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The analysis of optical orientational nonlinearity in nematic liquid crystalline planar waveguides is presented. The analyzed nonlinearity leads to
unique properties that are not observed in other types of nonlinear waveguides. Theoretical results are confirmed by experimental data obtained in
liquid crystalline directional couplers and in the self-focusing effect observed
in the planar liquid crystalline waveguides.
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1. Introduction

Liquid crystals possess many unique physical, optical, and electro-optical
properties that cause that they are important materials in numerous technical applications. In the nematic phase, the correlation among liquid crystalline molecules
is very strong because of the high anisotropy as well as the collective behavior of
the molecules. This is responsible for the fact that liquid crystal molecules can
easily reorient even with a very low externally applied field. Additionally, due to
a large birefringence and good transparency (from near UV to far IR spectrum),
liquid crystals are important anisotropic objects for modern optoelectronics [1].
Generally, nonlinear optical phenomena in liquid crystals arise from molecular reorientation and thermal effects. In this paper a detailed analysis of the nonlinear orientational effect in nematic liquid crystalline waveguides is presented. For
this type of nonlinearity the liquid crystal molecules reorient due to interactions
with electric field of the light wave which changes the local birefringence axis of
liquid crystal. The orientational nonlinearity in nematic liquid crystalline waveguides leads to numerous effects not observed in other types of nonlinearity [2-4],
i.e. the threshold and optical bistable effects resulting in nonlinear refractive index
changes, strong dependence on light polarisation as well as possibility of controlling
the nonlinearity by external electric or magnetic fields. The orientational nonlinearity leads to extremely large nonlinear changes of the refractive index and these
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changes can be easily achieved for relatively low values of the light power. Theoretically analyzed unique properties of liquid crystalline nonlinear waveguides
have been also confirmed in recently reported experiments with liquid crystalline
directional couplers [5] and formation of spatial soliton in liquid crystalline planar
waveguides [6].
2. Theory of liquid crystalline waveguides

At a given temperature nematic liquid crystal molecules fluctuate around
the mean direction defined by the director n. The distortion of the molecular
alignment corresponds to the free energy density [1]
where Kii are elastic constants for three different deformations: splay (i = 1),
twist (i = 2), and bend (i = 3). External electric or magnetic fields create a torque
on the molecules and change the mean orientation of the liquid crystal. For the
optical frequencies the interaction with the magnetic field can be neglected and the
light wave interacts with the nematic liquid crystal through the electric field. The
orientation-dependent term in the interaction energy density between the electric
field and the liauid crystal molecules is eaual to
where Ac = ε" — εl, ε" = ne 1 and ε = no are, respectively, extraordinary
and ordinary components of the electric permittivity of the nematic liquid crystal. The total free energy density composed of the deformation energy fF and
the interaction energy fops fulfils a minimization procedure, which leads to the
Euler—Lagrange equations.
It is convenient to introduce the orientation angle O between the director n
and the x-axis. The angle θ is sufficient to describe molecular reorientation limited
to two dimensions. In this case the liquid crystal director n at the boundaries and
the electric field vector lie in the same plane. We assume the waveguide configurations as in Fig. 1 and then n = (cos θ , 0, sin θ ). Consequently, the guided TM
modes with and Ez components of the electric field are taken into account.
This type of guided waves does not change the type of the analyzed configuration
in the nonlinear case while the hybrid modes (with the Ey component of electric
field) will tend to reorient liquid crystal molecules perpendicularly to the xz plane.
Assuming that the electric field amplitude in the z direction is homogeneous, the
Euler—Lagrange equations take the following form [3]:

which describes reorientation of the liquid crystal due to the electric field of the
electromagnetic wave. The electric field induced reorientation is the field of the
TM guided mode with the following components:
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Fig. 1. Schematic draws of the analyzed liquid crystalline waveguide.

where N is an effective refractive index of the guided mode, which fulfils Maxwell's
equations

Reorientation of the liquid crystal changes the birefringence axis orientation and
it means that the light modifies the electric permittivity tensor. The described
mechanism is the basis of the giant orientational nonlinearity observed in liquid
0.6) this
crystals. Since the dielectric anisotropy is relatively large (even Δε=
nonlinearity creates very large refractive index changes.
3. Properties of nonlinear guided waves

Nonlinear properties of liquid crystalline waveguides strongly depend on the
initial orientation of molecules, which is a consequence of their interaction with
the surrounding surfaces at the boundary of the cell. First we assume the initial planar orientation of the liquid crystal, i.e. the boundary conditions θ(0) =
(/θ2dan)co=sequπtlyhirnaowtuyexrlfids
homogeneous: θ (x) = π/2. The theoretical results are calculated for the 6CHBT
(4-trans-4'-n-hexyl-cyclohexyl-isothiocyanatobenzene) nematic liquid crystal acting as the film and characterized by the extraordinary and ordinary refractive
indices equal to n e = 1.52 and n o = 1.69, respectively.
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Figure 2 presents the orientation angle θ distribution for different values of
the light power guided in the fundamental nonlinear TM mode in a waveguide
with the liquid crystalline layer with the thickness d = 2 μm and for the equal
refractive indices of the substrate and the cover n, = 1.45. As a guided power P
the dimensionless parameter normalized to the dielectric anisotropy and the elastic
constant of the liquid crystals as well as the thickness of the waveguide film were
used. For the 10 µm diameter of the light beam in the planar waveguide the unity
of the used guided power P correspond approximately to 20 mW of light power.

Fig. 2. Reorientation angle θ distribution for different values of the light power in the
guided mode for the waveguide with the film thickness d = 2 µm and refractive index
of the surrounding covers n c = 1.45.

Figure 2 shows that for a guided power lower than P=5.6theliqudcrysa
has the initial orientation and any nonlinear reorientation does not occur. The
reorientation appears above a certain threshold value of the light power. This
phenomenon exists in liquid crystals when the electric field tends to reorient liquid crystalline molecules at an angle π/2 and it is called the threshold Frederiks
transition effect. Figure 3 presents changes of the effective refractive index of the
guided mode due to optical reorientation (dashed curve corresponds to the effect
from Fig. 2). The threshold transition effect produces discontinuous changes of the
effective refractive index and it can be a source of optical bistability of the guided
mode (see Fig. 3 for different values of refractive index in the waveguide cover).
The changes in the refractive index due to the reorientation are very large and
hence the guided mode profile changes drastically. These changes could be large
enough to support the reorientation even for lower powers than the light power
value, which is necessary to induce reorientation. Therefore, the bistability of the
effective refractive index characteristics is obtained. The reorientation effect depends not only on the local value of the electric field but also it depends on the
electric field profile in a cross-section. On the other hand, molecular reorientation
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Fig. 3. Effective refractive index changes versus the light power guided in the nonlinear
fundamental TM mode for different values of the refractive index in the cover n, . The
dashed curve corresponds to the behavior presented in Fig. 2.

changes the electric field profile in guided electromagnetic waves. This means that
the reorientation nonlinear effect has a non-local nature and it is a source of a
feedback necessary in optical bistability. It should be noted that for the classically
analyzed Kerr-type nonlinearity (i.e. the refractive index is linearly dependent on
the local value of the light power density P : n = n1 + n2P) the optical bistability
in waveguide modes is predicted only in the case when the waveguide cover is
nonlinear.
The optical bistability in the guided mode is connected with the threshold
Frederiks effect and in configurations without threshold phenomena the optical
bistability disappears. This is observed in liquid crystalline waveguides with initially tilted planar orientation, i.e. for the boundary conditions θ(0) = θ (d) =
0aπ/nd2cose—qutlyfθrhiaonwtuyexralfids:
0(/θFixg2.4)aI—=nthesπwvudbialtyoesnxv
for a very weak tilt θ 0 « 1 (Fig. 4b).

Fig. 4.. Geometry of the liquid crystalline waveguide with tilted planar orientation (a)
and effective refractive index changes for different values of the initial tilt θ0 (b).
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The nonlinear effect in liquid crystalline waveguides can be modified not only
by modifying the configuration of the layer but also by the external constant or low
frequency electric (or magnetic) fields. This external field can support or diminish
reorientation and therefore, it can force or suppress the orientational nonlinearity.
Figure 5 presents the effective refractive index changes for different values of the
electric field supporting reorientation. Any increase in this field causes decreasing
in the threshold value of the reorientation and hence reduces the optical bistability.
Above the critical value Eth of the electric field reorientation starts without any
threshold.
Optical nonlinear effects in liquid crystalline waveguides also depend on the
light polarization. The influence of the light polarization on the optical nonlinear-

Fig. 5. Geometry of the liquid crystalline waveguides with external electric field E0
supporting reorientation (a) and the obtained in this configuration effective refractive
index characteristics (b) for different values of electric fields E0/Eth, where Eth is the
threshold value of the reorienting field.

Fig. 6. The effective refractive index N changes of the TE guided mode versus the
light power for different ratios of the power guided in the TE mode Po (with the E0
component of the electric field) and the power of light Pe guided simultaneously in the
TM mode (with the strong E, component of the electric field). Both modes are in the
same phase and the nematic liquid crystal has a homeotropic alignment.
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ity in liquid crystalline waveguide can be shown in the homeotropically aligned
liquid crystalline film, i.e. with the boundary conditions θ(0) = θ (d) = O and
consequently for the initial orientation 0(x) = O. In this configuration the fundamental TM mode does not induce any reorientation and the waveguide is linear.
On the other hand, the TE-like mode with a strong Ey electric field component
will create nonlinearity analogous to that analyzed above (for planar orientation
and TM modes). In the presence of both mode polarizations the nonlinearity is
dependent on the ratio of powers guided in TM (P e ) and TE-like (P0 ) modes.
Figure 6 shows the effective refractive index changes of the TE-like mode versus
the guided light power for different ratios between power in the TM and TE-like
modes. Calculations were done for the low-nonlinearity approximation that is valid
in the absence of threshold phenomena. In the case of a stronger TM mode the
obtained nonlinear reorientation appears only in the neighborhood of the planes
where both modes are in the same phase.
4. Experimental results

The unique properties of the orientational nonlinearity in liquid crystalline
waveguides were tested experimentally during the investigation of the self-focusing
phenomena in planar waveguides and in the directional coupler structure [5, 6].
Figure 7 shows the configuration for observation of the self-focusing effect. The .
homeotropically aligned nematic liquid crystal 6CHBT with a thickness d = 10 µm
surrounded by the glass plates played the role of the waveguide film. The light
from the semiconductor laser at a = 842 nm was coupled to the film through a
single-mode fiber. The scattering of the beam in the liquid crystalline waveguide
was observed by a CCD camera. The obtained cross-sections of the detected light
for the light power guided in the waveguide P 30 mW is presented in Fig. 8.

Fig. 7. The schematic drawing of propagation of the laser beam in the planar liquid
crystalline waveguide.
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Fig. 8. The cross-section distribution of the light intensity of the laser beam guided in
nonlinear liquid crystalline waveguide for the TE-like polarization (a) and the TM-like
polarization of the light (b). The results were obtained experimentally for 30 mW of
light power at a wavelength λ = 842 nm for the 6CHBT liquid crystal waveguide with
a thickness d = 10 µm.

The self-focusing effect in planar waveguides appears as a stable one only
when the nonlinearity is not stronger than the square function (Kerr-type nonlinearity) [7, 8]. Therefore, in the analyzed liquid crystalline waveguide stable
self-focusing can be obtained only for the TM-like polarized light beam. For the
TE-like polarized light (Fig. 8a) the beam is initially focused and then it spreads
larger than in the linear diffraction case. However, for the same light power but for
another polarization (TM-like) self-focusing becomes stable and the spatial soliton
is observed (Fig. 8b).
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Fig. 9. Liquid crystalline directional coupler (a) and its observed experimentally transmission characteristics (b) for the argon laser with a wavelength λ = 514 nm.

Optical bistability in liquid crystalline waveguide structures was observed
in configuration with the directional coupler. The schematic drawing of the investigated fiber-to-planar waveguide directional coupler is shown in Fig. 9a. The
coupling between waveguides in the directional coupler depends on effective refractive indices of separated waveguides. For a nonlinear coupler the increasing of
the light intensity changes the refractive indices and consequently the transmission
between waveguides depends on the input light intensity. In a classical Kerr-type
nonlinearity the optical bistability effect is not observed since any optical hysteresis can exist only in systems with a feedback, which is absent in directional
couplers with the Kerr-type nonlinearity. A typical input/output characteristic for
the liquid crystalline directional coupler is plotted in Fig. 9b. As a light source
the argon laser at a = 514 nm was used and the output light was detected at
the optical fiber end. The stable optical loop with a contrast of about 40% was
observed for an input intensity of 340 mW.
5. Conclusions

In this paper, the experiment as well as theoretical analysis of nonlinear
properties of nematic liquid crystalline waveguides were presented. The orientational nonlinearity in liquid crystals has different unique properties, which can be
very useful in all-optical switching and data processing systems due to very low
power necessary to observe nonlinear effects. The nonlinear effect can be additionally easily changed by switching polarization of light and by applying external
fields. The obtained results show a possibility of existence of stable self-collimated
waves (spatial solitons), existence of optical bistability in a directional coupler

.
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structure and nonlinear transmission of the guided modes. These types of behavior, explained as a result of the orientational effect in nematic liquid crystals, are
different to those observed in waveguides with other types of optical nonlinearities
(among others obtained in Kerr-type nonlinear media, in photorefractive media,
in the second harmonic generation process).
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