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Discrete Light Propagation and Self-Localization
in Voltage-Controlled Arrays of Channel Waveguides
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We review linear and nonlinear light propagation in a voltage-tunable liquid
crystalline waveguide array. We report on discrete diffraction, discrete soliton
generation, all-optical beam steering, multiband vector breathers and Bloch
oscillations. The predictions, based on full numerical BPM simulations, are in
excellent agreement with the experimental results.

Keywords: all-optical beam steering; Bloch oscillations; discrete propagation; liquid
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1. INTRODUCTION

Linear and nonlinear light propagation in one dimensional arrays of
optical waveguides have been the subject of intensive investigations
in recent years. Stemming from the pioneering work by Somekh
et al. [1] (who experimentally demonstrated linear tunneling in a one
dimensional optical lattice), by Jensen [1] (on the nonlinear directional
coupler), and by Christodoulides and Joseph [2] (on an infinite array of
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identical waveguides), several studies have been pursued exploiting
various materials and nonlinearities [3—16]. An optical lattice, in most
cases, can be simply described using coupled mode theory (CMT),
which models light propagation in terms of guided modes evanescently
coupled to neighboring channels [2]. The generation of localized states
(i.e., discrete solitons) can be therefore understand as resulting from
the balance between discrete diffraction (owing to waveguides coup-
ling) and the nonlinearly induced refractive index shift, which detunes
a finite number of waveguides from the others, favoring light locali-
zation. Quite interestingly, such mechanism results in lowering the
optical power requirement for light localization as compared to their
continuous counterparts (i.e., spatial solitons). In the latter cases, in
fact, a “nonlinear” waveguide needs to be entirely created, while in
the former just a small (phase) detuning suffices [3]. Discrete solitons
have been experimentally reported in AlGaAs [6-7], silica [8-9],
Lithium Niobate [12], SBN-crystals [13—-15] and liquid crystals [16].
All-optical switching and readdressing have been proposed and
successfully demonstrated in such materials [16-22,44].

As for photonic crystals or electrons in periodic structures [23], a
more accurate analysis would require the use of Bloch theory, paving
the way to the observation of gap solitons [24,25], discrete breathers
[26,27], multiband vector solitons [16—-30] and dynamics typical of
quantum-mechanical systems such as Bloch oscillations [31-35] and
tunneling in an “accelerated” lattice [36].

Undoped nematic liquid crystals (NLC) are excellent materials for
nonlinear optics [37-45]. Among their several advantages, we mention
their giant non-resonant nonlinearity, their inexpensive and mature
technology, their huge birefringence and low power requirements for
light localization (few mW), allowing the observation of spatial solitons
with propagation distances of millimeters [16,40—45]. In addition, the
large electro-optic response of NLC entails flexible and voltage-
tunable architectures [16]. This bias-controlled flexibility, at variance
with solid-state waveguide arrays, permits the precise adjustment of
individual waveguide channels as well as their mutual coupling both
in linear and nonlinear regimes.

This article is organized as follows. In Section 2 we describe the
NLC cell geometry, a voltage-controlled array of identical channel
waveguides in undoped nematic liquid crystals. In Section 3 we sum-
marize both model and experiments on discrete light propagation and
self-confinement (discrete diffraction, discrete solitons, angular steer-
ing and Bloch oscillations). In Section 4 we introduce a more rigorous
treatment based on Bloch mode expansion, and discuss a novel type of
localization.
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FIGURE 1 (a) Sketch of the voltage-controlled liquid crystalline waveguide
array; (b) refractive index in the cell midpoint versus bias in a cell with
d=5um, A =3um.

2. A WAVEGUIDE ARRAY IN NEMATIC LIQUID CRYSTALS

The sample is sketched in Figure 1a. A thin layer of 5CB (of thickness
d) is placed between two glass plates, forming a planar waveguide in
the absence of an applied voltage. The anchoring conditions provided
by the glass interfaces force the planar alignment of NLC molecules
along the z-direction (corresponding to light propagation). An array
of parallel transparent indium-tin-oxide electrodes (with identical
width and spacing) is employed to introduce a spatially periodic modu-
lation of the refractive index across the cell. The application of a
proper low-frequency bias, in fact, induces reorientation of the NLC
molecules which, due to self-energy minimization, change their angle
0 with respect to z, i.e., the direction of their optic axis. The latter
rotation, owing to the periodic spatial distribution of the applied field,
gives rise to a periodic (extraordinary) refractive index modulation
across the sample and therefore defines an array of identical channel
waveguides supporting TM-polarized guided modes [16]. The director
distribution 0 can be calculated using Frank’s free energy formulation
and the Euler-Lagrange Equations [35-37]. Typical distributions of
refractive index versus bias, calculated in the cell midpoint, are dis-
played in Figure 1b.

3. DISCRETE LIGHT PROPAGATION
3.1. Discrete Diffraction and Discrete Solitons

Numerical simulations of light propagating (Fig. 2) in the NLC array
were performed using a nonlinear beam propagation (BPM) code [16].
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FIGURE 2 Linear and nonlinear BPM simulation of a Gaussian beam propa-
gating (w = 2 pum) in the NLC array (d = 5 pum, A = 6 um): (a) discrete diffrac-
tion at P < 0.1 mW; (b—c) sections of light propagation versus applied voltage
(b) and input power (c); (d) discrete soliton generation for P > 0.8 mW.

At the input, a TM-polarized Gaussian beam of wavelength 1=1064 nm
was launched. At this wavelength 5CB has refractive indices n,=1.52
and n,=1.69 and low-frequency electric anisotropy Ags=11.5. In
the linear regime, at input powers P < 0.1mW, light tunnels from
waveguide to waveguide via evanescent coupling, spreading among
channels and originating the characteristic pattern known as discrete
diffraction (Fig. 2a) [42]. The tunneling process can be adjusted by
acting on the external bias, as displayed in Figure 2b. As the voltage
increases, in fact, reorientation gets stronger in the waveguide-core
regions® and, due to better confinement, light transfers energy over
longer coupling distances.

As the input power increases, it can reorient the liquid crystals and
induce a refractive index change [42]. As displayed in Figure 2¢—d, the
coupling process becomes less and less efficient with self-focusing. The
nonlinearly induced index increase, in fact, mismatches nearby wave-
guides which were perfectly resonant in the linear regime, thereby
favoring light self-localization. When discrete diffraction is perfectly
balanced by the nonlinearity, all energy coupled into the cell propa-
gates without spreading and a localized state, known as discrete soli-
ton, appears (Fig. 3d). This intuitive picture — based on coupled mode
theory — can be retrieved with a more rigorous treatment which also
accounts for non locality in NLC [43].

Experiments were carried out in NLC cells of thickness d=6 pm and
electrode period A=8 um. A near infrared (1=1.064 um) Nd:YAG laser
beam was focused into the sample and the light scattered out of the

'As explained in Sec. 4.1, this is valid up to a specified threshold.
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FIGURE 3 Experimental results on discrete light propagation in an NLC cell
(d=5um, A=6pum) with V=0.74V: (a) linear diffraction for P=1mW,; (b) dis-
crete soliton propagation for P=10mW; (c-h) sections of light evolution in
z=1.4mm versus voltage (c—e) and input power (f~h).

(y-z) plane acquired by an optical microscope and a high resolution
CCD camera. Figure 3 displays discrete light propagation in an array
defined by a bias of 0.74 V. For low optical power (P=1mW), discrete
diffraction takes places in perfect agreement with both coupled
mode theory and our numerical simulations. As the voltage increases
for a constant input power, discrete diffraction decreases in magni-
tude due to better light confinement in the channels (Fig. 3b).
Conversely, when the input power increases (P=10mW) for a fixed
bias, a discrete soliton is formed (as self-focusing mismatches the
launch waveguide) and propagates straight without any transverse
coupling (Fig. 3c—d).

3.2. Nonlinear Beam Steering

A quite remarkable property of periodic arrays stems from their lack of
rotational symmetry. While in free space or in a continuous bulk
medium light can propagate at every angle, in a waveguide array,
conversely, if a finite number of channels confines the excitation via
self-focusing the energy does not feel the neighboring channels and
propagates straight, regardless the launch angle or tilt. In other
terms, light can obliquely cross a photonic array in the linear regime
but, above a certain power threshold, it self-confines and propagates
parallel to the waveguide axis. Such a power dependent — hence
nonlinear — beam steering offers interesting possibilities for all-optically
switching and routing of optical signals [5].

Discrete beam steering can be analyzed in NLC using a nonlinear
BPM-code. At the input, a Gaussian beam of waist w=10pum
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FIGURE 4 Numerical experiments on Gaussian beam propagation
(Wox = 2 um, Woy, = 10 pum) tilted of 1.90° along y: (a—d) nonlinear beam steering
versus power 0.1 <P <7mW (V =1.35); (e-f) output intensities section

(e) and transverse beam profiles in z=1.5mm (f) versus input power P
(V=1.35).

is injected into a NLC cell of thickness d=5um and electrode
period A=6pm with an initial tilt of about 1.90° along y. The latter
corresponds to the condition of minimum diffraction (maximum
transverse velocity along y). In the linear regime (P<0.1 mW) light
obliquely moves across the array as in Figure 4a. As the power
increases, however, light starts reorienting the liquid crystal mole-
cules and therefore reduces its transverse velocity thru nonlinear
detuning. Finally, for high enough input powers (P=7mW), the
input waveguide is completely mismatched in the array and light
propagates straight (Fig. 4b—f). Our experimental results are
displayed in Figure 5 for a bias V=0.77V. Discrete diffraction can
be observed at a low power P=1mW (Fig. 5a), whereas light localizes
in a single channel as P=7mW (Fig. 5b). Nonlinear beam steering
is clearly visible in Figure 5c¢, showing the output intensity distri-
butions for various input powers, as well as in Figure 5d which
graphs the output transverse intensity profiles. Such effect has
potential applications in all-optical switching, steering and multiport
routing [44].
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FIGURE 5 Experimental results on nonlinear beam steering employing an
input gaussian beam (woy = 2 pm, wo, = 10 um) tilted of 1.90° along y, in an
array defined by V =0.77V: (a) discrete propagation (P =1mW); (b) beam
steering at P =7mW,; (¢) output light intensity distribution versus input
power as in (d) for two specific excitations.

3.3. Bloch Oscillations

As discussed in literature, Bloch oscillations (BO) can be observed in a
photonic lattice provided a linear gradient of its transverse index
distribution is available [31-35]. Hence, with reference to liquid
crystalline waveguide arrays, BO could be obtained in several ways
as various parameters of the structure can be easily modified. The
applied voltage could be linearly altered from one stripe electrode to
the next, the temperature could be ramped across the array, the cell
could be shaped into a (transverse) wedge. We address the latter possi-
bility, making the NLC thickness a linear function of the transverse y
coordinate, i.e., d=dy+ny.

o
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FIGURE 6 (a) Refractive index along y in cell midpoint of a NLC (V = 1.3V,
A = 4 pm). The thickness slope was taken as = 56', with f§ the angle between
the glass surface and the y direction. (b) Linear BPM simulation of Bloch oscil-
lations for a Gaussian input beam (w = 10 pm).
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FIGURE 7 (a—c) Bloch oscillations and output intensity sections (d) versus
applied voltage for a gaussian input (w = 10 um) and a cell with V=13V,
A =4um.

Figure 6a is an example of refractive index distribution obtained in
the middle of an NLC layer forming a wedge of slope 56’, for an elec-
trode period A=4pum. Due to the thickness change, a linear gradient
is added to the periodic refractive modulation, resulting in slight dif-
ferences between the optical parameters of neighboring channels. In
such an array, linear light propagation results into Bloch oscillations,
as in Figure 6b for an input Gaussian beam of waist w=10 um (broad
excitation) launched parallel to the z-axis. Light oscillates periodically
in the transverse direction, such cyclic behavior depending on the per-
iodic nature of the eigenmodes, known as Wannier-Stark states [32].
Moreover, in NLC arrays both BO amplitude and period can be
controlled by acting on the applied voltage. Figure 7a—c show calcu-
lated BO period versus bias. As the latter increases, the linear gradi-
ent (added to the periodic index profile) increases as well and the
oscillation period decreases. Since the output beam position can be
adjusted and controlled (Fig. 7d), this effect has potential applications
in signal switching and readdressing schemes.

4. NLC LATTICE DYNAMICS
4.1. Multiband Breathers

Coupled mode theory predicts various phenomena related to the eigen-
modes of a single channel. A more rigorous and complete treatment of
the lattice dynamics, however, requires an expansion in Floquet-Bloch
(FB) modes and the calculation of the array eigenvalue spectrum,
relating propagation constant k, to the Bloch wave number K, [23].
Figure 8a shows the numerically calculated dispersion diagram of
an NLC array with d=A=6um, filled with standard 5CB and with
an applied bias V=0.9V. The spectrum is composed by linear FB
bands separated by gaps, hence it is much richer than the simple pic-
ture of an upper sinusoidal band with a semi-infinite gap, as provided
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FIGURE 8 (a) Band-gap diagram for an NLC array with d = A = 6 ym and an
applied voltage of 0.9V; (b) width of gap 1 versus voltage.

by CMT [46]. Quite interestingly, since the dispersion depends on the
refractive index and the latter can be electro-optically adjusted in
NLC, each band/gap in the spectrum can be tuned by acting on the
external bias [45]. The system effectively behaves as a tunable 1D
photonic lattice. Figure 8b displays the tuning of the first gap versus
bias. The gap width increases with applied voltage (V<1.3V) up to a
maximum, then r (V>1.3V) decreases again once non local and satu-
rating character of NLC reduce the refractive modulation.

A proper superposition of linear FB modes can lead to light localiza-
tion via cross phase modulation. The resulting light distribution oscil-
lates in a periodic fashion along the direction of propagation z,
originating a multiband optical breather [45]. Numerical simulations
for a superposition of modes in the first two bands are visible in
Figure 9, FB modes are not able to self-trap when launched individu-
ally (Fig. 9a—d). Band 0 modes (Fig. 9a), with amplitude maxima in the
waveguide-core regions, can be excited by a wide Gaussian beam
(P=0.2mW, V=1V) launched in the middle between two channels
(Fig. 9¢). Band 1 modes possess maxima in-between channels (Fig. 9b)
and can be excited by a narrow Gaussian beam (P=0.2mW, V=1V)
centered between waveguides (Fig. 9d). When launched together, the
individual modes combine their power and originate a symmetric
breather via cross phase modulation, with spatially localized and
periodically oscillating propagation (Fig. 9e) [45].

In our experiment we employed a Gaussian beam of waist w=>5 pm-
centered between two neighboring channels — in an array defined by
A=6um and bias V=1V. This ensured the adequate excitation of FB
modes belonging to the first two bands, with a larger spatial overlap
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FIGURE 9 FB modal profiles (pseudo-color plot) for K;A/n = 1 in band 0 (a)
and in band 1 (b); contour lines correspond to the refractive index distribution.
BPM simulations of band 0 (¢) and band 1 (d) modes (P = 0.2mW) in an array
defined by V = 1V; (e) vector symmetric breather for superimposed excitations
(c) and (d).

with the modes belonging to band 1 (due to the input profile). In fact, at
low power (P=0.2mW, Fig. 10a) light evolved as in Figure 9d. As the
power was increased, reorientation improved light confinement in the
waveguide regions, thereby making the excitation more effective
towards modes in band 0 with respect to band 1. When the modes car-
ried equal input powers (P=7mW), a symmetric breather originated
and freely propagated, as in Figure 10b. The period of the breather,
depending on the width of the first gap, could be adjusted by acting on
the external bias (Fig. 10c), demonstrating once again electro-optic lat-
tice tunability. In agreement with our model, the minimum value of the
oscillation period (Fig. 10c) was observed for a voltage close to 1.3V,
which corresponds to the minimum in the first gap width (Fig. 8b).
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FIGURE 10 Experimental observation of multiband breathers: (a) low
(P =0.2mW) and (b) high power (P = 7mW) light propagation of a Gaussian
beam (w = 5 um) launched in an array defined by V = 1V, (c¢) breathing period
versus bias.
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5. CONCLUSIONS

We have investigated, both theoretically numerically and experimen-
tally, discrete light propagation in one-dimensional photonic lattices
realized in undoped nematic liquid crystals. The nematic array, at
variance with other discrete systems, affords tunability in both linear
and nonlinear regimes, thus offering considerable flexibility and an
ideal workbench for the investigation of discrete optical phenomena
including light localization, nonlinear steering as well as dynamics
typical of quantum-mechanics. A large variety of voltage-tunable
configurations can be envisioned with potential applications to optical
signal processing and multi-functional routers.
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