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Frequency-Controlled Routing of Self-Confined
Beams in Nematic Liquid Crystals
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We demonstrate the electro-optic control of self-confined beams via frequency modu-
lation in dual-frequency nematic liquid crystals. Proper design of comb electrodes in
a planar cell allows the maximization of the overall steering angle when only walk-off
variations are used. A span angle as large as two times the maximum walk-off angle is
achieved.
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1. Introduction

Nematic liquid crystals (NLCs) are extremely versatile media allowing easy tuning of their
physical properties through the application of electric/optical fields [1]; the NLCs’ high
polarizability stems from the rotation of their strongly anisotropic molecules in response to
external electromagnetic fields regardless of the frequency. When shined with light, NLC
behave like uniaxial media with the optic axis parallel to the molecular director n, i.e.,
the average direction of the molecular long axis alignment [2], and show a large optical
birefringence An = n—n_,n) and n, being the refractive indices associated to the direc-
tion parallel and perpendicular to the director. The high birefringence, jointly with the ease
in director rotation, provides huge nonlinear coefficients via the so-called reorientational
nonlinearity, making NLCs ideal candidates for the investigation of nonlinear optical ef-
fects [3]. In particular, when an extraordinary polarized finite-size beam propagates inside
an NLC layer, an inhomogeneous distribution of the molecular director is induced due to
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the optical reorientation: if power is high enough (typically few milliwatts), a bell-shaped
refractive index profile able to trap the beam itself is generated. The power threshold is
related with the interplay among the self-focusing effect and the energy spreading due to
diffraction: when the two effects exactly balance each other, a spatial soliton propagates,
i.e., a nonlinear wave preserving its transversal profile while propagating [4,5]. Due to
strong elastic forces between NLC molecules, the optical director perturbation is much
larger than the light intensity profile; thus, the reorientational nonlinearity shows a large
nonlocal character. Nonlocality stabilizes (2+1)D spatial solitons otherwise unstable in
local Kerr media [6,7]. A lot of attention has been devoted to the study of optical spatial
solitons, both for the universality character of their properties [8] and for the potential
applications in modern systems of optical processing due to their character of self-induced
waveguides [9]. NLCs offer unique properties with respect to other nonlinear materials
where spatial solitons are observed [10-13]: low powers are needed for their excitation and
a wide tunability of their properties is easily accessible [14].

During the last years, spatial solitons in NLCs, namely nematicons [15], have been
demonstrated to be generated and routed in a plenty of configurations, based upon the control
of the wave/Poynting vector via gradient index and/or of the walk-off angle. Index gradients
are typically given by electrically or optically induced inhomogeneities in the director
distribution [16-19]. Nematicon routing based only upon walk-off changes related with
director rotation across all the NCL layer has been demonstrated as well [20]. Moreover,
self-steering has been achieved in the nonlinear nonperturbative regime and employing
guest-host interactions in a dye-doped NLC [21,22].

With reference to the electric fields, most of NLC have a flat dielectric response from
low frequency to the megahertz region, with a positive dielectric anisotropy Ae = g — €.
There exists a class of liquid crystalline materials, namely dual-frequency NLC (DFNLC)
[23], exhibiting a strongly dispersive susceptibility parallel to n at extremely low frequency,
due to the presence of an orientational contribution featuring a single pole response in the
frequency domain [23-26]. Given that it is Ae > 0 around the frequency f = 0 and
that the perpendicular susceptibility ¢, remains nearly constant versus f, the dielectric
anisotropy changes dramatically and even changes sign around a crossover frequency f,,
the latter corresponding to a null dielectric anisotropy. As a result, the electric torque
Mir x Aerp (f) |Err|? (ELr stands for the low-frequency electric field) acts in different
directions whether the frequency of the applied field is below or above the crossover value.
These properties have been employed to improve the recovery time of NLC-based optical
devices, and to implement filters, modulators, or displays [27-29].

In this work, we employ the peculiar electro-optic response of a DFNLC to control the
nematicon trajectories, varying both the frequency and the amplitude of the applied bias. In
the used scheme, nematicon routing is related only with walk-off variations, i.e., rotation of
the director is uniform inside the sample. We use a suitable designed sample to maximize
the Poynting vector steering under these conditions, reaching an angular deflection of
about 13° (twice the maximum walk-off angle for the provided NLC mixture), varying the
frequency of the applied electric field from 1 to 100 kHz for a fixed amplitude.

2. Theoretical Approach and Sample Design

The sample used is composed by two glass slides separated by 7 = 100 um with the
use of Mylar spacers. The inner surface of each slab is mechanically treated in order to
favor the molecular alignment along the z-direction, with reference to Fig. 1. To obtain a
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Figure 1. Sample description. (a) Top view of the cell, with the sketch of the patterned electrodes.
(b) Front view of the cell, with the indication of the director distribution when a voltage is applied.
(c) Pictorial view of the working principle: when a voltage is applied, the director rotates depending
on the electric field, causing a rotation of the optic axis and thus of the Poynting vector. This rotation
is positive or negative when f < f. or f > f., respectively.

planar electric reorientation, patterned electrodes are used [30], as sketched in Fig. 1(a)
and (b): two interdigitated comb-like structures are created, the teeth orientated at n = 45°
with respect to the z-axis. The width of each tooth is A/4 = 15 um, each comb having
a period of A = 60 um. The sample is filled by capillarity with the MLC-2048 DFLC
[29-31].

When a voltage is applied between the two electrodes/combs, an electric field with a
period of 60 um is established nearby the glass—NLC interfaces; for the chosen geometrical
parameters, the vertical (x-) component of Erp is negligible for moderate values of the
applied voltage; thus, the relevant component of the field is directed perpendicularly to
the teeth, at an angle 1 with respect to the initial molecular director. Electric reorientation
can be considered to occur only in the nearby of the surfaces, while elastic forces ensure
a homogeneous planar rotation in the bulk: in fact, the nonlocality is dictated by the cell
thickness 4 [32] and thus is much larger than the field period [33]. The director rotation ¢, the
angle between n and the z-axis, occurs in the y—z plane, toward negative or positive values
depending on the field frequency f, with the available electrically driven reorientation
spanning in the interval —45° < ¢ < 45°, depending on both voltage amplitude and
frequency. To mathematically describe the director reorientation in the absence of light, we
employ the reorientational equation:

82<p 82<p goAerr (f) 2
— 4+ — 4+ ——sin[2(n — E =0, 1
PR TS) ok Sz — @) |Err] (1

where we adopted a reference system x£¢ rotated by n with respect to the axis x, with gg
being the vacuum dielectric permittivity and K the scalar Frank’s constant [2,3].
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Regarding the light evolution, we assume that the director lies on the plane y—z and is
uniformly distributed, forming an angle ¢y with the axis z; ¢ is the solution of Equation (1)
taken in x = h/2, i.e., in the cell mid-plane. Thus, for a beam launched with wave vector
along the z axis and positioned in the sample mid-plane, we can model the nonlinear optical
propagation using a nonlinear Schrodinger equation in (14-1)D [33]:

dikono | 22 8 04 °A k§An (g0, 0) A =0 2
lono{a—z-i-tan[ (¢0)]5}+Dya—y2+ oAn; (¢, 0) A =0, ()
where k¢ and n are the vacuum wave vector and the averaged refractive index, respectively,
A is the envelope of the optical field, § is the walk-off angle, An? is the nonlinear index
well responsible for photons self-trapping, and D, is the diffraction constant along the
y-direction. The dependence on the reorientation angle ¢y has been explicitly written for §
and An?; noteworthy, the confining term depends also on the nonlinear perturbation 6 on
the director distribution. The walk-off angle is defined as

&4 sin (2¢0)
€q+ 261 + €4 c0s (29) |

8 (¢p) = arctan |: A3)
with &, = g; — & the optical anisotropy. Angle § given by (3) defines the angle formed
by the Poynting vector with the wave vector, and, given the birefringence of the employed
DFNLC (An = 0.2) ranges between —7° and 7° (see Fig. 1(c)). The dependence of Ang
on to ¢ can be addressed introducing an equivalent nonlocal Kerr coefficient [33]:
E0€a .

ny = - sin 2 (g0 — )1 ¢ (po) tan 8 (90 “)
Equations (3) and (4) show how both the trajectory and the width of light beams depend,
through Equation (1), on the dielectric anisotropy Aerp and, thus, on the frequency of the
applied field Eyg.

3. Experiments

We coupled a y-polarized infrared beam, A = 1064 nm, into the cell described in Fig. 1, with
the wave vector k parallel to the z axis and an initial width of wy =3 mm. The power is P =
15 mW, enough to observe self-confinement in almost all the amplitude/frequency range,
without suffering detrimental effects due to temporal instabilities and thermal heating [21].
The observation of the beam evolution on the plane y—z is carried out with a microscope
camera collecting the light scattered out of the propagation plane. A voltage in the form
v(t) = +/2V sin (2xf?) is applied to the sample. In the unbiased case, the beam propagates
along z (po = 01in Eq. (3)) and diffracts at any power, as the optical reorientation is inhibited
by the Fréedericksz threshold [3].

We performed a first sample characterization by observing the optical propagation
at different voltages for two different frequencies (one lower and one higher than f.),
measuring how the walk-off changes with the applied bias [20]. Results are shown in
Fig. 2. At the lowest frequency f = 1 kHz (Fig. 2(a)—(c)), walk-off increases as the
amplitude is raised from V =0 V up to V = 6 V, where it reaches the maximum value of
8 = 6.5° (see Fig. 2(c)), coherently with the DFNLC birefringence. Additional increases in
the voltage amplitude did not cause any further beam motion: we reached the saturation of
the reorientational response at ¢y = n = 45°, i.e. n||[Erg. At f = 100 kHz (Fig. 2(d)—(f)),
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Figure 2. Acquired pictures for voltage V. =0V (a, d), 3 V (b, e), 6 V (c, f) and frequency f =
1 kHz (a—c) and 100 (d—f) kHz. (g) Curves of the measured walk-off for f = 1 kHz (squares) and 100
(circles) kHz vs. voltage. The dashed lines are guidelines for eyes.

the dielectric anisotropy is negative; thus, the beam steers toward the opposite direction up
to § = —6.5° (see Fig. 2(f)) in correspondence to ¢y = —45°, and for the same amplitude
range as in the previous case, with a nearly symmetric curve (Fig. 2(g)).

To investigate the performances of this sample as a frequency-controlled router, we
chose the saturation value V = 6 V and varied the frequency. Starting from f = 1 kHz
(Fig. 3(b)), the measured walk-off gradually reduced for increasing frequency (Fig. 3(c)),
given that the forcing term in Equation (1) reduces and ¢, moves toward zero, corresponding
to a null walk-off angle according to Equation (2). The crossover value was found to be
fe = 15 kHz (compatible with the values reported in literature f, € [10 20] kHz, the latter
strongly dependent on the temperature [34]), where the beam trajectory is nearly parallel
to the z-direction, i.e., § = 0° (Fig. 3(d)). Noteworthy, as the nonlinear coefficient n;
becomes lower (see Egs. (1) and (4)), the optical reorientation is lower and the beam loses
its self-trapped nature and diffracts. For frequencies higher than f., the absolute value of
@p begins to grow up: light undergoes self-confinement (n, does not depend on the sign
of @) and the beam steers toward negative angles (Fig. 3(e)) until saturation takes place
at § = —6.5° (Fig. 3(f)). Thus, the overall spanned angle reaches 13°, which represents
the maximum available beam steering ascribable solely to changes in walk-off via director
rotation.
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Figure 3. Acquired pictures of the beam evolution for different frequencies. (a) V = 0 V and the
beam propagates in the linear regime, its trajectory being parallel to the z axis. (b—) V = 6 V (like in
the following panels) and f = 1-10 kHz: the beam is self-confined and propagates at positive walk-off
angles (from § = 6.5°), depending on the direction of the optic axis. (d) f = f. = 15 kHz: the electric
torque is null and the beam propagates as no voltage is applied. (e—f) f = 20-30 kHz: the dielectric
anisotropy changes sign, as well as the walk-off, reaching § = —6.5° for f = 30 kHz.

Figure 4 shows the beam walk-off and width versus frequency f for three values of
the amplitude V. Each walk-off curve follows the same qualitative behavior, crossing zero
at f. = 15 kHz. Moreover, the beam width normalized to wy for three voltage amplitudes
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Figure 4. Measured walk-off (left panel) and normalized width (right panel) versus frequency, for
voltage V = 2.5 V (circles), 3.5 V (triangles), and 6 V (squares). Solid line in the walk-off panel
are calculated from Equation (3), while dashed lines in the width panel are guidelines for eyes. The
vertical lines indicate the value of the crossover frequency at 15 kHz.
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reveals the rapidly decrease of the nonlinearity in proximity of the crossover frequency,
corroborating our theoretical model.

4. Conclusions

We reported about the control of nematicons properties in dual-frequency nematic liquid
crystals. Employing a planar cell with suitable patterned electrodes, we induced planar
reorientation of the molecular director, with saturation position parallel or perpendicular to
the low-frequency applied field whether its frequency is lower or higher of the crossover
value, respectively. We demonstrated how both the frequency and the amplitude of the
applied bias affect the optical properties of the medium, focusing on the measurements
of width and trajectory for self-confined waves. The studied configuration allows the
maximization of the angular routing of nematicons based solely upon walk-off modulation:
for a given optical anisotropy, overall deflection angle is twice the maximum of the walk-off
angle.
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