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The critical behavior of the specific heat, thermal conductivity, and thermal diffusivity at the smectic-A–
nematic phase transition of aligned octylcyanobiphenyl~8CB! has been studied with the photopyroelectric
technique. Though the values of the thermal transport parameters are substantially different for homeotropic
and planar alignment, it has been shown that the thermal diffusivity critical behavior is characterized by the
same critical exponent in the two cases. This result suggests that the mode couplings that govern the critical
dynamics associated with the thermal parameters are isotropic. The thermal conductivity remains substantially
flat, with only a minor increase close to the transition temperature.@S1063-651X~96!06307-6#

PACS number~s!: 64.70.Md

INTRODUCTION

One of the unresolved questions regarding the smectic-A–
nematic~AN! phase transition in liquid crystals is the one
related to the anisotropic critical behavior observed in the
correlation length~j! compared with the isotropic one found
in the specific heat (c) @1#. In particular, it has been shown
@2# that in compounds where the McMillan ratioTAN/TNI
~TAN andTNI being the AN and nematic-isotropic transition
temperatures! is less than 0.93, the critical behavior ofc can
be described by the isotropic three-dimensional~3D! XY
model which predicts aXY520.007 and
A8/A50.971460.0126@3#. On the other hand, the correla-
tion length perpendicular and parallel to the normal to the
smectic layers shows anisotropic critical behavior at the AN
transition@4#, with the critical exponentsn iÞn'ÞnXY . At-
tempts have been made in the past to solve this problem, and
a gauge transformation theory@5# was eventually able to ac-
count for the critical anisotropy inj. This theory, however,
predicted an inverted 3DXY-like behavior for the specific
heat for compounds with a large nematic range never ob-
served experimentally@2#. More recently, a self-consistent
one loop theory@6# which is based on an intrinsically aniso-
tropic coupling between the fluctuations of the nematic order
parameterdn and the smectic order parameterc, has been
developed. This theory predicts a crossover from isotropic to
anisotropic critical behavior for materials with increasing
McMillan ratio. In particular, for materials with
TAN/TNI,0.93, for which the specific-heat data are consis-
tent with the isotropic 3DXY model, the one loop theory
predicts a weak anisotropy. Finally, according to the theory
an isotropic critical behavior forj should be observed, but in
compounds with aTAN/TNI value much smaller than the ones
available up to now.

It is well known that thermal transport parameters such as
the thermal diffusivityD and the thermal conductivityk are
anisotropic in the smectic and nematic phases of liquid crys-
tals @7#. For example, inMBBA it turns out thatD i is about
two times larger thanD' for T,TNI . The question is

whether the critical behaviors ofD andk over the AN tran-
sition are also anisotropic; in other words, whether these
quantities behave as the correlation length or as the specific
heat. The question may arise since, according to a simple
model developed in Ref.@8# for the thermal diffusivity of an
extended mean-field-like smectic-A–smectic-C ~AC! transi-
tion, a dependence ofD on j, whose critical behavior is
isotropic for such a transition, is obtained. Measurements for
D andk close toTAN are available in the literature@9#, but
they have been obtained in nonaligned samples. It has been
found thatk remains flat whileD has a critical exponent
which is approximately equal to that of the specific heat. It
must be noted that the anisotropy in the values ofD andk,
which is essentially due to the shape anisotropy of the liquid
crystal molecules, has nothing to do with eventual anisotro-
pies in their critical behavior, which is associated with the
coupling between long lived modes@10#. In the case of non-
aligned samples the data have been explained on the basis of
a model that considers isotropic dissipative coupling between
the order parameter and the heat diffusion mode@9#.

In the present paper we shall report on the simultaneous
measurement ofc, k, andD of octylcyanobiphenyl~8CB!
samples with planar and homeotropic alignments. The criti-
cal behavior ofc at the AN transition confirms, for this com-
pound, the data already reported in the literature@11# that
shows a crossover from 3DXY to tricritical critical behavior.
The temperature dependences of the values ofD i andD'

have been measured in the temperature range from 29 to
45 °C, and the results which have been found are very simi-
lar to the one obtained for other compounds@7#. High reso-
lution measurements close to the AN transition show that the
critical exponent ofD is approximately the same for samples
with planar and omeotropic alignments, and it is therefore
concluded that the critical behavior of the transport thermal
parameters is isotropic. In both cases the thermal conductiv-
ity remains smooth, with only a minor increase close toTAN
whose origin is at present not clear.

EXPERIMENT

A standard photopyroelectric setup@12# has been used to
perform the measurements. The sample was sandwiched be-*Electronic address: marinelli@utovrm.it
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tween a 300-mm-thick Z-cut LiTaO3 pyroelectric transducer
and a glass plate whose surface in contact with the liquid
crystal was coated with a 300-nm-thick metallic overlayer
~optically opaque and thermally thin!. The thickness of the
sample was 30mm. Light from an acoustooptically modu-
lated He-Ne laser was absorbed by the very thin metallic
coating in contact with one of the liquid crystal surfaces, and
the temperature oscillations introduced in the sample were
detected on the opposite sample surface by the transducer.
The modulation frequencies were 62 and 36 Hz for homeo-
tropic and planar alignments, respectively. The amplitude
and phase of the pyroelectric signal were analyzed by a two
phase lock-in amplifier. When the sample is optically opaque
and thermally thick@13#, it has been shown that two of the
three quantitiesc, k, andD can be simultaneously obtained
from the amplitude and phase of the signal, and the third
calculated from their relationD5k/rc @12#. A thermally
thick sample means that the thermal diffusion length (m
5AD/p f ) is much smaller than the sample thickness 1. This
condition can therefore be fulfilled using a suitable modula-
tion frequencyf . The validity of the conditions under which
the thermal parameters can be simultaneously determined
can be checked experimentally performing a frequency scan
@12#. It has moreover been shown that from such a scan the
determination of the absolute value ofD can be easily ob-
tained@12#. A negative lens was used to spread the laser light
on the sample surface to control the power density impinging
on the sample. The power density and the temperature rate
change were decreased as much as possible to minimize the
influence of thermal gradients on the measurements. The la-
ser spot on the sample surface was much larger than the
sample thickness to ensure one dimensional geometry for the
heat flow. The adopted measuring procedure requires a cali-
bration at a temperature where the values of sample thermal
parameters are known. We used specific-heat values from
Ref. @11#, and measured the absolute values ofD at the same
temperatures with frequency scans. A planar alignment of
the sample was obtained by means of'100-nm SiO2 film
sputtered on the cell walls at an angle of'60° with respect
to the normal to the sample surface. The homeotropic align-
ment was obtained treating the sample cell walls with a so-
lution of trimethylcetylammonium bromide.

RESULTS

Figure 1 shows the specific heat data over the temperature
range 29–45 °C for samples aligned in the two directions.
The second order AN phase transition and the weakly first
order NI transition are clearly visible, and the data agree with
the ones available in literature@11#. As expected, there are no
significant differences between the two data sets which su-
perimpose quite well over the whole temperature range.

Figure 2 showsD i andD' vs temperature. Both quanti-
ties show a dip atTNA andTNI , but they have significantly
different values in the nematic and smectic phases. The data,
on the other hand, superimpose in the disordered phase. The
two thermal diffusivity data sets have been obtained from the
phase data measured as a function of temperature, and the
corresponding calibration absolute values obtained at
;45 °C by frequency scans. The squares in Fig. 2 represent
additional absolute values ofD obtained performing fre-

quency scans at fixed sample temperatures to crosscheck
against any anomalous systematic vs temperature behavior of
the experimental setup. There is an excellent agreement
among the data obtained in this way and the ones vs tem-
perature scans, showing the reliability of the measurements.
The D i andD' vs temperature data we have obtained are
similar to the thermal diffusivity data reported in Ref.@7#. It
should be noted, however, that the resolution of the measure-
ments in that case was not so high, since it was not possible
to detect the NA transition, which can be easily detected by
the pyroelectric technique.

Figure 3 showski and k' temperature scans. Again the
data relative to both orientations superimpose quite well in
the isotropic phase, whileki is significantly larger thank' in
the nematic and smectic phases. An increase inki and a
decrease ink' are clearly evident on cooling below the NI
transition, while no significant changes can be detected near
the NA transition. The results reported in Figs. 1–3 were
obtained with a temperature rate change of 20 mK/min, and
the data were taken every 5 mK. Hereafter high-resolution
measurements with a temperature rate change of 0.5 mK/min
and data taken every 0.3 mK over a narrower temperature
region close to the NA transition will be presented and dis-

FIG. 1. 8CB specific heat behavior vs temperature for planar
~light grey dots! and homeotropic~dark dots! aligned samples.

FIG. 2. 8CB thermal diffusivity behavior vs temperature for
planar ~light grey dots! and homeotropic~dark dots! aligned
samples. Squares represent thermal diffusivity absolute values ob-
tained from frequency scans at fixed temperatures.
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cussed for the study of the static as well as dynamic critical
behavior associated with the thermal parameters over the
phase transition.

Figures 4~a! and 4~b! show the specific heat data vs re-
duced temperature for the homeotropic and planar align-
ments, respectively. The data have been fitted using the ex-
pression

c5B1E~T2Tc!1A6uT2Tcu2a~11D6uT2Tcu0.5!, ~1!

where1 refers toT.Tc and2 to T,Tc . The solid lines in
Figs. 4~a! and 4~b! correspond to Fit 1A and Fit 1B in Table

I, respectively. The two fits are, as expected, almost identi-
cal: the differences in the critical exponent and amplitude
ratio, in particular, are well within the statistical uncer-
tainties. These values ~a50.3160.03 and A1/A2

51.2060.05! are moreover in very good agreement with the
ones reported in Ref.@11# . As already stated, the specific
heat data at the AN transition can be well described by the
3D XY model if TAN/TNI,0.93. In the case of 8CB,
TAN/TNI50.98, and therefore a crossover from 3DXY to
tricritical behavior is expected, leading toa.aXY .

Figures 5~a! and 5~b! showki andk' vs reduced tempera-
ture. Both are rather smooth over all the investigated reduced
temperature range, though their absolute values are different.
Figures 6~a! and 6~b! showD i andD' vs reduced tempera-
ture. The data have been fitted using the fitting expression

D5
H1G~T2Tc!

B1E~T2Tc!1A6uT2Tcu2a~11D6uT2Tcu0.5!
.

~2!

This choice of the fitting function originates from the as-
sumption of an approximately linear behavior ofk. We have
first tried to fix B, E, A6, Tc , a, and D6 at the values
obtained from fit 1A for D i and from 1B for D' , H, andG
being the only adjustable parameters. The obtained results
correspond to fits 2A and 2B in Table I, respectively, but
their quality is rather poor as shown by thexn

2 values. We
have then released all the parameters, and fits 3A and 3B in
Table I show the results. With small adjustments of the pa-
rameters, we obtained a very goodxn

2 , and therefore a good
fit. The difference ina between fits 1A, 3A and 1B, 3B are
within the statistical uncertainties, as are all variations in the
other parameters. We have also tried to fixa50.31 for the
planar sample anda50.32 for the homeotropic one, and also
obtained good fits~fits 4A and 4B!. As already stated, the
choice of Eq.~2! is based on the assumption of a lineark
dependence vst. However, from Fig. 5, which showsk data
in an expanded scale, it must be noted that this assumption is
somewhat too simplified. In fact, fittingk data with a linear
dependence for both orientations~Fits 5A and 5B in Table
I!, we obtained the solid lines in Figs. 5~a! and 5~b!. These
fits are not of very high quality, as can be deduced from the
xn
2 values.

DISCUSSION

The specific-heat data confirm the results already reported
in literature on 8CB at the AN transition@11#. The critical
behavior is dominated by a crossover from the 3DXY to
tricritical, and this is the reason why the obtaineda values
are significantly larger thanaXY . The results obtained for the
absolute values ofD confirm the well known anisotropy in
the thermal transport properties@7#. A value ofD i which is
approximately two times larger than theD' one has been
obtained forT,TNI . It has been shown that, because of the
rodlike shape of liquid crystal molecules, the thermal diffu-
sivity along a direction parallel to the long axis of the mol-
ecule is larger than the one in every other direction. Our
results are in qualitative agreement with the ones already
reported by Rondelez and co-workers@7#, which showed a
D i value about a factor 2 larger thanD' in MBBA and
OBBA at temperatures below the clearing point@7#. More-
over, our results confirm that theD critical behavior at the
AN transition is essentially associated with the one of the

FIG. 3. 8CB thermal-conductivity behavior vs temperature for
planar ~light grey dots! and homeotropic~dark dots! aligned
samples.

FIG. 4. 8CB specific heat behavior vs reduced temperature
t5(T2TC)/TC for homeotropic~a! and planar~b! aligned samples.
Light grey squares represent the experimental data. Solid lines cor-
respond to the fits 1A and 1B of Table I. The dotted lines corre-
spond to the reduced temperature regions which have not been con-
sidered in the fits.
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specific heat, as already reported for the same transition
of 8̄S5 @9#. The result from our measurements is that the
critical behavior of the thermal transport parameters is iso-
tropic.D i andD' have the same critical behavior overTAN
in spite of their absolute values being significantly different.
This means that all couplings among long lived modes, rel-
evant for the critical dynamic associated with the thermal
transport properties of the system, are isotropic, and that the
anisotropy in the critical behavior of the correlation length
does not affect the critical behavior of the thermal transport
parameters. As already mentioned, high resolution thermal
diffusivity data at the AN transition have been already re-
ported for8̄S5 @9#, and approximately equal critical expo-
nents forc andD were obtained. This result was explained
in terms of a theoretical model for critical dynamics@9#
which consider a dissipative coupling between the order pa-
rameter and the conserved energy density of the system.
Similarly, in the case of 8CB, the critical behavior of the
thermal diffusivity is also determined by the specific heat
critical exponent as shown in the fit results. It should be
noted, however, that 8̄S5 has a McMillan ratio
TNA/TNI50.94, and the coupling between the nematicS and
the smectic order parameterc in 8̄S5 is negligible with
respect to the one betweenc and the fluctuations of the nem-
atic order parameterdn. In 8CB, with increasing McMillan
ratio, theS andc coupling becomes important, and a cross-
over to the tricritical behavior is expected. This is the reason
why 8̄S5 hasa520.022, which is much closer toaXY with
respect to 8CB, wherea50.31–0.32. The presence of such a
crossover in statics with increasingTNA/TNI does not auto-
matically imply that additional kinds of couplings between
the heat diffusion mode and other long lived modes comes
into play in the critical dynamics of the AN transition when
the tricritical point is approached, possibly affecting the criti-
cal behavior of the thermal diffusivity. However, it should be

FIG. 5. 8CB thermal conductivity behavior vs reduced tempera-
ture t5(T2TC)/TC for homeotropic~a! and planar~b! aligned
samples. Light grey squares represent the experimental data. Solid
lines correspond to the best fits obtained from the expression
k5H1G(T2TC), with parameter values given by fits 5A and 5B,
respectively, of Table I.

TABLE I. Fitting parameters for the specific heat~fit 1!, thermal diffusivity~fits 2–4!, and thermal conductivity~fit 5! for homeotropic
(A) and planar (B) alignments, respectively.

Fit a A1/A2 Tc ~K! B ~J/g K! E ~J/g K! A2 ~J/g K! D2 D1 H ~W/cm K! G ~W/cm K2! xn
2

1A 0.32
60.04

1.1
60.1

306.797
60.005

2.24
60.08

0.2
60.4

0.31
60.09

20.2
60.8

20.9
60.8

1.09

2A ~fixed at the same values as Fit 1A! ~2.41260.006!
31023

~21.28760.007!
31024

6.02

3A 0.34
60.02

1.1
60.1

306.798
60.002

2.18
60.09

~061!
31023

0.30
60.04

0.3
60.4

0.0
60.4

~2.5160.04!
31023

~21.7260.01!
31024

1.02

4A 0.32
~fixed!

1.08
60.09

306.798
60.002

1.96
60.08

0.10
60.01

0.38
60.04

0.6
60.2

0.3
60.3

~2.5260.01!
31023

~26.860.1!
31025

1.03

5A ~2.42460.001!
31023

~27.660.6!
31025

1.28

1B 0.31
60.03

1.2
60.2

306.795
60.002

2.25
60.09

0.2
60.4

0.30
60.09

20.3
60.7

20.9
60.9

1.01

2B ~fixed at the same values as the Fit 1B! ~1.3160.01!
31023

~665!
31025

5.30

3B 0.33
60.03

1.2
60.1

306.795
60.001

2.25
60.08

0.26
60.09

0.27
60.04

0.0
60.5

20.8
60.5

~1.3160.04!
31023

~565!
31025

0.98

4B 0.31
~fixed!

1.18
60.09

306.795
60.001

2.17
60.08

20.1
60.1

0.35
60.06

0.5
60.3

20.3
60.3

~1.3860.05!
31023

~21.460.6!
31024

0.98

5B ~1.30560.004!
31023

~361!
31025

1.25
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noted that, at the AC transition, for example, a divergence
which cannot be explained in terms of existing theories has
been reported for some compounds@8#. It has also been
shown @8# that this divergence becomes stronger when the
mean-field tricritical point is approached, and the authors
interpret this divergence in terms of an increasing impor-
tance of nondissipative couplings in the system.

Measurements in nonaligned 8S̄5 at the AN transition
showed a flat thermal conductivity, while data in Fig. 5 show

a slight increase ink close toTAN . The question now is
whether this slight increase ink is an indication of additional
nondissipative couplings coming into play when the tricriti-
cal point is approached or not. As already stated, it seems
that something similar occurs at the AC transition where,
close to the tricritical point, the divergence ofk andD be-
comes stronger@8#. Measurements to check this issue further
are presently underway, and will be presented in a forthcom-
ing paper. It should finally be pointed out that previous mea-
surements performed by the photoacoustic technique in non-
aligned samples@14# led to a sharp and narrow peak ink at
TAN . It has been shown@12# that the photopyroelectric tech-
nique we have used in the present work is much more sen-
sitive to the variation of thermal parameters than the gas-
microphone one. A smaller temperature oscillation and
therefore a smaller thermal gradient needs to be introduced
in the sample during the measurement to have an adequate
signal-to-noise ratio. It could therefore be that the peak
shown in Ref.@14# is, at least partially, an artifact due to
thermal gradients. In fact it appears in a reduced temperature
region which was not considered when performing the fits on
the c andD data because of the rounding effect.

CONCLUSIONS

Simultaneous measurements ofc, k, andD in homeotro-
pically and planar aligned 8CB samples have been reported.
The same specific heat critical behavior has been obtained in
two cases, and the results are in excellent agreement with the
ones already reported in the literature@11#. The thermal dif-
fusivity and the thermal conductivity have been measured in
the temperature range 29–45 °C, where the sample under-
goes the AN and NI phase transitions. The temperature de-
pendence of the absolute values of the two quantities for the
two aligned samples are similar to the ones already reported
for MBBA andOBBA @7#. Moreover, it has been shown that
D i andD' have approximately the same critical behaviors
aroundTAN . This means that the anisotropy in the critical
behaviors ofj does not affect the transport thermal param-
eters critical behavior. This also means that all the couplings
of long lived modes which are relevant in the heat transport
process close toTAN are isotropic. A rather smooth thermal
conductivity has been found for both orientations over the
transition temperature region, with only a minor increase
close toTAN . It is not clear at present if such an increase
could be due to some as yet unknown physical reason, as in
the case of the AC transition.
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