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Determination of the thermo-optic coefficients and the thermal conductivities
of a ferrofluid-doped lyotropic nematic liquid crystal using a nonlinear optical technique

S. L. Gómez and A. M. Figueiredo Neto
Instituto de Fı´sica, Universidade de Sa˜o Paulo, Caixa Postal 66318, 05315-970 Sa˜o Paulo, SP, Brazil

~Received 7 January 2000!

Nonlinear optical measurements are performed with a ferrolyotropic calamitic nematic mesophase with
different relative concentrations of the mixture compounds. The frontiers of the nematic domain are determined
using optical microscopy and x-ray scattering techniques. The thermal lens model is used to obtain the
thermo-optic coefficients and the thermal conductivities of the liquid crystals. The anisotropies of these non-
linear parameters are discussed with respect to the local order and microscopic structure of the nematic phase
in different positions of theNc domain.

PACS number~s!: 61.30.2v, 42.65.2k, 78.20.Ci
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I. INTRODUCTION

The study of nonlinear optical phenomena in conden
matter gives to physicists and engineers an interesting
of research. In addition to the fundamental aspect of
research, many technological applications have been de
oped in this area, and the interest in the scientific invest
tion of the nonlinear properties of materials increases e
year. The nonlinear optical response of thermotropic liq
crystals has been extensively studied@1–3#. In particular, the
nonlinear variation of the index of refraction~n! of a material
is associated with different origins: the optical Kerr effe
third order~and higher order! nonlinear electronic polariza
tion, thermal effects, etc.@1#. Each of these processes has
characteristic response time, ranging from picosecond
milliseconds.

One of the most simple and elegant methods to mea
the nonlinear response of a medium is theZ-scan technique
@4#. Sheik-Bahaeet al. used this technique to obtain the no
linear refractive index (n2) assuming thatn5no1n2I ,
whereno is the linear index of refraction andI the incident
light intensity on a sample. In their approach, which is
sentially local, changes in the electronic polarizability a
responsible for the nonlinear response of the medium.
pending on the experimental conditions and on the sam
absorption properties, thermal nonlinearities must be ta
into account in actualZ-scan experiments, especially on
time scale of milliseconds. Thermal processes are due to
liquid crystal light absorption or to the presence of impurit
which can also absorb heat. These processes give rise
nonlinear response due to sample temperature changes.
consequence, the physical properties of the liquid cry
change, affecting the propagation of the light beam its
One of the most important effects is due to the spatial va
tion of the refractive index of the medium and is often r
ferred to asthermal lens@5–10#. In this approach, which is
essentiallynonlocal, the index of refraction of the medium
illuminated by a laser beam is written asn5no
1(dn/dT)DT, whereT anddn/dT are the temperature an
the thermo-optic coefficient.

To improve the light absorption by thermotropic liqu
crystals, dyes are often mixed in with them@11,12#. On the
PRE 621063-651X/2000/62~1!/675~6!/$15.00
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other hand, in the case of lyotropic liquid crystals, ferroflui
@13# are used to improve their orientation in a small magne
field @14,15#, and can also absorb energy from a laser be
heating the liquid crystal@16#.

In a previous work@16# we reported on measurements
the nonlinear refractive indices of a ferrofluid-doped lyotr
pic liquid crystal mixture in the millisecond range using th
Z-scan technique. On this time scale the nonlinear opt
response is expected to be of thermal origin. The first
proach was to fit those results to Sheik-Bahaeet al.’s model
@4# to obtain an effectiven2 . In this paper we presentZ-scan
measurements performed in ferrolyotropic calamitic nema
mesophases at a fixed temperature, but with different rela
concentrations of the mixture compounds. The thermal l
model~TLM ! will be used to obtain the nonlinear paramete
~dn/dT and the thermal conductivities! of the liquid crystals.
The paper is organized as follows: Sec. II summarizes
theoretical aspects considered. Section III gives the detai
the samples and the setup. The results are presented
discussed in Sec. IV. Finally, the conclusions are presen
in Sec. V.

II. THEORY

In this section we will summarize the basic equations t
describe the thermal lens model. The details about the m
can be found in Refs.@5–10#. Consider a cw~continuous
wave! Gaussian laser beam of powerP ~watts! incident on a
weakly absorbing medium, starting at timet50. The energy
absorbed by the sample is immediately converted into h
The continuous heat transfer to the sample results in the
mation of a radial temperature profile. The higher tempe
ture region is located in the center of the beam~r 50, where
r is the radial distance from the beam axis!. The index of
refraction as a function ofr and t is given by

n~r ,t !5no1@dn/dT#DT~r ,t !. ~1!

It is assumed that there is no convection, and that the h
axial flow is negligible. In the steady-state regime, a rad
temperature gradient is established. Solving the heat con
tion equation and calculating the light transmittance in
far field on the axis of the beam, we obtain the theoreti
675 ©2000 The American Physical Society
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676 PRE 62S. L. GÓMEZ AND A. M. FIGUEIREDO NETO
expression for aZ-scan measurement. Depending upon
order of the expansion inr of the temperature field, differen
models can be obtained. We will focus our attention on
parabolic lens model@8#. The normalized transmittances~S!
obtained with the parabolic lens model~without aberration!
in a Z-scan experiment are

Sparab~z!5
G~z,0!2G~z,Dt !

G~z,Dt !
5uS 2x

11x2D1u2S 1

11x2D ,

~2!

where

u52.303PS 2
dn

dTD a

lk
. ~3!

a is the linear absorption coefficient of the sample~cm21!, l
is the laser wavelength~cm!, k is the thermal conductivity
~cal s21 cm21 K21!, G is the absolute~detected! transmit-
tance,x5z/zo , zo is the confocal parameter, andDt is the
laser pulse width.

At a particular positionz, the time dependence ofG(z,t)
can be written as

Gparab~z,t !5G~z,0!H 11
u

11tc/2t S 2x

11x2D
1F u

11tc/2t G
2S 1

11x2D J 21

, ~4!

where tc5w2rCp /(4k), r and Cp being the density
~g cm23! and the sample specific heat~J g21 K21! respec-
tively.

In a Z-scan experiment, from the normalized transm
tance, the time evolution of the detected signal@17# and the
knowledge ofa, it is possible to determine the thermo-opt
coefficient and the thermal conductivity.

III. EXPERIMENT

The lyotropic liquid crystal studied is a mixture of pota
sium laurate~KL !, 1-decanol~DeOH!, and water with differ-
ent relative concentrations~Table I!. Potassium laurate wa
synthesized from lauric acid~Merck!, and recrystallized
three times in absolute ethanol~Merck!. DeOH ~from Fluka,
purity p.a..98%! was purified by freezing, and the wate
was distilled and deionized. The errors in weighting a
evaluated to be less than 0.5%. Samples were prepared
left at rest for about three days at room temperatureT
523 °C), before being used in the experiments. Figure
shows the region of the phase diagram investigated. T
mixture presents a calamitic nematic phase domain (Nc) at
T523 °C, and all the measurements are performed at
temperature. The frontiers of this calamitic region are id
tified with the labelF in Fig. 1. Different phases are prese
in the Nc frontiers:La , ISO, BIP, andNd are the lamellar,
isotropic, two-phase-region~La and ISO! and discotic nem-
atic phases, respectively. These phases are identified by
tical microscopic~texture observations and conoscopic me
surements! and x-ray diffraction techniques. TheNc samples
in the phase diagram are chosen in such a way as to
constant the mass fraction~mol %, hereafter represented b
e

e

-
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1
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-

ep

@ #! of DeOH ~direction A→C!, water ~direction A→D! or
KL ~directionA→B!. The chemical and thermal stability o
the samples were checked by measuring the optical bire
gence as a function of temperature on consecutive days
the sample’s preparation. After at least ten days of sam
preparation, both the birefringence and the transition te
peratures do not present changes larger than about 0.1
their values. A small amount (;1.431013grains/ml) of a
surfacted water-based ferrofluid~from Ferrofluidics Corp.! is
added to the mixtures with the double aim to improve t
light absorption and alignment of the nematic sample in
magnetic field. The magnetic grains are made of Fe3O4, with
mean diameter of 154 Å~standard deviation of 94 Å!, double
coated with oleic acid. The liquid crystal is encapsulated
rectangular glass cells 200mm thick. Initially, the sample is
oriented in a static magnetic field in an electromagnet (H1
;10 kG). In this configuration, the sample in the nema
(Nc) phase orients in a planar geometry, with the direc
parallel toH1 . After that, the sample is placed in aZ-scan
apparatus where a magnetic field~from permanent magnets!

TABLE I. Compositions of the different samples in mol %
Mixtures A, B, C, D, AB, AC, andAD, present a calamitic nemati
phase (Nc) at T523 °C. Mixtures denoted byF are the frontiers of
the Nc domain.

Sample↓ KL ~mol %! DeOH ~mol %! water ~mol %!

A 3.14 1.20 95.66
AB 3.13 1.15 95.72
AC 3.19 1.20 95.61
AD 3.18 1.14 95.68
B 3.11 1.10 95.79
C 3.23 1.21 95.56
D 3.22 1.08 95.70
F1 3.08 1.29 95.63
F2 3.16 1.30 95.54
F3 3.25 1.28 95.47
F4 3.28 1.21 95.51
F5 3.27 1.00 95.73
F6 3.11 1.07 95.82
F7 3.06 1.19 95.75

FIG. 1. Surface of the phase diagram of the mixture KL/DeO
water atT523 °C. The symbolsd, n, ,, s, andh represent the
Nc , ISO1La , ISO, Nd , andLa phases, respectively.
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H2;1 kG is present. This field, which keeps the same dir
tion of the former H1 , will keep the orientation of the
sample during the measurements. The data acquisitio
made with temporal resolution, and the signal’s tempo
evolution is measured. Details about the experimental se
were presented in Ref.@16#.

IV. RESULTS AND DISCUSSION

TheNc domain of the phase diagram presented in Fig.
surrounded, in the top-left frontier, by a discotic nema
phase~samplesF1, F2, andF7! @18#; in the top-right fron-
tier by a two-phase region constituted by the coexistenc
lamellar and isotropic phases~samplesF3 and F4!; in the
bottom-right frontier by a lamellar region~sampleF5!; and
in the bottom-left frontier by an isotropic region~samples
F6!.

In the Z-scan experiment, due to the presence of a m
chanical chopper in the laser beam trajectory, the incid
beam has~in time! a square-wave-type profile. Dependin
upon the sample’s position with respect to the focus of
beam, the detected transmittance~also called the time evolu
tion of the detected signal! has its shape modified by th
sample with respect to the original square-wave type. Fig
2 presents three typical profiles of the detected signal a
function of time in three positions of the sample with resp
to the laser beam focus~at z50!, along thez axis. With the
measured functionsG(z,t) it is possible to calculate the nor
malized transmittanceS(z). Figure 3~a! shows a typical
Z-scan curve of the lyotropic mixture in the calamitic nem
atic phase with an incident powerP5119 mW on the sample
and Dt518 ms laser pulses. Equation~2! is used to fit the
experimental data to obtain the parameteru @solid line in Fig.
3~a!#. A systematic deviation of the fitted curve from th
experimental data is observed specially for large values ouzu.
In the fitting procedure, the parameteru controls first the
peak-to-valley amplitudeDSpv , and, second, the asymptot
behavior at large values ofuzu. Our results show that the
experimental values ofS(z) decrease with a smaller rat

FIG. 2. Time evolution of the absolute optical transmittance
three successive positions of the sample along thez axis. Sample
AD, T523 °C.
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~with respect to the sample position! near the focus
(uzu&3.5 mm), and with a larger rate in the far fie
(uzu*3.5 mm), when compared with the fitted curve. Th
result seems to indicate that two thermal behaviors, with
ferent thermal response times, should be present in the
tropic sample, depending on the sample position with resp
to the focus of the Gaussian-shaped beam. The heat con
tivities could be temperature dependent, since the mice
change their shape anisotropy as a function of tempera
@19#. We will return to this point later on. A typical set o
data ofG(z50.75 mm,t) is presented in Fig. 3~b!. Equation
~4!, with the value ofu previously obtained, is used to fit th
experimental data and obtain the parametertc . The error
bars in Fig. 3 also take into account the reproducibility of t
experiments. This procedure enables us to calculatek and
dn/dT for each sample investigated in different experimen
conditions, with the electric field of the laser beam parallel
perpendicular to the sample directorn. These values are pre
sented in Table II. The value of the linear absorption coe
cient, measured independently with a photospectromete
a5(4.460.1)31022 cm21. The errors presented in Table
take into account not only the usual propagation and

FIG. 3. TypicalZ-scan transmittances. SampleAD, T523 °C.
The nematic director is parallel to the incident electric field.~a!
Normalized transmittanceS(z). The solid line is a best fit to Eq
~2!. ~b! Time evolution of the detected signal,G(z50.75 mm,t).
The solid line is a best fit to Eq.~4!.
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reproducibility of the experiments, but also the quality of t
fitting. The thermal lens model predicts@8# thatu}P. Figure
4 shows the linear dependence ofu with P, with sampleF7
~isotropic phase!, in good agreement with the TLM. Th
same behavior is observed with the nematic samples in
orientational conditions. Let us return to the point of the tw
possible thermal behaviors pointed out above. It is expec
that the sample temperature varies@20# as a function of its
position with respect to the focus beam: the closer to
focus, the higher the temperature. Figure 5 shows the da
Fig. 3 with two different fit procedures with Eq.~2!. In the
first one@Fig. 5~a!#, only experimental points near the focu
(uzu&3.5 mm) are used; and in the second one@Fig. 5~b!#,
data withuzu*3.5 mm anduzu&1 mm, namely, the far field
limit, are used. Table III shows the thermal parameters
tained with these two fit procedures. Our results indicate
the thermal parameters obtained in the far field limit a
smaller ~about 1/2 in the case of the parallel configurati
and 1/3.4 in the case of the perpendicular configurati!
when compared to those obtained in the position closes
the focus. This result can be due to different aspects of
physics of lyotropics. One of them is the large amount
water present in these systems~see Table I!. As the thermal
conductivity of water increases with temperature@21#, this
could be one of the sources responsible for the higher va

TABLE II. Values of the thermal conductivities and therm
optical coefficients of the nematic samples, in the parallel~i! and
perpendicular~'! orientations ofn with respect to the electric field
of the laser beam.

Sample↓ ki ~W/m °C! k' ~W/m °C!
2dni /dT

(1025 °C21)
2dn' /dT

(1025 °C21)

A 0.1660.04 0.1060.03 8.262.1 10.662.7
B 0.1460.04 0.1060.03 13.563.4 4.761.2
C 0.1060.03 0.1360.03 3.660.9 4.261.1
D 0.2360.06 0.2360.06 13.263.3 8.762.2
AB 0.0860.02 0.1360.03 3.961.0 4.661.2
AC 0.3960.10 0.6360.16 30.067.5 3.460.9
AD 0.1260.03 0.1260.03 7.862.0 5.061.3

FIG. 4. Dependence ofu on the incident powerP. SampleF6,
T523 °C.
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of k obtained with the sample near the beam focus. Howe
other aspects of the lyotropic system must also be taken
account. It is known that the shape anisotropy of the mice
decreases in the nematic domain as the temperature incre
toward the isotropic phase@19#. These changes in the micro
scopic structure of the micelles as a function of temperat
could also modify the thermal properties of the medium.
this framework, the values of the thermal parameters p

FIG. 5. Data of Fig. 3 with two different fit procedures to E
~2!: ~a! Experimental data withuzu&3.5 mm. ~b! Experimental data
with uzu*3.5 mm anduzu&1 mm.

TABLE III. Values of the thermal conductivities and thermo
optical coefficients of the nematic sampleAD, in the parallel~i! and
perpendicular~'! orientations ofn with respect to the electric field
of the laser beam. Values obtained from the fit of Eq.~2! to the
Z-scan experimental data, with emphasis on the points near
focus ~first row! and in the far field~second row!.

ki

~W/m °C!
k'

~W/m °C!
2dni /dT

(1025 °C21)
2dn' /dT

(1025 °C21)

uzu&3.5 mm 0.1260.02 0.1260.02 7.961.0 5.160.9
uzu*3.5 mm
and
uzu&1 mm

0.0760.02 0.0460.02 4.160.7 1.560.2
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sented in Table II must be considered as effective valu
closer to those obtained with the sample near the beam fo

An interesting result of our measurements is the nega
sign of both parallel and perpendicular thermo-optic coe
cients. It is well known@3,22# that in thermotropic nematic
liquid crystalsdn'/dT.0 and dni /dT,0. In the case of
lyotropics, however, a different behavior was observed in
mixture decylammoniumchloride-ammoniumchloride-wa
@23#, where the ordinary and extraordinary refractive indic
decrease asT increases toward the nematic-to-isotrop
phase transition. Our results indicate that the thermo-o
coefficients of the potassium laurate mixture present
same behavior of the decylammoniumchloride mixture. T
modification of the shape anisotropy of the micelles a
function of temperature should be responsible for this diff
ence between lyotropics and thermotropics.

Let us now discuss the evolution of the different para
eters presented in Table II as we move in the three direct
~A→B, A→C, and A→D! in the phase diagram. Figure
6~a! and 6~b! show the evolution of the thermo-optical coe
ficient and thermal conductivity anisotropies, respective
The solid and dashed lines in the figures are only guides
the eyes. All the paths start in sampleA, near the top-left
frontier, in theNc domain.

FIG. 6. Anisotropies of the measured parameters of theNc

phase along the three different directions in the phase diagram.
are extracted from Table II.~a! Thermo-optic coefficients.~b! Ther-
mal conductivities.
s,
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A. Direction A\C

Along this direction, @DeOH#;1.20 mol %, @KL # and
@water# increase, both anisotropies increase~sampleAC! and
then decrease~sampleC!. These results are consistent wi
the picture in which the micelles increase their shape ani
ropy, increasing their dimensions in the plane perpendicu
to the amphiphilic bilayer~since the bilayer is almost inde
pendent of the concentration of the compounds, being
fined essentially by twice the length of the KL molecule!.
The decrease of the anisotropies observed in Fig. 6 is du
the proximity of the two-phases frontier (ISO1La), with the
increase of the water concentration in the mixture. The tw
phase region is characterized by the coexistence of the
tropic phase and droplets~with typical sizes of somemm!
with a lamellar structure, randomly oriented. The values
the thermal conductivity anisotropies obtained are of
same order of magnitude of those measured by Bentoet al.
@24#.

B. Direction A\B

Along this direction, @KL #;3.13 mol %, @DeOH# de-
creases and@water# increases, the thermal conductivity a
isotropy decreases, and the thermo-optic anisotropy
creases~sampleAB! and after changes its sign and increas
~sampleB!. It is known that the DeOH molecules are locat
@25# mostly in the flat part of the micelles. Decreasing t
concentration of DeOH leads to a decrease of the shape
isotropy of the micelles~the bilayer remains almost consta
during this process!; moreover, the increase of the water co
centration increases the intermicellar separation, favoring
isotropic phase. These facts should explain the reductio
the thermal conductivity anisotropy from sampleA to sample
B, and the thermo-optical anisotropy from sampleA to
sampleAB. There is, however, an unexpected behavior of
thermo-optic anisotropy from sampleAB to sampleB. This
result could be related to the proximity of the birefringentNd
phase domain.

C. Direction A\D

Along this direction,@water#;95.68 mol %,@DeOH# de-
creases and@KL # increases, the thermal conductivity aniso
ropy decreases, and the thermo-optic anisotropy change
sign ~sampleAD! and afterward remains almost consta
~sampleD!. Along this direction in the phase diagram a
increase of the micellar shape anisotropy is expected, u
the first-order phase transitionNc→La . In principle an in-
crease of the anisotropies is expected, and the micelles
to collapse in large structures, for which it is more difficult
maintain the original planar orientational geometry w
small magnetic fields~as can be used in our experiment
setup!. This effect seems to be the responsible for the res
observed.

V. CONCLUSIONS

Z-scan measurements are performed in ferrolyotro
nematic mesophases at a fixed temperature~in the calamitic
nematic phase!, but with different relative concentrations
The thermal lens model~TLM ! is used to obtain the nonlin
ear parameters~the thermo-optic coefficients and therm

ata
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conductivities! of the liquid crystals. The fit of the theoretica
expressions of the TLM to the experimental data indica
that two thermal behaviors with different nonlinear para
eters are present, depending on the heating of the sam
This behavior should be related to the modifications of
micellar shape anisotropy as a function of the sample t
perature. The anisotropies of the thermo-optic coefficie
and the thermal conductivities could be related to the lo
-

E
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le.
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l

order and microscopic structure of the nematic phase in
ferent positions of theNc domain.
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