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Wave Mixing in Dye-Doped Chiral Nematics

D. WEL!? S. RESIDORI,' AND U. BORTOLOZZO'

IINLN, Université de Nice-Sophia Antipolis, CNRS, Valbonne, France
2Department of Electronic Engineering, Xiamen University, Xiamen People’s
Republic of China

Two-wave mixing (TWM) in nematic liquid crystals (LC) doped with azo-dyes and chi-
ral agents that induce an helical structure is studied. Photo-induced changes of the
cholesteric liquid crystal reflective band-gap are observed. The photo-induced spatial
modulation of the chiral structure shows relatively fast response time and large non-
linearity. We have characterized the dependency of the nonlinear gain function on the
different experimental parameters. It is also shown that the group velocities of light
pulses can be decelerated dramatically in dye-doped cholesteric liquid crystal through
TWM performed with a continuous pump and a time modulated signal. The highly
dispersive properties of the medium can be exploited in interferometric sensors.

Keywords Azo-dyes; chiral nematics; holographic gratings; photo-isomerization;
slow-light

1. Introduction

Chiral nematic liquid crystals (CLC) have recently attracted a large interest for photonics
applications. Characterized by a self-assembled helical structure of their molecular arrange-
ment, CLC show unique optical properties, such as selective Bragg reflection for circularly
polarized light [1]. The distance that it takes for the nematic molecules to complete one
turn (360°) is called the pitch P, whose structure is shown in Fig. 1(a). Induced by the peri-
odic variation of the dielectric tensor, the reflective band-gap is determined by the helical
pitch P of the chiral structure, that is, Bragg reflection occurs when the wavelength of the
incident light is in the range noP < A < n,P, where ng and n, are the ordinary, respectively,
extraordinary refractive index of the liquid crystal (LC) medium.

Figure 1(b) shows a dye-doped nematic LC cell, 25 um thickness, under polarized
microscope in the reflection mode. The nematic mixture components are E7 (from Merck)
and 0.5% of the azo-dye Methyl Red (MR). For comparison, in Figs. 1(c) and (d) are
shown two pictures acquired under similar conditions but adding a chiral dopant, CB1S5,
to the mixture. The Bragg reflection modes of two different concentrations of the chiral
dopant can be appreciated by the change from red to the green spectrum in the reflected
colors. The cells, 25 pum thickness, are filled with a chiral mixture whose components are
E7, 0.5% MR, and respectively, 36.7% CB15 in Fig. 1(c) (mixture 2) and 40.3% CB15 in
Fig. 1(d) (mixture 3). The helical pitch has been estimated to be P ~ 390 nm in (c) and P
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Figure 1. (a) Helical structure of a chiral nematic;  is the nematic director, P the helical pitch. (b—d)
Reflection modes of dye-doped nematic LC under polarized microscope, whose mixture components
are (b) E7 and 0.5% MR without chiral dopant, (c) E7, 0.5% MR and 36.7% CB15, (d) E7, 0.5% MR
and 40.3% CBI15. Bragg reflections in the red, respectively, green region of the spectrum correspond
to the selective reflection bands shown in (e).
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~ 360 nm in (d). In Fig. 1(e) are shown the selective reflection band spectra corresponding
to the mixtures of Figs. 1(c) and (d), respectively. An important parameter for CLC is the
helical twisting power (HTP), which is related to the helical pitch P by the expression HTP
= 1/(P-C), where C is the concentration of the chiral dopant. The HTP defines the ability
of the chiral group to induce cholesteric mesomorphism in the nematic. Supposed that the
HTP has a constant value, the helical pitch is varied with different concentrations of the
chiral dopant.

The selective properties of dye-doped CLC, combined with the ability to change their
pitch, for instance, with electric or magnetic fields, with temperature [2] or with light [3],
allow attractive applications as frequency tunable lasers [4]. On the other hand, nematic LC
exhibit huge nonlinearity when doped with a small amount of the MR azo-dye [5-7]. One
of the main features of the MR is that, under the action of light, it can change its molecular
conformation. The process is called photo-isomerization [8], and there are two isomers that
are called the trans and cis form [9]. In the frans state, the molecules are more rod-like and
aligned in the same direction, while in the cis state, the molecules become more isotropic
and insensitive to the alignment of the surrounding LC. Azobenzene MR molecules go
from the trans state to the cis one by absorbing a photon. Thermal relaxation brings them
back to the trans form. Another important feature of MR molecules is their large dichroism,
that is, light absorption is much higher along the molecular axis than it is in the transverse
direction. As a consequence, molecules oriented in the direction of the light polarization
are more likely to absorb a photon and undergo photo-isomerization. This property makes
azobenzenes highly attractive for the design of rewritable photoresponsive optical elements
[10,11]. The azobene trans-to-cis conformational change of the dye is responsible for a
largely increased beam-coupling [12].

In our two-wave mixing (TWM) experiment, we fix the lower edge of the reflection
band close to the absorption spectrum of the MR dye and show that, under these condi-
tions, it is possible to obtain photo-induced effects on the chiral structure, thus providing a
mechanism for efficient grating formation [13]. We demonstrate gain for the signal beam,
with a relatively fast response time. The process and its gain features are characterized as
a function of the different TWM parameters, such as pump to signal beam intensity ratio
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B and fringe period A. Dye-doped CLC combine selective reflection with high nonlin-
earity, hence, exhibit novel features of wave-mixing. They also achieve a big change of
the group velocity, which is described as “slow- and fast-light” effects [14]. Many slow-
and fast-light schemes were proposed and experimentally realized based on different ef-
fects, such as electromagnetically induced transparency (EIT) [15], coherent population
oscillations (CPO) [16,17], stimulated Brillouin, and Raman scattering [18-22], TWM in
photorefractive crystals [23-25] and in nematic LC [26-28]. The slow-light through TWM
in dye-doped CLC is observed without voltage applied, and the group velocity can reach,
in our experiment, values as small as 0.75 mm s~!. Recently, slow-light in dye-doped CLC
was also obtained in four-wave mixing configuration, leading to phase conjugation [29].

2. Experimental Setup

The dye-doped CLC mixture consists of a nematic LC host, E7, doped with a small
amount, 0.5% in weight, of the MR and with 36.7% in weight of the chiral nematic CB15.
The mixture is injected in between two planar rubbed polyvinyl alcohol-coated glass plates
with 25 pm thick spacers. The CLC cell is covered with thin “homogeneous (planar)
alignment” PVA layer. Therefore, the alignment layers of the CLC cell force the mesogenic
molecules to line up with their long molecular axis parallel to the alignment layer and,
thus, parallel to the glass plates of the cell. Therefore, the helical structure spontaneously
arranges perpendicularly to the rubbing direction. The reflective spectrum of the filled cell
is measured by exposing the sample at a collimated white light and by using a spectrometer.
The result is shown in Fig. 2(a). For comparison, the absorption spectrum of the MR in E7
is displayed on the same graph. The central wavelength Ay of the CLC reflection band is
about 615 nm. Considering that Ao = 7 P, where 1 is the average refractive index of the LC,
we can estimate the pitch to be 77 P >~ 390 nm, with the region n,P < A < n.P defining the
reflective band.

The experimental setup consists of a pump-probe scheme, as shown in Fig. 2(b). The
wavelength of the writing beam is 532 nm, which is in the absorption spectra of the MR,
so that the MR photo-isomerization is facilitated. The laser passes through neutral density
filters that can be used to alter the intensity. Then, the laser beam is split into two writing
beams with a beam splitter. The two beams are enlarged and collimated (transverse diameter
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Figure 2. (a) Absorption spectrum of the MR in E7 (red curve) and reflection band of the CLC,
36.7% CB15 in E7, (blue curve); MR is 0.5% in both cases. (b) Experimental setup: h is the wave
vector of the helical structure and T is the rubbing direction; QWP: quarter-wave plate; F: neutral
density filter; PD: photodiode. From [13].
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3 mm) and, then, sent to interfere onto the cell. The two writing beams, called pump and
signal, normally meet at the surface of the CLC cell. The interference intensity fringes
give rise to refractive index differences in the medium, inducing a complex dynamical
hologram in the medium [30]. The resulting grating wave vector amplitude is k = 27/A.
The fringe period A is given by A = A/(2sinf), where X is the pump and signal beam
optical wavelength, and 6 is the pump Ep and signal Es incidence angle with respect to the
normal of the CLC cell. To probe the refractive index change, we used a linearly polarized
low-power red laser with wavelength 632.8 nm.

Quarter-wave plates (QWP) are placed before the cell and used to independently to
control the polarization state of each input beam. The neutral density filter placed in the
arms of the interferometer can modulate the parameter pump-to-signal intensity ratio 3,
which is defined as 8 = |Epl*/|Egl?, where |Epl? and |Eg|* are measured by a power meter.

2.1 Spectral Properties and Photo-Isomerization

Before performing TWM, the photo-induced change of the cholesteric liquid crystal reflec-
tive band-gap is studied. We illuminate the cell with white light and record its reflection
band by using a spectrometer. Simultaneously, a pump beam is sent onto cell and over-
lapped with the white beam. The white beam size has to be smaller than the pump beam.
Under illumination from the pump beam, a slight displacement of the right band-edge can
be appreciated, while the left band-edge does not change. This behavior confirms the role
of the dyes in yielding a decrease of the refractive index anisotropy via photo-isomerization
processes. The shift of the right band-edge of the spectrum is shown in Fig. 3(a), where
the spectrum recorded without the pump is compared with those recorded under different
pump intensities.

The right band-edge Ar (determined at half-height), which is equivalent to n.P, is
plotted in Fig. 3(b) versus the incident pump intensity I. The behavior of A is fitted by
using a phenomenological dependence on the illuminating intensity /, which can be ex-
pressed as Ag(I) = Ag; + Agoexp(—al), with Ag(0) = Ag; + Ag: the dark value and o
the efficiency of the trans-cis photo-isomerization of the dye [31]. By using this formula,
a best fit is obtained for Ag; = 613.09 nm, Ag, = 8.34 nm and o = 0.0043, therefore,
AR(0) = Ag1 + Agz = 621.8 nm. This mechanism catches the essential of the photo-
isomerization process inducing the grating formation that will be described in the following

Reflectivity (%)
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0 L L L . 1 I | 1 1
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Figure 3. (a) Right side of the reflective spectra measured at different illumination powers. (b) Right
band-edges A (squares) versus the pump intensity; the solid line is a best fit with the theoretical
expression for the effective shift of the right-reflective bands.
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section. Indeed, the illumination at 532 nm induces a small change of the medium birefrin-
gence, as reflected by the small shrinks of the reflective band. Correspondingly, in TWM,
the pump and signal beams experience in the bright and, respectively, dark regions different
refractive indices [32].

3. Two-Beam Coupling: Experimental Results

After having characterized the spectral properties of the dye-doped CLC mixture, we
perform TWM. The setup is shown in Fig. 2(b). The CLC cell is illuminated by a pump and
a signal beams, which lead, in the interference region, to the following intensity distribution

|Ei)* = |Es)* + |Ep|* + 2EsEpcos(qx), (1

where g = 2m/A is the grating wave vector, A is the fringe period, and x is the coordinate
along the grating.

Nonlinear wave-mixing in thin media implies coupling in the Raman—Nath regime
of optical diffraction, which produces several output order beams [33]. As a first set
of measurements, the TWM is performed with linearly polarized pump and signal. The
intensities Ip = |Epl> and Is = |EgI? of the pump, respectively, signal beam are taken equal,
Ip =Ig =446 mW cm~2, and A = 15.2 um. Depending on the probe polarization, which
is controlled by a QWP, reflected or transmitted orders of the probe beam are observed.
The grating is tested by measuring the intensity /; of the first diffracted order both on
the reflected and transmitted probe. The corresponding diffraction efficiencies, n = I/,
are plotted in Fig. 4(a) as a function of the probe polarization (the angle of the QWP is
measured with respect to T).

A maximum diffraction efficiency is observed on the transmitted probe when the
polarization is left circular, while a maximum diffraction is obtained on the reflected probe
for a right circular polarization. These polarization features are consistent with the chiral
structure of the CLC. Indeed, since the probe wavelength is inside the reflective band of
our mixture, we expect light of the same handedness of the helix to be reflected while
the component of opposite handedness is expected to be transmitted [1]. Similar values
of n are obtained for any linear polarization of the two interacting beams, indicating that

R0RONOGI0S!  ROISORINOAINOS]
L (O/S_)zj: : n ((gfg)s
/ 0.40
0.20
015t 035
0.10}F 0.30 /
0.05r | 025t ‘/
o ; ; ‘ ; ; L ‘ ‘ ; ; ‘ i y
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360

QWP angle (degrees) QWP angle (degrees)
(a) (b)
Figure 4. First-order probe diffraction efficiency versus its polarization state for (a) a dye-doped

chiral nematic LC, (b) a dye-doped nematic LC without chiral dopant. Black square: transmitted
first-order; red triangle: reflected first-order.
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the photo-induced grating formation preserves the chiral structure. This confirms previous
observations of grating formation in dye-doped chiral nematics [34].

The handedness of the helix inside the CLC layer is independently determined by
uniformly illuminating the cell with a collimated white light and, then, analyzing the
polarization state of the reflected light with a QWP and a polarizer in sequence. The result
is that the CLC is right-handed, which is in agreement with the observation of maximum 7
on the transmitted (reflected) beam for a left-circular (right-circular) probe, respectively.

Since the photo-isomerization reaction of the azo-dye affects the alignment of the LC
molecules, spatial distribution of the molecular reorientation are induced by irradiation with
polarized interference light. It was shown that the reconstructing properties of polarization
holograms that are recorded in the azo-dye-doped nematic LC are strongly dependent on the
initial alignment of the LC [35,36]. For TWM in dye-doped CLC the diffraction efficiency
is optimized for circular polarization of the interacting beams [13].

For comparison, the behavior of the probe diffraction efficiency in azo-dye-doped
nematic LC without chiral dopant is also studied. A new cell, whose mixture is composed
of the nematic LC E7 and 0.5% MR without chiral dopant, is used to replace the CLC cell
in the setup of Fig. 2. The dependency of the transmitted first-order diffraction efficiency
on the polarization state of the probe beam is shown in Fig. 4(b). At variance with the CLC
cell, the maximum diffraction efficiency is obtained for linear polarization, while minimum
diffraction efficiency is observed for circularly polarized probe.

3.1 Response Time

Then, we return back to the study of the CLC properties. In order to characterize the
typical response time of the medium, self-diffraction experiments are performed with equal
intensities of the two writing beams Ip = Ig, the probe beam removed and A = 7.7 um.
The intensity of the first diffraction order of the signal beam, called Iy, is measured with
a photodiode, while the pump beam is switched on/off by a chopper (frequency 2 Hz).

A typical time behavior of the /,, output beam is shown in Fig. 5. A relatively short
rise time, ~25 ms for a pump power P, ~ 5 mW [13], is observed. It can be attributed
to a photo-induced, and dye-mediated deformation of the chiral structure. Periodic photo-
isomerization of the MR can induce refractive index modulation via molecular reorientation
in the nematic host [37] or via change of the LC order parameter [38]. The fall time

s 008 inputsignelr--------- T
2 |
=] I
3 006} ,
[
|
0.04+ I output sjgnal
I| rise time
[
0.02 falltirm

0 0i2 0:4 0.6 0.8 1.0

t(s)

Figure 5. Time behavior of the output /,, beam by switching on/off the pump beam (dashed line);
left-circular polarization and 1.4 mW total power.
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~10 ms [13], is mainly due to diffusion of excited dye molecules [39,40]. It can, thus, be
taken as

1
D(3) +(1/ T’

2

Trall =

where D is the diffusion coefficient of the dye molecules along T, A is the fringe period and
T,s is the lifetime of the cis state in the presence of the host molecules [37].

3.2 Gain Features

During the TWM process, the two writing beams are diffracted by the same index grating
that they have induced in the CLC cell. The intensity /,, of the output signal was measured
in the far-field of the diffracted beam. To measure the gain, a 1-mm-diameter pinhole was
used to separate the transmitted signal from the pump beam. In the Raman—Nath regime
of diffraction, that is, for A > d, and far from saturation effects, the TWM gain can be
expressed as [30,41]

3)

_ Iout(\.)vith the pump) 14 2_77”2113 2d2,
Loue(without the pump) A

where 1, is the Kerr-like coefficient of the medium that is, the slope of the refractive index
change versus the intensity, and d is the cell thickness.

In Fig. 6(a), the measured G is plotted as a function of § = Ip/Is, for a grating spatial
period A = 15.34 um and for pump and signal either both linearly polarized or both left-
circularly polarized. When increasing the pump intensity from 4.46 mW cm~2to 14.57 mW
cm™2, the maximum gain rises from 1.74 to 2.78, respectively. The results fit Eq. (3) quite
well. For the same pump intensity, the gain obtained with left-circularly polarized beams
is slightly higher than that obtained with linear pumps. Consistently with the right-handed
helical structure of the CLC, we can interpret this result by considering that an optimal
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Figure 6. (a) TWM gain as a function of 8; A = 15.34 um. (b) TWM gain as a function of the
grating period A; 8 = 30. From [13]
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E+1

CLC-cell

PD

Figure 7. Experimental setup for slow-light through wave-mixing in the dye-doped chiral cell. EOM:
electro-optic modulator; BS: beam splitter.

coupling with the photo-induced grating is realized for left-circularly polarized beams even
when wavelengths are outside the reflective band-gap.

The G is measured as a function of the grating period A as well. The results are plotted
in Fig. 6(b) for 8 = 30 and Ip = 14.57 mW cm 2. We see that a maximum gain, G =5,
is obtained as A = d. From the maximum observed gain, by using the expression valid in
the Raman—Nath regime of diffraction, Eq. (3), we can estimate a nonlinear coefficient of
approximately 7, = 0.5 cm?> W,

3.3 Slow-Light

Finally, slow-light through TWM is demonstrated by performing two-beam coupling ex-
periments with a continuous pump Ep and a time modulated signal beam Eg. As shown
in Fig. 7, the previous setup (Fig. 2(b)) is modified by adding an electro-optic modulator
(EOM) on the path of the signal beam. By appropriate driving of the EOM, the signal is
shaped with a Gaussian temporal profile.

The temporal envelopes of the input signal beam Ejg, obtained before the CLC cell,
and of the normalized —2 output order pulse E_, are recorded with a photo-diode (PD) as a

1.00 1.00
0.75¢1
0.50r1

0.257¢

I

I

I

I

I

| H R T RN I

1 I
0.4 0.6 0.8 1.0 1.2 0.5 0.6 0.7 0.8 0.9
time (s) time (s)

0 I

Figure 8. Experimental time dependencies of the —2 output order pulse E, (red line) and of the
input pulse Es (black line); (a) #o = 170.7 ms, (b) fo = 28.1 ms. The pulse heights are normalized to
their respective maximum in order to facilitate the comparison of the input and output pulse shapes.
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Figure 9. The group delay At measured on the —2 output order pulse versus the input pulse width #,.

function of different ¢y, where 1, is the half-width of the input pulse. In this paper, we focus
on the behavior of the output order m = -2 since it is showing the largest slow-light delay in
the experiment. Indeed, it has been shown that in Raman—Nath regime the maximum group
delay is on the —2 order [26]. Two examples of experimental time dependencies of the input
pulse Es (black line) and of the —2 output order pulse E_; (red line) are shown in Fig. 8. The
width of the input pulse was ¢ty = 170.7 ms in Fig. 8(a) and #y = 28.1 ms in Fig. 8(b). We
can note that, as the input pulse width decreases, the output pulse undergo distortion effects
due to the finite frequency bandwidth of the TWM process. The group delay Ar between
the output pulse £, and the input pulse Es can be estimated by comparing the respective
positions of the output and input pulse peaks. We obtain 33.1 ms in Fig. 8(a) and 20.0 ms
in Fig. 8(b).

In Fig. 9, the group delay At is plotted as a function of #y. In the Raman—Nath regime,
and for the -2 diffraction order, we have obtained a maximum group delay of 33.5 ms.
Correspondingly, the group velocity of the pulse can be estimated by using the expression

v, = d/At. The lowest achieved group velocity is calculated to be as small as 0.75 mm s~

4. Conclusions

We have demonstrated beam coupling in dye-doped chiral nematics, with a relatively fast
response time, maximum gain for circularly polarized pumps and no external voltage ap-
plied. In the same system, slow-light can be obtained by exploiting the dispersion properties
associated with the beam coupling when one of the two interacting beams is shaped as a
temporal pulse. The large dispersive properties of the medium lead to the achievement of a
very low group velocity and can be exploited for the realization of interferometric sensors.
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