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Conditions for the formation of spatial optical solitons within a planar layer of nematic
liquid crystals (nematicons) have been established experimentally; features of solitons
propagation and interaction have been studied. It has been shown that the interaction of two
nematicons leads to their spatial attraction and merging. Based on the analysis of the shift
of one nematicon under the effect of another one, optical control of the nematicon position
has been realized due to change in the power of the another. Capturing of low-power light
beam into the waveguide channel formed by the nematicon has been implemented.
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1. Introduction

Spatial optical solitons formed in nonlinear
media result from compensation of light
diffraction owing to the self-focusing nonlinear
effect [1]. Great interest to spatial solitons
stems from the fact that they are capable of
diffractionless propagation, enabling their use
as data medium in optical communication and
data processing systems. Numerous papers
are devoted to optical solitons in various
media: semiconductors, organic materials, dyes,
metal vapors, photorefractive and nonlinear
optical crystals exhibiting Kerr, resonance,
photorefractive and other type nonlinearities [2].

Special attention has been given in the last
few years to solitons in liquid crystals, specifically
to nematic liquid crystals (NLC). The elongated
form of their molecules contributes to mutual
orientation of the molecules and determines
anisotropy of the physical properties of NLC. The
unique physical properties of NLC are caused by
high birefringence that is greater than optical
anisotropy of other crystalline media by several
orders of magnitude. Moreover, one can control
anisotropy by the applied low magnetic and
electric fields (Fredericks transition) to create
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the electrically controlled diffraction elements [3–
6]. As a result "giant"orientation nonlinearity in
NLC is higher than Kerr nonlinearity in normal
liquids by nine orders of magnitude [7]. High
anisotropy (∆n ∼ 0.1 − 0.5) makes it possible
to realize the total internal reflection effect at
the interface between two NLC regions differing
in the director orientation [8–10], to implement
electrically controlled polarization separation of
light beams [11], to create electrically controlled
LC waveguides [12, 13].

Characteristic feature of NLC is the
possibility to control optically the LC director
under the effect of polarized light (the light-
induced Fredericks transition). It should be noted
that this effect takes place at relatively low
intensities of laser radiation (≈ 1 kW/cm2) [14].

The spatial optical solitons excited
and propagating in NLC are termed the
"nematicons". The keen interest to nematicons
is aroused due to their stability and due to
the possibility to use the external electric fields
for their control. Because of this, they may be
used for the development of different functional
elements of integrated optics. To illustrate, the
optically controlled X-junction to switch the
output signals initiated simultaneously with
the excited solitons has been realized on the
propagation of nematicons having different (low
and high) powers in two paths [15]. There is a
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possibility to control the nematicon propagation
direction (routing) by means of the interaction
with different microobjects (air bubbles, glass
balls, etc.). The total internal reflection and
deflection of optical signals from such spherical
defects with the varied propagation angle have
been realized [16, 17]. Changing of the nematicon
propagation direction by several degrees has been
implemented due to an electric field applied to a
LC layer [18].

This paper presents experimental results
obtained in studies of the excitation conditions
for spatial nematicons in NLC under the effect
of continuous radiation from a helium-neon
laser and of the second-harmonic radiation
from a diode-pumped Nd:YAG laser. The
possibility for capturing a test low-power signal
by the nematicon formed in a sample with
subsequent routing of the signal along its path
is demonstrated. The realized optical control of
the spatial position of a reference nematicon on
its interaction with a variable-power nematicon is
demonstrated.

2. Experimental setup

To study experimentally the conditions
for excitation of solitons and features of their
interaction in NLC, a LC cell of the sandwich
type (Fig. 1) has been manufactured. This cell
represents a flat capillary comprising two glass
substrates. The inner surface of the glass plates
is covered, by the rod-coating method, with
thin films of a photosensitive alignment polymer.
Then the substrates are thermally treated to
remove the solvent. The initial planar orientation
of the director −→n parallel to axis OX (−→n ∥
OX) is attained by mechanical rubbing of
the photopolymeric layer. The macromolecular
photocross-linking is a result of illumination of
the aligning layer with nonpolarized UV radiation
[19]. The gap thickness between the cell substrates
specified by the diameter of the fiber spacers
comes to 100µm. The gap between the plates
is filled with a nematic liquid crystal. In the

process of work, the authors have used a positive
birefringent NLC-1289 with cyanobiphenyls as
its major component, and alkoxyphenyl esters
of alkyl transcyclohexanecarboxylic acid - as a
diluent (developments of the Moscow Scientific
Research Institute for Organic Intermediates,
Russia). The optical anisotropy of LC measured
at room temperature for the wavelengths λ1 =
532nm and λ2 = 632.8nm was ∆n1 = 0, 167 and
∆n2 = 0, 156, respectively. The refractive index
for an ordinary wave was no = 1.53 and for the
extraordinary wave at the wavelengths λ1 = 532
nm and λ2 = 633nm - ne1 = 1.7, ne2 = 1.69.
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FIG. 1: Schematic of LC cell. (in color)

Fig. 2 shows an experimental setup used in
the process of work. A semitransparent mirror
(5) offers the codirectional propagation of beams
from a He-Ne laser (1) with the operating
wavelength 632.8nm and from a diode-pumped
Nd:YAG laser (2) operating in the frequency
doubling mode at the wavelength 532nm. The
intensity of laser radiation is varied with the
help of light filters (3-4). A polarizer (6) provides
for the linear vertical polarization of light waves
(
−→
E ∥ OZ). By a microlens (X40) (7) the laser

beams are focused to the LC cell end (9). The
waist diameter of Gaussian light beams at the
entrance to the LC element is about 4µm. The
LC cell is fixed by a mechanical holder (8) to offer
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the sample positioning along three spatial axes to
an accuracy of 5µm. The light field propagation
within a LC layer is observed due to scattering
of light from inhomogeneities in LC detected by
a CCD-camera (10) used in conjunction with 8X
microlens.
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FIG. 2. Schematic of an experimental setup used to
excite nematicons and to study their interactions.

3. Formation of spatial solitons in
NLC

To study experimentally the spatial
optical-soliton excitation conditions, the focused
vertically polarized (

−→
E ∥ OZ) light beam of a

Nd:YAG laser (2), with the wave vector parallel
to axis ОY (

−→
k ∥ OY ), was input into the end of

the LC cell under study. Such geometry of the
linearly polarized light and the planar oriented
LC layer was selected to provide the excitation
conditions for the waveguide propagation mode
of laser radiation.

It is known that the effective refractive index
nef is dependent on the angle Ψ between the
LC director and the light-wave polarization vector
[20]:

nef (Ψ) =
none√

n2
esin

2Ψ+ n2
ocos

2Ψ
(1)

where no and ne are refractive indices for an
ordinary and an extraordinary wave, respectively.
When the optical power density of radiation
injected into the LC element is lower than the
threshold value for the light-induced Fredericks
transition, the angle between the LC director and
the light wave polarization vector is determined
as Ψ = π

2 , the refractive index for the vertically
polarized mode corresponding to that of an
ordinary wave no.

When the light beam intensity is higher than
the threshold value, in the radiation localization
area the LC director is reoriented, aiming to
be parallel with a field of the light wave. The
director orientation angle θ is determined from
the condition of a minimal free energy of the
planar oriented LC layer in a light wave field [21].
In this case the director orientation is associated
with the thermodynamically equilibrium state of
a LC layer that corresponds to the equality of
the director rotational moment in a light wave
field and of the angular momentum tending to
restore the initial planar state of the director.
In this way, due to the effect of the light wave
field, the angle Ψ between the LC director and
the light wave polarization vector Ψ = π

2 − θ is
changed, and the effective refractive index nef for
this experimental geometry is a function of the
LC director orientation angle θ:

nef (θ) =
none√

n2
ecos

2θ + n2
osin

2θ
(2)

As a maximal value of the optical density
is attained at the center of the beam section,
tending to zero at the edges, the gradient
waveguide is formed within the LC medium
[22]. Figs. 3a,b show the interaction patterns of
polarized radiation with the LC director and also
the experimental results for different powers of
optical radiation injected into the LC cell (Figs.
3c–3h). Photographs 3c–3e are associated with
a diffraction beam expansion at the intensity
below the threshold intensity when the light-
induced Fredericks transition is not observed. The
indicated values of the power of laser radiation
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FIG. 3. Experimental results for the excitation of a nematicon: (a, b) schematic of the light diffraction and
self-focusing processes in a LC layer; (c-f) a light wave diffraction; (g, h) a formation of a stable soliton. (in color)

P = 1− 3mW which comply with the intensity at
the beam waist I = 8−24 kW/cm2 are insufficient
to realize the nonlinear orientational effect.

As the power is growing, the light field begins
to reorient the LC molecules. The refractive index
nef of the medium for the selected polarization of
laser radiation is growing more at the beam center
to cause its compression (Fig. 3, f). When the
optical power is as high as 5 mW (at the intensity
I = 40 kW/cm2), the beam is self-channeled and
takes the form of a spatial nematicon (Fig. 3,
g). With further growing of the optical power, a
stable nematicon is formed, whereas the recorded
width of the propagating light beam remains
constant (Fig. 3, h).

4. Interaction of light beams and
nematicons

Let us consider the interaction between a
nematicon and a low-power light beam, taking
the nematicon formed by radiation of a Nd:YAG
laser (532nm) and by the light beam of a helium-
neon laser (632.8nm) as an example. Both beams
were introduced into the LC cell collinearly and
their polarization was vertical (

−→
E ∥ OZ). The

power of a helium-neon laser was P = 0.5
mW, the power of a Nd:YAG laser was varying
within the range P = 2 − 6 mW. In the process
of recording the interaction pattern of the two
beams in a NLC layer, scattered radiation of
a Nd:YAG laser was suppresses by the light
filter positioned in front of the CCD-camera. Fig.
4 shows the photographs for the co-directional
beam propagation pattern at different powers of
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radiation from a Nd:YAG laser. As seen, when the
power of radiation is below the threshold value for
the nematicon excitation (Fig. 4, a - d), the light
beam is subjected to diffraction expansion. With
the growing power of radiation from a Nd:YAG
laser, the formed waveguide channel captures
radiation of a helium-neon laser (Fig. 4, e-f).
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FIG. 4. Experimental results for channeling of a low-
power optical signal: (a-d) a diffraction of radiation
from a helium-neon laser when the power of radiation
from a Nd:YAG laser is below the threshold; (e, f) a
radiation capturing and channeling when the power is
higher than the threshold. (in color)
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FIG. 5. Propagation pattern of two nematicons: (a)
independent propagation of nematicons, superposition
of two photographs; (b) simultaneous propagation of
nematicons. (in color)

Interaction between nematicons excited
within a LC layer has been studied using
the following experimental geometry: after their
introduction into the LC layer, the beams of
Nd:YAG and He-Ne lasers with the optical
power above the threshold (PNd:Y AG = 11
mW, PHe−Ne = 5.5 mW) were propagating at
an angle to one another (α = 13◦). Figure
5 shows the photographs demonstrating the
mutual influence of the light beams propagating
within the LC volume with the optical power
above the threshold.The photograph at Fig. 5,
a shows the independent propagation paths of
nematicons which were fixed by superposition
of two photographs. Fig. 5, b gives the result
of simultaneous propagation of the nematicons
merging and propagating along the same path.
As seen, mutual influence of optical fields on the
molecules of LC results in the formation of a
common waveguide channel, beginning from the
entrance point of laser beams into the LC element.
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FIG. 6. Optically controlled spatial shifting of the
nematicon position. (in color)

In this case the waveguide channel is between the
two separate waveguides occurring for each beam.
Shifting of the propagation path of one nematicon
is depending on the power of the other.

Figure 6 shows an example of the control
over the radiation position for a He-Ne laser due
to a change in the power of a Nd:YAG laser.

Similar to Fig. 4, scattered radiation of a Nd:YAG
laser was suppressed by the light filter positioned
in front of the CCD-camera. It is seen that a
change in the power of a Nd:YAG laser leads
to the changed deflection angle of the nematicon
formed by radiation of a helium-neon laser. The
maximal deflection of red nematicon was 300µm
at a distance of 3000µm from the entrance into
the LC cell, the deflection angle from the initial
position in this case being equal to β = 5, 3◦.

5. Conclusion

Based on the conducted experimental
studies, the conditions for the formation of
nematicons in the planar oriented LC cell when
using radiation of helium-neon (632.8nm) and
Nd:YAG (532nm) laser have been determined.
The threshold intensity required for the excitation
of a spatial optical soliton was 40 kW/cm2 and
was associated with the power 5 mW when a
diameter of the light beam at the entrance to
the LC cell was equal to 4µm. The formation
of a soliton at one wavelength makes it possible
to capture radiation at the other wavelength
to realize channeling of low-power light beams.
Using the interaction of two solitons, one can
realize their convergence and merging into one
soliton. Owing to the relationship between the
deflection angle of one soliton and the power of
the second one, optical control of solitons may be
implemented, facilitating their use for creation of
compact and inexpensive all-optical LC switches
for light fields.
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