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Abstract: We describe laser-induced two-dimensional periodic photonic
structures formed by localized particle-like excitations in an untwisted
confined cholesteric liquid crystal. The individual particle-like excitations
(dubbed “Torons”) contain three-dimensional twist of the liquid crystal
director matched to the uniform background director field by topological
point defects. Using both single-beam-steering and holographic pattern
generation approaches, the periodic crystal lattices are tailored by tuning
their periodicity, reorienting their crystallographic axes, and introducing
defects. Moreover, these lattices can be dynamically reconfigurable:
generated, modified, erased and then recreated, depending on the needs of a
particular photonic application. This robust control is performed by tightly
focused laser beams of power 10-100 mW and by low-frequency electric
fields at voltages ~10 V applied to the transparent electrodes.
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1. Introduction

Photonic crystals are shaping future of technologies and devices [1-4]. These materials have
alternating domains with different refractive indices forming an ordered dielectric structure
with the periodicity comparable to the wavelength of light. One-dimensional (1D), two-
dimensional (2D), or three-dimensional (3D) periodic photonic crystal media allow light to be
routed through complex circuits, resembling the electric current in electronic chips [1-4].
They have attracted a remarkable wealth of research activities fueled both by a quest for
fundamental understanding of new phenomena and by their potential for technological
applications [2]. Many interesting and useful properties have been observed to arise in the
periodic dielectric materials even if the contrast of refractive index between the periodically
alternating domains is not high enough to provide a full photonic band gap [5-9]. For
example, mirror-free lasers with distributed feedback have been demonstrated using self-
assembled periodic ground-state structures in cholesteric and blue phases of chiral liquid
crystals (LCs) reminiscent of the 1D and 3D photonic crystals, respectively [6, 7]. However,
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anticipated photonic crystal applications are often hindered because of their limited dynamic
control by external fields and light [7].

We describe a robust optical and electrical control of 2D photonic lattices in chiral LCs
that have twisted molecular alignment in the ground state. The axis of molecular twist in
cholesteric LCs (CLCs) is called the helical axis and the spatial period over which the director
A(r) (a unit vector with non-polar symmetry describing the local average molecular

orientation) twists through 360° is called the cholesteric pitch p [10, 11]. CLCs can be
composed of a single chemical compound with chiral molecules lacking mirror symmetry as
well as of mixtures of a nematic host and one or more chiral additives [10]. The equilibrium
cholesteric pitch p can be modified by varying concentration of the additive and is often
within the range from 100 nm to 100 pm, thus enabling formation of periodic structures for
photonic applications in ultraviolet, visible, and infrared spectral ranges. When CLCs are
confined in cells with different boundary conditions or subjected to electric or magnetic
fields, one often observes complex 3D structures [10—17]. The cholesteric helix can be
distorted or even completely unwound by confining the material between two substrates
treated to produce homeotropic boundary conditions [12—14]. Competing factors, such as
chirality, elasticity, surface anchoring, and coupling to low-frequency electric field and
optical-frequency electric field of the laser beam, result in a rich variety of controlled
orientational structures, ranging from untwisted uniform director field to cholesteric fingers,
bubbles, and periodic arrays of triple-twisted elastic quasiparticles dubbed “Torons” [12-14].
In this work, we use focused laser beams at low powers and electric fields produced by AC
voltages ~10V to induce local transitions between different structures. We demonstrate that
the geometry of initially unwound CLC in a homeotropic cell of thickness comparable to the
equilibrium ground-state pitch allows for a robust generation and control of 2D periodic
lattices that are shown to be composed of triple twisted Toron quasiparticles of the first kind
(T3-1s) [14]. We discuss the physical underpinnings of laser-induced realignment in CLCs
and describe generation of desired photonic structures using both time-shared scanned beam
and holographic laser generation approaches. We further show that these photonic structures
can be dynamically altered by applying electric fields and voltage to make them
reconfigurable.

2. Materials, sample preparation, and experimental techniques
2.1 Materials and cell preparation

Cholesteric mixtures were prepared using nematic hosts MLC-6815 and MLC-6609 and the
chiral additives ZLI-811 and CB-15 (all materials purchased from EM Industries). The helical
twisting power of the chiral additives in the used nematic hosts was determined using the
method of Grandjean-Cano wedge [16, 17]. The low-frequency dielectric anisotropy of the
MLC-6609 host is negative (Agggoo = —3.7) and that of MLC-6815 is positive (Agggs = 8.1).
The studied cells were assembled using glass plates coated with transparent ITO electrodes
and the polyimide JALS-204 (purchased from JSR, Japan) as a homeotropic alignment layer.
JALS-204 provides strong vertical boundary conditions for the LC director. The cell gap
thickness d was set to be in the range within 5-15 pm using either the glass micro-sphere
spacers uniformly distributed within the area of a cell (one spacer per ~0.5 mm® area) or strips
of Mylar film placed along the cell edges. We constructed a series of cells of different
thickness and filled them with materials of different pitch p approximately equal to d.
Constant and modulated amplitude electric signals were applied to the cells using a function
generator (model DS345, Stanford Research Systems) and a wide-band amplifier (model
7602, Krohn-Hite), which enabled the use of a wide range of frequencies10-10000 Hz.

2.2 CLC structure generation and imaging

For the laser-assisted control of spatially periodic structures of Torons, we have used two
different approaches. In the first one, the beam of TEM;, CW Nd: YAG laser (Compass 1064,
Coherent Inc.) at the wavelength A = 1064 nm was steered using an optical manipulator
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integrated with an inverted optical microscope [18]. This steering was achieved at kHz rates
by using a computer-controlled galvano-mirror pair. We have also used a holographic optical
LC alignment system (HOLCAS) allowing us to generate arbitrary (including periodic)
patterns of laser intensity in the sample [14, 19]. The HOLCAS system consists of a LC
spatial light modulator (SLM, from Boulder Nonlinear Systems) and a continuous wave
Ytterbium-doped fiber laser (A = 1064 nm, from IPG Photonics). The Smm laser beam
diameter is first expanded to overfill the active area of the SLM and then reduced to the size
of the back aperture of the microscope objective using two telescopes in the optical train, one
before and another after the SLM. The SLM-modulated light is imaged at the back aperture of
the microscope objective acting as a Fourier transform lens [19]. In both approaches, the laser
beams were focused using immersion oil objectives 40 x , 60 x , and 100 x and air objectives
10 x and 20 x . The laser power was varied within 0-120 mW.

Simultaneously with the generation of the structures, we conducted bright-field and
polarized microscopy observations. Vertical cross-sections perpendicular to the plane of a cell
were visualized using the three-photon excitation fluorescence polarized microscopy (3PEF-
PM) that utilizes fluorescence signals from the LC molecules excited through a three-photon
absorption process [20]. The advantage of using this technique is that, unlike fluorescence
confocal polarizing microscopy and similar to the case of the coherent anti-Stokes Raman
scattering (CARS) microscopy, the 3PEF-PM does not require doping samples with dyes
(since the fluorescence signals are due to the LC molecules themselves) but provides stronger
signal in polarization-sensitive textures as compared to CARS microscopy [20-22]. We
reconstruct () using cross-sections obtained for circular and different linear polarizations.

The use of small excitation laser powers (<< 1 mW) assures that laser beam scanned through
the sample for imaging purposes does not alter 7n(¥) [21, 22].

3. Theory

Laser-induced realignment of LC director is an optical-frequency version of the Freedericksz
transition that forms the basis for modern display applications [23]. The threshold nature of
this director realignment in the initially uniformly aligned LC cell with strong surface
anchoring for the director is a result of competition between the optical and elastic torques
[23-26]. The elastic free energy density describing elastic distortions in the CLC reads
[10,11]:

K, Ao Ky s N2 Ky AN12
RV L B2 A (VA E P =R [Ax (V)] —
felasm 2 ( n) 2 [n ( n) p] 2 [n ( n)] (1)
K, AV - [a(Vxn)+nx(Vxn)l},

where K;;, K3, K33 and K, are Frank elastic constants for splay, twist, bend and saddle splay
deformations, respectively. The effects of optical-frequency electric field of the laser beam as

well as low-frequency AC electric field E (when voltage is applied to cell’s transparent
electrodes) can be described using a free energy density term [10, 23]:

Ve ==y A (E-i) )

where g, is vacuum permittivity and dielectric anisotropy at low frequencies Ae = Agy
contains both electronic and dipole contributions and can be positive or negative, depending
on the used LC material. At optical frequencies Ae = Agy = nez-n,,z, where n, and n, are
extraordinary and ordinary refractive indices at the beam’s wavelength, respectively.

In a homeotropic cell with the initial uniform alignment of unwound director shown in
Fig. 1(a), a laser-induced director realignment occurs (Fig. 1(b)) when the electric torque

(tending to reorient the LC director parallel to E ) overcomes the elastic torque (tending to
preserve the initial uniform alignment). From the balance of elastic and electric torques
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corresponding to the free energy densities given by Eq. (1) and Eq. (2), one derives the
expression for the threshold of applied low-frequency AC voltage U, at which the LC
director starts to reorient:

U, = ﬂ\/(1—4p2K222 / K;)(K“ IAg) = Urh_nemaric\}l_4p2K222 / K323 , 3)

NKAEROAUOER  EOOUCOOR AR
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Fig. 1. Optical realignment and generation of localized structures in homeotropic CLC cells.
(a,b) Schematics of (a) the initial uniform director configuration in the homeotropic unwound
cholesteric and (b) the laser-induced realignment of 7(7) . (c) Dynamically-generated periodic
structures induced using laser intensities I, < I < I; the distortions of 7(7) are continuously

induced in the new locations of an unwound cholesteric cell and disappear after a
typical for thin cells LC relaxation time of 5-10 ms after the Taser beam is shifted to a new
location or switched off; the width of the image is 200 pum. (d) Polarized optical micrograph
showing a 2D pattern of Torons stable after turning off the laser; the 100um-wide pattern is
sequentially generated by using a scanned laser beam of intensity / > I, ).

where the nonlocal field effects are neglected and p = d/ p is the confinement ratio of the cell
thickness and the equilibrium cholesteric pitch. The threshold voltage for the untwisted

cholesteric cell is lower by a factor of (1-4p°K;,/K;,)"* as compared to the threshold

voltage Uy, nemaric for a nematic LC in the same confinement geometry.
Obtaining an analytical expression for the threshold laser intensity needed to distort

n(r) is difficult due to a complex spatial distribution of the electric field of the focused

Gaussian beam in the LC sample [23]. However, a number of useful physical insights and an
analytical expression for rough estimates can be often obtained by introducing several
simplifying assumptions [23]. Assuming that the laser beam’s waist is larger than the LC cell
thickness (w > d) and that electric field across the sample thickness is uniform (note that this
assumption is reasonable only for some of the used objectives of relatively low numerical
aperture <0.5), the threshold electric field of the optical wave and corresponding laser
intensity can be found similarly to the low-frequency case above. From the balance of optical
and elastic torques, one finds the threshold laser beam’s intensity at which the light-induced
director reorientation starts in a homeotropic untwisted cholesteric LC cell:
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where ¢ is the speed of light. The threshold intensity for the director reorientation in the
frustrated CLC is smaller than in the nematic case by a factor of (1-40°K;, / K3,) . For p =0,

Eq. (4) reduces to the expression for the threshold realignment intensity in a homeotropic
nematic LC cell:

2 2
Ith?neman‘c :% ’ (5)
(n, —n)n,d

Similar to the case of realignment by low-frequency electric fields, the twisting tendency
of the CLC augments the action of the electric field at an optical frequency so that the director
realignment can be observed at lower laser intensities. Furthermore, by changing p, one can
obtain the director reorientation at low (~10-50 mW) threshold laser intensities and applied
voltages. Since w =d in most of our experiments and the assumption w >> d does not hold, the
above expressions describe the switching behavior only qualitatively.

Initial stages of the director realignment in homeotropic CLC cells [Fig. 1(b)] at laser
intensities around [, are qualitatively similar to those in nematic cells [23—26]. However, the

dynamic evolution of 7(7) at higher intensities differs substantially and a broad range of 3D

twisted configurations can be formed. Furthermore, above well-defined 2nd threshold laser
intensity I;,, one can obtain multistable localized configurations that do not disappear upon

switching off the beam. Because of the 3D twisted nature of the involved 7(F), numerical
approaches need to be utilized in order to obtain insights into the kinetics of the evolution of
n(7) and the dependence of I, on the CLC cell and material parameters [14].

4. Experimental results

In our experiments, the LC is confined between two glass plates treated to align A(7)

vertically. These boundary conditions are incompatible with the uniform one-directional twist
of the equilibrium cholesteric structure, causing the frustrated unwound director structure,
Fig. 1(a). When a laser beam with the intensity slightly above the realignment threshold value
1, (typically 1-10 MW/cm?, depending on cell thickness and pitch) is focused into the bulk of

the unwound CLC, the beam rotates n(r) toward the lateral E(?) 1 Z. The ensuing 7(F)

minimizes the free energy term describing the coupling of the director and optical-frequency
electric field of the beam, Eq. (2). Due to the positive dielectric anisotropy of CLC for the

light’s electric field E(F) , the laser beam produces a structure with lateral 7(7) along the

beam’s linear polarization direction, Fig. 1(b). This initial distortion (birefringent spot
observed in polarized optical microscopy textures such as the one shown in Fig. 1(c)) is
usually obtained at an average power above a threshold value P, = (30-50) mW when a
diameter of focal spot is about 1 um and disappears within 5-10 ms after turning off the laser
or shifting the laser beam to a different location. This “self-healing” of the distorted structure
takes place in order to minimize the elastic energy given by Eq. (1) at no applied field.

In addition to the optical-frequency control by laser beams, the cholesteric structures can
be further controlled electrically. In the case of CLCs with positive low-frequency dielectric
anisotropy Ag;>0, the applied voltage facilitates disappearance of the director distortions as
the vertical low-frequency electric field opposes the action of the optical-frequency electric
field of the laser. In contrast, for CLC materials with Agy<0, the action of applied voltage
augments that of the focused laser beam, lowering the threshold laser beam intensity needed
to induce these distortions, since the vertical low-frequency electric field stabilizes the in-
plane alignment of the director. We observe that if the laser intensity is increased above the
second threshold [, = (1.2-2.2)-1,, the initial laser-induced director distortions transform into
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localized triple-twisted structures persisting even after the laser is switched off [Fig. 1(d)]
[14]. These localized structures are embedded in a sea of uniform director field and have a
characteristic size =p in all directions. By controlling the laser beam’s intensity and voltages
applied to CLCs with positive or negative dielectric anisotropy, one can generate arbitrary
patterns consisting of multiple localized laser-induced structures controlled dynamically by
computer-programmed laser intensity distributions.

Polarization-sensitive nonlinear optical 3D imaging [20-22] reveals that the localized
cholesteric structures generated by Gaussian beams are the so-called triple twist Torons of the
first kind (T3-1) (Fig. 2) [14]. Such structures can spontaneously occur in CLCs confined into
homeotropic cells, similar to the so-called cholesteric fingers and cholesteric bubbles [12, 13,
27-33]. In the reconstructed director field configuration (Fig. 2), one can distinguish the
disclination ring of a “twist-escaped” disclination of strength “+1” with non-singular core and
two point defects of topological charge “-1” nearby the opposite confined surfaces (shown by
the red dots in Fig. 2(b)), characteristic of the T3-1 [14].

Fig. 2. 3PEF-PM imaging of laser-generated director structures. (a) In-plane 3PEF-PM image
obtained for circular polarization of excitation light. (b) Reconstructed director field in the
vertical cross-section of the axially symmetric Toron and (c) the corresponding vertical cross-
section 3PEF-PM image obtained for the circular polarization of excitation laser light.

Robust optical generation and subsequent manipulation of arbitrary structures composed
of localized multistable particle-like excitations may enable a broad range of photonic and
electro-optic applications such as optically-reconfigurable diffraction gratings. We have
achieved generation of periodic patterns composed of the Torons by a scanning laser beam
and also by utilizing laser intensity distributions from holograms generated by the SLM.
Examples of holographically-generated structures include the one comprising characters
“LCMRC” (stands for the Liquid Crystal Materials Research Center) [Fig. 3(a)], a periodic
square lattice with a deliberately-introduced dislocation defect [Fig. 3(b)] that can be seen
from the reconstructed Voronoi diagram in Fig. 3(c), and a spiraling pattern of Torons [Fig.
3(d)] with the respective Voronoi diagram shown in Fig. 3(e).
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Fig. 3. Polarized optical micrographs of laser-induced patterns of Torons generated using
HOLCAS. (a) A pattern forming the letters ‘LCMRC’. (b) Square-periodic 2D array of Torons
with a deliberately introduced dislocation in the center and (c) the corresponding Voronoi
construction; the image in (a) is 250 um in width. (d) A 2D spiraling pattern of Torons and (e)
the corresponding Voronoi diagram. The lateral size of Torons in (b) and (d) is 5 pm.
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Fig. 4. Polarized optical micrographs showing photonic structures of Torons generated using
the laser beam scanning approach. (a) Sequentially-generated 20x20 square array of Torons.
); the image is 280 pum in width. (b) Square-periodic pattern of Torons having an L-
shaped channel with vertical A(F) ; the image width is 320 pum. (c) Sequential
generation of a hexagonal array of Torons (Media 5); the image width is 330 um. (d) A square-
periodic array of Torons with a bifurcated channel (Media 6); the image width is 320 um. The
micrographs were obtained using two crossed polarizers oriented along vertical and horizontal
edges.

In the scanned-beam approach, the focused laser beam is steered within the sample
following computer-programmed patterns and generates programmed superstructures with
well-defined positions of Torons that can be further reconfigured by using optical
manipulation, erased by applying voltage (for materials with positive low-frequency dielectric
anisotropy), as well as dynamically controlled by a combination of these means (Fig. 4).
Examples of laser-generated structures include square-periodic [Fig. 4(a)] and hexagonal [Fig.
4(c)] crystalline arrays of Torons, as well as periodic arrays with deliberately introduced
channel-like defects in the translational order [Fig. 4(b) and 4(d)]. Figure 5 shows that
complex electrically-switchable periodic super-lattices can be obtained by sequential
generation of the Torons in a homeotropic cell [Fig. 5(a)] by first producing a square-periodic
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pattern of sparsely spaced Torons [Fig. 5(b)] and then introducing a new array of Torons in
locations in-between the Torons of the initial square lattice [Fig. 5(c) and 5(d)].

Fig. 5. Sequentially generated square-periodic pattern obtained by laser beam scanning
method. In a cell with (a) initial homeotropic alignment of 7(F), the scanned beam first
generates (b) a square-periodic pattern of sparsely spaced Torons with a larger periodicity and
then (c) additional Torons are introduced in-between the Torons of the original square array so
that (d) the final translationally periodic pattern of Torons has a smaller periodicity.
The optical micrographs have 320 pm in width and were obtained between two crossed
polarizers oriented along the vertical and horizontal image edges.

The lateral size of Torons and the minimum spatial periodicity of the laser-induced
photonic crystal structures can be adjusted by using CLC materials of different pitch. Since
the minimum size of the optically-generated Toron structures is close to the equilibrium pitch
p [14], in principle, the periodicity of the photonic lattices can be made comparable to the
wavelength of light in the visible spectral range and controlled (by varying p and cell
thickness d while keeping p/d=1) in the range from 200 nm to hundreds of microns. In
addition to the laser beams, control over the director structures can be achieved by using a
low-frequency electric field applied to the patterned transparent electrodes at the confining
substrates.

An important property of the studied cholesteric cells is that they can host different
uniform and twisted 3D structures of 7(F) that can be switched between each other both

optically and electrically (Fig. 6). CLCs in homeotropic cells with p/d=1 can have a stable
uniform state with the director orthogonal to the cell bounding plates [Fig. 6(a)]. The laser
generated localized Torons can be transformed into a uniform unwound state by applying
electric field (if low-frequency dielectric anisotropy is positive) to the transparent ITO
electrodes or optically by using laser intensity distributions incompatible with the existing
Toron structures (Fig. 6). Importantly, both uniform unwound and localized twisted states can
be stable for long time, since the spontaneous transformation between these director
configurations requires nucleation of additional topological defects that define strong energy
barriers. Elastic-energy density in the sample regions with unwound 7(¥) surrounding the

Torons has minimum splay and bend contributions described by the first and third terms in
Eq. (1). However, these regions have relatively large twist energy density (second term) and
saddle splay energy described by the fourth term in Eq. (1). Torons locally minimize the twist
and saddle-splay terms at the expense of enhancing the splay and bend distortions and
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introducing point defects [Fig. 2(b)]. This enables both electrical and optical multistable local
switching between the unwound state and a Toron (Fig. 6).

-

Laser beam

I
I
|
I
|
|
|
I
I
I
I
|
I
I
I
|

[y
e
i
I
e
I
I
I
i
il
[Nan
I
o
i
Il

“‘ e i
() (b) ¥ Voltage

Fig. 6. Schematics of switching between a uniform unwound and 3D localized twisted
configurations. (a) Cholesteric LC with the tendency to twist (shown by the spiral in the inset)
is unwound via confinement into a cell with strong vertical surface boundary conditions. (b)
Schematic illustration of elastic free energy dependence on ¢ = 2a/p showing two local/global
minima corresponding to the unwound state shown in (a) and 3D twisted state of the Toron
structure shown in (c). The cell can be switched between the unwound state shown in (a) and
the 3D twisted state shown in (c) by laser beam helping to overcome the elastic energy barrier
separating the two distinct states. For LC materials with positive Agy, the localized structure
shown in (c) can be unwound and transformed to the uniform 7(7) shown in (a) by voltage

applied to the transparent electrodes at confining plates, as marked by the green arrow in (b).

Additional control over the optically induced CLC structures can be obtained via
continuous scanning of the focused laser beam at varying speeds. Very slow scanning with
speeds below or about 1 um/s simply results in optical manipulation of the position of the
Toron generated by a focused laser beam. Figure 7 shows that the increase of the speed of
continuous scanning causes stretching of Torons [Fig. 7(a)] and their merging into various
linear defect structures [Fig. 7(b)-7(d)], as well as generation of these linear defect structures
in a homeotropic cell environment with no Torons initially present (Fig. 1). We have
identified these linear defect structures as cholesteric fingers, which, similar to Torons,
contain regions with local 3D director twist [12, 13]. These linear defect structures are stable
after switching off the laser; this stability has the same physical underpinnings as that of
Torons (Fig. 7). The video linked to Fig. 7(e) @iedia 11)) demonstrates that, similar to the
case of Torons, these linear cholesteric structures can also be ‘“erased” by applying low-
voltage electric fields and then generated repeatedly. Thus, in homeotropic cholesteric cells
with p~d, in addition to the unwound uniform homeotropic structure, one can locally induce
fingers and Torons that can be spatially patterned at will.

In the studied CLC cells, the local effective refractive index n, varies within a value range
between the ordinary n, and extraordinary n, indices, depending on the light propagation
direction with respect to 7(r) . For light incident orthogonally to the LC cell, the local

effective index is n.y = n, in the areas with uniform vertical director. Within the localized
Toron structures [Fig. 2(f)], the effective refractive index depends on the orientation of
n(7) with respect to the light polarization direction. For linearly polarized light propagating as

172

an extraordinary wave, the effective refractive index is n,, =n,n, /(n] cos’ @+n_ sin* )",

where € is the angle between the light propagation direction and 7(7¥). This results in a

refractive index contrast between the Toron domains and the surrounding homeotropic
texture, being dependent on the direction of light propagation and the light polarization
direction. In periodic laser-generated structures (Figs. 2-5), LC domains of higher and lower
effective refracting index produce ordered photonic structures. Although the values of optical
anisotropy of LCs are typically smaller than 0.5, nevertheless, photonic applications that do
not require a large refractive index contrast providing the full photonic band gap (such as
lasing [6-8] and diffraction gratings) can be potentially realized.
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Fig. 7. Generation of cholesteric fingers via continuous scanning of a focused laser beam. (a)
Scanning of the laser beam along a perimeter of a rectangle causes a complex dynamics and
slight stretching of Torons along the direction of beam scanning li (b) Merging of
Torons along the direction of laser beam scanning to form the linear structures of cholesteric
fingers (Media 9). (c) Director structures comprising Torons and fingers obtained by means of

computer-programmed laser scanning. (d) Generation of linear defect structures via merging of
Torons (Media 10)). (e) The linear defect structures can be also generated via continuous slow

scanning of a focused beam in a homeotropic cell (Media 11)). The lateral size of Torons and
fingers in (a-e) is 5 pm.

5. Conclusion

We have demonstrated optical generation of arbitrary two-dimensional photonic patterns
composed of localized cholesteric particle-like structures. These laser-generated photonic
assemblies can be dynamically controlled and reconfigured using light and electric fields.
They have potential uses for applications in all-optical light manipulation in diffractive optics,
telecommunication, optoelectronics, optical computer integrated systems, tunable dispersion
materials, tunable gratings in multiplex system, adaptive optics, all-optical information
displays, optical data storage, and other all-optical photonic devices. Laser control of
cholesteric structures can be extended to other stable and metastable structures such as

cholesteric fingers, Torons of other types, cholesteric bubbles, umbilical and other textures
[12-14,27-33].
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