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Z-scan measurement of the nonlinear refractive indices of micellar lyotropic liquid crystals
with and without the ferrofluid doping
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The laser-induced nonlinear optical response of micellar lyotropic liquid crystals in the nematic and isotropic
phases is presented. THescan 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 indieesl0™ ¢ esu) is
two orders of magnitude smaller than the one observed in thermotropic liquid crystals. The effect of the
ferrofluid doping is also discussefd31063-651X99)14103-5

PACS numbes): 61.30—v, 42.65-k, 78.20.Ci

[. INTRODUCTION the isotropic phase. This effect produces a change in the
refractive index probed by the laser beam. This realignment
In the field of complex and supermolecular fluids, liquid depends on the geometry of the interaction between the nem-
crystals[1] constitute one of the most interesting examplesatic director and the wave polarizati¢hO]. It is possible to
Because of their physical-chemical properties, not only basiinduce a nonlinear optical response in liquid crystals in two
research but also many technological applications are availlifferent ways besides the electric one: an increase in the
able. Optical techniques are widely used to investigate theample’s temperature induces a change in the defthigy-
physical-chemical properties of liquid crystals. In particular,moelastic effedt and, another process induces a change in
in the phase transition and critical phenomena physics, corthe order parameter. This effects, however, have different
siderable work has been done in the last years. The linedaime scales. The steady-state behavior of these nonlinear ef-
birefringence can be directly connected to the order paranfects has been explored both theoretically and experimentally
eter[1] and its measurement in the vicinity the critical points[10]. The amplitude and the sign of the nonlinear refractive
can improve the understanding of the collective behavior ofndex depend on the time scale considef8d.2], but the
the building blocksimolecules in thermotropics or micelles origin of this dependence is not yet well understood.
in lyotropicy of the liquid crystals. Specially in lyotropic To our knowledge, the nonlinear optical properties of mi-
nematic liquid crystals, the linear birefringence measure<ellar lyotropic liquid crystals with and without the ferrofluid
ments were used to study the uniaxial-to-biaxial phase trardoping, have not yet been investigated. These materials are
sition [2—4]. In most of these experiments with lyotropics mixtures of amphiphilic molecules and a solvemisually
[4,5], ferrofluids[6] were used to improve the sample’s ori- wate, under proper temperature and relative concentrations
entation in low magnetic fields. Ferrofluids are colloidal sus-conditions [13,14. The basic units of lyotropic nematics
pensions of small magnetic graitabout 100 A of typical (discotic, calamitic and biaxial, namedy, N, andNg,
dimension, coated with surfactant agents or electrically respectively are micelles, which are aggregates of am-
charged, and dispersed in a liquid carrier. Until now, as far aphiphilic molecules.

the linear optical properties are concerri@d, this doping In this paper, we report what we believe to be the first
does not modify the values of the index of refraction andmeasurements of the nonlinear refractive indices of a lyotro-
birefringence of lyotropics. pic liquid crystal mixture in the uniaxial nematic and isotro-

Liquid crystals also exhibit large optical nonlinearities pic phases, with and without the ferrofluid doping, using the
[8]. This is due to the particular spatial arrangement of thez-scan techniquél5).
molecules in space and their characteristicls The nonlin-
ear optical response of thermotropic liquid crystals has been

investigated in recent yeaf9—12. Depending on the time Il. EXPERIMENTAL SECTION
scale[12], different mechanisméelectronic, thermal, reori-
entational contribute to the optical nonlinear response of the A. Samples

liquid crystalline media. The nonlinear optical properties of  The liquid crystal investigated is a mixture of potassium
thermotropics can have several causes. The electric field ofjgyrate (KL), 1-decanol(DeOH) and water[16], with two
laser interacting with a liquid crystal can induce refractivegitferent compositions in wt %: mixtureM,; with KL
index changes by different mechanisms. Due to the large-27 968, DeOH-7.102, and water64.93; M, with KL
dielectric anisotropy of the molecules, the optical field can—27 041, DeOH-6.409, and water 66.55. The phase se-
interact strongly with them causing a local reorientation ofguences as a function of the temperaftirebtained measur-
the nematic director or give rise to a preferential direction injng the linear birefringence as a function Bfand by x-ray
diffraction technique are mixturil :

*On leave from Liquid Crystal Institute, KSU, OH. Npl7°CNg20°CNc44°C
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FIG. 2. Z-scan curvesnormalized transmittande as a function
of the positionz, 35 ms pulse, 185 mW powenof the lyotropic
mixture M, at the isotropic phase, with different ferrofluid concen-
trations: @) undoped sample; @) ferrofluid-doped (3 wl/ml)
sample;(A) ferrofluid-doped(9 ul/ml) sample.

Normalized Transmittance

-30 0 30 linear refractive indices, and the electric field, respectively.
The Z-Scan apparatus is the usual one described elsewhere
[12,15,17. Although many technigues have been developed
FIG. 1. (a) Sketch of theZ-scan apparatus®, polarizer; Ch, t0 study nonlinear optical effects, the single-be@nscan
chopper; L, L,, and g, lens; BS, beam sampleR; andD,,  technique is attractive because of its simplicity and sensitiv-
detectors(b) Theoretical behavior of the normalized transmittanceity in measuring both the sign and the magnitude of the
as a function of the position for two signs of the nonlinear refrac- nonlinear refraction as well as the nonlinear absorption. In
tive indexn,. The peak-to-valley distanckT,, is proportional to  this technique a polarized Gaussian laser beam, propagating
n,. in the z direction, is focused to a narrow waist by using lens
[Fig. 1(@)]. The sample is moved along the direction
isotropic  phase; mixture M,: L (7.2°C isotropic  through the focal point and the transmitted intensity is mea-
(47.1°Q@.), wherel is a lamellar phase. All the measure- sured[Fig. 1(b)] in the far field using a photodiode behind a
ments are performed at the temperature of 23C. A small ~ Small iris, as a function of the position. As the sample
amount of a water-base ferroflui¥] (3, 6, and 9 ul of ~ Moves along the beam focus, self-focusing and defocusing
ferrofluid per ml of the samp)eis added to the doped mix- Mmodifies the wave front phase, thereby modifying the de-
tures. The magnetic fluid used a water base ferrofluid fronfécted beam intensity. By measuring the transmittance, the
Ferrofluidics Corp.(A01). The grains are made of @, Value of the nonlinear refracted index is obtained. A
(concentration of 18 gr/cn®), with mean diameter of contmuous—wave_A*r()\=514.5 nm) focused laser beam is
154 A (standard deviation of 94 A); saturation magnetiza-useéd- A mechanical chopper provides the ¢bstween 10
tion 4wrM=3.2 G/cn?, double coated with oleic acid. In @nd 50 ms) pulses incident on the sample. The beam waist
the case of the sampM the doping improves the sample’s at the sample is about 1mm. The power illuminating the
orientation (N phase in a magnetic field. The liquid crystal Sample is 185 mW. A signal acquisition, with temporal
is encapsulated in rectangular glass cells with two differenfesolution, is made to discard the linear effe{c8]. In the
sample thickness: 200 and 4Q@m. Initially, the sample case of anisotropic samplésuch as thél. phasg, the setup
(N¢ phasg is oriented in a static magnetic field in an elec- allows the measurement af, in different polarization con-
tromagnet H,;~10 kG), withH, parallel to the largest di- ditions: with f[he electric field of th_e Ia_ser beam parallgl
mension of the sample holder. In this configuration, khe a@nd perpendiculari() to the nematic directon.
nematic phase orients in a planar geométvith the director
n parallel toH,). After that, the sample is placed in the ll. RESULTS AND DISCUSSION
Z-scan apparatus, where a magnetic figldrmanent mag-
nety of H,~1 kG is present. This field, which keeps the

same direction of the formeH, will maintain the sample’s ~ Figure 2 shows the typical-scan curve(normalized
orientation during the measurements. transmittancd™ as a function of the position 34 ms pulsg

of the lyotropic mixtureM, at the isotropic phase. In a first
approach, the nonlinear refractive index can be deter-

(b) Z (mm)

A. Lyotropic without the ferrofluid doping

B. Z-scan technique mined from this measurement by fitting E@) [15]:
In general, a sample that presents a third-order nonlinear-
. L= . — AN po(2/2,)
ity has a refraction index that may be written asi=n, I'(z)=1 (1)

+(n,/2)|E|?, wheren,, n,, andE are the linear, the non- [1+(2Z/25)2][9+(2/25)%)’
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presence of an additional ringhe order of magnitude is the
same but both indices are negative. In the case of the com-

1.050 Rac mercial ZLI-1538 and 2303, the order of magnitude is the
o same (10%), ny<0 andn,, >0. The comparison between
1.0254 PENE these results of lyotropics and thermotropics, however, is not

B oot straightforward.

E 1,000 §;°° ° ..-;g:gl Taking into account the time scale involveaillisec-

£ 0% ..".,,..;:3°°° onds, it is reasonable to consider that the main effect present
st 0975 R P00 in our measurements has a thermal origin. It is expected that

the thermal response time depends on the laser pulse width.
oo This time is mainly related to the Brownian and noncorre-
lated behavior of the micelles, which could induces some
local modifications ofp and S The lyotropic mesophases
present also a small diamagnetic susceptibility anisotropy
Axm (~1078 cg9 [19]. The coupling between the magnetic
field (associated with the laser bearmand the directom,
taking into account the value &y, is smaller (10 times
FIG. 3. TypicalZ-scan resul(normalized transmittancE as a  than the Brownian thermal energy @t~23°C. So, it is
function of the positionz, 35 ms pulse; 185 mW powemith  highly improbable that the nonlinear effect observed in lyo-
sampleM; at the N phase. Electric field of the polarized laser tropics could be associated to variationsSidue to the mag-
beam perpendicular to: (®) undoped sample;Q) ferrofluid-  netic coupling. On other hand, variationsgrandS could be
doped(3 ul/ml) sample. Typical error bars are shown. due to the heating of the sample by the laser beam. The
. dielectric constant of a medium can be written 8¢T)
with Ago=kn,L I, wherek, L, I, andz, are the wave =¢g(T)+C;Ae(T), whereg, is the dielectric constant of the

vector, the sample thickness, the laser beam intensity at ﬂ]gotropic mesophase of the lyotropic liquid crystdis¢T,
focus, and the Rayleigh Iength of the beam_, respgctlvely. = temperature transition to the isotropic phaske is the
The mean value o, obtained from a series of indepen- dielectric anisotropy and states forll or L. These param-

deknt e>'<per|ments 8= (3'|8ir?'1)f.>< .10 esu. :)’h|s elrrorh eters,g; and Ag, depend on the sample’s densjiy[20].
takes mt_o _"’.‘CCOU”t not only the fitting errors but aiso tNesince the micelles have around them an electric double layer
reproducibility of the experiment. The order of magnitude of

; . ; -'[21,272 formed by the counterions of the potassium laurate
N 1S 10° smaller than the vaIues_obtal_ned W'th th.ermOtmp'Cmolecules, in the limit of high frequencies, the contribution
liquid crystals[11,17. The negative sign of, indicates a ¢ the micellar susceptibility is expected to be important.
self-defocusingffect of the lyotropic sample.

Figure 3 shows a typicaf-scan result with sampl#
(N, phasé. The value oh, with the incident beam polarized
perpendicular ton (35 ms pulse width obtained from a Figure 2 shows the typicaZ-scan curve(normalized
series of mdepfaﬁndent measuremefEx). (1)] is N2, = gansmittancd” as a function of the position 35 ms pulsg
—(3.4£0.1)x 10" esu.n, increases with the pulse width, of the ferrolyotropic mixtureM, at the isotropic phaséer-

and reaches an almost constant value for widths larger thanyid doping of 9ul/ml). The mean value of, obtained

about 35 ms. , _ _ [Eq. (1)] from a series of independent experimentsnig=
At this time scale, the nonlinear behavior of the lyotropic _ (7.4+0.1)x 1075 esu. The same experime(at the same

liquid crystal has a thermal origin and we can evaluate theyserimental conditionsperformed with distilled and deion-
order of magnitude of the pure thermal refractive indexjzeq water with the same concentration of magnetic grains
change using Ed2) [8]: gives n,=—(1.3£0.1)x 10" % esu. Without the ferrofluid
doping noZ-scan signal is detected with pure water. The
effect of the ferrofluid concentration on th&scan curves
with sampleM, at the isotropic phase is also shown in Fig.
2. The larger the ferrofluid concentration the bigger the non-
linear response of the sample. The values.pbbtained with

the two doped samples presented in Fig. 2 -afd.0+0.1)
X107 ° and — (7.4+0.1)x 10" ° esu, for the ferrofluid con-

0.950 1

0.925 T T T v T T T T T v T v T

Z (mm)

B. Lyotropic with the ferrofluid doping

2
aw,

Np=—"7r——
> 4m2p,C,D

dn
ﬁ) : 3]

where a, w,, p,, C,, and D, are the linear absorption
(=103 cm™Y), the laser beam waist at the focus 15
wm), the liquid crystal density=1 g/cn?), the specific heat
(=4.1x 10" erg/gK), and the diffusion coefficient=10"%  centrations of 3 and 9ul/ml, respectively.
cn?/s), respectively. We also uss/dT=—2.5x 104 [2]. Figure 3 shows a typicaZ-scan result of samplé,
The value ofn, obtained is—7x10 7 esu, in reasonable doped with ferrofluid N, phase. The values ofn, [using
agreement with our experimental values. Eqg. 1] with the incident beam polarized parallet,() and

As stressed before, our resultsrof are about 10times ~ perpendicular 1f,,) to n are presented in Table h, in-
smaller than the available results of thermotropic nematicereases with the pulse width, and reaches an almost constant
(pulse width of 10 msJ12]. In our casen, is negative. In  value for widths larger than approximately 35 ms.
the case of the 5CB in the nematic and in the isotropic phase, The nonlinear optical birefringencéAn,=ny—n,, is
the order of magnitude afi, is 10 % esu,ny<0 andn,, shown in Fig. 4.An, remains almost constar{approxi-
>0. For the T15(which differs from the 5CB only by the mately—10 ' esu), for all the pulse widths 4t) used.
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TABLE I. Pulse width in theZ-scan experiment and the nonlin- 2.0
ear refractive indices,, andn,, . Lyotropic nematic Nc¢) liquid
crystal at T=23°C. Ferrofluid doped(3 ul/ml) sample. At 154
=35 ms. s
3
Pulse width(ms) “ny(10°% esu)  —n,, (107 esu) s 109 % % } } } } % }
10 1.13+0.08 0.78-0.11 ‘o 054
15 1.2+ 0.04 0.91-0.06 '
20 1.28-0.04 0.98£0.06 0.0 : . . . .
25 1.39+0.05 1.03-0.07 10 2 30 40 0
30 1.39+0.05 1.090.07 At (ms)
35 1.470.04 1.09%£0.07 . . s _
i Lens  0mor PO N e e
45 1.54-0.04 1.12-0.07 ¢ ' '
50 1.52£0.04 1.13-0.07 IV. SUMMARY

Using the transmissio#-scan technique, we have mea-

) ) sured the laser-induced nonlinear optical response of a mi-
The values ofn, obtained with doped samples are aboutcgiar Iyotropic liquid crystal in the calamitic nematic and

10 times larger than those obtained with undoped samples. f,ropic phases, in time scales of millisecond laser pulses,
possible mechanism that could be present in the ferrolyotrogith and without the ferrofluid doping. The order of magni-

pic samples illuminated by the laser beam is theirect  y,qe ofn, is 1 smaller than that measured in thermotro-
heatingof the samplevia the ferrofluid grains. This mecha- pics. In the case of the lyotropic nematit,<0 andn,,

nism (called hyperthermigis well known in the biomedical g 'indicating the defocusing behavior of the sample. Con-

application of magnetic fluids_ in the treatment_of tur.r‘c.’r""lsidering the particularities of the lyotropic system and the
cells [23]. The usual mechanism of hyperthermia of living jne scale used, we suggest that the nonlinear response ob-

tissues in contact with ferrofluids consists of submiting thegorad has mainly a thermal origin. The ferrofiuid doping,

grains to a radiofrequency field. The energy absorbed by thg, e, jn small quantities, modifies the nonlinear response of
grain increases its temperature and, by heat conduction, g lyotropic phase.
s

creases the tissue temperature. A similar mechanism seem
to take place in ferrolyotropics. The grains absorb energy
from the laser beam and heat the lyotropic matrix around
them. This increase of temperature could modify the density The Fundaao de Amparo aPesquisa do Estado dé®a
of the lyotropic and increases its nonlinear response. Th@aulo (FAPESB, the Programa de Nileos de Excélecia

result obtained with water doped with ferrofluids corrobo-(PRONEX, and the Fund@o Vitae from Brazil are ac-
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