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On-Demand Tailoring of Optical Branched Flow via Soft
Matter Domain Engineering

Xiao Yu, Xin-Yu Fang, Jing-Qi Tian, Xing-Zhou Tang, Zi-Ye Wang, Jin-Hui Chen,*
Yan-Qing Lu,* and Bing-Xiang Li*

Soft matter materials, known for their exquisite sensitivity to external stimuli,
have facilitated the engineering of intriguing superstructures, driving
groundbreaking advancements in photonics devices. However, in-plane

manipulation of optical beams remains challenging, especially in the presence
of complex scattering phenomena such as branched flow. Here, the controlled

design of branched light flow, beginning with fundamental beam refractions
in soft nematic liquid crystals (NLCs), is demonstrated. Leveraging a
multistep photoalignment technique, disordered optical potentials are
generated by exploiting the intricate inhomogeneity of NLC domain
mesostructures. By tuning the density of these domains, the correlation
length of disordered potential can be adjusted, thereby enabling control over
the branched flow of light. The unconventional intensity statistics and the
rapid fidelity decay along propagation are revealed through in-plane light
scattering, illuminating the complex dynamics of light-matter interactions.
Furthermore, a phenomenon that transcends the classical understanding of
branched flow is uncovered: the emergence of unilateral branches at the
boundary of disordered regions of NLCs. This work underscores the unique
capabilities of the customizable soft matter platform in shaping the very
nature of light transport in planar disordered media and offers a new
approach toward novel soft photonics and diffractive optical computing.

divide, forming treelike caustic
distributions.[?! Although fundamentally
linear, branched flow can lead to high
field intensities that catalyze nonlinear
wave phenomena such as tsunamis,('?!
breathers,’] and rogue waves.*! Ini-
tially observed in two-dimensional (2D)
electron gases,’) branched flow has
been identified in various physical sys-
tems, including microwaves,[®! sound
waves,l’l and water waves.[!] Recently,
the branched flow of light was reported
by leveraging the smooth thickness
variations of the soap film as a correlated
disordered potential.®? This discovery
has aroused research interests in in-
plane light field manipulations,'% given
the unconventional intensity distribution
arising from branching behavior on both
flat and rough curved surfaces,'!l as
well as its potential application in optical
computing devices.[?l The on-demand
design of disordered optical potentials for
manipulating and customizing branched

1. Introduction

Branched flow is a captivating phenomenon that emerges when
waves propagate through a disordered medium with a correla-
tion length exceeding the wavelength and sufficiently small po-
tential strength.[!l Unlike random speckle patterns, a weakly dis-
ordered environment fosters focused filaments that intricately

flow is highly anticipated for practical
photonic applications.

Very recently, some soft matter
materials, such as liquid crystals (LCs), have been reported to
offer novel opportunities for manipulating the branched flow
of light."% LCs, as representative soft matter, combine proper-
ties of isotropic fluid and crystalline solids possessing proper-
ties of dielectric anisotropy and optical birefringence.l3] Early
research revealed the responsive behavior of LC molecules to
external stimuli such as electric fields,['*] magnetic fields,!®!
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optical exposure,['®! and surface anchoring.!'%'7] These findings
have enabled the multiple customizations of molecular orienta-
tion, offering a tremendous advantage in domain engineering.
As an important topic, domain engineering in LCs advanced in-
triguing superstructures,’® which have been applied to multi-
tudinous photonics devices including linear and nonlinear light
field manipulation,!'”>'*] with some demonstrating optical ef-
ficiency comparable to traditional crystals."% Typically, the el-
ementary units of LC devices are fabricated as sandwich-like
structures, naturally functioning as waveguides for planar wave
propagation.?! Notably, topological beam steering through de-
signed LC vortices has been reported, analogous to the cosmic
strings.[?!l Given their extreme sensitivity to external stimuli,
LCs have been investigated as dynamic platforms for studying
electrical switching!'%) and the transition of optical branched
fow.I'%] Previous studies have primarily focused on macroscopic
control of optical branching. However, in these works, disor-
dered potentials arise spontaneously due to the self-assembly pat-
terns of LC films. Consequently, the branched flow fields can-
not be tailored on demand, highlighting the need for an ap-
proach that enables precise customization of disordered optical
landscapes.

In this work, we present an experimental realization of cus-
tomizing optically disordered potentials through domain engi-
neering within soft NLC. This strategy facilitates the manipula-
tion of in-plane beam deflection and the tailoring design of the
branched flow of light. By using the photoalignment technique
to orient NLC molecules, we create optical domains with specific
refractive indices, resulting in in-plane beam deflections that ap-
proximately adhere to classical Snell’s law. By assembling these
domains with varying densities, multiple disordered potentials
characterized by extended correlation lengths are created, en-
abling the controlled formation of the branched flow of light in
the desired position within a homogenous environment. More-
over, the presence of the boundary of disordered soft matter leads
to the emergence of unilateral branches, extending the conven-
tional understanding of branched flow.

2. Results and Discussion

2.1. Experimental Setup

We present an experimental setup, as illustrated in Figure 1a, de-
signed for the on-demand creation of branched flow of light in a
planar LC-based soft matter system. The optical devices are fabri-
cated into a sandwich-like structure, composed of two glass sub-
strates, each spin-coated with a polarization-sensitive alignment
layer of optically sulfonic azo-dye (SD1), as shown in Figure 1b.
The two substrates are glued with a gap d ~ 35 pm. Subsequently,
the cell undergoes ultraviolet (UV) light treatment with multistep
exposure, including uniform-polarized UV light (Figure 1c) and
a digital micromirror device (DMD)-based microlithography sys-
tem, empowering on-demand customization of LC textures in
a homogeneous background (Figure 1d and Experimental Sec-
tion). After alignment, the NLC material E7, which possesses
positive permittivity anisotropic, Ae = £,, — &, > 0 is infiltrated
into the cells, forming a soft membrane that facilitates in-plane
optical wave propagation. In the NLCs, which are uniaxial ma-
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terials with long-range orientational order, the director n rep-
resents both the average orientation of molecules and the opti-
cal axis.[?l Due to the isomerization and dichroic absorption of
the azo-dye layers, SD1 molecules tend to reorient perpendicular
to the polarization of the UV light, which, in turn, aligns adja-

cent LC molecules, thus guiding the director n.[?° Using a polar-
ized optical microscope (POM), we can observe the LC textures
under different exposing conditions, as shown in Figure le,f.
The background nematic is uniformly aligned along the x-axis,

marked as ﬁo = (1,0, 0)(Figure 1g). To induce refractive index
variations and create a disordered potential, the director of NLC
within the specific pattern is deflected relative to the background

alignment, as exemplified Hi = (0,1,0) in Figure 1h. We inves-
tigate the manipulation of in-plane beam propagation and the
formation of feasible caustics using these textures with linearly
polarized light incidence, where the beam’s polarization direc-
tion is parallel to the y-axis (Figure S1, Supporting Information).
The sandwich-like structure of the LC sample serves as a waveg-
uide, confining the optical beam along the longitudinal direc-
tion (z-axis). The Gaussian beam is focused at the sample en-
trance, with a beam waist of w,, & 20 pm, and the Rayleigh length
is calculated to be 2 mm. Due to the high optical losses in
the NLC medium, the beam propagation is significantly atten-
uated before reaching the Rayleigh length. Using the optical mi-
croscope (Figure S2, Supporting Information), the optical field
propagating through the NLC membrane can be captured due to
Rayleigh scattering.!??] Weakly scattered beam propagation was
observed in the homogeneous state (Figure 1i), whereas designed
branched flows emerged within a correlated disordered potential
(Figure 1j), which will be discussed in more detail later.

2.2. In-Plane Beam Deflection Based on Local NLC Domain
Engineering

Domain engineering with a specific refractive index is a funda-
mental research topic in optical transition control, enabling phe-
nomena such as wide-angle deflection and optical caustics.!?*! We
present experimental results on beam deflection through the de-
sign of NLC domains with director mutation, as illustrated in
Figure 2a. Due to optical birefringence, a uniform NLC system
can propagate light with two distinct polarizations: one perpen-
dicular to the LC plane, known as an ordinary wave (o-wave), and
the other parallel to the plane, known as an extraordinary wave (e-
wave). As previously mentioned, the polarization of the incident
beam is aligned along the y-axis, corresponding to an e-wave due
to the homogeneous orientation of the LC director within the x—
y plane. In the experiment, the enclosed NLC layer within the
sandwich-like cell structures forms a waveguide that enables the
propagation of optical waves, with the e-wave propagation follow-
ing the Helmholtz equation®

=Viw + Vo)) w = kiity 1)
here y represents the field amplitude of the optical field compo-
nent of e-wave, k, is the value of wavevector in vacuum. In the

experiment, the wavevector direction is set along the x-axis, and
the operator executes Viy = 0%/9x? + 0% /dy?; for the optical wave,
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Figure 1. Branched flow of light in domain-engineered NLCs. a) Experimental setup to observe the branched flow of light in NLC film. b) Schematic
diagram of the NLC cell. The orange layers represent the photo-sensitive alignment layers (SD1), and the blue rods illustrate the NLC directors. Schemat-
ics demonstrate multistep exposure including c) integral orientation and d) localized pattering of the NLC directors. The inset white arrows represent
the polarization of UV light. POM diagrams of the NLC textures: e) uniform alignment structure and f) disordered NLC domain distributions. g,h)
Director orientation of the local NLC textures extracted within the rectangles marked in (e) and (f). Microscope images showcasing the propagating
behavior of the optical beams in NLC film: i) weak scattering state in the homogeneous NLC layer and j) optical branched field traversing the designed

disordered-domain NLC film. All scale bars represent 200 um.

k2i? plays the role of the total energy (E,, = k?a?) with potential
V(x,y) forming by V(x,y) = k}(* — niﬂ.(x, Y))- Mg (x,y) is the lo-
cally effective refractive index of the e-wave and 71 = (nfﬁ) is ob-
tained by averaging the refractive index of the whole landscapes.

Figure 2a demonstrates rounded domains (RDs) with differ-

ent designs of the inner director (ﬁl) which might lead to a
wall defect!??] as observed under the POM (Figure S3, Support-
ing Information). The formation of these defects due to the self-
assembled LC molecules occurs naturally in the transition region
between two domains, especially at large mutations of the direc-
tor (Figure S3, Supporting Information).?*! We coupled the po-
larized Gaussian beam at various locations along the interface
between two LC domains and observed the resulting beam de-
flection with the microscope, as shown in Figure 2b and Figure
S4 (Supporting Information). To better observe the integral beam
refraction, a quasi-plane wave incidence using a cylindrical lens
was employed (Figure S1b, Supporting Information). The beam
deflection within the RDs intensifies with the orientational angle
of the internal director (g;), resulting in a high-intensity focus as
the plane wave passes through the domain (Figure 2c). Figure 2d
illustrates the beam deflection geometry. In the homogeneously
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treated background (¢ = 0°), the refractive index for the incident
beam is denoted by n, = n, (n,). Under these conditions, bire-
fringence does not occur. In contrast, when the beam reaches
the interface of the LC domains, the nonzero angle between the

wave vector (k) and the inner director (;1) determines the degree
of refractive index n; = n4(¢), further allowing for the beam de-
flections

nin,
nzﬁ(x, y) = (2)

\/ni(l — sin’acos?g) + ni/sinzacoszqo

where a and ¢ represent the polar angle and the azimuthal an-
gle of the director, respectively (as shown in the inset diagram of
Figure 2e); and n, and n,, are the refractive indices perpendicu-
lar (ordinary refractive index) and parallel (extraordinary refrac-
tive index) to the director, respectively. For the complanate (x—y
plane) arrangement of the LC director, the polar angle is absent
(@ =90°), and the in-plane rotation of the director is recorded
by ¢ leading to variations in the effective index, as shown in
Figure 2e.
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Figure 2. In-plane light beam deflection based on the NLC domain engineering. a) Schematic director map of the rounded NLC domains with different
inner director distributions: 45°, 60°, and 90°. The blue sticks represent the director distributions in the background (¢; = 0°), and the red sticks represent
the inner director orientation. b) Corresponding beam deflections with Gauss beam incidence at the top of the LC domains. The dotted line represents
the edges of the RDs. c) Micro images depict the whole distribution of incident board beam after deflection by different domains. d) Perspective
diagram illustrates the beam propagation in a homogeneous background and deflection after interacting with the defect walls. 6, and 6, represent the
angle of incidence and deflection, respectively. e) Effective refractive index as a function of the azimuthal angle of the director (). The insect diagram
demonstrates the azimuthal (@) and polar angle (a) of the director. f) Schematic director map of the triangular NLC domains with different slopes but
an identical inner director distribution (¢; = 90°). g) Micro images illustrate the phenomenon of correlated beam deflection when a Gauss beam makes
contact with the hypotenuse at varying incident angles: 6, = 30°, 8, = 45°, and 6, = 60°, respectively. h) Comparative analysis of Snell’s law and the
experimental beam refraction when impacting the domain walls with different incident angles. The colored curves represent the theoretical value of the
law and the black spots with different shapes represent the experimental data. The scale bar is 200 um.

In addition, although the circular geometry appears straight-
forward, it permits varying angles of incidence (0° < 6; < 90°)
when parallel beams strike it at different points, as illustrated in
Figure 2d. To observe the refractive behaviors at different inci-
dent angles, we designed triangular domain structures and kept
the incident beam horizontally in contact with the hypotenuse,
as shown in Figure 2f and Figure S5 (Supporting Informa-
tion). Figure 2g shows an example of the controlled experiment  n,sin 6, = n, (¢) siné, (3)

where the inner director is set along the y-axis (ﬁi =(0,1,0)) and
demonstrates that the degree of beam reflection increases with
the angle of incidence. We conclude Snell’s law from compre-
hensive beam deflection with various incidence angles (6,) and
effective index of refractive (g ()

Laser Photonics Rev. 2025, 2401717 2401717 (4 Of9) © 2025 Wiley-VCH GmbH
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Figure 3. Tailoring branched flow of light in homogeneous NLC backgrounds. a) Examples of binary diagrams depict blueprints of disordered patterns
containing 400 RDs. The black areas represent a homogeneous NLC background, while the white spots indicate the distribution of mutated regions. b) A
schematic diagram illustrates the effective refractive index of the customized disordered pattern. c) The top-viewed branched flow of light observed when
the Gauss beam passes through the top region (1), intermediate region (Il), and bottom region (I11) of the patterns. Corresponding incident positions
are indicated by different colored rectangles marked in (a). d) The probability distribution of optical branched fields. The intensity data of the branched
flow is extracted from the linear channel, as marked in (c). e) Optical fidelity index as a function of beam propagation distance. Scale bar 200 um.

where 0, and 0, represent the angle of incidence and refraction,
respectively. n, and n,(¢) are the refractive indexes of two do-
mains on either side of the defect walls, respectively. The colored-
distinguished curves shown in Figure 2h demonstrate the the-
oretical values of the refraction angle as a function of the inci-
dence angle. The experimental results, represented by differently
shaped markers in Figure 2h, generally agree well with the the-
oretical curves. However, it is important to note that the experi-
mental values are slightly lower than the theoretical predictions,
especially when ¢, = 90°. This discrepancy may be attributed to
the continuous rotation of the director at the boundary of the ex-
posure area, resulting in a reduction of the actual effective index.

2.3. On-Demand Tailoring of Weakly Disordered Landscapes
Capable of Forming Optical Branched Fields

Correlated disordered media have been widely studied for their
impact on wave propagation, including optical localization, dif-
fusion, and scattering optimization.!?) Branched flow, a complex
scattering phenomenon, arises when waves encounter a weakly
disordered potential landscape. In this work, we generate such
disordered potentials by utilizing the spatial distribution of RDs,
as shown in Figure 3a. These patterns are formed by randomly
assembling RDs without overlap, enabling strong beam deflec-
tions that ultimately lead to a branched flow of light. In our ex-
periments, we controlled the number of RDs within a given area,
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while removing the constraints on their size and configuration,
provided that mutual occlusion was avoided. This method en-
ables the generation of a large variety of patterns with similar
density of director mutation areas, as shown in Figure S6 (Sup-
porting Information). More importantly, the random barycenter
and size distribution of these domains within a fixed area forms
weakly disordered potentials, despite using only two different di-
rector orientations, distinguishing this approach from previous
studies.['% To enhance visualization, we analyzed the correlation
properties (Figure S7, Supporting Information), demonstrating
a direct relationship between correlation characteristics and do-
main density.

The statistical properties of the wave field in the branched flow
are determined primarily by the correlation length ] and the rel-
ative strength of the disordered potentials e rather than by the
other specific features.l® To verify this dependency in our model,
we first compare the branching landscapes generated by disor-
dered patterns with different correlation properties while main-
taining the filling fraction (Figure S8, Supporting Information).
The results show that the strength of the correlated potentials can
be modulated by altering the effective refractive index without
changing the domain distribution. More importantly, the tran-
sition of the branched fields indicates that the branched flow in
our model is linked to the correlation properties of the disordered
structures. To enhance the ability of LC domains to form caus-
tics and ultimately facilitate branched flow, we selected RDs with
an inner director orientation perpendicular to the background

© 2025 Wiley-VCH GmbH
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for constructing the disordered landscapes used in subsequent
studies. Figure 3b depicts the landscape morphology in terms of
effective refractive index, which directly promotes the in-plane
optical behaviors, including beam steering and optical branched
flow,1°+19] as shown in Figure 3c. However, it is important to note
that the optical potential varies with the injection direction of the
optical wave due to the birefringence of the NLC membrane and
the binary design strategy, as shown in Figure S9 (Supporting In-
formation).

For the NLC film photopatterned using the model, the calcu-
lated correlation length I is on the scale of 50 pm, and € is ~0.06,
satisfying the basic requirements for branched flow. Figure 3c
illustrates the observation of branched flow of light with vary-
ing geometrical characteristics. The classical scenario of optical
branched flow exists in the intermediate area (II) of the patterns
when a Gauss beam is coupled (middle panel in Figure 3c). By
precisely adjusting the incident position of the optical beam pass-
ing through the LC pattern, unilateral flow of branched fields can
also be obtained at the top (I) and bottom (III) regions of the
LC patterns (Figure 3c top and bottom panels), attributed to the
boundary asymmetry of the disordered landscape. One important
characteristic of the branched flow is its unconventional distri-
bution of intensity, which is typically analyzed by measuring its
probability density. Figure 3d shows the probability distribution
of the intensity data extracted from the linear cross-section, as in-
dicated in Figure 3c. The cumulative distribution function (CDF)
of the branched flow is shown in the inset diagram, highlight-
ing the important characteristic that, the CDF deviates from the
Rayleigh distribution at high intensities. This deviation is linked
to the development of high-intensity filaments.[®#1%11¢] To fur-
ther analyze the scattering properties of each branched field dur-
ing movement, we introduce the fidelity index, which captures
the transformation of the beam along its propagation path (Note
SI, Supporting Information).') In the definition, the fidelity F(x)
mathematically characterizes the deformation of the optical field
as it propagates along the x-direction. A high-fidelity value in-
dicates that the optical field retains its shape and structure dur-
ing propagation, whereas low fidelity suggests significant defor-
mation due to light scattering effects in disordered media. No-
tably, the fidelity index of the branched fields degrades rapidly
over a propagation distance of about 0.2 mm, which is consistent
with the first branch position.['%112] The single measurement
of fidelity shows the varying dynamics of propagating branched
fields, which are determined by the local disordered potential
(Figure 3e).

We further investigate the asymmetric flow at the interface be-
tween ordered and disordered structures, ensuring that both re-
gions have the same filling fraction, as shown in Figure S10 (Sup-
porting Information). When the optical beam propagates along
this interface, the branched flows predominantly extend into the
disordered potential field, maintaining their unilateral propaga-
tion (Figure S10, Supporting Information). In addition, as the
disc region possesses a higher refractive index than the back-
ground, part of the beam propagates as straight leaky-wave-like
rays toward the ordered region without forming branches. These
observations highlight the critical role of weakly disordered po-
tential fields in generating branched flow, while the overall beam
trajectory remains governed by the effective refractive index.
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Following the principle of organizing disordered landscapes,
we can create patterns with alternative densities of RDs, as shown
in Figures 4a and S11 (Supporting Information). The top-view
images of the branched fields are observed (Figure 4b,c and
Figures S12-S16, Supporting Information). For the branched
flow generated by an incident Gaussian beam, both the branch-
ing strength and the flowing width decrease as the domain den-
sity increases. This trend is evident in the intensity distribution
across the cross-section (Figure 4d). Although the general correla-
tion length of the potential landscape decreases with increasing
domain density (Figure S7, Supporting Information), the local
landscapes interacting with the Gaussian beam (width of 30 um)
become more ordered due to the connectivity between adjacent
domains. As a result, the fidelity index exhibits a more gradual
decline as the domain density increases (Figure 4e). In the case
of quasi-plane wave incidence, the wave focuses at a specific dis-
tance (first branching distance), which varies between different
disordered potential landscapes, as seen in Figure 4c. The scin-
tillation index provides a direct way to extract the branching dis-
tance from experimental datal?! (Note SI, Supporting Informa-
tion). To quantify intensity fluctuations, we measure the inten-
sity over the transverse coordinate by averaging across different
branching realizations from potentials with the same correlation
properties (I, €), as shown in Figure 4f and Figure S17 (Support-
ing Information). This averaging dataset characterizes the statis-
tical variations in optical wave intensity as it propagates through
the disordered medium. Figure 4f shows the extracted scintil-
lation index of the propagating optical fields around the peak
positions for different densities. Using the ensemble averaging
method, the first branching distance d; of each branched field can
be extracted from the peak position of the average scintillation in-
dex curve. These peak positions were measured as ~301 pm (N
= 400), 270 um (N = 450), 262 pm (N = 500), 253 um (N = 550),
and 234 um (N = 600), as shown in Figure S17f (Supporting Infor-
mation). Due to the limited number of experimental samples, the
relative deviations of the experimental results from the theoreti-
cal predictions are ~1.8%. Intriguingly, the shift of the peak posi-
tion directly observed in the scintillation index, demonstrates the
advantage of customizing disordered potential fields compared
to previous work.[%+1027]

To obtain the branching distance theoretically, we analyze the
potential environment of these disordered landscapes. As already
mentioned, the correlation length (I.) and potential strength (€)
are important statistical characteristics of the randomly disor-
dered potential and help determine the theoretical properties of
the branched flow, including the branching distance. The cor-
relation length and potential strength are defined by a corre-
lation function, written as ¢(r) = (V(r)V(0)) = o*f (7 - 7/1%), with
potential €= ¢ 2E,, = \/W/Zk(z)ﬁ2 and f(0) = 1.7 The corre-
lated function can take various forms, typically including the ex-
ponential decay function and Gaussian function. In our analy-
sis, the strength and length of the correlated potential are cal-
culated by measuring the width of the autocorrelation func-
tion corresponding to the refractive index landscape (Figure 4g
and Figure S7, Supporting Information). As expected, the cor-
relation of the optical potential decreases with the density of
the RDs, while the potential strength remains around a con-
stant €= 0.06 (Figure 4g). The first branching distance can be
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Figure 4. Tuning branched flow of light through regulatory domains engineering. a) POM diagrams of customized disordered patterns with different
numbers of RDs, respectively, N = 400, 500, 600. The scale bar is 200 um. Microscope images of optical branched flow in corresponding optical
landscapes, with b) Gauss beam and c) quasi-plane wave incidence. The scale bar is 200 um. d) Cross-section optical intensity of branched field in
different potentials. The intensity data was extracted from the linear cross position marked in (b). e) Fidelity index as a function of propagating distance
(x-axis) for each branched field. f) Averaged scintillation index as a function of the propagation distance x, extracted from the plane-wave experiments
conducted with different numbers of LC domains (N =400, N = 450, N = 500, N = 550, N = 600). g) Correlation length (I.), potential strength (¢), and
theoretical first branching distance (I.e=2/3) as a function of the number of randomly distributed domains.

calculated based on the statistical length scale of d; 1.e7%3, 3, Conclusion
as shown in Figure 4g, which agrees well with the exper-
iments. In addition, modifying the packing arrangement of
these circular domains while maintaining a constant filling frac-
tion also enables disordered photonic structures to exhibit dif-
ferent degrees of order, >l leading to different spatial corre-
lation and corresponding transformations of branched fields

In this study, we have experimentally realized the in-plane control
of an optical beam, from its fundamental deflection to the on-
demand design of branched flow of light in the NLC medium.
Utilizing the photoalignment technique, we are able to design
the local orientation of the NLC director, enabling the creation
(Figure S18, Supporting Information). This supplementary anal- of optical domains with specific refractive indices. We demon-
ysis further confirms that the branched flow in our model is strated the optical reflection behavior through the design of these
not solely dictated by the density of the discs but is intrinsi-  LC domains and subsequently validated Snell’s law. By assem-

cally governed by the correlation properties of the disordered bling these LC domains with a higher refractive index into a fixed
potentials. area, we produced multiple optical potentials with alternative
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disordered states, thereby enabling the generation of a branched
flow of light at desired locations within a homogeneous envi-
ronment. This novel method, utilizing only two distinct direc-
tor orientations, enables precise tailoring of disordered poten-
tial fields through the spatial distribution of domains. Further-
more, by fully leveraging the liquid crystal orientation and in-
dependently designing the director configuration between do-
mains, the dependence of optical branched flow on the incident
direction could be eliminated. This strategy not only enhances
the universality of branched flow control but also broadens its
applicability to other physical systems. We envision that wide-
angle deflection, such as the U-turn of an optical beam, can be
realized in an NLC membrane through material engineering, 8
precise alignment, and polymerization techniques.?*23] Overall,
this research demonstrates that a soft matter system, facilitated
by the alignment technique, can serve as an excellent platform
for controlling planar beam transmission—from simple deflec-
tion to complex scattering—and paves the way for novel optical
computing devices.

4. Experimental Section

Materials:  The NLC material E7 (Jiangsu Hecheng Display Technol-
ogy) was used for the fabrication of the LC-based waveguide. E7 undergoes
a phase transition from isotropic to nematic at 60.5 °C and exhibits refrac-
tive indices of 1.74 for the e-wave (n, = 1.74) and 1.52 for the o-wave (n,
= 1.52) at room temperature (25 °C). The material’s dielectric anisotropy
was measured and characterized.

Sample Fabrication: The indium tin oxide (ITO)-coated glass sub-
strates were first cleaned in an ultrasonic bath with deionized water at 50
°C for 20 min to remove surface impurities. Following this, the substrates
were subjected to UV-ozone treatment at 50 °C for 30 min to eliminate any
remaining organic contaminants, thereby promoting uniform deposition
of the alignment layer. The alignment layer, consisting of SD1 dissolved in
dimethylformamide (DMF) at a concentration of 0.5 wt%, was spin-coated
onto the substrates using a multistep rotation process: an initial spin at
800 rpm for 10 s followed by a secondary spin at 3000 rpm for 30 s. After
curing at 100 °C for 10 min, the substrates were assembled into an LC cell
using UV-curable glue blended with spacers to achieve a cell thickness of
~35 um, as determined by the spacer size.

The Photopatterning of Disordered Potential Landscapes in Uniform NLC:
The homogeneous alignment of the LC background was achieved by expo-
sure to a uniformly polarized UV light at a wavelength of 405 nm. During
UV exposure, the SD1 molecules align with their long axis perpendicular
to the polarization direction of the light source, thereby inducing the ori-
entation of the LC director. For the design of the localized domain, a DMD-
based lithography device (Nanjing Ningcui Optical Technology Co., Ltd.)
was used for secondary exposure of the LC cell. The DMD, synchronized
with an array of rotational motors, provides precise control over polariza-
tion direction according to the photopatterning information. Initially, pre-
designed binary patterns were loaded onto the DMD chip, after which the
UV source carried the pattern information, projecting it onto the glass sub-
strates through a high-resolution objective lens. The LC cells were placed
on a three-axis (X, Y, Z) motorized stage to precisely control the exposure
position. Following the photolithography process, the NLC materials were
filled into the LC cell in its isotropic state (at 70 °C) through capillarity.

Optical Setup and Beam Coupling: A continuous-wave laser with a
wavelength of 532 nm (Changchun Letime Technology Co., Ltd.) was used
and coupled into the LC samples after the adjustments of the beam waist,
polarization, and power (Figure S1, Supporting Information). The beam
waist was kept smaller than the cell gap, which was controlled by using an
optical system consisting of two plano-convex lenses (JCOPTIX, China).
The polarization of the incident beam was managed using two polarizers
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and a wave plate with a quarter wavelength retardation (Figure S1, Sup-
porting Information). The beam passes through the first polarizer, emerg-
ing as linearly polarized light, then is converted to circular polarization via
the quarter-wave plate, and finally reoriented to linearly polarized light with
an adjustable direction, without any intensity difference, by the second po-
larizer. An attenuator was used to regulate the light's intensity.

Observation of NLC Textures and In-Plane Optical Field:  To observe both
the LC textures and the correlated optical beam trajectory within the LC
layer, a polarized optical microscope was constructed (Figure S2, Support-
ing Information). The LC textures were observed in a cross-polarized state
using an LED light source. The beam trajectory was captured by imaging
the optical scattering from a top-view perspective. To accurately measure
the intensity distribution of the branched flow, the LED source and polar-
izers were removed to prevent the loss of optical information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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