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Within the realm of soft matter, particularly liquid crystals, the ability to leverage material properties to create
switchable diffraction gratings holds significant importance in disciplines such as optics and information science.
However, designing switchable patterns and compiling information based on output images remain challenging.
Here, we introduce an approach to address these limitations by designing switchable gratings mediated by
three-dimensional director solitons. We utilize photo-patterning, employing lithography systems with different
ultraviolet light, to fabricate the desired patterns. This method allows solitons to nucleate and localize within the
regions of the pattern where the anchoring energy is weaker. The periodic structures, alternating between solitons
and uniform patterns, exhibit the ability to diffract light beams. By switching the voltage, we can control the
generation and localization of solitons within periodic patterns and realize switching between the waveplate and
grating. Our experimental findings, complemented by simulation outcomes, validate the feasibility of utilizing
© 2025 Chinese Laser Press

three-dimensional solitons in optical applications.

https://doi.org/10.1364/PRJ.546820

1. INTRODUCTION

Solitary waves, often termed “solitons”, are spatially localized
wave packets that propagate at a constant speed while maintain-
ing their shape with minimal dissipation [1,2]. Over the years,
solitons have attracted significant interest across various disci-
plines, including mathematics [3,4], biology [5,6], and physics
[7,8], due to their unique properties and potential applications.
This interest is inspired by natural phenomena, such as tidal
bores, cyclones, and massive ocean waves like tsunamis [9],
which serve as real-world examples of soliton behavior.

In orientationally ordered soft matter systems, three-
dimensional director solitons resemble bow-shaped distortions
of molecular orientation [10-13]. These localized director per-
turbations can traverse distances several tens of times their own
length and survive collisions, showcasing their robustness and
persistence [10-12,14,15].

Recently, researchers have developed various mechanisms,
such as anchoring [12,16], surface strain [17], ions [18,19],
and abrupt changes [12,20-22] in nematic orientations, to
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achieve kinetic control of director solitons. These advance-
ments have demonstrated that solitons can be employed for
micro-cargo transport in both homogeneous systems [11,14]
and domains with a gradient of director [21,22] under an
applied sinusoidal AC electric field. Given their remarkable
properties, a compelling question arises: can director solitons
be applied in fields beyond micro-cargo transport?

Liquid crystals (LCs), possessing both fluidity and anisotro-
pies of physical properties, hold significant importance in dis-
ciplines such as optics and information science [23-27].
Recently, it has been shown that the Fabry—Perot resonator
incorporating a central layer of nematic liquid crystal can serve
as a nonlinear polarization rotator for passive Q-switching and
mode-locking, with response times on the order of microsec-
onds [28]. Besides, researchers have established grating patterns
by periodically aligning the director field of LCs [29-35].
However, these grating patterns were either not erasable or pro-
vided limited information in the output images. In this work,
we effectively generate and localize three-dimensional director
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solitons within orientationally ordered patterns utilizing photo-
alignment technology. By using a digital micro-mirror device
(DMD) micro-lithography system, we precisely orchestrate
the size and period of these patterns. The periodic patterns
filled with solitons can be regarded as binary amplitude gra-
tings, and their behavior under different electric fields offers
varying output images. Our experimental findings, comple-
mented by simulation outcomes, validate the feasibility of uti-
lizing solitons in optical applications. This research not only
represents a breakthrough in the design and control of diffrac-
tion gratings but also expands the potential applications of LC
solitons in information science. By leveraging the unique prop-
erties of solitons, we open new avenues for innovative optical
devices and advanced information processing techniques.

2. RESULTS AND DISCUSSION

A. Principle of the Grating Mediated by Solitons

A single-component LC, 4'-butyl-4-heptyl-bicyclo-hexyl-4-
carbonitrile (CCN-47), with negative dielectric and conductive
anisotropies [10] (Ae~-4.2, Ao ~-1.2x107 Q" m™!, at
45°C and 4 kHz), serves as an excellent platform for generating
solitons in designed binary grating media. When a sinusoidal
AC electric field £ = (0,0, E sin(27 f#)) within a frequency f
range from 500 Hz to 1 kHz is applied perpendicularly to the
nematic slab, solitons can nucleate from programmable pat-
terns. These solitons move perpendicularly to the orientation
of homogeneous background, 7. The threshold voltage for
soliton generation can be controlled based on the programmed
pattern. Regions with lower surface anchoring energy W re-
quire less electric energy to generate solitons, thus reducing
the threshold voltage in these areas.

To create a homogeneously aligned nematic liquid crystal
(NLC) sample with programmable surface anchoring energy,
we employ a photoalignment system using a DMD. The fab-
rication process is schematically illustrated in Fig. 1(a). Inidially,
we prepare cells with a thickness of 4 = 8.0 £ 0.3 pm and
coat the inner surfaces with a UV-polarization-sensitive sul-
fonic azo-dye (SD1). To establish a consistent background,
the cells are illuminated with linearly polarized UV light at
a wavelength of 1 =405 nm (LEM405C1, JCOPTIX,
China), orienting the SD1 molecules perpendicularly to the
light’s polarization. To reduce the anchoring energy in a specific
area, we use an exposure light source with a wavelength of
A =365 nm. These areas, generated by the 365 nm light,
are superimposed on the orientational background created
by the 405 nm light, resulting in regions with weaker anchoring
energy. By loading masks onto the DMD, we can manipulate
the exposure pattern, controlling the polarization and diameter
of the exposure light with a polarizer and an objective
[Fig. 1(b)]. Finally, we fill the cells by capillary action of
CCN-47, aligning the LC molecules parallel to the SD1.

As depicted in Fig. 1(c), the anchoring energy W within the
blue dashed rectangular box is lower than in the surrounding
areas, leading to a reduced threshold voltage for soliton gener-
ation. At 0 V, the entire structure maintains a homogeneous
alignment. As the voltage increases, solitons first appear in
the blue dashed rectangular box and eventually fill the entire
box once the voltage exceeds the threshold voltage U yern-
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Fig. 1. Schematic of binary grating mediated by solitons for light
modulation. (a) Fabrication process of the NLCs sample. Blue arrows
represent the linear polarization of UV light. Yellow and light blue
short rods depict the SD1 orientation. Green rods denote the optical
axis direction of NLCs. (b) Schematic of photoalignment based on a
DMD. (c) Distribution of optical axis at U = 0 V; laser passes
through the sample without diffraction. (d) Distribution of optical axis
at U = Upyyerns diffraction occurs after laser passes through the
sample.

Within the box, the optical axis becomes chaotic, and the azi-
muthal deviation of 7 from the initial alignment along the
x-axis ranges from 20° to 35°. This alternating arrangement
of uniform and chaotic states can be regarded as a binary gra-
ting, suitable for diffraction devices [Fig. 1(d)].

B. Generation and Localization of Solitons within
Reconfigurable Pattern

We created a homogeneously aligned NLC sample using mask
1 and analyzed the kinetics of solitons within a square domain
with a side length of D; = 345 pm [Fig. 2(a)]. The average
orientations of the optical axis in the background and the pat-
terned region are denoted as 7; and 7,, respectively [Fig. 2(b)].
Because 72, and 7, have the same directions, they appear indis-
tinguishable under a polarized optical microscope with crossed
polarizers. Thanks to the photolithography process shown in
Fig. 1(b), a boundary is created at the intersection of exposed
and unexposed areas. When the sample is viewed under a polar-
izing microscope with crossed polarizers, and both 7; and 7,
are along one of the polarizers, the entire field appears dark due
to extinction, making the boundary indistinguishable. By add-
ing an optical compensator (A = 530 nm), the local retardance
of the nematic changes, and the entire region takes on a dark
red hue, allowing the square boundary to become clearly visible
[Fig. 2(b)]. The orientation inside and outside the boundary is
consistent, but the external anchoring energy is higher than the
internal one. If the applied voltage exceeds the threshold for
soliton generation, U, solitons can nucleate from irregu-
larities, which are circled in pink [Figs. 2(c) and 2(e)].
The driven force, arising from the coupling between the applied
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Fig. 2. Localization of solitons within pattern. (a) Mask for single illumination (4 = 365 nm) to prepare square pattern. (b) Polarized optical
micrographs of samples with or without compensator (A = 530 nm). Schematic of photoalignment based on a DMD. (c) Polarized optical micro-
graphs of sample when voltage increases from 52.6 to 56.6 V at 500 Hz. (d) Electric conditions corresponding to the states of soliton generation and
soliton filling up. (¢) Generation of soliton from irregularity. (f) Structure of single soliton. (g) Solitons disappear at the boundary between two
domains exposed by light with different wavelengths. Light blue dashed line in (g) indicates the boundary. (h) Comparison on dependence of

transmission intensity within soliton and background on time.

electric field and the splay/bend deformation around these
irregularities, overcomes the viscous drag to stabilize the soli-
tonic structure [10]. As shown in Fig. 2(c), we can observe
yellow and green besides dark red. The reason is that a soliton
has two wings and the directors within those two regions are
different. When an optical compensator is inserted with the
optic axis A making 45° with the polarizer, one shoulder of
the soliton appears yellow and the other blue.

The solitons lack fore-aft symmetry and move perpendicu-
larly to the director (72,) [Fig. 2(e)]. The in-plane director de-
formation within the soliton resembles a bow, resulting in
flexopolarization, P = e;7V - 71— e371x V x 71, where ¢; and
e5 represent the flexoelectric coefficients. This flexopolarization
leads to spatial charge density and a corresponding Coulomb
force. The flexoelectric force, directed along the soliton move-
ment, helps maintain the stable morphology of solitons.
Extensive experimental observations indicate that the soliton
width is governed by the sample thickness ¢, rather than by

the mask structure. During motion, solitons maintain a
consistent width along the x-axis, approximately w = 2d.
Additionally, the soliton length and width are nearly equal,
both measuring approximately 15 pm [Fig. 2(f)]. Once the
voltage exceeds another threshold, Uy erms solitons expand to
fill the entire square with weaker anchoring energy [Figs. 2(c)
and 2(d)]. Figure 2(d) provides insights into the electric con-
ditions across diverse frequencies. The red line signifies the
threshold for generating solitons within the pattern, Ujion»
while the blue line corresponds to the threshold for the chaotic
phase, Upattern'

Solitons are capable of propagating over distances several
tens of times their characteristic length and maintaining their
integrity following collisions [10]. They are generated contin-
uously and disappear when they reach the boundary [Figs. 2(g)
and 2(h)]. When a soliton travels a certain distance beyond the
boundary (L, = 4.5 pm), the transmitted light intensity inside
the soliton gradually matches the background, indicating that
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the soliton gradually disappears [Fig. 2(h)]. This phenomenon
likely occurs because stronger anchoring energy requires more
electric energy to couple with the flexoelectric effect. The
driven force must overcome the viscous drag force to maintain
the solitonic structure, leading to soliton emission. Therefore,
solitons are first generated within the boundary and disappear
at the boundary if the applied voltage is insufficient to initiate
soliton emission outside the boundary. Here, we have demon-
strated that patterns with weaker anchoring energy are filled
with solitons, while the surrounding environment maintains
uniform alignment without director perturbation.

C. Optical Diffraction for Binary Gratings Mediated
by Solitons

In this work, we applied three additional masks to manipulate
areas with lower anchoring energy, aiming to further investigate
the potential application for soliton localization (Figs. 3 and 5).
Masks 2 and 3 contain six and ten stripes, respectively
[Figs. 3(a) and 3(d)]. After an exposure process with a 10 x
objective, we measure the stripe widths for masks 2 and 3
as D, = 75 pm and D4 = 56 pm. These stripes and uniform
regions form periodic structures, with single periods of D5 =
214 pm and D5 = 136 pm. By rotating the analyzer counter-
clockwise by either 20° or -20° the boundary becomes
more apparent in the optical micrographs [Figs. 3(c) and 3(f)].
We then demonstrate binary gratings mediated by solitons
and show the diffraction pattern in both experiment and
simulation.

As expected, we can confine solitons within periodic pat-
terns irradiated by light at a wavelength of 365 nm (Fig. 4).
Using a He—Ne laser directed normally along the z-axis, we
captured the resulting diffraction pattern with a camera.

These patterns, comprising numerous solitons, cause the
azimuthal deviation of the director from the x-axis to range
from 20° to 35°. Different diffraction patterns can be observed
under various electric conditions.

Initially, without an applied electric field, no diffraction pat-
tern is observed, and the output image shows a single dot
[Fig. 4(a)]. With a constant frequency of f = 500 Hz, varied

(b) D, =75 pm

Mask 3 Dy =56 ym

Fig. 3. One-dimensional orientational order system. (a), (d) Masks for single illumination (1 = 365 nm) to prepare patterns. (b), (¢) Optical
micrographs of samples under crossed polarizers. Anchoring energy within the rectangle is weaker compared to the surroundings. (c), (f) To dis-
tinguish boundaries between patterns more clearly, rotate the analyzer counterclockwise by 20° or -20°.

:‘5‘:: 136 pm
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voltages, U, yield different observable phenomena. When
the applied voltage, U = 54 V, is insufficient to fill the entire
region with solitons, we cannot observe obvious diffraction pat-
terns [Figs. 4(b) and 4(c)]. As the voltage increases to
U = 57 V, the number of solitons increases rapidly, and sol-
itons occupy regions characterized by lower anchoring energy.
The substantial number of solitons in a localized region results
in an apparent aggregation, giving the impression that they are
adhered together. Then, the alternating arrangement of uni-
form and chaotic states can operate as a grating and result
in an obvious 1D diffraction pattern [Figs. 4(d) and 4(e)].
Further increase of voltage leads to the disappearance of the
1D diffraction pattern since the chaos in the low anchoring
energy region extends to the entire sample [Fig. 4(f)].

For binary amplitude gratings, multiple slit diffractions
under Fraunhofer conditions yield the intensity of the dif-
fracted wave as [36]

sin a2 /sin 98\ 2
1:10(a>< 2), ()
2

where /y, N, and 6 denote the incident light intensity, number
of slits, and optical path of the laser. Here, @ = %, where £, x,
b, and 7 represent the wave number, x-coordinate in the dif-
fraction plane, width of the slit, and distance between the sam-
ple and diffraction plane, respectively. Additionally, the
intensity of the main maximum for binary amplitude gratings

is given by [36]

53}

H 2
[ = NI, (S”; a) , 2

indicating that the intensity of the main maximum is propor-
tional to V2. As mentioned above, the main maximum inten-
sity in the diffraction plane of the ten-period grating is greater
than that of the six-period grating [Figs. 4(d) and 4(e)].

To further investigate diffraction in two-dimensional binary
gratings, we use mask 4 to fabricate the NLC sample [Figs. 5(a)
and 5(b)]. By expanding to two-dimensional gratings mediated
by solitons, we can still observe diffraction, as shown in

200 pm

200 um
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Fig. 5(e). In Figs. 4(b) and 4(c), the solitons do not fully occupy
the entire designed pattern, leading to a cloud-like diffraction
pattern that tends to expand into 2D. This phenomenon in-
spired us to design a 2D grating pattern to achieve a clearer
2D diffraction pattern, as shown in Fig. 5. Using mask 4,
we fabricate the NLC sample with stripe and single period
widths of Dg = 66 pm and D; = 165 pm [Figs. 5(a) and
5(b)]. When the voltage is 54.5 V, a cloud-like diffraction pat-
tern appears, similar to those in Figs. 4(b) and 4(c). When the
voltage is 57 V, the designed grating structures are filled with
solitons, resulting in a clear 2D diffraction pattern, as shown in
Fig. 5(e). The different diffraction patterns observed under
various electric conditions suggest the potential for establishing
a system that outputs different information by tuning the elec-
tric conditions. This phenomenon indicates promising applica-
tions in the field of information science.

3. CONCLUSIONS

In summary, we propose a binary amplitude grating based on
three-dimensional director = solitons. By photo-patterning
homogeneous nematics with a periodic anchoring energy
distribution, solitons can form within regions of weaker an-
choring energy when an external electric field is applied perpen-
dicularly to the cell. We realize the localization of solitons since
the solitons disappear when they reach the boundary. The al-
ternating arrangement of uniform background and soliton-
mediated patterns can operate as a binary amplitude grating.
By controlling the applied voltage, we can switch the function
of devices mediated by solitons. When the electric field is off, a
uniform alignment LC cell can be used as a waveplate and the
retardance is given by 2 And. Birefringence Az is related to
temperature; for CCN47, An = 0.024 at 55°C [16]. 4 and
d are the wavelength of incident light and sample thickness,
respectively. We can manipulate the retardance by varying
the experimental temperature and & according to actual needs.

" W )

Fig. 5. Two-dimensional binary grating mediated by solitons. (a) Masks for single illumination (A = 365 nm) to prepare two-dimensional pat-
terns. (b) Optical micrographs of grating under crossed polarizers. (c) To distinguish boundaries between patterns more clearly, rotate the analyzer
counterclockwise by 20° or -20°. (d) Solitons nucleate from patterns but do not fill patterns. (e) Two-dimensional grating. f = 500 Hz.
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If the suitable voltage is applied across the sample, the cell can
act as a diffraction grating. The shape and period of a grating
are adjustable, since the weaker anchoring regions can be ma-
nipulated by photo-patterning with different masks. This work
demonstrates that solitary waves can function as binary ampli-
tude gratings with a response time (~25 ms) comparable to
that of conventional liquid crystal SLMs. Owing to their
low fabrication cost and simple design, soliton-based gratings
offer a scalable and cost-effective alternative, and more impor-
tantly, they extend the practical applications of director solitons
beyond micro-cargo transport into optics and information
processing technologies.
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