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ABSTRACT

Nonlinear photonic materials play an important role in the development of advanced optical and
photonic technologies. Third-order optical nonlinearity is at the basis of effects like self-modulation
and threshold phenomena and can be used for fast tuning and optical switching. Dye-doped
nematic liquid crystals are characterised by outstanding values of the nonlinear refractive index.
However, in resonance conditions, they suffer from energy loss due to absorption. In this work, we
demonstrate large photo-thermal nonlinearity in dye-doped linear Polymer-Stabilized Liquid
Crystals (PSLCs) and show how to tune their nonlinear refractive index by tailoring the chemical
formulation. Dye-doped PSLC are probed with pre-resonant light at very low power and are

ARTICLE HISTORY
Received 14 February 2025
Accepted 3 July 2025

KEYWORDS

Third order nonlinearity;
Z-scan setup; dye-doped
liquid crystals; polymer-
stabilized liquid crystals;
polymer concentration

characterised by the Z-scan technique. This approach, which strongly limits losses, proves to
preserve the nonlinear response despite the pre-resonance illumination. Moreover, the linear
polymeric structure turns out to enhance the third-order optical nonlinearity and make its
response faster. We thus obtain a controllable nonlinear refractive index that reaches values of
around 107> cm®W ™" with pre-resonant light in a characteristic time of about 1.5 ms, offering low
energy loss, remarkable features in terms of nonlinearity and time response that can strongly
impact integrated photonics, cryptography and optical computing applications.

E ]

1.1

()0 s 50, 8% L

L-

CONTACT Sara Nocentini @ nocentini@lens.unifi.it; s.nocentini@inrim.it

© 2025 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-
nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built
upon in any way. The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/02678292.2025.2531107&domain=pdf&date_stamp=2025-07-24

2 (&) F.MASSARELLI ET AL.

1. Introduction

Low-power nonlinear optical responses represent
a breakthrough for the future realisation of new crypto-
graphic and photonic functions, as they could enable
operations that would otherwise be impossible in the linear
regime and can be applied to very large scale integration. At
present, they can be achieved only at very high intensities in
suitable media, leading to nonlinear effects that include
self-focusing [1], solitons [2] and high-harmonic genera-
tion [3]. Such nonlinearities are employed in several fields
and became more and more relevant to advance photonic
platforms in integrated photonics for all-optical switches
[4,5], in cryptography to improve the security of a new
generation of key generators, the so-called Physical
Unclonable Functions (PUFs) [6,7], and in optical comput-
ing to produce nonlinear activation functions [8,9]. Among
all-optical nonlinear phenomena, the optical Kerr and
Kerr-like effects induce a refractive index change that
depends on the intensity of the optical radiation. In this
way, the modulation of the signal is induced by the propa-
gating light itself, without the need for external fields, thus
making this effect particularly interesting and easy to inte-
grate for the above-mentioned applications. A wide variety
of nonlinear materials have been studied for integrated
photonics including semiconductors, glasses, 2D materials,
and polymers, whose nonlinear refractive indexes range
from 107 cm® W' to 107" ecm?® W' [10].
Semiconductor and polymeric materials offer good integr-
ability, but require very high intensities (of the order of
magnitude of 10'° W ¢cm™ that can be achieved by high-
power pulsed laser) to induce a considerable variation in
the refractive index [11]. To strongly reduce power con-
sumption and make these functions scalable on a large
scale, a nonlinear response that can be activated by low-
power continuous-wave lasers should be found. The mate-
rials that provide the largest nonlinearity but at the slowest
response time are nematic liquid crystals (LCs) [12], whose
nonlinear coefficient ranges from 10> cm*W ™" to 10~
cm*W™" [13,14] for transparent nematic liquid crystals
and dye-doped nematic liquid crystals, respectively. This
type of large nonlinearity peculiar to LCs is based on
collective reorientational phenomena that are character-
ized by large and relatively slow nonlinearities (with
a typical response time 1 > ys) besides molecular electronic
nonlinearities common to all the materials. Among the
collective nonlinearities in LC there are a few mechanisms
that enhance the nonlinear response depending on the
formulation and the type of laser excitation. The strong
optical nonlinearity peculiar to nematic liquid crystals is
often called ‘Giant optical nonlinearity’ because of their
high values of nonlinear refractive index and it is mainly
associated with an electromagnetic torque on the LC

molecules (that can be enhanced in presence of a dye).
On the other hand, the molecular reorientation can also
be driven by a thermo-optical effect that is mainly studied
in resonant conditions. Liquid crystal nonlinearity has been
deeply studied since the ‘80s with different formulations,
evaluating different contributions to nonlinearity [13,14].
However, the majority of the studies are focused on liquid
formulations and a few examples are reported for polymer-
stabilised liquid crystals (PSLC). PSLC are composed of
linear polymeric chains or crosslinked polymeric networks
in which the liquid crystalline molecules are immersed
[15]. Their study for nonlinear devices is limited to a few
works in which it has been reported that dispersing a small
amount of polymer, (around 10 percent in weight) in a dye-
doped liquid crystal, thus making a so-called dye-doped
Polymer-Stabilized Liquid Crystal (dye-doped PSLC) [16],
leads to an increase in the nonlinear response in resonant
conditions [17-19]. In the latter, the nonlinearity of dye-
doped PSLCs results from optical and thermal liquid crystal
collective reorientation induced by the dye absorption that
however generates large optical losses, which are detrimen-
tal for optical applications [20]. On the other hand,
a systematic study of the nonlinear response of dye-doped
PSLCs with non-resonant light and its underlying mechan-
ism is still missing. To fill this gap, we herein study dye-
doped polymer-stabilized nematic liquid crystals with dif-
ferent linear polymer and dye concentrations to optimize
the nonlinear response and highlight the role of the stabi-
lizing polymer. In this way, we achieve large photo-thermal
nonlinearity with a sixth-fold optimisation in the polymer
stabilised formulation and a faster nonlinearity dynamics
with respect to the pure liquid crystal in pre-resonant
condition. These promising values in low-loss nonlinear
materials open to a new paradigm of nonlinear functions in
integrated photonics, cryptography and optical computing.

2. Methodology
2.1. PSLC formulations

We study liquid-crystal-based photonic materials and
their photo-thermal nonlinearity, focusing on the non-
linearity of formulations with dye-doped Liquid
Crystals (LCs) and dye-doped linear Polymer-
Stabilized Liquid Crystals (PSLCs).

The analysis of the nonlinearity is performed by
tailoring their formulations. More in detail, we vary
the type of dye molecule and/or the polymer concentra-
tion, which ranges from 0% to 30%.

Dye-doped PSLCs are made of four different compo-
nents: liquid crystals, dye molecules, a polymeric struc-
ture, and a photo-initiator.
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Figure 1. (Colour online) Dye-doped polymer-stabilized liquid crystals. (a) Structural formulas of the used molecules. The formulas relating to
disperse red 1 and dye 1 are presented with a functional group -R, which is a hydrogen atom or an acrylate group depending on the non-
acrylate or acrylate nature of the molecule, respectively. (b) Absorption spectra of LCs doped with 1% dye for a polarization parallel to the LC
alignment (director). The dotted red line denotes the He-Ne laser wavelength, 633 nm, of the He-Ne laser used in the optical measurements.
The inset at the top right reports a zoom of the spectra in the wavelength range between 612 nm and 650 nm, while the legend refers to the
kind of dye in the dye-doped liquid crystal under examination, where the suffix "-A” in the names of the dyes indicates their acrylate nature.
(c) Schematic representation of a dye-doped polymer-stabilized liquid crystal. Its molecular alignment is indicated with the LC director
denoted by the versor h over the drawing, where the gray and orange molecules correspond to liquid crystals and dyes, respectively, while
the blue curves and molecules refer to the polymeric chains. (d) Combination of polarized optical microscope images relating to an
illustrative dye- doped PSLC with 1% dye DR1-A and 15% monoacrylate monomer MM. Besides the LC director 7, also the orientation of fast

axis of the polarizer (P) and analyzer (A) filters are indicated. The scale bar is 100 um.

As liquid-crystalline mesogen, the nematic liquid
crystal 4-Cyano-4’-pentylbiphenyl, which is commer-
cially called 5CB (SYNTHON Chemicals), is chosen,
and its structural formula is reported in Figure 1(a).

Concerning the dye molecule, two different azoben-
zenes are used: Disperse Red 1 (DR1) and Dye 1 (D1).
Their structural formulas are shown in Figure 1(a).
Disperse Red 1 is a commercial molecule and is purchased
by Sigma-Aldrich, while Dye 1 is synthesised by our
research group [21-23]. Disperse Red 1 and Dye 1 are
tested in two forms, with or without an acrylate group. In
the case of the acrylate terminated dye, hereafter they are
named as Disperse Red 1 acrylate (DR1-A) and Dye 1
acrylate (D1-A), otherwise Disperse Red 1 non-acrylate
(DR1-NA) and Dye 1 non-acrylate (D1-NA). These dyes
are chosen because they are characterised by a low but not
negligible absorption at 633 nm, the wavelength of the He-
Ne laser used in the experiments, as can be seen from the
absorption spectra of Figure 1(b). It shows the spectra of
the dye-doped LC for a probing light with a polarisation

that is parallel to the LC alignment or to the director. The
inset in Figure 1(b) zooms into their absorbance in the
wavelength range between 612 nm and 650 nm, highlight-
ing the small but not negligible absorption at 633 nm for
the dye DRI1-A, that is almost one order of magnitude
smaller than of D1-A.

The polymeric structure is formed starting from
monoacrylate monomers. The Monoacrylate Monomer
(MM) is a commercial molecule (CAS 130,953-14-9,
Sigma-Aldrich), that creates linear polymeric chains.
The structural formula of the monomer is presented in
Figure 1(a), while a picture schematising the involved
molecules and their alignment is shown in Figure 1(c),
where the versor #1 denotes the direction of the liquid-
crystalline orientational order, the so-called LC director.

About the photo-initiator, the UV photo-initiator
Irgacure 369 (IN) is selected. In the PSLC formulations,
the concentration in weight of the initiator is fixed at
1%. From now onwards all concentrations are meant to
be expressed in weight.
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The polymerisation of a PSLC is performed by expos-
ing the monomeric mixture to a UV LED lamp
(Thorlabs M385LP1-C) with a peak wavelength of 385
nm and a power of around 660 mW for twenty minutes.
The temperature is maintained at 22°C for the first ten
minutes, so that the polymerisation is almost completed
with the LC sample in the nematic phase, while the
temperature is increased at 40°C for the second ten
minutes to assure a complete polymerisation of the
sample. Indeed, the liquid crystal 5CB is in the nematic
phase at room temperature, being in the crystalline
phase under approximately 11°C and in the isotropic
phase above about 34°C, as verified by differential scan-
ning calorimetry measurements [24]. As for the LC
alignment, we focus on homogeneous planar alignment,
which is obtained by LC molecule interaction with
properly treated glass coverslips. They are spin-coated
with an aqueous solution of 5% PolyVinyl Alcohol
(PVA, CAS 9002-89-5, Sigma-Aldrich), and rubbed
with a velvet cloth in the direction of alignment before
creating an LC cell two glass coverslips and infiltrating it
with the LC mixture.

The LC alignment is verified by Polarized Optical
Microscopy (POM), and along this study, every sample is
characterised at the Polarized Optical Microscope (POM)
(Zeiss Axio Observer Al), before and after the polymerisa-
tion process (if present), in order to qualitatively assess the
degree of molecular alignment and its homogeneity. When
the LC director is parallel to one of the two crossed
polarisers of the POM, the transmission through the sam-
ple is almost extinguished and the image appears homo-
geneous and dark, while, when the LC director is at 45° to
the directions of the two polarisers, the homogeneously
aligned samples allows for a light polarisation rotation that
makes the image homogeneous and luminous.

An illustrative POM image for a dye-doped PSLC
with 1% dye DR1-A and 15% monoacrylate monomer
MM, is shown in Figure 1(d), where it can be seen that
a few defects only marginally affect the homogeneous
planar alignment. It is chosen among the various types
of alignment because it allows a good alignment [25], as
seen in Figure 1(d), without considerable manufactur-
ing efforts and because of its interesting interaction with
linearly polarised light.

The thickness of a sample is fixed by silica microspheres
(Thermo Fisher Scientific) with diameters of 20 ym, which
separate the glass coverslips that make up a cell.

2.2, Z-scan set-up

Among the third order nonlinear phenomena, the Kerr-
like effect refers to the dependence of the refractive index

n on the light intensity I : n=ny + n, - I (Equation 1)
where n, is the nonlinear refractive index.

A standard way to measure the nonlinear refractive
index is the so-called Z-scan technique [12], which
retrieves the nonlinear coefficient through a measure of
self-focusing or self-defocusing effect [1]. The character-
isation of optical nonlinearity is performed using
a conventional Z-scan set-up. Figure 2(a,b) shows the
picture of the experimental apparatus. More in detail, the
intensity of a focused laser beam impinging on a sample is
varied through a scan of the sample along the optical axis,
defined as z-axis, and the transmitted light passing through
an iris is collected for each sample position along the
z-axis. Changes in the refractive index due to nonlinear
optical effects in the sample are detected as characteristic
intensity variations in the transmitted signal as a function
of the sample position because of the effects of self-
focusing and self-defocusing. With this technique both
the sign and the absolute value of the nonlinear refractive
index can be deduced from the transmission curve: if the
iris is partially closed, in the so-called closed-aperture
configuration, the measured quantity is the nonlinear
refractive index, while, if the iris is left totally open, in
the so-called open-aperture configuration, the measured
quantity is the nonlinear absorption coefficient [26,27].
Since the samples considered in this article do not show
detectable nonlinear absorption, all reported measure-
ments refer to the experimental configuration with the
iris partially closed. Focusing on the configuration with
the iris partially closed from now on, the sign of the non-
linear refractive index can be determined by looking at the
position of the peak and the valley of the transmission
curve in the Z-scan graph. An illustrative measurement of
PSLC nonlinearity is reported in Figure 2(b) for a sample
with negative n,: indeed, if the valley and the peak are at
negative and positive z-values, respectively, the sign of the
nonlinear refractive index is positive, while it is negative if
their positions are exchanged. The absolute value of the
nonlinear refractive index is calculated from the Z-scan
curve by taking advantage of the direct proportionality
between the absolute value of the nonlinear refractive
index n, and the peak-to-valley difference AT extracted
from the curve [12].

In addition, the nature of the nonlinear optical response
of a sample, reorientational and/or thermal, can be estab-
lished on the basis of the peak-to-valley distance along the
z-axis in the Z-scan graph, Az, . Indeed, values of Az, _, =
1.72 zr and Az, _, = 3.46 zg, where zp is the Rayleigh length
ofthe focused beam, are characteristics of the reorientational
and thermal effects, respectively [28,29].

The laser source of the Z-scan set-up is a He-Ne laser
(633 nm, Thorlabs HNLO50L). The laser beam passes
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Figure 2. (Colour online) Z-scan set-up and illustrative measurements. (a) Photograph of the Z-scan set-up. Some optical elements
are signposted by numbers: a polarizer filter (1), a half-wave plate (2), a converging lens (3), a beam splitter (4), a sample (5), an iris
(6) and detectors (7 and 8). The inset zooms on the iris and the detector. (b) Schematics of the main optical elements of the Z-scan
setup. (c) lllustrative Z-scan curves for three different points on a dye-doped PSLC with 1% dye DR1-A and 15% monoacrylate
monomer MM. The transmittance is normalized by its average value Tpeqn, While the position along the z-axis is normalized by the
Rayleigh length z; of the focused beam. The inset box shows a photo of the measured sample, wherein the circles indicate the
measured areas of the sample for which the z-scan curves are reported in the graph with the same colors. (d) Reproducibility of the
Z-scan measurements between different samples with the same chemical formulation for 15% and 30% monomer concentrations.
The mean value for each sample is calculated over three measured points on the sample and the error bar corresponds to

a weighted sum of the standard deviations.

through a polariser filter and a half-wave plate before
being focused by a converging lens with a focal length
of 150mm on the sample, which is moved by
a translation stage (Thorlabs Z812B) in an interval of
20mm along the z-axis with a speed equal to
0.20 mm-s' during the scan. The laser spot diameter
ranges from about 14 um when the sample is at the
focus, to around 167 ym when the sample is at 10 mm
away from the focus. As the Rayleigh length of the
Gaussian beam is approximately 940 um and the sample
thickness is 20 pm, the sample is thin enough and
scanned over a large distance (z-axis translation from
-10mm to 10 mm) to be probed by laser intensities
that vary considerably. The light power at the sample is
around 2.40 mW, while the intensity at the focus is about
3.8 - 10> W-cm™>. We monitor any laser intensity fluctua-
tions by a reference beam measured before passing
through the sample. The two parameters of illumination
that can be adjusted are the intensity of the radiation,
which is controlled by neutral density filters, and its
polarization, which is varied by means of a half-wave

plate. The laser power and the photodiodes used in the
experimental set-up allow us to detect nonlinear refrac-
tive indexes whose order of magnitude is larger than 10~
cm*W

First, we test the nonlinearity of the pure LC 5CB with
homogeneous planar alignment, but since its nonlinear
coefficient is under our detection limit, we cannot measure
it. Therefore, we exploit the dye molecules to enhance and
observe the nonlinear response in LC formulation [13,14].

An illustrative example of Z-scan transmission curves
is shown in Figure 2(c). These curves refer to three
different points on a dye-doped PSLC with 1% dye
DRI-A and 15% monoacrylate monomer MM. All mea-
surements are compatible within experimental errors,
showing that the nonlinearity of the sample does not
depend on the probed position of the sample. The angle
0 between the LC director and the beam polarisation is
equal to 18°, and the average value of n, is equal to (—1.09
+0.09) - 107> cm>W ™. To evaluate the reproducibility of
the Z-scan measurements in polymer-doped samples, we
monitor the #n, value in two nominally identical samples
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with the same chemical formulation, for polymer con-
centrations of 15% and 30% in weight (Figure 2d). For
each sample, we measured the nonlinear coefficient in
three points to assess its homogeneity. We discard points
with recognisable LC alignment defects that generate
a remarkable speckle pattern dominating the ballistic
transmission. When repeating and comparing these
values for nominally identical samples, we find compati-
ble values within the experimental error.

3. Results and discussion
3.1. Nature of the optical nonlinearity

The nature of the collective nonlinearity in dye-doped
nematic liquid crystals can be reorientational and/or
thermal [30]. In the reorientational case, the optical
Kerr effect is due to the molecular reorientation induced
by the electric torque that is exerted by the optical electric
field on the LC molecules of the sample [13]. In the
thermal-optical case, instead, the nonlinear response is
caused by temperature and density variations that are
driven by the sample absorption, generating what is also
defined as a thermal lens [31]. For continuous wave (CW)
illumination, the observed nonlinearity can be attributed
to refractive index changes caused by a temperature
increase. This is supported by the millisecond-scale time
response of our system, which is significantly slower than
the sub-100 microsecond response typically seen in non-
linear effects driven by density variations [32], as well as
by the characterisation provided below.

Focusing on the thermo-optical effect in dye-doped
nematic liquid crystals probed with a resonant laser
pulse (whose duration is much longer than the acoustic
and thermal decay times), absorption determines den-
sity and/or temperature variations that drives a thermo-
optical effect, to which we can associate the nonlinear
refractive index expressed by Equation 1 [32],

a)

2 = (1) (Copy) M

where « is the absorption constant, 7g is the thermal
decay time, p, is the unperturbed density of the liquid
crystal, and C, is its specific heat at constant volume. It
is worth remarking the direct proportionality between
the nonlinear response and the absorption coefficient.

The absorbance of PSLCs doped with 1% dye DR1-A
at a wavelength of 633 nm is minute, about 0.015, but
different from zero. To establish whether this absorption
is sufficient to induce a significant variation in tempera-
ture and hence the thermo-optical effect, we performed
thermal imaging of dye-doped PSLCs with 1% DRI1-A
and D1-A while illuminated with a red diode laser.
Thermal images (acquired with a thermal camera FLIR
A400) are shown in Figure 3.

For this characterisation we use a solid-state laser of
wavelength A =638 nm, of power p =68 mW and with
a beam radius R = 350 ym. This choice is dictated by the
need to reach a laser intensity I ~ 3.8-10° W-cm >, as high
as that which is present in the Z-scan set-up at the focus,
but on a larger area, which can be imaged by the thermal
camera (100 um diameter, resolution of the camera). The
thermal image for DR1-A presented in Figure 3(a) is
acquired with such an intensity and shows a maximum
temperature T=22.8 £ 0.5°C, which is around 1.3°C
higher than the environment temperature. When consid-
ering the thermal imaging of the dye-doped PSLC with
1% D1-A (Figure 3(b)) instead, it shows a larger tempera-
ture variation of around 10°C when exposed to the same
laser light intensity. This increase in temperature is asso-
ciated with a rise in the nonlinear coefficient, as we
observe in PSLCs with 20% MM for which the nonlinear
refractive index passes from (-4.2 & 0.4) - 10 ® cm* W™!
to (=53 4 0.5) - 107> cm® W~ by changing the doping
from 1% dye DRI1-A to 1% dye D1-A. This increase is
compatible with the absorbance of PSLCs doped with 1%

Figure 3. (Colour online) Photo-thermal nature of the third order nonlinearity. Thermal images relating to a dye-doped PSLC with 1%
dye DR1-A and 15% monoacrylate monomer MM (panel a) and a dye-doped PSLC with 1% dye D1-A and 20% monoacrylate monomer
MM (panel b). These images are acquired with a light intensity which is compatible with those of the optical measurements. The color
bars on the right of each image denote the recorded temperatures in Celsius degrees.



dye D1-A that is one order of magnitude higher than that
of PSLCs doped with 1% dye DR1-A at 633 nm.

Therefore, the thermal measurements of Figure 3 sup-
port the hypothesis of thermo-optical effect, which is
consistent with the negative value of the measured non-
linear refractive index [33,34] and the peak to valley
distance measured e.g. in Figure 2(b). Indeed, given the
values of Az, , for the dye-doped PSLCs under examina-
tion that are around 3.6, as can be seen in Figure 2(b), this
estimate backs up the thermal nature of the measured
nonlinear response [28,29].

It is worth noting that the nematic-isotropic transition
temperature for the samples doped with DRI-A and
those doped with D1-A is T'=37.5°C and is measured
through a hot plate and a polarised optical microscope.
While the resolution of the thermal imaging prevents to
safely assess that the PSLC with D1-A does not achieve
the LC phase transition, the measured nonlinear coeffi-
cient for PSLC with D1-A cannot originate from an
extraordinary refractive index variation of the liquid crys-
tal 5CB of approximately An =0.12 that is expected for
the nematic-to-isotropic transition [35]. Therefore, we
can affirm that the thermo-optical effect that causes the
nonlinearity of these samples is not determined by
a nematic-to-isotropic transition because of the non-
resonant illumination and the very low absorption.

Based on the experimental evidence relating to the
thermal measurements and the calculation of the peak-
to-valley distances along the z-axis in the Z-scan graph,
from now onwards the thermo-optical effect is consid-
ered the main cause of the nonlinear response.

3.2. Optimization of the nonlinear response
varying the polymer concentration

The optimisation of nonlinearity in dye-doped PSLCs
with DR1-A is performed varying the monomer con-
centration, ranging from 0% to 30%.

a) b) os

LIQUID CRYSTALS (&) 7

All measured n, values that are presented hereafter
are negative, like those reported in Figure 2(b), and all
comments and comparisons are made considering their
absolute value.

In order to analyse only the effect of the density
of the polymeric structure on the nonlinear refractive
index, the dye concentration and the sample thick-
ness are set at 1% and 20 um, respectively, while the
monomer concentration is varied, and all measure-
ments relating to the various concentrations per-
formed with the Z-scan set-up are gathered
together in the bar graph of Figure 4(a).

This characterisation highlights one of the main results
that we here report for nonlinearity in PSLCs: there is
a maximum value of n,, equal to (-1.16 £ 0.09) - 107°
cm? - W™, at a concentration of the monomer MM of
around 10%. This means that the presence of the poly-
meric structure improves the nonlinear response until the
monomer concentration reaches a value for which the
polymeric structure hinders the molecular reorientation.

To identify the origin of the growth in the nonlinear
response with the polymeric structure, we refer to
Equation 1. The nonlinear refractive index is directly
proportional to the thermo-optical coefficient 9n/9T,
which rises up with the presence of the polymeric
structure [36] up to when the polymer concentration
reaches approximately 10%. For larger monomer con-
centrations, the decrease in the nonlinear refractive
index, instead, can be associated with a decrease of
the thermo-optic coefficient of liquid crystals confined
in a nanoporous system [37] due to the mechanical
constraints imposed by the polymeric structure that
affects the order parameter dependence over
temperature.

To monitor whether the concentration of the polymeric
structure can affect the LC alignment, we studied the order
parameter S for the different formulations. From the
absorption spectra of the LC sample doped with the

12 00% o
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Figure 4. (Colour online) Role of the monomer concentration on the nonlinearity and the order parameter. (a) Dependence of the
nonlinear refractive index of a dye-doped PSLC with 1% dye DR1-A on the concentration of the monoacrylate monomer MM. (b) Order
parameter of dye-doped PSLCs with 1% dye DR1-A as a function of the concentration of the monoacrylate monomer MM varies. (c)
Comparison between the nonlinear refractive indexes of a dye-doped PSLC either with 1% dye DR1-A or 1% dye DR1-NA. In all panels
of this figure the legends at the top right of the graphs indicate the monomer concentrations.
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dichroic dye molecules, we obtain the order parameter S of
the dye-doped PSLC by using Equation 2 [23,38],

S= (A= A1)/ (A +241) ©)

where A| and A are the absorbance peaks measured
with light beams whose polarizations are parallel and
orthogonal to the LC director, respectively. Figure 4(b)
presents the dependence of the order parameter on the
concentration of the monomer MM. An increase in the
order parameter with the concentration is noticed,
indicating that polymeric chains made of the mono-
acrylate monomer improve the molecular alignment.
Such an increase in the order parameter could promote
the absorption of the dichroic dye and could thus
improve the nonlinear response by the thermo-
optical effect although at higher monomer concentra-
tion the mechanical constraint dominates over the
thermo-optical reorientation. All the nonlinear char-
acterisation reported up to now refer to a PSLC doped
with acrylate dyes that ensure a permanent bond with
the polymeric structure. To assess the effect of the
acrylate nature of the dye on the nonlinear response,
we compare the nonlinear refractive index for both
acrylate and non-acrylate dyes, that is, DR1-A and
DRI-NA, respectively, for a few selected formulations
(Figure 4(c)). The nonlinear coefficients are compati-
ble with each other within experimental errors, high-
lighting that the acrylate nature of the dye seems to not
affect the nonlinear response because no absorption
variation occurs in the two cases. Moreover, these
measurements further support the thermo-optical nat-
ure of the nonlinear response, for which we do not

a) 0.56
0.56 0.54
0.54 052
0.52

05
T os.
0.48
0.48 |
0.46 | 0.46
4
0.44 —m\/z/ 0.44

2 4 o t[ms

expect any influence on the mobility of the dye within
the PSLC host.

3.3. Characteristic times of the nonlinear response

To measure the temporal response of nonlinearity, an
optical beam shutter is inserted into the Z-scan set-up to
modulate laser illumination [39]. We then measured the
temporal evolution of the Z-scan curve for the dye-
doped PSLC (with 15% MM) and the pure LC with 1%
dye DR1-A, taking as the origin of the temporal scale the
time when the laser beam passes through the beam
shutter with around 50% of its power. Figure 5(a)
shows the evolution of the z-scan curve in time from
which we retrieve the temporal variation of nonlinear
refractive index or the rise time of the nonlinear
response (Figure 5(b)) for the PSLC.

The time at which the nonlinear refractive index
reaches 90% of its maximum is chosen as the char-
acteristic time of the nonlinear response, and is
extracted from an exponential fit performed from
the time 0.5ms. The calculated characteristic time
for the PSLC is equal to (1.08 £ 0.03) ms. We repeat
the same measurement for the dye-doped LC
obtaining a nonlinear response time of (1.69*
0.05) ms. The time response is consistent with the
thermo-optical nature of the nonlinear effect [12],
and is significantly shorter than the characteristic
times typical of the optical reorientational effect,
which range from tens to hundreds of milliseconds
[28]. Moreover, we found out that the polymeric
structure not only enhances the nonlinear response
but also fastens its dynamics.

b) ———
sl WWMM«WMWWWWW |
| —
53 6k Fit from t = 0.5 ms
b ’ tat90%
3 |.d’ n, at 90%
[
|4 Toos = (146 + 0.03) ms
e | ¢
a‘ ¥
2F/ |
! T90%
i ; ; i i i i i i
0 05 1 15 2 25 3 35 4

t[ms]

Figure 5. (Colour online) Activation time of the nonlinear response. (a) Temporal evolution of the Z-scan curve. The sample considered
here is a dye-doped PSLC with 1% dye DR1-A and 15% monomer MM. The time when the laser beam passes through an optical beam
shutter with approximately 50% of its power is taken as the origin of the time axis. (b) Temporal evolution of the nonlinear refractive
index relating to the Z-scan curves shown in panel (a). The red line refers to an exponential fit performed with the points acquired at
times longer than 0.5 ms. In addition, a violet line corresponding to the time when the nonlinear refractive index reaches 90% of its
peak, a green line relating to 90% of the maximum nonlinear coefficient, and the time at which the nonlinear response reaches 90% of

its peak, are also shown.



4. Conclusions

In this work, we present the thermo-optical response of
dye-doped polymer-stabilised liquid crystals (PSLCs)
induced by a low-power continuous-wave laser in pre-
resonance conditions. While the nonlinear properties of
these materials have been relatively unexplored, we
demonstrate their potential for optimising nonlinear
effects in dye-doped PSLCs for self-modulation applica-
tions with minimal optical losses.

Through Z-scan characterisation and thermal ima-
ging, we confirm that the primary contributor to the
nonlinear response, even in pre-resonance conditions, is
of thermo-optical origin. This response can be readily
tuned by carefully selecting the dye and its absorbance.
Furthermore, we show that the nonlinearity and viscos-
ity of the PSLC can be effectively controlled by adjusting
the concentration of the polymeric structure, leading to
a six-fold improvement in nonlinearity.

Intriguingly, we observe an optimal polymer concen-
tration that maximises the nonlinear response while
simultaneously accelerating the nonlinear response
time and dynamics. Beyond a certain polymer concen-
tration, the mechanical constraints imposed by the poly-
mer appear to hinder the liquid crystal reorientation.
This demonstration on homogeneously aligned films
can also be extended to more complex liquid crystal
patterns in PSLC [40,41] and open to a spatially modu-
lated thermo-optical response.

This characterisation aims to establish a rigorous
basis for a deeper understanding of PSLC nonli-
nearity, including its dependence on dye contribu-
tions, wavelength, and polymeric formulation for

new advanced materials for photonics and
cryptography.
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