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We review the impressive progress on light self-localisation into spatial optical solitons in nematic liquid crystals. We
summarise the basic physics and models, outlining the main properties of nematicons and providing an overview of
the most significant experimental achievements in undoped, planar, twisted and chiral nematic liquid crystals.
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1. Introduction

Liquid crystals are very attractive for non-linear
photonics, particularly in devices for light switching
and all-optical circuits. Liquid crystals, in ordered
phases such as the nematic one, exhibit a large (optical
and radio-frequency) birefringence and their dielectric
properties can be modified by external fields as well as
by light through a non-linear response (/—4). The main
contribution to the latter arises from either thermo-
optic or reorientational processes. While the thermal
effect is analogous to that observed in other dielectric
materials in the presence of absorption, the reorienta-
tional response is characteristic of liquid crystals with
some degree of orientation order. Such non-linearity
can induce extremely large changes in refractive index
at relatively low light powers, depends on both bound-
ary conditions and geometry of the system and can be
easily altered by temperature as well as external elec-
tric or magnetic fields. Moreover, light reorientation is
polarisation sensitive but substantially independent of
wavelength in the whole transparency range, typically
from visible to mid-infrared (/, 2). The main drawback
of reorientation in liquid crystals is the relatively long
response time, as it is determined by molecular motion
in a fluid; however, specific optimisation of the struc-
tures and applications to readdressable interconnects
in reconfigurable circuits are successful routes to over-
come this limitation.

The all-optical response in nematic liquid crystals
(NLC) supports various phenomena (2—4) and, in
particular, the formation and propagation of stable
and robust self-trapped (non-diffractive) light beams,
also known as nematicons (5, 6). While the first evi-
dence of spatial solitary waves (i.e. solitons) was
provided in capillaries filled with dye-doped NLC

(7-9), the most studied geometries rely on planar
cells with undoped NLC, various anchoring condi-
tions and applied biases. In the next section we sum-
marise the basic physics underlying the formation of
nematicons. In Section 3 we review the main findings
on nematicons in undoped liquid crystals, outlining
the main achievements in terms of soliton control and
interactions. In Section 4 we focus on solitons in
twisted and chiral NLC.

2. Optical non-linearity in nematic liquid crystals

Nematic liquid crystals are a family of dielectric media
with various mechanisms of optical non-linearity
including electronic, thermal, photorefractive or
electrostrictive (/—4). Their signature, however, is the
reorientational non-linearity. The latter is connected
with the microscopic structure of NLC, which consists
of anisotropic molecules usually with a rod-like (elon-
gated) shape. In the isotropic phase (i.e. when the
molecules lack both positional and orientational
order) the electric field of a light wave can induce
some orientation order in the liquid, modifying the
average refractive index. This non-linearity enhances
with temperature and is roughly proportional to (7 —
T*)', with T*<T, the temperature of the second-
order phase transition and 7, the temperature of
clearing, according to the theory by de Gennes and
Landau (7, 2).

In the nematic liquid-crystalline phase the elastic
interaction between the molecules induces orientation
ordering but allows the flow of molecules. At a given
temperature, NLC molecules fluctuate around a mean
direction defined by the unity vector n and called
director. In addition, the anchoring conditions at the
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boundaries (e.g. surface rubbing) and the effect of
elastic intermolecular forces determine the spatial
orientation of the NLC in a cell. The changes in direc-
tor orientation relate to the free energy density:

1 1
fp :§K11(V~n)2 +§K22(n -Vxn+ G)2

+%K33(n xVx n)? (1)

with Kj; the elastic constants for the three basic defor-
mations of the molecules: splay (i = 1), twist (i = 2),
and bend (i = 3); normally K33>K;;>K>, and all of
them of the order of 10" N. In standard theoretical
analyses the equations can be simplified by assuming
that all the elastic constants are equal (single constant
approximation). The parameter G in the twist defor-
mation component is responsible for chirality: G = 0
for pure NLC and G = 27/p for chiral NLC (ChNLC),
with p being the pitch.

Liquid crystalline molecules are elongated and this
is responsible for the anisotropic properties of NLC,
particularly in terms of electrical permittivity.
Thereby, an external electric field E can induce a tor-
que that tends to rotate the major molecular axis and
align it towards the applied field vector. The interac-
tion energy density connected with orientation
changes due to an electric field is

o = — 502& (m-EP) 2)

where Ae = g — ¢ is the anisotropy in permittivity, g,
and ¢, are the components of electric permittivity for
extraordinary and ordinary polarisations, respec-
tively. For a positive anisotropy Ae > 0 this energy
is minimised when the molecules are parallel to the
electric fields. Although a similar behaviour takes
place for magnetic field, the magnetic anisotropy is
usually much lower than the electric one and, at opti-
cal frequencies, the interaction between light and NLC
is dominated by the electric field.

Molecular orientation in a liquid crystalline cell is
the result of the interaction with external fields and
boundaries. Since the molecules are non-polar, it does
not depend on the sign of the field and occurs for time-
varying excitations, as well, including waves at optical
frequencies. As the NLC birefringence is connected
with the director orientation, changes in the latter
also determine the rotation of the optic axis in the
equivalent uniaxial crystal. Otherwise stated, light in
the extraordinary polarisation, i.e. with E vector
coplanar but not collinear with the optic axis and the
wave vector, can modify the electric permittivity

tensor, increase the extraordinary index of refraction
and give rise to self-focusing.

To calculate the light-induced reorientation, the
free energy needs be minimised. The total free energy
density includes deformation energy and the interac-
tion energy with external fields and boundaries. In
addition, for a time-dependent analysis it is necessary
to introduce the dissipation energy density fz con-
nected with the orientational viscosity ~. In its simplest
form the latter can be expressed as fz = 1v(dn/ o).

The minimisation leads to the Euler-Lagrange—
Rayleigh equations. It is convenient to define the
orientation angle 6 between the director n and one of
the coordinates. The angle 6 suffices to describe the
NLC orientation in two-dimensional problems, i.e.
when the NLC director at the boundaries and the
electric field vector E lie in the same plane (e.g. as in
the configuration shown in Figure 1). For the geome-
try sketched in Figure 1 the director n = (sind, 0, cosf)
and, in the single (elastic) constant approximation (i.e.
K = K| = Ky =~ K33), the Euler—Lagrange—Rayleigh
equation takes the form

20 0*0 eple
g T 0 N(EEf 4+ E*E.) cos?
o SR | (B ELE) cos2s

+(IEf-Imf)sn2| =25 ©)
where E, and E, are the average electric field compo-
nents (for monochromatic waves they equal half of the
amplitudes). Equation (3) with boundary conditions
0(x = —d/2) and 6(x = df2) describes the NLC orienta-
tion in the presence of electric fields at a given fre-
quency and corresponding to an anisotropy Ac. If the
director distribution is modified by fields at other
frequencies (optical as well as low or constant), then
the left-hand side of Equation (3) should contain the
superposition of components with the pertinent dielec-
tric anisotropies. Finally, since reorientation affects
the optic axis, which is locally parallel to the director
n, Maxwell’s equations in an anisotropic uniaxial need
to complete the set of equations describing the evolu-
tion of a beam in such a system.

x A
n
dr2
AR RRRRIRRRN]
—> | /00000000070
SN AN

Figure 1. Configuration of a bounded NLC layer for a 2D
case (see e.g. (5)). The E-field lies in the plane xz of the
drawing. The arrow represents the input wave vector.
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When the applied electric field forms an angle 7/2
with respect to n, then the corresponding torque is null
below a threshold value known as Freedericksz transi-
tion (2, 3). Reorientation can take place above thresh-
old due to angular fluctuations in the molecular
director, but it requires rather substantial electric
fields. This behaviour is presented in Figure 2, plotting
reorientation versus electric field intensity for various
initial angles 8 = 6,: for 6, = 0 (solid line) reorientation
starts above the threshold intensity. An increase in 6,
(i.e. reducing the initial angle between E and n) lowers
the intensity required for reorientation as well as the
maximum achievable index change.

Molecular reorientation in NLC is a non-local
effect: the induced variation in director (i.e. index)
distribution is wider that the profile of the applied
field. Figure 3 displays the calculated distribution of
0(x) as compared with a bell-shaped electric field
excitation for various intensities I,. The boundary
conditions also affect the non-local response and its
strength depending on the transverse size (waist) of the
beam (10-12).

NLC are non-local in space and, therefore, also in
time. This is the main drawback of the reorientational
non-linearity in NLC, with response times of the order
of a hundred milliseconds or larger, this value depend-
ing on viscosity, elastic constants, layer thickness and
excitation; the calculated dependence on intensity is
visible in Figure 4.

In summary, the features of the reorientational
response of NLC are unique in many ways and deter-
mine their non-linear character and the properties
of nematicons. In particular, the non-linearity is

23 T ¥ T 2 T
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| ----6,=001
1.0 -—0,=0.05
1 —----6,=0.
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Figure 2. Calculated orientation angle 6(0) versus electric
field intensity for different boundary conditions 6(-d/2) =
0(dl2) = 6y and an NLC layer thickness d = 50um. The
electric field employed in the calculations has the
form E? = Iy(coAe/4Kw?)[0.01 + 0.1exp(—x*/w?)] with
w=2 um.
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Figure 3. The distribution of 6(x) for various electric field
excitations. The field (solid line) and the layer thickness are as in
Figure 2 and the boundary conditions are 6(—d/2) = 6(df2) = 0.001.
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Figure 4. Increase in orientation #(0) versus time #/7¢ for
various intensities. The electric field and NLC thickness are
as in Figures 2 and 3 and the relaxation time is 7o = yw*/4K

polarisation sensitive, self-focusing, saturable and
non-local; hence, it can support stable two-dimen-
sional solitons. Due to the actual perturbation in
index and the non-local response, changes induced
by one beam correspond to the formation of a (chan-
nel) waveguide able to confine optical waves of differ-
ent (even larger) wavelength. Moreover, by tailoring
the input beam polarisation and the boundary condi-
tions on the director (determined by anchoring at the
surrounding plates and/or by an externally applied
voltage bias through proper electrodes), the all-optical
response can be maximised and the required input
power minimised, thereby drastically reducing or
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eliminating the occurrence of undesired thermal
effects. In the following we will review excitation and
properties of low-power reorientational nematicons in
threshold-less configurations.

Nematicons have been observed in a number of
geometries, the main planar ones being sketched in
Figure 5. When the thickness of the cell is much larger
than the wavelength and the waist of an input light
beam, then the NLC layer can be treated as a bulk
and the observation of (2+1) dimensional solitons is
possible. Conversely, when the thickness is comparable
with the wavelength and the beam size, then a liquid
crystalline cell should be treated as a planar waveguide
and can support (1+1) dimensional nematicons.

In the homeotropic orientation (Figure 5(a)) the
director is perpendicular to the boundaries; electric
fields with the only component E, cannot induce

(b)

0000
0000

IT

O

(¢}

Figure 5. Typical NLC planar configurations for the
investigations of optical spatial solitons: (a) homeotropic
anchoring; (b) planar anchoring with external voltage bias
through Indium Tin Oxide (ITO) thin film electrodes,
(c) twisted or chiral arrangement.

reorientation, whereas E = yE, can reorient the NLC
at intensities above the Freedericksz threshold. Stable
self-trapped beams in one-transverse dimension (i.e. in
planar waveguides) were indeed observed for input
polarisations close but not parallel to E = xE, (I3,
14). In the planar texture (Figure 5(b)) the director n is
parallel to the plates yz defining the cell and the
threshold exists for the two linear polarisations:
E =xE, and E = yE,. However, by applying an exter-
nal (low-frequency or continuous wave) electric field
(i.e. a voltage) across the NLC thickness, the mole-
cules can be pre-tilted at some angle 0 < 6 < /2 in the
plane xz, allowing the incoming linearly polarised
light to force further reorientation without threshold
and create stable nematicons. Similarly, planar
anchoring with the director parallel to yz but at an
angle 0 < 0y < 7/2 can support nematicons excited by
E = yE,. Nematicons were also observed in planar
geometries with director parallel to the boundary
plates in yz but twisted within the layer thickness
(Figure 5(c)). As a result, the molecular director was
neither parallel nor perpendicular to the electric field E
= yE, in the whole NLC volume, allowing a low-
power self-focusing and the formation of nematicons
with non-planar trajectories across the thickness of the
non-uniform dielectric distribution. Finally, it is worth
mentioning that, in the frame of discrete light propa-
gation, nematicons have also been investigated in one-
dimensional arrays of coupled channel waveguides
realised in NLC (/5-19).

3. Spatial solitons in bulk nematic liquid crystals

The simplest geometry initially adopted for demon-
strating nematicons in a planar cell filled with
undoped NLC (commercial mixture E7) is as illu-
strated in Figure 1 and Figure 5(b). The input inter-
face prevented the formation of an NLC meniscus
and undesired depolarisation on the input beam, the
latter linear polarised with the E-field parallel to x.
Two indium tin oxide (ITO)-coated glass plates
defined upper and lower interfaces to confine the
liquid crystals by capillarity, and Mylar spacers
ensured a controlled NLC thickness of 75 pm.
Rubbed polyimide films provided the anchoring at
the boundaries and a low-frequency voltage was
applied via the ITO transparent electrodes in order
to pre-tilt the director at & # 0 and eliminate the
Freederiscksz threshold (/-3, 19, 20).

The boundary-anchored NLC is a positive uniaxial
with n*(0) = cos’0/n, *+sin’0/n> and n, < n(6(x)) < n,,
where n, = n| = VE/I and n, = n, = /e, . In the pre-
sence of an externally applied voltage V' = dE,; with d the
cell thickness, the evolution of the slowly varying
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envelope 4 of a beam linearly polarised along x and
propagating along z in the midplane of the cell is gov-
erned by (20, 21)

204 oo 20,2 2
ZZkg—&—VLA—l—ko(n// —n)

[sin(@)2 - sin(@o)z}A =0,

ERFE2

2 A
i Trf sin(26)

2
K 92 +KVi0+
2 2 2
eo(ng, —n7)|A
wsm(w) =0 4)
with k = kon(6), ky the vacuum wavevector, 6, the
peak pre-tilt of the NLC director in the absence of
optical excitation, € the overall director orientation
owing to both light and voltage, K = K| = Ky =~
K35 the Frank’s elastic constant and Acgpthe dielectric
anisotropy in the quasi-static limit. The x-symmetric
bias-preset orientation © (x) is given by (2, 3)

d’e U Acor B i
Kﬁ—i— /2 AerrE;sin(20) = 0.

Equation (4), in the limit of a narrow soliton as com-
pared with the cell thickness, can be reduced to a well-
conditioned non-linear Schroedinger equation with
stable 2D+1 soliton solutions owing to the stabilising
non-local response. By linearising the corresponding
anharmonic oscillator potential, an (approximate)
existence curve of the form PW? =P.R> can be
obtained for nematicons in this geometry, as plotted
in Figure 6, P being the input excitation power, W, P,
and R, reference values for the waist, the critical power
and the range of non-locality, respectively (21).

The acquired evolution displayed in Figure 7
shows that, indeed, nematicons are breathers with a
periodic waist oscillation for any given excitation,
such periodicity decreasing at higher powers (22).
Such behaviour is consistent with the high non-locality
characterising liquid crystals, as originally pointed out
by Snyder and Mitchell (23). In addition, nematicons
are extraordinarily polarised wave packets subject to
birefringent walk-off

(ni/ - ni) sin(26)

6(6) = arctan
ny, +nd + (n?/ - ni) cos(26)

previously neglected in Equation (4); hence, their
Poynting vector is non-collinear with the wave vector

Liquid Crystals 1165

and solitons excited with wave vector parallel to z tend
to move in the plane xz and eventually interact with
the boundaries (10, 24). Proper care must therefore be
used in launching nematicons in finite-size cells in
order to prevent or correct undesired deviations in
trajectory and final size at the cell output (24), parti-
cularly when the solitary waveguide is intended for
transmission of a weaker (copolarised) signal (25),

W [um]
N

P [mW]

Figure 6. Calculated existence curve of stationary
nematicons in E7. Every point in the Waist-Power plane
corresponds to a breather waist periodically oscillating
between its initial value (W;) and that corresponding to
P#P, on the curve. Pairs W-P on the curve represent
invariant solitons, i.e. those with an infinitely long
oscillation cycle.

: —
E o (@)
] _
~100
0 400 800 1200
z (um)
30 30 30
P,=1.8mW P,=2.8 mW P,=4.4mW
z 0 20 20 |
=] (b)
10 10 10 <
% 50 1000 % s00 1000 % 500 1000
z (um) z (um) z (um)

Figure 7. (a) Propagation of a breathing nematicon.
(b) Soliton waist versus propagation distance for various
input powers P,
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when the excitation power varies and/or the interfaces
interact with the self-localised beam (10, 22, 26, 27).

Figure 8 displays experimentally acquired exam-
ples of nematicons generated by visible light at 514 nm
and guiding a probe signal at 632.8 nm. Figure 9 shows
linear diffraction (top) and a soliton (bottom) as gen-
erated by a spatially incoherent (speckled) input beam
and confining a weak probe with similar linear char-
acteristics (28—30): clearly the transverse non-locality
of NLC acts as a low-pass spatial frequency filter and
allows incoherent light to generate solitons at the price
of a slightly larger excitation (2.7 > 2.0 mW). Owing
to this incoherent feature of the non-local response,
vector nematicons encompassing two (or more) wave-
lengths can also be generated by collinear copolarised
beams of comparable powers (31, 32).

The highly non-local character of nematicons (21)
has important effects on their propagation in the

Pump 2mW, 514nm)
100

y[um]
=}

-100, .
-100 z|mm]

presence of extra nematicons in the same plane
(e.g. yz) of propagation (33-35), when launched in
the NLC bulk with an initial angular momentum
(36-38), when external light beams modify the refrac-
tive response of the NLC in the proximity of their
trajectory (39, 40). Some in-plane nematicon—-nemati-
con interactions are summarised in Figure 10(a) to (e):
mutual attraction is shown in Figure 10 (two (a) or
three (b) nematicons) and can be effectively exploited
to realise logic gates (34). When an intense beam goes
through the cell thickness, perpendicular to the plane
of soliton propagation, a lens-like perturbation (con-
verging or diverging depending on the polarisation of
the E-field) can modify the solitary trajectory, as
illustrated in Figure 10(c) to (e). The out-of-plane
nematicon—nematicon interaction supports power-
dependent spiralling of the resulting cluster (36-38),
as sketched in Figure 11(a) for two nematicons and

Signal (~0.1mW, 633nm)

100

y[um]
)

-100

Soliton (TM) Linear (TE)

z[mm]

0 0.5 1
z[mm]

Figure 8. Colour-coded photographs of beam propagation from an Argon laser (left) and a collinear copolarised Helium-Neon
laser (right) in an NLC planar cell. Top panels: linear propagation with diffraction when employing an input polarisation
orthogonal to the molecular director. Bottom panels: (left) soliton propagation in the extraordinary polarisation (parallel to xz)

and (right) corresponding confinement of the probe.

Incoherent Pump (514nm, 2.7mW)

100 _
[I———
Bl —
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100

0
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100 200 300 400 500 600 700 800 900
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Figure 9. Spatially incoherent (speckled by a diffuser) beam propagation from an Ar+ laser (left) and a collinear copolarised
He-Ne laser (right) in a planar cell. Top panels: linear propagation with diffraction when injecting a beam with E | n. Bottom
panels: (left) soliton propagation in the extraordinary polarisation (E // xz) and (right) corresponding confinement of the probe.
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(d)

(e

Figure 10. Examples of nematicon trajectories all-optically
controlled by (a, b) other in-plane nematicons or an external
beam (c) to (e). (a) Two nematicons are launched at a relative
angle of 1.7° and tend to propagate independently at low
power (top), to mildly attract and propagate parallel to one
another (mid-photo) or interleave at high power (bottom).
(b) Example of three in-plane nematicons mutually
attracting. (c) Sketch of interaction between a nematicon
(black arrow) and an external beam (green) in a planar
NLC cell; the lens-like (defocusing) perturbation can
interact (d) on axis with the soliton, causing its deviation
sideways or (e) head-on, causing its splitting. The stars
indicate the position of the external beam with respect to
the nematicon.

Figure 11. (a) Two nematicon cluster formed by two equi-
power out-of-plane extraordinary-polarised beams launched
with initial angular momentum. (b) As the input power was
increased, the angular speed of the cluster increased, as well,
yielding larger rotations after a given propagation distance
in the cell, as visible in the photographic sequence.

demonstrated by the photosequence in Figure 11(b)
for increasing excitation: the cluster rotation after a
finite propagation (i.e. at the cell output) is propor-
tional to the input power (36, 37). Furthermore, more
nematicons can be excited by a wider input beam

Liquid Crystals 1167

though modulational instability, the latter exhibiting
non-local features, as well (4/—44). Several nematicons
in the non-local NLC fluid dielectric can also
stem from a dispersive shock wave or undular bore
(45) and result in a complex behaviour versus
propagation (46, 47).

Being stable and robust owing to their non-local
character, nematicons can propagate through non-
uniform dielectric regions, in analogy to plane waves
but retaining their wave-packet nature of transversely
self-confined beams. Moreover, since they stem from
the NLC reorientational response to extraordinary
polarised beams, their energy flux (Poynting vector)
is non-collinear with the wave vector and they are
subject to a walk-off § of the order of several degrees
due to the large birefringence (e.g. n,—n, ~02 in
E7). Thereby, since a low frequency bias can alter
the extraordinary plane of propagation by reorienting
the director m, nematicons can be redirected based
on the corresponding voltage-driven change in walk-
off (48, 49)). Such change can be more easily exploited
in cells with molecular director initially lying in the
yz plane at a finite angle (0 < § < 7/2) with an incom-
ing E // y. An image of the trajectory can be acquired
with a microscope and a camera: an example of bias-
induced angular steering of about 7° is shown in
Figure 12 (48). A light-induced version of this bias-
induced change in director and walk-off was recently
demonstrated in a liquid crystal light valve, where
external light can effectively change the applied bias
with the aid of a photoconductive film at one of the
NLC interfaces (50).

The basic concept exploited in changing walk-off
and trajectory can be extended to define two dielectric
regions with separate voltage biases, thereby forming a
graded interface through which the nematicon can
undergo refraction or even total internal reflection
depending on the sign and size of the corresponding
changes in 0; i.e., changes in refractive index, director
distribution and walk-off. With this approach, refrac-
tion as large as —18° and total internal reflection with
nematicon deviations of 22° were demonstrated in cells
with E7 (51, 52). Moreover, owing to the dependence of
the reorientational non-linearity with bias (53), huge
non-linear lateral beam (Goos-Hanchen type) shifts
could be observed when varying the soliton power
(54). Similar results were also reported using the all-
optical response of a dye-doped NLC to external beams
defining (double) interfaces for soliton refraction and
total internal reflection TIR (55), as displayed in Figure
13. It is worth mentioning that, due to the large walk-
off stemming from the significant birefringence of
NLC, even negative refraction and its tuning to normal
(positive) were reported for nematicons travelling
through a suitably prepared interface (56).
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Figure 12. Photographs of a nematicon launched with a wave vector parallel to z in a planar cell with nin the plane yz at /4 with
respect to E //y. (Left) Propagation with a walk-off $=7° in the yz plane and no applied voltage; (right) propagation at §=<0° after
a bias V=2.5V has reoriented n to be nearly parallel to x (ordinary configuration).
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Figure 13. (a) Refraction of a nematicon through the double
interface defined in a dye-doped NLC cell by an elongated
beam of power P, propagating across x and with major axis
along the dashed line; (b) total internal reflection for a beam
as in (a), but orthogonally polarized in order to induce a
decrease in index. The coordinate s is taken along the
Poynting vector.

Finally, a relatively wide region of higher index can
be defined in an NLC cell by the use of electrodes and
bias, effectively realising a waveguide or trapping
potential for a nematicon with an initial transverse
velocity. In analogy to a particle in a finite well, as
the momentum associated to the soliton increases by
means of its input power, the trapped beam eventually
overcomes the potential barrier and leaves the wave-
guide. This was recently demonstrated in E7 and
described with both a particle-like model and modula-
tion theory (57, 58).

4. Spatial solitons in twisted and chiral nematic liquid
crystals

In twisted and chiral nematics, the molecular director
is parallel to the surrounding glass plates (interfaces)
and twisted within the layer thickness (Figure 14).
Such an orientation is typically induced by the bound-
ary conditions (in twisted nematics, TN) or by the
chiral properties (cholesteric liquid crystals, ChNLC).
For light polarised along y the refractive index varies

across the sample thickness from ordinary value #n, in
planes where 6 = 0 to extraordinary #, in planes where
0 = w/2 (n, and n, are the ordinary and extraordinary
refractive indices, respectively). A self-trapped light
beam propagates in the thin film where the refractive
index is the largest, close to n,. Such film can be
located in the middle of the layer (as in Figure 14(a),
symmetric twist) or at one of its boundaries (as in
Figure 14(b), asymmetric twist) (59). If the twist is
periodic versus thickness (Figure 14(c)), a greater
number of high index regions (films) occur through-
out the liquid crystal.
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Figure 14. Configurations of non-homogeneous NLC
layers: (a) symmetrically twisted, (b) asymmetrically
twisted, (c) chiral, with the indication of two possible
beam inputs.
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In the investigated configurations a light beam
propagates in the z-direction parallel to the glass
plates. The beam is TE-polarised with the electric
field vector E = yE, also parallel to the glass
plates. The electric permittivity tensor in such a
medium depends on the orientation angle 6 and
varies across the sample. In this case, the
Maxwell equations for a monochromatic electro-
magnetic wave are (60, 61)

2 & e
2 s / AT
[k"gyy ox2 + 0)? &xx + (922 0y0:z aj £y

& e, €.
S P 1) |E
[ 0&r2 N?ee  Oyoz (5n )} ’

{kzg PP P P ay-}

) + W toz 0z2¢yy  O0pOzeyy

&P e P (e
e vz »_\E.
|: kOE}A 622 Exx 8)/’62 (Erx ):| }’, (6)

with e, the permittivity components and ko = w/c the
wave vector. Even if the beam is initially linearly
polarised, during propagation all components of elec-
tric and magnetic fields should appear. However,
only E, and E. are important for reorientation.
Using the Euler-Lagrange equation for energy mini-
misation, the following partial differential equation is
obtained:

%0 A .
K» (@> —|—€0 < [(|E| |Ey|2)sm29

+(E*E +EE )00526‘} -0 7

where 6(x) = 6y + 27x/p is the initial orientation (with-
out electric field) and p is the chirality pitch.

The description of propagation in a TN layer can
be simplified by assuming that the beam profile along
x is roughly constant, a hypothesis which is correct at
some distance from the input, where the (self) guided
mode is formed. In this assumption the fields are of
the form

E, = A(y,z)¢(x) exp(iwt — ikoNz), (8)

E. = A(y,z)¢(x) exp(iwt — ikoNz), 9)

where o(x) exp(iwt — ikgNz) and ¢(x) exp(iwt — 1kgNz)
are components of the planar waveguide mode with an
effective refractive index N. Taking E.<<E,, the
slowly varying amplitude A is ruled by
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the coefficients v, and v, depend on the orientation
angle as

20d
Gy =14 2] cosdx
el [erdx
_ Ae [@?sinfcosfdx
72_251_ | p?dx

and v, is the value of ~; for the initial orientation.
These coefficients are interpolated by

2
) 4]
Mm=n Fa—————s,
b 1+ [4/4;
2
) 4]
V=7 s (12)
R 1+ |4/4,)

with the saturable amplitudes A4, as well as the con-
stants 71, 9 and a, (p=1,2) being calculated for a given
NLC. ~, is connected with the walk-off of the light
beam in asymmetric configurations. As the light inten-
sity increases, 7, and the walk-off become smaller.
This means that a change in light intensity affects the
direction of beam propagation. ~; relates to non-line-
arity and is responsible for self-focusing and the crea-
tion of spatial solitons. The simplified equation
predicts that a light beam gets self-trapped and
changes walk-off with increasing optical intensity. In
a symmetric configuration the walk-off vanishes and
the light intensity only induces self-confinement.

Experimentally, it was demonstrated that twisted
NLC can support spatial solitons for light powers of
a few tens of milliwatt. In the asymmetric case the
results also show a change in direction of propagation
with increased excitation. Most experiments were car-
ried out in a cell of thickness d = 50 pm filled with
6CHBT (4-trans-4’-n-hexyl-cyclohexyl-isothiocyana-
tobenzene) with refractive indices n, = 1.51 and
n, = 1.67 (62, 63). An Ar+ laser beam (A = 514 nm)
with initial waist of a few micrometers formed nema-
ticons at powers close to 100 and 20 mW in the sym-
metric and asymmetric configurations, respectively
(64, 65). The solitary beam exhibited an invariant
transverse distribution over a propagation distance
more than 50 times the Rayleigh length (a few
millimetres).
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The relatively large power required to form nema-
ticons in TN can be reduced with thickness d.
However, if the thickness is too small, then thermal
effects become more important and the self-focusing
rather unstable. The problem can be eliminated by
using chiral nematics with a small pitch instead of
TN. Since the pitch defines molecular rotation by 2,
the thickness d in a TN geometry corresponds to a
pitch p = 4d.

Nematicons in ChNLC are basically similar to
those in TN; however, the former offers some new
opportunities owing to the fact that the width of a
guiding layer (in x) is not only determined by the
sample (as in TN) but also by the chirality pitch. As
aresult, in ChNLC it is easier to define the thickness of
a layer and — as a consequence — the proper non-linear
strength. It is also possible to utilise multi-layers for
the propagation of independent or interacting
nematicons.

Spatial solitons in ChNLC were excited in the cell
with pitch p = 25 ym (10 pm) at powers P ~ 30 mW
(= 8 mW) (66, 67). Typical results for a Ti:Sapphire
(A =790 nm) laser beam with input waist of about 2 um
are presented in Figure 15(a) and (b). Nematicons were

600
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(b)

size invariant for about 2 mm (>80 times the Rayleigh
length). Due to the finite thickness of each layer in
ChNLC, only in a limited waist range self-focusing
can exactly balance diffraction and give rise to self-
trapped solitons. Moreover, by changing the vertical
input position along x, it was possible to launch as
many solitons as layers in the ChNLC structure, as
visible in Figure 15(c), corresponding to the four layers
of a cell about 50 pum thick and with a 25 ym pitch. The
four nematicons could be injected independently and 10
to 12 ym apart from one another.

Finally, even in TN and ChNLC we verified that
the solitary waveguide could confine different signals,
particularly co-polarised low-power probe from a
helium-neon laser (A = 632.8nm).

5. Conclusions

Nematic liquid crystals, well-known materials with ver-
satile properties and mature technology, are a perfect
platform for the experimental investigation of light self-
localisation and spatial optical solitons at milliwatt
power levels and over millimetre distances. Their reor-
ientational non-linearity, saturable and non-local, has
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Figure 15. Experimental results on solitons in ChNLC: (a) light beam propagation for various input powers (marked on
photos) and a centrally launched excitation; the last picture was taken for TM polarisation. (b) Beam intensity profiles at low
and high powers, respectively, in z = 1.25 mm. (c) Nematicon cross-sections in different layers across the ChNLC and z = Imm,
as obtained by launching the beam in different vertical positions Ax.
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enabled the demonstration of several soliton-based
configurations for all-optical signal routing, switching,
steering and readdressing. Moreover, a number of
novel fundamental phenomena have been observed
owing to their dielectric properties, non-locality, aniso-
tropy, birefringence, extended transparency and elec-
tro-optic response. We anticipate a significant number
of device and integrated microsystems demonstrations
exploiting nematicons for signal processing in future
generations of all-optical circuits.
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