0.015
—0.016+0.002

(2.50+0.2) X 10
(2.80+0.2) x 10-'

( —3.0+1~ 5) x 10-'
(2.13+0.01}X 10
(4.3+0.5) X 10
(2.7+0.5) X 10

1.12+0.17
0.00039

Fit 7*

3x 10-'
3X 10-'

2.5X10
307.249+0.015
—0.11+0.02

(2.00+0.05) X 10
(8.3+0.6) x10-'
( —5+5) X 10-'

(3.24+0.05) X 10
(
—2.9+1.5) X 10

(
—2.7+1.5) X10

0.42+0.04
0.00047

Fit 8

2.5X10
3X10 4

4.5X10
307.240+0.015
—0.09+0.01

(6.5+0.3)x 10-'
(1.27+0.04) X 10
(2.6+0.8) X 10

(2.02+0.01)x 10-'
(6+1)x 10-'

(
—3.8+0.5) x 10-'

1.95+0.08
0.00034
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FIG. 12. Thermal diffusivity data vs reduced temperature.
Symbols are much larger than the experimental errors (see text).
The solid line corresponds to Fit 7 of Table IV.

Table II). It should be noted that even if, for the sake of
simplicity, we used the symbols for the parameters V, W,
U, and Ii in Eq. (6) and for Fit 7 of Table IV, they have
different meanings and different units with respect to the
ones of Eq. (5). The obtained results correspond to Fit 7.

Both the rms value and the deviation plot shown in
Fig. 11(c}demonstrate the good quality of the fit. A good
fit, with a deviation plot (not shown) similar to the one of
Fig. 11(c},also can be obtained using Eq. (5) as fitting
function and putting a constraint on b which was not al-
lowed to be positive. The results correspond to Fit 8.

Although this fit is valid in a narrower reduced temper-
ature range, in this case we do not need make any as-
sumption on the k behavior. It should be also noted that
Fits 7 and 8 have approximately the same critical ex-
ponent which is also very close in modulus to the one of
Fit 7 of Table II. Figure 12 shows the diffusivity data
compared with Fit 7.

VI. DISCUSSION

A. SpeciSc heat

As far as we know, the only high-resolution data avail-
able on the critical behavior of the specific heat of Crz03
are the ones reported in Ref. 2. In that case the obtained
result for the critical exponent was —0.12+0.03, which
is quite close the theoretical prediction for a Heisenberg
model. The authors, however, pointed out that behind
this value of the critical exponent there were, in the re-
sults of the fit, at least two points which could not be ex-
plained. They were not able to fit the data without a
discontinuity in c at T, (8%8 ) and obtained an ampli-
tude ratio A /A'=0. 56, which is much smaller than the
value of 1.52+0.02 expected in 3D for the Heisenberg
universality class in the second-order c expansion. '

They suggested an explanation for this apparent
nonuniversal behavior of the specific-heat data which was
based on a possible systematic error present in the mea-
surement due to the difference between c (measured
value) and c„(theoretical prediction). The Heisenberg
behavior was, therefore, neither confirmed nor excluded
for Cr~03. The authors also argue that the presence of
such a systematic error can be a severe limit whenever a
comparison between theory and experiment is attempted.

To check this hypothesis, a detailed knowledge of the ex-
pansion coefficient and of the elastic constants of the ma-
terial, which allow an estimation of c -c„ together with
very high-quality materials, to go closer to T„are re-
quired.

The results reported in Table I (cf. Fit 2) are essentially
consistent with the ones reported in Ref. 2. A good fit
can be obtained only if a discontinuity at T, is allowed in
the specific heat. The results of this fit, however, can be
explained neither with a Heisenberg behavior nor with an
Ising one. On the other hand, Fit 7 of Table II, which
has been obtained with the introduction of a correction to
scaling factor, seems to support an Ising-like behavior,
since the critical exponent was a =0.10+0.02 and
2/2'=0. 48+0.03. It should be noted that the fits in
Ref. 2 have been performed including about 27 points on
each side of T„while Fit 7 of Table II has been calculat-
ed over more than 400 points on each side. This is prob-
ably the reason why the correction to scaling term in the
data analysis of Ref. 2 gave no effect.

B. Thermal diffusivity and thermal conductivity

The dynamic models corresponding to Heisenberg and
Ising behavior for an antiferromagnet are essentially
based on the presence in the Hamiltonian of terms which
can allow or not allow its invariance under rotation of the
axis of spin quantization. If this invariance is allowed,
then we have the so-called "isotropic" antiferromagnet
model, which is the dynamic analog of the Heisenberg
model in statics, whose thermal conductivity is expected
to diverge at T, .' This is not the case of the k data re-
ported in Fig. 4, which do not show any divergence at the
transition temperature. On the other hand, the specific-
heat data seem to suggest an Ising-like behavior very
close to r, . Let us now derive what we have to expect
for D in the case of an anisotropic antiferromagnet with
n =1. The only conserved quantity in this case can be
the energy E since the order parameter, which represents
the staggered magnetization, is not conserved. In real
systems, energy conservation depends on the rate of ener-

gy transfer from the spins to phonons; if this rate is slow
compared to the spins exchange frequencies, then we can
consider the spin system as thermally isolated (model C).
If this is not true, the system is better described by a
model with no energy conservation (model A). One of
the consequences of the conservation of energy is that the
heat conduction mode is purely diffusive.

Assuming that the dynamic scaling hypothesis is appli-
cable to the energy (extended scaling '), it has been

zE
shown that for model C coE=iDq ~q where q is the
mode wave vector, zE=2+a/v, and a=max(a, 0).
Now, since D ~ hT, we obtain

2Dq2 ~ gblvq2 (qg)blv 2 b/v

where g is the correlation length and therefore
zE =2—b/v. This means that for model C we have to ex-
pect —b -a. RG calculations have shown that, for
model A in the region where c diverges, the noncon-
served energy relaxes with the same exponent of the or-
der parameter zE =2+col, where c =0.726(1 —1.69'
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+ . . ). All this demonstrates the usefulness of the mea-
surement of the critical behavior of c and D to clearly es-
tablish the universality class to which the system belongs,
particularly if the measurements are made simultaneously
under the same experimental conditions and with the
same sample.

It is evident looking at the deviation plots reported in
Fig. 10(a) that good fits cannot be obtained with the con-
straints V= V' and F=F'=0. It is also evident that in
the case of the thermal diffusivity, the introduction of a
discontinuity at T, (VX V') gave no substantial improve-
ments in the fit for gati &8X10 [cf. Fig. 10(b)]. This
was not the case of the specific heat where the release of
the constraint B=B' led to an improvement in the fit

quality for gati &8X10, though no agreement with
theoretical predictions was found. As already stated,
however, the comparison of the deviation plot of Fig. 6(b}
with the one of Fig. 10(b) can be misleading since the un-
certainty of the specific-heat data is larger than the one of
the thermal diffusivity ones. We can therefore conclude
that the fits on the thermal diffusivity are, in general,
more "reliable" than the ones for the specific heat, as can
also be seen from the errors in parameters.

Now, while in the case of the specific heat, good fits
over wide temperature ranges were obtained either with a
discontinuity at T, or with a correction to the scaling fac-
tor, in the case of thermal difFusivity a good fit valid for

~

t
i

& 8 X 10 can be obtained only if a correction term is
included in the fitting function. It is also interesting to
note that both Fits 7 and 8 of Table IV show that

b-a, in a—greement with what is expected for the mod-
el C which is valid for a uniaxial antiferromagnet. This
conclusion is also consistent with the one we have drawn
from Fit 7 of Table II.

It is well known that anisotropy fields can be due to
mechanical stresses. The results we got for c, k, and D
for the annealed sample seem to rule out this possibility
for Cr203. Regarding the purity, it seems to be larger
than the one of the sample used in Ref. 2 since the transi-
tion temperature is about 0.1 K higher. Even if no com-
parison is possible with samples used in other experi-
ments, we think that the 3N purity of our sample is close
to the best attainable value. Uniaxial behavior was, on
the other hand, obtained very close to T, (t & 3 X 10 )

where an Ising-like behavior is expected even for a weak
uniaxial antiferromagnet as Cr203

As stated earlier in our remarks on thermal conductivi-
ty, data are in qualitative agreement with the ones report-
ed in Ref. 2 for temperatures away from the transition
temperature. Close to T„however, a strong disagree-
ment has been found. Bruce and Cannel reported a peak
in k at T, which was attributed to some experimental ar-
tifacts. Our data, on the contrary, clearly show a discon-
tinuity whose origin is not completely understood at the
moment. The approximately linear behavior with no
anomaly, which we have found close to T, (cf. the insert
of Fig. 4}, is consistent with the conclusions already
drawn for c and D.

VII. CONCLUSIONS

We have used high-resolution photopyroelectric
calorimetry to simultaneously measure the critical
behavior of specific heat, thermal conductivity, and
thermal diffusivity of Cr20& at the antiferromagnetic-
paramagnetic phase transition. An Ising-like behavior
has been found for it i

& 3 X 10,while increasing t,„a
crossover seems to appear. These results are confirmed
by the thermal diffusivity data, which can be fitted in the
same reduced temperature range of the specific hest ac-
cording to a model for an uniaxial antiferromagnet with
energy conservation.

To check for possible mechanical stress induced anisot-
ropy we annealed one sample, but no significant varia-
tions have been detected in the critical behavior. No
anomaly has been found in the thermal conductivity,
where a small discontinuity is present at T, .

The k behavior is approximately linearly dependent
upon T with a change in slope at T, . This result is con-
sistent with the ones obtained for the specific heat and
the thermal diffusivity which have the approximately
same critical exponent with different sign, thus not sug-
gesting an anomaly at T, .
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