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We applied high-speed optical holography to the study of the mesophase-isotropic phase
transition of liquid crystals. We generated a small thermal disturbance at a point in a liquid
crystal by means of a cw laser beam. We then followed the changes of the refractive index in
space and time by using double-exposure optical holography with pulsed laser light. We
measured the thermal diffusivity by changing the sample temperature in the isotropic phase.
Anomalous behaviour of thermal conduction was observed near the transition point. The
samples studied were p-methoxybenzylidene p-n-butylaniline (MBBA) and cholesteryl pelargo-
nate. We analyzed the experimental results by using hydrodynamic equations, and discussed
the contribution of the short-range order effect.

1 INTRODUCTION

It is known that a first-order phase transition occurs in a liquid crystal at the
transition temperature, T, (mesophase-isotropic phase transition). The
isotropic phase shows some short-range order effects slightly above Tg.
Litster and Stinson reported anomalous magnetic birefringence and scatter-
ing of light by p-methoxybenzylidene p-n-butylaniline (MBBA).}:2 Recently
de Gennes introduced the tensor order parameter Q and explained the
experimental results from the standpoint of the short-range order.?

In the work reported in this present article we have measured the tem-
perature dependence of the thermal conductivity in the isotropic phase and
we have given special attention to the behaviour near the phase transition.
In our experiments we generated a small thermal disturbance at a point in a
liquid crystal and followed the changes of the refractive index in space and
time by means of double-exposure optical holography. The samples studied
were a nematic (MBBA) and a cholesteric (cholesteryl pelargonate) liquid
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crystal. We obtained anomalous thermal conduction near the transition
temperature, and considered the effect of the short-range order on this
phenomenon.

2 EXPERIMENTAL ARRANGEMENT

A schematic diagram of the experimental arrangement is shown in Figure 1.
A Q-switched ruby laser was used as the light source for high-speed holog-
raphy. The laser beam was split by the mirror M, reflected by the mirrors
M,, M; and M,, and superimposed on the holographic film. The pinhole
between lenses improved the coherence of the laser light. Samples were
MBBA and cholesteryl pelargonate. The sample cell of thickness 1-3 mm
was placed in one of the optical paths of the laser beam. The cell temperature
was controlled to be constant +0.05° in the range between 40°C and 90°C
before the application of a small thermal disturbance. We used the cw argon
laser to heat a small point in the sample. The argon laser beam irradiated the
sample through the mirror M, . Heating by an optical beam has the following
merits;

1) it gives a short rectangular pulse of heat
2) it generates heat in a spot region without any contact of heating wires

ER R

Laser I
M, M

X

Pin Hole

Y

a4

Film

FIGURE 1 Experimental arrangement. The mirror M; splits the ruby laser beam. The Ar
laser beam irradiates the sample through the mirror M;. A pinhole is for improving the co-
herence of the ruby laser light. The filter transmits the ruby laser beam only. The shutter is for
switching on the Ar laser beam.
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3) it is possible to study transport phenomena without any obstacle to the
material flow.

3 EXPERIMENTAL RESULTS

The double-exposure holography was performed in the following way; the
first exposure was made without irradiation by the argon laser beam and the
second was made with irradiation. The exposure time was defined as the
time interval between switching on the Ar laser and the second exposure by
the ruby laser. The refractive index change recorded on the hologram was
due to the heat produced by the Ar laser beam during the exposure time.
The interference fringes in the reconstructed image of the hologram cor-
respond to the isorefractive index lines in the sample. There were several
concentric-circular fringes around the Ar laser beam, which are shown in
Figure 2. We derived from Figure 2 the spatial distribution of the change in
refractive index, n,, in the sample. The coherence length of the ruby laser
used in our experiments limited the spatial resolution to, at most, 5 x 1072
mm. Figure 3 gives the results at various exposure times, t, for MBBA. The
refractive index at the innermost fringe near the center of the sample was
calculated from the known refractive index at the outermost fringe. In our

FIGURE 2 Reconstructed image from a double-exposed hologram. Concentric circles
correspond to the isorefractive index lines.



Downloaded by [Tomsk State University of Control Systems and Radio] at 06:05 23 February 2013

238 S. KURODA, M. KIMURA AND K. KUBOTA

-

‘o

x

- ]

§ L TO 43.5°C

; 10 3 o, t= 3 sec

© . ; X. t= 8 sec

ﬁ t o t=12 sec

D T

Z t [

w S5

> T

2 SN

2 H I

o t t {

i

x 0O 1 -
o 1 1.0 2.0 r
argon laser DISTANCE (mm)
beam width

FIGURE 3 Spatial distribution of the refractive index change in MBBA at various exposure
times of the Ar laser beam.

experiments the difference between these two values was of order 10™* and
the temperature increase at the center was very small.

The refractive index outside the outermost fringe was equal to the known
value at the initial, undisturbed, temperature of the liquid crystal, which was
measured by the thermocouple of the temperature-contro! system. This
thermocouple was in contact with the wall of the cell and gave the tempera-
ture near the surface of the liquid crystal sample, which was, before the
generation of the thermal disturbance, constant throughout the whole
sample. Because this thermocouple was at the wall of the cell, the time
interval between the initiation of the thermal disturbance and the second
ruby-laser exposure was limited to the time interval required for the outer-
most fringe to reach the wall of the cell where the constant temperature, T,
was being maintained. Measurement of the value of the refractive index of
the liquid crystal at temperature T;, thus permitted us to know its value at
the outermost fringe and hence the change in its value between the innermost
and outermost fringes. Figure 4 shows the Ty-dependence of n,,, where n,,
is the value of n, at the center which was obtained by extrapolation of the
plots in Figure 3. Near the transition temperature T; (41.8°C) n,, decreased
abruptly, especially when the duration of Ar laser irradiation was short.
Since the exposure time was of the order of 1 sec and the energy density of
the ruby laser in the cell was small compared with that of the Ar laser beam,
the effect of the ruby laser light on the thermal disturbance was neglected.

We performed the same experiment for cholesteryl pelargonate (T =
86.0°C). The result is shown in Figure 5. It seems that the heat conduction in
cholesteryl pelargonate is slow near T compared with that of MBBA.
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FIGURE 4 Plots of the refractive index change at the center of the Ar laser beam in MBBA
for the cell temperature. Anomalous behaviour is observed near the transition temperature
for the exposure times within 3 sec.
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FIGURE 5 Spatial distribution of the refractive index change in Cholesteryl pelargonate at
various exposure times.

On the other hand, when the intense optical beam passes through the
absorbing material, the outgoing beam spreads; this is called the self-
defocusing effect.* The Ar laser pattern on the screen behind the cell is shown
in Figure 6. From this figure we calculated the refractive index of the material.
The calculated value was of the same order of magnitude as that obtained
from the holographic method. When irradiation of the Ar laser continued
for a long time (more than several tens of seconds), a macroscopic large
convection of the fluid occurred in the sample. Then, both patterns of the
self-defocusing and the reconstructed fringe of the hologram deformed
remarkably. Figure 7 is a reconstructed image from the hologram. The
sample was irradiated by the 800 mw Ar laser beam for a few minutes.
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FIGURE 7 Reconstructed image from a double-exposed hologram. The sample is irradiated
by the 800 mw Ar laser beam for a few minutes. Isorefractive index lines show the convection
in the sample.
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4 THEORY

The heat given by the Ar laser beam diffuses in the liquid, and a temperature
gradient is generated. The thermal gradient produces a change in the spatial
distribution of the refractive index. We discuss this problem by using an
equation of heat conduction. Since the perturbation is very small, we treat
the linearized equation of motion;

aT,
Po CVa_f - KV*T, = J, (1)

where p, is the density of the liquid crystal, C,, is the specific heat at constant
volume, T, is the temperature change and J is the external heating rate per
unit volume, Here we assume that in the small temperature region around
T the conductivity K depends on the original temperature Tj,.

We represent the intensity distribution of the Ar laser beam as

P(r) = Pyo(l — A%rP)exp(—A%r?), @

where P, is the optical power at the center of the beam, r is the distance
from the beam center and 1/4 is the beam radius.
Using Eq. 2, we describe J as

J = 024aP, (1 — A%r¥exp(— A%r?), 3)

where « is the absorption coefficient of the Ar laser beam.

Equation 1 is solved with Eq. 3. We assume axial symmetry and notice
the behaviour in the vicinity of the Ar laser beam. The result obtained for
the temperature distribution is

_ 0.120Py4t - (2 + 442Dr)A*r?
" poCy(l + 442Dr) 1 +44* Dt |

T )
where D = K/(p, Cy) is the temperature-dependent diffusivity. The Ar laser
is switched on at the time ¢t = 0.

The temperature dependence of the refractive index at the wavelength of
the ruby laser in the isotropic phase of MBBA is given by the following
linear relation;

n = 1.5950 — 0.1515 - ;_ T, (5)

[

The refractive index change of the order of 10™* in our experiments cor-
responds to a temperature increase of 10~ 3 deg. Since the fluctuation is very
small, it is assumed that the refractive index change n, is proportional to
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T,. From Egs. 4 and 5, the time dependence of refractive index at the center is

ct

"o = T3 aa?Dr ©)

where c is a proportionality constant.

5 DISCUSSION

Figure 4 shows the critical behaviour of the refractive index near the tran-
sition temperature T when the exposure time t was short (£ 3 sec). Figure 8
shows plots of n,, for ¢ in this region. They are described by Eq. 6. In Figure 9
we show the temperature dependence of D which is determined from a least-
squares fit to the experimental data. We take 1/4 = 0.4 mm. In an ordinary
liquid the diffusivity increases with increasing temperature. The liquid
crystal also acts as an ordinary liquid above the transition point. We represent
the thermal diffusivity D as Dy + D, where D, is effective near T only.
Figure 9 shows that D, is proportional to (constant — T ~!) between 44°C
and 50°C when the unit of temperature T is expressed on the Kelvin scale.
Assuming that this behaviour can be extrapolated to temperatures below
44°C, we obtain the temperature dependence of Dy = D — Dy;

D, o (T — T*)732, ™
when T* is chosen as 41.0°C (T =~ Ty).
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FIGURE 8 Plots of the refractive index change at the center in MBBA for the exposure times
of the Ar laser beam. The curves are described by Eq. 6.
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FIGURE 9 Temperature dependence of the diffusivity for MBBA. This is determined from a
least-squares fit to the experimental data in Figure 8. Temperature is expressed on the Kelvin
scale.

It is clear that the behaviour of D near T is closely related to the phase
transition phenomenon. Fisher et al. studied the thermal conductivity of
p-azoxyanisole (PAA)in the nematic phase.® It was shown that the molecular
orientation of PAA had an influence on the thermal conductivity. Here we
assume that the molecular ordering in the isotropic phase also contributes to
the thermal conduction. Consideration of the relation between the short-
range order parameter Q and the thermal conductivity is given in the
Appendix. Comparing Eq. 7 with Eq. A8 and taking T¢ = T*, we obtain the
following relations;

I =
and (8)
Te — T¢ = 0.8 deg.

Since near the transition temperature the correlation among molecules
becomes strong, the short-range order may play some role in the thermal
diffusion.

We obtained the same results for cholesteryl pelargonate, and they are
shown in Figure 10. Compared with the case of MBBA, the critical region was
narrow in this material. When discussing the cholesteric materials, de Gennes
added another term to the free energy equation to account for the spatial
gradient of the order parameter Q. The contribution of this term would make
the difference between the nematic and the cholesteric materials.

We have shown the usefulness of high-speed optical holography for the
dynamical study of the phase transition. In addition, we have observed an
interesting phenomenon, namely, that sometimes the observed interference

[
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FIGURE 10 Temperature dependence of the diffusivity for Cholesteryl pelargonate. Tem-
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FIGURE 11 Reconstructed image from a double-exposed hologram. The observed inter-
ference fringes form a spiral.

fringes form a spiral. This is shown in Figure 11. The experimental condition
for generation of the spiral refractive index line is not clear at present. We
should take into consideration the effect of thickness of the sample cell.
This is a further problem.
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Appendix

We examine the possibility of contribution of the short-range order param-
eter Q to the heat conductivity K. The equations concerning the density,
the particle velocity and temperature fluctuations in a fluid are known as
the hydrodynamic equations. In the case of the weak thermal fluctuations it
is possible to very reliably linearize these hydrodynamic equations;

a
Ll 4 polVovy) = 0, (A1)
v or; C?
po gt + g, 4 RSOy vy vy =0, A
T, C
poCy G + 5= DV ev) — KoVT = J, (A
0

where p, is the density change, v, is the velocity change, T} is the temperature
change, C, is the sound speed, 8, is the thermal expansion coefficient, y is
the rate of specific heat, #, is viscosity, { is the viscosity number and K, is
the thermal conductivity.

On the other hand, de Gennes has treated theoretically the flow bire-
fringence of the isotropic phase in a liquid crystal. He has described the
internal stress tensor by the linear combination of the shear rate tensor and
the time derivative of Q tensor;

i =bie;; + bRy, (A4)

where t;;1s viscous stress tensor, e;;is the strain, R;;is 0Q,;/0t, Q;; is the tensor
order parameter and b, b, are constants

Both terms in the right hand side of Eq. A4 contribute to the velocity in
the Navier-Stokes Eq. A2. _

We take notice of the temperature region around the transition point.
In this region it is probable that the second term of Eq. A4 becomes large.
Furthermore, we make the experimental conditions so that we are able to
neglect the effect of the macroscopic convection. Under these conditions the
second term plays a dominant role.
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Taking into consideration the contribution of Eq. A4 to Eq. A2, we
represent the velocity in the approximate form;
b,
v, ~ —=VQ,;. (AS)
Po
Generally in the phase transition phenomena, the order parameter fluc-
tuates remarkably at the transition point. We assume the temperature
dependence of the fluctuation of @ in the following form;

UT~-Te)7T,

where £ and I are constants and T# is the characteristic temperature slightly
different from T. Since our observation is limited to the fairly macroscopic
size and observed patterns are axial symmetry, we regard ¢ as a scalar
parameter which is the averaged value of Q over the appropriate volume,
In addition, we assume that T, — T¢ > T, (T= T, + T). The Laplacian
of Q is approximately;

V2Q >~ — (T, — TH T VT, (A6)
From Eqgs. A3, A5 and A6 we obtain
psCy 68—7;1 —KV2T, = J, (A7)
where
Cy(y — Db
K=K, + —V—(”——)—Zér(ro — TH T, (A8)
Bo
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