Open Access Article. Published on 22 November 2023. Downloaded on 8/1/2025 9:52:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Soft Matter, 2023,
19, 9325

Received 4th March 2023,
Accepted 16th November 2023

DOI: 10.1039/d3sm00279a

Temperature reconfigurable skyrmionic solitons in
cholesteric liquid crystalst

Yuan Shen, 2 Maryam Qaiser and Ingo Dierking = *

In this work, a reversible transformation between torons and cholesteric fingers is realized by
continuously changing the pitch through temperature variation of the chiral nematic liquid crystal twist
inversion system. By decreasing the pitch, the torons act as seeds from which cholesteric fingers
gradually grow. By increasing the pitch, the cholesteric fingers gradually shorten and transform back to
the initial state. We find that although the morphology of the torons is severely deformed and cannot be
distinguished during the heating—cooling loops, the torons are very well topologically protected and can

rsc.li/soft-matter-journal hardly be destroyed.

Introduction

Topological solitons, such as skyrmions, baby-skyrmions (also
refer to as two-dimensional (2D) skyrmions), are localized
topologically nontrivial field configurations embedded in a
uniform far-field background that behave like particles." Similar
to topological defects, these solitons cannot be continuously
deformed into a topologically trivial uniform field. They play
important roles in different fields of physics, such as vortices in
superconductors,” instantons in quantum theory,> rotons in
Bose-Einstein condensates,” and skyrmions in magnetic
materials® and liquid crystals.®

Liquid crystals are anisotropic fluids with long-range orien-
tational order of elongated molecules defined by the average of
the long molecular axis called director, n. The study of solitons
in liquid crystals was started in 1968 by Wolfgang Helfrich who
theoretically modelled alignment inversion walls as static soli-
tons in an infinite sample of nematic order.” Since then,
different types 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,'’
directrons,'® swallow-tail solitons'® and others. In addition, a
number of topological solitons, such as skyrmions, torons,
hopfions, heliknotons are observed or created in chiral nematic
liquid crystals (CNLCs).>*** The CNLC is represented by a
helical superstructure in which the director n continuously
twists along a helix at a constant rate. The distance over which
n rotates by 2r is defined as a pitch, p.?* The helical structure of
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CNLCs can be deformed through different ways, such as by
applying electric or magnetic fields or by confining CNLCs
between surfaces with homeotropic anchoring, which even-
tually leads to the formation of topological solitons.

In this work, topological solitons of elementary 2D sky-
rmions capped by two 3D singular point defects termed as
“torons” are generated in a CNLC which is confined between
two surfaces with homeotropic anchoring. Compared to other
broadly investigated CNLC systems, such as the ones obtained
by doping chiral dopants into achiral nematics or various
derivatives of cholesterol, the CNLC used in our system shows
a special property, i.e., its pitch (p) is strongly dependent on the
temperature (7). By gradually decreasing the temperature from
the isotropic phase, the pitch increases. At a critical tempera-
ture, the pitch increases to infinity and the sample unwinds
into an achiral nematic. Further decreasing temperature, the
sample reverses its chirality from right handedness to left
handedness. In the experiment, the sample slowly transforms
from the focal conical texture into the fingerprint texture by
increasing pitch. Once p is of the size of the cell gap, d, the
cholesteric fingers gradually relax into torons. The number of
the torons can be easily controlled by manipulating the cooling
rate. By gradually increasing the temperature, the torons act as
seeds of cholesteric fingers from which those fingers grow. We
find that although the morphology of the torons is greatly
distorted by changing the temperature, their stability is very
well topologically protected.

Materials and methods

The CNLC used is 4-[(S,S)-2,3-epoxyhexyloxy]-phenyl-4-(decy-
loxy)-benzoate (W46)>*>> which shows an isotropic to nematic
phase transition at the clearing point temperature, T, = 97.5 °C
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Fig. 1 Temperature dependence of the cholesteric pitch (W46) measured
by the Cano-Grandjean method. Reproduced with permission ref. 25.
Copyright 1993 Talor & Francis.

on cooling. All the temperatures from this point on in the paper
will be given as reduced temperatures, T. — T. The CNLC is
firstly heated to the isotropic phase and then filled into a cell
(North LCD) with homeotropic anchoring. The thickness of the
cell, d = 9.7 um, is measured through the thin-film interference
method.”® The pitch of the CNLC gradually increases with
decreasing temperature. At 7. - 15 °C to T, - 15.2 °C, the pitch
diverges to infinity (1/p = 0) and the CNLC transform into a
nematic phase configuration which is confirmed by a comple-
tely dark texture observed in polarizing optical microscopy
(POM). This helix inversion point is consistent with the pre-
viously published data® (Fig. 1). The sample then reverses its
chirality from right handedness to left handedness at T. -
15.3 °C which is characterized by the formation of cholesteric
fingers and the pitch gradually decreases with further decreas-
ing temperature.*® The sample is observed through a polarizing
microscope (Leica OPTIPOL). Images and movies are recorded
by using a complementary metal-oxide semiconductor (CMOS)
camera (UI-3360CP-C-HQ, uEye Gigabit Ethernet). The sample
is temperature controlled in a hot stage (LTSE350, Linkam)
which is connected to a TP 94, Linkam temperature controller.
All of the quantitative analysis (toron size measurements,
number density and percentage area) is done using the image
analysis software Image].

Results and discussion

As Fig. 2a shows, by slowly decreasing the temperature at a rate
of —0.2 °C min~ ', the sample firstly experiences the isotropic to
cholesteric phase transition at 7. = 97.5 °C. As the pitch
continuously increases with decreasing temperature, the sam-
ple gradually transforms from the focal conic texture (T, -
6.3 °C) to the fingerprint texture (T, — 12.3 °C). Further decreas-
ing the temperature, the cholesteric fingers (CFs) become
thicker, start shrinking and some transform into torons (7. —
13.7 °C). Normally, the fingers of CF1 type are most frequently
observed in cells with homeotropic anchoring. However,
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Fig. 2 (a) POM images of the sample at different temperatures. The
sample is slowly cooled at —0.2 °C min~* from the isotropic phase.
The crossed white arrows represent the polarizers. Scale bar 50 um. (b)
The schematic director structure of a CF1(), CF2(i) and toron(in). Reprinted
with permission from ref. 27 and 29 Copyright 2005 and 2021 American
Physical Society.

despite the fact that the fingers of CF2 type do not nucleate
from homeotropic anchoring as easily as those of CF1, they do
nucleate at dust particles, spacers, or other irregularities®”
Furthermore, CF1 and CF2 have a similar look under POM.>®
So, it is difficult to determine the type of the CFs at this stage
since the CFs here are densely packed together. However, it is
reported that CF1 always collapses and disappear by increasing
voltage, whereas CF2 can continuously shrink and form torons
at high voltages.*® So, we may conclude that both CF1 and CF2
exist in our system, however, only CF2 shrinks and transforms
into torons. Fig. 2b shows the schematic director structures of
CF1 and CF2, respectively. The CF1 can be represented as a
quadrupole composed of two P pairs of the nonsingular /">
and /" *? disclinations. If one plots a line go through an
isolated CF1 along the x-axis and project the director field n
along the line onto the order parameter space S,, one can find
that the director field can change continuously and eventually
shrinks to the north pole of S,.?® On the other hand, an isolated
CF2 is composed of a nonsingular 2™ disclination in the center
and two half-integer 2~"/> disclinations located close to the
opposite homeotropic surfaces. The total topological charge Q
of CF1 and CF2 are conserved, i.e., Q = 1. However, by project-
ing the director field of the CF2 along the same line on to the
order parameter space S,, one finds that the director field
can no longer reduce to the north pole via a continuous
transformation.”® Indeed, the fluorescence confocal polarizing
microscopy images show that there are two point defects of
strength 1 at the two ends of a CF2 segment.>” This configu-
ration is topologically equivalent to the director structure of the
torons (Fig. 2b) and may explain the transformation from a
shrinking CF2 to a toron.

The topology and structure of CF1, CF2 and torons are
closely related and can be transformed between each other.
J. Baudry, et. al., demonstrated that a CF2 segment may extend

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 POM images of the CNLC sample at T. — 14.3 °C which are
obtained by cooling the sample from the isotropic phase at different
cooling rate. The crossed white arrows represent the polarizers. Scale
bar 50 um.

by forming two segments of a CF1 at its two ends.”® Sohn, et.
al., showed that a toron could be stretched into a CF2 using
laser tweezer.”® At T. - 14.1 °C, most of the fingers (CF1)
disappear due to the unwinding of the helical structure of the
CNLC and transform into the uniform homeotropic state.
However, some of the fingers (CF2) shrink into torons. The
sample texture is stable at 7. — 14.3 °C, and is characterized by a
homeotropic background sparsely embedded with torons.
Further decreasing the temperature will eventually destroy the
torons due to the unwinding of the CNLC system.

It is observed that the number density of the torons that are
generated is dependent on the cooling rate of the sample. Fig. 3
shows the sample at the same temperature (7. - 14.3 °C) but
having been cooled at different rates. It is observed that the
faster the temperature is decreased, the more torons are
generated. The aforementioned phenomenon is quantified in
Fig. 4, where average number density per squared millimetres
is plotted against cooling rate. It is evident that as the cooling
rate decreases, there is a gradual reduction in the number of

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Average number density and average percentage area of torons

measured at different cooling rates. Inset: Fullwidth Half Maxima of the
toron size distribution.

torons, with the number dropping from approximately 2250
torons per mm? at —5.0 °C min ™" to about 500 torons per mm?>
at —0.2 °C min~'. Consequently, the percentage of the sample
covered by torons also exhibits a corresponding, gradual
decrease, with the coverage area declining from high to low
cooling rates.

These observations suggest a relationship between cooling
rates and toron density, with the latter decreasing as cooling
rates decline. It should be noted that in order to obtain the
torons the sample here is firstly heated into the isotropic phase
and then cooled into the cholesteric phase. In fact, the number
of the torons is really dependent on the cooling rate at which
the isotropic to cholesteric phase transition is passed. No
obvious difference is observed between a sample which is
cooled at —5 °C min~' from the isotropic phase to T. -
14.3 °C and a sample which is firstly cooled from the isotropic
phase to the cholesteric phase at —5 °C min~*, and then
gradually cooled (—0.2 °C min™ ') to T, - 14.3 °C. This may be
because the stronger symmetry breaking phase transition is
induced at the clearing point by the larger cooling rate, thus
leading to the formation of more cholesteric fingers.

Fig. 5 displays the size distribution of torons at different
cooling rates. The range of the toron sizes slightly increases as
the rate of cooling goes from —5.0 °C min~* to —0.2 °C min .
The inset in Fig. 4 displays the full width half maxima (FWHM)
of the size distribution, which enables one to see a clearer
understanding of the distribution’s spread. The FWHM graph
illustrates that the torons’ size distribution has a gradual
upward slope with torons cooled at a higher cooling rate having
a narrower FWHM than those cooled at a lower rate. The reason
for a variation in size at different cooling rates could be
attributed to the toron density. At higher rates, there is a higher
toron density and hence a tighter packing of torons in the same
sample area, whereas at lower temperatures, with the toron
density being lower, there is less interaction between the
neighbouring torons, which allows for a greater spread in the
size distribution. This information is critical in discerning
the differences in toron sizes at various cooling rates, which
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Fig. 5 Size distribution of torons measured at different cooling rates.

could be useful in understanding the underlying mechanisms
affecting toron formation and behaviour in the sample.

To investigate whether torons maintain their size at a given
temperature, the sample was cooled to T, — 14.3 °C where the
torons were generated and allowed to stabilise. Snapshots were
taken of the sample over the course of 25 minutes at 5 minutes
intervals. The size of the torons was measured using the “Ana-
lyse Particle” command in Image], in the same way as was done
for toron size distribution (Fig. 5). The boxplot in Fig. 6 shows
that over a large relaxation period, the sizes distribution of the
sample remained relatively the same. This can be seen by the
fact that the size of the interquartile range (depicted by the
length of the box) is comparable for each time interval and so is
the spread of the data, given by the whiskers of the boxplot.
Thus, from the snapshots, as well as their quantitative analysis,
it can reasonably be concluded that the torons do not change
their size over time for a fixed temperature value.

The samples also show a reversible transformation between
torons and CFs. As shown in Fig. 7a, by increasing the tem-
perature, the toron firstly extends radially by deforming the
homeotropic regions around it and acts as a seed from which
the CFs start to grow. With continuously decreasing the pitch of
the sample (increasing the temperature), the core of the toron
(the part which includes the two topological point defects)
gradually shrinks, distorts and soon the sample transforms
into the fingerprint texture (Fig. 7a and Movie 1, ESIY).
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Fig. 6 Variation of toron size over time at a fixed temperature. (a) Snap-
shots of the sample taken at different times, with the torons enumerated in
the second image from left. (b) Toron sizes at different times plotted as a
bar chart along with the mean and standard deviation. Scale bar 30 pm.

Surprisingly, even though the toron is greatly distorted and
can be hardly distinguished at this stage, it is very well
topologically protected and can transform back to its initial
state by decreasing the temperature (Fig. 7b and Movie 2, ESIT).
The topological charge Q in Fig. 7, which counts the integer
number of times that the director field wraps around the order
parameter space S,, keeps constant during the transformation.

By further increasing the temperature to 7. - 6.9 °C, as shown
in Fig. 8, the toron is still stable and can be transformed back
from CFs by gradually decreasing the temperature. Apart from
that, an additional toron is generated (Movie 3 and 4, ESIT). In
this case, the topological charge Q is not conserved due to the
nucleation of a new toron. Such a behavior is reasonable because
during the transformation, one would expect that new CF2s may
nucleate at dusts, spacers or other irregularities.

Finally, Fig. 9 depicts a reversible deformation of a 2D lattice
composed of torons. By gradually increasing the temperature,
the homeotropic regions around the torons are distorted
(Fig. 9a, 130s). Form those deformed regions, cholesteric fingers
gradually grow. The core of the torons then move in random
directions as the fingers elongate (Fig. 9a, 150s). The torons then
collide with each other and form aggregates of varied sizes
(Fig. 9a, 225s). Eventually, the aggregates continuously shrink
(Fig. 9a, 300s) and form a network in which the aggregates are
connected via CFs (Fig. 9a, 415s and Movie 5, ESIt).

By gradually decreasing the temperature, the aggregates
gradually expand, disassemble and eventually transform back
to the toron lattice (Fig. 9b and Movie 6, ESIT). It is found that
the number of the torons is well preserved within the aggre-
gates. As one can see from one of the aggregates which is
indicated by the white dashed square, the aggregate is
composed of 8 torons by increasing the temperature (Fig. 9a,
225s) and disassemble into 8 torons by decreasing the tem-
perature (Fig. 9b, 290s). It is also noticed that in some aggre-
gates, the torons in the center of the aggregates do not
transform into CFs which may be due to the limited space.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7

(a) Time series of polarizing micrographs showing the transformation between a toron and cholesteric fingers on decreasing pitch (top row) and

(b) back to a toron on increasing pitch (bottom row). The temperature gradually changes at 0.2 °C min™™. The crossed white arrows represent the
polarizers. The toron core is highlighted by the green circles. Scale bar 20 pm.

Fig. 8

90.6 C°

83.0 C°

(a) Time series of polarizing micrographs showing the transformation between a toron and cholesteric fingers and (b) the formation of another

toron. The temperature changes at a rate of 2 °C min~t. The crossed white arrows represent the polarizers. Scale bar 20 pm.

Fig. 9 Time series of the polarizing micrographs of the sample. (a) The temperature is gradually increased at a rate of 0.2 °C min~

1

. (b) The temperature

is gradually decreased at a rate of —0.2 °C min~™. The crossed white arrows represent the polarizers. Scale bar 50 pm.

Nevertheless, their morphologies are still greatly deformed
during the heating-cooling loop. The torons survive through
such great morphological deformations, demonstrating their
strong topological stability. Since the torons are moving in
random directions and some of them can move out of the field
of view and torons outside of the field of view can move in
during the transformation, one cannot simply count the num-
ber of torons in the field of view to determine the conservation
of the topological charge of the system. To better quantify the
topological stability of the torons against morphological defor-
mations we measured the numbers of torons in individual
toron aggregates before heating and after cooling, respectively,

This journal is © The Royal Society of Chemistry 2023

as shown in Fig. 10. As we can see, in most cases, Q of toron
aggregates keeps constant after a heating-cooling loop. In two
cases, Q increases due to the generation of new torons. Only in
one case, Q decreases by 1 due to the annihilation of a toron.
This demonstrates that the torons are very well topologically
protected during the deformations.

Conclusions

The formation, structure, dynamics and applications of various
topological solitons, including baby skyrmions,* torons,**?
hopfions,**”** twistions®® and heliknotons,>* have received great

Soft Matter, 2023,19, 9325-9331 | 9329
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Fig. 10 The topological charge Q of different toron aggregates before
heating and after cooling. The temperature of the sample changes from T,
—14.5°Cto T, —6.9 °C and back to T, —14.5 °C. The insets show a typical
toron aggregate with Q = 25 during heating (T — 13.7 °C, 1) and cooling (T
- 13.8 °C, II). Scale bars 20 pm.

attention. The transformation between cholesteric fingers and
torons have also been investigated in many studies.?*>%**"*° How-
ever, in most of those studies, the transformation is induced either
by using laser tweezer*° or by tuning the applied electric fields,***"**
and thus the pitch of the CNLC almost keeps constant during the
transformations. It is unclear how do torons change their structure
as the pitch is changing and how well the topological property can
be preserved during strong morphological deformations. In this
work, we show for the first time the continuous evolution from the
focal conic texture to the fingerprint texture and eventually to torons
by gradually increasing the pitch of the CNLC system. The number
of the generated torons can be facilely controlled by changing the
speed of quenching. We further demonstrate that by decreasing
the pitch of the CNLC system, the torons can act as seeds of CFs.
The stability of the torons is topologically well protected so that even
when they are greatly distorted at small cholesteric pitches, the
torons can still transform back to the initial state by increasing the
pitch of the CNLC system. Our results not only demonstrate that
the topological configuration of torons are very well preserved under
great structure deformations, but also provide an insight into the
dependence of the transformation between torons and cholesteric
fingers on pitch. Since topological solitons are receiving increasing
attention in superconductors, photonics, magnetic and ferroelectric
materials, particle physics, etc., our work may also provide new
insights to other physical systems.
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