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Exotic structures with interesting physical and chemical properties can be achieved by self-organizing
engineered building blocks. The central aim for self-assembly is to precisely control the position and
orientation of individual building blocks. In this work, we use topological defects (disclinations) in
nematic liquid crystals as templates to direct the self-assembly of colloidal particles into designable
3D structures. By photopatterning preprogrammed molecular orientations at two confining surfaces,
we created pre-designable disclination networks and characterized their interactions with spherical
colloidal particles. We find that colloidal particles are attracted to different disclinations depending on
the orientation of the point defect (elastic dipole) around the colloids. We demonstrate that the positions,
network structures, and orientation of the elastic dipoles of the colloidal chains can be pre-designed and
reconfigured with remote illumination of polarized light.

1 Introduction properties and dispersing media. Liquid crystals, characterized

Self-assembly enables building new structures and materials from
bottom up with engineered building units. By designing chemical
compositions and physical properties of these building units,
materials with exotic properties that do not exist in nature may
be obtained [1-3]. The structures of self-assembled materials are
determined primarily by the interactions between these building
units and can be controlled by their geometric shapes, surface
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by their long-range molecular orientational ordering and liquid-
like flow properties, are an intriguing dispersing medium for
self-assembly. In contrast to isotropic media such as water,
liquid crystals offer high flexibility in controlling not only
interactions but also transport and placements of the particles
[4-6]. Self-assembly of colloidal particles in liquid crystals with
uniform molecular orientation already yields various interesting
structures, such as linear chains, two-dimensional (2D) and three-
dimensional (3D) crystals that are often wrapped by topological
defect lines [4,6-12]. The interactions between the particles due
to elastic distortion of the director field can be further enriched
by introducing non-uniform liquid crystal molecular orientations
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[6,13] or employing particles with complex topological shapes
[14-18]. Additionally, the interplay between elastic forces and
other forces such as magnetic or electro-static forces can lead
to complex colloidal structures such as both positionally and
orientationally ordered triclinic lattices of nanorods [13,19].
An important advantage of liquid crystals as a medium for
guiding colloidal self-assembly is related to the long-range
repulsion between colloids and the bounding substrates, or the
effect of elastic “levitation” that can mitigate gravity-favored
sedimentation [20].

One ultimate goal of the self-assembly is to precisely
control the location and orientation of individual particles, to
assemble, disassemble and reconfigure complex while designable
structures. Many of these desired capabilities can be realized
by using liquid crystals as the dispersing medium. By using
spatially non-uniform molecular director fields generated by wavy
boundaries, it has been demonstrated that colloidal particles
can be placed into predesigned locations by a “lock-and-key”
type of particle-wall interactions [21]. In an alternate approach,
predesigned complex surface anchoring patterns inscribed via a
photopatterning technique [22-24]| provide a versatile way to
direct particles into positions and orientations based on their
surface anchoring and geometric shapes [6,25]. For example, it was
shown that colloidal spheres with homeotropic (perpendicular)
surface anchoring are driven by the director patterns into areas
with splay deformation, while spheres with planar (tangential)
surface anchoring are driven into areas with bend deformation
[6]. Topological defects, including point and line defects such as
disclination lines and disclination loops, exhibit a great potential
as templates for attracting and assembling particles of nanometers
to micrometers in size [5,13,26-35]. Notably, a recent work
by Abbott and coworkers has pushed the defect-mediated self-
assembly down to the molecular level [36]. Several techniques
have been used to generate and reconfigure topological defects
[5,7,13,22,26,29,31,32,37-39], via micro-fabricated pyramid and
pillar arrays [29,32] or suspended colloidal particles [5,7,26],
or flat confining surfaces with complex director fields by
photoalignments [13,22,31] or mechanical rubbing [39]. These
studies demonstrate many appealing features of topological
defects as templates for self-assembly, while triggering a question
whether the approach can be developed further to achieve more
complex geometries of assembly and especially to introduce the
new feature of reconfigurability.

Here, we present a versatile approach to design, generate,
and reconfigure disclination networks by a plasmonic
photopatterning technique and use these disclinations as
templates to control and reconfigure positions, network
structures, and elastic dipole directions of colloidal particles.
We measure the interaction potentials between the dislocations
and colloidal particles with homeotropic (perpendicular) surface
anchoring, and find that the colloidal particles are trapped by
the disclinations with local molecular orientations aligned with
the colloidal particles’ elastic dipole orientation. We demonstrate
that the colloidal particles can self-assemble into designed
positions with pre-determined elastic dipole directions set by the
disclination templates, and that these self-assembled colloidal

structures can be reconfigured remotely by illuminating the
samples with linearly polarized light.

2 Results and discussion

2.1 Design and generation of disclination networks

We designed liquid crystal cells with uniform planar alignment at
the top surface and a planar director pattern of topological point
defect arrays at the bottom surface. We denote the orientation
angle of the director with respect to the x-axis at the top and
bottom surfaces as ¥ (x, y) and Yy (x, y), respectively. The director
fields for the periodic topological defect arrays are obtained by
tiling square patches where each patch contains one topological
defect at its center (xo, yo) with a director field described by
Yp(x, ¥) = sex, ¥) + o, where the polar angle ¢(x,y) =
tan! %, s is the defect charge and vy is the initial angle when
the polar angle is 0.

As an example to illustrate how to generate disclination
networks, we use +1/2 and —1/2 topological defect arrays at
the bottom substrate. To make sure that the azimuthal angle
is a smooth function at the boundaries between neighboring
square patches, we need to have yo.=n/4, and Yor=—mn/4 for
+1/2 defect arrays, where o, and vor represent the initial
angle for the two defects on the left and the initial angle for
the two defects on the right respectively. The liquid crystal
cells were prepared with a ~30 um gap between the top and
bottom surfaces, and the liquid crystal used is the 4-Cyano-4'-
pentylbiphenyl (5CB). When vy« (x, y) = 0° (Fig. 1a), disclinations
emerge from the +1/2 and —1/2 point defects (marked as circles
and diamonds respectively, Fig. 1b) and connect two neighboring
+1/2 and —1/2 defects. The fact that each disclination connects
a + 1/2 point defect to a —1/2 point defect reflects the well-
known topological equivalence between them in the three-
dimensional (3D) order parameter space, or the director around
the disclination could be transformed continuously from one into
one another [40,41]. These twist disclinations are located close to
the path with vy, (x, y) = 90°, or the boundary between the regions
of opposite twists in the vertical direction, i.e. (x=L/4, yC
[0,L/4] U [3L/4,L]) or (x =3L/4, y C [0,L/4] U [3L/4, L]) where L
denotes one period of the pattern size as indicated in Fig. 1a. The
director field at the bottom surface exhibits predominantly a splay
deformation.

The 3D director fields were obtained by numerical calculations
using a GPU-enabled director tensor relaxation algorithm for the
minimization of the Frank-Oseen Free Energy [42]|. To compare
the numerical results with the experimental observations, we
calculated the POM images of these simulated director fields
by using the Jones matrix method [43], and observed that
the calculated POM images are in good agreement with the
experiments (Fig. 1c). We can see that the disclinations anchor
two ends at the centers of two neighboring +1/2 defects, in good
agreement with experimental observations. The disclinations are
about 1/6 of the gap distance above the bottom surface (Fig. 1d).

The disclination networks can be varied by simply changing
the orientation of the uniform director at the top surface.
For example, for v = 90°, we obtain a different network of
disclinations (Fig. 1f) where the point defects connected by
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Fig. 1

Exemplary disclination networks generated by +1/2 point defect arrays at the bottom substrate. (a, f) Schematic of the LC cell geometry with the top surface
uniformly aligned along x axis (a) and y axis (f), and the bottom surface patterned into +1/2 point defects. The yellow circle and green diamond symbols mark the
cores of the +1/2 and —1/2 points, respectively. (b, g) POM images of the LC cells with disclinations formed by surface patterns in (a) and (f). (¢, h) Simulated POM
images of the LC cells with the boundary conditions in (a) and (f). (d, i) 3D view of the simulated disclinations in (c) and (h). (e, j) Simulated LC director fields in a
plane (marked with red lines in c and h) perpendicular to and across the middle point of the disclinations. The red circles show the regions where the disclination

cores are located. The scale bars in (b) and (g) are 50 m.

the disclinations are shifted by one half period along the
y-axis (compare Fig. 1b and 1g). Meanwhile, the molecular
orientation under the disclination is ¥, (x, y) = 0°, around which
the director exhibit predominantly bend deformation for (x =
L/4, y c [L/4, 3L/4]) or (x =3L/4, y c [L/4, 3L/4]). Numerical
simulations can well reproduce the experimental POM image
(Fig. 1h). A 3D perspective view shows that the disclinations
are repelled from the bottom surface with a flat middle section
(Fig. 1i). In contrast to the case with y(x, y) = 0°, the disclination
is located now at the middle of the cell gap, indicating different
disclination-surface interactions (Fig. 1j).

The distance between the disclination and the bottom surface
is determined by the blance between the surface tension of the
disclination and the interaction with the surface (see Ref. [33]).
For these two types of disclinations in Fig. 1d and 1i, the director
fields at the bottom surface contain a splay deformation and bend
deformation, respectively, leading different disclination-surface
interactions. In our simulation, the ratio between splay (K;), twist
(K3), and bend elastic constant (K3) is around 6:4:9. Therefore, the
free energy is higher for the disclinations in Fig. 1i to get close
to bottom surface than those in Fig. 1d, which results in higher
position of disclinations in Fig. 1i than those in Fig. 1d.

Numerical simulations can show that the z-component of the
director is close to zero, indicating that molecules are parallel to
the x-y plane, and the directors in the two sides of the disclination
rotate from the bottom to the top with opposite twist directions
(Fig. 1e and 1j). From the simulated director field (Fig. 1e and
1j), it can also be noted that the director twists uniformly away
from the disclination, while twists only near the core region
otherwise.

2.2 Interaction between colloidal particles and the disclinations

We measured the interaction potentials between these
photopatterned disclinations and colloidal particles by using
optical trapping and motion tracking. To minimize the influence
of the birefringence on particle trapping, we used a liquid crystal
MLC6815 with low birefringence (~ 0.052 at 550 nm wavelength
at 25 °C). We used an optical tweezer system with a Verdi V6 green
laser (532 nm, 0.3 W) to place particles near these photopatterned
disclinations and recorded their motions after release. From
the motion trajectories, we calculated the interaction potential

difference AV(x) as a function of the distance x between the
X1+X

colloidal particle and the disclination: AV(x) = [ fdx. Given
X1

that the Reynolds number is very low (~3 x 107%), the elastic
force facting on the particle should be equal to the viscous force:
f = 6w R(ny vy + n.vy), where R is the particle radius, vj and v, are
the velocities of colloidal particles, 5, and 5, are viscosities [44].
Here the subscripts || and L denote the motion directions parallel
and perpendicular to the director, respectively. For MLC6815,
ny and n, are 12mPa-s and 22 mPa-s, respectively [6]. As an
approximation, we use the average viscosity n, = % to replace
n and n,.

The director field around a suspended colloidal particle is
distorted to match the alignment conditions set by the particle
surface. A sphere with homeotropic alignments usually induces
a hedgehog point defect with a topological charge of —1 to
compensate the topological charge +1 of the sphere [4]. As this
distorted director field does not fit to the alignment patterns
on the confining surfaces, the colloidal particles are repelled
from both the top and bottom surfaces, stable in the middle
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Interaction between colloidal particles and disclinations in the splay region. (a, e) Initial and final position of a particle with a “selected” (a) and “reversed” (e) dipoles.
(b, f) Trajectory of the particle in (a) and (e). The red bars represent the local director field on the bottom substrate; the background colors represent angle difference
of alignment on top surface and bottom surface; the circle and diamond indicates the +1/2 and —1/2 defect centers. Disclinations appear at location where the
twisting angle jumps from —90° to 90° (¢, g) Relative positions of the particles in x and y directions as a function of time. (d, h) Elastic potential differences versus
the separation between the colloidal particle and the disclination. The scale bars in panels (a), (b), (), (f) are 10 um, 5 um, 10 um, and 5 M, respectively.

of the nematic cell [20]. The hedgehog defect and the colloidal
particle form an elastic dipole which can be denoted by a unit
vector p from the point defect toward the sphere. It has been
shown that p tends to align with director fields to minimize
distortions, as theoretically discussed by Lubensky et al. [45] and
Lev et al. [46].

In a uniform director field, the elastic dipoles pointing to
the two opposite directions of the director have identical elastic
energy, and therefore occur with equal probability. While in a non-
uniform director field, this inversion symmetry is broken and the
elastic dipoles should align along a direction to minimize the total
elastic energy [6]. As shown in Fig. 4i, the left particle introduces
less deformation than the right one to the original director field,
and thus is preferred. Hereafter, we refer to dipoles p matching
the director field as “selected” dipoles, while p with mismatched
polarity as “reversed” dipoles.

When the top surface alignment is along the x-axis (Fig. 1a),
a colloidal particle with the “selected” elastic dipole is attracted
to the disclinations with an initial speed ~3 pum/s (Fig. 2a-2c).
The binding energy between such a colloidal particle and the
disclination is ~3400 kg T (Fig. 2d), implying that the attraction is
very strong. Interestingly, a colloidal particle with the “reversed”
elastic dipole may also be attracted to the disclinations (Figs. 2e, f),
with a lower binding energy ~2100 kg T (Figs. 2g, h). The observed
sharp change in the interaction potential (Fig. 2d and h) indicates
that the attraction force increases firstly and then decreases when

the particle is approaching the disclination. A more complete
understanding of this interaction potential will require detailed
numerical studies on how the director fields evolve with their
distance.

When the alignment at the top surface is along the y-axis
(Fig. 1f), a colloidal particle with “selected” dipole is attracted
by the disclinations (Fig. 3a and b), and moves predominantly
along the x-axis with a speed ~ 1um/s (Fig. 3¢). The measured
binding energy is ~1000 kzT (Fig. 3d). It can also be observed
that a colloidal sphere with a “reversed” dipole is repelled by
the disclination (Fig. 3 e and f) and moves away with smaller
speeds along the x-axis (Fig. 3g). The difference in the interaction
potential is ~700 kg T for the separations between 9 um and 18 um
(Fig. 3h).

The colloid-disclination interactions depend on the
orientations of the elastic dipoles with respect to the local director
fields. It was shown that colloidal spheres with homeotropic
surface alignment are attracted to areas with splay deformation
while repelled from areas of bend deformation [6]. Pires and
co-workers found that the interaction potential between a
colloidal particle with homeotropic alignment and a —1/2
disclination is inversely proportional to their separations [47].
Fleury and co-workers used such disclinations as templates to
grow 3D microwires [27,28]. The director fields in these cases
are effectively 2D, with no director variations in the direction
perpendicular to the x-y plane.
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Interactions between colloidal particles and the disclinations in the bend region. (a, e) Initial and final positions of a particle with “selected” (a) and “reversed” (e)
dipoles. (b, f) Trajectory of a colloidal particle in (a) and (e). The red lines represent the local director field on the bottom substrate; the background colors represent
angle difference of alignment on top surface and bottom surface; the +1/2 and —1/2 defect centers are marked with circle and diamond. Disclinations appear at
location where twisting angle jump from —90° to 90° (¢, g) Positions of the particle in x and y directions as a function of time. (d, h) Elastic potential difference with
respect to the separation between the colloidal particle and the disclination. The scale bars in panels (a), (b), (e), (f) are 10 um, 5 um, 10 um, and 5 um, respectively.

The director fields in our system vary in 3D as schematically
shown in Fig. 1a and f. The 3D feature is reflected also in the
different heights of the disclinations and colloids. In Fig. 1d and
1i, the disclinations are located at 5 um or 15 um from the bottom,
while the colloidal particles are at a height ~10 um as estimated
with the theory developed by Pishnyak et al. [20]. Therefore, when
colloidal particles are attracted or repelled by the disclination,
their motions take place in 3D. While our present measurements
track colloid motion only in 2D, it will be interesting to undertake
more precise 3D tracking of colloidal particles and 3D mapping
of the director field to further elucidate the interactions between
colloids and disclinations.

2.3 Templated self-assembly of the colloidal particles

The first system used for templated colloidal assembly consists
of liquid crystal cells with a director field of +1/2 defect arrays
at the bottom surface and a uniform director at the top surface
with ¥ (x, y)=0°, 30°, 60°, and 90°, respectively. The disclination-
templated self-assembly is highly effective. All colloidal particles
are assembled onto the disclinations, and the elastic dipoles of
most spheres point along the same direction with some exceptions
of “reversed” dipoles in the splay area (Figs. 4a—d and S2a). These
observations demonstrate that colloidal particles can be assembled
into predesigned network structures with specified elastic dipole
orientations, and into different structures by simply varying the
alignment direction at the top surface (Fig. 4a-d). How these

“reversed” dipoles can be transferred into “selected” orientations
is an interesting question, which might be achieved by locally
melting the liquid crystal with high power laser.

The second system consists of liquid crystal cells with +1
topological defects at the bottom surface and a uniform director
at the top surface, as shown in Fig. 4e-h. We observe a network
structures with two disclinations emerging from each defect
center. Similarly, almost all the colloidal spheres are attracted onto
the disclinations, and on each disclination, the elastic dipoles
are arranged in the same direction, forming a polar chain. As
shown in Fig. 4g, when the top surface is aligned uniformly along
60°, the disclinations are curved, and the colloidal particles can
follow the templates to form curved chains. Consequently, not
only the positions of the colloidal spheres but also the shapes of
their assemblies can be controlled by designing the liquid crystal
molecular orientations at two confining surfaces. We can find that
the assembly of colloidal chains causes the radius of curvature of
the disclinations to increase. This can be attributed to that the
colloid particles tend to form straight chains, as can be seen in
Fig. S5. Therefore, the effective line tension of the disclinations is
increased by the formation of these colloidal chains.

We measured the average center-to-center distance between
two neighboring colloidal particles, which is ~7.2 um, or about
1.4 times of the particle diameter. This is due to the balance
between the attractive force between the head-to-tail elastic
dipoles and a shorter-range repulsion between the “—1” hedgehog
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Fig. 4

Disclination templated self-assembly of colloidal particles. (a-d) POM images of LC cells with the bottom surfaces patterned with the 4-1/2 point defect arrays, and
the top surfaces with uniform planar alignment at v = 0° (a), 30° (b), 60° (c), and 90° (d). (e-h) POM images of LC cells with the bottom surfaces patterned with
the 1 defect arrays and the top surfaces with uniform planar alignment y = 0° (), 30° (f), 60° (g), and 90° (h). (i) Colloids with homeotropic surface anchoring in
LC with non-uniform molecular orientations. The green sphere corresponds to the colloid while the red sphere correspond to the —1 topological defect. Dashed
lines represent the local LC molecular orientations, solid lines represent LC molecular orientations around the colloid. (j, k) Self-assembled colloidal chains with
designable elastic dipole directions from +1/2 defect arrays (j) and 1 defect arrays (k). The red bars represent local molecular orientations on bottom surface,
and black arrows show elastic dipole direction of each colloidal chain. The scale bars are 50 «m in (a-h), (j) and (k).

of one dipole and the sphere of the neighboring dipole. This
ratio of 1.4 between the interparticle distance and the sphere
diameter is slightly larger than the value 1.23 obtained from
simulations by Fukuda and coworkers [48]. This result implies that
the disclination that links the colloids contributes to the repulsive
forces along the disclinations. From Fig. 4j and k, we observe
that colloidal chains always match their elastic dipole directions
with local liquid crystal director field (Fig. 4i). We anticipate that
colloidal chains with more complex distributions of elastic dipole
directions could be achieved if we use a bottom surface alignment
containing defect arrays with higher defect charges (e.g., +2).

2.4 Optical reconfiguration of the assembled colloidal structures
These self-assembled colloidal structures can be reconfigured by
taking the advantage of the re-writability of the photoalignment
material, i.e. the brilliant yellow. The brilliant yellow is a rod-
shaped azobenzene molecule that tend to align with its long
axis perpendicular to the electrical field (i.e. polarization) of the
illuminating light [49]. To make reconfigurable liquid crystal cells,
we photopatterned the director field for the topological defects
in the brilliant yellow film on the bottom substrate and then
spin-coated it with a thin film of the reactive mesogen RM257
mixed with a photoinitiator. The director patterns transferred to
the RM257 film were then fixed by photopolymerization with a
UV light. The top substrates spin-coated only with the brilliant
yellow were photopatterned with uniform alignment.

Fig. 5 presents an example where the bottom surface with
the director field of +1 defect array is fixed with RM 257 and
the top substrate has a uniform director along the y-direction in
the brilliant yellow. When the liquid crystal cell was illuminated
by light linearly polarized along the y axis, we observed that
the disclinations start to bend (Fig. 5b-e) and then reconnect to
form new disclinations, changing from the horizontal to vertical
connections (Fig. 5f-h). In this process, colloidal particles always
follow the disclinations, due to the high binding energy between
the colloidal particles and the disclinations. The noise in the
optical intensities in the POM images (see Fig. 5c, d, disappeared in
Fig. Se) indicates that the changing molecular orientations during
the realignment process are typically inhomogeneous.

We note that colloidal particles can interrupt the
reconfiguration process, as shown in the red box in Fig. 5h,
where two connected disclinations do not separate to form new
disclinations as a result of the presence of colloidal particles. This
phenomenon is often observed when the colloidal concentration
is high. A complete reconfiguration process with low colloidal
concentration of 0.1wt% is shown in Fig. S3. We observed that
elastic dipoles are arranged with opposite directions in two
neighboring disclinations for +1 defect arrays (e.g., Fig. 4e).
When these neighboring disclinations meet and reconnect to
form new disclinations, elastic dipoles with opposite directions
reconfigure to align with approximately the same direction. How
assembled colloids with “reversed” dipoles on one disclination
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Remote reconfiguration of the colloidal assembly using linearly polarized light. (a-h) POM images of a LC cell after different time of light illuminations: 0 s (a), 30 s
(b), 605 (c), 70 s (d), 77 s (e), 80 s (f), 84 s (g) and 90 s (h). The scale bars in (a-h) are 100 um.

Fig.5

reorganize during the optical reconfiguration process will be
interesting for further studies.

3 Conclusion

To summarize, we demonstrate that the positions, structures,
and elastic dipole directions of the template-assembled colloidal
particles can be controlled by photopatterning various defect
arrays on one surface and manipulating the uniform alignment
directions on the other surface, and present an approach to
reconfigure them with linearly polarized light. Self-assembly of
colloids on disclinations is consistent with interactions between
them, which show that colloidal particles tend to be attracted
to disclinations with local molecular orientations matching their
elastic dipole directions. We expect that the strategy reported in
this work will find applications in self-assembly and manipulation
of structures with anisotropic properties.

A recent work demonstrated optical reconfiguration of the
colloidal assembly by using photopatterned disclinations as
templates [50]. Here we show quantitatively how the elastic
potentials between the colloidal particles and disclinations
depend on their separations, and are influenced by the splay or
bend director deformations near the bottom substrates.

4 Materials and methods

4.1 Materials

The 5CB nematic liquid crystal was used in all our experiments
for studying disclinations and colloidal assembly. The MLC6815
nematic liquid crystal with low birefringence and low dielectric
anisotropy from EM industries was used in the experiments
for measuring particle-disclination interactions. Polystyrene (PS)
particles with 5 um diameter (Duke Scientific) were dispersed
in a 1 wt% deionized water solution of octadecyl-dimethyl-(3-
trimethoxysilylpropyl) ammonium chloride (DMOAP) for 10 h to
induce homeotropic surface anchoring. The PS particles coated
with DMOAP were centrifuged and washed with deionized water
to remove excess DMOAP in the solution, and then dried in an
oven at 70 °C for 2 h. The DMOAP-coated particles were then

dispersed in 5CB with a concentration of 0.2 wt%, or in MLC6815
with a concentration of 0.05 wt%.

4.2 Liquid crystal cells

Glass substrates were cleaned in an ultrasonic bath with detergents
for 15 min, dried in an oven at 90 °C for 10 min, and then cleaned
with UV/ozone for 15 min. The cleaned glass substrates were spin-
coated with brilliant yellow (0.5 wt% in dimethylformamide) at
a 3000 rpm speed for 40 s, and then baked at 95 °C for 30 min
to remove the solvent dimethylformamide. The brilliant yellow
layers on these glass substrates were photo-patterned by using
the plasmonic photopatterning technique as described in our
previous paper [22-24]. To form a liquid crystal cell, two substrates
with photo-patterned director fields were assembled with the
aligning surfaces inside. The cell gaps were controlled using 30 um
fiber spacers. The liquid crystal cells were filled with the colloidal
dispersions in the liquid crystal at room temperature.

4.3 Optical reconfiguration

For optical reconfiguration experiments, the molecular director
patterns exposed in the photoalignment layers at the bottom
substrates were fixed by using photo-polymerizable liquid crystal
polymers. After exposure with the plasmonic photopatterning
technique, the bottom substrates were coated with a thin layer
of RM257 by spin-casting toluene solution containing 10wt%
of RM257 (EM industry) and 0.5wt% of Irgacure 651 (Ciba) at
3000 rpm. The substrates were then baked at 50 °C for 3 min and
illuminated by non-polarized UV light (365 nm) at an intensity
~1.4 mW/cm? for 30 min.

4.4 Numerical simulation

In simulation, the liquid crystal was treated as a continuum
medium, described with a director field, n(x, y, z), which is
a univector with n(x, y, z) = —n(x, y, z). Liquid crystals were
treated as uniaxial and the order parameter is assumed to be
spatially uniform. The director field was relaxed to minimize
the free energy using a finite difference method. A tensor
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representation was used to avoid the mathematic problem in finite
differencing of a nematic director field. The boundary condition
is periodic on all sides of the cell with fixed patterns on the top
and bottom of the cell. Each simulation is initiated differently
depending on the patterned substrate. The system size for the
numerical simulations is 200 um x 200 um x 30 pum, and the
mesh size is 0.75 um in all directions. Splay, twist, and bend elastic
constants for the liquid crystals are 6.3pN, 4.0pN, and 9.4pN
respectively. Full details of the simulation method are contained
in the reference [42].
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