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Reflection and refraction are ubiquitous phenomena with extensive applications, yet
minimizing energy loss and information distortion during these processes remains a
significant challenge. This study examines the behavior of structurally stable solitons,
known as directrons, in nematic liquid crystals interacting with an interface where the
director field orientation changes, despite identical physical properties, external poten-
tials, and boundary anchoring in the two regions. During reflection and refraction, the
directrons maintain nearly constant structure and velocity, ensuring energy conservation
and information integrity. Microscopic analyses of the director field and macroscopic
evaluations of effective potential are employed to elucidate the dependence of reflec-
tion and refraction probabilities on the directron’s incident angle and the orientation
difference across the interface. The findings provide valuable insights into the dynamics
of solitary waves in structured liquid crystal systems, offering significant implications
for the development of tunable photonic devices, reconfigurable optical systems, and
nanoscale material engineering.

liquid crystal | dissipative soliton | interaction with interfaces

When waves propagate to the interface of heterogeneous media, reflection and refraction
phenomena arising from differences in physical properties have long been fundamental
topics in research (1-8). One of the most significant applications lies in information
transformation. Solitons have been engineered for the long-distance propagation of optical
signals and have been observed in liquid crystals (LCs) as either domain interfaces in the
presence of rotating magnetic fields (9—14) or as localized director perturbations generated
and propagated under a delocalized alternating current (AC) electric field (1, 15-26). The
latter approach offers a promising method to harvest the energy of a delocalized field and
focus it into micron-sized packets (19, 22, 25, 27), with potential applications in infor-
mation or cargo transport, energy transduction through liquid—liquid interfaces (28), and
the design of LC-based autonomous and adaptable microsystems (27, 29-31). When
solitons traverse an interface, their motion may undergo changes due to differences in
external fields (32) or boundary anchoring energies on either side of the interface (28).
From a physical perspective, the formation mechanism of liquid crystal solitons bears
a profound analogy to that of classical optical solitons. Optical solitons maintain waveform
stability through a dynamic balance between self-phase modulation and group velocity
dispersion, whereas the stability of liquid crystal solitons arises from the interplay between
elastic deformation energy and external field-driven forces. The director field of nematic

liquid crystals is protected by the homotopy group 7[2<§—z), reflecting the symmetry
around a nematic axis, where each director orientation n() is equivalent to — n(7). If the
liquid crystal possesses chirality, these solitons may exhibit topological stability, resembling
"knots" that are difficult to untie and, therefore, resistant to dissipation. The topological
stability leads to the formation of various topological solitons (24, 33—-36). While most
topological solitons exhibit stable structures, their limited mobility poses challenges for
high-speed information transmission, despite their potential applications in informa-
tion storage.

In nonchiral liquid crystals, the formation of solitons primarily depends on local director
field variations (such as splay and bend) induced by external electric fields. Li et al. (18,
26) detailed the electrically driven solitons, termed “directrons,” where dielectric polari-
zation and flexoelectric polarization drive the director field to align either perpendicular
or parallel to the field direction. The competition between these polarizations and the
boundary conditions results in the formation of localized, stable, nontopological structures
capable of propagating at relatively high speeds in a specific direction. Subsequent studies
explored the phase diagram of solitons under varying electric field conditions and
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elucidated the physical mechanisms underlying soliton formation
and propagation (21, 28, 30). These investigations achieved precise
spatial and directional control over soliton generation and exam-
ined soliton transitions between regions with distinct physical
properties, unveiling dynamic behaviors (1, 19, 22, 28, 32,
37, 38).

In this work, we employ photoalignment technology to cus-
tomize the director orientations and define the interface regions
and alignment directions (37, 39-41). When a directron encoun-
ters an interface, the likelihood of refraction increases as the direc-
tor field at the point of contact becomes more aligned with the
interface's orientation. Conversely, a larger mismatch in the local
director field tends to favor reflection. At intermediate alignment,
both reflection and refraction are possible, with the specific out-
come determined by the timing of the interaction. This study
demonstrates that by precisely controlling the background director
distribution, it is possible to manipulate the trajectories of direc-
trons and adjust the probabilities of reflection and refraction with-
out altering the medium’s material properties or boundary
anchoring conditions.

The directrons exhibit stable morphology, long travel distances,
controllable trajectories, and a wide range of tunable motion. The
findings of this study highlight the application potential of direc-
trons in information transmission. Maintaining consistency in
material parameters effectively ensures the morphological integrity
and velocity consistency of the information carrier. The reconfig-
urable interface allows for reversible modification without com-
promising system stability. These characteristics establish directrons
as soft-matter information carriers with long-range transport
capabilities, programmable trajectories, and seamless interfacial
transitions.

Results and Discussion

Research Design and Phenomena. When directrons approach
and interact with interfaces, reflection and refraction are
observed. The directrons are generated by applying an AC
electric field to a nematic liquid crystal with negative dielectric
anisotropy. The causes and analyses of directron generation
and motion are discussed in the Supplementary Information
(ST Appendix, Text I). Photoalignment technology (ST Appendix,
Text 2) allows precise control over the interface by designing
the director orientations on both sides. As shown in Fig. 14,
a UV-polarization-sensitive sulfonic azo-dye SD1 is coated on
the glass substrates and exposed at a designated wavelength, 405
nm. A designed background alignment is achieved, and 4’-butyl-
4-heptyl-bicyclohexyl-4-carbonitrile (CCN-47) is introduced
into the NLC cells. The AC field is oriented perpendicular to
the liquid crystal cell (z-direction), causing the directrons to
propagate predominantly perpendicular to the director. The
material properties, boundary anchoring strength, and applied
electric field are identical on both sides of the interface. The
applied voltage ranges from 40 to 80 V, with frequencies varying
between 500 and 800 Hz.

With the designed boundary alignment established by pho-
toalignment, the bulk liquid crystals spontaneously reorient to
match these boundary conditions, naturally forming a distinct
interface. Consequently, the interface position and the director
orientations on each side are precisely determined by the patterned
surface alignment. The director fields in both regions are repre-
sented as #; and n,, which is detailed in S Appendix, Fig. S3. The

angle between the regions is defined as f, = l”l;”z) and the angle

”1'"2'
between the top region and the + x direction is defined as
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b= n;—f Fig. 1B shows the full waveplate polarizing optical

microscope (POM) image in the absence of an AC field. Here, A
refers to the analyzer’s direction, and P refers to the polarizer’s
direction, which are orthogonal. The aligned directors appear as
a deep red background, with the slow axis (1) represented by rods
oriented at 45° to the crossed polarizer. Directrons propagate per-
pendicular to the director field, inducing local color variations
that indicate their direction (Fig. 1C). To ensure clear observation
of reflection and refraction, the interfacial director orientations
differ by 91°, with a 1° perturbation added to prevent overlap
between reflected and incident trajectories at normal incidence.

Fig. 1D presents the observed refraction and reflection phe-
nomena at a fixed interfacial angle of 91°. Both regions appear
deep red due to alignment with the analyzer or polarizer directions.
The interface, aligned along the x-axis, exhibits a clockwise gra-
dient, appearing yellow. The incident angles (0) of 66°, 0°, —10°,
and —76° are shown from left to right, with counterclockwise
angles defined as positive and clockwise as negative (see
SI Appendix, Fig. S4 for details). At incident angles of 66° and
—76°, directrons can traverse the interface, exhibiting refraction.
Both the incident and refracted angles are on the same side of the
normal, resulting in negative refraction. It is observed that direc-
trons travel perpendicularly to the director fields in both uniformly
aligned regions, with their yellow and green wings switching upon
crossing the interface due to the angular difference in director
orientations on either side. At incident angles of 0° and — 10°,
reflection occurs, with the reflected angles at — 10° being negative,
indicating negative reflection. Before and after reflection, the
colors of the director wings also switch, demonstrating that the
directron’s direction of motion reverses.

The orientation difference f; between the director orientations
in the two regions can also be precisely controlled using pho-
toalignment technology. Fig. 1E shows the scenario where the
angle between the upper region’s director orientation and the
x-axis is fixed at #, = 0°, and directrons are incident from regions
with different g, values 0f130°, 155°, 25°, and 60°. Throughout
the process of directrons entering the n, region from the #, region,
they consistently move perpendicular to the director orientations.
Since the angle between the two regions is not perpendicular, the
color of directrons in the 7, region does not always appear yellow
and green. The background color of the lower region varies among
yellow, green, and red based on the orientation of 7,. The clock-
wise or counterclockwise transition of the director orientation
across the interface can result in yellow and green regions. This
study allows precise adjustment of the interface position and angle,
as well as the alignment of directors in both regions, f#; and §,,
enabling flexible control over directron motion modes, including
refraction, reflection, and various exit angles. The detailed process
of the directrons in various times of Fig. 1 D and E is shown in

SI Appendix, Figs. S8 and S9.

Modulation of Incident Angles. By fixing the orientation
difference f; between the directors of the two regions and varying
the incident angles, different reflection and refraction behaviors
can be observed. Fig. 24 illustrates the reflection and refraction
phenomena at various f#, under 7.25 V and 800 Hz. During
refraction, the propagation orientation remains perpendicular to
the background director field. However, during reflection, there
is a noticeable difference between the incident and reflected
angles, especially at larger incident angles, where the difference
becomes more significant. Refraction can be understood as the
directron gradually changing its direction of motion within
differently aligned director fields until it resumes linear motion
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Fig. 1. Schematic of preparation of the binary pattern utilizing the photoalignment technique based on a digital-micro-mirror device. (A) Fabrication process of
the NLC sample. Blue arrows represent the linear polarization of UV light. (B) Polarizing optical microscope (POM) figure captured at the absence of electric fields,
presented with a full waveplate (530 nm). g,is the angle between directors within Upper and Bottom regions. f, is the angle between x-axis and n;. (C) lllustration
of directrons’ generation by applying an AC field onto an NLC cell. (D) Interactions between solitons and interfaces when g, is fixed at 91°. (F) Programmable

refraction angle by manipulating g, when g, is fixed at 0°.

in a uniformly aligned region. In contrast, reflection resembles
a strong interaction between the directron and the interface,
where the incident directron alters the interface’s morphology,
creating an extra directron source on the same side as the incident
directron but moving in the opposite direction. The interaction

PNAS 2025 Vol.122 No.24 2501488122

between the incident directron and the interface modifies the
director orientations near the collision point, causing the reflected
directron to deviate in its direction of motion. In certain cases,
directrons can also be absorbed by the interface. The probability of
absorption is low in this study because the electric field conditions
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Fig. 2. Investigation on interactions between solitons and walls when g, is fixed at either 91° or 89°. (A) Negative reflection, negative refraction, and total reflection
occur after the interaction between solitons and interfaces. (B) Time dependence of the x- and y-coordinates of solitons for different situations. (C) Director field
and POM textures of yellow (#; = 91°) and green walls (g, = 89°), displayed with a full waveplate (530 nm). (D) Negative reflection and negative refraction for
green interfaces. (£) Statistics and corresponding simulation results of refraction during the interaction between solitons and yellow boundaries. (F) Statistics
and corresponding simulation results of reflection when solitons interact with yellow and green boundaries, respectively.

are set such that the length of directrons exceeds the width of  uniform linear motion with minimal changes in velocity and size,
interfaces, ensuring that most directrons either reflect or refract. demonstrating that energy loss during interaction is negligible and
Fig. 2B shows detailed directron trajectories, indicating that  the directron’s structural information remains largely unchanged.
before and after interacting with the interface, directrons maintain As mentioned earlier, when the director orientations transition
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differently across the interface, the POM images display yellow
and green colors, as shown in Fig. 2C. The upper region’s director
orientation #; is primarily aligned along the x-direction, while the
lower region’s n, is aligned along the y-direction. At the interface,
the upper part shows expansion or conversion on the plane that
perpendicular to the nematic axis, exhibits splay deformation,
and the lower part represents angular difference along the nematic
axis, shows bend deformation. If the angle between the interface
center and the x-axis is + 45°, it appears yellow; conversely, — 45°
corresponds to green. More refraction and reflection cases with
various indicate angles for fixed f; are shown in S/ Appendix,
Figs. S5 and S6.

Green interfaces also exhibit reflection and refraction phenom-
ena. Fig. 2D shows two interaction processes occurring at green
interfaces. In Fig. 2C, the green and yellow interfaces are mirror
images of each other; the yellow interface results from a clockwise
rotation of the director field from top to bottom, while the green
interface is formed by a counterclockwise rotation, with the cor-
responding f, being — 89°. The schematic below illustrates the
background, interface, and director distribution for each case.
Reflection and refraction at green interfaces follow similar patterns
to those at yellow interfaces: Directrons typically move perpen-
dicular to the background director field, and during reflection,
the exit angles deviate from the incident angles.

The reflection and refraction phenomena are closely related to
the timing at which directrons collide with the interface. In prac-
tical experiments, precise timing control is challenging because
the response time of the liquid crystal is typically one to two orders
of magnitude longer than the period of the excitation voltage
driving the directrons. Additionally, directrons approaching the
interface interact with each other, altering their structures and
velocities near the boundary. These combined effects introduce
randomness into the reflection and refraction outcomes, making
it difficult to predict whether a given directron will undergo reflec-
tion or refraction solely based on initial conditions. To quantita-
tively characterize this inherent variability, reflection and refraction
events of 50 directrons were statistically analyzed over a specified
time period.

Fig. 2E shows the reflection and refraction behavior at 7.25 V
and 800 Hz. Directrons incident at — 60° to 0° (red region) pri-
marily reflect, while those at 30° to 90° refract. At intermediate
angles (blue region), both behaviors are possible. The 700 Hz.
refraction rate is given in S/ Appendix, Fig. S7. At large incident
angles that result in refraction, the bend alignment direction
matches the curvature of the directron head, minimizing energy
changes and facilitating penetration. At other angles, significant
director rearrangements (~90°) would be required for penetration,
incurring prohibitive energy costs. Instead, directrons induce
localized deformations at the interface, creating new direc-
tron sources.

Unlike the experimental randomness, theoretical simulations
allow precise control over the timing of directron emission, ena-
bling timed excitation through voltage modulation. To simulate
experimental stochasticity, directrons were excited at different
times within a single voltage cycle, with a time step 0f0.017". The
mechanisms ensuring timely emission of directrons and the out-
comes of collisions at the interface under varying timing conditions
are detailed in the Supplementary Information (S/ Appendix, Text
3). A total of 100 simulations were conducted, and the proportions
of reflected and refracted directrons were statistically analyzed. The
corresponding voltage settings are detailed in the Materials and
Methods section, where we also discuss the reflection and refrac-
tion events occurring within a single cycle, along with the

PNAS 2025 Vol.122 No.24 2501488122

dynamics of directron motion. The reflection and refraction rates
obtained from numerical simulations are represented as dashed
lines in Fig. 2 £ and F.

For interfaces transitioning from the #, to #, region clockwise,
as shown in the POM image with a green interface (Fig. 27),
under the same electric conditions as Fig. 2, directrons passing
through the yellow boundary with incident angles ranging from
-65° to —5° primarily undergo reflection. Under the same electric
field conditions, directrons passing through the green boundary
exhibit higher reflection rates for incident angles between -25°
and 35°. Experimentally, it is observed that when the incident
angle is between -25° and —5°, reflection always occurs regardless
of the relative angle between the two regions (red region in the
figure). In contrast, angles between -90° to -85° and + 85° to
+ 90° consistently result in refraction (blue region in the figure).
The reflection rates in Fig. 2F are depicted with red and black
lines, where solid lines represent experimental data and dashed
lines represent theoretical simulations. It can be observed that the
two lines intersect at an incident angle of —15°, and the reflection
rates for green interfaces exhibit symmetry relative to yellow inter-
faces. When the director orientation at the center of the interface
changes from + 45° to -45°, the reflection rate distribution under-
goes a mirror-like transformation.

Modulation of the Interface. To investigate the phenomenon
when the orientation difference between #; to n, is not 90°,
this study maintains the angle f, between the director in the
incident region and the x-axis while varying the orientation
difference f; between the two regions. The study examines
directron refraction and reflection under different conditions.
Fig. 34 depicts the director deformation at the interface for
different #, values, while Fig. 3B illustrates the reflection and
refraction phenomena resulting from orientation differences
between regions |ﬂ1 | The directron trajectories are shown in
Fig. 3C. The difference between the directron’s incident and
exit velocities is not large because the electric field conditions
and surface anchoring energies in both regions are consistent.
When f varies between 0° and 180°, refraction is the most
probable phenomenon, as the angular changes between
regions are generally mild, presenting low obstruction to the
directron. Only when the regions are about perpendicular to
each other, reflecting appears. Fig. 3D shows trajectory maps
for different exit angles over one second, and Fig. 3 £ and F
display the refraction rate under various f, conditions, based
on experimental and numerical simulation results. When f is
between 45° and 135°, directrons may undergo either reflection
or refraction, with the probability of refraction reaching its
minimum at 90°. In all other cases, regardless of whether the
interface color determined by the orientation difference is
yellow or green, the observed phenomenon is almost exclusively
refraction.

Numerical Simulations and Mechanistic Analysis. Numerical
simulations accurately reproduce the experimentally observed
phenomena. In previous experimental sections, we observed that
under certain incident conditions, directrons predominantly
undergo either reflection or refraction. Adjusting the relative
orientations of two regions also influenced the exit angles
of the director. Theoretical simulations, conducted under
identical electric field conditions (U =78.5 V,f =800 Hz),
corroborated these findings. Fig. 4A illustrates instances of
reflection and refraction with fixed regional orientations,
while Fig. 4B depicts changes in exit directions for f; angles
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of 155° and 25°, respectively. The simulations align closely
with experimental observations. The implementation of POM
images in simulations is discussed in detail in the Supplementary
Information (87 Appendix, Text 4).

Notably, in certain scenarios, directrons at the interface can
undergo cither refraction or reflection, a phenomenon linked to
the timing of incidence. Fig. 4C presents the morphology of direc-
trons at various moments within a voltage cycle, with Fig. 4 D and
E detailing the temporal variations in light intensity and size. The
length and width of the directron are defined based on the varia-
tion of light intensity; specifically, the boundary of a directron is
determined at the position where the intensity decreases to 5% of
its maximum value. Within a single voltage cycle, the directron’s
light intensity exhibits two peaks corresponding to the voltage
extrema. Atsy =T orz =0T +0.57(n=1,2,3, -), the light
intensity diminishes, attributed to the correlation between the
directron’s xy-plane dimensions and voltage magnitude, given that
the electric field term in the energy distribution is quadratic. The
asymmetry between the peaks at #, =#7+40.257 and
ty =0T +0.75T arises from the polarity introduced by the flex-
oelectric effect. At #,, with the voltage directed along -z, the flex-
oelectric effect reduces splay and bend, rendering the directron’s
morphology closer to the nematic state, thereby slightly lowering
the light intensity compared to #;. This occurs because the electric
field’s influence on the director field is represented by

https://doi.org/10.1073/pnas.2501488122

EpE . . .
Sflectric = — —02 2 (F - n)2 which is an even function of the voltage.

Here, n is the director field of the LC, g is the vacuum permit-
tivity, and g, is the dielectric anisotropy. Both theory and exper-
iment show slight differences between the two peaks within a
cycle due to the flexoelectric effect, where the flexoelectric energy
is given by fieo = 3E - [e11n-(V-n)—e53nx Vxn), with ¢,
and e33 being the flexoelectric coefficients. This effect is an odd
function of the electric field, resulting in the weakening or
enhancement of light intensity depending on the field’s
polarity.

To elucidate the mechanisms underlying different directron
behaviors, a macroscopic framework treating the directron as a par-
ticle was employed to analyze the effective potential in its vicinity.
In our previous work, we established a “directron machine gun,”
which enables controlled generation of directrons from any designed
position (37). This setup allows the theoretical study of directrons
reaching the interface at designated times. Under a voltage of

U = 68.7V and a frequency of 500 Hz, the behaviors of directrons
at different time points were investigated. Fig. 4F depicts five dis-
tinct cases. The first directron, highlighted with a red ring, appears
at £ = 1.40 s+ 0.25T, while the second, third, fourth, and fifth
directrons, circled in green, purple, blue, and orange, respectively,
occur at t=1.52s+0.5T,6.4354+0.15T,6.43s+0.5T>
and 6.46s + 0.75T.
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Fig. 4. Theoretical explanation of reflection and refraction. (A) Simulation outcomes corresponding to the interactions between solitons and interfaces when ,is
fixed at91°. (B) Simulation outcomes corresponding to the programmable refraction angle. (C) Images of directrons within one electric field cycle. (D) Experiment
and simulation outcomes of the transmitted light intensity within one electric field cycle. (F) Experiment outcomes of the directrons’s size within one electric
field cycle. (F) Schematic diagram and (G) effective potential Ugse Of the interaction between solitons and the interface.

Directrons 1 and 2 remain distant from the interface. Due to 8[D]
the negative dielectric anisotropy of CCN-47, the dielectric force Ut =f +J dn 57
and boundary conditions align the director field along the 1,01 ; 14 1 5
nematic principal axis. Flexoelectric effects induce bending of = EAJ + gBS + i G+ E(KH Ky )(V-n)
the director field along the electric field direction, creating 1 1
stable bend and splay deformations perpendicular to the prin- + 5(1(22 — K ) (VX n)* + 51(33 [nx (VX n)|? [1]
cipal axis, which form propagating directrons. In contrast, £
directrons 3, 4, and 5 collide with the interface at different —Ky Tr(A?%) - 0—‘12
phases of the electric field cycle. Directron 3 interacts with the 2E-n)
interface at 0.157 of the cycle, directron 4 at 0.57, and direc- _ lE legy 7+ (V- n) = e33nX (V X 7)] +J d”i@
tron 5 at 0.757. Fig. 4G shows the effective potential density, 2 o7,

U.g. The nematic order is described by the director field n(r, ¢)

Here, s is the nematic order parameter, and A4, B, and C are
Landau-de Gennes coeflicients determining the nematic—iso-
pate D = | d3r[%a4A,-fAij+ %leiNi]is composed by two modes:  tropic transition. A is the biaxial splay (42—44), and K, K55,
K33, and K, are the splay, twist, bend, and saddle-splay elastic
constants. The coherence length of the directron is approxi-

coupled with the fluid flow velocity field »(7, £), and the dissi-

. 1 . .
the strain rate tensor A; = 7(9;; + 0;v;) and the director rotation

with  respect  to  the background fluid  vorticity
N.

7

B2
(ffofaEz"'fn |E|)
Ky

where € is the Levi-Civita symbol.

=7, -+ 7,
=7 = 3 €m0k mately &~ = ~ 8 pm.

Around these directrons:
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The normalized effective potential reveals that directrons 1 and
2 exhibit higher potential energy at the tail compared to the head,
with directron 1 experiencing larger mean energy and energy dif-
ference due to its interaction at a higher voltage phase, resulting
in greater velocity. Directrons 3, 4, and 5 display distinct behaviors
upon interface interaction. Directron 3, with its minimum U at
— 90°, refracts into the third quadrant due to its energy gradient.
Directron 4 has a smaller effective potential and energy variation,
leading to low velocity and eventual absorption by the interface.
Directron 5 exhibits a significant increase in U g at — 90° due to
rapid director field changes, generating a repulsive force and caus-
ing reflection.

Microscopically, the head of the directron exhibits bend distor-
tions that fluctuate with the electric field cycle. At higher voltages,
the tangential bend component aligns more closely with the x-axis,
while at lower voltages, it favors the y-axis. This results in an
angular difference between the director at the head of the directron
and the interface. Consequently, during a voltage cycle, higher
voltages lead to a larger angle, generating a repulsive force that
enables reflection, whereas lower voltages produce a smaller angle,
facilitating refraction. At very low voltages, the interface’s director
field undergoes continuous changes with elevated elastic energy,
making it difficult for the electric field to sustain the directron
structure, leading to dissipation. Theoretical and numerical anal-
yses successfully reproduce experimentally observed phenomena,
providing insights into the mechanisms of refraction, reflection,
and absorption at the interface.

Conclusion

This study demonstrates that the interaction of directrons with
interfaces in nematic liquid crystals is highly sensitive to the direc-
tor distributions and interface geometry. By varying the incident
angle of the directron and the relative orientation between regions,
we observed cases where only reflection or refraction occurs, as
well as scenarios where both phenomena are present, or the direc-
tron is absorbed by the interface. Theoretical and simulation anal-
yses reveal that these behaviors arise from the interplay between
microscopic director field variations and macroscopic effective
potentials. Specifically, voltage-induced changes in the director
field over one electric field cycle modulate the interaction dynam-
ics at the interface, leading to distinct outcomes.

The findings underscore the critical role of the angular differ-
ence between director orientations in dictating refraction and
reflection phenomena, enabling precise control of directron tra-
jectories through customized interface designs. This work provides
valuable insights into the dynamics of solitary waves in structured
liquid crystal environments, with significant implications for tun-
able photonic devices, reconfigurable optical systems, and nano-
scale material engineering. Future research could investigate the
influence of more complex director configurations and external
field variations to further enhance the applicability of directron—
interface interactions in soft matter systems.

Materials and Methods

Materials. Asingle-component liquid crystal, 4'-butyl-4-heptyl-bicyclo-hexyl
-4-carbonitrile (CCN-47, Nematel GmbH), with negative dielectricand conduc-
tive anisotropies (Ae ~ —4.2,Ac ~ —12x 107" Q7' m~", at45°Cand
4 kHz), was used to generate directrons. This liquid crystal exhibits a nematic
phase within a temperature range from 29. 9°Cto 58. 5°C. The aligning layer,
sulfuric azo-dye SD1 (Dai-Nippon Ink and Chemicals, Japan), facilitates pho-
toreorientation when illuminated by linearly polarized UV light.

https://doi.org/10.1073/pnas.2501488122

Fabrication of the NLC Sample. Glass substrates coated with indium-
tin-oxide electrode were cleaned using ultrasonic bath (SERUTEX S-11,
Nihon Measure) for 20 min and UV-Ozone bath for 30 min. To achieve the
photoresponsive alignment layer, the substrates were coated with solution
of 0.35 wt% SD1 in dimethylformamide (DMF, Sigma-Aldrich) at 800 rpm for
10 s and 3,000 rpm for 40 s using a spin processor WS-650Mz-23NPPB,
Laurell. After heating on the hot stage for 10 min, pairs of substrates were
assembled to form cells of thickness d = 8.0 + 0.3 pum determined by the
8.0 um-spacer-doped UV glue. The glue underwent the solidification after
2 min of UV irradiation (A = 405 nm).

Generation and Characterization of Directrons. The generation of directrons
was achieved by applying sinusoidal alternating voltages to the NLC cells using
a signal generator (33522B, Keysight Technologies) and a signal amplifier (ATA-
2081, Aigtek). The temperature of the NLC was controlled using the hot stage
(LTS120E, Linkam). Videos and micrographs were recorded under a polarized
optical microscope (50i POL, Nikon) using either a microscope camera (DS-Fi3,
Nikon) or a high-speed camera (SH3-502, SSZN).

Theoretical Framework. To investigate the structural stability and dynamic
behavior of directrons, the system was analyzed by minimizing the Frank-Oseen
free energy density, incorporating contributions from dielectric coupling and flex-
oelectric effects under the applied electric field. The total free energy density is
expressed as follows (30, 31, 45-47):

fNLC = deG + felastic + felectric + fflexo

_121314&'2@, 2
_2As+3Bs+4Cs+2(V n)+2(n Vv xn)

Kss e, o 12
+ T(nxVxn)—KMV-[n(V~n)+n-(Vxn)]— T(En)

+%E~ [e1n-(V-n)—e;3nx Vxn|

where n is the director field of the LC, representing the molecular alignment;
Kiy, Ky,K53, and K, are the Frank elastic constants for splay, twist, bend, and
saddle splay deformations, respectively; e is the vacuum permittivity; e, is the
dielectric anisotropy; and e, and e,; are the flexoelectric coefficients. The K,
term is considered zero because the volume integral of the total derivative can
be converted into a surface integral. Given that this study employs fixed boundary
conditions with infinite anchoring, the surface integral remains constantand does
not contribute to the dynamic equations.

The theoretical model employed for simulations aimed at explaining and
exploring the complex behavior of directrons is based on the Landau-de
Gennes free energy for liquid crystals. This model is described by the tensorial
order parameter Q. For uniaxial systems, @ can be written as@ = S(nn—1/3),
where n is the unit vector representing the nematic director field, and S is
the largest eigenvalue of @ that quantifies the degree of uniaxial align-
ment. The tensorial order parameter evolves through the Ginzburg-Landau
equation (48):

d
—Q=TH 3
31 , [3]
where the molecular field His
6F 1. 6F
=" (5_0_§T'5_0>‘ "

The free energy 7 of the system is defined within a phenomenological Landau-de
Gennes framework:

FZJ [deG +felas+ﬁlex+fdie\]dv+l fsurfdsl [5]
v ov

where the total free energy 7 is composed of bulk contributions (fiyg, fyas: fex
andfy,) and a surface interaction £, with the liquid crystal at the boundary.

The f,4; term describes the isotropic-nematic phase transition:

A AU AU
fus = 2 (1= 5 )1(@7) - L=1(@°) + L= (11(@")) ', 1g]
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where 4, and U" are phenomenological parameters reflecting the material's
properties (49, 50).

The elastic contribution f,,. penalizes deviations of the nematic director field
from a uniform configuration (51, 52):

o=t 20 1, 900G 1, 90,90,
T2 ox, ox, 2 2ox, ox 2 ° U ox ox
1. 00;00Q; (71
T2 ox, ox,

where Ly, L,, Ly, and L, are the elastic constants corresponding to the splay (K;,),
twist (K,,), and blend (K;) contributions in the Frank-Oseen free energy esti-
mated from the elastic constant of CCN-47.The terms L, and Lg are ignored here,
as they describe saddle-splay and chirality, respectively.

Additional terms £, and f,,,; account for flexoelectric and dielectric energies
in the presence of an externally applied electric field. Flexoelectricity arises from
the interplay of nematic distortion and polarization (53-56):

4 4 1
fex=— §ZoEiajOg— §Z+Ei(0ik0jk) - gﬂ(zEkak (2,09)
4 8
- 5 1-E0(0,0,0,-,9,0y), (8]

where y, x.. x,,and y_are material-dependent parameters.
The dielectric energy contribution is (57, 58)

1
e = = §€0€leij' (91

with €, as the vacuum permittivity and e; the tensorial dielectric permittivity of
the nematic material. In the uniaxial case,

e;=€.6;+ (e, —e,)nn; [10]

Alternatively, by introducing an isotropic dielectric permittivity € and the per-

mittivity anisotropy €, = €, — ¢, the expression can be written in terms of the
Q-tensor:

1
fi = = 5 €0€abi Oy [11]

Mixed boundary conditions are applied, including planar orientation at most
surfaces, a small patch of homeotropicanchoring at the center of the top wall,
and planar anchoring at the bottom. An electric field is applied along the
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