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In this work, thousands of electrically driven dissipative solitons, called directrons, are generated in a
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chiral nematic liquid crystal. The directrons start with random motions but soon synchronize their
motions and self-organize into a two-dimensional hexagonal lattice. The directron lattice moves

collectively and forms a hexatic phase. By increasing the applied voltage, the lattice exhibits a first-order
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hexatic-to-liquid phase transition.
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Soft materials in which constituent building elements dissipate
ambient free energy and convert it into mechanical work are
generally referred to as active matter." Distinct from conven-
tional thermal systems in which self-organization usually arises
from the coupling between entropy and potential interactions,
the thermal energy is negligible for active matter and various
complicated self-organization and collective motion stems
from its primitive rules of propulsion and inter-particle inter-
actions. Examples include large-scale vortices in bacteria
suspensions,”™ sperm cells,” driven filaments®® and artificial
active particles,”" nematic order in vibrated rods'® and cell
swarms,"® active crystallization of bacteria'® and colloidal
particles,"™® clustering and phase separation of self-propelled
particles, etc. However, self-organization of large scale
ordered structure that experiences directional collective motion
has rarely been reported so far.>?

Solitons are self-sustained localized packets of waves in
nonlinear media that propagate without changing shape, such
as water waves in a canal.>® They are ubiquitous and exist in many
areas of physics including nonlinear photonics,>* Bose-Einstein
condensates,” superconductors,”® magnetic materials”’ and
liquid crystals.>® The investigations of solitons in liquid crystals
have been carried out for over 5 decades. Various kinds of solitons
have been reported, including different types of inversion
walls,**' propagating solitary waves,**** individual convective
rolls** and local convective domains,*” discommensurations*®?”
and breathers,*® nematicons,* skyrmions and torons,*® swallow-
tail solitons,*® etc. In 1997, Brand et al. reported an electrically
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driven butterfly-like soliton which moves easily and rapidly
throughout the uniform nematic bulk,* which was recently
recognized as the three-dimensional (3D) dissipative solitary waves
coined as “director bullets” or “directrons” by Li et al*>™* and
received increasing attention due to their intriguing nonlinear
dynamic properties and potential applications in various areas
such as microfluidics and optics.**™*® These directrons represent
topological trivial particle-like localized dissipative solitary director
waves. They behave like active particles in so far that they convert
the applied electric energy into translational motions and repel
each other during collisions.

Here, we show that hundreds and thousands of directrons
are created in a chiral nematic film by applying an electric field.
The directrons start with random motions but then synchro-
nize their motions through many-body interactions and self-
organize into an active two-dimensional (2D) hexagonal lattice
which moves in a direction selected by spontaneous symmetry
breaking. The lattice anneals with time from a disordered
liquid phase to an ordered hexatic phase through the motion
and collisions of the directrons. By increasing the applied
voltage, individual directrons perform random walks, leading
to a first-order hexatic-to-liquid melting transition of the 2D
lattice.

A chiral nematic film is prepared by capillary filling a
mixture of the nematic liquid crystal ZLI-2806 (Merck) and
chiral dopant ZLI-811 (Xianhua, China) into a commercial cell
(AWAT, Poland). The ZLI-2806 has a negative dielectric aniso-
tropy and a positive conductivity anisotropy.*® The pitch of the
LC mixture p ~ 2 pm is calculated according to the equation
p = 1/(HTP x c), where ¢ is the weight concentration of the
chiral dopant, and HTP = —8.3 um ' represents the helical
twisting power of the chiral dopant.*® The inner surfaces of the
cell are covered with transparent indium tin oxide (ITO) layers
to act as electrodes and are coated with rubbed polyimide layers
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to produce a homogeneous alignment. The rubbing direction is
along the x-axis. The cell gap d ~ 9.5 um is measured by the
thin-film interference method.*® The sample is kept at 80 °C
and an alternating-current (AC) electric field (E) is applied
perpendicular to the cell substrates. By increasing the voltage
(U) to a threshold value, thousands of directrons emerge and
move in random directions.

The directrons are the same as the ones reported before,*®
which show a quadrupolar symmetric texture in polarized
optical microscopy (Fig. S1, ESIT). Outside the directrons, the
helical director field aligns homogeneously with its helix par-
allel to the electric field along the z-axis. Within the directron,
the director deviates from the homogeneous state due to the
transverse Coulomb forces provided by space charges as well as
the flexoelectric polarization.*® The director distortion reaches
the maximum in the middle plane of the cell, but gradually
decreases as one moves toward the top and bottom cell
substrates.*” This is due to the competition between the flexo-
electric torque and the homogeneous surface anchoring. The
structure of the directrons changes periodically with the fre-
quency of the applied electric field, indicating the periodic
oscillation of the director field within the directrons due to the
flexoelectric effect (Fig. S2, ESIT).*® Once the symmetric struc-
ture of the directrons is broken due to, for instance, thermal
fluctuations, such oscillations of the director field produces
polarized flows which drive the directrons move forward.***¢
The formation mechanism of the directrons is relatively com-
plicated which involves many different factors, such as space
charges, ion injection, flexoelectric effect, electro-convection
effect, etc., and has not been completely understood yet. In our
opinion, the formation of the directrons is mainly attributed to
the coupling between the space charges and the flexoelectric
effect.”® Unlike topological solitons, such as skyrmions,>
whose stability is topologically protected and cannot be con-
tinuously transformed into the uniform state, the directrons
are topologically trivial and immediately disappear once the
applied electric field is below the threshold values.

Millions of directrons start from random motions but soon
synchronize their motions through interactions with each other

z SN ),

where N is the total number of directrons in the field of view
and vy is the absolute value of the velocity of coherently moving
directrons,’” gradually increases from 0.1 to 0.8 and eventually
saturates at S, ~ 0.9 (Fig. 1a). The directrons are uniformly
distributed throughout the sample and gradually self-organize
into an ordered 2D hexagonal lattice with time (Fig. 2a and
Movie S1, ESIt). Within the lattice, dislocations composed of a
pair of five-and sevenfold coordinated directrons, also called
disclinations, are formed randomly (Fig. 2a inset). The magni-
tude and direction of an isolated dislocation is given by the
Burgers vector, b, along which the translational order of the
lattice is decreased. The formation of dislocations usually costs
huge amounts of free energy and destroys the translational
order of the crystal.>® To better visualize the dislocations, the

(Fig. 1a). The velocity order parameter S, =
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Fig. 1 Dynamics of the directrons. (a) Time evolution of the velocity order
parameter (S,(t)) at U = 20 V, f = 100 Hz. The insets show the micrographs
of the directrons at different moments with their velocities indicated as
yellow arrows. (b) Time dependence of S, with the applied voltage being
varied at a fixed frequency, f = 100 Hz. The voltage (indicated as numbers
in the gray squares on top) gradually increases from 20 V to 40 V in a step
of 2 V every 10 s. The insets show the micrographs of directrons at
U =20V and 40 V, respectively, with their velocities indicated as yellow
arrows. Scale bars 50 pm.

directron lattice is characterized by the Voronoi construction
(Fig. 2b). As one can see, a large amount of topological defects,
dislocations and dislocation pairs, are formed right after the
generation of directrons, which assemble into grain boundaries
and clusters. As the directrons keep moving and colliding with
each other, they gradually synchronize their motion. As a result,
the defects annihilate with each other and the lattice becomes
more and more ordered. After approximately 300 seconds, there
are only small amounts of dislocations left which are sparsely
distributed within the lattice (Movie S2, ESIt). To quantify the
effects of the motion on the orientational ordering, we have
characterized the local (y4(r;) for soliton j) and global (¥s)
hexatic bond orientational order parameters, respectively. The
magnitude of the local bond-orientational order parameter
[V6(x;)| varies from 0 to 1 and measures how the neighbors of
soliton j fit locally on a hexagonal lattice (Fig. 2c). ¥, changes
with time which gradually increases and eventually saturates at
late times (Fig. 2f). While the radial distribution function g(r)
decays exponentially to one within several peaks, it becomes
more and more long-range with time, indicating the increase of

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Annealing of the 2D directron lattice. (a) Micrographs of the directron lattice at different times after the generation of the directrons. U = 20 V,
f = 100 Hz, scale bar 100 um. The insets show the enlarged micrographs of the regions in the black dashed squares with the five- and sevenfold
coordinated directrons indicated by the green and blue circles. The orientation of the dislocation in the inset (t = 300 s) is given by the Burgers vector b
(red arrow), which is obtained from a track around the dislocation with edges comprising a constant number of solitons (yellow arrows). The lattice lines
ending at the fivefold coordinated directron of the dislocation are indicated by the white-dashed lines. Scale bars in the insets 50 um. (b) Voronoi
diagrams constructed with the micrographs in (a) and colored according to the number of nearest neighbors (4 = red, 5 = green, 6 = yellow, 7 = blue,
others = black). The black-dashed squares are corresponding to the ones in (a). (c) Micrographs in (a) with each directron colored according to [yl
according to the color bar. The color bar varies linearly from 0 (deep blue) to 1 (light yellow). Insets show the corresponding 2D structure factors.
(d) Radial distribution functions (g(r)) and (e) orientational correlation functions (gs(r)) of the sample at different times. The dark-yellow-dashed and the
green-dotted lines are the exponential and power law fits, respectively. The purple-short-dashed line r~%2%in (e) is the KTHNY prediction at the hexatic-

liquid transition point. The curves in (d) have been shifted vertically for clarity. (f) Time dependence of Y.

the translational order of the lattice (Fig. 2d and Fig. S3, ESIt).
On the other hand, the bond orientational correlation function
decays exponentially (g4(r) oc e 77“%) at early times, but decays
algebraically (g¢(r) oc ") at late times (Fig. 2e and Fig. S3,
ESIt). The exponent ¢ is 0.22 at t =150 s and 0.09 at ¢ = 300 s. In
2D systems, the existence of a solid featuring long-range posi-
tional order is absent due to the Mermin-Wagner theorem®*
and the transition from the solid to the liquid phase experi-
ences two continuous phase transitions according to the Kos-
terlitz-Thouless-Halperin-Nelson-Young (KTHNY) theory.>* %
The first transition driven by the dissociation of bound dis-
location pairs is from the crystal with quasi-long-range posi-
tional order and long-range orientational order to the so-called
hexatic phase with short-range positional order and quasi-long-
range orientational order. The second transition driven by the
dissociation of isolated dislocations is from the hexatic phase
to a liquid phase in which both positional and orientational
order show short-range correlations. While the radial distribu-
tion function (g(r)) decays exponentially in both liquid and
hexatic phases, the bond orientational correlation function
(g6(r)) decays exponentially in the liquid phase but algebraically
in the hexatic phase. At the hexatic-liquid transition point,
g6(r) decays algebraically with the exponent 5, = 0.25, ie.,
g26(r) oc ¥79?°%° As a result, according to the KTHNY theory,

This journal is © The Royal Society of Chemistry 2022

the 2D directron lattice shows a liquid phase at early time
stages and transforms into a hexatic phase at ¢ = 150 s. At ¢t = 300
s, the directron lattice is deep into the hexatic phase and well
ordered. One may suspect it represents a crystal phase at
t = 300 s, however, the exponentially decaying radial distribu-
tion function (Fig. 2d) and the divergence of the dynamic
Lindemann parameter (L*) (Fig. S4, ESIT) exclude this possibi-
lity. The sparsely distributed free dislocations shown in Fig. 2b
destroys the translational order of the lattice according to the
KTHNY theory.®” The dynamic Lindemann parameter as an
improved criterion of 2D melting stays finite below a critical
value L.> = 0.033 in a crystal but diverges in the hexatic and
liquid phases.’® The insets in Fig. 2c show the 2D structure
factors of the directron lattice at different moments which are
obtained by Fourier transforming the 2D radial distribution
functions before azimuthally averaging them. It transforms
gradually with time from a pattern of continuous concentric
rings which is typical for an isotropic liquid phase to a sixfold
angular symmetric diffraction pattern which is a necessary but
not sufficient condition of a hexatic phase.*?

The dynamics of the directrons depends on the applied
voltage. By increasing the voltage, the velocity order parameter
S, continuously decreases from 0.9 to 0 and the collective
motion of the directrons gradually transforms to a chaotic

Soft Matter, 2022,18, 7045-7050 | 7047
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incoherent motion (Fig. 1b and Movie S3, ESIT). In our opinion,
there are two possible reasons which induce such an order-
disorder transition. The first possibility is that the director
structure of directrons is distorted by increasing voltages, and
such a distortion changes randomly and breaks the symmetry
of directrons with the frequency of the applied electric field.
The second possibility is due to the formation of isotropic
electro-hydrodynamic flows at high voltages.

As a result, the directron lattice gradually melts from the
hexatic phase to the liquid phase (Fig. 3 and Movie S3, ESIT). As
the voltage gradually increases from 20 V to 32 V, the topolo-
gical defects gradually increase and form grain boundaries
(Fig. 3b and Movie S4, ESIT). At the same time, the global
orientational order parameter, ¥, continuously decreases
(Fig. 3f). However, the directron lattice stays in the hexatic
phase. This is indicated by the exponentially decaying radial
distribution function and the algebraically decaying orienta-
tional correlation function whose exponent # is smaller than
0.25 (Fig. 3d and e and Fig. S5, ESIt). To get a better insight into
the degree of local orientational ordering, we investigate the
magnitude of the projection of Y(r;) onto the mean local
orientational field, n6(r;) = |V¢ (r;) (¥4(rc).)|, where k repre-
sents the nearest neighbours of directron j, which takes the

View Article Online
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second nearest neighbours into account and determines how
the orientation of directron j fits into the orientation of its
neighbours.®® It was shown by Larsen and Grier that the joint
distribution P(|s|, 1) is unimodal if the system shows a pure
phase,®® whereas a bimodal distribution is found if the system
exhibits coexistence of different phases.®® A directron with
|¥s| + ne > 1 is classified as belonging to the crystal phase,
otherwise, it is assigned to the liquid phase. Fig. 4 gives the
probability distribution for the directron lattice in the || — n¢-
plane at different voltages. It is noted that most of the direc-
trons have || + 1 > 1 and form a unimodal distribution at
U =30V and 32V, indicating a pure hexatic phase (Fig. 4a and
b). The defects significantly increase and form chains and
clusters at U = 34 V with a drastic decrease of global bond
orientational order, ¥, (Fig. 3f). At the same time, g¢(r) decays
algebraically with an exponent 5, = 0.34 > 0.25, which
indicates the occurrence of a phase transition (Fig. 3e). This
is inconsistent with the KTHNY theory where a continuous
hexatic-to-liquid phase transition is driven by the unbinding of
individual dislocations into free disclinations.’®*® Instead,
the “condensation” of defects observed in Fig. 3 is, to some
extent, in qualitative agreement with the grain-boundary-
induced melting theory proposed by Chui.®® Moreover, the
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Fig. 3 Melting of the 2D directron lattice. (a) Micrographs of the directron lattice at different voltages. f = 100 Hz, scale bar 100 um. The insets show the
enlarged micrographs of the regions in the black dashed squares with the four-, five- and sevenfold coordinated solitons indicated by the red, green and
blue circles, respectively. Scale bar 50 um. (b) Voronoi diagrams constructed with the micrographs in (a) and colored according to the number of nearest
neighbors (4 = red, 5 = green, 6 = yellow, 7 = blue, others = black). The black-dashed squares are corresponding to the ones in (a). (c) Micrographs in
(a) with each directron colored according to |ig| according to the color bar. The color bar varies linearly from O (deep blue) to 1 (light yellow). Insets show
the corresponding 2D structure factors. (d) Radial distribution functions (g(r)) and (e) orientational correlation functions (gs(r)) of the sample at different
voltages. The dark-yellow-dashed and the green-dotted lines are the exponential and power law fits, respectively. The purple-short-dashed line r%2%in
(e) is the KTHNY prediction at the hexatic-liquid transition point. The curves in (d) have been shifted vertically for clarity. (f) Time dependence of ¥¢ with
the applied voltage being varied at a fixed frequency, f = 100 Hz. The voltage gradually increases from 20 V to 40 V in a step of 2 V every 10 s as indicated
in the gray squares.
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Fig. 4 Probability distributions of || versus ng of the soliton lattice at
different Voltages. (a) 30 V. (b) 32. (c) 34 V. (d) 36 V. The black-dashed line
shows ng + |el = 1.

joint distribution P(|\s|, ne) in Fig. 4c shows a bimodal
distribution indicating that the system is in a state of coex-
istence between hexatic and liquid phases. Such a hexatic-
liquid phase separation can also be clearly observed from the
colormap of |¢| (Fig. 3c). The KTHNY theory is not a thermo-
dynamically consistent theory of 2D melting and different
particle-particle interactions may lead to different melting
phenomena.®” Such a first-order phase transition is similar to
the motility-induced phase separation (MIPS) of active Brow-
nian particles reported by R. Digregorio, et al®® Further
increase of voltage leads to an isotropic liquid phase with ¥
decaying to zero (Fig. 3f). Both the radial distribution function
and the orientational correlation function decay exponentially
(Fig. 3d and e). The joint distribution P(|ys|, ne) exhibits a
unimodal distribution with most of the directrons showing
|| + ne < 1 (Fig. 4d), which demonstrates that the local
sixfold order up to the second shell is lost.

Conclusions

To conclude, we show that an active system formed by micro-
scopic particle-like solitonic field configurations exhibit emer-
gent collective dynamics inaccessible to their atomic and
molecular counterparts, providing a tuneable model for study-
ing out-of-equilibrium self-organization and order-disorder
transitions. The large scale polar order and directional collec-
tive motion of the directrons share similarities with classical
flocking models such as the Vicsek®® and Toner-Tu modes”®”*
and is analogous to other active systems such as active colloidal
particles.”” Although it is predicted that phases known in
thermodynamic equilibrium systems have their counterparts
in out-of-equilibrium systems,” only several phases have been
observed so far.'>'®7%7% Recently, the formation of an active
hexatic phase has been demonstrated in different numerical
simulation systems.®®”>”77 However, the experimental counter-
part has rarely been reported.”®”® Our results show that

This journal is © The Royal Society of Chemistry 2022
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dynamic directrons can self-organize into an active hexatic
phase which thus extends the scenarios of 2D melting devel-
oped for a description of thermodynamic equilibrium systems
to non-equilibrium systems. The facile fabrication, control and
observation of our system also make it potentially promising for
studying many other forms of out-of-equilibrium behaviour, such
as collective motion,*® motility-induced phase separation,®'
phase transition in non-equilibrium systems,** etc.
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