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Tunable Nonlinearity in Nematicon Physics

ALESSANDRO ALBERUCCIL* ARMANDO PICCARDI,
AND GAETANO ASSANTO

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

We investigate light self-confinement in nematic liquid crystals with homogeneous planar
distribution of the molecular director. Using comb-patterned electrodes we are able to
vary the initial orientation, exploiting different degrees of nonlinearity by the electro-
optic effect. We experimentally demonstrate tuning of the nonlinearity by studying both
single nematicon propagation and planar interactions between two nematicons.

Keywords Liquid Crystals; nonlinear optics; reorientational response; spatial solitons
routing; spatial solitons

1. Introduction

Nonlinear optics deals with those dielectric properties which depend on the flow of photons
(i.e., the light intensity or the power) through them [1]. Every optical medium, however,
exhibits a nonlinear response when excited with large enough light intensities. The nonlinear
refractive response is often quantified by the Kerr coefficient n,, setting a linear dependence
between the light intensity / and the perturbation in refractive index caused by light itself
[2]. Nonlinear optics in nematic liquid crystals (NLC) has attracted a great deal of attention
owing to their huge nonlinearity [3], with (effective) Kerr coefficients several orders of
magnitude higher than in other fluids such as CS, [4].

In this context, one of the most intriguing nonlinear optical phenomena is the formation
of nonlinear wave packets preserving their shape while propagating, known as solitons [5,6].
The simplest solitons are bright and can be classified as temporal or spatial according to
the domain where wave evolution takes place [7]. Spatial solitons retain their transverse
profile owing to the balance between diffraction-induced spreading and nonlinear (Kerr
or Kerr-like) self-focusing [5—7], including the “equivalent” self-focusing provided by a
cascaded quadratic/parametric response [8-23].

Since the pioneering work of Braun et al. [24], light self-confinement and solitons
(commonly called “Nematicons” in NLC [25]) have been largely investigated in NLC,
including thermal nonlinear effects and beams propagating in capillaries [26], or in planar
waveguides [27], or in thick planar cells with initial molecular orientation determined by
an external low-frequency electric field [28,29] in order to prevent the Fréedericksz thresh-
old [4]; later improvements included molecular orientation defined by rubbing at angles
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differing from 0° or 90°, i.e. avoiding the Fréedericksz transition and allowing the obser-
vation of bias-controlled soliton steering [30]. In these and similar configurations, several
experiments have been carried out, including interactions between nematicons [31-38],
self-steering [39—41], deflection via external perturbations [42—49]. These functionalities
have been used to demonstrate the whole set of all-optical devices [S0-53].

In this paper we focus on the dependence of nematicon evolution on the initial properties
of the NLC, with particular attention to the role of both nonlinearity and nonlocality [54], the
latter relevant even in different contexts [55] but, in the frame of soliton physics, providing
stability to two dimensional optical spatial solitons [56]. To carry out this comparison
we employ a comb-patterned cell, as described in Ref. 57, which allows changing the
effective initial orientation via the applied voltage bias. Our aim hereby is to study and
characterize the nonlinear index well formed in NLC by the self-confined beam. To this
extent we investigate the role of the nonlinear index profile on the solitary beam itself and
on another beam propagating nearby, studying the individual nematicon evolution and the
interaction between two nematicons, respectively.

2. Theoretical Background

Nematic liquid crystals are a phase of matter featuring a high degree of orientational order
at the molecular level, but lacking positional order in the long range [4]. Their physical
properties are intermediate between those of liquids and solids, i.e. they flow like a fluid but
at the same time exhibit an anisotropic dielectric response typical of solid-state crystals [4].
To describe them it is often sufficient to introduce the density distribution for the orientation
of the main (major) molecular axis. Most NLC are macroscopically uniaxial; hence, a single
vector (optic axis) fully identifies the average direction of the elongated molecules: it is
called molecular director 72 and determines the symmetry of the system on a macroscopic
level. The eigenvalues of the permittivity tensor are £/, and ¢ for electric fields polarized
parallel and perpendicular to 7i, respectively. Each element of the dielectric tensor is given
by ejx = €18k +eanjnk(j, k = x,y, 2), being n; the Cartesian components of the director
7 and having defined the dielectric anisotropy &, = ¢;, — 1. The extraordinary refractive
index n, for a plane wave with wave-vector along 2 is n, = /&,y — egz /€;,, whereas the

walk-off angle 6 can be expressed as § = arctan(e,/¢..) (Fig. 1(a)); finally, we often use the
two refractive indices n, = /e, andn;, = ,/¢;;. We underline that the optical anisotropy
depends on the width of the director distribution via the order parameter S [4].
Considering a spatial distribution such that the director lies everywhere in the plane
yz in the absence of light and assuming an input beam entering the NLC with polarization

10/ (a) 1.4] (b) 1/ (¢
o e 1.2 .
= - N o 11 05 / N\ 1
O — /4 \
\ 08— A
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Figure 1. Walk-off angle (a), diffraction coefficient (b) and nonlinear nonlocal Kerr coefficient (c)
versus initial orientation 0; here n, = 1.5, with n,, equal to 1.55, 1.6, 1.7 and 1.8 from the black
line towards the light gray line, respectively.
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along y and phase fronts normal to Z, and naming 6 the angle formed by director 7 with
axis Z, the molecules can only rotate within the plane yz and the electromagnetic wave can
be completely described by the magnetic field H, [58]. Thus, calling K the Frank elastic
constant in the single constant approximation, paraxial light propagation in the highly
nonlocal limit and for adiabatic variations in 7 is governed by:
dA 9?4 9%A

)+

A
2ikon® [ — + tan 8 — D,—— + —— + k}An’A =0, 1
ikon, aZ+an oy )8y2+8x2+ o An, (D

V26 + y |A?sin[2(6 — §P)] = 0, )

where A = er_"ko”s’mz is the slowly varying envelope of the magnetic field, ko is the
vacuum wave number, 8 and n{? are the walk-off and the refractive index computed at the
intensity peak, respectively, D, = (n?)? /e, is the diffraction coefficient along y (plotted
in Fig. 1(b)), y = e06,0%/(4K) with o = Zo/n?) cos §® (Z, is the vacuum impedance)
and Anf = ng — (ngb))2 is the nonlinear increase in refractive index [58]. Equation (1) is
an anisotropic nonlinear Schrédinger equation ruling the optical wave evolution, whereas
Eq. (2) states the equilibrium between the different torques acting on the molecules [3,4].
The latter equation allows computing the nonlinear perturbation of the quantities in Eq. (1)
depending on the dielectric tensor, such as D, and Ang (governing the beam waist for a
single-hump input) and §” (governing the beam trajectory in the absence of gradients in
the director field or boundary effects [39]) by using the straightforward relations n, = cos 6
and n, = sin6.

Let us now take a homogeneous director distribution with 6 = 6y for A = 0 and set
0 = 0y + ¥, with ¢ the all-optical perturbation. For small nonlinear perturbations (i.e.,
¥ << 6p), Eq. (2) can be linearized; applying the Green function formalism for its solution
yields [58]:

An = nyp (60) Pg (x,y,2). 3)
In Eq. (3) we introduced the nonlocal effective Kerr coefficient:
nar (o) = 2yn; (6o) tan 8o sin [2 (6o — 8o)], “)

where 8y = 8(6p) and g = [[['|u|> Gdxdydz, with A = /Pu and G being the Green function
of the assigned geometry. Equation (4) suggests that, in homogeneous samples of NLC, the
nonlinearity can be tuned by changing the initial angle 6,. Moreover, Eq. (4) establishes
that, for fixed ¢, and K, ny depends quadratically on ¢, in the limit of small anisotropies
[59]. nyp versus 6y is plotted in Fig. 1(c) for various anisotropies (i.e., different NLC
mixtures): the maximum nonlinear effects are predicted for 6, close to 45° for very small
anisotropies, moving towards higher 6 as anisotropy increases and going to zero for both
6o = 0 (appearance of Fréedericksz threshold) and 8, = 90° (director parallel to the optical
electric field).

From Eq. (3) we can infer that the shape of the nonlinear perturbation depends on
the geometry via the Green function G. The nonlocality, generally quantified as the ratio
between the widths of the nonlinear index well and of the beam intensity profile, will
therefore depend only on the boundary conditions to be applied in the specific case. In
the highly nonlocal limit (i.e., beam waist approaching zero), the widths of g and G will
coincide; hence, the form of AnZ will depend on the boundary conditions, with a width
proportional to the shortest side of the cell. Otherwise stated, shape and size of the cell
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employed to confine the NLC will determine the shape of the potential Ang, whereas the
anchoring conditions at the interfaces control its size.

These findings hold valid in the perturbative regime, i.e. for small optically-induced
variations in the director distribution. In the most general case the highly nonlocality of the
system guarantees that the shape of ¢ remains unaltered, the largest difference consisting
in a saturating relationship between the peak of i and the power P, due to the orientational
nature of the nonlinearity [58,60].

3. Description of the Sample

Figures 2(a—b) show the sketch of the cell employed in the experiments. The NLC is
contained between two glass slides parallel to the plane yz, separated by spacers of thickness
L = 100 um. On each slide two interdigitated comb electrodes are realized in Indium Tin
Oxide, with periodicity along z; fingers belonging to the same electrode have a period
2 A = 60 um and fingers of different electrodes a minimum distance A /2 = 15 um. When
an electric potential V is externally applied between the two electrodes, the NLC molecules
are subject to an electric field E;r periodic along z with period 2 A. NLC are actually
sensitive to the square modulus of E; ¢ (see Eq. (2)) [3.4], therefore the effective periodicity
is A. Moreover, the E field lines accumulate close to the interfaces, with direction almost
parallel to the z axis due to the smallness of A /2 in comparison with L (see Fig. 2(b)). Since
the width of the Green function in a planar cell is comparable to L, the periodic perturbation
close to the interfaces is flattened by the NLC response, with director reorientation diffusing
towards the cell centre due to the intermolecular (elastic) links.

We can neglect E;r along X due to A < L; thus, we consider only the component of
E;r along Z, the latter being zero to first approximation and equal to 2V /A underneath and
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Figure 2. Top (a) and side (b) sketches of the comb-patterned cell. In (b) the solid lines with arrows
indicate qualitatively the low frequency electric field E;r, whereas the arrows refer to the spatial
distribution of the director 71. Reorientation in the plane xz for V=1V (¢c) and V =5 V (d), with
k& = 1.3 x 10° m~'; the initial rubbing angle 6y is set to 80°. Reorientation angle in the cell mid-plane
(e) and soliton walk-off (f) versus applied bias V for x =5 x 10,2 x 10°, 1.3 x 10°,2 x 10°, 4 x

10°,2 x 10°m~" (solid lines) and the measured data (points with error bars). In (e—f) k increasing
from left to right. In the simulations we used K = 12 x 107> Nm and &, = 14.
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between the electrodes, respectively, with an exponential decay towards the cell mid-plane
(that is, going as e™* at the bottom interface). Such hypotheses imply a planar reorientation
for 71: the cell is tunable with bias and behaves as a planar sample with anchoring angle
(initial director orientation) determined by the applied voltage V.

Having defined y;r = eperr/(2K), the director distribution can be computed by solv-
ing the equation 3260 /9x> + 3%60/9z% — yrr|Err|* sin(20) = 0 with boundary conditions
0(x =0) =0(x = L) = 6y fixed by the rubbing on the interfaces [4,28,58]. Given the
periodicity, it is sufficient to solve the latter equation in one period. Figure 2(c—d) shows
the bias-induced director distribution for two applied voltages: as predicted, around the cell
mid-plane 6 is flat, i.e. the director is homogeneously distributed as in a standard planar
cell, but with an effective initial orientation 6, given by 6(x = L/2); the behaviour versus
applied bias V is graphed in Fig. 2(e) for several «. Figure 2(f) plots the soliton walk-off
corresponding to Fig. 2(e) together with data from the experimental measurements: the
direct comparison demonstrates a the best-fit for x = 2 x 10° m~!, with discrepancies in-
creasing with L owing to the appearance of vertical electric field components, neglected in
our simplified model.

4. Single Nematicon Propagation

Using the cell described above we explored the tunability of the NLC nonlinear response
by investigating single nematicon propagation for various initial angles 6y, tuned by the
bias V (Fig. 2). The chosen NLC was the commercial mixture E7, featuring n, = 1.5 and
n;; = 1.7 in the near infrared. We injected a TEMy beam of wavelength 1064 nm with
waist of about 5 um, polarized along y in order to couple to the extraordinary component
inside the sample. The intensity distribution inside the cell was acquired by imaging the
photons scattered along * with a CCD camera [28].

Examples of measured beam evolution are presented in Fig. 3. In this range of powers,
the beams propagate at the linear walk-off §p with Z (see Fig. 2(f) for walk-off versus
applied bias) [40]. Figure 4 graphs the beam waist versus power: at low powers the beam
diffracts, with divergence depending on V via D,. As power increases, the beam undergoes
self-focusing (waists versus z reduce with respect to the linear case), up to self-confinement

1.5 0 1.5 0]
z [mm] z [mm] z [mm]

Figure 3. Acquired beam evolution in the plane yz. Beam powers are 1, 4, 10 mW from left to right,
respectively, and voltages V = 0, 1.75, 4 V from top to bottom, respectively.
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Figure4. Leftmostcolumns: nematicon waist versus z for four initial orientations 6y; lines correspond
toP=1,2,4,6,8, 10 mW from top to bottom, respectively. The waist is normalized to the input value
wy. Right column: on the top, plot of the measured breathing period 2 (points) and nonlinearity rn,y
(solid line) versus applied voltage V; on the bottom, plot of the z-averaged normalized waist versus
beam power P and initial orientation 6.

(a single-hump beam is self-confined when its waist is bound along z). Consistently with
Eq. (4) (see Fig. 1(c)), the self-focusing is maximum for 6y = 7 /4 (i.e., V = 1.75 V),
decreases both for 6y larger and smaller than 7 /4 (i.e., V= 0 and 4 V, respectively). The
behaviour between 7/4 — ® and /4 + ® (0 < ® < 7 /4) at high powers differs from
the perturbative regime: in fact, for w/4 < 6y < 7 /2 saturation of reorientation becomes
relevant and reduces the observed nonlinear effects with respect to the case 0 < 6y < /4
(see the cases 8y = 10° and 6y = 80° in Fig. 4).

In the highly nonlocal limit, the nonlinear potential An? can be approximated with a
parabolic profile [61,62]; hence, self-confined beams should exhibit a waist sinusoidally
oscillating in propagation, with a period 2 proportional to the inverse of the square root
of nyy P. In actual facts, the waist differs from the sinusoidal shape owing to the un-
avoidable scattering losses. Clearly, the latter also inhibit the observation of rigorously
shape-preserving wave packets.

To compare the measured data on versus 8, with the theoretical predictions for n, g, we
graph the distance from the input where first relative maximum in waist occurs (Fig. 4): in
agreement with predictions, the shortest period is obtained for V = 1.75 V, corresponding
to 6y = m/4. The last panel of Fig. 4 shows the averaged waist w along z (defined as
w = (1/z0) fOZ ° w(z)dz) versus nematicon power P and 6: in agreement with the previous
data, maximum self-trapping takes place for 6y = w /4.

5. Nematicon-Nematicon Interactions

Having addressed the propagation of a single nematicon, here we focus on the interaction
between two self-confined beams and its dependence on the initial angle 6. This is another
approach towards validating the variation in nonlinearity: we expect that the two solitons
attract each other via the nonlinear index perturbation due to each beam, oscillating around
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one another with a period decreasing with the excitation n, gy P. Owing to the high nonlocal-
ity, we expect long range interactions, with non-negligible interactions for mutual distances
of the size of L; hence, experiments with two nematicons can be employed to test the shape
of the nonlinear perturbation An?, i.e., the nonlocality. Moreover, high nonlocality implies
an always attractive potential between solitons not overlapping in the input section, at
variance with pure Kerr media where the repulsive or attractive character of the interaction
depends on the beam relative phase [5,7].

To perform the experiments we split a TEMy beam into two, each carrying the same
power. The two beams impinge on the sample with the same phase. At the cell input the
separation d between the two beams was varied in order to study how it affects propagation.
The launching conditions were controlled so that both wave vectors were parallel to Z.

Typical experimental results are shown in Fig. 5. If distance d and power P of each
soliton are fixed, the interaction strength follows the theoretical curve of n,y (Fig. 1(c)),
as demonstrated by the z-position of the first crossing versus applied voltage V (Fig.
6(a)) (clearly, stronger interactions imply a first crossing closer to the input). Moreover,
experiments for d > L show that nematicons do not appreciably interact for any available
power (the latter limited by the insurgence of time-dependent instabilities), independently
from the applied bias, thus confirming that the width of the nonlinear index well induced
by a single nematicon is approximately L [38,63]. Figure 6(b) plots the first crossing versus
initial distance in correspondence to the maximum nonlinearity: as predictable, nematicons
cross each other at shorter z when they are launched closer, with attraction increasing with
power. The first nematicon crossing for d larger than 80um increases abruptly, confirming
that An? is fixed by L. In the experiments discussed hereby the minimum investigated d
was 20 um, so that the input beams did not significantly overlap. Some results in the highly

0 05 1 15 g 05 1 15 0 05 1 15

Figure 5. Top: nematicon propagation in yz at power P = 10 mW initial distance d = 25 pum but
different 6. Middle: same as above but d = 100 um. Bottom: nematicon interaction at fixed power
P =3 mW and initial distance d = 45 um, for three orientations of 6.
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Figure 6. (a) First crossing (points) and nonlinear coefficient n, 5 versus applied voltage; experiments
were carried out for d =45 um and P = 3 mW. (b) First crossing (points connected by dashed lines)
versus initial separation d for V = 1.8 V; the lines correspond to P = 4, 6, 8, 10 mW. from top to
bottom, respectively.

nonlocal limit can be found in Ref. 64. Finally, the shape of the curve follows the theoretical
predictions, see Ref. 38.

6. Conclusions

We investigated beam self-trapping in homogeneous NLC samples and its dependence on
the initial orientation of the molecules. We showed that the nonlinearity, i.e. the magnitude
of the all optical change in refractive index, depends on the direction of the optic axis in
the absence of light, whereas the nonlocality, i.e. the width of the nonlinear index well,
depends on the cell geometry. We experimentally verified such results using a cell with
comb-patterned electrodes, and effective anchoring conditions depending on the voltage.
We studied single nematicon propagation and interactions between two nematicons, the
experimental results confirming the theoretical predictions.
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