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Z-scan measurement of the nonlinear refractive indices of micellar lyotropic liquid crystals
with and without the ferrofluid doping

S. L. Gómez, F. L. S. Cuppo, A. M. Figueiredo Neto, T. Kosa,* M. Muramatsu, and R. J. Horowicz
Instituto de Fı´sica, Universidade de Sa˜o Paulo, Caixa Postal 66318, 05315-970 Sa˜o Paulo, SP, Brazil

~Received 4 August 1998; revised manuscript received 3 November 1998!

The laser-induced nonlinear optical response of micellar lyotropic liquid crystals in the nematic and isotropic
phases is presented. TheZ-scan technique is used to measure the amplitude and the sign of the nonlinear
refractive indices of the lyotropic mixture. The amplitude of the nonlinear refractive indices (;21026 esu) is
two orders of magnitude smaller than the one observed in thermotropic liquid crystals. The effect of the
ferrofluid doping is also discussed.@S1063-651X~99!14103-5#

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

In the field of complex and supermolecular fluids, liqu
crystals@1# constitute one of the most interesting exampl
Because of their physical-chemical properties, not only ba
research but also many technological applications are a
able. Optical techniques are widely used to investigate
physical-chemical properties of liquid crystals. In particul
in the phase transition and critical phenomena physics, c
siderable work has been done in the last years. The lin
birefringence can be directly connected to the order par
eter@1# and its measurement in the vicinity the critical poin
can improve the understanding of the collective behavio
the building blocks~molecules in thermotropics or micelle
in lyotropics! of the liquid crystals. Specially in lyotropic
nematic liquid crystals, the linear birefringence measu
ments were used to study the uniaxial-to-biaxial phase t
sition @2–4#. In most of these experiments with lyotropic
@4,5#, ferrofluids@6# were used to improve the sample’s o
entation in low magnetic fields. Ferrofluids are colloidal su
pensions of small magnetic grains~about 100 Å of typical
dimension!, coated with surfactant agents or electrica
charged, and dispersed in a liquid carrier. Until now, as fa
the linear optical properties are concerned@7#, this doping
does not modify the values of the index of refraction a
birefringence of lyotropics.

Liquid crystals also exhibit large optical nonlinearitie
@8#. This is due to the particular spatial arrangement of
molecules in space and their characteristics@1#. The nonlin-
ear optical response of thermotropic liquid crystals has b
investigated in recent years@9–12#. Depending on the time
scale@12#, different mechanisms~electronic, thermal, reori-
entational! contribute to the optical nonlinear response of t
liquid crystalline media. The nonlinear optical properties
thermotropics can have several causes. The electric field
laser interacting with a liquid crystal can induce refracti
index changes by different mechanisms. Due to the la
dielectric anisotropy of the molecules, the optical field c
interact strongly with them causing a local reorientation
the nematic director or give rise to a preferential direction
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the isotropic phase. This effect produces a change in
refractive index probed by the laser beam. This realignm
depends on the geometry of the interaction between the n
atic director and the wave polarization@10#. It is possible to
induce a nonlinear optical response in liquid crystals in t
different ways besides the electric one: an increase in
sample’s temperature induces a change in the density~ther-
moelastic effect!; and, another process induces a change
the order parameter. This effects, however, have differ
time scales. The steady-state behavior of these nonlinea
fects has been explored both theoretically and experimen
@10#. The amplitude and the sign of the nonlinear refract
index depend on the time scale considered@8,12#, but the
origin of this dependence is not yet well understood.

To our knowledge, the nonlinear optical properties of m
cellar lyotropic liquid crystals with and without the ferroflui
doping, have not yet been investigated. These materials
mixtures of amphiphilic molecules and a solvent~usually
water!, under proper temperature and relative concentrati
conditions @13,14#. The basic units of lyotropic nematic
~discotic, calamitic and biaxial, namedND , NC , and NB ,
respectively! are micelles, which are aggregates of a
phiphilic molecules.

In this paper, we report what we believe to be the fi
measurements of the nonlinear refractive indices of a lyo
pic liquid crystal mixture in the uniaxial nematic and isotr
pic phases, with and without the ferrofluid doping, using t
Z-scan technique@15#.

II. EXPERIMENTAL SECTION

A. Samples

The liquid crystal investigated is a mixture of potassiu
laurate ~KL !, 1-decanol~DeOH! and water@16#, with two
different compositions in wt %: mixtureM1 with KL
527.968, DeOH57.102, and water564.93; M2 with KL
527.041, DeOH56.409, and water566.55. The phase se
quences as a function of the temperatureT, obtained measur-
ing the linear birefringence as a function ofT and by x-ray
diffraction technique are mixtureM1 :

ND17°C NB 20°C NC 44°C
3059 ©1999 The American Physical Society
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3060 PRE 59S. L. GÓMEZ et al.
isotropic phase; mixture M2 : L ~7.2 °C! isotropic
(47.1 °CL), whereL is a lamellar phase. All the measur
ments are performed at the temperature of 2361°C. A small
amount of a water-base ferrofluid@7# ~3, 6, and 9 m l of
ferrofluid per ml of the sample! is added to the doped mix
tures. The magnetic fluid used a water base ferrofluid fr
Ferrofluidics Corp.~A01!. The grains are made of Fe3O4
~concentration of 1015 gr/cm3), with mean diameter of
154 Å ~standard deviation of 94 Å); saturation magnetiz
tion 4pM53.2 G/cm3, double coated with oleic acid. In
the case of the sampleM1 the doping improves the sample
orientation (NC phase! in a magnetic field. The liquid crysta
is encapsulated in rectangular glass cells with two differ
sample thickness: 200 and 400mm. Initially, the sample
(NC phase! is oriented in a static magnetic field in an ele
tromagnet (H1;10 kG), with H1 parallel to the largest di-
mension of the sample holder. In this configuration, theNc
nematic phase orients in a planar geometry~with the director
n parallel to H1). After that, the sample is placed in th
Z-scan apparatus, where a magnetic field~permanent mag-
nets! of H2;1 kG is present. This field, which keeps th
same direction of the formerH1, will maintain the sample’s
orientation during the measurements.

B. Z-scan technique

In general, a sample that presents a third-order nonlin
ity has a refraction indexn̄ that may be written asn̄5no
1(n2/2)uEu2, whereno , n2 , andE are the linear, the non

FIG. 1. ~a! Sketch of theZ-scan apparatus.P, polarizer; Ch,
chopper; L1 , L2 , and L3 , lens; BS, beam sampler;D1 and D2 ,
detectors.~b! Theoretical behavior of the normalized transmittan
as a function of thez position for two signs of the nonlinear refrac
tive indexn2 . The peak-to-valley distanceDTpv is proportional to
n2 .
-

t

r-

linear refractive indices, and the electric field, respective
The Z-Scan apparatus is the usual one described elsew
@12,15,17#. Although many techniques have been develop
to study nonlinear optical effects, the single-beamZ-scan
technique is attractive because of its simplicity and sensi
ity in measuring both the sign and the magnitude of
nonlinear refraction as well as the nonlinear absorption.
this technique a polarized Gaussian laser beam, propaga
in the z direction, is focused to a narrow waist by using le
@Fig. 1~a!#. The sample is moved along thez direction
through the focal point and the transmitted intensity is m
sured@Fig. 1~b!# in the far field using a photodiode behind
small iris, as a function of thez position. As the sample
moves along the beam focus, self-focusing and defocus
modifies the wave front phase, thereby modifying the d
tected beam intensity. By measuring the transmittance,
value of the nonlinear refracted index is obtained.
continuous-wave Ar1(l5514.5 nm) focused laser beam
used. A mechanical chopper provides the ms~between 10
and 50 ms) pulses incident on the sample. The beam w
at the sample is about 15mm. The power illuminating the
sample is 185 mW. A signal acquisition, with tempor
resolution, is made to discard the linear effects@18#. In the
case of anisotropic samples~such as theNc phase!, the setup
allows the measurement ofn2 in different polarization con-
ditions: with the electric field of the laser beam parallel~i!
and perpendicular (') to the nematic directorn.

III. RESULTS AND DISCUSSION

A. Lyotropic without the ferrofluid doping

Figure 2 shows the typicalZ-scan curve~normalized
transmittanceG as a function of the positionz, 34 ms pulse!
of the lyotropic mixtureM2 at the isotropic phase. In a firs
approach, the nonlinear refractive indexn2 can be deter-
mined from this measurement by fitting Eq.~1! @15#:

G~z!512
4Dfo~z/zo!

@11~z/zo!2#@91~z/zo!2#
, ~1!

FIG. 2. Z-scan curves~normalized transmittanceG as a function
of the positionz; 35 ms pulse, 185 mW power! of the lyotropic
mixture M2 at the isotropic phase, with different ferrofluid conce
trations: (d) undoped sample; (s) ferrofluid-doped ~3 ml/ml!
sample;~m! ferrofluid-doped~9 ml/ml! sample.
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PRE 59 3061Z-SCAN MEASUREMENT OF THE NONLINEAR . . .
with Dfo5k n2L I o , wherek, L, I o , and zo are the wave
vector, the sample thickness, the laser beam intensity a
focus, and the Rayleigh length of the beam, respectively

The mean value ofn2 obtained from a series of indepen
dent experiments isn252(3.860.1)31026 esu. This error
takes into account not only the fitting errors but also
reproducibility of the experiment. The order of magnitude
n2 is 102 smaller than the values obtained with thermotro
liquid crystals@11,17#. The negative sign ofn2 indicates a
self-defocusingeffect of the lyotropic sample.

Figure 3 shows a typicalZ-scan result with sampleM1
(Nc phase!. The value ofn2 with the incident beam polarize
perpendicular ton (35 ms pulse width!, obtained from a
series of independent measurements@Eq. ~1!# is n2'5
2(3.460.1)31026 esu.n2 increases with the pulse width
and reaches an almost constant value for widths larger
about 35 ms.

At this time scale, the nonlinear behavior of the lyotrop
liquid crystal has a thermal origin and we can evaluate
order of magnitude of the pure thermal refractive ind
change using Eq.~2! @8#:

n25
avo

2

4p2roCvD
S dn

dTD , ~2!

where a, vo , ro , Cn , and D, are the linear absorption
(.1023 cm21), the laser beam waist at the focus (.15
mm!, the liquid crystal density~.1 g/cm3), the specific heat
(.4.13107 erg/g K!, and the diffusion coefficient.1026

cm2/s), respectively. We also usedn/dT.22.531024 @2#.
The value ofn2 obtained is2731027 esu, in reasonable
agreement with our experimental values.

As stressed before, our results ofn2' are about 102 times
smaller than the available results of thermotropic nema
~pulse width of 10 ms)@12#. In our case,n2 is negative. In
the case of the 5CB in the nematic and in the isotropic ph
the order of magnitude ofn2 is 1024 esu,n2i,0 andn2'

.0. For the T15~which differs from the 5CB only by the

FIG. 3. TypicalZ-scan result~normalized transmittanceG as a
function of the positionz, 35 ms pulse; 185 mW power! with
sampleM1 at the Nc phase. Electric field of the polarized las
beam perpendicular ton: (d) undoped sample; (s) ferrofluid-
doped~3 ml/ml! sample. Typical error bars are shown.
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presence of an additional ring!, the order of magnitude is the
same but both indices are negative. In the case of the c
mercial ZLI-1538 and 2303, the order of magnitude is t
same (1024), n2i,0 andn2'.0. The comparison betwee
these results of lyotropics and thermotropics, however, is
straightforward.

Taking into account the time scale involved~millisec-
onds!, it is reasonable to consider that the main effect pres
in our measurements has a thermal origin. It is expected
the thermal response time depends on the laser pulse w
This time is mainly related to the Brownian and noncor
lated behavior of the micelles, which could induces so
local modifications ofr and S. The lyotropic mesophase
present also a small diamagnetic susceptibility anisotr
Dxm (;1028 cgs! @19#. The coupling between the magnet
field ~associated with the laser beam! and the directorn,
taking into account the value ofDxm , is smaller (10 times!
than the Brownian thermal energy atT;23°C. So, it is
highly improbable that the nonlinear effect observed in ly
tropics could be associated to variations inSdue to the mag-
netic coupling. On other hand, variations inr andScould be
due to the heating of the sample by the laser beam.
dielectric constant of a medium can be written as« i(T)
5« l(T)1CiD«(T), where« l is the dielectric constant of the
isotropic mesophase of the lyotropic liquid crystal (T@Tc
[ temperature transition to the isotropic phase!, D« is the
dielectric anisotropy andi states fori or '. These param-
eters,« l and D«, depend on the sample’s densityr @20#.
Since the micelles have around them an electric double la
@21,22# formed by the counterions of the potassium laur
molecules, in the limit of high frequencies, the contributi
of the micellar susceptibility is expected to be important.

B. Lyotropic with the ferrofluid doping

Figure 2 shows the typicalZ-scan curve~normalized
transmittanceG as a function of the positionz, 35 ms pulse!
of the ferrolyotropic mixtureM2 at the isotropic phase~fer-
rofluid doping of 9ml/ml!. The mean value ofn2 obtained
@Eq. ~1!# from a series of independent experiments is:n25
2(7.460.1)31026 esu. The same experiment~at the same
experimental conditions! performed with distilled and deion
ized water with the same concentration of magnetic gra
gives n252(1.360.1)31026 esu. Without the ferrofluid
doping noZ-scan signal is detected with pure water. T
effect of the ferrofluid concentration on theZ-scan curves
with sampleM2 at the isotropic phase is also shown in Fi
2. The larger the ferrofluid concentration the bigger the n
linear response of the sample. The values ofn2 obtained with
the two doped samples presented in Fig. 2 are2(1.060.1)
31026 and 2(7.460.1)31026 esu, for the ferrofluid con-
centrations of 3 and 9m l/ml, respectively.

Figure 3 shows a typicalZ-scan result of sampleM1
doped with ferrofluid (Nc phase!. The values ofn2 @using
Eq. 1!# with the incident beam polarized parallel (n2i) and
perpendicular (n2') to n are presented in Table I.n2 in-
creases with the pulse width, and reaches an almost con
value for widths larger than approximately 35 ms.

The nonlinear optical birefringence,Dn25n2i2n2' is
shown in Fig. 4.Dn2 remains almost constant~approxi-
mately21027 esu!, for all the pulse widths (Dt) used.
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3062 PRE 59S. L. GÓMEZ et al.
The values ofn2 obtained with doped samples are abo
10 times larger than those obtained with undoped sample
possible mechanism that could be present in the ferrolyo
pic samples illuminated by the laser beam is theindirect
heatingof the samplevia the ferrofluid grains. This mecha
nism ~called hyperthermia! is well known in the biomedica
application of magnetic fluids in the treatment of tumo
cells @23#. The usual mechanism of hyperthermia of livin
tissues in contact with ferrofluids consists of submiting
grains to a radiofrequency field. The energy absorbed by
grain increases its temperature and, by heat conduction
creases the tissue temperature. A similar mechanism se
to take place in ferrolyotropics. The grains absorb ene
from the laser beam and heat the lyotropic matrix arou
them. This increase of temperature could modify the den
of the lyotropic and increases its nonlinear response.
result obtained with water doped with ferrofluids corrob
rates this scenario.

TABLE I. Pulse width in theZ-scan experiment and the nonlin
ear refractive indicesn2i and n2' . Lyotropic nematic (NC) liquid
crystal at T523 °C. Ferrofluid doped~3 ml/ml! sample. Dt
535 ms.

Pulse width~ms! 2n2i(1026 esu) 2n2'(1026 esu)

10 1.1360.08 0.7860.11
15 1.2160.04 0.9160.06
20 1.2860.04 0.9860.06
25 1.3960.05 1.0360.07
30 1.3960.05 1.0960.07
35 1.4760.04 1.0960.07
40 1.4660.04 1.0960.07
45 1.5460.04 1.1260.07
50 1.5260.04 1.1360.07
,
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IV. SUMMARY

Using the transmissionZ-scan technique, we have me
sured the laser-induced nonlinear optical response of a
cellar lyotropic liquid crystal in the calamitic nematic an
isotropic phases, in time scales of millisecond laser puls
with and without the ferrofluid doping. The order of magn
tude of n2 is 102 smaller than that measured in thermotr
pics. In the case of the lyotropic nematic,n2i,0 and n2'

,0, indicating the defocusing behavior of the sample. C
sidering the particularities of the lyotropic system and t
time scale used, we suggest that the nonlinear response
served has mainly a thermal origin. The ferrofluid dopin
even in small quantities, modifies the nonlinear response
the lyotropic phase.
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FIG. 4. Nonlinear optical birefringence,Dn25n2i2n2' .
SampleM1 at theNc phase. Ferrofluid-doped~3 ml/ml! sample.
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