This article was downloaded by: [Tomsk State University of Control Systems
and Radio]

On: 23 February 2013, At: 03:43

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Measurement of Refractive
Indices and Study of Isotropic-
Nematic Phase Transition by

the Surface Plasmon Technique

K.C.Chu?, C.K.Chen®&Y.R. Shen®

& Materials and Molecular Research Division,
Lawrence Berkeley Laboratory, University of
California, Berkeley, California, 94720

b Department of Physics, University of California,
Berkeley, California, 94720, U.S.A.
Version of record first published: 20 Apr 2011.

To cite this article: K. C. Chu, C. K. Chen & Y. R. Shen (1980): Measurement of
Refractive Indices and Study of Isotropic-Nematic Phase Transition by the Surface
Plasmon Technique, Molecular Crystals and Liquid Crystals, 59:1-2, 97-108

To link to this article: http://dx.doi.org/10.1080/00268948008073501

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.



http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948008073501
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 03:43 23 February 2013

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [Tomsk State University of Control Systems and Radio] at 03:43 23 February 2013

Mol. Cryst. Lig. Cryst., 1980, Vol. 59, pp. 97-108
0026-8941/80/5901-0097504.50/0

®© 1980 Gordon and Breach Science Publishers, Inc.
Printed in the U.S.A.

Measurement of Refractive Indices
and Study of Isotropic-Nematic Phase
Transition by the Surface Plasmon
Technique

K. C. CHU and C. K. CHEN

Meaterials and Molecular Research Division, Lawrence Berkeley Laboratory,
University of California, Berkeley, California 94720

and
Y. R. SHEN

Department of Physics, University of California, Berkeley, California 94720, U.S.A.

(Received July 30, 1979)

The surface plasmon technique is employed to measure the refractive indices and to probe the
nematic-isotropic phase transition of 4-cyano-4'-n-pentylbiphenyl. Coexistence of isotropic
and nematic phases in a 60 mK range and a hysteresis effect of the phase transition have been
observed. A diffuse droplet model is used to estimate the supercooling and superheating range.

I INTRODUCTION

In recent years, surface plasmons have attracted much attention because of
their potential applications in material studies.! These waves are electro-
magnetic waves propagating along the interface between a metal and a di-
electric. The propagation characteristics depend critically on the bulk
properties of the metal and the dielectric. Therefore, surface plasmon waves
can be used to probe the optical constants of the boundary media.> How-
ever, since the surface waves are physically confined to a very narrow region
around the interface, their propagation characteristics are also quite sen-
sitive to the surface conditions of the media. Thus, they can be used to study
adsorbed molecules® and overlayers* on metal surfaces.

In this work, we show that we can use the surface plasmon technique to
measure the refractive indices of liquid crystals with an accuracy better than
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1 x 1073, We have measured the refractive indices of the liquid crystalline
material 4-cyano-4'n-pentylbiphenyl (PCB) as functions of temperature, in
particular, in the region near the isotropic-nematic phase transition. Because
of the high sensitivity of the technique, we were able to probe the phase
transition in great detail. We have found coexistence of the two phases, a
hysteresis effect of the transition, and supercooling and superheating in a
temperature range of 60 mK around the nominal transition temperature.
That surface plasmons can be used to probe phase transition was proposed
earlier by Agranovich.’ Our experiment here is the first demonstration of
his idea.

Sections II and III give a brief account of the theory and the experimental
arrangement, and Section IV describes the experimental results. Finally, in
Section V, the results in the phase transition region are discussed in terms
of a diffused droplet nucleation model.

I THEORY

Two linear optical methods are generally used to excite surface plasmons
on a metal-dielectric interface. The Otto method® uses a prism (or grating)
on top of the metal surface, and the Kretschman? method uses an evaporated
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FIGURE | Sample cell with incoming and outgoing beams.
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metal film on a prism. We have adopted the Kretschmann method in our
experiment as shown in Figure 1. The laser beam with a TM polarization is
directed onto the metal film through the prism side and the reflected beam is
measured. Let the normal to the interface be along 2 and the plane of in-
cidence in £ — 2. The reflectivity is given by

ri2 + ry; exp(i2k,.d) |?

0) = .
R(®) 1 + ryprq3 exp(i2k,,d)

(1

Here, the subindices 1, 2, and 3 refer to prism, metal, and liquid crystal
respectively, 6 is the angle of incidence at the metal film in the prism, d
is the thickness of the metal film, k,, is the complex z-component of the
light wavevector in the metal, k,, = [(w/c)*nj — kZ]''?, k, = kssin 6 is the
real x-component of the wavevector, r,, and r,; are the Fresnel reflection
coefficients at the prism-metal and metal-liquid boundaries respectively.

2 2
nyky, — nik,

12 = 2
nzky. + niky,

2 2

_ nSkaz - n2k3z
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.
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where n’s are the refractive indices of the media. We have n3, = n3, = n_ if
the director 7 of the liquid crystal is aligned parallel to § and n3, = n, and
ns, = ny if A is aligned parallel to 2. With the liquid crystal in the isotropic
phase, we have n;, = nj, = n;.

As 8 increases above the critical angle

8, = sin“(g) (3)

n;

)

the incoming beam is totally reflected, but then when 6 reaches a value ap-
proximately satisfying the dispersion relation of the surface plasmon

1 + Fia T3 exp(iZkzzd) = 0, (4)

the reflectivity R(#) drops drastically. Physically, this happens because the
surface plasmon wave is now strongly excited by the incoming light. The
width of the reflectivity dip is determined by the damping coefficient of the
surface plasmon. The entire reflectivity curve is fully described by Eq. (1) if
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the optical constants of the media are known. Conversely, from the reflec-
tivity curve, we can determine the optical constants of the media. In the
present experiment, we use the latter procedure to find the refractive indices
of the liquid crystalline medium.

Il EXPERIMENTAL ARRANGEMENT

As shown in Figure 1, the sample assembly was composed of a high refractive
index glass prism (Schott glass SF 57 with n = 1.8117), an evaporated film
(~450 A) of gold, and a ~ 100-um layer of liquid crystal sandwiched between
the gold film and a glass plate. In the nematic phase, the liquid crystal was
aligned along either J or 2 by the usual surfactant method.” The liquid crystal
we have studied is PCB. The material was purchased from BDH Inc, and
used without further purification.

The sample assembly sat in a two-stage oven with temperature control.
The temperature stability was better than 1 mK during a 15-minute scan of
the reflectivity curve. The sample oven was then mounted on a rotating
stage driven by a stepping motor. The rotation was controlled by a Tektronix
4051 minicomputer. The light source used for the reflectivity measurement
was acw Nd:YAG laser at 1.06 um with its power attenuated to below 20 uW
in order to avoid heating of the sample. The reflected beam was monitored
by a silicon photodiode rotating at twice the angular speed of the sample
cell. The measured intensity of the reflected beam was normalized against
the incident beam intensity to yield reflectivity. It was then digitized and
recorded by the minicomputer as a function of the angular position of the
sample cell. Equation (1) was finally used to fit the reflectivity curve to deduce
a value of the refractive index for the liquid crystal.

IV EXPERIMENTAL RESULTS

Typical reflectivity curves at T < T, and T > T, are shown in Figures 2(a)
and 2(c) respectively, where T, is the isotropic-nematic transition tempera-
ture. The solid curves on the figures were calculated from Eq. (1) by a non-
linear least-square fit program using the refractive index of the liquid crystal
as a parameter to be deduced. The values of the optical constants and thick-
ness of the gold film, required in the calculation, were on the other hand
derived from a reflectivity curve in the isotropic phase, knowing the value of
the refractive index of the liquid crystal from a separate critical angle
measurement.

In the nematic phase, the liquid crystal has two refractive index com-
ponents: n; and nj respectively perpendicular and paralle] to the direction
of alignment 7. We deduced n, first from the measurements with 7 along §
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FIGURE 2 Reflectivity versus the angle of incidence 6 shov&n in Figure 1. The solid curves are
theoretical curves obtained by nonlinear least square fitting. The optical constant of gold used
in theoretical fit is g, = —50.5 + 5.7, and the film thickness is 470 A.

and then n; from the measurements with 7 along 2. The results are shown in
Table I and Figure 3. The accuracy of these n values is $1 x 1073, and was
limited by the angular resolution of our apparatus. As a check on the results
we conducted separate measurements of n; and »; with the critical-angie
method.® The results are also shown in Table I and Figure 3. They match
very well with the results deduced from the surface plasmon experiment.
The fit to the reflectivity curve should in principle yield both the real and
imaginary parts of the refractive index. However, since the damping in the
metal film is extremely large, the accuracy in determining the small imaginary
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TABLE 1

Refractive indices of 4-cyano-4'-n-pentylbiphenyl
versus temperature (A = 1.064 u).

Temperature (°C) n, n Method
23.09 1.516 1.683 2
242 1.516 1.681 b
25.71 1.517 1.677 2
26.2 1.517 1.675 b
28.63 1.519 1.668 b
31.0 1.521 1.660 ab
33.15 1.524 1.650 2
342 1.527 1.642 k4
34.24 1.527 1.641 a
34.9 1.532 1.632 b
35.1 1.564 b
356 1.563 b
36.37 1.562 b
40.2 1.560 b
45.0 1.557 b

2 Critical angle method.
® Surface plasmon method.

T 1 1 ¥ T T l‘]’ T T 1 T ] 1 ¥ T T I T
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FIGURE3 Refractive indices of 4-cyano-4'-n-pentylbiphenyi versus temperature. O obtained
by the surface plasmon technique @ obtained by the critical angle method.
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part of the refractive index for the liquid crystal is very poor. We did notice a
slight broadening of the reflectivity dip as the temperature decreases towards
the isotropic—nematic transition, presumably because of the increasing
scattering loss in the liquid crystalline medium.

The most interesting aspect of the surface plasmon technique is its ability
to probe the phase transition in detail. By raising or lowering the temperature
of the sample in milli-degree steps, we found that there was a ~60 mK
transition region where the isotropic and nematic phases coexist. Two
reflectivity dips showed up in the region, as shown in Figure 2(b); one
corresponded to the nematic phase at ~ 7, and the other to the isotropic
phase at ~T,. Their positions remained unchanged as the temperature
varied, but their relative magnitude did change. As seen in Figure 2(b), the
double-dip reflectivity curve can be fit very well by the theoretical expression

R = lesotropic + (1 - x)RNcmatic (5)

where x is the fraction of the medium in the isotropic phase, and Risropic
and Ryemayc are evaluated at ~ T.. With decreasing temperature, the nematic
dip grew in strength while the isotropic dip gradually disappeared, and vice-
versa for increasing temperature. In Figure 4, the results of how x"varies
with temperature in the transition region are shown with the temperature
change in one direction and then the other. After each temperature change,
the system was stabilized for 15 minutes and then the reflectivity curve was
measured. Figure 4 shows that there is a clear hysteresis effect, characteristic
of the first-order transition. We can define the midpoint of the hysteresis
loop as the transition temperature 7T;, and the width of the hysteresis loop as
the supercooling-superheating range. We believe this is the first time such a
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FIGURE 4 Fraction of the isotropic phase as a function of temperature in the transition
region. Heating and cooling exhibit the hysteresis effect,
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hysteresis loop for the nematic-isotropic transition has ever been measured.
In our experiment, the transition temperature drifted slowly at a rate
of —5.5 x 107* K/hr. The data points in the figure have been corrected for
this transition temperature drift. A similar hysteresis loop has also been
observed when we monitor the transparency of a He-Ne laser beam through
a 0.5-cm liquid—crystal cell as a function of temperature in the phase-transi-
tion region.’

V DISCUSSION

The surface plasmon technique is sensitive to the surface characteristics.
Therefore, care must be taken to achieve good surface alignment of the liquid
crystal. An imperfect alignment will lead to a shift and broadening of the
reflectivity curve. Surface condition of the metal film is also important in
the determination of the refractive indices for the liquid crystal. In our
experiment, we used the result at an isotropic temperature as a calibration
point to deduce the optical constants and thickness of the gold film.

The observed phase transition spans over a range of about 60 mK,
appreciably larger than the ~10 mK width of the hysteresis loop. This
suggests that effects due to inhomogeneity must have prevailed in the
observed transition. Different domains with different impurities or defect
points as nucleation centers could have different transition temperatures. The
fraction x of the isotropic phase coexisting with the nematic phase then
represented the size of the domains in the isotropic phase. One might think
that surface irregularities on the gold film were the source of inhomogeneities
causing this 60 mK spread in the transition temperature. However, we have
observed a similar spread of the transition temperature in a bulk measure-
ment, indicating that inhomogeneities probably existed throughout the
bulk. The size of each domain must be small compared with the beam dia-
meter of about 1 mm. On the other hand, it should not be much smaller than
the attenuation length of the surface plasmon along the surface since other-
wise only one reflectivity dip representing the average over many domains
would be observed. From the optical constants of our sample assembly,
(Eau = —50.5 4 i5.7, &pcg = 2.35, d = 470 A, and A = 1.06 um), we ob-
tained an attenuation length of (k) ™! ~ 20 um. Our observation of the double
dips favor the picture of domains instead of a transient layer of nematic
phase on the metal surface because a uniform layer of nematic phase between
the metal and the isotropic phase will only shift the position of the surface
plasmon resonance.

Considering that each domain has its own transition temperature, the
width of the hysteresis loop must then represent the supercooling-super-
heating range. Theoretically, we can use a diffused droplet model of nuclea-
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tion to estimate the supercooling range.'® We assume that the transition of
a domain into the nematic phase starts from a nucleation center on the
surface and expands in the form of a half spherical droplet. Below the
transition temperature T, of the domain, the free energy (or Gibbs’ energy)
of the nematic phase is smaller than that of the isotropic phase. So, the
droplet tends to grow, but the positive surface energy between the isotropic
and nematic interface opposes the growth. This results in supercooling. The
actual transition will occur only when thermal fluctuation has created a
nematic droplet larger than a critical size over which any expansion of the
droplet leads to a net decrease in the free energy of the system since the
decrease of the volume energy then dominates over the surface energy.

We use the truncated series of the Landau-de Gennes free energy density
expression

f(@) = fiy(®) + FLIVS()])?
In®) = fo(T) + 3a(T — TH)S*(r) — ;BS*(¥) + 15CS*(r)...  (6)

where f, is the free energy density of the isotropic phase, S is the order
parameter, and a, B, C, T*, and L all have the usual meaning. We assume a
half spherical nematic droplet of radius R with a uniform order parameter
S(T) obtained by minimizing fy with respect to S. The droplet is surrounded
by a half spherical transition layer. To find the variation of the order param-
eter in the transition layer, we must minimize the total free energy of the
system.

F= %G “Ra)fN(sw» #3 [, s ™

The minimization leads to the Euler equation

d?s  2dS 2 ¥y _

2 2dv_y
a? T rdr 3L es ®)

with the boundary conditions
S(R) = S(T) and S(o0) = 0.

To find S(r) from the above equation, we adopted numerical method by
varying the slope 0S/0r at r = R and requiring 0S/0r < O for r > R with no
discontinuity. A fourth-order Runge-Kutta method'! was used in the cal-
culation. After S(r) was found, the total free energy ®(R) of forming the
droplet from the isotropic phase was then calculated

4 1 (=
OR) = %(3 nRa)(fn(S(T)) g+ [ a0 - e ©)
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Thus by repeating the calculation with different R, a curve of ® versus R at
the given temperature could be plotted. Examples are shown in Figure 5
for the liquid crystal PCB at three different temperatures. In the calculation,
a=0087J/cm*K, B=213J/cm? and C =173J/cm® obtained by
Coles'?and L = 6 x 10~ !4 J/cm!® were used. For each temperature below
T. = T* + B?/(27aC), the ® versus R curve shows a maximum at R = R*,
indicating that R* is a critical radius for the nematic droplet. If initially
the droplet has a radius R > R*, then it will keep growing until the entire
domain is converted to the nematic phase. If initially R < R*, then the drop-
let will shrink and disappear.

Suppose the initial dropiet is created by thermal fluctuations. The prob-
ability of having a droplet with a radius R* is given by

P(R*) _ Q(R*)e—O(R*)/kT/JO(R')e—O(R)/kT d(D(R)

[}
~ (D(R*)/kT)e ™ PRVKT, (10)

The nucleation rate J is the product of this probability and the rate Q
of a droplet with about the critical radius being expanded beyond the
critical size.

J = QP(R*). (1D

This rate Q should be approximately the inverse of the response time t for
expansion and shrinking of the droplet. We choose the response time of the
fast shear mode'* of the liquid crystal as 7. We then have

Q= 1r=ng’p (12)

where 7 is the shear viscosity coefficient, p is the density, and g is the wave-
vector of the mode. For PCB,  ~ 0.1 poise, p ~ 1 gm/cm?, and g ~ (thick-
ness of the surface transition layer) ! ~ 5 x 105 cm™!, we find Q ~ 2.5 x
1019 sec™ ! and hence

J =25 x 10*%DR*)/kT)e™ PRI gec1, (13)

Consider a domain sitting at a temperature T for a time period ¢. If Jt = 1,
then it means that the domain will definitely make an isotropic —nematic
transition in . We can define the temperature at which this happens as the
supercooling temperature Ts-. In our experiment, t = 1,000 sec. Using
Eq. (12), we obtain

(R*, Ty _

D KT =~ 34

T, — Tee ~25mK. (14)
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FIGURES Freeenergy of the nematic droplet versus its radius. Here AT = T", — 7.

The above model for supercooling is admittedly rather crude and has much
room for improvement, but it does predict a supercooling range of the order
of magnitude as experimentally observed. A similar model can of course be
used to estimate the superheating range, which is roughly the same as the
supercooling range.

VI CONCLUSION

The surface plasmon technique has been used to measure the refractive in-
dices of the liquid crystal PCB. The accuracy can be better than 1073, It has
also been used to probe the phase transition of PCB. Since the technique is
not restricted by the strong scattering in the transition region, it can be used
to monitor the detailed variation of the phase transition process. Coexistence
of isotropic and nematic phases in a range of ~60 mK around transition,
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together with a hysteresis effect upon heating and cooling, has been observed.
A diffuse droplet model of nucleation can be used to give a correct order-of-
magnitude estimate on the super-cooling and superheating range.
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