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We present a review of experimental data on the nonlinear optical properties of thermotropic and lyotropic
liquid crystals probed by the Z-scan technique. Depending on the time scale, different processes originate
a nonlinear optical response. Particularly, at nanosecond range, the physical processes associated with the
nonlinear response in thermotropics are not completely understood. In lyotropics, the nonlinear response at
ms time scale is from thermal origin and depends on the particular mesophase, relative concentration of the
components, and temperature.

1 Introduction der parameter-changes, cis-trans isomerism, phase transition
and director axis-reorientation. These mechanisms usually
Liquid crystals (LC) are known to exhibit large optical do not involve generation of new frequency radiation. Sev-
nonlinearities which have been the subject of considerableeral techniques have been developed to measure the non-
study in recent years, from both experimental and theoreti-linear optical refractive index, (nonlinear interferometry,
cal points of view. So far, almost all the research has beendegenerate four-wave mixing and ellipse rotation, among
focused on thermotropic liquid crystals (TLC) [1,2]. Since others). These techniques are sensitive but usually require
LC molecules typically have delocalizedelectrons, they  relative complex experimental apparatus. The single-beam
are believed to be potential sources of fast and large nonlin-Z-scan technique, an application developed by the CREOL
earities. Due to bulk anisotropy of nematic LC, nonlinear group [7], is simple (from the experimental point of view)
optical parameters (e.g., nonlinear refraction indexand  and sensitive in measuring both the nonlinear refraction and
nonlinear optical absorptiod) are expected to depend on nonlinear absorption. It is in a powerful and straightforward
the geometrical configuration between the light polarizing technique to study nonlinear properties of materials in dif-
direction (E) and the nematic directai. ferent time scales.
However, only few works have been devoted to lyotropic The aim of this work is to present averviewof the

liquid crystals (LLC). LLC are mixtures of amphiphilic  n,njinear optical research in TLC and LLC by using the Z-
molecules and a solvent which, at given temperature and rel-gcap technique. The Z-scan technigue will be described and

ative concentration conditions, self-assembly in anisotropic e origin of the nonlinear optical properties at different time
aggregates. These aggregates can have different forms a”‘%cales will be discussed.

if their shape anisotropy is small, they are called micelles
[3]. In nematic LLC made by at least two types of am-
phiphilic molecules and a solvent, micelles present an or-
thorhombic symmetry and most of the particularities of ly-
otropic mesophases are related to the properties of thes
building blocks [4]. A characteristic of the nematic LLC,
which is not observed in thermotropics, is the existence of aln this technique, a polarized Gaussian laser beam, propa-
biaxial N,, mesophase, between a calamitic and a dis- gating in thez-direction, is focused to a narrow waist. The
cotic Ng; nematic mesophases [5]. sample is moved along thedirection and the transmitted

Nonlinear optical phenomena can be duestectronic intensity is measured through a finite apertuarthe far field
andnonelectronigorocesses [6]. The former refers to those as a function of the sample positiepmeasured with respect
radiative interactions between the active electron and the op+o the focal plane. As the sample moves through the beam
tical electric field. Usually, they are very fast, of the order of focus (atz = 0), self-focusing or -defocusing modifies the
ps, and spatially localized. Examples are second- and third-wave front phase, thereby modifying the detected beam in-
harmonic generation. Nonelectronic processes are nonratensity. A schema of the setup of the Z-scan technique is
diative interactions such as temperature-, density-, and or-depicted in Fig. 1.

2 The Z-scan technique
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3 Electronic nonlinear optical
process

Let us consider a medium subjected to an (optical) electric
field E. The induced polarizatior®{) can be written as:

P=c (X(l)E + Y@ .EE+Y® . EEE + ) ,
(1)

Figure 1. Schema of the experimental setup of the Z-scan tech-wherex @ is the electrical susceptibility of ordérnds, is
nique: chopper (Ch); lens (L); sample (S); iris (I) and photo detec- the permittivity of the free space [8] Considering cen-
tor (PD). trosymmetric media and keeping up to third-order terms in
Eq. 1, from the Maxwell's equations one obtains the refrac-
tive indexn and the optical absorptiam as functions of the
intensityI of the incident laser beam [1]:

To figure out how the Z-scan transmittance as a func-
tion of z is related to the nonlinear refraction of the sample,
let us assume a medium with a negative nonlinear refraction
index and a thickness smaller than the diffraction length of
the focused beam. This can be considered as a thin lens of
variable focal length. Beginning far from the focus< 0), a = a,+pl1, 3)
the beam irradiance is low and nonlinear refraction is negli- ) o )
gible. In this condition, the measured transmittance remainsWherén, anda, are the linear refractive index and linear
constant (i.e z-independent). As the sample approaches the OPtical absorption respectively, is a coefficient named the
beam focus, irradiance increases, leading to self-lensing innonlinear refractive indeandg is thenonlinear optical ab-
the sample. A negative self-lens before the focal plane will SOrption coefficient The coefficientsy and ; are related
tend to collimate the beam on the aperture in the far field, {0 the real and imaginary parts, respectively, of third-order
increasing the transmittance measured at the iris position electrical susceptibility ) by:

After the focal plane, the same self-defocusing increases the

n = 7L0+%E2:n0+’yf, (2)

beam divergence, leading to a widening of the beam at the 1 -

iris and thus reducing the measured transmittance. Far from = ansocR (X ) 4
focus ¢ > 0), again the nonlinear refraction is low resulting Z)

in a transmittance-independent. A pre-focal transmittance g = n2e.c2 Im (X(?’)) .

maximum (peak), followed by a post-focal transmittance

minimum (valley) is a Z-scan signature ofnagative non- A comprehensive discussion about units used in nonlinear

linearity. An inverse Z-scan curve (i.e., a valley followed by optics can be found in ref. [9].

a peak) characterizegositive nonlinearity Fig. 2 depicts For a sample with negligible nonlinear absorption, the

these two situations. on-axis normalized transmittant€ —# as a function of is
given, approximately, by [7]:

S_B S(z) 4z
R P e (Y
)
whereS (t) is the photodetector signal at timeA®,, is the
on-axis nonlinear phase shift at focus= = andz, is the
Rayleigh rangeof the Gaussian beam. The nonlinear phase
shift is given by:

2nd
Ad, = — I,
b\ v

where is the light wavelength/, is the on-axis intensity
at focusd is the sample thickness andk the speed of light
| } } } } ' at vacuum.

Note that equation 2 is “local”, i.e., the refractive index
at a given point on the material depends only on the light
intensity at the same point.

The electronic nonlinear optical phenomena usually
have response time of the order fafmto- to picoseconds.

Position (z)
Figure 2. Z-scan theoretical curves of the transmittance as a func-
tion of z, obtained with Eq. 5.
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Values of the nonlinear refraction index and nonlinear ab- I, indicating that it originates from a third-order process. On
sorption, obtained in thgicoseconds time scale in 5CB (4-  the other handg depends linearly od indicating, a fifth-
cyano-4'-n-pentylbiphenyl) in the nematic phase, at differ- order process . The nonlinear absorption shows a fast re-
ent wavelengths by Palffy-Muhorast al. [10, 11, 12], are  sponse time (less tha ns and larger tha0 ps) suggest-
shown in Table 1. ing a two-photon excited-state absorption. This conclusion
The macroscopic susceptibility of third ordgt®) is lin- is supported in the particular case of the 5CB since its linear
early related to the microscopic second-order hyperpolar-absorption is very small. On the other hand, the magnitude
izability v [13]. Thermotropic liquid crystals are usually and time-dependence af, is consistent with those origi-
organic compounds and these compounds interact weaklynated from a thermal mechanism. The only shortcoming, a
through van der Waals forces. Carbons can form two typesvalue ofn,y independent ofi’ on approaching the transition
of bonds: covaleni-bonds, spatially localized andbonds, temperaturd’. to the isotropic phase, could be explained by
regions of delocalized electronic charge. The electronic den-a slowing down of the orientational relaxation for— T,

sity of m-bonds is much more mobile than that of thé&ond. [17]. At these short time scales, many puzzles remain, like
So, the nonlinear optical properties mainly depend on thethe unexpected large value 8fat nanosecond time scale,
change of polarizability of the electrons in thebonding or- 10- to 102 times larger than that in th€cosecond time scale

bitals. Hermanret al[14] shown that the nonlinear optical [16]. To account for this result, it was suggested the pos-
properties of organic compounds with electroné their sibility of formation of ym-sized bubbles and microscopic
structures are bigger than those of the saturated compoundsarbonization in the sample during the laser exposure. Other
with the same number of carbon atoms. They shown alsoimportant features that influence the magnitude and sign of
thaty « n,, wheren, is the number of electrons and is the nonlinear refraction index are the beam waist and the
nonlinear in the number of .. The model of free electrons thickness of the sample (ref. [16] and references therein). In
for the-bonding orbitals [15] predicts that, in the case of a the case of the isotropic phase of the 5CB it was observed
conjugated chainy o n>. In the case of 5CB, the nonlin- that increasing the beam waist frafum to 35 — 50 um,

ear optical response is due mainly to thelectrons of the  n, changes from negative to positive. This difference is ex-

benzene rings. plained by the dependence of the value of transient thermal-
Table 2 shows values af;, andg, obtained studying the  density nonlinearity with negative sign on beam-waist diam-
nonlinear optical response in time scalemafnoseconds, eter. The buildup time,. of the thermal-density nonlinear-

of the 5CB, 8CB, E7 and CB15 thermotropic liquid crys- ity (An, = (On/dp) Ap) is given byt,. = r,/Vs, where
tals in the nematic phase [10]. For some of these TLC, e.g.,r, is the beam radius and; is the velocity of the sound
5CB, a strong nonlinear refraction and absorption have been(~ 1.5 x 103m/s in liquid crystals). For & ym diameter
observed but the mechanism that originate them are not yebeam waistt,. is less than the pulse duration. The neg-
well understood. The nonlinear refractiop was shownto  ative nonlinear refraction is due to density changes of the
be fluence-dependent [18] and the nonlinear absorptisn  medium, which overcomes the positive-sign of the transient
intensity-dependent, suggesting that different processes arerientational nonlinearity.

responsible for them [12]. Moreover; does not depend on

Table 1: Nonlinear refraction and nonlinear absorption of 5CR4a€, with light pulses width oB3ps, at different wave-
lengths. HGA and HTA mean homogeneous planar alignment and homeotropic alignment, respébtinefly[10]; (?) ref.
[12].

[ A(nm) [ ng (107 esu) [ B (em/GW) | ngy (10~ Mesu) | Bi(em/GW) |
532D +1.36(HCA 2.27H6A 1 +0.6(HCA T 405707 T 0.8MHGA) 1 0.810HA)
6002 +1.9(HGA) 2.67(HGA) NA NA
10642 +0.55(HCA) 0 +0.55(HCA) 0

Table 2: Values of nonlinear refraction index and absorption of selected Ti&ain and7ns light pulse width (ref. [11]).
Columns 2-5 are for nematic phases and 6-7 for LCs in the isotropic phase.

[ TLC [ ngy (10" Mesu) | B (em/GW) | noy (10~ esu) | 81 (em/GW) [ ny (iso) | 8 (iso) |

5CB —54 265 8.3 36 —24 114
8CB —26 246 3.7 20 — —
E7 —38 284 3.3 40 — —
CB15 — — — — 7.4 38
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4 Nonelectronic nonlinear optical concentration of solute, the gradient of matter generates a
“lens of matter”, in analogy with the thermal lens [21]. Usu-
Processes ally, the diffusion of heat and mass have characteristic times

Although light absorption is a local process, the diffusion of ©f s ands, respectively [22]. _ _

heat gives rise to a nonlinear optical phenomenon which are 1€ &ffects of local heating (due to light absorption) on

nonlocal in nature. This indirect nonlinear phenomenon is 1€ Propagation of a Gaussian beam were studied by Gor-

common to all absorbing materials but in liquid crystals it donetal.[23]. This study is the foundation of the Thermal

has an additional characteristics due to their peculiar orien-L€NS model (TLM). Carteet al. [24] showed that the nor-

tational ordering. mal_lzed_ transmlttance ina Z-scan experlment, co_n5|d_er|ng a
Considering a cw Gaussian beam, the energy absorbed igadial diffusion of_ heat and the parabohc approximation of

immediately converted into heat. The continuous heat trans-th€ temperature field, can be written as:

ferred to the sample gives rise to the formation of a radially

Gaussian-shaped temperature profile. The hotter region is S(zt=0)— S (zt=00)
located in the center of the beam+£ 0, beingr the radial = (z) = : S(ni= ’)

distance from the beam axis). The index of refractioof 5 #t= (130

the medium, as a function ofand the time, can be written = = L \ (6)
as: 14 a2 14 a2

on whered is the on-axis nonlinear phase shift (i.e., the differ-
n(r,t) =mn, + 87AT (r,t) , ence between its value in the center and in the outer edge of

where AT is the temperature increase in the sample andthe beam) written as:

on/0T is the thermooptic coefficient.
. . . a, P on

Depending on the time scale of the experiment, one 0= v\ a7 )
should take into account the thermodiffusion process or
Soret effec{19, 20]. The Soret effect is characterized by whereq, is the linear absorptiony and P the wavelength
a concentration gradient induced by a temperature gradienfand the power of the incident beam, respectively, ans
present in a medium. Due to the fact that in a mixture (e.g., the thermal conductivity. The time-evolution of the thermal
the case of the LLC) the index of refraction depends on thelens signal is given by:

]
6 2 6 1° TR
X
Sltz) = St 0’2){1+1+tc/2t1+x2+L—i—tc/QJ X1+x2} ’ "

wheret,. (z) is a characteristic relaxation time at positign ~ for 5CB (10 ms laser pulsel’ = 24°C, A = 514 nm) are

given by: ngy| = —10 x 10~*esu andny, = 2.0 x 10~ *esu. How-
) ever, for ZLI-1538 and T15 thermotropics, both nonlinear

bo(2) = 2 (2) refractive indices are negative T1% [= 180°C]: ny =

4D’ —0.68 x 10~ %esu, ny; = —0.092 x 10~ *esu; ZLI1538

wherew (z) = [w? (1 +x2)}1/2 is the radius of the beam L = 70°Cl: nyy = —0.43 x 10 tesu, ngy = —0.13 x

10~*esu. It was suggested that conjugation of bonds and

at positionz andD is the thermal diffusivity of the medium. . .
conformational changes play some role in these processes.

4.1 Thermotropic Liquid Crystals i )
4.2 General features of the nonlinear optical

In TLC, measurements made ats time scale in 5CB, response of LLC

in a geometry where reorientation is not expected, show
that nonlinear optical response originates from laser heat-At ms time scale, the nonlinear optical response of LLC has
ing due to linear absorption (nonlinear optical absorption is a thermal origin. It depends on the absorption properties
not observed) [11]. The increase in the samples’s temper-of the sample: type of amphiphilic molecules, relative con-

ature decreases the degree of orientational order and deneentration, phase type, temperature and eventual ferrofluid
sity, resulting that in most liquid crystals;; < 0 and doping.

noy > 0 (the symbolsi and | represent the directar par- Figure 3 shows the typical response of a lyotropic sam-

allel and perpendicular t&, respectively). Typical values ple subjected to a square laser light pulse, at three different
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positions:z < 0, z = 0 andz > 0. This behavior character- 1) are related to microscopic properties and local ordering
izes a negative nonlinear medium. Figure 4 shows a typicalof the amphiphilic aggregates [27].

Z-scan curve (normalized transmittance as a function) of

of a LLC and a fitting function using Eg. 6.

4.3 Effect of the ferrofluid doping

Brochard and de Gennes [28] suggested that liquid crystals
could be oriented by much weaker magnetic fields (about
103 times smaller) if small magnetic grains were incorpo-
rated into the liquid crystalline matrix. Surfacted ferroflu-
ids [29] are stable colloidal suspensions of small surfactant
coated magnetic grains, typical dimensionslohm, dis-
persed in a polar or nonpolar liquid carrier. It has been
observed that ferrofluid-doped LLC samples are stable over
long periods of time. This doping, in small quantities (con-
centration of ferrofluide < 10'3grains/cm?®), does not
modify some optical properties as well as the phase transi-
tion temperatures of LLC [30]. Besides that, the optical ab-
sorption of the ferrofluid-doped LLC significantly increases
and, consequently, its nonlinear optical response.

AT =35ms

Figure 3. Typical oscilloscope’s records of the transmittance, as a
function of time, of a lyotropic liquid crystal sample, withy < 0,
when illuminated with a square pulse of 35ms, in threez po-

sitions. Sample in the calamitic nematic phase, with a small fer- 1.08 v v G
rofluid doping, at room temperatur& (= 23°C), a polarization of v "G
the beanE||7. Yy ¢ G
104 v O water(c,)
i)
1.06 % 1004
1.04 'g
- 096
1.024 \
o
S v
S 1004 092 w
®
— 0.98 T T T T T T T
= 15 10 5 0 5 10 15
0.96- z [mm]
094 Figure 5. Experimental Z-scan curves of LLCs in the isotropic
phase (KLP7.041], DeOH [6.409],water [66.550]) at room tem-

-15 -10 5 0 5 10 15 perature £ 25°C), with different doping concentrations;{1,2,3)

z [mm] of ferrofluid. In the figurec; > c2 > cs.

Figure 4. Typical Z-scan curve of a LLC normalized according to
Sheik-Bahae model. Solid line corresponds to a fitting according
to Eq. 6). Sample in the calamitic nematic phase, with a small fer-

rofluid doping, at room temperatur@ (= 23°C), polarization of Figure 5 shows Z-scan curves of a lyotropic mixture in

the bean®||n. the isotropic phase (composition ineight%: potassium
laurate (KL) R7.041], 1-decanol (DeOH){.409] and water
Lyotropic liquid crystals in the calamitic nematiév{) [66.550]), for different doping concentrations of ferrofluid.
and isotropic phases were shown to present nonlinear reAtthe same Fig. 5itis shown the Z-scan curve for a pure fer-
fractive indexny ~ —10"%esu [25, 26], which is10? rofluid solution, with a concentration of grains of the same

smaller than that measured in 5CB in the same time scaleorder than the maximum value used in the doped lyotropic
[10]. At the N. phasens < 0 for both configurations be-  sample. As can be seen from Fig. 5, the strength of the ther-
tween the nematic director and the electric field polariza- mal lens, i.ens, increases with the ferrofluid doping. It was
tion of the beam. On the other hand, the values of the ther-also observed that the characteristic relaxation #tmand
mooptic coefficient and the thermal conductivity are usually the thermooptic coefficientn /dT" diminish with increasing
dn, 10-°°C'andx ~ 10~*W/m°C, respectively. The  the ferrofluid doping, while the value of the thermal conduc-

arT
anisotropy observed in the values of these parameteirsd tivity « increases with the ferrofluid doping [31].
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16 (cx1) below theemc and increases linearly withy ;, for

] ¢k, > cme, reaching a saturation value forx ~ 100 cmce
(see Fig. 9 in ref. [36]). The values af, for this binary

12 mixture are two orders of magnitude smaller than those of
] the ternary KL/DeOH/water mixture in the isotropic and ne-

] matic phases. Comparing this result with the known depen-
8- dence of the different physical parameters of amphiphilic
6] solutions at concentrations around thec [37], the ab-

] solute values of the thermooptic coefficierhg%\) and of

the nonlinear refractive indeXr(;|) present, qualitatively,

2] the behaviors of thénigh frequency electric conductivity

] (o r) and the inverse of thequivalent electric conductivity

— T T T T (cEq)- The counterions mobility in the double layer around
the micelles seems to be strongly related to the nonlinear
¢ (10" grains/em’) response of the medium to an electric field.

Figure 6. Linear optical absorption as a function of the ferrofluid

concentration:(A) pure ferrofluid, i.e., magnetic grains in water; . . .

(O) KL/water, at a concentration of KL smaller than the crit- 4.5 Nonlinear birefringence at theN,. — I and
ical micellar concentration{L]) KL/1-DeOH/water LLC in the N, — N,, phase transitions

isotropic phase. From ref. [32].

14

10

de Gennes showed that the linear birefringence is an ade-

The origin of the enhancement of the optical absorption quate (scalar) order parameter for liquid crystals [38]. Usu-
was also investigated [32]. Fig. 6 shows the linear optical ally, temperature-driven transitions are determined measur-
absorption of three ferrofluid-doped systems as a functioning the linear birefringence by polarized optical microscopy.
of the ferrofluid grains concentration: a binary mixture of The dielectric tensofe’ can be written as function of the lin-
KL and water, at a concentration of KL smaller than the ear birefringencean; andin [39]. The measurement of
cme [33]; pure ferrofluid (i.e., magnetic grains in water); the linear birefringences around the transition temperature
and a lyotropic mixture (KL/DeOH/water) in the isotropic (7.), give informations about the collective behavior of the
phase. It was observed that in the case of the pure ferrofluidbasic units (molecules or micelles) of the system. Galetne
and the binary of KL and water, the optical absorption in- al. [39] show that theV,. — I (here,I states for the isotropic
creases linearly with the ferrofluid doping concentration phase) phase transition is weakly first-order and the linear
as predicted by the Beer-Lambert law [34]. On the other birefringence has a discontinuity &t; (here,T.; states for
hand, the behavior of the optical absorption of the ternary the N. — I transition temperature). On the other hand, the
lyotropic mixture deviates from the usual Beer-Lambertlaw. N. — N, phase transition is second-order and mean-field.
This result clearly shows that the presence of micelles in theSaupeet al. [5] observed a deviation from the mean-field
system is fundamental to determine the behavior of the lin- behavior at theV, — NV, transition in a range of tempera-
ear absorbance as a functionof A possible mechanism tures% ~ 10~* from T, obtainings = 0, 38(3) for the
that could account for this behavior could be thyperther- value of the critical exponent of the order parameter.
mia [35], which is an indirect heating of the micelles via Cuppoet al. [41] investigated the behavior of the non-
the magnetic grains. Micelles, having more degrees of free-linear refractive indicesn;) and nonlinear birefringence
dom (fluctuation of the form, diffusion of molecules at the (Ans) in the vicinity of the N, — I and N. — N,, phase
bilayer, etc.) seem to absorb more than the monodisperséransitions in a LLC. Their results at thg, — I transition
amphiphilic molecules solution. This process could also be indicate that the sign of the thermooptic coefficient remains
one of the responsible for the increase in the nonlinear re-the same up t0.1°C from T,.;. The values ofu; in both
sponse of LLC doped with ferrofluids. configurations of the laser electric fiel with respect to
the magnetic field used to orient the nematic: parallel and
perpendicular, areegative These results are rather differ-
ent from those obtained by Pereieaal. [42], in a simi-
The origin of the microscopic mechanisms responsible for lar lyotropic mixture, using the Thermal Lens technique. A
the nonlinear optical response of LLC are not yet well possible origin for this discrepancy could be related to the
known. As mentioned above, the existence of micelles mod-orientation of theV, phase sample during the measurement.
ifies the linear absorbance behavior of the ferrofluid-doped In the case of the work of Cuppet al., the magnetic ori-
mixture and could also account for the nonlinear optical re- enting field is present during the all the experiment, differ-
sponse of the lyotropic liquid crystals. As a general re- ently from the one of Pereirat al. In the work of Cuppo
mark one can assert that the presence of micelles modifyet al., the nonlinear optical birefringence in thé. phase,
the thermooptic properties of a medium. Z-scan measure-(Any = ngy — n21) shows a small discontinuity at.7,
ments done by Cuppet al. in a binary mixture of KL consistent with a weak first-order phase transition. In the
and water [36], show thai, ~ cte. at KL concentrations  N.— N, transition it was observed a singular-type behavior

4.4 Influence of the amphiphilic aggregates
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of no (// and_L) at the transition temperatufgy [32]. The [9]1 R.W. Boyd,Nonlinear OpticgAcademic Press 1992).
nonlinear birefringence was shown to present a divergence ;o) p. paiffy-Muhoray, H.J. Yuan, L. Li, M.A. Lee, J.R. DeSalvo
behavior of the type\ny ~ |T — T.x| 7 with 8 ~ 0.5, in T.H. Wei, M. Sheik-Bahae, D.J. Hagan, and E.W. Van Stry-
both sides §. and NV, phase domains) of the phase transi- land, Mol. Cryst. Lig. Cryst207, 291 (1991).

tion temperature. An inversion of the signsof|| at the NV, [11] L. Li, H.J. Yuan, G. Hu, and P. Palffy-Muhoray, Liquid Crys-
phase was observed in a particular mixture composition of tals16, 703 (1994).

the same mixture. The same behavior was observed in 3[12] P. Palffy-Muhoray, T.H. Wei, and W. Zhao, Mol. Cryst. Lig

lyotropic mixture of KL/decyIa_\mmon_lum chlo_rlde_/water in Cryst. 251, 19 (1994).
the N, phase [43]. The origin of this inversion is not yet ] i ] ]
understood 3] Ch. Bosshard, ilNonlinear Optical Effects and Materigled.

by P. Qinter (Springer, Berlin 2000).
. [14] J.P. Hermann, D. Ricard, and J. Ducuing, Appl. Phys. Lett.
5 Concluding remarks 23,178 (1973).

L . . [15] P.N. Prasad and D.J. Williamisitroduction to Nonlinear Op-
Although the research of liquid crystals nonlinear optical tical Effects in Molecules and PolymetViley-Interscience,

properties is in the beginning, many of the basic proper- New York 1991).
ties involved in these processes have _already been dlscovf16] S.G. Lukishova, J. Nonlin. Opt. Phys. Mat.365 (2000).
ered. Employing the Z-scan technique it was observed that, o

in ms time scales, the origin of the nonlinear optical re- [17] C.W. Greeff, J. Lu, and M.A. Lee, Liquid Crystal$5, 75
sponse is thermal and depends on the basic parameters that (1993).

rule out the mesophases like temperature and relative com{l18] Fluence of an electromagnetic field is defined as the time-
position, among others. Two remarkable features are the  integral of the intensity of the electromagnetic field.

strong dependence of the nonlinear optical response on thg19] Ch. Soret, Arch. Sci. Phy. Na®, 48 (1879).

existence of micelles and the nonlinear enhancement with,;1 g pe Groot, L'Effet  Soret, diffusion

the ferrofluid doping in micellar mesophases. The deviation thermique dans les phases condiesNoord-Hollandsche
from the phenomenological Beer-Lambert law denotes the Uitgevers Maatschappij, Amsterdam, (1945).

eX|§tence of an |nter§ct|0n between micelles and_ magnetlc[21] S. Alves, A. Bourdon, and A.M. Figueiredo Neto, J. Opt. Soc.
grains whose nature is not yet well understood. Finally, the Am. B 20, 713 (2003).

observation of a convergent thermal lens in a biaxial nematic ) )

phase could indicate the influence of the geometry of the bi-[22] J- Georges and T. Paris, Anal. Chim. AGE6, 287 (1999).

axial aggregates and of the phase itself, opening an inter{23] J.P. Gordon, R.C.C. Leite, R.S. Moore, S.P.S. Porto, and J.R.
esting subject of research both theoretically and experimen- ~ Whinnery, J. Appl. Phys36, 3 (1965).

tally. [24] C.A. Carter and J.M. Harris, Appl. O3, 476 (1984).
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