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Abstract—Three-dimensional spatial solitons are generated by a linearly-polarized Argon-ion beam in thick
planar cells containing prealigned undoped nematic liquid crystals and subject to an externally applied voltage.
Self-confinement of the intense beam and guidance of aweak He-Ne probe at a different wavel ength but iden-

tical polarization are demonstrated with milliwatt powers and over millimeter distances.

Spatial solitary waves or solitons, i.e., cw eigensolu-
tions of a nonlinear system encompassing an intensity-
dependent refractive index, have been investigated in a
variety of configurations because of their fundamental
relevance in physics and, moreover, in optics[1]. More
recently, their potential applications for signal read-
dressing in all-optically reconfigurable interconnects
and light-controlled switching have been underlined in
various mediaexhibiting Kerr, photorefractive and qua-
dratic nonlinear responses [2]. After the pioneering
work by Braun et al. [3, 4] spatial self-confinement of
light was experimentaly investigated in dye-doped
nematic liquid crystals (NLC) by Warenghem et al. in
NLC filled capillaries [5, 6] and by Karpierz et al. in
planar cells with homeotropically aligned NLC [7].
Such attention to NLC stems from the reorientational
origin of their nonlinearity, which turns out to be wave-
length independent and several orders of magnitude
greater than in CS; [8]. The latter feature allows the
observation of a rich phenomenology despite a rela-
tively slow response[9]. NLC, however, are often ham-
pered by a finite propagation length due to scattering
and absorption. For this reason, in previous experi-
ments for the observation of self-focusing and spatial
solitons, significant attention was devoted i) to lower
the required optical power as determined by the so-
called Fréedericks transition and ii) to reduce thermal
contributions to the nonlinear phenomena. To such
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extents, externa cooling (point ii) was employed by
Braun and coworkers in the presence of excitations as
largeas 10 W in order to observe filamentation [3], dye
doping was used in [5] to enhance the nonlinear optical
response (point i), while ahybrid (TE/TM) field polar-
ization (point i) waslaunched in thin homeotropic NLC
cellsby Karpierz and collaboratorsin [ 7]. Neverthel ess,
in al cases self-confinement was observed over short
distances (hundreds of pm) and often with dominant
thermooptic contributions [6]. The latter, although not
significantly slower than the reorientational response,
undermines the polarization selectivity of the phenom-
enon. Finally, in NLC the liquid-crystalline nature of
the molecular medium and its finite viscosity are often
the cause of anon-negligible depolarization of the light
entering through the input air/NLC interface, often
affected by aninitial, and rather uncontrolled, molecu-
lar misalignment in an otherwise uniaxia or biaxia
crystal [9].

In thiswork, in solving theissues pointed out above,
we describe a hovel approach towards the observation
of fully self-confined spatial solitons in thick planar
NLC célls: (a) we employ undoped NLC to reduce the
overall optical absorption and theinherent thermal con-
tribution, (b) we apply an external voltage to introduce
apre-tilt of the NLC molecules and -in doing so- €lim-
inate the threshold inherent to the Fréedericks transi-
tion and lower the power levels required by the nonlin-
ear phenomenon, (c) we adopt a planar geometry with
thick cells in order to exploit the three-dimensionality
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of the solitary solutions, and (d) define and control the
input interface in order not to alter the polarization of
the exciting field. The use of undoped NLC allows to
lower the intrinsic optical absorption and increase the
useful propagation distance, nevertheless limited by
scattering losses through impurities and refractive dis-
uniformity, i.e., Rayleigh scattering. As the scattering
becomes the main source of attenuation, thermal prob-
lems are correspondingly reduced, allowing the obser-
vation of purely reorientational effects. As far as the
voltage is concerned, it forces the NLC molecular
dipoles to tilt with respect to their initial position. The
latter is guaranteed by the NLC anchorage, planar with
reference to the walls defining the cell, and with axes
along the propagation direction of the optical beam.
When employing an optical field linearly polarized and
perpendicular to thewalls and the propagation direction
(see below), the NLC dipoles are also perpendicular to
the field vector, thereby giving riseto athreshold effect
inthereorientational response. Such power level, called
Fréedericks threshold, can be too high to prevent
undesired thermo-optic phenomena. An externa (low
frequency) voltage induces adipolar interaction able to
tilt the elongated NL C molecules at anonzero (non 1v2)
angle to the direction of propagation (optical electric
field), effectively eliminating the afore-mentioned
threshold and therefore permitting the use of lower
powers, i.e., intensities <50 W/cn?, [8, 9]. A planar
geometry with thickness well exceeding the transverse
dimensions of the optical beam is crucial in testing the
formation of 3D solitary waves or self-waveguides,
whereas one of the lateral coordinates would be elimi-
nated in athin cell, such as that investigated by Karpi-
erzetal. in[7]. The planarity of the geometry, in addi-
tion, simplifies the application of a uniformly intense
external voltage and the anchoring of the NLC mole-
cules to the confining walls. Finally, an input glass
interface with similar anchoring properties to the walls
ensures awell-defined transition of the NLC molecular
orientation towards its steady alignment far from the
boundaries. For an optical field oscillating in the prin-
cipa plane defined by the direction of propagation and
the normal to the cell (top and bottom) boundaries, such
arrangement alows the E-vector to remain linearly
polarized and perpendicular to the glass walls.

After proper anchoring, the NLC can be modeled as
a birefringent medium with orientation locally
described by a unit vector or director, the spatial distri-
bution of which is governed by elastic forces in the
presence of boundary conditions. In particular, our
NLC behaves as a positive uniaxial: when a linearly
polarized beam propagates in it, it determines atorque,
which tends to realign the director parallel to the
E-field. Considering equal Frank constants K for splay,
bend and twist of the molecules [8, 9], a coherent light
beam of slowly varying envelope A = A(2), and direc-
tors free to rotate in the xz plane defined by the optic

axis and the E-field vector, thetilt & = B(A) — 0, With
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respect to the director orientation at rest 6, can be
described by:

9°0 9 9°67
4K +gg,JA’sin2(B+8,4) = 0, (1)
[b ayﬂ 0 est

with x and y the transverse coordinates and €, = nﬁ -

ngthe (linear) birefringence. When an additional low-

frequency field is effective in the narrow region where
the beam travels, the remaining distribution is uni-
formly altered wherever the nonlinear interaction takes
place, with

B1ex(z, V) = 6o(V) +[8i,—8o(V)] exp(-Z/2). (2

8,(V) being the distribution due to the external volt-
age far from the input, 6,, the director orientation at the

entrance z= 0 and z a characteristic relaxation length
guantifying the transition region from the input to the
steady-state distribution. Finally, the beam amplitude
will obey [8, 10]:

oA __A_I_GAQ

2|k— + + kosa(sn B—sin em)A 0,

ox? (3)
with k = Kqa/n3 +€%sin’0, the wavevector. For sim-

plicity, in the numerical integration we assume the lat-

ter to be a constant vs. z, i.e,, k = ko/nj +£sin°6,.

Moreover, we take 6, to be zero in the absence of the
external bias (i.e., ideal planar alignment) and to satu-
rate to the value 172 as the voltage reaches a few Volts
for cell thicknesses of the order of 100 um [9]. The
approximations and model (1)—«3) above hold valid
provided that the light induced reorientation is small
and the optical beam propagatesin anarrow region, far
from top and bottom cell interfaces (i.e., boundaries).
In the weak regime, in fact, the refractive index varia-
tion can be described by aKerr-like model encompass-
ing an angular dependence[9, 10], and for 8, < 172 the
resulting equivalent self-focusing power Py is much
lower than the Fréederickstransition threshold Pr [8, 11]
with

=]
Py = —"2 - )
2¢, K’sin 260

By numerical integration of egs. (1) through (3), for
the commercia nematic “E7” and taking 6,, = 172,
injecting a Gaussian beam of linear polarization along
x and various powers and waists, we verified the consis-
tency of the model and computed the system behavior
without the applied bias and in the presence of a volt-
age-induced director redistribution with 8., = T72. Fig-
ures 2a and 2b show the corresponding results for an
input power of 3.9 MW and awaist of 3 um. It is appar-
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Fig. 1. Schematic of the planar cell containing a properly anchored nematic liquid crystal: (1) metal electrodes, (2) Mylar spacers,

(3) Silicon-Oxide film, and (4) In-Ta—O electrode.

ent from the smulations that the beam diffracts in the
first case (no bias), since no substantial reorientation
can take place at excitations below the Fréedericks
threshold and, therefore, the resulting propagation is
substantialy linear (Fig. 2a). Once eliminated the
threshold, however, self-focusing can take place and
giveriseto theformation and propagation of a self-con-
fined solitary wave in the beam-induced refractive
index well, as apparent from the contour map of Fig. 2b.
Notice that, despite our 2D map representation and in
contrast to what expected from a purely Kerr (cubic)
response [12], confinement is obtained in both trans-
verse dimensions and is stable due to the saturating
nature of the nonlocal nonlinearity.

To verify experimentally our findings and the self-
confinement, we fabricated a planar glass cell with
Mylar spacers, in order to obtain internal thicknesses of
50-75 um. Previous to assembling the cdll, the glass
slides were coated with Indium-Tin-Oxide electrodes
for the application of the external voltage, and with Sil-
icon-Oxide to ensure the NLC anchoring with director
aligned parallel to theinterfaces and along the propaga-
tion direction z (Fig. 1). The bias voltage was applied
with an AC (1 kHz) sine-wave generator to prevent
static effects across the liquid crystal. At the input side
of the cell, another pre-treated glass slide (without elec-
trode) was attached to define the z = 0 boundary with
8,, = /2. The cell was then filled up with the nematic
“E7,” dlowing light propagation over cm distances.
The light source was acw Argon-ion laser, cw emitting
at 514 nm and collimated to a waist <2.5 um with a
standard 20x microscope objective. The beam, properly
attenuated and power monitored, waslinearly polarized
along x and launched into the NLC cell, well removed
from bottom and top glass boundaries. In these sam-
ples, no output interfaces were realized to extract the
transmitted beam. A Leica optical microscope and a
Silicon CCD camera were positioned above the sample
to collect the light scattered from the cell and investi-
gate the lightbeam evolution in the y—z plane, as repre-
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sented in Fig. 3. Additional color and neutral density
filters, as well as analyzers, completed the setup and
permitted a thorough analysis of the outcoming light.

Figure 4 shows the experimental results for a num-
ber of relevant cases, i.e.: (i) at low power (<100 uW),
when diffraction dominated (Fig. 4a); (ii) at a power of
6.1 mW and zero bias, when significant self-focusing
took place reducing the beam divergence (Fig. 4b);
(ii1) at a power of 4.2 mW and alV (rms) bias, when
the weak light-induced reorientation enabled the for-
mation of a self-confined beam or spatial soliton, a
beam with zinvariant transverse profile (Fig. 4c). By
analyzing the out-of-plane scattered light and its polar-
ization state at low power, asshownin Fig. 5for thetwo

components, we could estimate z = 50 um, propagation

losses of 5 cm™ and a (full) divergence of nearly 5°, the
latter corresponding to a Rayleigh distance of about
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Fig. 2. Numerical simulations from model (1) through (3),
with A = 514 nm, waist = 3 pm, z = 40 um, input power

39mW, K=7x107 gcm/s?, g, = ns — n2 = 0.2, and
(a) zero bias, i.e,, B8y = 0, (b) nonzero bias, i.e., B8y = V4.
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Fig. 3. Sketch of the experimental setup. Thecell isproperly
oriented with an x-y—z-9 stage, and the input beam(s) col-
limated (along 2) and linearly polarized in the (x—2) princi-
pal plane.

50 pm. At 4.2 mW, however, within 40 sfrom the appli-
cation of a1V (rms) bias and after the rearrangement
near the interface (z = 0-50 pum), the beam self-con-
fined and propagated diffractionless, as shown in
Fig. 4c. At variance with the self-focusing case illus-
trated by Fig. 4b, in fact, no divergence (diffraction)

Y, Hm
—100

0 01 02 03 04
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could be estimated from the acquired data. This behav-
ior is, within experimental errors, the signature of a 3D
spatial soliton. It propagated with an unchanged waist
over distancesin excess of 1.4 mm and essentialy lim-
ited by the losses.

Since our model and understanding are based on a
reorientational nonlinearity, to verify such assumption
we performed a number of further experiments at vari-
ous input (linear) polarizations, excitation levels, bias
voltages. The results proved to be always consistent
with the model and our interpretation. In particular, a
beam polarized along y gave rise to self-focusing (but
not solitons) only at much higher powers, resulting in
additional thermal effects, instabilities and beam
breakup. Correspondingly, for a given excitation,
strongly focused or defocused input beams led to
uncompensated lensing in the cell, with the beam either
(initially) converging or diverging. Lower bias voltages
were insufficient to modify the director orientation, ina
way that the weak optical perturbation could properly
compensate. Notice, in fact, that even the electrostatic
(low frequency) field has to overcome its own Fréeder-
icks threshold. Finally, exceedingly high biases (well
above 1.5 V), while reducing the NLC response time,
caused saturation in the director orientation, thereby
preventing an effective optical perturbation and the
soliton formation.

A real index perturbation through a Kerr-like effect
should be also sensed by another (polarized) optical
beam, and a spatial soliton is expected to create a

()

(b)

05 06 07 08 09 1.0

Z, mm

Fig. 4. CCD acquired images of the light scattered from the x-polarized Ar* beam in the cell: (a) with no external bias and beam
power <0.1 mW,; (b) no bias and 6.1 mW excitation; and (c) 40 s after applyinga 1V biasat 1 kHz with 4.2 mW input power.
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Fig. 5. Out-of-plane scattered beam light and its polarization at low power. From these images, a director-rearrangement distance

z = 50 pm can be inferred.
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Fig. 6. CCD images of thelight scattered from the weak (<0.1 mW) He-Nelaser beam (A = 633 nm), co-launched and co-polarized

with the Ar* pump. The cases (a) through (c) correspond to the excitation conditionsin Fig. 4. In (c) the green (Ar*) soliton writes
achannel supporting the guided-wave propagation of the weak probe.

refractive well resulting in transverse light confine-
ment. To ascertain such effects and verify the potential
of this phenomenon in routing applications, we co-
launched aweak collinear probe beam from a Helium-
Neon laser operating at A = 633 nm. When it was polar-
ized along X, i.e., copolarized with the pump beam at
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514 nm from the Argon laser, corresponding to the
three cases shown in Fig. 4 we observed the behavior
displayed in Fig. 6 (a through c). Specificaly, the
x-polarized He-Ne light consistently followed the
pump, and was diffracted (Fig. 6a), focused (Fig. 6b) or
guided (Fig. 6¢) whenever the pump was diffracted

No. 7 2002



LIGHT SELF-CONFINEMENT IN PLANAR CELLS WITH NEMATIC LIQUID CRYSTALS

(Fig. 4a), self-focused (Fig. 4b) or self-guided (Fig. 4c).
Thelatter feature, verified only for x-copolarized pump
and probe, demonstrates the reorientational (non ther-
mal) origin of the NLC nonlinear response and the for-
mation of an all-optically induced (polarization sensi-
tive) channel waveguide.

The observed solitons, reorientational in nature and
polarization sensitive, have transverse size determined
by the interplay of the beam size, the NLC elagtic s
forces and the boundary conditions (anchoring). The
two latter factors are such that, even for a laser beam
with vanishing waist, the soliton would exhibit afinite
width. Temperature and cell thickness, acting on the
NL C molecules and their mutual interactions, however,
can affect the resulting soliton width even in the pres-
ence of a very narrow excitation. In particular, we
observed 2—3 times thinner spatial solitonsin a 50 pum
cell, a 11 mW input power and the same excitation
parameters previously employed.

In conclusion, we have observed 3D spatial solitons
in voltage-biased and planarly-oriented undoped nem-
atic liquid crystals. These reorientational solitons form
and propagate at excitation powers of afew mw and for
distances an order of magnitude longer than the diffrac-
tion length. Propagating in a positive uniaxial, the soli-
tons are polarization sensitive and able to support the
transverse confinement of a copolarized probe signal at
alonger wavelength.

Noticeably, since this saturating nonlinearity isnon-
resonant, the observed phenomena do not depend on
wavelength and can also be exploited in the 1.3-1.5 um
spectral region used for optical communications. Such
solitons, despite their relatively slow response, could
have important implications towards all-optically
reconfigurable interconnects, where spatial switching
and all-optical logic [13, 14] could also be effectively
implemented.
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