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In this work the quantitative theoretical treatment for two beam mode mismatched thermal lens
spectrometry is applied to investigate the thermal diffusivity anisotropy of two lyotropic mixtures:
~1! potassium laurate, decanol and water and~2! potassium laurate, potassium chloride and water in
the nematic calamitic phase. The ratio between the thermal diffusivities parallel and perpendicular
to the director has been shown to be smaller than those reported for thermotropic liquid crystal. This
observation is explained by using a simple model where this ratio is correlated to the micellar shape
anisotropy. ©1996 American Institute of Physics.@S0003-6951~96!01624-5#
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There has been a growing interest in using phototherm
techniques to measure optical and thermal properties
highly transparent materials. These methods are adva
geous when compared with conventional thermometry b
cause they allow the experiments to be performed witho
the difficulties of obtaining the steady state conditions. The
mal lens spectrometry~TLS! is a transient technique which
has been increasingly used to investigate the thermal tra
port properties of transparent materials.1–4 Thermal lens
techniques are also non contacting thus removing the
quirement for perfect thermal contact between the measur
device and the sample. The thermal lens~TL! effect is cre-
ated when the excitation laser beam passes through
sample and the absorbed energy is converted into h
changing the optical path length,s, and producing a lens-like
optical element at the sample. The propagation of a pro
beam laser through the TL will result in either a spreading
a focusing of the beam center, depending on the sam
properties. The TL signal intensity is mainly controlled b
the sample optical absorption coefficient and its thermal co
ductivity.

The TL in liquid crystals~LC! can produce either laser
beam self-focusing or defocusing, depending on the tempe
ture coefficient of the refractive index,dn/dT, and on both
laser beam polarization and intensity. The refractive ind
dependence on laser intensity is associated with Kerr effe
electrostriction, non linear electronic polarization and the
mal heating, and each one of these effects can be inve
gated varying the time scales for the experiments.5–7 A more
complete description of the basic processes and techniq
associated with propagation of a laser beam through liq
crystals can be found elsewhere.8 Earlier TL experiments in
thermotropic liquid crystals have been reported for bo
pulsed and cw thermal lens.3–6,9,10In these experiments the
optical nonlinearity of the samples has been investigat
The experimental arrangement used in these investigati
was the single beam configuration. However, it has be
shown that the two beam mode mismatched TLS, a confi
ration arranged to have different spot sizes for the two la
Appl. Phys. Lett. 68 (24), 10 June 1996 0003-6951/96/68(24)/3
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beams at the sample, is a much more sensitive arrangement
allowing to measure samples with optical absorption coeffi-
cient as small as 1027 cm21.11,12Moreover, in order to make
quantitative measurements, the theoretical model for this
configuration has been developed.13 It appears therefore, that
the use of this configuration and its theoretical model could
be advantageous in the study of liquid crystals.

On the other hand, the thermal transport properties of
liquid crystalline materials are not well understood.14 It has
been suggested in a qualitative way that for thermotropics
the anisotropy of thermal diffusivity in the nematic phase
could be associated with the molecular shape. However, a
quantitative description of this association is still lacking.
This reinforced our interest in using TLS in this study, since
this technique can provide the sample thermal diffusivity an-
isotropy.

In this work the two beam mode mismatched TL con-
figuration is applied to determine the thermal diffusivity an-
isotropy of two lyotropic mixtures in their nematic calamitic
phase. A simple model considering the sample as an array of
thermal resistors is presented, indicating that for lyotropics,
the ratio between the thermal diffusivity parallel and perpen-
dicular to the director can be associated to the micellar
shape. Furthermore, by using thermal diffusivity data from
the literature, we have shown that this model can also be
applied for thermotropics.

Lyotropic nematic liquid crystals are mixtures of am-
phiphilic molecules and a solvent~usually water!, under
proper temperature and concentration conditions.15 The basic
units of these systems are anisotropic micelles.16 The mix-
tures investigated in this work were:~a! potassium laurate
~29.4 wt%!, decanol~6.6 wt%!, water~64 wt%!—mixture 1;
~b! potassium laurate~34.5 wt%!, potassium chloride~3
wt%!, water ~62.5 wt%!—mixture 2. The phase sequences
were determined by optical microscopic and conoscopic ob-
servations which show that: mixture 1 is isotropic up to
15 °C, calamitic nematic from 15 to 50 °C and isotropic
above 50 °C; in mixture 2 the nematic calamitic phase upon
heating changes to hexagonal phase at about 40 °C.17 Both
3371371/3/$10.00 © 1996 American Institute of Physics
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 T
samples were encapsulated in glass cells, with a Teflon s
rator used to set the thickness at 1 mm. The axes of
directors in the nematic phases were aligned for some ho
in a magnetic field~0.8 T! for both orientations, parallel and
perpendicular to the sidewalls. The measurements were
formed at room temperature.

The higher sensitivity for the mode mismatched config
ration is achieved when the sample is positioned at the w
of the excitation beam, where the power density is ma
mum, and at the confocal position of the probe beam.
previous studies the mode mismatched configuration
been used for quantitative investigations of both solid a
liquid samples.1,2,13,18 Furthermore, considering that th
more realistic and more accurate theoretical model to
scribe the thermal lens effect should consider the aberra
of the TL, the aberrant model for mode mismatched config
ration has been developed. It treats the thermal lens a
optical path length change to the probe laser beam, wh
can be expressed as an additional phase shift on the p
beam wave front after its passing through the sample. T
model provides a simple analytical expression for absol
determination of both optical and thermal properties of t
samples.13,18The variation of the probe beam intensity at th
detector is expressed as:2,13,18

I ~ t !5I ~0!F 12
u

2
3arctan

3S 2mV

@~112m!21V2#
tC
2t

1112m1V2D G 2, ~1!

where

tC5
ve
2

4a
, u5

PeAel 0
klp

ds

dT
, V5

Z1
Zc

. ~2!

In Eqs.~1! and~2!, u is the difference between the thermal
induced phase shift of the probe beam atr50 and
r5A2ve , m5(vp /ve)

2, vp andve are the probe beam an
excitation beam spot sizes at the sample, respectively,a is
the sample thermal diffusivity,Pe is the excitation laser
beam power~mW!, Ae is the optical absorption coefficient a
the excitation beam wavelength (cm21!, Zc is the confocal
distance of the probe beam,Z1 is the distance of the probe
beam waist to the sample andI (0) is the value ofI (t) when
t or u is zero. Moreover,l 0 is the sample thickness,k is the
thermal conductivity,lp is the probe beam wavelength, an
ds/dT is the temperature coefficient of the optical pa
length.

Therefore, in time resolved TL experiments,u and the
thermal diffusivity can be obtained from the curve fitting
Eq. ~1! to the experimentally observed time profile of th
developing thermal lens.

The above model imposes some experimental conditi
to investigate thin samples.18 In order to avoid heat flow in
the laser beam direction it has been shown that experim
with thin samples must be performed only for a short per
of time t,5 tC , wheretC is the characteristic thermal tim
constant, and with the ratio between the probe beam s
3372 Appl. Phys. Lett., Vol. 68, No. 24, 10 June 1996
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size, vp , and the excitation beam spot size,ve , at the
sample not larger than 3.18 Within the employed boundary
conditions, a sample with thickness up to 1 mm must
treated as a thin sample. When these conditions are obser
i.e. the small ratiovp/ve and the short period of time, the
analytical expressions for mode mismatched thermal le
which consider the sample as infinite in both radial and bea
direction, can be used to determine quantitatively the opti
and thermal properties of thin samples.

The experimental setup used was described elsewher18

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 of the sample to the excitation beam was control
by a shutter. The He-Ne probe laser beam was attenuate
0.1 mW at the sample by neutral density filter. The output
the fast photodiode was coupled to the digital Hewlett Pac
ard 7090A Recorder which was triggered by a second ph
todiode. Data were transferred from the Recorder to the co
puter through a GPIB interface, and stored in sequential fi
for further analysis. Each scan resulted in 1000 measu
points. Moreover, the excitation beam spot size at the sam
ve56.131023cm, and the probe beam spot siz
vp516.831023cm. The excitation beam power at th
sample was 50 mW and 100 mW.

Figure 1 shows the time resolved thermal lens signal f
the mixture 1 with the directors aligned parallel to the sid
walls. By using Eq.~1!, the curve fitting gave the therma
diffusivity as a i5(1.7160.01)31023cm2/s. Table I shows
the thermal diffusivity results for the two mixtures in both
perpendicular and parallel directions of the director. It can
observed that the ratios between the thermal diffusivity pa
allel and perpendicular area i /a'51.20 for mixture 1, and
a i /a'51.18 for mixture 2. These ratios are smaller tha
those measured for thermotropic liquid crystal~6CB, 8CB
and MBBA!, obtained by several techniques, which a
about 2.0.5,6,14We would like to stress here that the lyotropi

FIG. 1. Thermal lens experimental data of mixture 1 with the direct
aligned parallel to the sidewalls and their best fit curve.

TABLE I. Thermal diffusivity results of mixtures 1 and 2 and their ratio
The ratioa i /a' estimated using Eq.~3! is shown in the right column.

Samples
ai

(1023 cm2/s!
a'

(1023 cm2/s)
ai /a'

~measured!
ai /a'

~estimated!

Mixture 1 1.7160.01 1.4360.01 1.20 1.27
Mixture 2 1.3160.01 1.1160.01 1.18 1.27
Bento et al.
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micellar shape anisotropy~i.e. the ratio between length (L)
and diameter (D) of the cylinders! in the calamitic phase is
about 1.6.16 It is smaller than the thermotropic liquid crystal
length-to-width ratio which is about 3.15 These results indi-
cate that the thermal anisotropy in liquid crystals can be co
related to the micellar shape anisotropy, as suggested so
years ago by Urbachet al.14

The physical behavior of this system can be tentative
understood if we consider the sample as an array of therm
resistors of rod-like shape. The effective therma
resistance19,20 is obtained by considering both the interna
contribution coming from the properties of the micelle
themselves and the contribution from their interfaces. If w
assume that the interfacial term is proportional to the inver
of the interface area, and that it is much bigger than th
internal one, the maximum anisotropy in the thermal condu
tivity, k, obeys the relationk i /k'5a i /a'.L/D. This re-
sult is similar to the one obtained from a quasi-lattice mod
for the ratio between mass diffusion coefficients.15,21Follow-
ing the same procedure of these authors, for imperfect ne
atic orderS,1 the ratio between the thermal diffusivities is
expected to be:

a i

a'

5

S LD D ~112S!1~222S!

S LD D ~12S!1~21S!

, ~3!

whereS is the scalar order parameter.
Taking L/D'3 for thermotropic liquid crystal~from

x-ray data!15 and using S'0.5,22 we will obtain
a i /a'.1.9, which agrees very well with the results re
ported for thermal diffusivity of thermotropics.5,6,14 On the
other hand, for the lyotropic systems studied here, using t
same value for the order parameter,S'0.5,23 and taking the
ratio L/D.1.616 we founda i /a'.1.3, again very close to
the experimental results for the ratio between the therm
diffusivities presented in Table I. Therefore, our result
strongly indicate that the thermal diffusivity anisotropy ca
be in fact associated with the form of the micelles for lyo
tropic nematics and the molecular shape for thermotrop
liquid crystals, as predicted by Eq.~3!.

In conclusion, by using a simple analytical expressio
for the mode mismatched thermal lens spectrometry, the a
isotropic thermal diffusivity of two different mixtures of lyo-
tropic nematic liquid crystals were determined. We have pr
posed a simple model, which considers the sample compo
of a serial thermal resistors. The difference between the th
mal diffusivities for the two directions was connected to th
geometrical anisotropy of the micelles for lyotropic nematic
Appl. Phys. Lett., Vol. 68, No. 24, 10 June 1996
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in the calamitic phase, or to the molecular shape for thermo
tropic nematics. This picture explains why the ratio betwee
the components of thermal diffusivity is smaller in lyotropic
than in thermotropic liquid crystals. It also provides a more
quantitative way to understand why the thermal conductivit
has its maximum value along the long micellar or molecula
axis, as already pointed out by Urbachet al.14

Furthermore, the thermal lens experiment we have pre
sented is very simple to perform. The technique is remote
non-contacting, non-destructive, very sensitive. Moreove
with the thin sample theoretical and experimental condition
established for mode mismatched configuration, this tech
nique can be used to study optical and thermal properties
liquid crystals without addition of dyes. To our knowledge,
this is the first application of the thermal lens technique to
the investigation of physical properties of lyotropic system
It can be a powerful technique to investigate anisotropi
properties of lyotropics and their interfaces with biologica
systems.

This work was partially supported by the Brazilian
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1M. L. Baesso, J. Shen, and R. D. Snook, Chem. Phys. Lett.197, 255
~1992!.

2M. L. Baesso, J. Shen, and R. D. Snook, J. Appl. Phys.75, 3732~1994!.
3G. Koren, Phys. Rev. A13, 1177~1976!.
4I. C. Khoo, S. L. Zhuang, and S. Shepard, Appl. Phys. Lett.39, 937
~1981!.

5R. MacDonald and H. J. Eichler, Appl. Phys. B60, 543 ~1995!.
6Y. G. Fuh and R. F. Code, Can. J. Phys.63, 282 ~1985!.
7I. C. Khoo, Phys. Rev. A25, 1040~1982!.
8I. C. Khoo and S. T. Wu,Optics and Nonlinear Optics of Liquid Crystals,
Series in Nonlinear Optics, Vol. 1~World Scientific, Singapore, 1983!.

9V. Volterra and E. Wiener-Avnear, Opt. Commun.12, 194 ~1974!.
10N. F. Pilipetski, A. V. Sukhov, N. V. Tabiryan, and B. Ya. Zel’dovich,
Opt. Commun.37, 280 ~1981!.

11T. Higaishi, T. Imasaka, and N. Ishibashi, Ann. Chem.55, 1907~1983!.
12F. J. Power and E. D. Salin, Ann. Chem.60, 838 ~1988!.
13J. Shen, R. D. Lowe, and R. D. Snook, Chem. Phys.165, 385 ~1992!.
14W. Urbach, H. Hervet, and F. Rondelez, Mol. Cryst. Liq. Cryst.46, 209

~1978!.
15G. Vertogen and W. H. de Jeu,Thermotropic Liquid Crystals~Verlag,
Berlin, 1988!.

16Y. Hendrix, J. Charvolin, M. Rawiso, L. Lie´bert, and M. C. Holmes, J.
Phys. Chem.87, 3991~1983!.

17A. V. A. Pinto and L. Q. Amaral, J. Phys. Chem.94, 3186~1990!.
18J. Shen, M. L. Baesso, and R. D. Snook, J. Appl. Phys.75, 3738 ~1994!.
19A. M. Mansanares, A. C. Bento, H. Vargas, N. F. Leite, and L. C. M.
Miranda, Phys. Rev. B42, 4477~1990!.

20W. Karplus and W. W. Soroka,Analog Methods~McGraw–Hill, New
York, 1959!, p. 59.

21K. S. Chu and D. S. Moroi, J. Phys. Colloq.36, C1-99~1975!.
22S. Chandrasekhar,Liquid Crystals ~Cambridge Univeristy, Cambridge,
1977!.

23Y. Galerne and J. P. Marcerou Phys. Rev. Lett.51, 2109~1983!.
3373Bento et al.
bject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

 14 Aug 2014 17:22:14


