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The photopyroelectric technique has been used to simultaneously study the critical behavior of the specific
heat, thermal conductivity, and thermal diffusivity at the antiferromagnetic-paramagnetic phase transition of
RbMnF3. It has been shown that the critical exponent of the diffusivity is equal to the specific heat one. This
result, together with the ones already reported for Cr2O3 and FeF2 at the same transition, shows that there is no
influence of the uniaxial anisotropy field on the critical behavior of the thermal diffusivity. A broad cusplike
maximum has been found in the thermal conductivity close to the Ne´el temperature. It has been attributed to
the decreasing importance of the scattering of phonons by the spin fluctuation with respect to other nonmag-
netic scattering processes once the transition temperature is approached.@S0163-1829~96!00229-9#

I. INTRODUCTION

An interesting point in the study of the critical behavior of
the thermal conductivity (k) and thermal diffusivity~D5k/
rc, wherec is the specific heat andr is the density! is the
one regarding the effect of critical fluctuations in the spin
system close to a magnetic phase transition. The spin-phonon
coupling in magnetic materials is usually small, and there-
fore high-resolution techniques are needed for experimental
investigations. It has been recently shown1 that photothermal
techniques can be used for high-resolution measurements of
thermal parameters. The photopyroelectric configuration, in
particular, has been used to simultaneously monitor the criti-
cal behavior ofc, k, and D close to antiferromagnetic-
paramagnetic~AF! phase transition of uniaxial magnetic
insulators.2,3 A question may arise whether the uniaxial an-
isotropy field has an effect on the critical behavior of the
dynamic thermal parameters close to the AF transition. No
theoretical predictions are at present available for the critical
behavior ofk andD in isotropic systems, while in the case of
uniaxial systems there is a theoretical prediction4 which has
been recently confirmed in the case of FeF2.

3

In the present paper we shall report on high-resolution
simultaneous measurements of the specific heat, thermal
conductivity, and thermal diffusivity at the anti-
ferromagnetic-paramagnetic phase transition of RbMnF3.
This compound is a well-known isotropic antiferromagnet
and probably the closest realization of a three-dimensional
~3D! Heisenberg antiferromagnet. The obtained specific heat
data are in close agreement with high-resolution data avail-
able in the literature5 and with the theoretical predictions of
the 3D Heisenberg model. The thermal diffusivity shows a
dip atTN and a critical exponentb, which is approximately
equal the specific heat onea. The thermal conductivity
shows a broad peak aroundTN , which is attributed to the
effect of spin-phonon scattering on the heat transport pro-
cess. Since these results are similar to the ones obtained in
the case of the uniaxial FeF2,

3 whereb52a and a broad

peak was observed ink aroundTN , it seems that the uniaxial
anisotropy plays no appreciable role.

II. SAMPLE CHARACTERISTICS

RbMnF3 has a cubic perovskite structure with a lattice
constant a54.218 Å,6 which is maintained at all
temperatures.7 With respect to other antiferromagnets, it has
only a small anomaly in the thermal expansion atTN , which
indicates a stable lattice structure.8 The density is 4.317
g/cm3 at room temperature.9 The magnetic uniaxial anisot-
ropy fieldHA54.5 Oe~Ref. 10! is very small if compared to
the exchange field, the ratio of the two being 631026.11 This
is due to the fact that the Mn21 cation has no orbital moment
and there is no dipolar interaction because of the cubic struc-
ture of the site. RbMnF3 can therefore be well described by a
Heisenberg Hamiltonian with a nearest-neighbor interaction.
Spin-wave dispersion measurements showed that the nearest-
neighbor exchange constant isJ50.2960.03 meV, while the
second neighbor constant has a value of less than 0.02
meV.12 The Heisenberg-like behavior in the vicinity ofTN
has been confirmed by many experimental results. Specific
heat measurements gavea520.1460.01 with an amplitude
ratio A1/A251.4060.04.5 This value agrees quite well the
theoretical predictions of the 3D Heisenberg model where
a520.11560.009 ~Ref. 13! and A1/A251.58.14 Similar
agreement has been found for the critical exponents
h50.05560.010, n50.70160.011, and g51.36660.024,
obtained from neutron scattering experiments,15 and the
theoretical predictions. Ultrasound measurements showed a
peak atTN in the absorption coefficient and a velocity shift.

16

Since in RbMnF3 ultrasounds interact essentially with the
energy density fluctuations in the spin system and not with
the order parameter fluctuations, a spin-lattice relaxation
time has been calculated. The theoretical prediction is in ex-
cellent agreement with the experimental observation.17 It has
been also shown that in this compound the strongest cou-
pling for phonons with frequencies of the order of 100 MHz
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is via the strain dependence of the exchange integral~volume
magnetostriction!.18 Thermal conductivity data do not show
evidence of a magnon contribution to the heat transport.9 It
has been shown that this result can be strongly affected by
the presence of impurities in the sample.19 A flat k behavior
has been reported close toTN .

9 The resolution of the mea-
surement was, however, very poor since data were collected
every 1–2 K.

III. EXPERIMENT

The experimental configuration we have used is a stan-
dard back detection photopyroelectric one.1 The sample, usu-
ally in the form of a thin slab, is heated on one side by a
modulated heating source, and the temperature oscillations at
the opposite side were detected by means of a pyroelectric
transducer. In the present work we used as a heating source a
100-mW Ar1-ion laser emitting at 514 nm, acousto-optically
modulated at 27 Hz. Since RbMnF3 is transparent in the
visible, one surface was coated with a 200-nm-thick Ti over-
layer. The sample was in thermal contact with the transducer
through a very thin silicone grease layer. The influence of the
silicone grease and of the Ti layer was negligible. The trans-
ducer we used was a 300-mm-thick, Z-cut, LiTaO3 pyroelec-
tric crystal and the signal was analyzed by means of a lock-in
amplifier. It has been shown1 that if the sample and trans-
ducer are optically opaque and thermally thick,c, k, andD
can be determined simultaneously provided that the sample
density and transducer properties are known. Only two of the
above-mentioned thermal parameters can be obtained from
the measurements while the third is calculated from the re-
lation D5k/rc. In the following we shall assume that the
sample density is constant over all of the investigated tem-
perature region. This assumption seems quite reasonable in
view of the already mentioned thermal expansion data that
show a very stable lattice structure. The sample plus trans-
ducer assembly was mounted in a variable-temperature cry-
ostat, and the temperature rate change was 50 mK/min. We
could vary the light intensity reaching the sample using a
negative lens. The temperature variation rate and the light
intensity were decreased down to values for which further
decrease did not cause any variation in the experimental re-
sults. This was done to keep as low as possible the thermal
gradients introduced in the sample. The spread of the heating
light over the sample surface obtained with the negative lens
also ensured a one-dimensional geometry, since the spot size
and therefore the heated area were much larger~'1 cm! than
the sample thickness.

IV. EXPERIMENTAL RESULTS

Figure 1 shows the specific heat data in the temperature
range 79–89 K compared with some selected data points
taken from Ref. 5. The calibration of our setup has been
performed at 88 K using the specific heat reported at the
same temperature in Ref. 5 and the determination of the ab-
solute value of the thermal diffusivity which has been ob-
tained by a frequency scan2 at the same temperature. The two
data sets superimpose quite well over the whole temperature
range. The agreement gives an idea of the quality of the
measurement for the specific heat, but the same consider-

ation can be extended to dynamic quantities as well since
they are measured simultaneously. We have tried to run mea-
surements at different frequencies within a frequency range
where the thermally thick condition for the sample is still
valid, but we did not observed any significant change in the
data.

Figure 2 shows the thermal diffusivity data that show a
dip at TN due to the critical slowing down. Very similar
behaviors have been obtained for the uniaxial antiferromag-
nets Cr2O3 ~Ref. 2! and FeF2.

3

Figure 3 shows the thermal conductivity data. A broad
peak is clearly visible close toTN . The effect of thermal
gradients in the sample generally results in a rounding of the
signal amplitude and phase close to the transition tempera-
ture. This rounding can produce artifacts in the thermal con-
ductivity as shown in Ref. 3. Specific heat and thermal dif-
fusivity data show that this rounding, if present, is confined
in a temperature region very close toTN ~tens of mK!, and
therefore the broad peak ink, whose width is about 2 K
aroundTN , cannot be an artifact due to the thermal gradi-
ents.

V. DATA ANALYSIS

A. Fitting functions

To fit the specific heat data we choose the expression

cp5B1E~T2TN!1A6uT2TNu2a~11D6uT2TNu0.5!,
~1!

FIG. 1. Specific heat data vs temperature.~j! are specific heat
data taken from Ref. 5.

FIG. 2. Thermal diffusivity vs temperature.
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where6 refers toT.TN and T,TN, respectively. In the
case of the thermal conductivity, we decided to fit the 1/k
data instead of thek ones with the expression

1/k51/knonmag11/kmag5L1M ~T2TN!1N6uT2TNu2g

3~11H6uT2TNu0.5!. ~2!

The reason for this choice relies on the fact that all the ther-
mal resistances associated with the various heat conduction
mechanisms in the system under investigation are in series.
In this way the singular term in the fitting function can be
easily related to the magnetic contribution to the heat con-
duction processes. It must be noted, however, that the mag-
netic contribution cannot be easily separated from the non-
magnetic ones. As an example, let us consider the case of a
cusplike maximum ink. In this case the singular term in Eq.
~2! will have a positive amplitude and a negative exponent
and will go to zero approachingTN . This means that the
constant and linear terms will account for a magnetic contri-
bution, even away fromTN , which cannot be evaluated. A
correction-to-scaling term similar to the one used forcp has
been included in the fitting function.

If we combine Eqs.~1! and ~2! to obtain the thermal dif-
fusivity from the equalityD5k/rc, it turns out that the sin-
gular behavior ofD will be described by a complicated com-
bination of singular terms coming fromc andk. This makes
the comparison with theoretical predictions, when available,
very difficult. As an example, let us consider a model for
critical dynamics which includes a purely diffusive heat con-
duction mode. The characteristic frequency~inverse of the
relaxation rate! of such a mode isvE}Dsingv

2}qzE, where
q is the mode wave vector andDsing is the singular part of
the thermal diffusivity. Applying the dynamic scaling
hypothesis20 and assumingDsing}uT2TNu2b, we obtain
vE}Dsingq

2}jb/nq25(qj)b/nq22b/n and therefore zE52
2b/n, wherej is the correlation length andn is its critical
exponent. In a few cases there are theoretical predictions for
zE as in the case of the so-called modelC,21 where
zE521ã/n, whereã5max~a,0!, and therefore a prediction
for b (b52a) can be obtained. It must be pointed out that
the simple relation fora andb follows from the assumption
we have made aboutDsing. If we choose to obtainD from
Eq. ~1!, Eq. ~2!, and the equalityD5k/rc, we shall end up
with a complicated relation betweena and the singular terms

coming fromc andk. It is therefore much more convenient
to choose an expression forD of the form

D5D reg1Dsing5V1W~T2TN!1U6uT2TNu2b

3~11F6uT2TNu0.5!. ~3!

Equation~3! has been already used to fit the diffusivity data
of Cr2O3 and FeF2, and the choice we have made in the
present paper allows a comparison of the critical behavior of
D between RbMnF3 and the above-mentioned compounds
The fitting procedure forc, 1/k, andD is the same as in Ref.
2.

B. Results

The best-fit curve and the corresponding experimental
data for the specific heat are shown in Fig. 4. The results of
the fit are shown in Table I. The critical exponenta520.11
60.01 is in good agreement with the Heisenberg prediction
20.11560.009.13 The amplitude ratio is consistent, within
the statistical uncertainties, with the one reported in Ref. 5,
the two being systematically smaller than the expected value
of 1.58.14 Our fit has been obtained with the constraint
B15B2, which is expected from the theory, while in Ref. 5,
B1 andB2 were significantly different. The correction-to-
scaling terms are small, and a good fit could be obtained
puttingD15D250. A ratio valueD1/D251.4 is expected
for a 3D Heisenberg system,14 but our results do not fit this
prediction. This is probably due to the rather large statistical
uncertainties that make the above-mentioned comparison un-
reliable.

Figure 5 shows the best-fit curve for 1/k contrasted with
the corresponding experimental data. The fit results are re-
ported in Table I. The singular term has a positive amplitude
and a negative exponent. This means thatk has a cusplike
maximum and not a divergence.

Figure 6 shows the best-fit curve forD and the experi-
mental data, and again the fit results are reported in Table I.
SinceD shows a dip atTN , it must have a cusplike behavior
and this is the reason for the constraintb,0.

FIG. 3. Thermal conductivity vs temperature. FIG. 4. Specific heat data vs reduced temperature
t5(T2TN)/TN . The solid curve corresponds to the best-fit curve.
The dotted line corresponds to the reduced temperature region,
which has not been considered in the fit.
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VI. DISCUSSION

In the next subsections we will make a comparison with
other experimental results and existing theories.

A. Thermal diffusivity

A few considerations can be drawn from the experimental
results up to now available on the critical behavior of the
thermal diffusivity at the AF phase transition. Data are avail-
able for FeF2,

3 which is a quasi-ideal Ising-like system, for
RbMnF3, which is a quasi-ideal Heisenberg-like system, and
for Cr2O3,

2 which shows a crossover from Heisenberg to
Ising-like behavior approachingTN . Theb critical exponent
is approximately the same in all the three above-mentioned
compounds sinceb520.1160.02 for FeF2, b520.09
60.01 for Cr2O3 with t5uT2TNu/TN,1023 andb520.11
60.02 for RbMnF3. This means that the uniaxial anisotropy
field does not play any role on the critical behavior of the
thermal diffusivity. From the analysis of the data, it follows
that the critical exponents forD andc obey, in these antifer-
romagnetic insulators, the relationb52uau. The relation
follows empirically from the experimental data and has, up
to now, no theoretical justification. It is plausible, however,
that, since we have seen that the singularity ink is quite
small andD5k/rc, the resultb52uau for all the cases

investigated so far is a consequence of the cusp inc for the
Heisenberg case and the divergence inc for the Ising case.
With the Heisenberg case, the contribution toc from the
singular term vanishes as the reduced temperaturet ap-
proaches zero. HenceD, which is nearly proportional to the
inverse ofc, will exhibit a nonsingular background and a
singular term, which is a cusp. The singular term will have
the same exponent asc, i.e.,b5a50.11. In contrast, for the
Ising case the singular term is divergent.D is dominated by
the singular term ast approaches zero and will exhibit in-
verse singular behavior with a nonsingular background, i.e.,
b52a520.11. Sincea for the Heisenberg case is nearly
equal in magnitude, but opposite in sign to the Ising case, the
inverse shows little change as the uniaxial anisotropy in-
creases. This view is further supported by the amplitude ra-
tios. For the Heisenberg case we see thatD has the same
amplitude ratio asc, whereas for the Ising case, the ampli-
tude ratio forD is approximately the inverse of that forc. It
is interesting to note that the equality is obeyed even if the
obtainedk behaviors in the vicinity ofTN are rather differ-
ent. In the case of Cr2O3, a small discontinuity and a change
in slope have been found atTN , while in the case of FeF2
and RbMnF3, a broad peak aroundTN , whose width was
about 5 and 2 K, respectively, was found. This means that
short-range processes, such as the scattering of phonons, do
not influence significantly theD critical behavior. This could

FIG. 6. Thermal diffusivity data vs reduced temperature
t5(T2TN)/TN . The solid curve corresponds to the best-fit curve.
The dotted line corresponds to the reduced temperature region,
which has not been considered in the fit.

FIG. 5. 1/k vs reduced temperaturet5(T2TN)/TN . The solid
curve corresponds to the best-fit curve. The dotted line corresponds
to the reduced temperature region, which has not been considered in
the fit.

TABLE I. Values of the adjustable fitting parameters for the specific heat, thermal diffusivity, and inverse of the thermal conductivity
obtained with Eqs.~1!, ~2!, and~3!.

a A1/A2 Tc ~K! B ~J/g K! E ~J/g K! A2 ~J/g K! D2 D1 xn
2

c ~J/g K! 20.11 1.27 83.07 0.60 0.006 20.18 20.005 20.003 1.03
60.01 60.09 60.03 60.01 60.005 60.01 60.005 60.005

b U1/U2 Tc ~K! V ~cm2/s! W ~cm2/s! U2 ~cm2/s! F2 F1 xn
2

D ~cm2/s! 20.11 1.27 83.07 0.067 20.003 0.011 20.2 0.2 0.97
60.02 60.09 60.02 60.008 60.002 60.001 60.3 60.3

g N1/N2 Tc ~K! L ~cm K/W! M ~cm K/W! N2 ~cm K/W! H2 H1 xn
2

1/k ~cm K/W! 20.08 1.1 83.05 4.2 0.04 3.0 20.07 20.01 1.01
60.04 60.2 60.08 60.3 60.02 60.2 60.05 60.04
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be due to the weak spin-phonon coupling and could also be
an important key point in the development of a general
theory of critical behavior of dynamic thermal parameters.

B. Thermal conductivity

The results obtained fork can be more easily discussed in
terms of phonon scattering mechanisms, each of them re-
sponsible for a given contribution to the total thermal resis-
tance. It follows that 1/k51/k~nonmag!11/k~mag! where ‘‘non-
mag’’ refers to phonon-phonon scattering, umklapp,
scattering with impurities, etc., while ‘‘mag’’ refers to the
spin-phonon coupling mechanisms. The magnetic resistive
term originates from the spin-lattice interaction17 and close
to TN from an additional term that accounts for phonon scat-
tering by critical fluctuations of the order parameter. A weak
spin-phonon coupling will result in a small 1/k~mag! , and
therefore the thermal conductivity will be dominated by non-
magnetic scattering processes. This is the reason why a high-
resolution technique is needed to detect a variation ink in the
vicinity of a magnetic phase transition. The poor resolution
was probably the reason why Gustafson and Walker9 did
observe a flatk behavior for RbMnF3 aroundTN . They col-
lected data every 1–2 K, and they had therefore no chance to
observe the peak we have obtained, which has a width of
about 2 K. It should be noted that a peak ink similar to the
one reported in this paper for RbMnF3 has been found in
FeF2

3 where a sharp anomaly ink in a temperature region of
about 30 mK aroundTN superimposed on a broad peak has
been found. The sharp anomaly was in that case attributed to
thermal gradients in the sample. No peak, but rather a small
discontinuity, ink has been found in the case of Cr2O3 at
TN .

2 The transition temperature in this case was 307.26 K. In
this temperature region, however, the magnetic scattering
will be probably completely masked by other nonmagnetic
scattering mechanisms. A decrease is in fact expected in the
relaxation times associated with nonmagnetic scattering pro-
cesses close to room temperature.

There are not very many high-resolution data on the criti-
cal behavior ofk available in the literature, and this is par-
tially due to some experimental difficulties. A thermal gradi-
ent must be introduced in the sample during the
measurement, and this tends to average the output over an
important region close to the transition temperature. Flatk
behavior as well as a dip in the thermal conductivity close to
a magnetic phase transition has been reported in different
compounds. A dip was observed in the two ferromagnets
CuK2Cl4 2H2O ~Ref. 22! and EuO.23 The origin of such a dip
was attributed to the increasing importance of phonon scat-
tering by the fluctuations in the spin system once the transi-
tion temperature is approached. In the case of EuO, however,
the accuracy of the above-mentioned result has been ques-
tioned and a rather flatk behavior was reported later on.24

Similar smoothk behavior was also found in the antiferro-
magnet CoO.24 These results were explained in terms of the
usually small spin-phonon coupling that makes the spin-
phonon contribution negligible with respect to the other pho-
non scattering mechanisms. More recently a dip ink was
reported for Gd,25 but as a result of the complexity of the
system, where electrons also contribute to the heat transport,
no definite conclusion could be drawn on the physical
mechanism responsible for such behavior. In summary, the

critical behavior ofk seems to show a system dependence
that is probably due to the different spin-phonon coupling
mechanisms that are present in particular compounds.

C. Comparison with existing theories

Existing theories on the critical behavior of dynamic ther-
mal parameters are largely incomplete. Kawasaki observed
that since the heat transport is dominated by short-range pro-
cesses such as phonon scattering, no divergence should be
expected forD and k.26 Moreover, since these effects are
system dependent, he suggested that the scaling laws may
not hold for heat transport.26 These arguments and the above-
mentioned small spin-phonon coupling are the reasons why
in modern theories of critical phenomena the heat transport
has been largely ignored. The result is that even in the simple
case of a magnetic insulator it is not clear what behavior for
k andD should be expected close to the transition tempera-
ture.

Thermal diffusivity

The fit results show that thermal diffusivity can be fitted
with a critical exponentb5a. It has been shown that in the
case of the Ising-like system FeF2 the prediction of modelC,
b52a, was confirmed by experimental results.3 In the case
of RbMnF3 the appropriate dynamic model should be model
G in which an additional long-lived mode corresponding to
the long-wavelength components of the spin wave have been
included.4 The heat conduction mode has not been consid-
ered in modelG, and therefore the experimental resultb5a
cannot be contrasted with any theoretical prediction.

Thermal conductivity

As already stated, a theoretical model for the thermal con-
ductivity behavior close to a magnetic phase transition must
consider the different spin-phonon coupling mechanisms that
are relevant in the system under investigation. Bearing in
mind that existing theories are largely incomplete, we can try
to compare our experimental results with some predictions
by Kawasaki for the propagation of high-frequency phonons
close to a magnetic phase transition27 in systems where the
spins couple with the phonons via the volume magnetostric-
tion. Let us assume thatk}L, whereL is the phonon mean
free path. As fork, L can be considered the sum of several
contributions so that 1/L51/L ~nonmag!11/L ~mag! . The ob-
served cusp maximum ink, following our assumption,
means a cusp maximum inL and therefore a singular contri-
bution which vanishes atTN . It has been shown27 that the
critical part of the attenuation coefficient for high-frequency
ultrasounds, in the case of volume magnetostrictive spin-
phonon coupling, can be written as

a~v!5
uT2TNu2~w2a!

TN
v11a/nu,

wherew is a small positive number andu is a parameter
characteristic of the system under investigation.a~v! de-
creases approachingTN . Now assuming that this result, ob-
tained for high-frequency phonons, can be extended to ther-
mal phonons and assuming also thata;1/L ~mag! , L ~mag! must
increase, therefore producing an increase ink close toTN .
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The above-mentioned assumptions seem to be realistic in
RbMnF3 ~Ref. 12! and FeF2 ~Ref. 28! since the exchange
interactions extend mainly to nearest neighbors and therefore
fluctuation in the order parameter~staggered magnetization!
can couple only with high-frequency phonons. The predic-
tion by Kawasaki has been obtained considering that the
spin-phonon coupling occurs mainly via the volume magne-
tostriction. This seems to be the case of RbMnF3, at least in
the case of low-frequency phonons~100 MHz!.18 The com-
parison with the Kawasaki prediction cannot be made more
quantitative because of the many assumptions and the poor
accuracy in the determination of the value of the critical
exponent in Ref. 27.

VII. CONCLUSIONS

It has been shown that in RbMnF3 the critical exponent
for the thermal diffusivityb is equal to the specific heat one
a. This result, compared with the results already reported for
Cr2O3 ~Ref. 2! and FeF2,

3 leads to the conclusion that in
these antiferromagnetic insulators at the AF phase transition
the two exponents are connected by the empirical relation
b52uau. In the above-mentioned compounds, the critical
exponent forD is approximately the same and this means

that the uniaxial anisotropy field has no effect on the thermal
diffusivity critical behavior. The amplitude ratios also do not
change appreciably with the uniaxial anisotropy. The fact
that neither the exponent nor amplitude change with uniaxial
anisotropy is probably a consequence of the fact that the
conductivity singularity is small and the diffusivity is there-
fore approximately inversely proportional to the specific
heat.

A broad peak, similar to the one already reported for
FeF2, has been obtained fork. This peak has been attributed
to the decreasing importance of the magnetic scattering of
phonons by the spin system with respect to nonmagnetic
scattering mechanisms once the transition temperature is ap-
proached. This peak ink has not been observed in Cr2O3, but
this is probably due to the relatively highTN of this com-
pound, which makes nonmagnetic scattering processes domi-
nant with respect to the magnetic ones.
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