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Abstract: Solitons in liquid crystals have received increasing attention due to their importance in
fundamental physical science and potential applications in various fields. The study of solitons in
liquid crystals has been carried out for over five decades with various kinds of solitons being reported.
Recently, a number of new types of solitons have been observed, among which, many of them exhibit
intriguing dynamic behaviors. In this paper, we briefly review the recent progresses on experimental
investigations of solitons in liquid crystals.
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1. Introduction

Solitons are self-sustained localized packets of waves in nonlinear media that prop-
agate without changing shape. They are found everywhere in our daily life from nerve
pluses in our bodies to eyes of storms in the atmosphere and even density waves in galaxies.
They were first observed as water waves in a shallow canal by a Scottish engineer John
Scott Russell in 1834 [1], which initiated the theoretical work of Rayleigh and Boussinesq
and eventually led to the well-known KdV (Korteweg, de Vries) equation which has been
broadly used as an approximate description of solitary waves [2]. However, the significance
of soliton was not widely appreciated until 1965 when the word “soliton” was coined by
Zabusky and Kruskal [3]. Nowadays, solitons have appeared in every branch of physics,
such as nonlinear photonics [4], Bose-Einstein condensates [5], superconductors [6], and
magnetic materials [7], just to name a few. Generally, solitons appear as self-organized
localized waves that preserve their identities after pairwise collisions [8]. This ideal non-
linear property of solitons may enable distortion-free long-distance transport of matter or
information and thus makes them considerably attractive to both fundamental research
and technological applications [9-11].

Liquid crystals (LCs) are self-organized anisotropic fluids that are thermodynamically
intermediate between the isotropic liquid and the crystalline solid, exhibiting the fluidity of
liquids as well as the order of crystals [12,13]. Generally, LCs consist of anisotropic building
blocks with rod- or disc-like shapes, which spontaneously orient in a specific direction on
average, called director, n. As a typical nonlinear material, LCs have been broadly used
as an ideal testbed for studying solitons, in which different kinds of solitons have been
generated in the past five decades.

In this review, we first give a brief overview of the early works of solitons in LCs
(Section 2), which is followed by a short discussion of investigations on nematicons
(Section 3) and a discussion of recent progress in studies of topological solitons in chi-
ral nematics (Section 4). The article then continues by overviewing the investigations of
dynamic particle-like dissipative solitons, “director bullets” or “directrons”, which were
first reported by Brand et al. in 1997 but did not receive much attention until recently
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(Section 5). This review is mainly focused on the recent experimental investigations on
solitons in liquid crystals, readers who are interested in this topic can find more detailed
early experimental and theoretical investigations in the excellent book edited by Lam and
Prost [14].

2. Early Works

The study of solitons in LCs was started in 1968 by Wolfgang Helfrich [15]. He
theoretically modelled alignment inversion walls as static solitons in an infinite sample of
nematic order. By applying a magnetic field, H, depending on the assumed orientation of
the director at infinity, there are three types of possible walls, i.e., twist wall, splay-bend
wall parallel to the applied field, and the splay-bend wall perpendicular to the field, which
are analogous to the Bloch and Neel walls in ferromagnetics (Figure 1). Such a model was
later improved by de Gennes who studied the boundary effects of the substrate and the
movement of the walls [16].
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Figure 1. Schematic diagrams of different alignment inversion walls. (a) Twist wall. (b) Splay-bend
wall parallel to the magnetic field. (c) Splay-bend wall vertical to the magnetic field. Reprinted with
permission from Ref. [15]. Copyright 1968 American Physical Society.

The first experimental investigation of these inversion walls was probably reported by
Leger in 1972 [17]. In this work, a 180° twist wall was generated at the top free surface of a
nematic droplet by rotating the applied magnetic field by 180° (Figure 2a,b). The migration
time of the twist walls was also measured. However, instead of working with a free surface
geometry, the measurements were carried out in nematic droplets sandwiched between
two rubbed glass plates due to the difficulty of measuring the sample thickness. In this case,
the twist walls were generated near each glass plate and then moved toward the midplane
of the sample. Because the pair had opposite twists, they annihilated each other once they
met. The measured migration time was in great agreement with theoretical prediction [16].
However, because the observation was from the top of the sample, one could not really see
the propagation process of the twist walls in the experiment.

In the same year, a different type of wall was investigated theoretically by Brochard [18]
and experimentally by Leger [19,20]. These walls separate domains in which LC molecules
rotate in two different directions, i.e., the so-called reverse tilt domains [21]. They can
be generated by increasing the applied magnetic field above the Freedericksz transition
(Figure 2¢,d). The walls can either form in a straight line state where they are stable and
static or in a closed loop state where they continuously shrink inward and eventually
annihilate to minimize the free energy. The authors investigated the static structure and
the dynamic behavior of the walls. Unlike the twist walls mentioned above, the walls
discussed here move in the plane of the LC cell and can be observed directly.
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Figure 2. Typical image of the free surface of a MBBA droplet within which a twist wall was
generated at (a) H = 3000 G and (b) H = 6000 G, where H represents the magnitude of the magnetic
field. Reprinted with permission from Ref. [17]. Copyright 1972 Elsevier. (¢) Schematic distortion
of the director structure of different walls. (d) The microscopy of the walls corresponding to (c).
Reprinted with permission from Ref. [19]. Copyright 1972 Elsevier.

The interactions between flows and director field in a nematic LC can introduce a
nonlinear term in the director equation of motion. Thus, it is possible to induce solitons
by shearing nematics without applying any external field [14]. In 1976, Cladis and Torza
reported propagating solitary wave instabilities of a nematic in a Couette flow field [22].
They found that for small shears, a “tumbling” instability was observed, which was similar
to the appearance of a solitary wave in a long torsion bar to which is attached a dense
array of pendulums. By slightly increasing the shear rate, a cellular flow instability was
induced (Figure 3a). Further increase of the shear rate, led to a dense mass of disclinations
being formed, which aligned with their long axis parallel to the flow field. At very large
shear rates, Taylor vortices were generated. In 1982, Zhu reported a soliton-like director
wave in a nematic by mechanical shearing [23]. In his work, the nematic film was confined
in a home-made cell with an exciter at the entrance. The nematic was homeotropically
aligned. By moving the exciter, propagating director waves were observed through po-
larized white light as black lines, which travelled through the nematic bulk (Figure 3b).
It should be noted that these solitons were first theoretically predicted and explained by
Lin et al. [24-26]. Later, in 1987, C. Q. Shu et al. reported the generation of two-dimensional
(2D) axisymmetric propagating solitons in a radial Poiseuille flow of homeotropic nematic
LCs [27]. These solitons appear as dark rings in polarized white light and are large enough
to be observed directly by the naked eye (Figure 3c). They are generated by periodically
pressing the rim of the cell and can move through the nematic bulk at a constant speed
with their shape remaining unchanged.

Convection as one of the simplest examples of hydrodynamic instability induces a rich
variety of nonlinear phenomena in a fluid. In conventional Rayleigh-Benard and Taylor
experiments, convective patterns emerge once the temperature gradient across the fluid
layer, and the relative velocity field of the rotating planes, exceed some specific threshold
(the Rayleigh number R, and T;). Generally, the convective pattern is composed of spatially
periodic rolls (Williams rolls) with translational invariance, whose periodicity is of order of
the thickness of the fluid layer. In LCs, the convective pattern exhibits similar characteristic
features and can be generated by applying an electric field to a properly aligned nematic. It
was reported that the nonlinear coupling between the convective flow and the director field
may lead to the generation of a number of solitonic structures. In 1979, Ribotta measured
the penetration length of a vortex into a subcritical region by using the electro-convective
instability in a nematic LC [28]. In his experiment, the electrode on one plate is divided into
two parts separated by a small gap of about 5 um. Convective patterns are generated in one
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region (region 1) by applying an electric field. An electric field with the same frequency but
a relatively low amplitude is applied in the other region (region 2), in which no convective
pattern is generated. One then observes that small portions of individual rolls are “emitted”
from the gap, and propagate into region 2 with a uniform group velocity (Figure 4a). The
rolls behave like solitary waves with their shape and amplitude remaining constant during
the motion. A different kind of soliton was later reported by Lowe and Gollub in 1985
in a convecting nematic subjected to spatially periodic forcing [29]. The solitons (also
called domain walls or discommensurations) are regions of local compression of convective
rolls (Figure 4b) and can be well described by the solutions to the Sine-Gordon equation.
Generally, the convective pattern is stationary and spatially homogeneous with its velocity
field and orientational field being time independent. However, in 1988, Joets and Ribotta
reported a time-dependent localized state of electro-convection in a nematic [30]. These
spatially localized domains exhibit elliptical shape and distribute randomly throughout
the sample. Inside the domains, a periodic structure of Williams Rolls translates uniformly
(Figure 4c). The velocity of the rolls has the same amplitude in different domains, but its
sign changes randomly from one domain to another. The domains themselves do not show
uniform translational motion, instead they fluctuate around an average location. Both the
velocity of the rolls and the shape of the domains can be varied by tuning the applied
electric field.
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Figure 3. (a) Cellular flow in a nematic LC. Reprinted with permission from Ref. [22]. Copyright
1976 Elsevier. (b) Propagation process of the director wave. Reprinted with permission from Ref. [23].
Copyright 1982 American Physical Society. (c) Propagation of the 2D axisymmetric soliton. Reprinted
with permission from Ref. [27]. Copyright 1987 Taylor & Francis.
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Figure 4. (a) Portions of convective rolls “emitted” from region 1 to region 2. Reprinted with permis-
sion from Ref. [28]. Copyright 1979 American Physical Society. (b) Micrograph of a quasiperiodic
convective structure. The solitons (indicated by arrows) are regions of compression of the rolls.
Reprinted with permission from Ref. [29]. Copyright 1985 American Physical Society. (c) Micro-
graph of localized domains of travelling convective rolls. Reprinted with permission from Ref. [31].
Copyright 1988 American Physical Society.

3. Nematicons

Nematicons are self-focused light beams (spatial optical solitons) that propagate in
nematic LCs. The beginning may date back to the early works by Braun et al. in which
optical beams of complex structures, such as the formation of focal light spots, the onset
of transverse beam undulations, and the development of multiple beam filaments, are
realized by interacting a low-power laser beam with a nematic LC [32,33]. Compared to
most materials, the nonlinear coefficient of nematic LC is extremely large (10° to 10'° times
greater than that of typical optical materials such as CS,), making it an ideal system for
investigating spatial optical solitons [32]. As shown in Figure 5, a linearly polarized beam
propagates along the z-axis and enters a nematic cell. The polarization of the beam is
parallel to the y-axis. The nematic LC within the cell is homogeneously aligned with its
director, n, being parallel to the cell substrates but making an angle § with respect to the
wave vector (k) of the beam. The extraordinary waves of the beam whose electric field E is
in the nk plane propagate along the Poynting vector S which is deviated from k at the angle
6 [34]. The light induces electric dipoles in the LC molecules which interact with the electric
field and produce a torque I' = ggAe(n - E) (n X E), where ¢ is the dielectric susceptibility
of vacuum, Ae = n? — n? is the optical anisotropy, 1, and 7, are the extraordinary and
ordinary refractive indices, respectively. For nematic LCs with n, > n,, the torque reorients
the director and increases the angle 6, leading to the increase of the extraordinary refractive

index n,9 = Zeflo . Such an increase of the refractive index focuses the
’ \/n2-sin2(6)+n2-cos?(6)

beam, and leads to the formation of a nematicon which propagates along S. The study of
nematicons has attracted a great deal of interest since the beginning of the 21st century
due to its promising applications in nonlinear optics and photonics [35]. Recently, different
kinds of nematicons, such as vortex nematicons [36-38], have been reported. Since this
review is mainly concentrated on topological and dissipative LC solitons, we refer the
readers who are interested in nematicons, to a book and several reviews published by
Assanto, et al., recommended here [35,39-41].

y [um]

y [um]

1.5

Z [mm]

Figure 5. (a) Schematic of the formation of a nematicon in a planar nematic LC cell. (b) Photographs
of a propagating ordinary light beam (top) and a nematicon (bottom). Reprinted with permission
from Ref. [34]. Copyright 2019 Optical Society of America.
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4. Topological Solitons in Chiral Nematics

Topological solitons are continuous but topologically nontrivial field configurations
embedded in uniform physical fields that behave like particles and cannot be transformed
into a uniform state through smooth deformations [42]. They were probably first proposed
by the great mathematician Carl Friedrich Gauss, who envisaged that localized knots
of physical fields, such as electric or magnetic fields, could behave like particles [43].
Kelvin and Tait noticed the importance of this concept in physics and proposed one
of the early models of atoms, in which they tried to explain the diversity of chemical
elements as different knotted vortices [43]. Based on these theories, Hopf proposed the
celebrated mathematical Hopf fibration [44], which was later applied to three-dimensional
physical fields by Finkelstein [45] and led to the increasing interest of topological solitons
to mathematicians and physicists. Nowadays, topological solitons have been investigated
in many branches of physics such as instantons in quantum theory [46,47], vortices in
superconductors [48], rotons in Bose-Einstein condensates [49], and Skyrme solitons in
particle physics [50], etc. The field of topological solitons in LCs started about 50 years ago
with the discussion of static linear and planar solitons, which are actually the inversion
walls discussed above. In this section, the attention will be mainly focused on the 3D
particle-like topological solitons, i.e., the so-called “baby skyrmions”, in chiral nematic LCs
(CNLGCs).

In CNLCs, topological solitons such as 2D merons and skyrmions (low-dimensional
analogs of Skyrme solitons) can be generated and have recently received great attention.
The molecules of a CNLC form a “layered” structure. In each molecular layer, the director,
n, aligns in a specific direction. The director of different layers twists at a constant rate
along a helical axis which is perpendicular to the layers. The distance over which n
rotates by an angle of 27 is called the pitch, p. Generally, by applying an electric field
to a CNLC or sandwiching it between surfaces of homeotropic anchoring, the helical
superstructure of the CNLC will be deformed, leading to the formation of string-like
cholesteric fingers [51] and/or nonsingular solitonic field configurations [52]. In 1974,
Haas and Adams [52] reported the formation of densely packed particle-like director field
configurations, called “spherulites” by the authors, which are now known as “skyrmions”,
following Skyrme who developed a 3D soliton model of nucleons [50]. In the experiment,
the CNLC is confined in a cell with homeotropic anchoring. By applying an electric
field to the sample, electro-hydrodynamic effects are induced, and the spherulites can be
generated after removing the electric field. Almost at the same time, similar results were
also reported by Kawachi et al. [53]. However, in their publication, the spherulites were
called “bubble domains”. These spherulites or bubble domains soon attracted a great deal
of interest and fueled an explosive growth of studies in the next few years [54-62]. In
2009, with the help of laser tweezers, different kinds of spherulites or bubble domains
were optically generated at will at a selected place of a homeotropically aligned CNLC
by Smalyukh, et al. [63]. By characterizing and simulating the 3D director structure of
these solitons, the authors recognized that these are low-dimensional analogs of Skyrme
solitons. The solitons are composed of a double-twist cylinder closed on itself in the
form of a torus and coupled to the surrounding uniform field by point or line topological
defects and are called “torons” (Figure 6a). The authors successfully demonstrated the
structure and stability of the torons by the basic field theory of elastic director deformations
and obtained the equilibrium field configuration and elastic energy of torons through
numerical simulations. Later, the same authors reported the generation of 2D reconfigurable
photonic structures composed of ensembles of torons [64—66]. In 2013, Chen et al. reported
the generation of Hopf fibration (Figure 6c) in a CNLC by manipulating the two point
defects of torons [67]. They demonstrate the relationship between Hopf fibration and
torons through a topological visualization technique derived from the Pontryagin-Thom
construction. In the following years, a variety of different kinds of skyrmionic solitons, such
as half-skyrmions, twistion, skyrmion bags, skyrmion spin ice, skyrmion-dressed colloidal
particles, and more complicated structures composed of torons, hopfions, and various
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disclinations, were realized and reported by different groups [68-76]. The self-assembly
of torons (Figure 6d) [77-79] and hopfions in ferromagnetic LCs were later realized by
Ackerman et al. [80]. Furthermore, the continuous transformation of 3D Hopf solitons [81]
and the generation of 3D knots dubbed “heliknotons” (Figure 6e,f) [82] in CNLCs were
reported by Tai et al. Due to the continuous twist of the director field within topological
solitons, they can be used as optical devices for controlling and modulating the propagation
of light [83-86]. For instance, Varanytsia et al. reported that the surface-assisted assembly of
a two-dimensional toron array could be utilized as a spatial light modulator to control the
light transmission and scattering [83,87]. Recently, Hess et al. showed that the skyrmionic
solitons can act as lenses to steer laser beams [84]. Papic et al. showed that the topological
LC solitons inserted in a Fabry-Perot microcavity can be used as a tunable microlaser to
generate structured laser beams. The structure of the emitted light could be easily controlled
by tuning the topology and geometry of the solitons [88]. In addition, Mai et al. recently
showed that topological solitons, such as heliknotons, can be used as micro-templates for
spatial reorganization of nanoparticles [89].

Figure 6. (a) Configuration of a toron. (b) Polarizing microscopy texture of different defect-
proliferated torons. Reprinted with permission from Ref. [63]. Copyright 2010 Nature. (c) Flow lines
and preimage surfaces of Hopf fibration. Reprinted with permission from Ref. [67]. Copyright 2013
American Physical Society. (d) Self-assembly of skyrmions. Reprinted with permission from Ref. [77].
Copyright 2015 Nature. (e) Knotted co-located half-integer vortex lines in a heliknoton. (f) Polarizing
microscopy texture of heliknotons. Reprinted with permission from Ref. [82]. Copyright 2019 Science.

In most investigations, these topological solitons are viewed as static field configura-
tions in LCs. However, it is found that they can be driven into motion by applying electric
fields. In 2017, Ackerman et al. reported an electrically driven squirming motion of baby
skyrmions in a chiral nematic [90]. By applying a modulated electric field, the skyrmions
behave like defects in active matter and move in directions orthogonal to the electric field.
Such a motion stems from the non-reciprocal rotational dynamics of LC director fields.
During motion, the periodic relaxation and tightening of the twisted region make the
skyrmions expand, contract, and morph, resembling squirming motion (Figure 7a). Both
the direction and speed of the moving solitons can be controlled by tuning the applied
electric field. Such a controllable motion of skyrmions may enable versatile applications
such as micro-cargo transport [91]. In 2019, Sohn et al. reported an electrically driven
collective motion of skyrmions, in which thousands to millions of skyrmions started from
random orientations and motions, but then synchronized their motions and developed
polar ordering within seconds (Figure 7b) [92]. They also showed that such a collective
motion could even be enriched and guided by light (Figure 7c) [93] and could be used as a
model for studying the dynamics of topological defects and grain boundaries in crystalline
solid systems [94]. As we mentioned above, the topological defects and solitons are usually
generated through local relief of geometric frustration of the helical structure of CNLCs.
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As a result, in most works, the topological defects are generated in CNLCs confined by
homeotropic anchoring conditions. Very recently, Shen and Dierking reported the creation
of 3D topological solitons, i.e., the torons, in a CNLC which is confined in cells of homo-
geneous anchoring by applying electric fields [95]. In that work, the authors demonstrate
the transformation between the cholesteric fingers and the solitons and the formation of

“skyrmion bags” with a tunable topological degree. The solitons exhibit different static

geometric textures and dynamic behaviors by changing the pitch of the CNLC system
(Figure 7d). They undergo anomalous diffusion at equilibrium and performed directional
motion driven by electric fields. The solitons could even form aggregates of tunable shape,
anisotropy, and fractal dimension through inelastic collisions with each other.
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Figure 7. (a) Polarizing microscopy texture of a squirming skyrmion. Reprinted with permission
from Ref. [90]. Copyright 2017 Nature. (b) Temporal evolution of skyrmion velocity order. Reprinted
with permission from Ref. [92]. Copyright 2019 Nature. (c¢) Motion of skyrmions guided by light.
Reprinted with permission from Ref. [93]. Copyright 2020 Optical Society of America. (d) Different
dynamic behaviors of torons. Reprinted with permission from Ref. [95]. Copyright 2021 American
Physical Society.

In this section, the recent experimental studies on 3D particle-like skyrmionic topolog-
ical solitons were briefly introduced. For readers who are interested in more details con-
cerning this topic, an excellent review written by Smalyukh is strongly recommended [96].

5. Dynamic Dissipative Solitons in Liquid Crystals

Dissipative solitons are stable localized solitary deviations of a state variable from
an otherwise homogeneous stable stationary background distribution. They are generally
powered by an external driver and vanish below a finite strength of the driver [97]. Experi-
mentally, dissipative solitons were generated in the form of electric current filaments in a
2D planar gas-discharge system [98]. In LCs, different kinds of dissipative solitons have
been generated and reported recently [99-105].

In 2018, Li et al. reported the formation of 3D dissipative solitons in an electrically
driven nematic, which were called “director bullets” [99] or “directrons” [100] by the
authors (Figure 8). These solitons were first reported by Brand et al. in 1997, and were
called “butterflies”, but did not receive much attention at that time. The directrons (we
will refer to them as “directrons” to distinguish them from other solitons) are self-confined
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localized director deformations. While the nematic aligns homogeneously outside the
directrons, the director field is distorted and oscillates with the frequency of the applied
AC electric field within the directrons. Such an oscillation breaks the fore-aft symmetry
of the structure of the directrons and leads to the rapid propagation perpendicular to the
alignment direction. The directrons can move with speeds as large as 1000 um s~ ! through
the homogeneous nematic bulk over a macroscopic distance thousands of times larger
than their size. They survive collisions and pass through each other without losing their
identities. Unlike the topological solitons, the directrons are topologically equivalent to a
uniform state and disappear right after switching off the applied electric field. The nematic
media in which the directrons were generated by Li et al., 4’-butyl-4-heptyl-bicyclohexyl-
4-carbonitrile (CCN-47), is of the (—,—) type, which means that both the dielectric and
conductivity anisotropies are negative, i.e., Ae = g —eL < 0 and Ao = o —op < 0,
respectively. The basic mechanism of many electro-hydrodynamic instabilities in nematics
of the (—,+) type is now quite well understood and can be explained by the well-known
“Carr-Helfrich” model, in which a subtle balance between the dielectric torque that stabilizes
the initial planar director field and an anomalous conductive torque induced by space
charges that breaks the planar state is reached [106,107]. However, the model cannot be
used to explain the generation of the directrons observed in (—,—) nematics, in which case
both the dielectric and conductivity torques can only stabilize the planar state. Instead, due
to the equality of the frequency of the directron oscillation and that of the applied electric
field, the main reason of the excitation of the directrons is attributed to the flexoelectric
polarization [105].

i
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Figure 8. Director bullets in a planar nematic cell. (a) Cell scheme. (b) Transmitted light intensity
map and director distortions in the xy plane within a single bullet. (c-e) Polarizing microscopy of the
director bullets at varied voltages. (f) Polarizing microscopy of the electro-hydrodynamic pattern.
Scale bar 200 pm. Reprinted with permission from Ref. [99]. Copyright 2018 Nature.

The study carried out by Aya and Araoka showed that similar directrons can also
be generated in nematics of the (—,+) type [101]. In order to systemically examine the
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influences of the material parameters on the generation and dynamics of the directrons,
the authors used a mixture of two different nematics which are of the (—,—) type and the
(+,4) type, respectively. By altering the concentrations of the two nematics, a continuous
transition of the dielectric and conductivity anisotropies of the mixture could be realized,
leading to the formation of different kinds of electro-hydrodynamic patterns. The authors
found that the conductivity is vital in determining the stability of the directrons. These
directrons can only exist in the limited range of moderate conductivity, 0.8 x 1078 <o <
4 x 1078 O~ 'm~!. The unifying feature of the generation of the directrons in nematics of
the (—,—) type and the (—,+) type is that the conductivity of the nematic host is relatively
low compared to those typically used in exploring conventional Carr-Helfrich electro-
hydrodynamic phenomena (~10~7 Q~'m~1) [108]. Li et al. reported that the conductivity
of the nematic host (CCN-47) for producing dissipative solitons was about (0.5-0.6) X
10-8 Q~'m~1 [99], and the conductivity of the nematic (ZLI-2806) used in the experiments
by Shen and Dierking was about (0.6-1.9) x 1078 Q~!m~! [102].

On the other hand, a recent study carried out by Shen and Dierking showed that
similar directrons could even be produced in nematics of the (+,+) type (Figure 9) [103],
which is unexpected by the “standard model” [109]. In their experiment, a nematic (5CB)
with both positive dielectric and conductivity anisotropies was confined in a cell with
homogeneous alignment. The alignment of the cells was induced through the photo-
alignment technique instead of the conventional rubbing method, the former providing
a relatively weak azimuthal anchoring. The directrons are generated after applying an
AC electric field with a relatively low frequency to the sample. The dynamic behavior of
the directrons is similar to that reported by Li et al. [87,88] and Aya et al. [89]. Directrons
can propagate either parallel or perpendicular to the alignment direction which can be
switched by tuning the frequency and amplitude of the applied electric field [99-101].
The directrons behave like waves when they pass through each other without losing their
identities after collisions. Electro-hydrodynamic instabilities in LCs have been investigated
for decades. Early studies mainly focus on the electro-convection effects in nematics
with opposite signs of anisotropies, e.g., nematics of the (—,+) type, in which electro-
convection rolls, such as the well-known “Williams domains” [110] and “chevrons” [28], are
observed. In most of the cases, the destabilization can be explained by the charge separation
mechanism introduced by Carr [106] and Helfrich [107], which was later extended to a
3D theory, i.e., the “standard model” [109]. On the other hand, most nonstandard electro-
convection phenomena observed in nematics of the (—,—) type can be explained by adding
flexoelectricity effects to the standard model. The standard model predicts no electro-
hydrodynamic instability in nematics of the (+,+) type. However, complicated electro-
convection patterns, such as fingerprint textures [111], Maltese crosses [111], and cellular
patterns [112], were reported in nematic cells with homeotropic alignment. Different
explanations, including isotropic ionic flows [111,113,114], charge injection (known as Felici-
Benard mechanism) [115,116], flexoelectricity, and surface-polarization effects [117,118],
etc., were proposed to account for the origin of the instabilities. However, a rigorous
explanation is still to be found. In the case of homogeneous alignment, only stationary
Williams domains were observed in nematics with small values of the dielectric anisotropy
(0 < Ae < 0.4). For nematics with large dielectric anisotropy (just as the situation in ref [103]),
electro-hydrodynamic instabilities are usually suppressed by the Freedericksz transition
and thus are not expected [119]. The formation of the directrons in 5CB reported by Shen
and Dierking is attributed to the special conditions of their experimental setup, i.e., a
relatively high ion concentration of the nematic host and a relatively weak azimuthal
anchoring of the cells. Both of these factors lead to the strong nonlinear coupling between
the isotropic ionic flows and the director field which induces the directrons [103].
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= 10 layer L.C molecule

=== middle layer .C molecule

Figure 9. The structure of the dissipative solitons in 5CB. (a) Time series of polarizing micrographs of
a soliton modulated by an AC electric field. Scale bar 20 um. (b) The schematic structure of a soliton.
m represents the alignment direction. ¢, and 6, represent the azimuthal angle and the polar angle
of the local mid-layer director. (c) Transmitted light intensity maps and the corresponding mid-layer
director fields (black dashed lines) in the xy plane within solitons. v represents the velocity of the
soliton. The color bar shows a linear scale of transmitted light intensity. Insets are the corresponding
POM micrographs, scale bar 10 um. Red squares 1, 2, and 3 are corresponding to the ones in (b).
Reprinted with permission from Ref. [103]. Copyright 2020 Royal Society of Chemistry.

The formation of the dynamic directrons is not the privilege of nematics only. Shen
and Dierking showed that the directrons can also form in chiral nematics of the (—,+) type
and the (+,+) type, respectively [102,103]. In the experiments, the chiral nematic hosts are
prepared by doping a chiral dopant into achiral nematics, and the mixtures are filled into
LC cells with homogeneous alignment conditions. An AC electric field is applied parallel
to the helical axis of the chiral nematics, and the directrons emerge as the amplitude of the
electric field increases above some frequency-dependent thresholds. The dynamic behavior
of the directrons was investigated and compared to those in achiral nematics. It was found
that the directrons in the achiral nematics show a “butterfly-like” structure (Figure 10a), but
the ones in chiral nematics exhibit a “bullet-like” structure (Figure 10b). In both cases (chiral
and achiral nematics), the directrons move either parallel or perpendicular to the alignment
direction, a behavior which is dependent on the applied electric field. Interestingly, the
directrons in achiral nematics behave like waves in that they collide and pass through each
other as reported by Li et al. [99]. The directrons in chiral nematics behave similar to a
wave-particle dualism in so far that they either pass through each other without losing
identity (solitary wave) (Figure 10c), or collide with each other and undergo reflection
(hard particle) (Figure 10d). The authors also showed that the motion of the directrons
can be controlled by the alignment. As shown in Figure 10e, the LC cell is divided into
three regions with different alignment directions by using the photo-alignment technique.
Tuning the applied electric field, the directrons either move parallel or perpendicular to
the alignment direction in each individual region. However, once the directrons move
across the boundaries of different regions, they change their directions continuously to fit
the alignment condition. The directrons can therefore be used as vehicles for micro-cargo
transport [102,103]. As shown in Figure 10f, a directron is induced around a dust particle
once the electric field is applied. It then carries and translates the particle by moving it
through the nematic bulk. Similar phenomena were also reported by Li et al. which was
termed “directron-induced liquid crystal-enabled electrophoresis” [120].
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Figure 10. Dissipative solitons in chiral nematics. Solitons in achiral (a) and chiral (b) nematics.
(c) Two solitons pass through each other. (d) Two solitons collide and reflect into opposite directions.
(e) Motion of solitons in a cell divided into three regions with different alignment directions. (f) Micro-
cargo transport by a soliton. Reprinted with permission from Ref. [102]. Copyright 2020 Nature.

So far, most dynamic solitons have been reported only in nematics. However, recently,
it was shown that particle-like dynamic dissipative solitons can be formed in LCs of
the fluid smectic A phase [104]. A smectic A phase is characterized by the formation of
a layered structure of elongated molecules with orientational and 1D positional order.
Within each layer, the LC molecules are orientated perpendicular to the layer, but their
molecular centers of mass are distributed randomly without any further in-plane positional
order [121]. The smectic phase is usually characterized by the remarkable patterns of
singular ellipses, hyperbolas, and parabolas known as the focal conic domains (FCDs).
In this work, a smectic LC (8CB) is confined in a LC cell with homogeneous alignment
condition. The sample is kept at a temperature slightly below the nematic-smectic phase
transition point. The solitons are formed by applying a low-frequency field with a mediate
voltage to the so-called “scattering state” of the smectic A phase. The solitons exhibit a
swallow-tail like texture under crossed polarizers with a static structure analogous to the
parabolic focal conic domains (PFCDs) (Figure 11). They are characterized by an elliptical
contour, which is generated as a result of the localization of stress. The contour is composed
of the loci of the cusps of smectic layers. Outside the solitons, the equidistant smectic layers
align homogeneously perpendicular to the alignment direction. Within the solitons, the
transmitted light intensity increases, indicating azimuthal deviations of the director field
from the alignment. As a result, the smectic layers continuously deform into curves within
the solitons. The curvature of the curves exhibits a maximum at one of the foci of the
elliptical contour, where a singular defect line is located and acts as the core of the solitons.
The size of the solitons is dependent on the applied voltage, and decreases with increasing
voltage. When driven by a low-frequency electric field, the director within the solitons tilts
up and down due to the dielectric torque, which leads to a periodic shape transformation of
the soliton. The solitons move bidirectionally along the alignment direction with constant
speed, which is attributed to the permeation ion flow perpendicular to the smectic layers.
The solitons behave like particles when they collide with each other. They can also interact
with colloidal micro-particles.
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Figure 11. Swallow-tail solitons in smectics. (a) Polarizing micrographs of the swallow-tail soliton
and its corresponding static structure. (b) Collision of two swallow-tail solitons. (c) Nucleation
of swallow-tail solitons on a colloidal micro-particle. Reprinted with permission from Ref. [104].
Copyright 2021 Royal Society of Chemistry.

6. Conclusions

In summary, we have briefly discussed some important early works of solitons in LCs
and the recent progresses made in the investigations of topological solitons and dissipative
solitons in LCs. Although recent studies of topological solitons and dissipative solitons have
received great attention, many fundamental questions remain unanswered. For instance,
the existence of topological solitons with higher dimensions in biaxial liquid crystal systems,
a systematic classification of the topological solitons, the stability of the topological and
dissipative solitons, the transformation between different topological solitons, the influence
of the topological structure on the dynamics and interactions of topological solitons, the
formation mechanism of the directrons, the role of ions played in the formation and motion
of dissipative solitons, the influence of surface anchoring on the stability, formation and
dynamics of the solitons, the effect of chirality on the structure and dynamics of the solitons,
the interactions between solitons and colloidal particles, the self-assembly and collective
behavior of the solitons, the existence of topological and dissipative soliton in lyotropic
and active LC systems, the relation between the solitons in LCs and the solitons in other
physical systems, etc. All these questions remain elusive and require further experimental
and theoretical investigations to answer.

After over five decades of research, various solitons have been created and described in
different liquid crystalline systems. This not only broadens the research and understanding
of LCs, but also enhances our understanding of solitons in other physical systems. Further-
more, the solitons in LCs may even lead to novel phenomena, such as emergent collective
motion of solitons [92,93], and applications, such as micro-cargo transport [102,103,120],
optic processing [84,85], or fast LC displays [14]. We hope this brief review can arouse more
researchers’ interest in the field of solitons in LC systems.
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