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ABSTRACT

The surface plasmon téchnique 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 super-

heating range.
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I. Introduction

In recent years, surface plasmons have attracted much attention be-
cause of their potential applications in material studies.l These waves
"are electromagnetic waves propagating along the interface between a metal
and a.dieleccric. 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.2 However, since the surface waveé are physically confined to a
very narrow region around the interface, their propagation characteristics
are also quite sensitive to the surface conditions of the media. Thus,
they can be used to. study adsorbed molecules3 and overlayers4 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 thén 1 x 10_3. We have measured the refractive indices of the 1li-
vquid crystalline material 4~cyano-4'-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 detaii. We have found coexis-
‘tence of the two phases, a hysteresis effect of the transtion, and super-
cooling and superheating in a temperature range of 60 mK around ﬁhe nominal
transition temperature. That surface phasmons can be used to probe phase
transition was proposed earlier by Agranovich.5 Qur experiment here is
the first demonstration of his idea.

Sections II and III give a brief account of the théory and the experi-

mental arrangement, and Sec. IV describes the experimental results. Final-
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ly, in Sec. V, the results in the phase transition region are discussed

in terms of a diffused droplet nucleation model.

II. Theory

Two linear optical methods are generally used to excite surface plas-
mons on a metal-dielectric interface. The Otto method6 uses a prism (or
grating) on top of the metal surface, and the Kretschman2 method uses an
evaporated metal film on a.prism. We have adopted the Kretschman method
in our experiment as shown in Fig. 1. The laser beam with a TM polariza-
tion is directed onto the metal film through the prism side and the re-
flected beam is measured. Let the normal to the interface be along Z and

the plane of incidence in X - z. The reflectivity is given by

exp(iZkzzd) 2
exp(iZkZZd)

Tyg ¥ Tog

(1)
1+ r12r23

R(8) =

Here, the subindices 1, 2, and 3 refer to prism, metal, and liquid crystal
respectively, 8 is the angle of incidence at the metal film in the prism,

d is the thickness of the metal film, k z is the complex z-component of

2
. . : ' 22 2% . .

the light wavevector in the metal, k2z = [(w/c) n, - kx] . kx = k sin6 is

the real x-component of the wavevector, Ty and Tyg are the Fresnel re-

flection coefficients at the prism-metal and metal-liquid boundaries re-

spectively.

2]
|
PanY
=]
I3

2 2 2
12 = - npk, )/ (ngky  +npky )

) 2 2 2
Tyy = (g k= mpkg )/ (ng ky + ok, ) (2)
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k, = [/} - kf{f5

. 22 2.%
k3z = [(w/c) ny, - kx] x (n3x/n3z)

where n's are the refractive indices of the media. We have n3x = n3z =n

if the director n of the liquid crystal is aligned parallel to y, and e
n; and n, =my if n is aligned parallel to z. With the liquid crystal in
the isotropic phase, we have Ny = Dg, = n,.

As 9 increases above the critical angle
6 = sin-l(n /n,) (3)
c ) 3x" 2

the incoming beam is totally reflected, but then when 8 reaches a value
approximately satisfying the dispersion relation of the surface plasmon

1 exp(iZkzzd) = 0, (4)

T T12%23
“the reflectivity R(6)'drops dfastically. Physically, this happens because
thé 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 the optical constants of the media are known. Conversely,
from the reflectivity 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.
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III. Experimental Arrangement

As shown in Fig. 1, the sample assembly was composed of a high re-
fractive index gléss prism (Schott glass SF 57 with n = 1.8117), an evép-
orated film (~ 450 A) of gold, and a ~ 100-um layer of liquid crystal
sandwiched between the gold film and a glass plate. In the neﬁatic phase,
the liquid crystal was aligned along either y or z by the usual surfact-
ant method.7 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—stagé oven with temperature control.
The temperature stability was better than 1 mK during a 1l5-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 Tek-
tronix 4051 minicomputer. The light source used for the reflectivity
measurement was a cw 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 nor-
malized against the inéident beam intensity to yield reflectivity. It
was then digitized and recorded by the minicomputer as a function of the
anéular 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 <Z'1‘c and T >'TC are shown in Figs.

2(a) and 2(c) respectively, where TC is the isotropic-nematic transition
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temperature. The solid curves on the'figures were calculated from Eq. (1)
by a nonlinear least-square fit{program using the refractive index of the
liquid ecrystal és a parameter to be deduced. The values of the optic#l
constants and thickness of the gold film, required in the calculgtion,
were on the other hand derived from a feflectivity curve in the isotropic
phase, knowing the.value of thé refractive index of the li&uid crystal
from a separate critical angle measurement.

In the nematic phase, thevliquid crystal has two rgftactive index
components: ng and oy respectively perpendicular and pa£a11e1 to the di-
rection of alignment n. We deduced o) first from the measurements with @
along y and then oy from the measurements with n along z. The results
are shown in Table 1 and Fig. 3. The accuracy of thesg.n values is 2
1 x 10-3, and was limited by the angular resolution of our apparatus. As
a check on the results, we coﬁducted separate measurements of ﬁl and )
with the critical-angle method.8 The results are also shown in Table 1
and Fig. 3. They match very well with thé results deduced from the sur-
face plasmoﬁ 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 iﬁ the metal film is extremely large, the accuracy in determining
the small imaginary part of the refractive index for the liquid crystal
is very éoor.' We did notice a slight broadening of the reflectivity dip
as the temperature decreases towards the isotropic-mematic transition,
presumably because of the increasing scattering loss in the iiquid crys-—
talline medium.

The most interesting aspect of the surface plasmon technique is its



7 LBL-9398

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 tﬁe isotropic and nematic phases
coexist. Two reflectivity dips showed up in the region; as shown in Fig.
2(b); one corresponded to the nematic phase af ~ Tc and the other to the
isotropic phase at ™~ TC; Their positions remained unchanged as the tem—
perature varied, but their relative magnitude did change. As seen in'Fig.
2(b), the double-dip reflectiviﬁy curve can be fit very vell by the theo-

retical expression

R = XRIsotropic + 1 -IX)RNematic )

where x is the fraction of the medium in the isotropic phase, and R .
. Isotropic

and RN . are evaluated at ~ T . With decreasing temperature, the ne-
ematic c

matic dip grew in strength while the isotropic dip gradually disappeared,

and vice-versa for increasing temperature. In Fig. 4, the results of how

x varies with temperature in the transition region are shown with the tem-

perature change in one direction and then the other. After each tempera-

ture change, the system was stabilized for 15 minutes and then the reflectiv-—

ity curve was measured. Figure 4 shows that there is a clear hysteresis

effect, characteristic of the first-order transition. We can define the

mid-point of the hysteresis loop as the transition temperature Tc, and

the width of the hysteresis loop as the supercooling-superheating range.

We believe this is the first time such a hysteresis loop for the nematic-

isotropic transition has ever been measured. In our experiment, the tran-

sition tmperature drifted slowly at a rate of - 5.5 x lO_4 K/hr. The
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data points in the figure have been corrected for this transition tempera-
ture drift. A similar hysteresis loop has also been observed when we mon-
itor the transparency of a He-Ne laser beam through a .5-cm 1iquid—cryétal

cell as a function of temperature in the phase-transition region.

V. vDiscussion

The.surface plasmon technique is sensitive to the surface character-
istics. Therefore, care must bé taken to achieve good surface alignment
of the liquid crystal. An.imperfect alignment will leadvto 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. 1In our ekperihent, we used the result at an isotropic
temperature as a calibration point to deduce the optical constants and
thickness of the gold film. One would think that the same information
about the gold film could be derived from the reflectivity curve of the
air-gold film-prism assembly. However, with air ré;lacing the liquid crys-
tal, the effective roughness of the film surface seen by the light is very
different, and hence the effective optical constants deduced for the gold
film ﬁill also be different. Thus, for calibration in the liquid crystal
measurements, one must use a medium with approximately the samé refractive
index as the liqﬁid crystal to find the effective optical constants of the
gold film.

The observed phase transition spans over a range of about 66 mK, ap-
preciably larger than the ~ 10 mK width of the hysteresis loop. This sug-
gests that effects due to inhomogeneity must have prevailed in the observed

transition. Different domains with different impurities or defect points
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as nucleation centers could have different transition temperatures. Tﬁe
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 ir:egularities on the géld film were the source of in-
homogeneities causing this 60 mK spread in the transition temperature.
However, we have observed a similar spread of the transition temperature
in a bulk measurement, indicating that inhomogeneities probably existed
throughout the bulk. Note that the size of each domain must be quite
small since the diameter of our probe beam was only 1 mm. OQur obsérvation
of the double dips favor the picture of domains instead of a transient
layer of nematic phase on the metal surface because a unif;rm layer of ne-
matic 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 tramsition temperature, the
width_of the hysteresis loop must then represént the supercooling-super-
heating range. Theoretically, we can use a diffused droplet model of nu-
cleation to estimate the supercooling range.l'0 We assume. that the transi-
tion of a domain into the nematic phase starts from a nuéleation center
on the surface and expands in the form of a half spherical dfoplet. Be-
"low the ;ransition temperature Té of the.domain, the free energy (or Gibb's
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 su-
percooling. The actual transition will occur only when thermal fluctua-
tion 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
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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 den-

sity expression

£@) = £, + % L[VS(;:’)»/]Z |

5D = £, +3 a0 - D -7’ D + ' D - ©
where fo is tpe free energy dénsitf of the isotropic phase, S is the or-
der parameter, and a, B, C, T*, and L all have the usual meaning. We as-
sume a half spherical nematic droplet of radius R.with a uniform order
parameter S(T) obtained by minimizing fN with respect to S. The drbplet
~is surrounded by a half spherical transition layer. To find the variation

of the order parameter in the tramsition layer, we must minimize the totadl

free energy of the system.
1(4 3 17, 2
F = -2-(-5- R )fN(S(T)) +Ef 4nr f(r)dr. : o))
: R
The minization leads to the Euler equation
+m— - —— = () . (8)
with the boundary conditions

S(R) = S(T) and S(=) = 0.
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To find S(r) from the above equation, we adopted numerical method by
varying the slope 3S/3r at r = R and requiring. 3s/3r < 0 for r Z R with
no discontinuity. A fourth—-order Runge-Kutta methodll was used in the
calculation. After S(r) was found, the total free energ& ®(R) of forming

the droplet from the isotropic phase was then calculated

1/4 3 AT
*(R) =-5(§ TR )(fn(S(T)) -£) + 3;4(~ 4rr(£(r) - £ )dr. (9)

Thus by repeating the calculation with different R, a curve of ¢ versus R
at the given temperature could be plotted. Examples are shown in Fig. 5
for the liquid crystal PéB,at three different temperatures. In the calcu-
lation, a = 0.087 J/cm3K, B = 2.13’J/cm3, and C = 1.73 J/cm3 obtained by
Coles12 and L = 6 ><.10-14 J/cm 13 were used. For each temperature below
Té = T* + BZ/(27aC), the ¢ versus R curve shows a maximum at R = R*, indi-
cating 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 en-
tire doﬁain is converted to the nematic phése. If initially R < R*, then
the droplet will shrink and disappear.

Suppose the initial droplet is created by thermal fluctuations. The

*
probability of having a droplet with a radius R is given by

. .
* $(R ) .
P(R*) ¢(R*)e-¢(a )/leﬁj/” e—¢<R)/de¢(R)
(o]

*
@Ry /xm) e~ 2 (R I /KT, (10)

n

The nucleation rate J is the product of this probability and the rate @
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of a droplet with about the critical radius being expanded beyond the cri-

tical size.
* _ ’
J=QP(R ). (11)

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 mode14 of the liquid crystal as 1. We then have

Q= 1/1 = nq’/e - (12)

where n is the shear viscosity coefficient, p is the density, and q is the
wavevector of the mode. For PCB, n ~ 0.1 poise, p ~ 1 gm/cmz, and q ~
(thickness of the surface transition layer)"1 ~ 5 x 105 ém.}, we find Q

~ 2.5 x lO10 séc-l and hgnce

*
3= 2.5 x 10290 @ /xm)e R /KT -1 (13)

Consider a domain sitting at a temperature T for a time period t. . If Jt =
1, then it means that the domain will definitely make an isotropic-nema-
tic transition in t. We can define the temperatue at which this happens

as the supercooling temperature T In our experiment, t = 1000 sec.

sc*
Using Eq. (12), we obtain

*
(R ,Tsc)/kTSC = 34

' - ~
Tc TSC 25 mK. (14)
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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 coursé
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
indices of the liquid crystal PCB. The accuracy can be better than 10-3.
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 re-
gion, it can be used to monitor the detailed variation of the éhase tran-
sition précess. Coexistence of isotropic and nematic phases in a range
of ~ 60 mK around transition, together with a hysteresis effect upon heat-
ing 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 ahd superheating range.
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Table 1 - Refractive indices of 4-cyano-4'-n-pentylbiphenyl versus

temperature (A = 1.064 u).

Temperature(°C)

23.09
24.2
25.71
26.2
28.63
31.0
33.15
34.2
34.24
34.9
35.1
35.6
36.37
40.2
45.0

a: critical angle method

b surface plasmon method

n
1.516
1.516
1.517
1.517
1.519
1.521
1.524
1.527
1.527
1.532
1.564
1.563
1.562
1.560
1.557

n" Method
1.683 a
1.681 b
1.677 a
1.675 b
1.668 a,b
1.660 a,b
1.650 . a
1.642 b
1.641 a
1.632 a,b

b
b
a,b
b
b
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Figure Captions

Sample/cell with incoming and outgoing beams.
Reflectivity versus the angle of incidence 8 shown in Fig. 1.
The solid curves are theoretical curves obtained by nonlinear
least square fitting;
Refractive indices of 4-cyaqo-4'-n-petylbiphenyl versus tempera-
ture.

o obtained by the surface plasmon technique

® obtained by the critical angle method
Fracﬁion of the isotropic phase as a function of temperature in
the transition region. Heating and cooling exhibit the hystere-
sis effect.
Free energy of the nematic droplet versus its radius. Here

AT = T' - T.
(o4
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