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Electrically driven formation and dynamics of
swallow-tail solitons in smectic A liquid crystals+

Yuan Shen 2 and Ingo Dierking = *

Electric field driven instabilities of liquid crystals, such as electro-convections, spatiotemporal chaos,
backflows, and solitons are of great importance for both fundamental science and practical applications.
Here we demonstrate that
molecular director deformations can be produced in a smectic A liquid crystal by applying electric fields.

particle-like multidimensional solitons representing self-localized
These solitons are transformed from focal conic domains with a static structure topologically
analogous to parabolic focal conic domains. They lack fore-aft symmetry and move perpendicular to
the smectic layers and to the applied electric field direction. During motion, the solitons collide with
each other and with colloidal particles and restore their speed and shape after collisions. The rich

dynamic behavior and easy control of the solitons make them extremely promising for a broad range of

rsc.li/materials-advances future studies.

Introduction

Solitons are self-sustained spatially localized waves that propa-
gate with constant speeds and shapes. They were firstly
observed as water waves in a shallow canal by Russell in
1834," but their significance was not widely appreciated until
1965 when the word °‘soliton’ was coined by Zabusky and
Kruskal.” Nowadays, solitons have been investigated in various
nonlinear systems such as nonlinear photonics, superfluids,
plasma, superconductors, magnetic materials, and liquid crystals
(LCs).>* A well-known example of a soliton is the Great Red Spot
in Jupiter’s atmosphere, which is actually a persistent high-
pressure region that has been existing for centuries. Despite the
ubiquity of solitons, generating multidimensional solitons is still
a long-standing challenge due to their poor stabilities.* Solitons of
higher dimensions open the way to the investigations of various
new phenomena such as topological states in the form of vortex
tori and rings® and are of practical importance such as the
magnetic skyrmions in racetrack memory and spintronic
devices.” It is thus attractive to scientists in different fields to
find an efficient way to create stable multidimensional solitons
and even control their motions.

Liquid crystals (LCs) provide an ideal testbed for investigations
of solitons due to their unique physical properties.>” LCs are
anisotropic fluids that combine the fluidity of isotropic liquids
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with the long range order of crystalline solids. They are generally
characterized by certain symmetries in the preferred orientations
of LC molecules, ie. the director n.>° Solitons in LCs have been
investigated for decades.” Early studies were concentrated on the
so-called planar or linear solitons, which are actually transition
regions or ‘walls’ where n smoothly rotates by .""! Propagating
solitary waves were generated in nematics by shearing.'>"'® Optical
solitons in nematics called nematicons represent self-focused,
continuous wave light beams and have received great attention in
the last decade due to their promising applications in optical
information technology."* Topological solitons in the form of
baby skyrmions, torons, hopfions, etc. can be generated in chiral
nematics by applying electric fields or by the use of laser
tweezers.”'® Recently, three dimensional dissipative solitons
were produced in nematics with both negative’”'® and positive
dielectric anisotropies.™®

So far, the investigations of solitons in LCs are mainly
restricted to nematic phases with only rarely investigations
being carried out on other phases such as fluid smectic phases.
A fluid smectic phase is characterized by the existence of a
lamellar arrangement of elongated molecules with orientational
and one-dimensional positional order. Within each single layer,
the molecules are orientated in a specific direction but the
centres of mass are distributed isotropically without any further
in-layer positional order.”® In broken symmetry states, smectics
usually expel deviations from equal-layer spacing in a manner
which can be mapped onto the Meissner-Higgs effect,> leading
to remarkable patterns of singular ellipses, hyperbolas, and
parabolas known as focal conic domains (FCDs).>> Within each
FCDs, the equidistant smectic layers are deformed into shapes of
concentric Dupin cyclides that are folded around two conjugated
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lines, viz., an ellipse and a confocal hyperbola (Fig. S1, ESI{).*?
FCDs have appealed to theorists and experimentalists since the
early 20th century.*® Their investigations have gone from mere
geometric curiosities**® to the focus of functional applications
such as matrices for self-assembly of soft microsystems,>” litho-
graphic templates®® and micro-lens arrays,**?° just to name a
few. However, so far, FCDs were mostly investigated as static
field configurations,® with only rare studies of their out-of-
equilibrium dynamics.”?

In this work, multi-dimensional solitons are generated in a
smectic A (SmA) phase by applying a low-frequency electric
field. The formation of the solitons is intimately related to
the FCDs and their static configuration is analogous to the
so-called parabolic focal conic domains (PFCDs).** The soliton
is a localized ‘“‘swallow-tail”-like deformation of smectic layers
with a singular defect line located at its focus. At the same time,
similar to the dissipative solitons in nematics," the solitons
in SmA break the fore-aft symmetry and move through a slab
of uniformly aligned smectic LC in a direction perpendicular
to the smectic layers with a constant speed and do not
spread while moving over macroscopic distances hundreds
times larger than their size. Both the speed and the direction
of the solitons can be controlled by the frequency and
amplitude of the electric field. During the motion, the
solitons survive collisions with each other, restoring shape
and speed. The solitons can also form linear chains that
move with constant speeds and can even interact with
colloidal particles. Our finding provides a facile method for
generating and manipulating multi-dimensional solitons in
smectic LCs which is attractive to not only physical and
material scientists due to their rich nonlinear dynamic
behaviors, but also engineers due to their potential applications
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such as targeted delivery of optical information and micro-
cargo.

Materials and methods

Commercially available smectic liquid crystal 8CB (SYNTHON
Chemicals) with a positive anisotropy of dielectric permittivity,
Ae = ¢ — ¢, > 0 and a negative anisotropy of electric
conductivity, Ac = 6| — ¢, < 0 is used as the soliton medium
(Fig. S2, ESIY); the subscripts indicate whether the component
is measured parallel or perpendicular to the director, n, respectively.
The components of dielectric permittivity and conductivity of
8CB are measured at 34.0 °C through an LCR meter E4980A
(Agilent) using commercial cells with planar and homeotropic
alignment, respectively (Fig. S2, ESI{). The smectic A phase is
aligned homogeneously in a commercial cell (AWAT, Poland)
whose inner surfaces are covered with transparent indium tin
oxide (ITO) layers to act as transparent electrodes and spin-
coated with polyimide that is rubbed along the x-axis (Fig. 1(a))
as alignment layer. The cell gap, d, is measured to be
9.5 + 0.5 pm through the thin film interference method.*
The sample is heated up to a temperature (7) slightly below the
nematic-smectic phase transition temperature (T < Tn_g ~
35 °C) through a hot stage (LTSE350, Linkam) which is con-
trolled by a temperature controller (TP 94, Linkam). A low-
frequency AC field (f < 100 Hz), E = (0, 0, E), is applied
perpendicular to the substrate plane (parallel to the smectic
layers) of the cell to induce the solitons which are observed
through a polarizing microscope (Leica OPTIPOL). Images
and movies are recorded by a charge-coupled device camera
(UI-3360CP-C-HQ, uEye Gigabit Ethernet). For investigation of

-
‘., IV
4o
6F A &
~°1 111
b
b4— % 5 e 8 @ @
.'-
3t s . 1
..-
2t I :
0 20"-';) 610 80

J(Hz)

Fig. 1 Electrically driven formation of swallow-tail solitons. (a) Evolution of different textures of SmA induced by changing the applied voltage (f = 10 Hz,
T = 34.8 °C, scale bar 200 um, the polarizers are crossed as represented by the two white arrows). The insets show the corresponding textures viewed
when the x-axis is parallel to one of the polarizers (scale bars 200 pm (0 V), and 50 um (5.8 V)). (b) Frequency dependence of voltage thresholds of
different states transformed from the soliton state (T = 34.8 °C). Insets are the corresponding polarizing optical textures of different states
(I. homogeneous state (U = 3.0 V, f = 10 Hz), Il. PFCDs (U = 4.2 V, f = 10 Hz), Ill. soliton state (U = 5.8 V, f = 10 Hz), IV. homeotropic state (U = 7.4V,
f = 10 Hz)). Scale bar 100 pm. The polarizers are crossed as represented by the two white arrows.
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interactions between solitons and colloidal particles, silica
micro-particles with diameters (Rp) of 1.5 um and 3.0 pm are
used. A very small amount of micro-particles is firstly placed at
the entrance of LC cells and then dragged into the cell by
capillary filling of the LC.

Results

Electrically driven formation of swallow-tail solitons

In a homogeneously aligned nematic film with Ae > 0, the
competition between the surface anchoring and the dielectric
torque on n induced by the electric field often leads to a
uniform reversible electro-optic effect, the Freederickz transition,
once the applied voltage, U, exceeds a specific threshold, Ug.
In the fluid smectic phases however, due to the strong divergence
of the bend elastic constant k;; as well as the large layer
compression modulus B, the amplitude of the distortion of the
layer normal

0,2 < 20del” _ ) (M)z

Bd? d

where / is the smectic characteristic length, is very small, making
the Freederickz transition a “ghost” effect.>* As Fig. 1(a) shows,
when U increases to values much larger than Uy (Up ~ 1.2 V for
8CB at 36.0 °C), the homogeneous texture of SmA starts breaking
up, with striations nucleating at the ITO edges and surface
imperfections, which then gradually travel along the smectic
layers (U = 8.0 V). With increasing U, these striations extend
throughout the smectic phase and become more numerous,
forming a striated texture (U = 10.0 V).***’ It is assumed that
there are actually small regions of homeotropic alignment lying
beside the imperfections where the “seeding” starts.*® For further
increase of U, the sample turns into a quasi-homeotropic state
characterized by the dark optical texture (U = 16.0 V). By directly
turning off the voltage, a light scattering state (U = 0 V) is
obtained, which was used as an effective way for light controls
in other studies.*”?°*" Such a texture is composed of thousands
to millions of FCDs and is metastable. It will eventually relax back
into a homogeneous state. The relaxation time varies from tens of
seconds to several days depending mainly on the temperature of
the sample. The higher the temperature (T < Ty_s), the shorter
the duration. However, if a low frequency field with a mediate
voltage (U = 5.8 V) is applied to the scattering state, the FCDs are
transformed into dynamic swallow-tail solitons that move
perpendicular to the SmA layers with a constant speed
(Supplementary Movie 1, ESIt). Fig. 1(b) shows the frequency
dependence of voltage thresholds of different states transformed
from the soliton state (inset IIT). By increasing U, the solitons
disappear and the sample becomes quasi-homeotropic (inset IV).
Gradually decreasing U from the solitons state, the motion of the
solitons continuously slows down. Once the solitons stop moving,
their structures slowly collapse and spread out, forming a number
of PFCDs that are tangled up (inset IT). Further decreasing U, most
of the PFCDs disappear, leading to the homogeneous state embed
with sporadically distributed PFCDs (inset I). It is also noted that
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the thresholds of different states decrease with increasing
frequency, f, which may be attributed to the influence of ions
which will be discussed in detail below.

Static structure of swallow-tail solitons

Fig. 2(a)-(e) show the optical textures of a typical swallow-tail-
like soliton. It is noted that periodic light and dark stripes are
produced at low-frequency voltages (Fig. 2(a) and (b)), which
generally align along the y-axis (perpendicular to the alignment
direction), but get distorted near and within the solitons.
(Fig. 2(e) and (f)). The origin of these stripes are not clear yet.
One may suspect these are layer undulations or periodic
modulations of the director field induced by the electro-
hydrodynamic instabilities. However, to give a specific explanation
of the generation of the stripes requires further investigations and
is out of the scope of the present study. The soliton shows a
swallow-tail like texture under crossed polarizers with a structure
analogous to the PFCDs (Fig. 2(f)). The dotted line in Fig. 2(f)
represents an elliptical contour which is generated as a result of the
localization of the stress. The contour is composed of the loci of the
cusps of SmA layers. Outside the soliton, the equidistant layers
align homogeneously perpendicular to the molecular alignment

yi_;'.b

a ,

Fig. 2 Static structure of swallow-tail solitons. (a) Optical micrograph of a
typical soliton without polarizers, (b) with polarizers (white arrows) parallel
to each other, (c) with crossed polarizers, and (d) with crossed polarizers
and a compensator (A-plate, yellow arrow) whose slow axis is oriented at
45° to the polarizers. (e) Polarizing optical micrograph of a soliton which is
rotated about 20° clockwise with respect to the polarizers. The blue
arrows in (b and e) indicate the rubbing direction of the alignment.
(f) Transmitted light intensity map and the corresponding schematic SmA
layers (white lines) in the x—y plane within the soliton. The color bar shows
a linear scale of transmitted light intensity. U = 6.2V, f = 50 Hz, T = 34.0 °C,
scale bar 10 um.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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direction (x-axis), leading to a dark texture between crossed
polarizers (Fig. 2(c)). Inside the soliton, the transmitted light
intensity increases (Fig. 2(c)), indicating azimuthal deviations of
the director from the alignment. As a result, the SmA layers
continuously deform into curves along the y-axis, whose curvature
gradually decreases as they toward the vertexes of the ellipse along
the x-axis (Fig. 2(f)). The curvature exhibits a maximum at one of
the foci of the ellipse, where a singular defect line is located and
acts as the core of the soliton. This line is actually a +2r disclination
which is topologically analogous to the +1 radial lines of the
nematic state. The line can be clearly observed as a black spot in
Fig. 2(a) due to light scattering. Around this line, equidistant layers
curve into concentric circles and encircle it, forming a cylinder.*>
The layers within the soliton are translationally invariant along the
z-axis, forming a two-dimensional configuration. However, the
soliton can also be distorted into a three-dimensional structure
by tuning the electric field. In that case, the singular defect line
transforms into a parabola in the x-z plane, which is analogous to
the structure of PFCDs™ (Fig. S3, ESIt). At fixed voltage U and
frequency f, the solitons preserve their size during motion.
By increasing U at fixed f, both the length (/) and width (w) of
solitons decrease (Fig. 3). Both [ (Fig. 3(b)) and w (Fig. 3(c)) are
determined from the image of the soliton taken between crossed
polarizers (Fig. 3(a)), measured between the two points where the
transmitted light intensity drops to 20% of the maximum.

Dynamics of swallow-tail solitons

Fig. 4(a) shows the dynamic structure of a swallow-tail soliton.
When driven by a low frequency voltage, the director n within
the soliton tilts up and down relative to the x-y plane with a polar
angle 0, leading to a periodic modulation of light transmission.
The frequency of the oscillation of n is twice the frequency of the
applied voltage indicating a dielectric effect. This also leads to a
periodic shape transformation of the soliton of expansion,
contraction and morphing during motion (Fig. 4(b)). It should
be noted here that in order to obtain a better intensity variation
curve profile, the AC field applied in (a) and (b) is a sinusoidal
wave. Except for this point, the remaining investigations
throughout the article were carried out with rectangular wave
AC fields. Both the applied voltage and frequency control the
speed of the solitons uniformly throughout the sample. In
Fig. 4(c), it is depicted that the speed of the solitons increases
by increasing voltages at a fixed frequency. On the other hand, the
speed gradually decreases as the frequency is increased. Such a
decrease can be attributed to the motion of ions which depends
on the external electric field and will be discussed in detail below.

Generally, the solitons move bidirectionally along the
alignment direction (x-axis). However, they can also move in
the y-axis direction in the form of edge dislocations by tuning
the applied voltage. In Fig. 5(a), a soliton firstly moves in the
x-axis direction. By increasing U, the soliton gradually shrinks
and collapses into an edge dislocation (insets) which then
moves along the y-axis. By slowly decreasing U, the edge
dislocation transforms into a soliton (insets) again and moves
in the x-axis direction (Supplementary Movie 2, ESIt). It should
be noted that this is not the case for all solitons, in fact some

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Dependence of soliton size on voltages. (a) Polarizing optical
micrographs of a soliton at different applied voltages at frequency f = 1 kHz.
The yellow lines intersect the soliton along the x- and y-axes indicate the
length () and width (w) of the soliton. Transmitted light intensity profiles of the
soliton measured as a function of (b) x-coordinate and (c) y-coordinate along
the yellow lines in (a) at varied voltages. f = 1 kHz, T = 34.0 °C, scale bar 10 um.

solitons annihilate during the increase of U while some
dislocations never turn back to solitons by decreasing U
(Supplementary Movie 3, ESIt). As a result, the motion of the
solitons can be actually switched from one spatial dimension to
two spatial dimensions just by tuning the applied voltages.
Fig. 5(b) shows the static optical textures of an edge dislocation
that transforms from a soliton, which is made of a +1/2, —1/2
disclination pair. During the motion, the dislocation oscillates
from left to right periodically with the frequency of the applied
voltage (Fig. 5(c) and Supplementary Movie 4, ESIt). Such a
movement which is perpendicular to the Burgers vector b of the
dislocation is called “climb”.**

It is observed that sometimes a moving soliton may split
into two solitons with the other moving in the opposite
direction (Supplementary Movie 5, ESIT). Such a proliferation
is also observed in the dynamics of nematic dissipative
solitons'® and may be attributed to the nonlinear coupling
between the director field n(r) and hydrodynamic flows of ion
motions (Fig. 6(a)). The solitons also continuously nucleate
with an uncorrelated frequency at irregularities such as surface
imperfections which can be clearly visible under the micro-
scope due to the distortion of the director field n(r) around

Mater. Adv., 2021, 2, 4752-4761 | 4755
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Fig. 4 Dynamics of swallow-tail solitons. (a) Periodic oscillations of the transmitted light intensity at regions 1, 2 and 3 of a soliton (inset, scale bar 10 pm)
driven by a sinusoidal wave AC voltage. U = 7.6 V, f = 2 Hz, T = 34.8 °C. (b) Polarizing optical micrographs of a soliton driven by a sinusoidal wave AC
voltage. U =76V, f=2Hz T = 34.8 °C, scale bar 10 um. The polarizers are indicated by crossed white arrows. (c) Dependence of the speed of solitons
(v) on voltage (U) and frequency (f) of the applied rectangular wave AC field. The error bars are calculated from the standard deviation of velocities of
hundreds of different solitons at the same electric field. T = 34.0 °C.
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Fig. 5 Reversible transformation from a swallow-tail soliton to an edge dislocation. (a) Trajectory of a moving soliton which transforms into an edge
dislocation and back to a soliton. The insets show the evolution of the transformation (scale bar 10 um). The voltage is changed between U = 6.4 V and
U=80V.f=2Hz T =346 °C. (b) Optical micrographs of an edge dislocation transformed from a swallow-tail soliton (i) without polarizers, (ii) with
parallel polarizers, (iii) with crossed polarizers (the white dashed lines indicate the SmA layers), (iv) with crossed polarizers and a A-plate whose slow axis is
orientated at 45° to the polarizers. U = 6.6 V, f = 1 kHz, T = 34.6 °C, scale bar 10 um. (c) Optical micrographs of an edge dislocation moving along the
y-axis. U =6.0V.f=2Hz T =344 °C, scale bar 10 um. The direction of polarizers is indicated as white arrows.

them (Fig. 6(b) and Supplementary Movie 6, ESIT). On the other the ITO electrodes, which are parallel to the SmA layers
hand, the solitons disappear once they get close to the edges of (Fig. 6(c) and Supplementary Movie 7, ESIt). In contrast, edge
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Fig. 6 Various dynamic behaviors of swallow-tail solitons. (a) Proliferation of a soliton from a moving soliton. U = 6.4V, f = 2 Hz, T = 34.6 °C, scale bar
20 pum. (b) Nucleation of solitons from a surface irregularity. U = 8.0V, f = 20 Hz, T = 34.0 °C, scale bar 20 um. (c) Disappearance of a soliton at the ITO
edge. U =68V, f=2Hz T=234.1°C, scale bar 20 um. (d) Emergence of edge dislocations at the ITO edge. U = 6.8V, f = 2 Hz, T = 34.1 °C, scale bar
20 um. (e) Micrograph of a dynamic linear soliton chain composed of three solitons. The polarizers are parallel to each other as indicated by the white
arrows. U = 6.6 V, f = 50 Hz, T = 34.6 °C, scale bar 20 um. (f) Schematic two-dimensional layer structure of the soliton chain in the x-y plane
corresponding to (e). SmA layers are represented as equidistant white lines. (g and h) Micrographs of a linear chain of solitons moving on a discontinuity
wall. The polarizers are crossed as represented by white arrows. U = 8.0V, f = 10 Hz, T = 34.0 °C, scale bar 100 pm. The inset in (g) shows the micrograph
of the soliton chain obtained by inserting a compensator with its slow axis at an angle of 45° with the polarizers (scale bar 50 um). The inset in (h) indicates

the SmA layer (white lines) configuration in the proximity of the discontinuity wall (yellow line).

dislocations are generated at the ITO electrodes which are
perpendicular to the SmA layers, and move away from the
electrodes along the y-axis (Fig. 6(d) and Supplementary Movie 8,
ESIYt). Furthermore, the solitons may even form linear chains which
move at a constant speed (Fig. 6(e), (f) and Supplementary Movie 9,
ESIT). This indicates that there may be some long-range attractions
between individual solitons due to the deformation of SmA layers,
which requires further investigations. At the same time, small-angle
discontinuity walls® are formed due to the abrupt symmetry
breaking transition induced by applying the electric field, along
which long linear chains of solitons are moving forward (Fig. 6(g),
(h) and Supplementary Movie 10, ESI¥).

Interactions between swallow-tail solitons and colloidal micro-
particles

Two swallow-tail solitons moving towards each other can
collide during motion. Since the solitons are spatially two-
dimensional in the x—y plane, the outcome of the collisions
mostly depends on their relative locations in the plane.
We define an impact parameter, A, which is the distance
between the cores of two solitons moving towards each other
measured along the y-axis. When the offset, A, is much larger
than the diameter of the core (singular defect line) of the
solitons, R (A, > R.), the two solitons pass through each other
like waves without noticeable perturbations and the offset, A,,

© 2021 The Author(s). Published by the Royal Society of Chemistry

almost keeps constant after the collision (Fig. 7(a), (b) and
Supplementary Movie 11, ESIt). This behavior is due to the
compatibility of the layer deformations along the y-axis of the
two solitons in the overlapping zone (Fig. 7(e)i, iii and iv).
On the other hand, solitons that collide head-on, i.e. where
A, < R, behave like hard-body particles that they cannot pass
through each other directly. They push against each other along
the x-axis and repulse each other into opposite directions along
the y-axis, and then pass through each other once A, > R.. The
offset, Ay, greatly increases after the collision (Fig. 7(c) and (d)
and Supplementary Movie 12, ESIf). We attribute such a
behavior to the repulsive force between the two singular defect
lines with the same sign. Fig. 7(e)ii, iii and iv illustrate the
process of the head-on collision schematically. In both cases
after the collisions, the solitons recover their structures
and constant speeds, which may be slightly different from the
pre-collision speeds (Fig. 7(a)—-(d)).

A swallow-tail soliton can also interact with colloidal micro-
particles. In Fig. 8(a), a soliton moves towards an immobile
micro-particle, and then suddenly sticks to the particle. The
soliton cannot move forward any longer and its defect core is
trapped by the particle (Supplementary Movie 13, ESIY).
However, in Fig. 8(b), when a soliton hits an immobile micro-
particle, it is repelled by the particle along the x-axis and
pushed away from it in the jy-direction, before it can

Mater. Adv,, 2021, 2, 4752-4761 | 4757
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Fig. 7 Dynamic interactions between two swallow-tail solitons. (a and c) Trajectories of two solitons colliding with each other. The color bar represents
the elapsed time. tmin = 0's, tmax = 10 s, time interval At = 0.345 s. Insets are time series of polarizing micrographs of the solitons during the collisions,
scale bars 10 um. (b and d) The corresponding time dependences of the x-coordinates of the pairs of solitons corresponding to (a and c), respectively.
(@aandb)U=56V,f=2Hz, T=348°C;(candd) U=8.0V, f=10Hz T = 34.0 °C. (¢) Schematic layer configurations of the solitons in the collisions. (i, iii

of two solitons collide head-on (A, < R.) corresponding to (c and d). The blue and red dashed lines represent the SmA layers.
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Fig. 8 Dynamic interactions between swallow-tail solitons and colloidal
micro-particles. (a) Trajectory of a soliton moving toward a micro-particle
(black solid circle) and sticking to it. (b) The trajectory of a soliton which
collides with a micro-particle (black solid circle) and moves away from the
particle. The color bars in (a and b) represent the elapsed time. tyi, = 0's,
tmax = 15 s, time interval At = 0.345 s. Insets in (a and b) are time series of
optical micrographs of the solitons during the collisions with the micro-
particles. U =54V, f=10Hz, T = 34.4 °C, scale bars 10 um, micro-particle
diameter Rp = 3.0 pm.

subsequently pass the particle (Supplementary Movie 14, ESIT).
This process is very similar to the head-on collision of two
solitons described above. The micro-particles can even act as

4758 | Mater. Adv., 2021, 2, 4752-4761

seeds for the nucleation of solitons, from which solitons are
generated continuously. This looks similar to the nucleation of
solitons at surface imperfections described above, however, the
processes of the nucleation in these two cases are quite
different. In the first case, an intact soliton is formed and
released directly from a surface imperfection (Fig. 6(b) and
Supplementary Movie 5, ESIT). In the case of a micro-particle,
the deformation of the SmA layers around the particle gradually
grows into a soliton. Once the soliton is matured, it moves away
from the particle and a new soliton starts growing at the
particle (Fig. 9 and Supplementary Movie 15, ESIT).

Discussions

Three dimensional particle-like dissipative solitons were
recently discovered in nematic LCs,'”'® which have attracted
increasing attention due to their exotic nonlinear dynamic
behaviors and their potential applications in microfluidic
systems. They preserve their shape during motions over long
distances and after collisions, which is very similar to the
swallow-tail solitons described here. The solitons in nematics
are propagating solitary waves of director deformations and are
thus topologically nontrivial and equivalent to the uniform
state. In contrast, the swallow-tail solitons are characterized

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Trajectory of a swallow-tail soliton nucleated from a micro-
particle. The color bar represents the elapsed time. tyin = 0°s, tmax = 175 s,
time interval At = 0.5 s. Insets are time series of micrographs of the nucleation
of a soliton at a micro-particle. U = 7.6 V, f = 10 Hz, T = 33.5 °C, scale bar
10 um, micro-particle diameter Rp = 1.5 pm.

by a layered multi-dimensional structure and contain a singular
defect line inside, which is topologically analogous to the
structure of PFCDs.

The FCDs are actually prototypes of the swallow-tail solitons,
from which the solitons are transformed (Fig. 1(a)). In Fig. S4
(ESIY), it is observed that by applying a low-frequency voltage to
the scattering state, the fore-aft symmetry of the tightly packed
FCDs is broken by fluid flow and they start floating locally and
colliding with each other, forming the solitons. Some of the
solitons are annihilated during the motion and collisions.
Within several seconds, the structure becomes holey and the
solitons begin to move bidirectionally perpendicular to the
SmA layers with constant speed (Supplementary Movie 16,
ESIT). There are several factors that can induce the motion of
solitons, which are (1) hydrodynamic flows of ions, (2) back-
flows produced by the rotational dynamics of the director, and
(3) the periodic expanding and contracting of the director
structure of the solitons. However, the influence of ions can
be suppressed by applying a high-frequency (f = 5 kHz) voltage
to the scattering state, which is simultaneously modulated with
a lower modulation frequency (f;,, = 10 Hz). In this case, a
periodic array of solitons is obtained (Fig. S5, ESIT). Despite the
fact that the director field oscillates with the frequency of
the electric field due to the dielectric interaction, as well as
the solitons expanding and contracting periodically with the
modulation frequency f,, the solitons do not move at all.
This implies that the ionic motion plays an important role in
the motion of the solitons. Such an assumption can be further
evidenced by the frequency dependence of the soliton speed,
which decreases with increasing frequency. The solitons move
at frequencies lower than 100 Hz. This region can be related to
the so-called “conductivity regime” limited from above by the
critical frequency f. = 7, }(¢? - 1) which is used to describe
electro-hydrodynamic effects in nematic LCs.>**> Here 1, =
4mege o, ' is the space charge relaxation time for a homo-
geneous cell,** ¢, =8.85 x 10 > Fm " and ¢ is a dimensionless
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parameter depending on the permittivities, conductivities, and
the viscosities of the LC system. By applying the experimental
data measured at f= 100 Hz and T = 34.0 °C for 8CB (Fig. S2,
ESI¥), we obtain 7, ' ~ 1 kHz. The factor ¢ is hard to determine
since the viscosities of 8CB are unknown. If we assume that
(€% - 1)"? is of the order of 1,*° we get f. ~ 1 kHz. This indicates
that the swallow-tail solitons move at frequencies below 100 Hz,
corresponding to the conductivity regime in which ions move
slowly under an external electric field.

An ideal smectic A phase is characterized by the D,
symmetry and can be viewed as a two-dimensional fluid in
planes that are parallel to the horizontal symmetry plane oy, or
as a one-dimensional solid along the infinite rotation axis C,.
As a result, there is an additional potential barrier W for
molecules penetrating SmA layers. One typical evidence of the
existence of such a barrier is the transport of micro-particles.
Those move along the director in nematics,*”*° but move
parallel to the layers in smectics,’”>" which indicates the larger
diffusion constants within SmA layers. However, in our
experiment, the solitons always move perpendicular to the
SmA layers. Due to the extremely large compressibility modulus
B, the interlayer distance of SmA is almost rigidly fixed. As a
result, within the swallow-tail solitons, to minimize the cost of
the free energy, the elastic distortion of the SmA layers is in the
form of curvature along the y-axis. This leads to a fore-aft
symmetry breaking structure, ie. the solitons are mirror-
symmetric about the x-axis and lack mirror-symmetry about
the y-axis. Such a symmetry breaking structure enables the
solitons to move perpendicular to the SmA layers. Furthermore,
the temperature T of our sample is very close to the nematic-
smectic phase transition temperature Ty_s (in most cases, Tx_s
- T < 1.0 °C). Since the transition is of very weak first order
(close to second order),?® it can be presumed that the layer
structure of the SmA phase is not very pronounced and the
potential barrier W is relatively small at such a high temperature.
This leads to a relatively pronounced permeation flow along the
x-axis (normal to the smectic layers). In brief, the fore-aft
symmetry breaking structure of the solitons determines the
moving direction of the solitons and the relatively large
permeation flow drives the solitons move along the x-axis. It is
found that the motion of solitons keeps slowing down by
decreasing the temperature and eventually stops when Ty_g -
T ~ 3.0 °C (Supplementary Movie 17, ESIt). This is because with
decreasing temperature, the layer structure becomes more pro-
nounced and the potential barrier W increases, thus leading to
the decrease of the permeation flow.

The swallow-tail solitons always move along the alignment
direction, which implies that one can control their motion by
manipulating the alignhment pattern. For instance, the photo-
alignment technique is known for its flexibility and high
resolution in this respect, which has been broadly applied for
realizing various LC devices such as holographic gratings,”*
terahertz microlenses,>® optical vortex processors,’ etc. Various
complex two-dimensional motions of solitons can thus be
realized by the photo-alignment technique, which can be
utilized for realizing targeted delivery of optical information.
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It is also well known that the regions of molecular misalign-
ment, such as defect cores, are energetically disfavored in LCs.
Embedding particles within the cores can replace part of the
energetically costly region with the particles, thus reducing the
overall energy of the LC system.”>®>” Due to this property,
FCDs have been broadly utilized as lithography templates for
the self-assembly of micro-/nano-materials due to the existence
of singular defect lines.””*® In the same way, our solitons can
also be used for particle trapping and transport, and realization
of various microfluidic applications by combining with the
photo-alignment technique.

Conclusions

To conclude, electrically powered multi-dimensional swallow-tail
solitons in the form of travelling SmA layer deformations
embedded with defect cores are produced in a smectic A liquid
crystal. The formation and structure of these solitons are closely
related to FCDs and their dynamics are attributed to the electro-
hydrodynamic fluid flows induced by ion motions. The easy
generation and manipulation of the particle-like solitons and
their rich nonlinear dynamic behavior should not only open the
door to a broad range of theoretical studies but also pave new
avenues for versatile dynamic soliton systems with potential
applications in optics and microfluidics.
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