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Soft Matter

Topological solitons, cholesteric fingers and singular defect lines
in Janus liquid crystal shells

Guillaume Durey,? Hayley R. O. Sohn,® Paul J. Ackerman,© Etienne Brasselet,® lvan |. Smalyukh®® and
Teresa Lopez-Leon*?

Topological solitons are non-singular but topologically nontrivial structures in fields, which have fundamental significance
across various areas of physics, similar to singular defects. Production and observation of singular and solitonic topological
structures remain a complex undertaking in most branches of science —but in soft matter physics, they can be realized within
the director field of a liquid crystal. Additionally, it has been shown that confining liquid crystals to spherical shells using
microfluidics resulted in a versatile experimental platform for the dynamical study of topological tranformations between
director configurations. In this work, we demonstrate the triggered formation of topological solitons, cholesteric fingers,
singular defect lines and related structures in liquid crystal shells. We show that to accommodatethese objects, shells must
possess a Janus nature, featuring both twisted and untwisted domains. We report the formation of linear and axisymmetric
objects, which we identify as cholesteric fingers and skyrmions or elementary torons, respectively. We then take advantage
of the sensitivity of shells to numerous external stimuli to induce dynamical transitions between various types of structures,
allowing for a richer phenomenology than traditional liquid crystal cells with solid flat walls. Using gradually more refined
experimental techniques, we induce the targeted transformation of cholesteric twist walls and fingers into skyrmions and
elementary torons. We capture the different stages of these director transformations using numerical simulations. Finally,
we uncover an experimental mechanism to nucleate arrays of axisymmetric structures on shells, thereby creating a system

of potential interest for tackling crystallography studies on curved spaces.

1 Introduction

Topological solitons — spatially localized, non-singular configurations
in a vector field that cannot be transformed continuously into a uni-
form state — are a prime example of a historically theoretical phe-
nomenon.! Similar to their singular defect counterparts, they have
significance in condensed matter, particle, nuclear, and atomic phys-
ics, as well as in cosmology.! Liquid crystals are a rich model system
for experimentally studying phenomena in classical field theory that
are typically restricted to a pure mathematical treatment.23 Choles-
teric liquid crystals display a spontaneous tendency to form twisted
configurations of the director, the field which represents the average
mesoscopic orientation of the liquid crystal molecules. This tendency
preferentially leads to the formation of uniformly twisted states but
can also stabilize topological solitons.*7 Indeed, perpendicular
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boundary conditions, also referred to as homeotropic anchoring, are
incompatible with uniform twist. Under such frustrated conditions, it
is often energetically favorable for highly confined cholesteric sam-
ples to untwist entirely, resembling homeotropically-aligned uniform
nematics. Slightly less confined cholesterics relieve their geometrical
frustration by forming structures of localized twist embedded in un-
wound domains, which can arise either spontaneously or with the
assistance of external stimuli.-18 Two broad classes of twisted, spa-
tially-localized objects are known to form: linear structures called
cholesteric fingers, and axially symmetric particle-like configurations.
Among the latter, skyrmionic structures have generated the most in-
terest. The simplest type of skyrmions are field configurations with
circular symmetry, in which the field twists in all directions from the
center outwards through an angle rt. As they could become the build-
ing blocks of prospective paradigm-shifting memory storage devices,
skyrmions have attracted a lot of attention in magnetism over the
last few years.19-22

Historically, various localized twisted cholesteric structuress-18 were
first reported in wedge systems, where a cholesteric is sandwiched
between plates forming a small angle — which enables a static, linear
spatial variation in confinement — or in flat cells with parallel walls.
As the director configuration and topology were initially uncharac-
terized, all particle-like excitations were originally labelled with ge-
neric names, such as "cholesteric bubbles" or "spherulites". Since
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then, progress in three-dimensional imaging techniques and numer-
ical simulations have spurred a large number of studies, that re-
vealed the precise director configurations of both linear fingers* and
axisymmetric structures.>~7 The latter have been shown to possess a
wide topological diversity, which is not always perceptible when only
using polarized microscopy.5~’

Meanwhile, a different geometry has been shown to constitute a ver-

satile platform for the dynamical study of liquid crystalline structures:

liquid crystal shells, double emulsions where the liquid crystal is con-
fined to a spherical film between two water phases. Shells have re-
cently attracted a lot of attention owing to their unique proper-
ties.23.24 Under planar anchoring, i.e. when the boundary conditions
force the molecules to lie parallel to the interfaces, their spherical
shape stabilizes singularities in the director field2> — a topological re-
quirement stated by the Poincaré-Hopf theorem.26:27 Their all-fluid
nature enables both easy access to their boundaries and facile con-
trol of their thickness. Shells constitute an ideal system for answering
fundamental questions on the nature of liquid crystal mesophases.
In particular, previous works on cholesteric shells have shed light on
the constitution and the dynamics of defects under planar anchor-
ing,2829 and on the formation of patterns under homeotropic anchor-
ing with moderate strength.3° They are also particularly suitable for
applications in biochemical sensing31:32 or photonics.33-35 In short,
shells support complex liquid crystal structures and are an efficient
and precise way to investigate the dynamics of transformations be-
tween them.

In this article, we uncover the phenomenology of cholesteric shells
under strong homeotropic anchoring and strong confinement of the
liquid crystal. In section 3.1, we report their ability to spontaneously
adopt a Janus nature, displaying a coexistence of twisted and un-
twisted domains, and to stabilize a variety of structures of localized
twist including cholesteric fingers and elementary torons. We com-
bine the various experimental and numerical tools developed
throughout a decade to shine light on the nature of these structures.
In section 3.2, we trigger dynamical transitions between these ob-
jects. We show that these transformations are qualitatively richer
than those performed with traditional flat and wedge-shaped cells.
And lastly, we focus on the structural transformations that result in
the formation of axisymmetric solitons. We explore a variety of ex-
perimental strategies to produce such structures in the curved space
of a shell.

2 Experimental and numerical
2.1 Shell preparation

We used 4’-pentyl-4-cyanobiphenyl (5CB) doped with (S)-4-cyano-4'-
(2-methylbutyl)biphenyl (CB15) as our cholesteric liquid crystal. The
amount of dopant determines the cholesteric pitch, p, i.e. the dis-
tance required for the director to twist by a full turn.3¢ Unless other-
wise stated, we used a 3% wt mixture, yielding a 4.7 um pitch. We
produced cholesteric shells using traditional capillary microfluidic de-
vices,3” in which a liquid crystal jet envelops a smaller jet of inner
solution, forming a compound jet that is sheared by an outer solution
and breaks up into spherical shells, having a typical outer diameter
of 50 um to 100 um. Both the inner and outer solutions were water-
based, and contained 1% wt polyvinyl alcohol (PVA, 13-23 kg/mol), a
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polymer surfactant that enhances the stability of the double emul-
sions. Additionally, the outer solution contained 60% wt glycerol,
which helps increase the viscosity of the outer phase, giving more
control over the size of the shells during their production. Depending
on the experiments, other solutes were added to the inner phase:
namely, sodium dodecyl sulfate (SDS) and/or sodium chloride (NaCl).
SDS enforces homeotropic anchoring at the water / liquid crystal in-
terface. NaCl is mainly used as an osmolyte, to induce shell swelling,
but it also screens the electrostatic repulsions between the surfac-
tants, inducing a denser packing on the interfaces.38 All chemicals
were purchased from Sigma-Aldrich, except for the two liquid crys-
tals, which were bought from Synthon Chemicals, and except for the
phototunable  dopant OA-1  (9-(2-phenyl-2,3-dihydro-cyclo-
penta[a]naphthalen-1-ylidene)-9H-fluorene) used in section 3.2.2,
which was synthesized at AlphaMicron, Inc.3°-42 We used deionized
water produced by a Millipore Synergy fountain.

2.2 Shell observation

The outlet of the microfluidic device was connected to a vial filled
with a water-based collection solution, also containing 1% wt PVA
and additional solutes depending on the experiment. Unless other-
wise stated, the inner and collection solutions were both 1% wt PVA,
20 mM SDS in water, thus enforcing strong perpendicular anchoring
at both interfaces of the shells. The contents of the vial were carefully
homogenized once enough shells had been collected. 200 um thick
observation chambers were built by stacking two layers of double-
sided tape (Gudy 804, Filmolux) with a circular hole on a glass slide.
Shells were then pipetted from the vial to an observation chamber,
which was sealed with a coverslip. Unless otherwise stated, the mid-
dle phase was slightly denser than the inner and collection phases in
our experiments. Therefore, shells sedimented on the bottom slide
of the chamber, and were thickest at their South pole (between 1 um
and 25 um) and thinnest at their North pole (less than 1 um), the
poles of the shells being defined with respect to the vertical direc-
tion. Shells were imaged with Nikon DSLR cameras (D5300 or D300s),
mounted on an upright Nikon Ni-U polarizing microscope, equipped
with an Instec TS62 thermal stage, driven by a mK1000 unit. For elec-
tric field experiments, the cover slip and the glass slide of the obser-
vation chamber were replaced by two ITO-coated glass slides (12-15
Q/sq, VisionTek Systems Ltd.), cleaned with deionized water, ethanol
and acetone. In both slides, the coating was in contact with the con-
tinuous water phase and glued to a conducting wire. A waveform
generator (Agilent Technologies 33210A) was used to impose a volt-
age between the two wires, visualized with an oscilloscope (Agilent
Technologies DSO-X 2002A).

2.3 Shell manipulation

For osmotic swelling experiments, we used a 1% wt PVA, 10 mM SDS,
1.1 M NaCl water solution as the inner water phase, and a 1% wt PVA,
10 mM SDS, 0.1 M NaCl solution as the outer phase. For field unwind-
ing experiments, we used 20 mM SDS, 1% wt PVA water solutions as
the inner and collection phases. There were also traces of glycerol in
the collection phase, coming from the outer phase used in the micro-
fluidic device. Shells were pipetted from the collection vial and sedi-
mented to the bottom of the observation chamber, resting on the

This journal is © The Royal Society of Chemistry 20xx
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ITO coating of the bottom slide. As the observation chamber is es-
sentially water, with a significant concentration of ionic species,
mostly coming from SDS and its sodium counter-ions, it is not a per-
fect insulator. Using a constant voltage induces a migration of the
ions in solution towards the oppositely charged electrode, screening
the electric field in the bulk of the chamber. It also induces a chemical
reaction at the cathode rendering its ITO coating opaque. Therefore,
we made sure that the direct component of the voltage we applied
was strictly set to zero. We found the resistance of our observation
chambers to be both frequency-dependent and sample-dependent.
We found that the optimal results were obtained with either a 1 kHz
or a 1 MHz frequency, for 10 V peak-to-peak alternating square
waves. At these frequencies, the actual voltage measured across the
observation chamber was up to half the voltage imposed by the func-
tion generator. Electric fields were applied in short periods, a few
minutes at most, and all periods combined did not exceed ten
minutes for each sample. Samples were not re-used.

2.4 Computer simulations

The simulations of chiral nematic structures in spherical shell geom-
etries were performed using a numeric

al technique based on iterative minimization of the Frank-Oseen
elastic free energy of the bulk material, F£O,, where Ky, K,, and K
are the elastic constants for splay, twist, and bend deformation costs
of the director field, n(r): 5743

Flfl?lk=f{%(v'n)z+%[n'(v><n)+q]2
+%[nx(v><n)]2}d3r €))

The wavenumber of the ground-state chiral nematic mixture is de-
fined as ¢ = 2m/p. The ground-state helicoidal pitch, p, is deter-
mined by the mass fraction of the chiral dopant, C, and the helical
twisting power, H,, according to the relation p = 1/(H,C). The ma-
terial parameters for the numerical simulations are consistent with a
5CB-CB15 cholesteric mixture (Table 1), where Hy = 7.3 um™1.
Whenever the surface anchoring energy is considered finite and
taken into account, Eq. (1) is supplemented by the Rapini—Papoular
surface anchoring potential#:

w
FsFu(;face = _f?(n ! vO)zdzr (2)

Where W is the surface anchoring strength and v, is the easy axis
orientation at the shell’s surfaces. Because the experimental meas-
urement of the surface anchoring strength, W, is difficult in our ex-
perimental geometry under varying experimental conditions and is
beyond the scope of this study, we also do not perform a systematic
investigation of the role of FFO,. . energetic contribution in our sim-
ulations. We therefore don’t explore the anchoring effects on the rel-
ative stability of structures we discuss, although recent work*> shows
the correlation between anchoring strength and three-dimensional
structural details of topological solitons in flat cell geometry where

The minimization of free energy was achieved by an iterative finite
difference scheme using radial basis functions, an approach for sim-

ulation of liquid crystal director dynamics which has been described

Table 1. Material properties of nematic host 5CB. Parameters characterizing elas-
tic K;, K,, K5 constants and optical anisotropy, An.

Material/Property | K; (pN) K, (pN) K; (pN) An
5CB 6.4 3 10 0.18
This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Cholesteric shells with increasing mean thickness under strong perpendicular an-

choring. Top: sketch of a side view of the geometry, showing twisted domains (purple),
untwisted domains (yellow) and a radial director field in the untwisted domains (black
lines). Bottom: polarized microphotographs showing a top view of the shells, which are
all about 200 um in outer diameter. White double arrows denote crossed polarizer ori-
entations. In b), axisymmetric structures are circled in red and each cholesteric finger is
identified with an arrow (some fingers are branched). In d), dark blue arrows denote the
location of small cholesteric fingers at the interface between twisted and untwisted do-
mains.

previously.#¢ The spherical confining surfaces were defined by draw-
ing two nested spherical Fibonacci grids*’ to preserve the equal-area
property of grid points. These nested grids were then used as the in-
put boundaries for the generation of a tetrahedral mesh (TetGen,
WIAS) representing the node locations within the thin spherical shell
volume of liquid crystalline material. The director field boundary con-
ditions were mimicking homeotropic alignment of n(r) with respect
to the liquid crystal interface. Numerical modeling provided insights
into the possible nature of some of the twisted structures seen in
experiments, including cholesteric fingers, torons and skyrmions.

3 Results and discussion
3.1 Janus liquid crystal shells: a zoo of topological structures

A cholesteric liquid crystal shell whose interfaces are saturated with
SDS molecules provides an analogous environment to the wedges in
which fingers and spherulites were first reported, as it i) frustrates
the cholesteric by imposing boundary conditions that are incompat-
ible with its tendency to twist, and ii) features a monotonous spatial
variation in the local cholesteric thickness. Indeed, on the one hand,
amphiphilic molecules such as SDS locate preferentially at water /
liquid crystal interfaces, forcing the neighboring liquid crystal mole-
cules to align with their aliphatic tails, hence enforcing homeotropic
anchoring. On the other hand, the water and liquid crystal phases
always have a slightly different density: this creates a buoyancy force
that typically lifts the inner water droplet up inside the shell, making
the spherical liquid crystal membrane thinnest at the North pole of
the shell, and thickest at its South pole.

Under these conditions, the liquid crystal textures on the shells are
governed by one parameter: the ratio of the local thickness h to the
equilibrium cholesteric pitch p, known as the confinement ratio.*®
Keeping the pitch constant, we produce shells with variable mean
thicknesses, yielding a rich phenomenology depicted in Fig. 1. When
a shell is thin enough that for all latitudes h/p < 1, one gets a stand-
ard radial nematic shell, shown in Fig. 1a. It is easily recognizable due

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 Computer-simulated cholesteric structures on shells. a) Vertical 2D cross-section through a cholesteric shell having a local confinement ratio in the South pole of h/p = 1.25,
showing the director field (blue dashes) at every computational node (black dots), in the presence of strong homeotropic boundary conditions (black dashes at red dots). b) Side
view (left) and top view (right) of the shell in 3D, showing the regions of high twist in the director field using purple markers, and the two shell interfaces as yellow spheres. c) Top
view of the simulated polarized microscopy texture of the same shell, with an approximate diameter of 75 um. White double arrows denote crossed polarizer orientations. d) Center:
close-up on the bottom part of a vertical cross-section of the same shell, with a vectorized director field, revealing the inner structure of the topological solitons. Each color represents

2
a different orientation of the vectorized director on the S unit sphere (inset) order parameter space. From i) to v): series of horizontal cross-sections at the locations indicated by
black lines, at increasing altitudes. Computer simulations emphasize that liquid crystal shells of varying thickness embed cholesteric configurations in fundamentally more complex

way than flat and wedge-shaped cells, allowing co-existence of elementary skyrmions and topologically trivial twisted structures filling in the space between spherical surfaces.

to the large Maltese cross pattern it displays under a polarizing mi-
croscope. Indeed, a small h/p ratio means that the cholesteric is
strongly confined, and that the anchoring overcomes the twist en-
tirely: the cholesteric unwinds, resembling a nematic phase uni-
formly oriented perpendicularly to the shell interfaces, i.e. radially.
Shells with a larger average thickness possess a Janus nature, as
shown in Fig. 1b - Fig. 1d. They have a radial director for latitudes
such that h/p < 1 and twisted features for latitudes such that
h/p > 1:while chirality is repressed around the North pole, it is ex-
pressed around the South pole. Indeed, at large local thicknesses,
h/p is large, and the cholesteric is weakly confined: the twist is
pushed away from the boundaries into the bulk of the shell, and the
volume of cholesteric material remains locally twisted.

Shells that are barely too thick to have a radial director everywhere
have a small South pole domain where h/p = 1. Structures of
localized twist are confined within this domain: one can observe cho-
lesteric fingers and axisymmetric structures, as shown in Fig. 1b,
where the former are indicated with green arrows and the latter with
red circles. The axisymmetric structures can consist of various soli-
tonic configurations, such as skyrmions, torons, or hopfions, depend-
ing on anchoring or elastic constants. While the delicate nature of
shells precluded three-dimensional imaging typically needed to un-
ambiguously identify these structures,*® numerical modeling of di-
rector field configurations under conditions matching those in exper-
iments revealed their possible nature, as discussed below.

Thicker shells display a striking boundary between twisted and un-
twisted liquid crystal states, at the latitude where h = p. Slightly

4| J. Name., 2012, 00, 1-3

thicker shells, such as the one shown in Fig. 1c, display a cholesteric
cap embedded on an otherwise radial shell, from which extend cho-
lesteric fingers. Besides, one can clearly see the transition between
periodic fingers, in the center of the cap, and isolated fingers, in the
periphery of the cap, which was described in the previous
literature.5251 Much thicker shells also display a twisted/untwisted
boundary, but in the northern hemisphere. This leads to a shell that
is mostly twisted, except for a featureless radial patch around the
North pole, towards which extend stubby fingers, as shown in Fig 1d
(the location of the fingers is highlighted with blue arrows).

To expand our understanding of the nature of these structures be-
yond polarizing microscopy imaging, we turn to numerical simula-
tions. We rely on an established numerical technique, based on a
randomized director field, generated by way of radial basis functions,
and iteratively minimized with a finite-difference method, until a sta-
tionary state was reached.*® The computational volumes are gener-
ated using a technique with nested spheres (see Numerical Meth-
ods). They were shaped as asymmetric spherical shells with a finite
minimum thickness at the North pole (h,,;,) given by the mesh size
of the numerical method. We varied the confinement ratio at the
South pole of the simulated shells, keeping the pitch p constant,
which set the maximum thickness (h,,4)- The shells were initialized

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Diversity of singular and nonsingular structures within cholesteric shells. Bright field (b, left and c, left) and polarized microscopy (a, b, right and c, right) close-ups of the South

polar region of shells. a) Non-singular cholesteric fingers and torons on a shell undergoing osmotic swelling. Asterisks denote the pointed end of two CF-1s. b) Looped structures on
a shell after a temperature quench from the isotropic phase. c) Looped disclination line, indicated by an arrow, on a shell after an anchoring transition from hybrid to matching
perpendicular anchoring. Also featured are one branched cholesteric finger (with ten rounded ends), one looped finger, and three axisymmetric structures. Throughout, scale bars

are 25 um. White double arrows denote crossed polarizer orientations.

in a random director configuration, seeded with seven singular
hedgehog-point-like excitations in the initial director field at the
South pole, and left to anneal. This process, which generates seven
hexagonally-packed torons under the right confinement ratio, is sim-
ilar to the annealing procedure used in previous computational
works.43:46

Fig. 2 presents the results of the simulation of a shell with a local
confinement ratio at the South pole hp,,,/p = 1.25. A vertical
cross-section of the director configuration in the shell is shown in Fig.
2a. Small blue lines with black dots represent the average local ori-
entation of the director field, while black lines with red dots repre-
sent the fixed nematic orientation along the edge of the shell, where
strong perpendicular surface boundary conditions are enforced. One
can distinguish swirls and elongated vortices in the director in most
of the southern hemisphere, as well as a uniformly radial northern
hemisphere. In order to reveal the director structures effectively, we
used additional types of visualizations. In Fig. 2b, we only plot the
regions of high twist as purple markers, within the boundaries of the
shell represented in yellow, for a side (left panel) and top (right
panel) view of the shell. We witness that high twist distortions local-
ize either in linear or ball-like regions, similarly to experiments. Addi-
tionally, using a Jones matrix method,%43 we simulate the polarized
microscopy textures corresponding to a top view of the shell (Fig. 2c),
which qualitatively matches the experiments. We note that the sim-
ulated polarizing image matches experimental elementary torons
closely but exact comparison to cholesteric fingers is qualitative in
nature, which is to be expected due to the inherent limitations asso-
ciated to the Jones-matrix method. Yet, this method is constantly be-
ing improved for highly confined systems with length scales ap-
proaching the wavelength of imaging light>2. Lastly, we sliced
through the regions of localized twist, in a series of cross-sections of
the southern hemisphere (Fig. 2d): the director field is vectorized and
visualized by means of arrows colored according to orientation. This
enables us to identify the director configurations in the linear and
ball-like twisted regions: consistently with previous works, we recog-
nize cholesteric fingers of the first and second types on the one hand,
and skyrmions and elementary torons on the other hand.?43.46
Elementary torons are skyrmion tubes terminated on point defects
close to confining surfaces.>17 Taking a cross-section through the
middle plane of a toron yields a baby skyrmion structure — the two-
dimensional topological analogue of a nuclear physics skyrmion.1 The
three-dimensional structure of a toron, spanning through the entire
liquid crystal thickness, depends on various experimental parame-
ters, such as the nature of confinement, the strength of surface

This journal is © The Royal Society of Chemistry 20xx

boundary conditions or the value of the elastic constants.” For these
and related structures, the collective,3 rotational,545> and transla-
tional“3 motions, optical®6>7 and transport*¢ properties, self-assem-
bly within chains,>® loops,5° arrays®°-61 and clusters,®2 and interaction
with colloidal particles®® have been the focus of detailed experi-
mental studies, mostly conducted in solid wedge-shaped and flat
glass cells, and rarely in other geometries, namely microchannels64.65
and droplets.66.67

Cholesteric fingers of the first14 (CF-1s) and second0.18 (CF-2s) types
are linear regions of twist about one cholesteric pitch wide, which
contain line singularities in the pitch, but not in the director.? As both
types do not contain line singularities in the director (only in the cho-
lesteric pitch), we will refer to either of them as “non-singular fin-
gers” in the following. They can adopt different morphologies, as
shown in Fig. 3a. If their ends meet, they form a loop; if one of their
ends splits up, they branch out, leading to a dendritic finger. Fig. 3a
features a finger that is both looped and branched. CF-1s can be typ-
ically distinguished from CF-2s by their appearance in polarizing mi-
crographs — the former have one pointed end and one rounded end,
while the latter have two identical ends — as well as by their dynamics
— upon shrinking longitudinally, the former smoothly disappear into
the uniform homeotropic texture, while the latter transform into an
axisymmetric toron-like structure.3 The pointed ends of the two CF-
1s present in Fig. 3a are indicated by red asterisks. Looped CF-1s can-
not shrink indefinitely and disappear: below a given radius, they form
an axial particle-like structure.17.¢8 Looped CF-2s disappear when
they shrink without forming an axial structure, unless there is a di-
rector defect somewhere on the loop.10.68

In our experiments, we also observed structures that could not be
captured in simulations and might be kinetically stabilized as meta-
stable configurations. Firstly, we observed thin, birefringent linear
structures, which, like non-singular cholesteric fingers, are embed-
ded in untwisted domains, but unlike them, are significantly thinner
than a pitch. Based on their appearance, we hypothesize that they
could be cholesteric fingers of the third type*6-71 (CF-3s) or twist
domain walls7273, CF-3s and twist walls are related director configu-
rations; their only difference is that two singular twist disclination
lines running close to the interfaces are present in CF-3s and not in
twist walls. The difference between the two could not be probed
here, due to the limited vertical resolution of conventional polarizing
microscopy imaging. Small loops of these structures proved to be sta-
ble localized particle-like director excitations: Fig. 3b shows both in
bright field and polarized microscopy (left and right panels, respec-
tively) a cluster of stable small loops surrounded by larger, nested

J. Name., 2013, 00,1-3 | 5
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loops. Lastly, sharp lines were found within twisted cholesteric do-
mains, such as the one indicated by an arrow in Fig. 3c. These lines
are especially apparent in bright field microscopy and have an optical
texture similar to that of nematic disclination lines.

Having first characterized in static situations the global properties of
cholesteric shells under strong perpendicular anchoring as well as
the nature of the topological solitons and singular defect lines that
can spontaneously form inside those shells, we now focus on induc-
ing dynamical interconversions between these delicate structures.

3.2 Dynamical interconversions between structures of localized
twist

3.2.1 Transformations between cholesteric fingers and other lin-
ear structures

In traditional solid wedges, the position of the walls is fixed and the
magnitude of the anchoring is set by the surface treatment of the
walls; both parameters rarely change with time, except in a few elab-
orate experimental setups’475. All of this leads to spatially distributed
textures which cannot evolve with time. Thus, in most setups, the
only available means to induce dynamical transitions is to apply ex-
ternal fields to the samples, such as electric, magnetic, or tempera-
ture fields. In the case of liquid crystals with a positive dielectric ani-
sotropy, i.e. whose molecules tend to align parallel to the direction
of an electric field, this further unwinds the cholesteric helix. In the
case of highly confined systems, the anchoring is felt throughout the
bulk of the sample, thus inducing a bulk reorientation effect, similarly
to external fields. In the case of a shell, however, fluid interfaces en-
able a much greater tunability of the boundary conditions, making
the study of dynamical transitions between textures possible without
requiring external fields. We can play with both the alignment and
the confinement, as surfactants can adsorb or desorb at the inter-
faces of a shell, varying the anchoring strength, or as a shell can be
swollen or de-swollen, varying its thickness. Besides, while degener-
ate planar anchoring is possible on a solid wall, this is typically asso-
ciated to surface friction and memory effects.’® With fluid interfaces
under planar anchoring, the molecules are free to rotate without
these two effects being present. In the following, using this richer ex-
perimental playground to our advantage, we report our ability to in-
duce various dynamical interconversions between cholesteric fingers
and other linear structures.

Dynamical studies on the nature of the thin linear structures. In a
first series of dynamical experiments, documented in Fig. 4, we
showed that the thin linear structures reported at the end of the pre-
vious section are related to CF-3s.

We first showed that a disclination could guide the formation of such
thin linear structures and be eventually replaced by it —thus support-
ing the CF-3 hypothesis, as these objects are the simplest fingers
which include line defects of the director. To do so, we performed a
slow anchoring transition on cholesteric shells, shown in Fig. 4a.
Here, the shells were initially produced without SDS, neither in their
inner water droplet nor in the continuous water phase. They were
then re-dispersed in a water solution with 10 mM SDS. The anchoring
quickly changed from planar to homeotropic on the outer interface,
leading to hybrid anchoring conditions in the early stages of the ex-
periment. As the surfactants slowly diffused through the liquid crys-

6 | J. Name., 2012, 00, 1-3

Transformation from disclination line to thin linear structure

Fig. 4 Investigating the nature of thin linear structures on shells. Scale bars are 25 ym
throughout. a) and b) Time series of polarized microscopy photographs. a) Formation of
a looped structure during an anchoring transition from homeotropic inside and planar
outside, to homeotropic both inside and outside. i) A sharp disclination loop, identified
with an arrow, is visible in the cholesteric texture. ii) During the shell evolution, the dis-
clination loop seems to be replaced by a looped birefringent structure, also identified
with an arrow, from which non-singular fingers grow. iii) At the end of the transition,
only this loop and an axisymmetric structure remain. b) Decay of a large number of
looped structures created from a temperature quench. i) About a hundred milliseconds
after the nucleation of the cholesteric phase, the South pole of the shell gets covered
with concentric loops that are spaced half a pitch from one another. ii) These loops
quickly decay one after the other by shrinking down to a point. iii) After a few tens of
seconds, only a few loops remain. c) Non-singular fingers anchoring a disclination line to
the thick part of a shell. Polarized microscopy (left), bright field microscopy (middle) and
sketch of the structures (right). The pictures show the South pole of a shell with a very
thin cholesteric cap. A disclination line, sketched in red, wraps around the shell. Choles-
teric fingers, sketched in blue, anchor it to the South pole. White double arrows denote
crossed polarizer orientations.

tal membrane, the anchoring was also affected on the inner inter-
face, going from planar to homeotropic in about a day. Therefore,
such a slow-paced anchoring transition enabled us to follow the tem-
poral evolution of the structures on the shells. Initially, shells dis-
played a thick-stripe texture,3 as shown in Fig. 4a-i, indicating the
bending of the cholesteric layers to accommodate both homeotropic
and planar cues at the outer and inner interfaces, respectively, in a
relatively thick shell. The texture also featured one or several discli-
nation loops, such as the one indicated by an arrow. Then, as SDS
molecules kept adsorbing onto the inner interface, and as the cho-
lesteric was slowly reorganizing to adapt to the full homeotropic an-
choring cues, the twisted cholesteric was abruptly replaced by un-
wound cholesteric, and the disclination loop by a looped thin linear
structure (indicated by an arrow in Fig. 4a-ii), from which stemmed
non-singular cholesteric fingers. At the end of the transition, the ini-
tial disclination seemed to have been entirely replaced by the new
structure (Fig. 4a-iii). This indicates that both are likely to be two
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manifestations of similar underlying director configurations, depend-
ing on whether they are embedded in twisted or unwound domains,
respectively.

We then established the energetically-costly nature of these thin lin-
ear structures by performing temperature quenches on Janus shells
with a small cholesteric cap. Upon cooling them down abruptly from
the isotropic to the cholesteric phase, we witnessed the formation of
a great number of such looped structures, as recorded in Supplemen-
tary Movie 1 (real-time film). Fig. 4b shows the evolution of such a
shell a hundred milliseconds after the nucleation of the cholesteric
phase. The initial texture was a very regular arrangement of loops,
located half a pitch from one another, and organized in concentric
circles (Fig. 4b-i). Additional observations of the onset of the phase
transition in bright field microscopy showed that the cholesteric
phase nucleates first at little impurities within the shell, such as small
satellite water droplets encapsulated within the liquid crystal mem-
brane, and that these nucleation points govern the initial arrange-
ment of nested loops. An easier formation of these structures at
higher temperatures is consistent with their ability to induce costlier
singular distortions. For temperatures in the vicinity of the clearing
point, elastic constants are weaker, and strong distortions are less
energetically costly. As the system cooled down rapidly, the loops
were observed to shrink, reducing their length, until they disap-
peared into a point one after the other (Fig. 4b-ii). In less than a mi-
nute, all but a couple of loops had disappeared (Fig. 4b-iii).
Interestingly, while singular structures are usually transient features
of a shell, we showed that they could endure when non-singular fin-
gers are attached to them. This is evidenced in Fig. 4c. It depicts a
shell encircled from North to South pole by a disclination structure
(sketched in red). The cholesteric cap around the South pole is made
of disjoined non-singular cholesteric fingers (sketched in blue). The
fingers grow from kinks in the disclination, on either side of it, and
pack as a roughly circular cap. This leads to an unusual behavior for
a disclination-like structure on a shell, since they are usually located
at the thinnest region of the shell in order to reduce the volume of
material affected by their presence. As the fingers are located at the
thicker South pole, they anchor the line defect in a thick region where
it would otherwise be too costly.

Dynamical interconversions between non-singular cholesteric fin-
gers and thin linear structures. In a second series of dynamical ex-
periments, detailed in Fig. 5, we focused on how non-singular cho-
lesteric fingers can be transformed into those thin linear structures,
and vice versa.

In a first experiment, we dynamically increased the confinementin a
Janus shell of a cholesteric liquid crystal with a small pitch, through a
monotonous decrease of its thickness with time. We produced thin
shells with a 2.35 pum pitch, half the value used throughout the rest
of this study. We enforced strong homeotropic boundary conditions
as usual, with a 10 mM SDS concentration both inside and outside
the shells, which displayed a cholesteric cap bounded by small fin-
gers. Additionally, a 1 M NaCl concentration difference was imposed
between their inner water droplet and the outer continuous water
phase, which set an osmotic pressure difference between the two
water phases. Indeed, liquid crystal shells act as spherical mem-
branes separating the inner from the outer phase, permeable to wa-
ter but impermeable to salts. Therefore, a high NaCl concentration in
the inner droplet drives a flux of water from the outer solution

This journal is © The Royal Society of Chemistry 20xx
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Transformation from non-singular fingers to thin linear structures

Fig. 5 Interconversions between thin linear structures and non-singular cholesteric fin-
gers. Time series of polarized microscopy photographs. Throughout, scale bars are 25
um and white double arrows denote crossed polarizer orientations. a) A shell with a
small cholesteric pitch is osmotically swollen. i) Initially, the shell has a cholesteric cap
with non-singular fingers. ii) It transforms abruptly into a bundle of individual thin linear
structures iii) that eventually shrink and disappear. b) Thin linear structures "unzipping"
into non-singular fingers on a shell relaxing after a temperature quench. At the location
indicated by the arrows, the thin structures are being progressively replaced by non-sin-
gular fingers. c) Curls in thin linear structures being transformed into non-singular cho-
lesteric fingers, at the location indicated by the arrows, on a shell undergoing an anchor-
ing transition from hybrid to matching planar anchoring.

through the liquid crystal, osmotically swelling the shell until the con-
centrations on either sides equilibrate.2>2877 As the salty water is
denser than the liquid crystal, shells in osmotic swelling experiments
are “flipped” upside down, i.e. their North and South poles are re-
spectively the points of largest and smallest local thicknesses. Swell-
ing experiments last about one hour and are characterized by an ab-
rupt transformation of the entire cap from cholesteric fingers to a
bundle of thin linear structures, as recorded in Supplementary Movie
2 (time-lapse, sped up 225 times), from which Fig. 5a-i and Fig. 5a-ii
are extracted. Then for even higher confinement values, the new
structures gradually shrink until none are left and the shell becomes
entirely radial.

In another series of experiments on shells with the usual pitch of 4.7
um, we observed the reverse transformation, that took place spon-
taneously in different modalities. Thin linear structures produced in
large numbers following a temperature quench were observed a few
times to "unzip" from one end into a regular cholesteric finger. This
phenomenon is occurring simultaneously on two separate instances,
indicated with an arrow, in the sequence of polarized microphoto-
graphs that constitutes Fig. 5b, extracted from real-time Supplemen-
tary Movie 3. Another mode leading to the destabilization of thin lin-
ear structures into a non-singular cholesteric finger is illustrated in
Fig. 5¢: these structures were often observed to bend and buckle into
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Fig. 6 Sweeping through shell textures using osmosis. a) Side-view schematics indicating the principle of the experiment (a) and of the simulations (b). Yellow: boundaries of the
shell, purple: twisted cholesteric domain, blue circles: salt. In a), a shell swells over time due to a higher salt concentration in the inner water droplet than in the continuous water

phase, until the two equilibrate. In b), shells with a fixed outer radius and an increasing inner radius are simulated. c) Series of polarized top-view microphotographs of the experi-
ment. Scale bar is 25 um and white double arrows denote crossed polarizer orientations. d) (resp. e) Series of top-view (resp. side-view) visualizations of the numerical simulations,

showing the boundaries of the shell (yellow) and the regions of high twist distortions (purple markers), for hy,q,/p = 2,1.4,1.1,1.0 and 0.7.

series of narrow curls; at some point, the two sides of the curl would
merge with one another, becoming a non-singular finger in the pro-
cess. The specific event recorded in Supplementary Movie 4 (time-
lapse, sped up 75 times), from which was extracted Fig. 5c, occurred
during an anchoring transition experiment, without swelling or tem-
perature changes.

3.2.2 Targeted production of axisymmetric structures

In this last section, we aim to answer the following question: what is
the best way to produce an array of axisymmetric structures on a
shell? Indeed, among the various dynamical interconversions that we
can study within our shells, this is the one that can produce elemen-
tary torons or skyrmions, some of the most sought-after topological
structures.

Osmotic swelling. We started with an osmotic swelling experiment,
whose principle is shown in Fig. 6a and whose results are recorded in
Supplementary Movie 5 (time-lapse, sped up 75 times) and shown in
Fig. 6¢. Janus shells of the regular 4.7 um pitch cholesteric mixture
were produced; they displayed a thick cholesteric cap embedded on
a mostly radial shell (Fig. 6c-i). The NaCl concentration was 1 M
higher in their inner water droplet than in the continuous water
phase. Swelling takes place within a time period of about one hour.
As the cap becomes thinner, it evolves into a collection of branched
CF-2s (Fig. 6¢-ii). Then, as the confinement increases, long extended
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fingers are not stable anymore and shrink longitudinally (Fig. 6c-iii),
yielding one toron/skyrmion each, which pack at the thick pole of the
shell as alittle cluster (Fig. 6¢-iv). Eventually, when the local thickness
becomes too small, they disappear abruptly, leaving behind a fea-
tureless radial shell (Fig. 6¢-v).

This experiment thus has a strikingly different result from the one
with a 2.35 um pitch (Fig. 5a). Indeed, to form a cap with a smaller
pitch, one needs a shell that is on average thinner, and thus, more
uniform in thickness. We hypothesize that the difference in the out-
come of the two experiments comes from the difference in the na-
ture of the confinement.

To gain a better understanding of our experimental observations, we
simulated the various stages of this evolution. The simulated shells
had a fixed outer radius and increasing values of the inner radius —
reproducing the growing levels of confinement in the experiments
(Fig. 6b). Torons and various twisted structures were generated on
the computational shell with the procedure described above. This
means that a shell with h,,,, /p = 1 forms stable torons, as they
correspond to a minimum in the distortion energy, while in thicker
or thinner shells, these point-like excitations are unstable, and

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Transitioning from twisted cholesteric to torons using pitch phototuning. a) Series of side-view schematics showing the principle of the experiment. Yellow: boundaries of the
shell, purple: twisted cholesteric domain. b) Series of polarized top view microphotographs. i), iv) and v) are under orange illumination, which induces a small value of the cholesteric
pitch; ii) and iii) are under white illumination, which yields a larger pitch. i), iii) and v) are equilibrium states; ii) and iv) are transitory states. Scale bar is 25 um and white double
arrows denote crossed polarizer orientations. c) (resp. d) Series of top-view (resp. side-view) numerical simulations displaying the regions of localized twist (purple markers) within

the shell boundaries (yellow), for h';‘"‘ =3.5,3,1,1.4and 3.

morph into other director structures. For local confinement ratios
equalto hy,.,/p = 2,1.4,1.1,1.0 and 0.7, simulated shells display a
director configuration represented in Fig. 6d (side view) and Fig. 6e
(top view). These isolated snapshots do capture the different stages
of the dynamical transition.

In practice, a swollen shell cannot be de-swollen: it would require
replacing the surrounding continuous phase by a new solution with
a different salt concentration, without losing track of the shell. Thus
osmotic swelling can be considered as an irreversible process. It is
also very difficult to target a final confinement ratio with a precise
value with this technique. Therefore, it is appropriate when one
wants to sweep through all the possible stages of a dynamical tran-
sition, but not when one is willing to stabilize one stage in particular.
Pitch phototuning. We turned to dynamically modifying the value of
the pitch p, which constitutes a different way to tune the confining
ratio c = h/p. We used a phototunable molecule known as OA-1; it
is an overcrowded alkene, a class of molecules that has already been
employed as molecular motors or phototunable chiral dopants.39-42
Under UV or blue light illumination, the molecule slowly isomerizes
to an excited conformation with a different helical twisting power. In
about fifteen minutes, a photo-stationary state is reached, and the
equilibrium pitch of the cholesteric is increased with respect to the
initial state. When the blue light is turned off, the molecules quickly

This journal is © The Royal Society of Chemistry 20xx

relax to their ground state, a process that typically takes about one
minute. Therefore, we expected to be able to transition between two
stable textures: one at low confinement, induced by a small pitch
when the blue light is off, and a second one at high confinement, in-
duced by a large pitch when the blue light is on — similarly to other
studies using pitch phototuning to manipulate various structures of
localized twist>>61.78-81,

Experimentally, shells of the phototunable mixture were produced in
water solutions of SDS, in such a way that their local thickness at the
South pole matched the excited value of the pitch. The photo-in-
duced evolution of one of these shells is shown in Fig. 7b. To observe
the ground state, the blue wavelengths of visible light are blocked by
an orange filter; removing the filter induces a transition to the ex-
cited state, as shown in Supplementary Movie 6 (time-lapse, sped up
345 times). Initially, the shell displays a twisted cholesteric texture,
consistent with a weak confinement (Fig. 7b-i). Removing the filter
induces a slow transition to a larger value of the pitch. Then a transi-
tory texture with shrinking branched cholesteric fingers is observed
(Fig. 7b-ii), before a photo-stationary state is reached after a couple
hours. As the maximum thickness of the shells matches the new
value of the pitch, the shell features elementary torons, which are
stable structures for h/p = 1 (Fig. 7b-iii). They last as long as the
white light illumination is maintained, as shown in Supplementary
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Movie 7 (real-time). Introducing the orange filter again induces a
quick growth of dendritic fingers from the torons (Fig. 7b-iv), until
the twisted cholesteric texture is recovered (Fig.7b-v), in about two
minutes.

To gain a better insight of the transition between these structures,
we also computer-simulated its various stages. Using the same pa-
rameters as before, we simulated a series of shells with a fixed ge-
ometry (both h,,;, and h,,,, Were constant across the series). We
varied the local confinement ratio at the South pole, thus setting the
value of the cholesteric pitch for each shell — mimicking the experi-
mental photo-induced change in pitch values. The shells were initial-
ized in a random director configuration, seeded with seven point-like
excitations in the initial director field, and left to anneal. Our results
are shown in Fig. 7c and Fig. 7d, corresponding to confinement ratios
of hpnar /P = 3.5,3,1, 1.4, and 3.5. A confinement ratio of 3, corre-
sponding to a small value of the pitch, yields regions of high twist
spread out across the thick part of the shell, similarly to the twisted
cholesteric cap found in experiments. For a confinement ratio equal
to 1, torons appear from the initial excitation regions and adopt well-
rounded shapes. We also capture structures corresponding to tran-
sitory states in our experiment (confinement ratios of 1.4 and 3),
which are “spread-out” fingers and “extended” torons.

Although reversible, the manipulation of shell textures through pitch
phototuning can only enable us to stabilize two discrete states in a
given experiment, and switching between them typically takes either
a minute or an hour. We therefore turned to electric fields to bring
an even finer control over the textures.

Electric field unwinding. Electric fields unwind the cholesteric helix,
promoting molecular alignment along the field for liquid crystals such
as 5CB, with a positive dielectric anisotropy. Applying a vertical elec-
tric field on a shell promotes molecular reorientation in the vertical
direction. Therefore, at the poles of the shell, it should favor a radial,
untwisted director field, while at its equator, it should oppose the
presence of a radial field, hence promoting twisted structures. But
the shell thickness decreases with the altitude, and with it, the am-
plitude of the electric field required to overcome the elasticity of the
liquid crystal increases too. Thus, by keeping the field amplitude low
enough, we only reorient the liquid crystal molecules in the thickest
part of the shell, close to the South pole, and not in the rest of the
shell. Experimentally, thin shells of the regular 5CB/CB15 mixture
with a 4.7 um pitch were produced, in such a way that their South

pole displayed disjoined fingers, the rest of the shell being radial. The
shells were submitted to a vertical high-frequency electric field for
short periods of time by means of an observation chamber equipped
with transparent ITO electrodes (Fig. 8a); the typical response of a
shell is given in Fig. 8b and in real-time Supplementary Movie 8.
Before the field is applied for the first time, shells display a thin cho-
lesteric cap at their South pole, filled with disjoined cholesteric fin-
gers, such as the one shown in Fig. 8b-i, made of a single branched
finger. As soon as the field is turned on, the fingers retract, trans-
forming to one axisymmetric structure per branched finger in a few
seconds (Fig. 8b-ii). Those structures are stable as long as the field is
on: upon turning it off, the fingers grow back immediately, reaching
a constant size only after having filled the volume of the initial cho-
lesteric cap (Fig. 8b-iii). Although the area covered by the fingers re-
mains the same, the details of their shapes are now different, indi-
cating that the system can be switched between various metastable
states. The transition from fingers to axisymmetric structures can be
repeated at will (Fig. 8b-iv and Fig. 8b-v). In addition to being nearly
instantaneous, this field-induced transition is also continuous: one
can stabilize the twisted structures at any stage between the ex-
tended fingers and the axisymmetric structures, simply by imposing
a field with a smaller amplitude.

Lastly, although all samples were produced the same way, some of
them had a different response to the field: in some samples, shells
were observed to translate along random in-plane directions, while
in other samples, shells were seen to rotate by 90° around an in-
plane axis, positioning their cholesteric cap where the equator of the
shell used to be. We interpret the former situation as a result of flows
induced in the continuous water phase, and the latter as a conse-
quence of the tendency of the field to promote non-radial director
configurations at the equator of a shell.

Excursions through the isotropic phase. All of the experimental tech-
niques employed so far proved useful for the investigation of dynam-
ical transitions between twisted structures, but were unable to pro-
duce large numbers of axisymmetric structures. How can we produce
them in large numbers on a shell that has the adequate thickness to
accommodate them? Conversely, how can we erase them when they
are already embedded in a shell? As metastable structures, they can-
not be created or destroyed in a director field that is everywhere
well-defined at all times unless singular defects mediate such trans-

Fig. 8 Transitioning from cholesteric fingers to axisymmetric structures using an electric-field-induced helix unwinding. a) Experimental setup. A 200 um thick observa-
tion chamber is made of two ITO-coated glass slides, enabling the vertical application of alternating electric fields on thin cholesteric shells. The field promotes the
retraction of the twisted cholesteric texture at the South pole (purple) in favor of a director oriented parallel to the field. b) Series of polarized top view microphoto-
graphs showing the texture when the field is turned off (i, iii, v: branched cholesteric finger) or turned on (ii, iv: axisymmetric structure). Scale bar is 25 um, white double
arrows denote crossed polarizer orientations, and the direction of applied alternating electric field E(t) is marked in white on relevant frames.
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formations. However, a phase transition, creating pockets of iso-
tropic phase where the director is not defined, can be used for this
purpose. In the following, we consider the effects of three different
experimental techniques to induce a phase transition in the shell.
For this experiment, cholesteric shells were produced at the thick-
ness for which a few axisymmetric structures spontaneously appear
at their South pole. The effect of nucleating localized pockets of iso-
tropic phase on the shells was first investigated, as suggested by the
literature.” The temperature of the system was slowly raised in the
vicinity of the clearing point of 5CB using a precision oven, until the
nucleation of the first isotropic spots on the shell. At this point, the
system was cooled down immediately. Axisymmetric structures were
created while the pockets of isotropic phase collapsed on them-
selves, but the delicate stability of the thin liquid crystal membrane
could not withstand the transition back to an ordered phase, and
shells were seen to burst every time.

When similar shells were placed into observation chambers that
were equipped with ITO electrodes and subsequently subjected to
an alternating electric field, we witnessed three types of responses
from the shells, depending on the amplitude and the duration of ap-
plication of the field. When fields are applied for a short time with a
low amplitude, the axisymmetric structures are observed to shrink;
they grow back to their original size when the field is turned off. Es-
sentially, this is the same reversible unwinding of the cholesteric he-
lix as previously reported in the case of the fingers (Fig. 8). When
fields are applied for a short time above a certain amplitude, how-
ever, an energy barrier is overcome and the cholesteric helix unwinds
itself entirely: the field is strong enough to erase the structures irre-
versibly. Conversely, applying a low-amplitude field for several tens
of seconds turned out to be a reliable mechanism to create axisym-
metric structures on the shell. Indeed, this drives the system up to
the isotropic phase, as reported in a recent study.82 Axisymmetric
structures can then be generated by turning off the field immediately
after the nucleation of the first isotropic patches. Contrary to the
oven, the shells are not affected and do not burst, likely due to the
smaller response time of this unusual heating technique. This mech-
anism, shown in Fig. 9 and recorded in real-time Supplementary
Movie 9, was therefore very useful in creating arbitrary numbers of
axisymmetric structures on a shell. It is important to remember that
throughout all our experiments, shells sediment to the bottom of the
observation chamber: in this case, they rest directly on the ITO layer.
Lastly, shells of a 2:1 mixture of cholesteric liquid crystal and chloro-
form were produced with a similarly small thickness. As chloroform
disrupts the liquid crystalline order, these shells were formed in an
isotropic liquid state. Yet as chloroform leaves the shell, dissolving in
the water around it, shells revert to the cholesteric state, nucleating
in little localized pockets throughout the shell, at the thickness for
which axisymmetric structures are stable. Thus, with such a slow-
paced, gentle, and disordered phase transition, we create hundreds
of them at once. Beyond the technical achievement they represent,
these methods produce an experimental system in which particle-
like structures pack within a curved space, therefore constituting a
promising candidate for conducting spherical crystallography stud-
ies.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 9 Creating a multitude of axisymmetric structures on a shell. Time series of polarized

microscopy photographs of a shell subjected to an alternating vertical electric field trig-
gering a phase transition. i) Initially, a thin cholesteric shell under perpendicular anchor-
ing has 20 axisymmetric structures packed at its South pole. ii) Upon turning on the field,
the radii of the structures shrink. iii) The field is maintained for a dozen seconds as the
sample heats up (note the subtle change in the birefringence colors of the shell, indicat-
ing that temperatures are approaching the clearing point). iv) As the liquid crystal un-
dergoes the phase transition to isotropic, the radius of the existing structures expand
again. v) The field is turned off and the numerous pockets of isotropic phase that just
appeared immediately collapse on themselves. vi) As the temperature decreases quickly,
the various new cholesteric structures take a more ordered appearance. vii) The newly
generated axisymmetric structures gather at the thickest part of the shell, driven to the
pole by the thickness heterogeneity. viii) After several rearrangements, all 78 structures
arrange in a lattice. Scale bar is 25 um, white double arrows denote crossed polarizer
orientations, and the direction of applied electric field is marked in white on relevant
frames.

4 Conclusion

This work constitutes the first study of topological solitons on cho-
lesteric shells under high geometrical confinement and strong per-
pendicular surface anchoring. We show that the cholesteric texture
on such shells splits into a twisted region and a radial domain, giving
the shells a Janus nature. At the boundary between the twisted and
untwisted domains, various structures of localized twist emerge. In
particular, we identify among them non-singular cholesteric fingers,
elementary skyrmions and torons, whose complex structures we ver-
ify by means of computer simulations using novel numerical tech-
niques. We also report different types of linear structures, showcas-
ing a zoo of topological structures realizable on shells. We take ad-
vantage of the versatility of our system to induce a large variety of
dynamical interconversions between these structures using a range
of experimental techniques. We show the effect of different natures
of confinement on the observed structures. We introduce pitch pho-
totuning in shells as an alternative way to tune confinement between
two states, with a greater precision than traditional osmosis tech-
niques. We demonstrate that electric fields can also be used to in-
duce interconversions between a continuum of states. In the end, we
tackle the targeted production of axisymmetric structures with a
finer and finer level of control, and capture the various stages of
these transitions numerically. Eventually, we uncover a reliable
method to create them in large numbers on a shell, opening the door
for the creation of a new model system to tackle spherical crystallog-
raphy. While our work has demonstrated how various localized cho-
lesteric structures can be controllably created and inter-transformed
on chiral nematic shells by means like temperature changes, shell
thickness variations, phototuning of pitch and so on, one parameter

J. Name., 2013, 00, 1-3 | 11



Soft Matter

that is key for selecting skyrmions versus torons and walls versus fin-
gers is the strength of surface anchoring.*> While anchoring certainly
varied with changing all these physical parameters in our work, we
did not characterize it due to complexity of the spherical shell geom-
etry, which is outside of the scope of our present study. This, how-
ever, poses new opportunities for future studies, where the strength
of perpendicular boundary conditions can be systematically tuned
and characterized along with parameters like shell thickness, so that
the host of solitonic localized structures can be controllably selected
to appear on demand and then imaged in 3D, as recently demon-
strated for flat cells.*>
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