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The present work is devoted to the study of the thermo-optical and nonlinear optical properties of smectic
samples containing gold nanoparticles with different shapes. By using the time-resolved Z-scan technique, we
determine the effects of nanoparticle addition on the critical behavior of the thermal diffusivity and thermo-optical
coefficient at the vicinity of the smectic-A—nematic phase transition. Our results reveal that introduction of gold
nanoparticles affects the temperature dependence of thermo-optical parameters, due to the local distortions in the
orientational order and heat generation provided by guest particles during the laser exposure. Further, we show
that a nonlinear optical response may take place at temperatures where the smectic order is well established. We
provide a detailed discussion of the effects associated with the introduction gold nanoparticles on the mechanisms
behind the thermal transport and optical nonlinearity in liquid-crystal samples.
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I. INTRODUCTION

Over the past decade, the development of new soft materials
based on liquid crystals has attracted remarkable interest due
to their large applicability in several areas, such as photonic [1]
and biotechnology [2,3]. In particular, a rich phenomenology
has been observed in liquid crystals samples containing
colloidal particles, where the nature of guest-host interactions
and the emergence of elastic distortions constitute the main
mechanisms behind the enhanced electro-optical responses
[4] and the formation of self-organized structures [5] in the
resulting systems. Indeed, different long-range interactions
may take place among micron-sized particles dispersed in
liquid-crystalline environments as a response to the elastic
distortions in the orientational order [6,7], which depend on
the strength and direction of the anchoring at the colloid
surface [7-9]. Such effective elastic-induced interactions can
be reasonably explored to produce artificial colloidal structures
exhibiting regular geometric patterns as desired in many
photonic applications [5,10]. However, a distinct scenario is
observed when the guest particles present a diameter around a
few tens of nanometers, being too small to induce macroscopic
distortions in the orientational order [4,11]. As a consequence,
guest-host interactions play a predominant role in the thermal
and optical behavior of the system, with the addition of
nanoparticles emerging as an excellent alternative to improve
physical properties of liquid-crystalline samples, such as the
nematic temperature range [12] and the Fréedericksz transition
threshold [11].

Recently, several works have been devoted to the study of
liquid crystal systems doped with gold nanoparticles (NPs)
[4,13-24]. The main reason is that such nanoparticles exhibit
interesting optical and electrical properties associated with
the surface plasmon resonance, which can be tuned by
adjusting their size, shape, and concentration [25]. In fact,
the introduction of gold NPs in liquid-crystalline materials
has been successfully used to obtain hybrid systems with
novel electro-optical properties that explore the sensitive of
the surface plasmon resonance to the director orientation and
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the amplitude of an external field [4,13,15,22]. A prominent
example is that reorientation of the nematic order can be
used as an effective mechanism to induce and control the
long-range orientational order of gold nanorods dispersed in
liquid crystals, giving rise to collective plasmonic effects in
the optical properties of the hybrid system [4,24]. Concerning
effects associated with an external field, it has been reported
that nematic samples containing gold NPs present a lower
Fréedericksz threshold voltage than pure one, due to the
increase of the dielectric anisotropy [26,27]. In ferroelectric
liquid crystals, the addition of gold NPs leads to an enhance-
ment in the optical tilt and the emergence of memory effects
even in the limit of low operating voltages, resulting from the
plasmon-induced increase of the local electric field around the
guest particles [28].

A stable dispersion of gold nanoparticles in liquid-
crystalline environments depends on their size and aspect ratio,
reflecting the anchoring conditions provided by the surface
functionalization of the nanoparticles during their synthesis
procedure [18,21,24]. As a consequence, thermal and hydro-
dynamical properties of liquid crystals samples containing
gold NPs exhibit a rich phenomenology associated with the
interplay of the host anisotropy and the geometric shape of
guest nanoparticles [18,21,24,29,30]. In particular, a strong
anisotropy has been observed in the translational diffusion
coefficients of anisotropic gold nanoparticles with respect to
the uniform far-field director in nematic liquid crystals, which
is governed by the equilibrium alignment of the colloids and
the local particle-induced distortion of the orientational order
[21]. Further, measurements of the thermal-induced optical
nonlinearity revealed that a crossover from self-focusing to
self-defocusing behavior may take place depending on the
shape of nanoparticles dispersed in the nematic samples, with
the nonlinear optical response of the system being reasonably
tuned by an external magnetic field [23].

Although nematic liquid crystals doped with gold NPs have
been widely studied, only a few works have been devoted
to the investigation of gold dispersion in smectic samples
[16,17]. For nanospheres presenting a diameter larger than
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smectic layer spacing, atomic force micrography revealed that
the layered structure and elasticity of smectic phase prevent
the irreversible aggregation of gold nanoparticles, giving rise
to a stable dispersion in such a phase [16]. On the other
hand, a self-assembly of gold nanospheres takes place in the
smectic phase at the regime of high concentrations [17]. In
particular, it is observed the emergence of linear or curved
arrays with micron-scaled periodicities, which depend on the
cell geometry. Such results show that nanoscale dispersions
in smectic samples exhibit a rich phenomenology associated
with the one-dimensional quasi-long-range positional order.
However, the effects of gold nanoparticles shape on thermal
and optical properties of the smectic liquid crystals have not
been investigated so far.

In this work, we study the thermo-optical and nonlinear
optical properties of smectic samples containing gold NPs,
close to the smectic-A—nematic phase transition. By using
the time-resolved Z-scan technique, we determine the effects
of NPs addition on the temperature dependence of the ther-
mal diffusivity and thermo-optical coefficient in the smectic
sample. Our results shows that the critical behavior of the
thermo-optical parameters is sensitive to the shape of gold NPs,
with the local distortions in the orientational order and heat
generation by the guest particles playing an important role in
the heat diffusion in the liquid crystal host. Further, the analysis
of the position dependence of the normalized transmittance
reveals that a nonlinear optical response may take place at
temperatures where the smectic order is well established.
The mechanisms behind the heat transport and the optical
nonlinearity in smectic samples are analyzed, giving emphasis
to the effects associated with the introduction gold NPs.

II. MATERIALS AND METHODS

We chose the compound 4-octyl-4’-cyanobiphenyl (8CB)
as our liquid crystal sample. It presents an isotropic-nematic
phase transition at Ty; = 313.5 K and a nematic—smectic-A
transition at Tan = 306.5 K. This compound exhibits a good
chemical stability upon laser exposure and it was purchased
from Sigma-Aldrich, being used without further purification.
Gold nanorods were prepared in aqueous solution by the
seed-mediated method [31], with cetyltrimethylammonium
bromide (CTAB) as the capping agent. Gold nanospheres were
obtained in a toluene solution by a two-phase liquid-liquid
system [32] by using dodecanethiol as the capping agent. The
nanoparticles were redispersed in toluene and then transferred
to the liquid crystal sample in the isotropic phase. Surfactants
used as capping agents stayed stable during the exchange of
solvents and subsequent transfer process to the liquid crystal,
with a homeotropic anchoring being expected at the colloid
surface. In order to obtain well-separated guest particles, the
studied nanoparticles were dispersed in 8CB at a low weight
concentration (¢ = 0.02 wt.%), where no visible aggregates
were observed in the resultant system.

Homeotropic samples were prepared by treating cleaned
glass surfaces with surfactant. Spacers were used to maintain
the cell thickness at £y = 100 um. The cells were filled by
capillarity action in the isotropic phase of 8CB (7' ~ 323 K)
and slowly cooled down to room temperature. Samples were
observed under a crossed-polarized microscope to ensure
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FIG. 1. Schematic representation of the experimental setup: L,
lens; BS, beam splitter; I, iris; M, mirror; Ch, chopper; D, detector.

alignment and uniformity. Further, the extinction spectra
of filled cells at room temperature were recorded using
a ultraviolet-visible spectrometer (Lambda 1050, Perkin-
Elmer). Samples were placed in a temperature-controlled oven
within the accuracy of 0.1 K, with the sample temperature
being varied in steps of AT = 0.2 K, in a rate of 0.1 K/min.
After reaching the target temperature, the measurement was
performed after a waiting time of 20 min in order to certify
that the system has reached the equilibrium configuration.

In order to investigate the thermo-optical and nonlinear
optical properties of gold NPs dispersion in smectic liquid
crystals, we employed the time-resolved Z-scan technique
using a linear polarized CW diode-pumped solid state (DPSS)
laser at A =532 nm as the light source. The laser beam
presented a Gaussian profile with a well-defined vertical
polarization and the laser power used to excite the sample was
P = 0.6-2.5 mW. The laser beam was focused by a lens with
a focal length of 15 cm, which provided a minimum waist of
wo = 42 um, resulting in a confocal distance z, = 10.6 mm.
A mechanical chopper was used to modulate the laser beam,
producing square-wave pulses with a duration of 70 ms. The
sample was excited at normal incidence in order to avoid
reorientation of the orientational order. The sample was moved
back and forth along the z axis around the minimum beam
waist of the laser during the measurement, with a single
displacement step of 5 mm. By using an iris centered along
the beam propagation direction, the far-field transmittance
was measured as a function of the position z of the sample.
Controlling the iris aperture, S, we were able to analyze the
distortions of beam wavefront associated with two distinct
effects [33,34]: (i) thermal-induced variation of the refractive
index (closed aperture, S = 0.1) and (ii) nonlinear optical
absorption (open aperture, S = 1). A schematic representation
of the experimental setup is shown in Fig. 1.

III. MODEL BACKGROUND

A. Thermal lens

It is well established that thermal properties of low absorb-
ing liquid crystal samples can be reasonably investigated using
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the time-resolved Z-scan technique, which is a sensitive and
efficient method to measure the thermal lens effect [35-37].
Such an effect consists of the conversion of the absorbed
energy into heat when a Gaussian laser beam passes through
the sample, which behaves itself as a lenslike optical element
due to the temperature-induced change in the optical path. In
particular, a self-focusing or defocusing behavior in the beam
center is observed due to the local heating and modification
of the liquid crystal birefringence. The formation time of
the thermal lens can be also used to determine the thermal
diffusivity of the sample [35]. The optical path change due to
thermal lens effect may be described by the aberration model
[38], with the transient intensity in the far field given by

1oy =101 — L an? 2y 2 (1)
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with y = z/z., where z is the sample position in relation to
the position of minimum beam waist (z = 0) and z. is the
confocal parameter. 6 is the thermal-induced phase shift of
the beam wavefront after its passage through the sample. ©
is the exposure time of the sample during each square pulse,
while . is the characteristic time for the formation of the
thermal lens. The parameters 7. and 8 can be directly obtained
from the fitting of the experimental data for the transient
transmittance by using Eq. (1). 6 and 7. are free parameters
which can be associated with the sample and experimental
setup parameters as follows [37,38]
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Here w is the beam waist at the sample, defined as w =
wo+/1 + y2, and D is the thermal diffusivity. P; is the incident
laser power, A is the absorption coefficient at the excitation
wavelength, and « is the thermal conductivity. n, is the
ordinary refractive index of the liquid crystal samples.

B. Nonlinear optical absorption

As we have described before, the Z-scan technique is a
sensitive method to measure distortions in the beam wavefront
caused by refractive and absorptive nonlinearities of the
sample. In an experimental configuration where a fully open
aperture is used, such a technique becomes insensitive to the
effects associated with a pure refractive nonlinearity [33]. As
a consequence, one can extract the absorptive nonlinearity
from variation of the far-field transmittance as the sample is
moved around the position of minimum beam waist (z = 0).
For a Gaussian beam, the dependence of the normalized
transmittance, T, on the sample position along the z axis can
be expressed by:

BloLest
812[1 + (z/20)*1

where B is the nonlinear absorption coefficient, Iy is the
incident intensity, and L.y = (1 — e~*%)/a, with o being

T(z)~1— 4
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the linear absorption coefficient. It is important to stress that
Eq. (4) holds for BlyL.s < 1. The origin of the absorptive
nonlinearity may be associated with saturation of the single-
photon absorption (8 < 0) or multiphoton absorption (8 > 0).
In particular, the phenomenon of the saturable nonlinear
absorption is characterized by a symmetric transmittance
profile exhibiting maximum at z = 0, while the multiphoton
absorption is marked by a symmetric transmittance profile
exhibiting minimum at z = 0. In what follows, we will use
the above description to analyze the effects of the addition of
gold nanoparticle on the thermo-optical and nonlinear optical
properties of smectic liquid crystals.

IV. RESULTS

In Fig. 2 we show the TEM images and extinction spectra
of 8CB samples containing gold nanoparticles with distinct
geometric shapes. The analysis of TEM images revealed that
gold nanorods present an average length L = 40 nm, with an
aspect ratio around r = 2.5, as shown in Fig. 2(a). Further, one
can observe that the gold nanorods present a certain alignment
which can be associated with a reduction of the local distortion
in the orientational order. In fact, previous works have
demonstrated that nanorods may exhibit distinct alignments
with respect to the far-field nematic director, depending on
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FIG. 2. TEM images of liquid crystals samples containing gold
nanoparticles of different shapes: (a) nanorods and (b) nanospheres.
Gold nanorods exhibit an average length of 40 nm and an aspect ratio
of 2.5, while the nanospheres present an average diameter of 4 nm. (c)
Extinction spectra of nanorods (solid line) and nanospheres (dashed
line) of gold dispersed in the 8CB host, confined in a homeotropic
cell. Notice the transversal plasmon band (A, = 507 nm) has a
higher extinction than the longitudinal plasmon band (4; = 669 nm),
indicating that the gold nanorods are aligned parallel to the far-field
nematic director.
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FIG. 3. (Color online) Transient intensities of 8CB liquid crystal
containing gold nanorods (black circles) and nanospheres (red
squares) at distinct reduced temperatures: (a) ¢ = 0.004 (nematic
phase) and (b) t = —0.004 (smectic phase). In all cases, the
nanoparticles concentration was ¢ = 0.02 wt%. One can note that the
thermal lens phenomenon is less pronounced in the smectic phase,
with the thermal-induced distortion in the beam wave front and the
characteristic time to the formation of the thermal lens being sensitive
to the nanoparticles shape.

the nature and strength of anchoring at the colloid surface
[21]. In Fig. 2(b), it is observed that the gold nanospheres
are uniformly dispersed in the 8CB sample, exhibiting an
average diameter D = 4 nm. It is important to stress that such
nanospheres and nanorods present dimensions larger than the
smectic layer spacing of 8CB, d = 3.3 nm. The extinction
spectra of 8CB samples containing gold nanoparticles in
homeotropic cells are exhibited in Fig. 2(c), where typical
surface plasmon resonances can be observed. In both cases,
extinction spectra were recorded at 7 = 300 K, well below to
the nematic—smectic-A transition temperature. The spectrum
of gold nanorods dispersion presents two bands centered at
Ar = 507 nm and A; = 669 nm, which correspond respectively
to transversal and longitudinal surface plasmon resonances
[25]. Further, we notice that the transversal plasmon band
has a higher extinction than the longitudinal plasmon band,
indicating that the gold nanorods are aligned parallel to the far-
field nematic director [4,21]. Concerning the dispersion of gold
nanospheres, the extinction spectrum presents a single band
centered at A, = 507 nm that is associated with transversal
plasmon resonance.

In order to investigate the effects of nanoparticles shape
on the thermo-optical properties of liquid crystal samples,
we present in Fig. 3 the time evolution of the far-field
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transmittance through a closed aperture, with S = 0.1. The
transient transmittances were recorded for samples placed at
the post focal position z = +/3z., with the concentration of
gold nanospheres and nanorods being ¢ = 0.02 wt%. The mea-
surements were performed at different reduced temperatures
t = [T — Tan]/Tan, where Tan is the nematic—smectic-A
transition. At the nematic phase (¢ > 0), we observe that
doped samples exhibit a self-focusing behavior characterized
by the increase of the transient intensity during the exposure
time, as shown in Fig. 3(a). One can notice that the self-
focusing of the laser beam is more pronounced in the sample
containing nanorods, with the transient intensity presenting
a slow relaxation to the steady state. In particular, different
characteristic times to the formation of the thermal lens are
observed, indicating that the shape of gold nanoparticles plays
an important role in the thermal transport of doped samples
in the nematic phase. Indeed, previous works have reported
that the translational diffusion of colloids in a nematic liquid
crystal is sensitive to their geometric shape [21], which can
be a determinant feature to the thermal transport once gold
nanoparticles behave as heat sources during the laser exposure.
A distinct scenario is observed in the smectic phase (¢ < 0),
where the relaxation of the transient intensity to the steady state
does not appear to be substantially dependent on the shape of
nanoparticles. Such a result shows that the geometry of the gold
nanoparticles does not induce a significant modification in the
mean free path of hydrodynamic modes responsible for the
heat diffusion in the smectic phase. Further, a small reduction
in the self-focusing behavior is observed in the smectic phase,
with the thermal-induced distortions in the beam wave front
being slightly higher in the sample containing nanorods.

The analysis of the time evolution of the far-field transmit-
tance can be suitably used to obtain the physical parameters
associated with the formation of a thermal lens in liquid
crystal samples. By using the aberration lens model, we have
computed the thermal-induced phase shift and the thermal
diffusivity of the liquid-crystalline materials from the fitting
of transient intensities. In Fig. 4, we show the thermal-
induced phase shift in the beam wave front, 6, at the vicinity
of the nematic—smectic-A phase transition of 8CB samples
containing gold nanorods and nanospheres. The phase shifts
were rescaled by the power of the incident laser beam in order
to allow a better analysis of the photothermal process. We
observe that the beam phase shift exhibits a deep valley at the
nematic—smectic-A transition temperature that is more evident
in the sample containing gold nanorods. As defined in Eq. (2),
the temperature dependence of the beam phase shift reflects
the thermal behavior of ordinary refractive index at the regime
of normal incidence [37], which can be directly associated
with the orientational order parameter [39]. Although small
anomalies in the orientational order parameter and its temper-
ature derivatives are expected due to the thermal fluctuations
at the vicinity of Tan [40], the present results show that the
introduction of nanoparticles affects significantly the variation
rate of the ordinary refractive index with temperature at the
nematic—smectic-A phase transition. Indeed, strong changes
in the refractive indices take place during the laser exposure
of the sample, which are associated with the heat generation
from the nonradiative decaying of the plasmon excitation in
the guest particles [23,41,42]. Such a heating tends to disturb

042504-4



THERMO-OPTICAL PROPERTIES AND NONLINEAR ...

0 IC) OI O I T I T I T I
L 5 5001
z P -
g L i
15 —
am | |
~
D 2 _
- (a) o .
25 _
[ R R BT
-0.004 -0.002 0 0.002  0.004
00 I T I T T I T I
- 0o o o o O g O
—~ o o o
TB 0.5 . —
g L i
p—a
&~ ok .
D
- (b) o i
qsll 1y
20.004 -0.002 0 0.002  0.004

FIG. 4. Beam phase shift in units of the incident laser power as
a function of the reduced temperature for 8CB samples containing
(a) gold nanorods and (b) gold nanospheres at a concentration of
0.02 wt%. One can observe a sharp drop in the thermal-induced
phase shift at the nematic—smectic-A transition temperature, which
is more pronounced in the 8CB sample doped with gold nanorods.

the orientational order around the nanoparticles, becoming
more relevant close to the transition temperature due to the
long-range correlations. Further, the beam phase shift seems
to be sensitive to the nanoparticles shape, presenting a higher
absolute value in liquid crystals doped with gold nanorods
even far from the transition temperature. This behavior may be
associated with average alignment of gold nanorods along the
far-field nematic director, favoring the excitation of transversal
plasmons and the heat transport perpendicular to the director.

In Fig. 5, we present the thermal diffusivity of 8CB
samples as a function of the reduced temperature for distinct
morphologies of gold nanoparticles: (a) nanorods and (b)
nanospheres. One can note that the thermal diffusivity exhibits
the typical vanishing behavior at the nematic—smectic-A phase
transition [37,43], presenting a slight dependence on the shape
of gold nanoparticles. We notice that the vanishing behavior is
less pronounced in the sample doped with gold nanospheres,
indicating that the thermodynamic response functions may be
sensitive to the shape of guest nanoparticles. It is important to
stress that the reduction of the thermal diffusivity reflects the
divergence of the specific heat at the transition temperature,
while the thermal conductivity stays finite [43]. Previous works
have shown that the introduction of nonmesogenic impurities
may give rise to a random disorder in liquid crystal samples,
leading to a suppression of the peak of the specific heat at
the nematic—smectic-A phase transition as the concentration
of nonmesogenic solute is increased [44]. In our case, the cap
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FIG. 5. Temperature dependence of the thermal diffusivity of
8CB samples doped with (a) gold nanorods and (b) gold nanospheres.
The concentration of gold nanoparticles in 8CB samples was ¢ =
0.02 wt%. Notice that the thermal diffusivity exhibits a vanishing
critical behavior at the nematic—smectic-A phase transition, with the
heat diffusion being governed by short-range processes that depend
on the nanoparticle shape.

agent induces a strong homeotropic anchoring at the surface
of gold nanospheres, which behave as sources of random
disorder due to the orientational distortions with respect to
the far-field director. Although similar local distortions in the
orientational order are also expected around the gold nanorods,
the absorption spectrum reveals that such nanoparticles tend
to align along the direction defined by the far-field director.
As a consequence, the effects associated with the distortions
in nematic ordering tend to be minimized in the sample
containing gold nanorods, with the peak suppression of the
specific heat at the phase transition being less pronounced
than in the liquid crystal doped with gold nanospheres. Far
from transition temperature, it is observed that the thermal
diffusivity presents a larger value in the 8CB containing
nanospheres in nematic and smectic phases. Such result is
related to the fact of translational diffusion and the effective
surface area are larger for nanospheres, favoring the heat
diffusion through the sample.

It must be emphasized that a random disorder resulting
from the introduction of nonmesogenic impurities may also
lead to memory effects and a reduction in the transition
temperatures in liquid-crystalline systems, especially in the
regime of high concentrations [37,44,45]. Although a small
variation in the critical vanishing behavior of the thermal
diffusivity has been observed, we have not found evidence
of memory effects in the thermo-optical properties of doped

042504-5



P. B. DE MELO et al.

Y112

—
(=3
(=]

FIG. 6. (Color online) Normalized Z-scan transmittance of S8CB
doped gold nanorods at different reduced temperatures: (a) t =
0.003, (b) t = —0.003, (c) t = —0.013, and (d) t = —0.014. The
measurements were performed in the configurations of closed (black
circles) and open (red squares) apertures. Here we observe that a
nonlinear absorption takes place as the temperature is diminished
well below to the nematic—smectic-A transition temperature.

samples upon heating and cooling processes. Further, the
analysis of polarized optical microscopy images revealed that
the nematic—smectic-A transition temperature is reduced by
0.1 K in samples containing gold nanoparticles. This small
variation in the transition temperature lies within the error
tolerance of the experimental setup and it may not reflect
the effects of a random disorder induced by nonmesogenic
impurities. The absence of such phenomena may be associated
with the very low concentration of gold nanoparticles in
the liquid-crystalline system, which was kept constant in
¢ = 0.02 wt.%. This behavior is consistent with previous
experimental studies reporting that the nematic—smectic-A
transition temperature does not change significantly for small
concentrations of gold nanoparticles [16,46]

Finally, we analyze the emergence of nonlinear effects on
the optical properties due to the addition of gold nanoparticles.
InFig. 6, we present the position dependence of the normalized
transmittance of 8CB sample containing gold nanorods at
distinct reduced temperatures. Z-scan measurements were
performed in the configurations of closed (S =0.1) and
(S = 1.0) open apertures. In the nematic phase (¢ = 0.003),
we observe that the normalized transmittance in the closed
aperture configuration exhibits a typical Z-scan curve for the
thermal lens phenomenon in a medium presenting dn,/dT <
0, with the minimum and maximum responses occurringinz =
—ﬁzc and z = \/§Zc, respectively. Further, the normalized
transmittance in the open aperture configuration stays constant,
indicating that the distortions in the beam wave front are
only associated with the thermal lens phenomenon. Such
behavior persists in the smectic-A phase (f = —0.003) close to
the transition temperature, where no significant modification
can be observed in the normalized transmittance for closed
and open configurations of the Z-scan experimental setup,
as shown in Fig. 6(b). A different scenario takes place in
the smectic-A phase well below to the transition temperature
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(t = —0.013), as one can observed in Fig. 6(c). In the closed
aperture configuration, the valley-peak Z-scan signature in the
normalized transmittance is replaced by a curve presenting a
maximum close to z = 0. This result shows the emergence
of a distinct contribution to the distortion of the beam
wave front besides the thermal lens phenomenon. In fact,
we observe that a nonlinear absorption signature appears
in the normalized transmittance for measurements realized
in the open aperture configuration. More specifically, we
notice that such absorptive nonlinearity is associated with a
saturation of the single-photon absorption of the transversal
plasmon band, being characterized by B < 0. As the sample
temperature is reduced (r = —0.014), the effects of the
nonlinear absorption becomes more pronounced, as exhibited
in Fig. 6(d). Concerning the 8CB sample containing gold
nanospheres, we have not observed any signal associated with
the emergence of an absorptive nonlinearity along the range
of temperatures investigated (not shown), indicating that the
thermal lens is the predominant phenomenon in this sample.

It is important to stress that the absorptive nonlinearity
emerges in the doped sample at the smectic-A phase, once
the smectic-A—crystal phase transition in 8CB occurs at
t = —0.035. Although a thermal-induced nonlinear optical
response has been previously explored in nematic liquid
crystals doped with gold nanoparticles [23,42], the present
results seem to be the first report of a saturable absorption
phenomenon associated with the interplay between the smectic
ordering and the anisotropic shape of gold nanorods. In partic-
ular, the emergence of an absorptive nonlinearity indicates
that the smectic layered structure affects the orientational
and spatial distribution of colloidal particles through the
sample. Indeed, the presence of guest particles tends to
induce the formation of dislocations as the layered structure
emerges [16]. As a consequence, a self-organization process
may take place in order to reduce the high energy cost
associated with the distortions in the smectic order. As the
temperature is reduced, the equilibrium configuration may
favor the alignment of elongated nanoparticles, giving rise
to a saturation in the linear absorption of plasmon bands.
A similar behavior has been observed in polymeric films,
where an enhanced absorptive nonlinearity is obtained from
the nanorods alignment induced by the film stretching [47].
By using Eq. 4, we have estimated the nonlinear absorption
coefficient from the fitting of the normalized transmittance,
with 8 &~ —2 x 1073 cm/W. This value is at least three orders
of magnitude higher than that reported in a large variety of soft
materials, such as polymers [47] and colloidal dispersions of
metallic nanoparticles [48,49].

V. SUMMARY AND CONCLUSIONS

In summary, we have studied the effects of gold nanopar-
ticles in the thermal and nonlinear optical properties of
smectic crystals. Using the time-resolved Z-scan technique,
we computed the thermal diffusivity and beam phase shift
from the far-field transient intensities. Our results showed
that thermo-optical properties of liquid crystals are sensitive
to the geometric shape of the guest particles in the vicinity
of the nematic—smectic-A phase transition. It is observed that
the introduction of gold nanospheres tends to suppress the
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typical vanishing behavior of thermal diffusivity at the phase
transition. This suppression is associated with the emergence
of a random disorder in the nematic ordering [43], which is
induced by local distortions around guest particles presenting
a homeotropic anchoring at their surface [4]. The modification
in the critical behavior is observed to be less pronounced in
samples containing elongated nanoparticles, although similar
disorder has been expected in 8CB samples containing gold
nanorods. However, the elongated shape of nanoparticles
minimizes the nematic distortions due to their alignment
along the far-field nematic director, reducing the disorder
effects on the critical behavior of the thermal diffusivity.
Further, we showed that the beam phase shift exhibits a
deep valley at the nematic—smectic-A transition temperature
that is more evident in the sample containing gold nanorods.
In fact, gold nanoparticles behave as heat generators during
the laser exposure, disturbing the orientational order around
them and giving rise to strong changes in the temperature
dependence of the refractive indices. At temperatures where
the smectic order is well established, we observed that an
absorptive nonlinearity emerges in 8CB liquid crystal doped
with nanorods, which is absent in the sample containing
nanospheres. Such a result is the first report of a nonlinear
optical phenomenon associated with the interplay between the
smectic ordering and the anisotropic shape of gold nanorods. In
particular, it is expected that a self-organization process takes
place in order to reduce the high energy cost associated with the
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distortions in the smectic order [16], favoring the alignment
of elongated nanoparticles and giving rise to a saturation in
the linear absorption of plasmon bands [47]. Despite the fact
that the Z-scan technique is a sensitive experimental setup to
probe changes in the molecular and colloidal organization of
the sample investigated, additional methods are required to
assert the spatial distribution and the relative orientation of
gold nanorods in relation to the far-field nematic orientation
in the smectic phase, such as atomic force microscopy [16]
and imaging by two-photon luminescence [18]. Our findings
show that the introduction of gold nanoparticles in smectic
samples provides a rich phenomenology associated with the
distortions in the layered structure and self-organization of
guest particles, which may motivated future theoretical and
experimental investigations. From a practical point of view,
the present results open the possibility of new applications
based on smectic liquid crystals containing nanomaterials, as
optical limiting and sensor protection [50].
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