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Abstract The photopyroelectric technique has been adopted to study
the critical behaviour associated with the thermal parameters over
smectic A — nematic (Sa-N) phase transition in both 4-n-nonyl-4’-
cyanobiphenyl (9CB) and 4-n-pentylphenylthiol-4 ’-n-
octyloxythiolbenzoate (8S5) through the simultaneous determination
of the specific heat (¢) as well as of transport parameters like thermal
diffusivity (D) and thermal conductivity (k). In the case of 9CB, the
critical exponent of specific heat agrees with the value of 0.5 expected
from the theory of mean field tricritical behaviour. On the other hand,
for 8S5 the values of critical exponent is close to the one of 3D XY-
like second order phase transition, in agreement with earlier
investigations. In all cases the thermal conductivity showed no
anomaly.

Keywords: Thermal parameters; Phase transition; Photopyroelectric
technique; Liquid Crystals

201



Downloaded by [University of Haifa Library] at 20:40 13 August 2012

202 V. BRUNO et al.

INTRODUCTION

The measurements of thermal transport parameters in liquid crystals
has attracted considerable attention, using a variety of techniques, [1-
11]. Among the adopted techniques, photothermal techniques [7-11]
have been developed in the last years and have enabled the study the
critical behaviour of transport thermal parameters [9,11]. Such
techniques are based on the effect of the periodic heating of a sample
by a modulated laser source and, due to its peculiar characteristics,
they are used in many research fields like medicine, biology,
engineering, and study of new materials [12]. In general the critical
behaviour of thermal parameters near phase transitions presents some
anomaly like a divergence or dip, where a strong dependence of
parameters on temperature is present. To correctly study such
dependence, without changing its behaviour as a function of
temperature, a low perturbative technique is required, that is small
thermal gradients induced in the sample at the equilibrium. This
allows high temperature resolution of critical behaviour of thermal
parameters. Furthermore the photothermal techniques are useful
because allows simultaneous measurements of specific heat (c) as well
as transport parameters like thermal diffusivity (D) and thermal
conductivity (k). Thercfore it is possible to study static and dynamic
critical behaviour at phase transition with the same measurement for a
complete characterisation of the material under study.

A calorimetric system based on the photopyroelectric technique has
been used to study phase transitions in thermotropic liquid crystals. In

particular the critical behaviour at smectic A — nematic (Sp-N)
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transition in samples of 4-n-nonyl-4’-cyanobiphenyl (9CB) and 4-n-
pentylphenylthiol-4 -n-octyloxythiolbenzoate (8S5) has been studied
and the critical exponents of ¢, D and k has been measured.

The transition S5-N can be both first or second order and, on the
basis of a mean-field theory, Kobayashi [13] and McMillan [14] have
shown that the transition should be second order if the ratio
Tan/Tni<0.87 (Tan and Twi being the Sa-N  and nematic-isotropic
transition temperatures). The theory predict the existence of a
tricritical point (TCP) for Tan/Tn=0.87, where the transition switches
from first to second order. In particular, it has been shown that in
compounds where the McMillan ratio Tan/Tng is less than 0.93, the
critical behaviour of ¢ can be described by the isotropic three-
dimensional (3D) XY model which predicts the critical exponent o = -
0.007 [15]. Furthermore, the TCP was experimentally observed at the
Sa-N transition in several compounds and a mean-field tricritical

value or= 0.5 observed [16].

THEORETICAL FRAMEWORK

The photopyroelectric effect is based on the use of a pyroelectric
transducer to detect the temperature rise of a light induced periodic
heating of a sample. The temperature variation in the transducer gives
rise to an electrical current proportional to the rate of change of its
average heat content. The theory describing the photopyroelectric
effect has been developed by A. Mandelis and M. Zver [17]. It consist
in an unidimensional model that connect the signal output of the

pyroelectric transducer with the values of the optical and thermal
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parameters of the material under examination placed in contact with
pyroelectric element.

The pyroelectric element is represented by an ideal current source
with a parallel leakage resistance R, and a capacitance C,, while the
detection electronics is described by an input capacitance C; and a
parallel load resistance R, [18].

From the analysis of the equivalent circuit and neglecting the effect

of the transmission line between the sensor and the electronic, the

signal output is given by

APR jw
V)=""226,(0) (o V(@)=8,@) (1)

1+ jor,

where 6,(w) represent the complex amplitude of the temperature
oscillations in the pyroelectric transducer, integrated over its thickness
at the angular frequency , A is the area of the pyroelectric element, P
18 the pyroelectric coefficient of the transducer, and 7.=RC with
R=RR,/(RitR,) and C=C;+C,.

The 6,(w is obtained by resolving the equations of the thermal
diffusion through the four different media composing the system
(fig-1).

The obtained solution can be simplified assuming that both the
sample and the pyroelectric transducer are optically opaque and
thermally thick. [18].

A medium is optically opaque when the optical absorption length

Uy = 1/B <! , where B is the optical absorption coefficient and / the

medium thickness. On the other hand, a medium is thermally thick
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2D
when the thermal diffusion length U =.,— </, where
w

D =k/cpis the thermal diffusivity, & the thermal conductivity, ¢ the

specific heat and p the density.
With these assumptions, the amplitude and the phase of the

pyroelectric signal are, respectively [18]:

—
\/2? l,
I.n.APR e,e
01 oare? e v, v )
l,,PpC,, \/1+a)“r +e, /e, 1+e e, @

¢(w)=—tan™(w1,)- % 1,
’ (3)

being Iy the intensity of the non reflected part of the incident radiation,
M the sample nonradiative conversion efficiency, e=./p ck the

thermal effusivity. The subscript s, p and g refer to the sample,
pyroelectric transducer and medium in contact with the sample front
surface respectively.

Generally, the critical behaviour of the specific heat is described by
a function of the form [9]:
¢, =B+ Et+ A1+ D) )
and when the thermal conductivity shows no anomaly as in the present
case [9],
k,=p(H+Gt) (5)

_ H+G(T-T.)
B+Et+ A4 “(1+ D*|")

(6)
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where B, E, H, G, ATand D* arc adjustable parameters and + indicates,

respectively, values relative to data above and below Tyx.

racking SEI|R front medium
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FIGURE 1 Schema of photopyroelectric detection.

EXPERIMENTAL SET-UP

In figure 2 is shown the diagram of the experimental set-up used to
study the behaviour of static and dynamic thermal parameters of liquid
crystal samples.

The sample cell (fig. 3) was contained in a cylindrical oven that

was uniformly heated on the outer lateral surface. The temperature
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was measured by a thermistor that was as close as possible to the
sample and the heating rate was computer controlled via a current
supply. The heating light was supplied by a He-Ne laser operating at
633 nm, acousto-optically modulated. The subsequent pyroelectric
signal was revealed by a lock-in amplifier and data acquired by the
computer.

The cell has been coated on the surface in contact with the sample,
where the light is incident, with an optically thick gold film. The film
thickness was ~0.5 um and thermally thin at the modulation frequency
used (77 Hz). The metal film ensured that the condition of sample
optically opaque 1/Bs<<l;. The pyroelectric transducer is a 300 pum
thick Li7aQ; single crystal and acts also as a cover for the cell. It can
be used in a wide temperature range, from few tens of K to its Curie
point (~600°C) and presents a relatively high sensitivity (2.2
~2.5%10° C em2 K [19]). Being the LiTaO; a dielectric, both sides
have been coated with transparent ITO (indium tin oxide) electrodes.
Using ITO electrodes allowed checking the sample at microscope
once closed the cell.

During high resolution measurements performed using this
experimental set-up it’s important to reduce the effects of thermal
gradients that could be introduced by too fast a heating rate or too
large a light power density. The heating rate was <1 mK/min and the
laser light power density have been reduced to less than 1 mW/cm® .
The use of a lock-in amplifier allowed an acceptable noise to signal

ratio with a pyroelectric signal of few uV.



Downloaded by [University of Haifa Library] at 20:40 13 August 2012

208 V. BRUNO et al.

OWEN
CELL g
o
< o 5 [LIGHT HE-NE LASER
® =)
8
= | (U
'y
FROM THERMISTOR
M Ll
o MULTIMETER
5 LOCK-IN
=
e R
A
CURRENT I
GENERATOR [ COMPUTER < V.9
DATA

FIGURE 2 Experimental set-up

RESULTS AND DISCUSSION

To test the experimental set-up, we performed measurements of
specific heat (c¢), the thermal diffusivity (D) and the thermal
conductivity (k) on 9CB material which behaviour to the phase
transition Sa-N is reported in literature [20]. In figs. 4 are reported the
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phase and amplitude behaviours for 9CB material, of the signal

obtained by the experimental set-up

Incident
Radiation

Signal
L] L]

Metallic film

Sample

Pyroelectric detector

FIGURE 3 Photoelectric cell for liquid crystal samples

previously described. From the figures is evident that the 9CB
presents both a phase transition SA-N at the temperature Tan=47.7 °C
and a phase transition nematic — isotropic (N-I) at the temperature
Tn=49.7 °C. In this case the McMillan ratio is Tan/Tx = 0.994.

High resolution measurements have been performed to obtain the
critical exponents of thermal parameters at the transition Ss-N. In figs.
5 are reported the specific heat, the thermal diffusivity and the thermal
conductivity critical behaviour for 9CB vs. the reduced temperature
t=(T-Tan)/Tan. The full lines represent the best fits obtained by means
the egs. 4-6.
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FIGURE 5 (a) Thermal diffusivity behaviour vs. reduced
temperature t of 9CB liquid crystal at the smectic A-Nematic phase
transition; (b) Thermal conductivity behaviour vs. reduced
temperature t of 9CB liquid crystal at the smectic A-Nematic phase
transition; (c) specific heat behaviour vs. reduced temperature t of
9CB liquid crystal at the smectic A-Nematic phase transition. The
full lines represent the best fits obtained by means the egs. 4-6.
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In Table 1 are reported the values of critical exponents obtained by
means the best fits performed on the experimental data of specific heat
and thermal diffusivity. They are very close to the value of 0.5
expected from the theory [21].

The other material investigated was the 8S5. It has a wide nematic
range (~ 23 °C), so that the critical behaviour of thermal parameters,
because of the small influence of N-I transition on SA-N ones, should

be close to that expected form the 3D XY model [21].

9CB 885
c 0.5610.03 -0.02410.009
D 0.5710.03 -0.02740.011

TABLE 1| Values of critical exponents for 9CB and 8S5,

respectively

In figs 6 are reported the high resolution measurements of the
specific heat, the thermal diffusivity and the thermal conductivity for
the 8S5 material. The full lines represent the best fits obtained by
means the eqs. 4-6. The values of critical exponents obtained by
means the best fits performed on the experimental data of specific heat

and
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FIGURE 6 (a) Thermal diffusivity behaviour vs. reduced temperature
t of 8S5 liquid crystal at the smectic A-Nematic phase transition; (b)
Thermal conductivity behaviour vs. reduced temperature t of 8S5
liquid crystal at the smectic A-Nematic phase transition; (c) specific

heat behaviour vs. reduced temperature t of 8S5 liquid crystal at the
smectic A-Nematic phase transition. The full lines represent the best
fits obtained by means the eqs. 4-6.
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thermal diffusivity are reported in Table 1. It is interesting to note that
the values of critical exponents obtained in this case are more similar
with the one of 3D XY-like second order phase transition (-0.007)
[21].

CONCLUSION

Simultaneous measurements of thermal diffusivity, thermal
conductivity and specific heat in 9CB and 8S5 samples have been
reported. High resolution measurements have been performed to
obtain the critical exponents of thermal parameters at the transition
SA-N. In the case of 9CB, the critical exponent of specific heat agrees
with the value of 0.5 expected from the theory. On the other hand, for
8S5 the values of critical exponent is close with the one of 3D XY-

like second order phase transition.
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