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Polymer-grafted ZnO nanorods enhance optical nonlinearity
of oligothiophene-doped liquid crystals

There is a growing interest in delivering new nonlinear optical
(NLO) materials that can respond to low light intensities for
the development of new-generation photonic devices. Liquid
crystals (LCs) are commonly used NLO materials, but the
higher sensitivity is required for photonic applications. The
sensitivity of dye-doped LCs is enhanced by introducing
polymer-grafted zinc oxide (ZnO) nanorods into the

system, which allows the LCs to respond to lower threshold
intensities.
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The photoinduced molecular reorientation of nonlinear optical materials is a promising approach to
cause the nonlinear optical effect used for developing next-generation self-modulating and optical
switching devices. Liquid crystals (LCs) attract much attention as nonlinear optical materials due to their
large change in refractive index and high light sensitivity to induce molecular reorientation. However,
the light intensity required to induce molecular reorientation of LC materials is high for optical devices
requiring lower threshold intensities. Here, we report a system containing polymer-grafted ZnO nanorods
in oligothiophene-doped host LCs able to induce molecular reorientation at lower threshold intensities
shown by the formation of concentric diffraction rings. Incorporating 5 wt% of polymer-grafted ZnO
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DOI: 10.1039/d2ma00774f nanorods in oligothiophene-doped host LCs significantly reduced the threshold intensity by 39% compared

to pure oligothiophene-doped systems. This discovery will provide a new route to use inorganic nanorods
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1 Introduction

Nonlinear optical (NLO) materials, defined as materials that
interact with light to produce a nonlinear response, are con-
sidered vital components for developing nano-scale optoelec-
tronic and photonic devices." Those materials are based on the
NLO effect, where the optical properties of the material change
when irradiated with a light source. NLO materials have signifi-
cantly impacted laser technology due to their large NLO properties
and fast NLO response for optoelectronic applications, such as
optical switching,>* optical data storage,* ® and optical limiters.””
Therefore, innovative NLO materials, such as nanorods,'® gra-
phene oxide,"""* and azo-functionalized nanoparticles,”® have
been proposed and investigated for the development of future
optoelectronic devices.

Liquid crystals (LCs) have been used as NLO materials due
to their large molecular anisotropy and facile susceptibility to
optical fields.*™® Previous research reports showed that the
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in dye-doped host LCs as dopants to enhance the nonlinear optical effect at lower threshold intensities.

optical nonlinearity of LC molecules to an optical field
was greatly enhanced by doping small amounts of dichroic dyes,
such as derivatives from azobenzene,'*> anthraquinone,”®° and
oligothiophene,**® into a host LC system. The dopants of dichroic
dyes contribute to the total optical torque of LC molecules to
respond to an optical electric field. As a result, the threshold
intensity, where the molecular reorientation occurred in dye-
doped host LCs, was drastically reduced compared with that in
the pure host LC. However, the light intensity required to induce the
molecular reorientation of dye-doped NLO materials is still high,
preventing their usage in systems requiring lower threshold
intensities.

We induced the molecular reorientation of oligothiophene dye-
doped LCs at relatively low light intensities through polymer
stabilization,*® " surface anchoring,® hybrid alignment,* and
assistance of an electric field.** In polymer-stabilized LCs (PSLCs),
the threshold intensity was reduced by a factor of six compared to
conventional homeotropic LCs.*® The usage of PSLCs delivered
optical limiters with a low threshold intensity, and the application
of an electric field greatly enhanced their optical limiting
threshold.** However, this low optical threshold intensity was only
achieved by applying an electrical stimulus that can lead to a
complex system. Therefore, a new NLO material that can lower the
threshold intensity is necessary for developing optical switching,
self-modulators, and holographic memory with simple systems.

In this study, we focused on doping inorganic nanomaterials
in oligothiophene-dye doped LC systems to enhance the optical
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nonlinearity of LC molecules. Inorganic nanomaterials, such as
semiconductors, have been used as NLO materials due to their
excellent NLO properties.***® The alignment of anisotropic
nanomaterials enhances their NLO properties.'® Moreover,
one-dimensional materials, such as nanorods, are attractive
due to their elongated anisotropic shape and can facilitate the
alignment of LC along the direction of the applied field.
However, the miscibility of nanorods to host LCs remains an
issue; inorganic nanorods tend to aggregate, thus, decreasing
the material responsiveness.

Herein, we report a new, simple system of oligothiophene-
doped LCs containing polymer-grafted zinc oxide (ZnO) nanor-
ods, which shows lower threshold intensities compared to
PSLC systems. The surface of ZnO nanorods was modified with
a nematic LC polymer to enhance their miscibility with the host
LC.*° The ZnO nanorods were aligned parallel to the neigh-
bouring host LC molecules due to the cooperative effect
between the mesogens in the grafted polymers and the LC
molecules.*® The polymer-grafted nanorods in oligothiophene-
doped LCs gave rise to a 39% reduction of threshold light
intensity at 5 wt% of polymer-grafted ZnO nanorods. The
results of this study can lead to future light-modulating materi-
als and can be expanded to microscale optical devices and
miniaturized lenses.

2 Experimental
2.1 Materials

The chemical structures of the constituent compounds used in
this study are shown in Fig. 1. The ZnO nanorods were
synthesized at a gram-scale with an average diameter of 7 nm
and length of 50 nm, as reported elsewhere.*' In this report,
poly{4-[4-(4-methoxyphenyloxycarbonyl) phenoxy]butyl metha-
crylate}, PMA(40PB), showing a nematic LC phase, was used
as the grafted polymer. The PMA(40PB)-grafted ZnO nanorods,
henceforth termed polymer-grafted nanorods, were synthesized
using our previously reported procedure (Fig. S1, ESIf).*°
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Fig. 1 Chemical structures of the materials used in this study.
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A nematic host LC, 5CB (4-cyano-4’-pentylbiphenyl), was pro-
vided from Merck Ltd, Tokyo, Japan. The oligothiophene guest-
dye molecule, TR5 (5,5"-bis-(5-butyl-2-thienylethynyl)-2,2’ : 5/,2"-
terthiophene), was synthesized as reported previously.*?
Tetrahydrofuran (THF with stabilizer, 99.5%) and 2-propanol
(IPA, 99.5%) were purchased from FUJIFILM Wako Pure
Chemical Corp., Osaka, Japan.

2.2 Methods

2.2.1 Sample preparation. The compositions of the consti-
tuent compounds are shown in Table 1. First, a 0.10 M TR5 in a
THF solution was prepared and doped into 5CB, followed by
solvent evaporation in a vacuum desiccator to prepare a mix-
ture of TR5-doped 5CB. The composition ratio of 5CB to TR5
was 99.9 to 0.1 mol%. Second, the synthesized polymer-grafted
nanorods were added to a THF solution and ultrasonicated
until the nanorods were fully dispersed in the solvent. The
suspension containing the polymer-grafted nanorods was
added into the mixture of TR5-doped 5CB, followed by ultra-
sonication and stirring for 30 min and 1 h, respectively. The
solvent was evaporated overnight in a vacuum desiccator. The
name of each sample of TR5-doped LCs containing polymer-
grafted ZnO nanorods was labelled as LCZ-X, where X is the
weight fraction of polymer-grafted nanorods to TR5-doped 5CB.

2.2.2 LC cell preparation. Two commercially available glass
substrates (2.5 cm x 2.5 ¢cm) were ultrasonically cleaned with
IPA for 30 min. Subsequently, the glass substrates were treated
with a UV-ozone cleaner for 10 min, then a precursor solution
(SE-3210, Nissan Chemical Corporation, Tokyo, Japan) was
deposited on the glass substrate to form a uniform home-
otropic alignment layer through spin-coating. After spin-
coating, the glass substrates were treated at 120 °C for 2 h to
yield surface-treated glass substrates that can align LC mole-
cules homeotropically. Next, the glass cells were fabricated by
sandwiching two surface-treated glass substrates with 100 pm-
thick polyimide tapes. The sample mixtures containing various
weight fractions of polymer-grafted nanorods in TR5-doped
5CB were injected into the LC cell by capillary forces at 70 °C
and cooled down to room temperature at a scanning rate of

2 °C min~ %

2.3 Characterization techniques

The polymer-grafted nanorods were subjected to thermogravi-
metric analysis (TGA, Shimadzu Corp., DTA-60, Kyoto, Japan),
conducted in an air atmosphere at a heating rate of

Table 1 The compositions of LCZ-X

Compositions (wt%)

Sample TR5/5CB* ZnO-PMA(4OPB)
LCZ-0 100 0
LCZ-1 99 1
LCZ-2 98 2
LCZ-5 95 5

¢ The guest-dye molecule, TR5, is doped into 5CB at a dye concentration
of 0.1 mol%.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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10 °C min ", to determine the mass of the grafted polymer on
the nanorod (Fig. S2, ESIT). The thermodynamic properties of
the samples were determined by differential scanning calori-
metry (DSC, Hitachi High-Tech Corp., DSC7000X, Tokyo,
Japan). The heating and cooling cycles were repeated three
times to verify the reproducibility at a scanning rate of 1 °C
min~ ", and the third scan of the heating curve was reported.
The initial molecular alignment in the LC cell was observed
with a polarized optical microscope (POM, BX50, Olympus
Corp., Tokyo, Japan). The conoscopic image was taken with
an interference filter at 546 nm, where the sample does not
have any absorbance. A polarized ultraviolet-visible absorption
spectrophotometer (UV-vis, V-670, JASCO Corp., Hachioji,
Japan) equipped with a rotary polarizer was used to confirm
the homeotropic alignment of the TR5 molecules in the LC cell.

2.4 Optical setup

The self-diffraction ring formation was investigated to evaluate
the photoinduced molecular reorientation behaviour of the
TR5-doped LCs containing polymer-grafted nanorods. The
optical setup used in this research is shown in Fig. 2. A linearly
polarized beam with a wavelength of 488 nm was used as the
pump laser (EXLSR-488C-200-CDRH, Spectra-Physics, MKS
Instruments, Inc., Milpitas, CA, USA). The beam diameter
before L1 was 800 um and then expanded to 1.9 mm by the
lenses, L1 and L2. Spatial filtering of the laser beam was
performed with a pinhole (¢ = 50 um) and the lens, L3. The
LC cell was placed at the focal point (f= 15 cm) of the lens, L4.
The light intensity was controlled using a variable neutral
density filter (VND). The incident laser beam power W, on the
LC cell was calculated by taking the ratio of the beam power
split by a non-polarizing cube beam splitter. The light intensity
at the irradiation spot was defined as I = W,/nr?, where r is the
radius of the laser beam at the focal point of L4. The laser beam
diameter at the focal point was 50 um. The LC cell was exposed
to the laser beam with sufficiently high intensity giving rise to
the formation of concentric diffraction ring patterns observed
on a white screen placed behind the LC cell. The concentric

Lag,
€ S0y ez

Fig. 2 Schematic diagram of the optical setup for self-diffraction mea-
surements. VND, variable neutral density filter; Sh, shutter; M, mirror; L1,
plane concave lens (f = -8 cm); L2, plane convex lens (f = 20 cm); L3, plane
convex lens (f = 7.5 cm); PH, pinhole; |, iris; PM, power meter; B/S, beam
splitter; P, polarizer; L4, bi-convex lens (f = 15 cm); S, LC cell sample. The
beam diameter before L4 was 1.9 mm. The sample was placed at a focal
point of L4 where the diameter of the beam was 50 um.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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diffraction rings were counted visually at each light intensity.
The molecular reorientation threshold was defined as the low-
est light intensity to induce one self-diffraction ring observed
with a beam profiler (BGP-USB-SP620, Ophir-Spiricon LLC.,
North Logan, UT, USA).

3 Results and discussion

3.1 Miscibility of polymer-grafted nanorods with
oligothiophene-doped host LC

The miscibility of polymer-grafted nanorods with TR5-doped
5CB was confirmed using DSC measurements (Fig. S3, ESIT).
The nematic LC polymer, PMA(4OPB), which is the polymer
grafted to the nanorods in this study, shows a nematic (N)-to-
isotropic (I) phase transition temperature (Ty;) at 103 °C
according to a previous report.”> However, no endothermic
peaks were observed at the Ty; of PMA(40PB), indicating the
miscibility of the polymer-grafted nanorods in the TR5-doped
host LC. In addition, the N-I phase transition enthalpies (AHy;)
of TR5-doped LCs containing polymer-grafted nanorods were
calculated (Table 2). The enthalpy peak at the Ty; became
smaller with increasing weight fractions of polymer-grafted
nanorods, which indicates that the nanorods disordered the
neighbouring LC molecules. The phase transition behaviour of
the samples was observed with a POM equipped with a hot
stage (Fig. S4, ESIT). The samples were placed on a clean glass
slide covered with a cover glass and heated from 35 °C to 50 °C
at a scanning rate of 1 °C min " to evaluate the phase transition
behaviour. The samples containing polymer-grafted nanorods
showed a broader phase transition temperature range. This
indicates that the N phase of TR5-doped 5CB was thermally
broadened by the addition of polymer-grafted nanorods.”® The
degree of stabilization was enhanced as the weight fraction of
polymer-grafted nanorods increased.

3.2 Alignment of oligothiophene-doped host LC containing
polymer-grafted nanorods

The LC cells fabricated by injecting LCZ-X by capillary forces
showed a uniform and optically transparent yellow colour over
the entire area (top photographs in Fig. 3a-d) due to the colour
of TR5. The conoscopic POM images of the LC cells exhibited a
clear isogyre (middle photographs in Fig. 3a-d). These observa-
tions suggest the homeotropic alignment of TR5-doped 5CB

Table 2 Characteristics of TR5-doped LCs containing polymer-grafted
nanorods

Enthalpy,
Trnt® AHn® Absorbance at Threshold Intensity Max. # of
Sample (°C) (kJ mol™*) 488” nm (W em™?) Rings
LCZ-0 35.3 0.49 0.166 19.7 24
LCZ-1 35.5 0.66 0.178 15.8 25
LCZ-2 35.1 0.55 0.178 14.6 26
LCZ-5 34.5 0.54 0.180 12.0 27

“ Determined by DSC (heating, 3rd scan). ” Determined by polarized
UV-vis absorption spectra.

Mater. Adv., 2022, 3, 7531-7537 | 7533
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Fig. 3 Orientation of TR5-doped host LC containing polymer-grafted
nanorods. Photograph (top), conoscopic (middle), and orthoscopic (bot-
tom) polarized optical micrographs observed with a 20 x objective lens of
LC cells containing LCZ samples at the concentrations of 0 (a), 1 (b), 2 (c),
and 5 (d) wt%. The scale bar is 50 um. (e) Polarized UV-vis absorption
spectra for LCZ-X. (f) Schematic representation of TR5-doped LCs con-
taining polymer-grafted nanorods.

and polymer-grafted nanorods in the LC cell. The homeotropic
alignment of polymer-grafted nanorods may be due to the
cooperative effect of the LCs.*>*° The orthoscopic POM images
of the LC cells showed great dispersion of polymer-grafted
nanorods in TR5-doped LCs (bottom photographs in Fig. 3a-
d). The homeotropic alignment of the TR5 was also confirmed
by polarized UV-vis spectroscopy (Fig. 3e), where the sample
injection direction was defined as the parallel direction. The
parallel and perpendicular absorption spectra in the wave-
length range of 5CB and TR5 molecules were the same, inde-
pendent of the polarization direction (Fig. S5, ESIf). The
maximum absorbance at 433 nm was increased with the addi-
tion of polymer-grafted nanorods. The increment in maximum
absorbance suggests that polymer-grafted nanorods disordered
the orientation of neighbouring 5CB and TR5 molecules, which
is also evident by the DSC measurement. The absorbances at
488 nm of all samples are shown in Table 2. A schematic
representation of the molecular orientation in the LC cell is
shown in Fig. 3f.

3.3 Optical nonlinearity of TR5-doped LCs containing
polymer-grafted nanorods

Based on the NLO effect, the photoinduced molecular reorien-
tation of LC molecules exhibits a lucid dependence on the
incident light intensity. Previous reports showed that the thresh-
old intensity to induce the NLO effect in oligothiophene-doped
LC systems was lowered by polymer stabilization.>***> Therefore,
the photoinduced molecular reorientation of the prepared
polymer-grafted nanorods in oligothiophene-doped LC systems
was examined by irradiation with a laser beam at a wavelength of
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Fig. 4 Principle of the self-diffraction ring formation. (a) No diffraction
ring is observed for low light intensities. (b) Diffraction rings are observed
for high light intensities through self-focusing and self-phase modulation,
which are arising from the nonlinear molecular reorientation.

488 nm. The diffraction ring patterns of different weight fractions
of polymer-grafted nanorods at various incident light intensities
are shown in Fig. S6 (ESIT). The formation of concentric rings is a
typical NLO effect based on the change of refractive index
resulting from the molecular reorientation of anisotropic
molecules.’®**** The shape of the transmitted laser beam
remained intact (i.e.,, no formation of diffraction rings) below
the threshold intensity of photoinduced molecular reorientation.
Concentric diffraction rings began to appear above the threshold
intensity due to self-focusing and self-phase modulation (Fig. 4).
The number of diffraction rings increased with higher incident
light intensities (Fig. 5).

TR5-doped 5CB without nanorods (LCZ-0) had a threshold
intensity of 19.7 W cm 2. The addition of polymer-grafted
nanorods into the system lowered the threshold intensity. For
LCZ-1, the threshold intensity decreased to 15.8 W cm™?, ie.,
20% lower than LCZ-0. Increasing the weight fractions of
polymer-grafted nanorods lowered the threshold intensity even
more to 14.6 and 12.0 W cm ™ ? for LCZ-2 and LCZ-5, respec-
tively. This finding indicates that the addition of polymer-
grafted nanorods can enhance the optical nonlinearity of
TR5-doped host LCs.
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Fig. 5 Number of diffraction rings as a function of light intensity for

LCZ-X.
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Fig. 6 Number of diffraction rings as a function of light intensity for TR5-
doped LCs with (LCZ-5) and without (LCZ-0) polymer-grafted nanorods,
and with homopolymer (LCP-5).

LCZ samples with polymer-grafted nanorods are analogous
to PSLCs as both systems contain a polymer. Previous studies
suggested that PSLC systems with a polymer concentration of
10 mol% reduced the threshold intensity by 85%.** The LCZ-5
system used in our study decreased the threshold intensity by
39%. The weight fraction of polymer-grafted nanorods cannot
be increased to match the PSLC system containing a polymer
concentration of 10 mol% because polymer-grafted nanorods at
high-weight fractions tend to phase separate with the host LC.
As a result, to compare PSLC systems with LC systems contain-
ing polymer-grafted nanorods, the polymer concentration of
both systems needs to be comparable. The amount of the
polymer grafted on the surface of the nanorod was measured
by TGA, and the weight fractions of the nanorod and grafted
polymer were calculated as 0.413 and 0.587, respectively.

To better understand whether the nanorods or the homo-
polymer of PMA(40PB) enhanced the optical nonlinearity, TR5-
doped LCs containing a homopolymer, PMA(40PB), were
prepared. The TR5-doped LCs containing a homopolymer at
different polymer concentrations, termed LCP-1, LCP-2, and
LCP-5, were used so that the polymer concentrations match
with those of LCZ-1, LCZ-2, and LCZ-5, respectively (Table S1,
ESIT). For example, LCZ-1 and LCP-1 have the same polymer
concentration of PMA(40PB). Glass cells of TR5-doped LCs
containing the homopolymer also showed a uniform and
optically transparent yellow colour (top photographs in
Fig. S7, ESIT). The homeotropic alignment of the TR5-doped
LCs containing the homopolymer was confirmed from cono-
scopic POM images and UV-vis absorption spectra (middle
photographs and bottom graphs in Fig. S7, ESIt, respectively).
The optical nonlinearity of the TR5-doped LCs with the homo-
polymer was evaluated similarly to those with polymer-grafted
nanorods. The formation of self-diffraction rings with light
intensity is shown in Fig. S8 (ESIt), and the results are sum-
marized in Table S2 (ESIt). LCZ-5 and LCP-5 showed similar
absorbance at 488 nm and were used to compare the threshold
intensity reduction with the TR5-doped host LC containing
neither polymer-grafted nanorods nor homopolymer (Fig. 6).
The threshold intensities of LCZ-5 and LCP-5 are 12.0 and
152 W cm > with a 39% and 22.8% threshold intensity
reduction, respectively. The results indicate that incorporating

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nanorods has a higher impact on reducing the threshold
intensity than the homopolymer.

The most common approach to investigate the reason
behind this reduction of threshold intensity is to understand
the order parameter of the molecules. The disordering of the
molecules was estimated by measuring the order parameter of
TR5 in homogeneously (in-plane) aligned LCZ and LCP samples
(Fig. S9, ESIT). The results suggest that incorporating 1 wt% of
polymer-grafted nanorods caused a 21% reduction in the order
parameter of TR5 compared to the sample with no polymer-
grafted nanorods. It is doable to state that the decrease in
threshold intensity was caused by the disordering of LC and
TR5 molecules in the LC cell, which makes facile parallel
alignment along the polarization direction of the optical elec-
tric field of the laser beam (Fig. S10, ESIT). In the case of the
samples containing only the homopolymer, there was almost
no molecular disordering caused by the homopolymers, but the
threshold intensity was reduced. The reason for this is that
the homopolymer weakens the surface anchoring in the LC
cells, which allows molecules to align at lower threshold
intensities.” In short, incorporating polymer-grafted nanorods
caused a slight disordering of LC and TR5 molecules and
weakened the forces from the surface anchoring in the LC
cells. In addition, the ZnO nanorods might influence the elastic
constant of the LCs that can cause the LC molecules to be more
susceptible to a molecular reorientation when irradiated with a
polarized light source. In the future, more experiments will be
conducted to fully understand the role of ZnO nanorods in the
dye-doped LCs, in terms of elastic constant, dielectric aniso-
tropy, and rotational viscosity, to cause the NLO effect at lower
threshold intensities.

Conclusions

In summary, we have demonstrated that incorporating
polymer-grafted nanorods in oligothiophene-doped host LCs
lowered the threshold intensities to induce a molecular reor-
ientation compared with oligothiophene-doped LCs alone. The
photoinduced molecular reorientation of oligothiophene-
doped host LCs containing polymer-grafted nanorods was
confirmed by observing the formation of concentric diffraction
rings that appeared on the screen behind the sample due to the
self-focusing and self-phase modulation. The threshold inten-
sity decreased by 20% when 1 wt% of polymer-grafted nanorods
were added into oligothiophene-doped LCs. As the weight
fraction of the polymer-grafted nanorods was increased to
5%, the threshold intensity was reduced by 39%. The results
were compared to PSLCs containing the homopolymer, and
ZnO nanorods were confirmed to have a higher NLO effect than
LCs containing the homopolymer alone. The results of this
study concluded that the incorporation of polymer-grafted
nanorods stabilized the N phase of LCs while causing a slight
disordering to their orientation, all of which made the LCs
more susceptible to molecularly align parallel to the polariza-
tion direction of an optical electric field at lower light

Mater. Adv., 2022, 3, 7531-7537 | 7535
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intensities. This investigation will lead to the development of
nano optoelectronic devices and photonic materials that can
induce such NLO effects at lower light threshold intensities.
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