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Electro-Optic Beam Steering with Nematicons

RAOUF BARBOZA,∗ ALESSANDRO ALBERUCCI,
AND GAETANO ASSANTO

NooEL, Nonlinear Optics and OptoElectronics Lab, University “Roma Tre”,
Via della Vasca Navale 84, Rome- Italy

We analyze a novel geometry expressly designed to maximize the bias-controlled deflec-
tion of self-confined light beams in nematic liquid crystals (NLC). We use a self-confined
beam and a dielectric interface defined by external voltages, ranging from total internal
reflection (TIR) to refraction depending on the applied bias. The optimization of the de-
flection angle is achieved by using comb electrodes in a planar cell employing planarly
oriented NLC molecules. We predict a maximum deflection of 70◦ with the standard
mixture E7.

Keywords Liquid crystals; signal routing; spatial solitons; nematicons; liquid crystal
devices

1. Introduction

For their intermediate properties between those of solids and liquids, liquid crystals (LC)
are widely used and studied for light manipulation, spanning from the widespread display
technology to all-optical signal processing and related applications [1,2]. One of their dis-
tinctive properties is the high sensitivity to external disturbances such as electric fields at
every frequency, with a high electro-optic response [1] and strong nonlinear optical effects
[3]. The main mechanism responsible for their behaviour is molecular reorientation, i.e. the
rotation of molecules due to the torque stemming from the interaction between an external
electric field and the induced dipole [1,3]. Electro-optics effects have been exploited in
the realization of several LC devices for electrically-controlled light-processing, including
light sources [4] and passive components such as light valves [5], spatial light modulators
[6], tunable photonic crystal fibers [7], tunable lenses [8,9], optical momentum converters
[10,11] modulators [12], filters [13], optical controller [14] and so on. In the context of
nonlinear optics, their strong interaction with the field combined with the large anisotropy
leads to a high nonlinear response, with appreciable effects even for milliwatt input powers
[3]; hence, LC represent an ideal workbench for investigating all-optical effects, e.g. non-
linear switching in periodic structures [15] and waveguides [16,17], self-focusing [18]. The
latter phenomenon has been extensively studied in the nematic phase, characterized at the
molecular level by a significant degree of orientational order, but lacking any long-range
positional order [1,3]; when self-focusing counterbalances diffraction-induced spreading,
self-confined beams are formed, the latter commonly known as nematicons [19–22].

∗Address correspondence to Raouf Barboza, NooEL, Nonlinear Optics and Opto-Electronics
Lab, Department of Electronic Engineering - University “Roma Tre”, Via della Vasca Navale 84,
Rome 00146, Italy. E-mail: raouf.barboza@uniroma3.it
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Electro-Optic Beam Steering with Nematicons 13

Noticeably, relatively low powers (in the mW range) are required to observe light self-
trapping and nematicons [19–23]. Due to a diffusive–like process, the strong interaction
between NLC molecules yields a light induced perturbation extending well beyond the
intensity profiles [3]; thus NLC exhibit a highly nonlocal reorientational response [24],
conferring robustness and stability to nematicons, for example avoiding the occurrence of
catastrophic collapse [25]. From the applicative point of view, these light-written waveguide
can route other weak copolarized signals at different wavelengths [26] or even incoherent in
space [27]; the optically-induced guiding channel can be steered by biasing the cell [22,28],
with deflection angles equal to the walk-off angle. Moreover, the nematicon path can be
modified by introducing localized defects in the dielectric tensor via extra light beams [29]
or dielectric interfaces, tunable either electrically [30] or optically [31]. These properties
have been used to design and demonstrate reconfigurable interconnections in lightwave
circuits [32,33].

In this paper, we detail and numerically analyze a novel scheme for in-plane angular
deflection of light-written waveguides in NLC using a graded electrically-tunable interface.
With respect to previous configurations [30], this structure allows maximizing the beam
deflection taking advantage of in-plane director rotation occurring in the propagation plane
of the nematicon [34], achieving an effective angular span of 70◦ with the aid of comb-
patterned electrodes [28,35,36]. The use of nematicons, with typical transverse size of a few
microns [20–22,24], permits to increase the effective output resolution (i.e., the number of
available spots at the output) with respect to other NLC deflectors in slab waveguides [37].

2. Device Geometry

The proposed geometry is sketched in Fig. 1. An NLC layer of thickness L is confined
between two glass slides parallel to the plane yz (Fig. 1(a)). The interfaces between NLC and
glass are uniformly rubbed with a suitable polymer for planar anchoring of the molecular
director n̂ (corresponding to the optic axis [3,20]) at an angle θ0 with ẑ (see inset in Fig. 1(c)).

Figure 1. Sketch of the proposed structure. (a) Front view; the superposed gray-scaled map represents
the intensity of the low-frequency electric field ELF (darkest colour corresponds to stronger field). (b)
Top view. (c) Bottom: distribution of the NLC molecular director in the mid-layer; top: behaviour of
θ versus y in x = L/2. The inset shows the reference system for the director n̂.
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14 Raouf Barboza et al.

On each interface, three comb-shaped electrodes are arranged with fingers parallel to ẑ:
a common ground electrode and two electrodes are biased at V1 and V2, respectively,
(Fig. 1(b)); the minimum distance between adjacent fingers along y is �e, whereas the
period of each comb is 2�; hereafter we assume�e/� = 0.5. We are interested in the bulk
NLC behaviour, neglecting effects connected with input and output interfaces; hence, we
will consider the system invariant along z (the results hold valid in the region of length W
limited by the two dashed lines in Fig. 1(b)). The electrodes on top and bottom interfaces
are aligned along y and, furthermore, it is � � L: both these conditions are necessary to
minimize the x component of the electric field: when low-frequency biases are applied to
the cell, the NLC molecules mainly rotate in the yz plane [3,28,35]. When V1 = V2 = V

the device behaves essentially as a planar cell with an effective anchoring angle θ eff
0 (V )

depending on the applied bias [28,34,35]; when V1 �= V2 we expect that orientation θ far
away from the interface takes the values θ1 = θ

eff
0 (V1) (left side) and θ2 = θ

eff
0 (V2) (right

side) (see Fig. 2(a)). Therefore, a graded interface will be established along y, with width
d fixed by L and a total variation on θ depending on the two applied voltages.

Now we move on to a quantitative estimate of the profile of the electrically-induced
interface. Let us name θLF(x, y, V1, V2) the angular distribution of the director when the
only external perturbations are V1 and V2 (i.e., in the absence of light); notably, θLF is
sufficient to completely describe the medium properties given the initial assumption of
director lying in the plane yz. Making use of the single elastic constant approximation, we
obtain the reorientational equation [3,34]:

∂2θLF

∂x2
+ ∂2θLF

∂y2
+ γLF sin (2θLF ) |ELF |2 = 0, (1)

Figure 2. (a) Electro-optic reorientation angle in the cell mid-plane x = L/2 when V1 = V2 = V

versus initial angle θ0 and applied bias V . (b) θLF in the xy plane for V1 = 3V and V2 = 1V. (c)
Contour plot of�θ versus V1 and V2. (d)–(f) θLF in the cell mid-plane x = L/2 versus y for V2 = 1V
(d), V2 = 3V (e) and V2 = 5V (f); the labels indicate V1 corresponding to each curve. We took
L = 100µm and σ = 3.3.
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Electro-Optic Beam Steering with Nematicons 15

where ELF is the y-component of the biasing electric field, K is the Frank’s equivalent
elastic constant [3,20] and γLF = �εLF/(2K), with�εLF being the low-frequency dielectric
anisotropy.

We begin the analysis by noting that, owing to the used excitation scheme (see
Fig. 1), the solutions of (1) are symmetric with respect to the cell mid-plane, i.e.
θLF|x=L/2−a = θLF|x=L/2+a (0 < a < L/2); keeping this symmetry in mind, we will limit
our considerations to the behavior of θLF for 0 < x < L/2. To a first approximation, at
the NLC/glass interface (i.e., for x = 0) we can take the electric field to be constant
and equal to 2V1/2/� between the electrodes, and null beneath them; we also consider
an exponential decay along x towards the mid-plane, with a characteristic length la , i.e.
θLF ∝ exp(−x/la) [34,35]. Eq. (1) can be conveniently normalized by setting x ′ = x/L,
y ′ = y/L, and V ′ = σV , with σ = L/�.

The reorientation graphs plotted in Fig. 2(a) versus applied bias show that, for smaller
θ0, a higher bias has to be applied in order to achieve a comparable director distribution;
large θ0 decrease the set of available director positions that can be reached by voltage tuning.
Therefore, a trade off between the voltage-sensitivity of reorientational effects (maximum
at θ0 = 45◦ [3]) and the maximum achievable discontinuity in the director distribution
across the interface has to be found; in the following we take θ0 = 10◦.

We numerically solved Eq. (1) by using a standard Gauss-Seidel relaxation scheme;
in the simulations we chose the parameters of the commercial NLC mixture E7, with
a corresponding γLF = 5.4 V−2. With reference to the geometric parameters, we took
L = 100µm and � = 30µm consistently with previous experimental work [28,35], thus
providing σ = 3.3; finally, we considered la/L = 0.05, the latter value derived from ex-
perimental data in this particular geometry [35]. A typical solution for θLF is plotted in Fig.
2(b): in accordance with Eq. (1), the rotation of n̂ occurs everywhere in the same direction
(towards the y-axis, see Fig. 1) given that the optical torque depends on |ELF|2. Fast spatial
variations of ELF along y at the interface are smoothed out by the nonlocality because
� � L, providing a flat director distribution around the mid-plane x = L/2 along x: in
fact, for small variations of θLF along y and negligible local electric field, Eq. (1) reduces
to d2θLF/dx

2 = 0, predicting a constant distribution of director n̂ along x. As far as the
behaviour of θLF in the proximity of the mid-plane, far from the interface the director along
y is uniformly oriented as anticipated, varying monotonically around y = 0 on a distance d
(see Fig. 1) comparable with L, the latter fixed by the Green’s function of the structure [35];
this behaviour is independent on the two applied biases V1 and V2, as shown in Fig. 2(d–f).
Therefore, the overall jump �θ (V1, V2) = θ2 − θ1 in θLF as the interface is crossed can be
tuned by acting on the two biases V1 and V2: the relationship between biases and orientation
angles is shown in Fig. 2(c). In essence, the geometry sketched in Fig. 1 allows writing
graded dielectric interfaces of width fixed by the cell thickness L and a tunable jump in
director orientation, permitting to adjust the refractive index variation and making it either
negative or positive, with size as large as the optical anisotropy of the NLC (e.g., 0.2 for
E7 and near-infrared excitation).

3. Nematicon Interaction with the Interface

Having established the link between the applied biases and the director distribution in the
cell, we can now focus on nonlinear propagation in the mid-plane x = L/2. At the input we
consider a fundamental Gaussian beam launched in the half-plane y < −L/2, i.e., without
forces due to the index gradient and acting on it at the entrance; the input wavevector k forms
an angle α with ẑ. The field is polarized along ŷ in order to excite only the extraordinary
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16 Raouf Barboza et al.

wave inside the NLC layer [22,34,35]. The latter choice prevents threshold effects in
the reorientational response owing to the Fréedericksz transition [3,20,22]. Under these
hypotheses, the light twists the molecular director in the plane yz, leading to inhomogeneous
changes in the distribution of the optic axis, which feeds back on the beam itself by affecting
its width and trajectory. Noteworthy, thanks to its self-confined character, a nematicon
remains close to the cell mid-plane, unaffected by diffraction-induced spreading; according
to the results previously illustrated in Section 2, the light beam will sense a homogeneous
medium along x, with the low-frequency electric field determining only the initial director
angle.

Let us set θ = θLF + ψ , with ψ the optical contribution to the director reorientation;
we also define the magnetic field H = A exp(ik0n0z)x̂, with A its slowly varying envelope,
k0 the vacuum wave number and n0 the refractive index of the carrier [34]. Under the
paraxial approximation and in the perturbative nonlinear regime [38], the planar dynamics
of the nematicon and the NLC all-optical reorientation in the highly nonlocal regime are
described by the 2D model [34,35]:

2ik0n0

(
∂A

∂z
+ tan δ

∂A

∂y

)
+Dy

∂2A

∂y2
+ k2

0�n
2
eA = 0 (2)

∂2ψ

∂z2
+ ∂2ψ

∂y2
−

(π
L

)2
ψ + γ sin [2(θLF + ψ − δ)] |A|2 = 0 (3)

with γ = [εa/(4K)][Z0/(n0 cos δ)]2 (Z0 is the vacuum impedance and εa the optical
anisotropy), Dy the diffraction coefficient, δ the walk-off and ne(θ ) the extraordinary
refractive index depending on the local dielectric tensor;�n2

e = n2
e(θ )−n2

0 is the refractive
index change (equivalent to a potential in a particle-like model), including electro-optic
(due to θLF) and all-optical (due to ψ) contributions, the former and the latter responsible
for light deflection and self-confinement, respectively [34,35,38].

The nematicon trajectory can be calculated from Eq. (2) via the Ehrenfest’s theorem
[29,34,35]:

d2〈y〉
dz2

= Dy

ne

n2
0

∂ne

∂y

∣∣∣∣
〈y〉

+ d tan δ

dz
, (4)

where 〈y〉 = ∫
y|A|2dy/∫ |A|2dy is the soliton position. Equation (4) rules the transverse

motion of the self-confined beams for small tilts of the local wavevector k with respect
to ẑ.

For high deflections Eqs. (2) and (4) hold valid if written in a reference system rotating
with the beam, so that the z axis corresponds to the local direction of the wavevector; the
last statement implies adiabatic changes in the dielectric tensor [29]. In the highly nonlocal
limit and for ψ � θLF (i.e., a perturbative nonlinear regime [38]) the geometric optics
approximation (GOA) can be used to describe the nematicon trajectory [39] independently
from input excitation [29,38].

We carried out numerical simulations of the system Eqs. (2 and 3) using an algorithm
based upon the Beam Propagation Method (BPM) (for Eq. (2)) and the Gauss-Seidel
relaxation scheme (for Eq. (3)). In the computations we considered a piecewise linear profile
for the electrically-induced reorientation θLF, taking θLF = θ1 (θLF = θ2) for y ≤ −d/2
(y ≥ d/2) and θLF = θ1 + (�θ/d)(y + d/2) in the transition region −d/2 < y < d/2.
From the results discussed in Section 2, we assume d = L and angles θLF larger than
θ0 and smaller than 90◦. A 5 µm-waist Gaussian beam at λ = 1.064 µm is launched in
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Electro-Optic Beam Steering with Nematicons 17

Figure 3. (a) Nematicon evolution in the plane yz for input power P = 3 mW for TIR (left panel), in
the absence of interface (mid panel) and in the refracting regime (right panel). (b) Beam trajectories
for P = 0.5 mW (solid lines) and P = 3 mW (lines with squares); on the left panel the beam
experiences TIR as θ2 = 10◦ and θ1 = 20◦, whereas on the right panel θ1 = 10◦ is kept fixed and light
is transmited both for θ2 = 90◦ (dashed lines) and θ2 = 10◦ (solid lines). (c) Soliton output slope β
versus θ1 (θ2 = 10◦) when the nematicon undergoes TIR and (d) β versus θ2 (θ1 = 10◦) when the
nematicon crosses the barrier; here α = 0◦, P = 0.5 mW and the square (dot) marked lines are BPM
(GOA) results.

y = −100µm with k parallel to ẑ; in this fashion a nematicon, penetrating the graded
interface owing to walk-off, propagates over tens of diffraction lengths before interacting
with the electrically-written barrier. We stress that the nematicon output angle after its
interaction with the inhomogeneity does not depend on the specific shape of the graded
interface, in agreement with momentum conservation; the previous statement holds valid
for beams much wider than the transition region d [40]. The shape of θLF determines the
lateral displacement of the beam in the output section [34,41].

Figure 3(a) shows the computed nematicon evolution for three values of �θ , corre-
sponding to reflection, absence of barrier and refraction. In all cases, the changes in the
dielectric tensor are slow enough to guarantee the nematicon survival within the barrier,
with negligible power losses. Independently from �θ , at the beginning the solitons prop-
agate towards the interface due to the walk-off, experiencing a zero index gradient. When
light hits the interface in y = −d/2, the forces due to longitudinal changes in walk-off
and the transverse index gradient begin to act on the soliton, as described by Eq. (4): for
θ1 > θ2 the index gradient is negative and at the interface the wavevector bends towards
y < 0; for θ1 = θ2 the light trajectory is straight as the medium is homogeneous; finally,
for θ1 < θ2 the solitons always overcome the barrier, with the index gradient pushing them
towards y > 0. The simulations show that the dominant contribution in soliton deflection is
played by refractive index gradient, when compared with longitudinal changes in walk-off.
To achieve TIR in the case θ1 > θ2, the change in transverse k has to be large enough to
ensure an output Poynting vector S with a negative component along ŷ. Noteworthy, in TIR
reflection and incidence angles are generally different owing to anisotropy [42]. Figure 3(b)
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18 Raouf Barboza et al.

Figure 4. Beam width w normalized with respect to the input waist w0 = 5µm for various input
powers and angles θ1 and θ2 corresponding to the plots in Fig. 3 (see labels: dashed lines = linear
propagation).

graphs calculated nematicon trajectories versus power: the power dependence is mainly due
to nonlinear changes in walk-off [38,41].

Let us define β as the output angle (that is, when the interaction with the interface
is ceased) of the Poynting vector with respect to ẑ; Fig. 3(c) [Fig. 3(d)] plots the output
angles β for a reflecting [refracting] interface versus θ1 [θ2] for an assigned θ2[θ1], the
latter equal to θ0 = 10◦ to maximize deflection. Figure 3(c and d) compares BPM and GOA
predictions, showing a very good agreement between the two approaches up to β = 20◦,
when BPM fails due to non-paraxial effects [29,34].

For applications we are interested in the overall steering available for a given structure,
i.e., for a fixed θ0, when the applied biases are changed; clearly, such angle will be the sum
of the absolute maximum of β calculated from Fig. 3(c) and the one from Fig. 3(d): the total
available steering is about 40◦ for initial wavevector parallel to the interface. Finally, Fig. 4
shows the nematicon waist versus z, demonstrating how the size of the optically-induced
waveguide can be easily controlled via the input power [35].

It is natural to investigate the performances when nematicons impinge with a tilted
wavevector on the graded interface. Let α be the angle of the input wavevector with axis
z; we limit our considerations to α > 0, i.e., nematicons propagating towards the graded
interface. We are mainly interested on the trajectory; hence, we use only GOA, as non-
paraxial BPM codes require large computational efforts [43]. Moreover, since we already
demonstrated with BPM in the case α = 0 that nematicons survive the interaction with the
interface without appreciable losses, we extend this to the case α �= 0; experiments carried
out at non-planar interfaces support this approximation [30,41,42].

Results from GOA are plotted in Fig. 5. To achieve wide-angle steering α has to be
chosen in order to ensure nematicon TIR for at least one pair of angles θ1/2, i.e., of applied
biases V1/2. In fact, for angles α spanning from grazing (α = 0◦) to normal incidence
(α = 90◦) there will be a threshold incidence angle αmax

TIR : beyond this TIR is forbidden
for every director orientation. Figure 5(a) shows αTIR, defined as the maximum angle α
ensuring TIR for assigned θ1 and θ2: each curve defines the existence domain for TIR,
with points below (above) the curves corresponding to the presence (absence) of TIR. For
θ1 → 0◦ TIR takes place only in the proximity of α = 0◦ and for θ2 < θ1 (actually, for
θ1 = 0◦ a collimated beam does not interact with the interface), whereas for increasing θ1

the incidence angle allowing TIR increases as well, reaching the maximum for θ1 = 90◦.
This agrees with the refractive index dependence on director orientation, the index being
maximum for θ1 close to 90◦; noteworthy, αTIR decreases with θ2 for the same reason.
From Fig. 5(a), αmax

TIR occurs for θ1 = 90◦ and θ2 = 0◦, with a value of 25.1◦ for E7 in the
near-infrared.
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Electro-Optic Beam Steering with Nematicons 19

Figure 5. (a) αTIR versus θ2 for θ1 = 0◦, 30◦, 60◦ and 90◦, lines from dark to bright, respectively.
Output angle β versus θ2 for: (b) α = 0◦, (c) 10◦, (d) 25◦ and (e) 80◦; lines correspond to
θ1 = 0◦, 25◦, 50◦, 75◦ and 90◦ from dark to bright, respectively. (f) Maximum angular deflection
of wavevector k (gray line) and Poynting vector S (black line) versus α for θ1 and θ2 ranging from 0◦

to 90◦.

Figures 5(b–e) display output angles β for a fixed α. For α = 0◦ (see Fig. 5(b)) the
nematicon undergoes TIR for θ1 > 0◦, whereas for larger θ1 TIR occurs when θ2 < θ1,
corresponding to an index gradient repelling the beam; in the β curves the occurrence of
TIR causes a discontinuity, with β depending only on θ1 (i.e., the refractive index in the
incidence medium) when TIR takes place. Conversely, in the refractive regime β increases
with θ2 due to a larger index gradient pushing the nematicon to the right. For α = 10◦, 25◦

(Fig. 5(c and d)) TIR occurs in a smaller set of θ1/2, consistently with Fig. 5(a) and retaining
the qualitative behaviour of the case α = 0◦, β constant in the TIR regime and growing
when the nematicon is refracted. Quantitatively, β in TIR is approximately equal to −α
(neglecting non-specular reflection due to anisotropy and contributions due to walk-off
[42]), much larger than for α = 0◦. Finally, for α = 80◦ (Fig. 5(e)) the overall steering
angle is much lower than in previous cases owing to the absence of TIR, in agreement with
Fig. 5(a). Noteworthy, the behaviour of β versus θ2 is no longer monotonic due to walk-off
contributions on the nematicon Poynting vector.

Figure 5(f) summarizes the maximum angular deviation for an assigned incidence
angle α: the maximum occurs for α = αmax

TIR and the available span is about 70◦, much
larger than the 40◦ reported with non-planar deflection [42]. After the peak, the available
maximum deflection reduces abruptly due to the lack of TIR.

4. Conclusions

We have analyzed a new scheme for electro-optic light steering in NLC based on planar
deflection of nematicons, corresponding to light written waveguides. A graded index inter-
face defined in NLC with comb interdigitated electrodes allows controlling both the size
and the sign of the induced barrier. The high electro-optic response of NLC permits to tune
the dielectric properties of the medium with low-voltages.

Co-planarity between nematicons and bias-controlled molecular reorientation allows
maximizing the angular span for a given material, at variance with previous geometries
where the interaction was three-dimensional. Overall steering angles as large as 70◦ can be
reached in E7 by using refraction and TIR. Finally, self-focusing and light self-trapping can
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20 Raouf Barboza et al.

optimize signal confinement and the number of spots distinguishable at the exit, enhancing
the spatial resolution of the proposed configuration.
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