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Twist-coupled elastic deformations are ubiquitous and in the limelight of interest for next-generation self-
shaping materials. Here, we describe how twist dynamics under fixed anchoring lead to bend deformation and
defect dynamics in a field-unwound chiral liquid crystal material. We use the Q-tensor dynamics under the
Landau—de Gennes formalism in a finite-element mesh to explore the texture pathways from the unwound
(homeotropic) to the helical planar structure. Our simulations describe well previously reported experiments
and confirm that the process occurs by forming pairs of coreless defects that interact with each other and create
quadrupolar structures called Lehmann clusters. The dynamics and coarsening of dipoles and quadrupoles of
defects are described. This numerical study describes the full dynamics, which has been sought for several years.
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I. INTRODUCTION

The need to understand strained structures and self-shaping
occurrence is ubiquitous in several fields of research and ap-
plications [1]. Spontaneous deformations, such as buckling,
twisting, and wrinkling, are often credited to the need to
release stored potential energy, which may exist due to exter-
nal forces and confinement, for example. These deformations
have potential applications such as in sensors, actuators, active
matter, drug delivery, and many others [1,2]. One kind of
material that often permeates as a candidate for achieving
such applications is liquid crystal (LC), owing to the coupling
between long-range order and responsiveness to external stim-
uli [3-8]. Elastic deformations may present coupled modes
in LCs, depending on molecular shape [9], which represents
potential use for shape-changing objects and may occur by the
interplay of symmetry breaking such as chirality and confine-
ment [10]. Nonetheless, understanding the dynamics of how
such deformations come to be, rather than their static aspects,
is crucial when designing new materials for state-of-the-art
applications. This work focuses on the dynamic transition
from unwound to twisted in confined cholesteric LCs (CLCs).
CLCs are locally nematics but repeat themselves within a
length called the pitch p, thus forming a helical shape in space.
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This transition, often referred to as the homeotropic-to-planar
(H-to-P) transition [11], occurs during the relaxation process
from the unwound to the wound-up state, and it has been stud-
ied, both theoretically and experimentally, in the past [12-20].
This transition is often studied by applying an external field to
unwind the CLC helix in a confined sample, and then suddenly
removing the field, so the confined helix can form. During this
complex dynamics, director twists and buckling of layers take
place. Yang and Lu first derived the elastic equations for the
process [21], showing that, in the initial moments, the pitch is
considerably larger than the natural value, more specifically,
K33/Ky, times larger, where K33 and K, are the bend and
twist elastic constants, respectively. Usually, K33 & 2K5;, so
this transient pitch is roughly twice the natural pitch. Later,
several studies were dedicated to understanding the underly-
ing mechanism from the unwound state, passing through the
transient planar state until the final twisted state, either ex-
perimentally or employing computer simulations [13-20,22].
Accordingly, once the transient pitch is reached, the system
evolution occurs by bending, followed by buckling of the
layers. Following this step, most studies only propose possible
routes for reaching the stable state since computer simulations
often get trapped in metastable states. Still, experimentally
a slow relaxation process toward homogeneity [22] occurs.
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Some works discuss whether defects are formed in this pro-
cess [14] or call it the focal-conic state [17]. Recently, Yu et al.
[23] mixed calamitic with bent-dimer materials to change the
ratio K33/K>; from nearly 2 to less than 1. However, many of
the details about the transition are still missing.

In this paper, we revisit the problem of the H-to-P transition
utilizing modern computer simulations and analysis tools to
unravel the dynamics of the transition. We study these dy-
namics for the case of strong (but finite) anchoring energy and
compare this case with the free-surface case. The parameters
indicating the local deformations [24] (Ssp and S7w; see Sup-
plemental Material (SM) [25]) are given during the process.
Employing the proposed analysis, the entire dynamics can be
described, including the movements of coreless defects.

II. METHODOLOGY

Our model solves the dynamical equation of nemato-
dynamics without flow for a CLC sample. The dynamical
evolution for the Q tensor is given in the Landau—de Gennes
(LdG) formalism [26], described in the SM. The sample is a
slab of dimensions 4.5 x 4.5 x 1.5 um, and we assume that
the interaction of the CLC with the limiting substrates in the z
direction is given in the Rapini-Papoular formalism. Periodic
boundary conditions are assumed in the x and y directions.
The CLC sample has N = 12 (number of 7 turns) and is
initially in a perfect Grandjean state [11]. We then apply a
strong electric field for 1 ms in the z direction, unwinding
the helix. The field is then rapidly removed, and the material
is allowed to rewind. The equations were discretized in the
finite-element formalism and implemented in the COMSOL
MULTIPHYSICS software. The time evolution is controlled by
a variable-order backward difference formula (BDF). We set
the elastic constant’s value in the LdG formalism in terms of
the Frank elastic constants by following the parametrization
in Eq. (S3) [27], which is given in the SM. We used the
ratios Kj1/Ky = 1.84 and Kj33/Ky = 2.0. We ran the dy-
namics for strong-anchoring and free-boundary cells, and we
calculate the amount of splay, twist, and bend deformations
and the total elastic energy in terms of the Frank free energy
(see Fig. 9 below). We used several parameters to monitor the
evolution of the twisted state, including the the Sgp parame-
ter [24], the Syw parameter [24], and the parameter IT [28].
Finally, we calculated the transient textures with the Mueller
matrix method [11] and monochromatic and polychromatic
light beam approximation. Further details are provided in the
SM.

For the thermal parameters, we used A =a(T —T*) =
—172 x 10° J/m3, B = —2.12 x 10° J/m?, and C = 1.73 x
10% J/m3, all of which resulting in S = 0.53. To assure the
ratio K33/K, = 2, the simulation was performed by using a
set of elastic parameters similar to the MLC6608 host, that is,
K11 =16.7 pN, K5 =9.05 pN, and K33 = 18.1 pN, which
were converted into the L; parameters through Eq. (S3) of
the SM. Furthermore, we used L; = 0.0 pN and gp = 2.51 x
107 m~!.

The interaction between the LC and the surfaces was evalu-
ated utilizing Rapini-Papoular-like anchoring energy, given by
Eq. (S4) of the SM, with an anchoring strength of 0.01 J/m?,
which represents a strong-anchoring situation [11]. Both

simulated surfaces were constructed with the easy axis in the
x direction with a pretilt of 1°; that is, the easy axis can be

described by n0 = cos 1°7 + sin 1°k. The use of pretilt can
prevent the formation of surface defects, but in the chiral case
the pretilt also creates a preference of the system to have an
even or odd number of twists.

A constant approximation was performed to simulate the
electric field since the purpose was to enforce a homeotropic
state in the system, at which the electric field would be
approximately constant. To ensure the homeotropic state, a
strong electric field, E = 8.14 x 107 V m~' k, was applied for
1 ms. This field is four times higher, compared with the critical
electric field, than either the planar-to-homeotropic or the
fingerprint-to-homeotropic transition for a material with the
above-mentioned elastic parameters and dielectric anisotropy
of A, = 4.2. The mesh of these simulations was composed of
tetrahedral elements, with a maximum edge length of 36 nm,
using linear interpolation.

III. RESULTS

From the unwound state, the field is turned off (+ = 0),
and one first observes the formation of CLC layers arising
from both surfaces and growing toward the center of the cell
[Fig. 1(a)]. When ¢t = 1.37 ms [Fig. 1(b)], the system has
nearly completely formed the transient planar phase [11,22],
with the pitch p,, = 2p,. The directors are fixed at the sub-
strates, so the system is in a high-twist-energy state. To reduce
the elastic stress, the system wrinkles by locally “bending” the
CLC layers [22], which happens so further winding can occur,
as shown in Fig. 1(c) for r = 23.1 ms. These deformations
resemble Helfrich undulations [11] [see SM, Fig. S1(a-1)];
however, they are not homogeneous in the field of view
[Fig. 1(d)], and so they do not form a square lattice. Rather,
they are nonsymmetric deformations (see SM, Fig. S1). Fig-
ure 1(e) shows the evolution of the azimuthal angle across the
cell.

As the wrinkle process continues, nonsingular defects [29]
(X lines) form in the regions of high-bend deformations [30],
seen in Fig. 2(a). These A lines are formed in A/ and A~!/2
pairs (see also Fig. S2 of the SM), and their dynamics dictate
how the material relaxes to the Grandjean state. At the apex of
deformation, a pair of lines nucleate in the high-deformation
zones and quickly displace the surrounding layers. This initial
pair forms a structure with a total Burger vector b equal
to the pitch (b = p) [31]. Notice that the tilted layers form
a configuration similar to what is observed in developing
parabolic walls [32], except that they occur near the center
of the cell to balance chirality, elasticity, and surface energy.
The pair of lines occurs everywhere in the field of view and
near the center of the cell (in the z direction), with one line
on top and the other line completing the pair, a few planes
below. We shall name pairs where the +1/2 line is on top
a “positive pair,” or p pair, and the ones where the —1/2
line is on top a “negative pair,” or n pair. From the initial
deformation, p pairs and n pairs form almost simultaneously
and near each other, although at different slip planes compared
with the substrates (see SM, Fig. S3). The formed lines are
nearly 700 nm in length and nearly 100 nm wide. After n
pairs and p pairs appear, the fingerprint (FP) texture is fully
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FIG. 1. (a)—(c) show the director field across the sample (top to bottom is the z direction, and right to left is the x direction), where the blue
colors indicate in-plane orientation while the red colors indicate out-of-plane orientation. The sample starts winding up from the surfaces (a),
passing through the transient planar structure (b) until undulations (c) arise as a way of decreasing the pitch toward the natural pitch. (d) shows
the calculated optical texture. (e) shows the azimuthal angle across the sample for three different times. The solid black line is for # = 0.67 ms,
the dashed orange line is for t = 1.37 ms, and the solid blue line is for # = 23.1 ms.

formed, and the pairs of lines correspond to the center of a ~ combined with the pairs of lines, and Fig. 2(c), which shows a
double spiral structure often seen in the FP texture. The pairs developing A!/? (yellow) and the nx component (red) of the
of lines correspond to the central region of a large domain director. Figure 2(d) shows a three-dimensional (3D) per-
of displaced layers that wrap the pairs of lines. This is seen spective of a p pair and three different director distributions
in Fig. 2(b), where the calculated fingerprint texture is shown  perpendicular to the lines.

By combining the nz> component and the A'/? lines, we see
that the lines connect the individual fingers into a large mesh,
shown in Fig. 3(a), where each end of a A!/? line connects the
extremes of a given finger [zoomed area of Fig. 3(a)]. Thus
each line groups a pair of stripes, as described in Ref. [14].
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FIG. 3. Role of A lines (a) in the fingerprint structure (here only

FIG. 2. Nucleation of pairs of A lines in highly deformed re- A2 is shown), where the coreless lines connect different stripes.
gions (a). The lines displace the surrounding layers, giving rise to (b) and (c) show the interaction of two pairs of lines: Two pairs
a fingerprint texture [(b) and (c)]. The pairs of lines and the direc- exchange pairs of lines (b), which adds a 2w turn to the sample.
tor deformation near them are shown in detail in (d). Yellow lines (c) shows this process as time evolves [(i)—(iv)], while (d) shows a
represent A'/? lines, while green lines show A~!/2 lines. top-view image of the process.
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FIG. 4. Isosurface representation of the A~!/2 (in green) and A
(in yellow) lines in the formation of a Lehmann cluster. (a) shows
three pairs of lines interacting, resulting in a Lehmann cluster.
(b) shows top-view images, while (c) shows side-view images with
the directors. For (a)—(c), the top, middle, and bottom panels repre-
sent time evolution.

Hence the initial lines connecting fingers usually form a U-
shaped structure, as seen in Fig. 2(d). However, this pair of
nonsingular lines [Fig. 2(d)] is not compatible with the bound-
ary conditions, so it is not stable. In this case, we observe
an exchange of lines between p and n pairs at different slip
planes. As shown in Fig. 3(b), the two dislocations of opposite
configurations form a new kind of dislocation [Figs. 3(c-i)—
3(c-iv)]; they appear to repel each other, thus promoting the
inclusion of new twisted zones in the z direction. The structure
shown in Fig. 3(c) resembles a CF1-type finger [33], adding
27 twist zones that, since homeotropic domains do not bind
them as in typical CF1 fingers, expand, forming the Grandjean
texture. This process appears to occur only in regions where
the two pairs nearly overlap; so two +1/2 lines at different
heights connect and initiate the nucleation of the Grandjean
zone, as shown in Fig. 3(d). It is also important to notice how
different the dynamics are if the CLC sample is not bounded
(see free-boundary case below). In the SM, we also provide
the polar angle and the pitch across the sample for three
different times to better understand how the dynamics take
place (see SM, Fig. S4).

The general behavior of the pairs of lines is to combine
and form clusters with quadrupolar order, with b = 0, called
Lehmann domains, often referred to as “oily streaks.” Such
clusters are much more stable than single pairs of defects
since all the pairs eventually combine to form Lehmann
domains.

Two kinds of dynamics lead to the formation of the
Lehmann domains. First, two zones where Grandjean texture
is developing may envelop a region where a dislocation (n pair
or p pair) exists. In this case, as shown in Fig. 4, we see a p
pair that is surrounded by two developing Grandjean zones.
In this case, the two —1/2 lines from the pairs separating

Grandjean zones combine, while the +1/2 (p pair), U-shaped
defect gets annealed. The remaining —1/2 line from the p
pair becomes part of the newly formed Lehmann cluster. This
dynamic process is shown in Fig. 4(a) (3D view), Fig. 4(b)
(view from above), and Fig. 4(c) (side view). The second
commonly observed case occurs when two developing Grand-
jean zones meet, merging lines of the same kind and thus
forming clusters directly. Once the clusters are formed, they
separate Grandjean zones. A typical oily streak structure is
shown in the bottom row of Fig. 4. However, during the
relaxation dynamics, it is not uncommon to form defects
with different core structures (larger width). However, these
structures demand higher elastic energy and quickly disap-
pear; so they either become the same defect as in Fig. 4
(see also videos in the SM) or form loops that shrink
down [34].

During the relaxation process, several closed loops of
finger structures, formed by Lehmann clusters, appear and
eventually shrink, leaving behind the Grandjean texture.
Figures 5(a)-5(e) show the coarsening dynamics of the non-
singular lines forming the cluster. The process occurs in nearly
80 ms. We first notice from the texture in Fig. 5(f) (region
shown by the dashed rectangle) that the loop is in contact
with another straight cluster. Indeed, the same —1/2 defect
surrounds a +1/2 line at the center of the loop and acts as the
upper —1/2 line of the linear cluster. As the loop shrinks, the
—1/2 line is gradually replaced by —1/2 lines already existing
in the straight cluster [shown in the zoomed area of Fig. 5(d)
in blue]. In Fig. 5(g) we show how the loop area changes
with 79 — ¢, where f( is the time when the loop disappears.
Initially, the loop decreases at (o — ¢)*7°, and later it changes
at (o — t)'2. The exponent is a function of the loop radius, as
it presents two different values. The initial, slower behavior
may be related to the initial replacement of the —1/2 line
between the loop and the straight cluster. After this —1/2 line
is replaced in the linear cluster, the annealing becomes faster,
with exponent 1.2. Both exponents differ from those reported
for the annealing of core defects [35,36] but present a similar
value to measured exponents in twisted loop defects of bent-
core materials [34]. Figure 5(h) shows a plane perpendicular
to Fig. 5(a) (dashed red line), indicating that two clusters form
the loop at different heights that anneal each other and form a
modified structure cluster.

To better understand the effect of the strong anchoring on
the homeotropic-to-planar transition, we now briefly discuss
the dynamics of the same sample studied before. Still, now
we consider an anchoring energy equal to zero, so there is
no boundary effect during the transition. As in the strong-
anchoring case, we assume periodic boundary conditions in
the x and y directions and start by applying a strong electric
field in the z direction, so the helix is completely unwound.

Here, unlike the case with strong anchoring, a twist does
not start from the boundaries after the field is removed, but
as expected, it happens everywhere across the sample, as
shown in Fig. 6(a). Although the transient planar structure
is still seen for this sample, the pathway to the Grandjean
structure is somewhat different. Since twist and polar an-
gle change occurs everywhere, we observe the formation of
varying twist domains within the sample, which homeotropi-
cally aligned directors often separate, as observed inside the

064701-4



DYNAMICS OF CORELESS DEFECTS DURING WINDING ... PHYSICAL REVIEW E 106, 064701 (2022)

|
— - Al =

Area from simulation
&)

L
40
(t,t)(ms)

FIG. 5. Coarsening dynamics of Lehmann clusters. (a)—(e) show a shrinking loop formed by Lehmann clusters and how the different pairs
of A lines anneal during the process. (f) shows the calculated texture, displaying the characteristic oily streak pattern of CLCs. (g) shows the
power-law nature of the shrinking process, formed by an initial slower process, with an exponent 0.79, followed by faster annealing, with an
exponent 1.2. (h) shows the two clusters at different heights approaching each other to form a single cluster.

elliptical area in Fig. 6(b). From the texture point of view, the  in Fig. 6(c) (arrows indicate time passage from the first to the
dark homeotropic texture begins to display small bright re- last texture).

gions that quickly grow into a structure with several individual Then, as with strong anchoring, we notice some regions
fingers that slowly relax to a more uniform texture as shown in which dislocations appear. However, here they result from

(a) 100002222 (c)
€4
“II 220 (i
LI
S ANNSSSSSY
SUNNNNNSNS
SIALLLLLY s‘.; 1
14932138
Q0000000
4 4’4’4E¢E¢’II ?
SSSSsss
2200004
235
,
“eee
- L .
.
I 4
Sssssanaaaasaly NN —————— e
B eoos
B ittt drindrdrd g
sessssssserefi
IETRRRRRT T 22!
PPPIIIINOO0 2 s
PPP2E »
’0 . \
133 1 .
S -
. 0 Y sen
222222 S\
222220 0\\N s
XX 4
\t—usM
e s m——mm———— e ¢ .
[e——— Tl
sese .
e : i}
s
mmme e P P PP PP PP P PP .
PP PPPPIIIPRRIIP P .
oooll"lllll(( ‘III'I' 22 e esccce
AR AR RS AN Y AAAR Y L

Sssssnnnng (ltteccccnnnnnms

FIG. 6. Director field representation of the free-boundary case at the times (a) t = 1.44 ms and (b) # = 1.97 ms. (c) Textures at the
respective times 1.37 ms, 2.13 ms, 13.54 ms, and 0.69 s.

064701-5



E. K. OMORI et al.

PHYSICAL REVIEW E 106, 064701 (2022)

(a)

(\\\o\\\htcaouo

L s sSwecccee

Vetresrvove=
—eoeeo A
csssse

cssw

rd
oo
woeesrss i AP Preceee

—eeececess s

s cecece

LR L I R e oo
moseecce st LU AT e e e
—meeeceee s sovee
SsssNsNwae L
DO N CVJrveee
———ees ) |\ AR

pessscsse

voececee
P 2
..... ——---
Sseeeee
|

FIG. 7. Director field representation of (a) the mismatch of regions forming two pairs of A*!/2A~1/2 lines, at the times (i) 2.13 ms, (ii) 2.95
ms, and (iii) 3.82 ms, and (b) gliding of a pair A*!/2A~!/2 towards the bottom surface at the times (i) 33.44 ms, (ii) 0.11 s, and (iii) 3.49 s. The
combination of the isosurface and director field representation for (c) a dissociated x line, with the cross section of a (d) high-splay and (e)

high-bend region, and (f) a spiral deformation and (g) its cross section.

the mismatch between areas with different numbers of turns,
and they also add & turns by moving and interacting pairs of
coreless lines. This is shown in Figs. 7(a-i)-7(a-iii). Another
unique behavior of this sample compared with the strong-
anchoring case is the glide of dislocations. Since there are
no substrates to hinder dislocation glide, one can see dis-
locations moving up and down toward the free boundaries
to decrease the elastic energy of the system, as shown in
Figs. 7(b-1)-7(b-iii).

Another interesting structure in this sample is the forma-
tion of defects in the vicinity of two different domains. Two
kinds of structures are observed: First, because of the out-
of-register layers, one may expect the formation of x lines
[29]. Instead, we observe a dissociated structure, formed by
rings of A'/% and 7~'/? lines, as shown in Fig. 7(c), where the
yellow zones represent the lower values (high bend) and
the blue regions represent the higher values (high splay) of
the Sgp parameter. In contrast, the red isolines represent the
core defect line. Figures 7(d) and 7(e) show the cross sec-
tion of the core defect ring and the coreless defect ring,
respectively. The second kind of structure we observed in this
sample is composed of a double helix formed by two A!/2
defect lines, shown in Fig. 7(f). This structure does not present
any core defect, which is more common across the sample.
Figure 7(g) shows the cross section of this structure, where
the yellow and blue isosurfaces represent the Sgp parameter as
before. Both the structure shown in Fig. 7(c) and the structure
shown in Fig. 7(f) are metastable and eventually shrink down,
so that the neighbor domains connect. Furthermore, in some
cases, the two structures get connected by a pair of A lines,
as shown in Figs. 8(a) and 8(b). In this case, instead of run-
ning across the whole sample, the domain boundaries reach

a certain height, above which the CLC layers are in register.
Figure 8(b) shows how more than one such structure may get
connected. Figures 8(c-1)-8(c-iv) show how the two structures
eventually merge, giving rise to perfectly aligned CLC layers.

Our simulations were allowed to run (from the time evolu-
tion point of view) from a few milliseconds to several seconds
until the system reached an equilibrium point. We output the
system’s state in a logarithmic fashion, so a more significant
number of states are obtained in the initial stages and fewer
for longer times. For every state we output, we interpolate the
mesh to get the directors and calculate Frank’s total elastic
energy and the individual energies of splay, twist, and bend.

FIG. 8. Dynamics of the free sample: (a) Dissociated & line con-
nected with a spiral deformation by a pair of A lines. (b) Another
region shows three structures connected by pairs of A lines. (c) Merg-
ing and annealing of defect structures during the dynamical process
[(1)—(iv)], leading to the aligned helical structure.
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FIG. 9. Scaled total elastic energy F/F, vs log(¢) for both sam-
ples studied in this paper. In the top panel, the strong-anchoring case
is shown, while the bottom panel shows the free-boundary sample.
The insets show the individual energies of splay, twist, and bend.

The top and bottom panels of Fig. 9 show the total elastic
energy F divided by the final elastic energy Fy for the sample
with strong anchoring and the sample with free boundaries,
respectively, versus log(f). The insets show the individual
energies, also normalized by F. In both cases, the twist energy
is the dominant contribution, while splay is nearly neglectable.
Furthermore, it is interesting to notice how points of high bend

energy occur when the twist energy decreases, which is best
observed in the top panel of Fig. 9, representing the situation
with strong anchoring. In this case, while initially the bend
energy is high during the formation of the transient planar
structure, it also increases around 70 ms, representing the bend
of cholesteric layers, leading to the formation of the A line
defects.

In conclusion, we investigated the dynamics of a CLC
winding up from an unwound state in a slab cell. This sim-
ulation procedure is capable of describing all the relaxation
states, from the unwound condition to the Grandjean texture.
Our results indicate that the twist starts from the substrates,
first forming the transient planar texture, and then slowly
passing through deformed states. Among them, the system
forms wrinkled states, which in turn leads to dislocations in
high-bend regions, characterized in terms of pairs of coreless
lines. Core defects are not observed through the whole dynam-
ics. The pairs of coreless lines displace layers around them
and are the ending points of the fingerprint texture that forms
next. As time passes, a rich scenario involving interaction and
exchange of pairs creates quadrupolar structures (Lehmann
clusters). The clusters are metastable structures but are com-
monly observed in experimental samples. Our simulations
have provided some indications of how Lehmann clusters
interact and anneal. A direct comparison of these simulations
with experimental measurements of oily streak coarsening,
which appears never to have been explored in the literature
[37], would be a clear next step.
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