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Inversion in the change of the refractive index and memory effect near the nematic-isotropic
phase transition in a lyotropic liquid crystal
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This work demonstrates the occurrence ofdn/dT inversion from negative to positive near the nematic-
isotropic phase transition in a lyotropic liquid crystal. It is suggested that this effect can be attributed to a
sudden increase of the electronic polarizability due to a change in the micelle shape near this phase transition.
Formation of a long lasting lenslike element within the sample when it is irradiated at moderately high laser
powers is also reported. This permanent lens is erasable by increasing the temperature above the nematic-
isotropic transition temperature.

PACS number~s!: 61.30.2v, 42.65.Jx, 64.70.Md
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I. INTRODUCTION

The similarity between lyotropic liquid crystals and bi
logical membranes combined with the well known uniq
flow phenomena presented by liquid crystalline mater
have attracted the attention of many researchers in the
few years. The structure of these materials consists of
celles while thermotropic liquid crystals have molecules
their unit cell. The micelles are composed of amphiph
molecules having a hydrophilic head and a hydrophobic
immersed in aqueous solution. The study of this class
liquid crystals is of considerable interest due to the relat
lack of detailed knowledge of their physical properties
compared to the thermotropic liquid crystals, as well as
the eventual possibility for exploring these materials as se
ing device elements.

Laser induced refractive index change has been wid
employed in order to understand the fundamental prope
of thermotropic liquid crystals@1–7#. As a result of the
sample-laser beam interaction several nonlinear proce
are straightforwardly induced, depending on both the liq
crystal composition and spatial orientation. Among these,
Kerr effect, electrostriction, nonlinear electronic polarizatio
and thermal heating processes have been observed. Disc
nation among these optically induced nonlinear proces
has been successfully achieved by changing the beam p
and polarization, the experimental configuration, and
time scale of the experiments@8#. A detailed discussion o
the basic nonlinear processes and detection techniques
ciated with propagation of a laser beam through liquid cr
tals is presented in Ref.@8#.

Recently, we have reported on the use of the thermal
~TL! technique for evaluation of the thermal diffusivity a
isotropy of lyotropic liquid crystals@9,10#. With proper ex-
perimental arrangement and time scale of the measurem
thermal lens methods can be applied to evaluate the the
contribution of the refractive index change (dn/dT) induced
by the laser beam@8#. The description of the refractive inde
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profile created by the conversion of the absorbed energy
heat during the formation of the thermal lens takes into
count the thermal and optical properties of the sample. T
TL is a remote local probe technique that allows a be
definition of the critical temperature at the phase transit
when compared to the usual calorimetric methods. Conv
tional methods have shown that for thermotropic nema
the refractive index and consequentlydn/dT have an unusu-
ally large temperature dependence near the nematic-isotr
phase transition@8#. This behavior has been mainly corre
lated with the high variation of the sample order paramete~s!
occurring at this temperature range. As far as we know,
temperature dependence of these properties has not yet
reported for lyotropic liquid crystals. Our hyphothesis is th
these rapid and intense changes in the anisotropy of
sample properties at the phase transition can be evaluate
the TL technique, providing more information about th
structural and thermo-optical responses of the system in
tigated. Furthermore, with the quantitative theoretical tre
ment already available for this method, these properties
be determined absolutely.

In this paper, we have applied the TL technique to inv
tigate the temperature dependence of the rate of chang
the refractive index in a lyotropic liquid crystal. In particula
we focus our attention on the temperature range from 48
up to 52°C, where this material presents a nematic-isotro
phase transition (N↔I ).

II. EXPERIMENT

The lyotropic liquid crystal sample was prepared with t
following composition: potassium laurate~29.4 wt.%!, de-
canol ~6.6 wt.%!, and water~64 wt%!. The phase sequence
were determined by optical microscopy and conoscopic
servations, which showed that it was isotropic up to 15 °
calamitic nematic from 15 °C to 50° C, and isotropic aga
above 50 °C. The width of the nematic-isotropic phase tr
sition of this sample is approximately 1°C. The sample w
placed in a quartz cuvette 0.5 mm thick. After remaining
h in a magnetic field~1.5 T! the director was aligned in
parallel with or perpendicular to the side walls. After tha
the sample was positioned inside a hot stage~MK200! de-
5410 ©2000 The American Physical Society



en
ng
ge
n
tt

th
m
e

de

o
hu
s

Th
fa
fo
in

s
rg
er
le
T

t o
a

hi
ro
Th
th

e

be

ple,

am
e
he

the
nts,
e
er-
o-
ile
pla-
d
e-
of

r ori-

ig-
ee
he

r
q.

-
e in
re

ents
lue
and
g to

is
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vice. For each orientation of the directors the measurem
were performed as a function of the temperature in the ra
from 25 °C up to 54 °C. The resolution of the hot sta
MK200 is 0.01 °C. The measurements were performed o
when the temperature of the sample was stabilized to be
than 0.1 °C.

The thermal lens experiments were performed using
mode mismatched configuration as a function of the te
perature. In this arrangement the probe beam spot siz
larger than the excitation beam~Fig. 1!, improving the sen-
sitivity of the technique when compared to the mo
matched or single beam configuration@11,12#. An argon ion
laser was used as the excitation beam~514.5 nm! and a
He-Ne laser~632.8 nm! as the probe beam. The exposure
the sample to the excitation beam was controlled by a s
ter. The output of the photodiode was fed into a digital o
cilloscope which was triggered by a second photodiode.
data were transferred through a general purpose inter
bording 488.2, interface, and stored in a microcomputer
further analysis. Each scan resulted in 1000 measured po

III. THERMAL LENS BACKGROUND

The thermal lens effect is created when an excitation la
beam passes through the sample and the absorbed ene
converted into heat, changing the refractive index and th
fore producing a lenslike optical element within the samp
The propagation of the probe beam laser through the
results in either a defocusing (dn/dT,0) or a focusing
(dn/dT.0) of the beam center. The theoretical treatmen
the TL effect considers the aberration of the thermal lens
an optical path length change to the probe laser beam, w
can be expressed as an additional phase shift on the p
beam wave front after its passing through the sample.
analytical expression for absolute determination of
thermo-optical properties of the sample is given by@11,12#

I ~ t !5I ~0!F12
u

2
arctan

3S 2mv

@~112m!21v2#tc/2t1112m1v2D G 2

, ~1!

where

u52
PeAel 0

Klp
S dn

dTD
P

, v5
Z1

Zc
, m5S vp

ve
D 2

. ~2!

FIG. 1. Probe beam and excitation beam in the mode m
matched TL configuration.
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In Eqs. ~1! and ~2!, I (t) is the temporal dependence of th
probe laser beam at the detector,I (0) is the initial value of
I (t), u is the thermally induced phase shift of the pro
beam after its passing through the sample,vp andve are the
probe beam and excitation beam spot sizes at the sam
respectively,Pe is the excitation laser beam power~mW!, Ae
is the optical absorption coefficient at the excitation be
wavelength (cm21), Zc is the confocal distance of the prob
beam,Z1 is the distance from the probe beam waist to t
sample,l 0 is the sample thickness,K is the thermal conduc-
tivity, lp is the probe beam wavelength,tc is the character-
istic thermal lens time constant, and (dn/dT)p is the tem-
perature coefficient of the sample refractive index at
probe beam wavelength. In time resolved TL measureme
u andtc are straightforwardly obtained from the fitting of th
experimentally observed time profile of the developing th
mal lens to Eq.~1!. It should be noted that the above the
retical model was developed for an isotropic medium, wh
in the present experiments, especially in the case of the
nar geometry, the parameteru has an effective value, define
asu ie . For homeotropic alignment there is a radial symm
try in the thermal lens profile, which means that the values
the measured parameters are related to the perpendicula
entation of the director. Here we denoteu asu' .

IV. RESULTS AND DISCUSSION

Figure 2 shows the typical time resolved thermal lens s
nal for the director aligned parallel to the side walls for thr
different temperatures. An inversion is observed in t
buildup of the thermal lens at 48.8 °C@Fig. 2~b!#. The cor-
responding values ofu ie and u' ~normalized to the lase
power! obtained from the phase shift signal data fitting to E
~1! are plotted in Figs. 3~a! and 3~b!, respectively, as a func
tion of temperature. The data points in the isotropic phas
Fig. 3~a! and Fig. 3~b! are represented by crosses. They we
obtained through averaging the data from all measurem
performed in this region. For the planar geometry the va
of u ie decreases from about 2 at 34 °C to 0.04 at 48.3 °C
becomes negative between 48.5 °C and 49.3 °C, returnin

-

FIG. 2. TL experimental data and their best fit curve.~a! nem-
atic phase;~b! nearTNI ; ~c! isotropic phase.
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a positive value above 49.3 °C.
It follows from Eq.~2! that this inversion of theu ie sign is

a consequence of a change indn/dT from negative to posi-
tive. We note that this defocusing–self-focusing invers
was only observed for the planar geometry near the nem
isotropic phase transition. We attribute this inversion to
rate of change of the refractive index with respect to
temperature, namely,dn/dT. First, both the probe beam an
the excitation beam were perpendicularly oriented to
sample cell, therefore preventing reorientation of the dir
tor. Secondly, the probe beam polarization was parallel to
director orientation, while the pump laser beam was cir
larly polarized. Finally, the higher diameter of the pro
beam as compared to the excitation beam seems to be a
convenient configuration fordn/dT to dominate the optica
path (nl0) change with temperature.dn/dT can be expresse
as proportional toA(w2b) @13,14#, wherew is the tempera-
ture coefficient of the electronic polarizability,b is the ther-
mal expansion coefficient, andA is a constant that depend
on the sample refractive index. In this relationw andb are
counteracting factors affectingdn/dT. In our results for the
planar geometry, although the polarizability is comprised
two contributions of the refractive index change, parallel a
perpendicular to the director, its value in the long axis o
entation is dominant and probably controls the effect
value of the probe beam phase shiftu ie .

Therefore, a possible mechanism driving the observed

FIG. 3. ~a! Normalized probe beam phase shiftu ie /Pe . Crosses
(3) representu/Pe in the isotropic phase.~b! Normalized probe
beam phase shiftu' /Pe . Crosses (3) representu/Pe in the iso-
tropic phase.
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version ofdn/dT in the director orientation is the increase
the w values in the long axis of the micelles, resulting fro
their higher electronic polarizability near the nemat
isotropic phase transition as compared to the nematic
isotropic phases. This agrees with the observation that in
nematic-isotropic phase transition the electronic polariza
ity is greatly enhanced on the axis parallel to the direc
@15#. Thew value is associated with the electronic polarizi
power Z/a2, where a is the distance between the dipo
charges (Z). A decrease in the ratioZ/a2 means a decreas
in the atomic group size, producing a consequent increas
the value of these polarizing groups. This, in turn, sugge
that the observed inversion indn/dT results from a change
in the micelle shape, decreasing the distance between
dipole charges. In other words, the inversion indn/dT re-
veals, from a microscopic point of view, a significant chan
in the spatial distribution of the charges in the sample
duced by a modification in its basic units. This explanation
consistent with published x-ray diffraction measuremen
showing a micelle shape change near the nematic–disc
isotropic phase transition in a lyotropic liquid crystal@16#.

For the homeotropic configuration theu' values increase
with increasing temperature, presenting a peak at 50 °C
this sample alignment the thermal expansion coefficienb
dominates the observed change indn/dT, which is negative
in the whole temperature range investigated in this work

We note that the temperature of the peak ofu ie for the
planar alignment is smaller than that of the peak in Fig. 3~b!
for the homeotropic geometry. This difference may be attr
uted to the fact that the electronic polarizability increases
the temperature value approaches the nematic-isotr
phase transition, overcoming the possible changes in
thermal expansion values. After reaching the minimum
about 48.8 °C,u ie moves into a region where its values in
crease until reaching the isotropic phase, indicating tha
this temperature range the thermal expansion coefficient
creases and dominatesdn/dT. For the homeotropic geom
etry, as mentioned before, the thermal expansion coeffic
dominatesdn/dT in the whole temperature range and b
comes maximum just before the isotropic phase. The ab
results indicate that thermal lens measurements provide
alternative route for investigating the temperature dep
dence ofdn/dT, with the advantage of allowing the mea
surements to be independently performed for each orie
tion of the director.

We next performed a second set of experiments using
same mode mismatched thermal lens experimental setup
cept that the two laser beams were used with the polariza
parallel to the director orientation and the probe beam pro
was projected on a screen. The sample was oriented in
planar geometry at a temperature close to the phase tra
tion. The excitation beam power was increased up to 3
mW, when a permanent lens was induced, remaining
changed during the one hour time of observation. We fou
that this process could be erased by increasing the sam
temperature up to the isotropic phase. We also noted tha
permanent lens was greatly enhanced when the sample
doped with ferrofluid. A picture of this permanent lens
shown in Fig. 4. This memory effect is similar to the on
observed by Khan@17# and Khoo and Normandin@18# in
thermotropic liquid crystals and can be explained in a sim
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PRE 61 5413INVERSION IN THE CHANGE OF THE REFRACTIVE . . .
way. The liquid crystal in the region where the excitati
laser beam passes is superheated through the nematic
isotropic phase. After the interruption of the illumination, t
micelles are cooled down, remaining in a disordered s
surrounded by those that were outside the laser spot and
in the ordered phase. This hypothesis was further teste
performing the TL experiment with a reduced beam pow
observing a negativedn/dT. Our data have shown that i
this temperature range the planar geometry provides a p
tive dn/dT. The negativedn/dT value observed in the cen
ter of the permanent lens suggests a nonoriented phase o
liquid crystal in this region.

FIG. 4. ~a! Probe beam pattern;~b! the observed permanent len
The ferrofluid concentration is 0.080 wt.%.
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In conclusion, in this paper we have reported the obs
vation of two important effects taking place near t
nematic-isotropic phase transition in lyotropic liquid crysta
previously oriented in a magnetic field. We have shown
refractive index change inversion from negative to posit
and the formation of a permanent lens. The first effect w
associated with a change in the micelle shape due to t
higher electronic polarizability at this temperature range.
far as we know this is the first time that this effect w
observed near the phase transition in lyotropic liquid cr
tals. Furthermore, we have noticed that the intensity of
memory effect was greatly enhanced when the sample
doped with ferrofluid. These results suggest that the TL te
nique in mode mismatched configuration is indeed a v
useful tool for investigating quantitatively the thermo-optic
properties of anisotropy of liquid crystals, specially in th
temperature range where a phase transition occurs.

We hope these results may stimulate further investiga
toward the detailed understanding of these phenomena,
cially for the interesting biological applications one may e
visage in systems exhibiting physical behavior similar to
lyotropic liquid crystals.
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