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Abstract. We study topological defect annihilation on a glass fibre with homeotropic surface anchoring
of nematic liquid crystal molecules. The fibre is set parallel to the nematic director of a planar cell with
variable thickness and we create pairs of Saturn ring and Saturn anti-ring using the laser tweezers. In thick
cells we observe in the whole region of defect separation a Coulomb-like pair attraction with no background
force, F' o< 1/d® with a & 2+0.3. In cells with thickness comparable to glass fibre diameter, we observe the
Coulomb-like attraction only at small separations of the defect pair. For separations larger than the fibre
diameter, the pair interaction force is independent of separation. This string-like force is attributed to the
formation of defect lines, connecting both monopoles and are indeed visible only on extremely confined
fibre, where the fibre diameter is practically equal to the nematic layer thickness. Numerical simulations
confirm the formation of defect lines connecting both rings.

1 Introduction

Topological defects [1] are found in regions where the char-
acteristic order of the material is lost. They have attracted
much interest due to their importance for understanding
frustrated systems, disrupted areas and phase transitions.
Topological defects are studied in different branches of
physics, from cosmology [2] to condensed matter [3]. In
practice, defects interact with each other, which causes
their dynamics that affects the macroscopic properties of
the system. Their coarsening dynamics and mutual an-
nihilation are therefore of fundamental interest. Liquid
crystals (LCs) are condensed matter system, where de-
fects and their dynamics could be studied in real space
and real time using optical techniques. They are therefore
a test-bed system, where particular theoretical predictions
could be tested directly and this allows for extrapolating
theory to other areas of physics, where such experiments
are difficult or impossible to make. The reason behind this
is that LCs are soft, optically anisotropic and transparent
and reveal a rich variety of stable and metastable defect
structures with appropriate length scales for experimental
observations.

Topological defects in LCs [4-6] are singularities of the
magnitude of the order parameter, and classified according
to their topological charge and winding [7]. The defects are
created either by a rapid temperature or pressure quench
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from the disordered to the ordered state [8,9]. To preserve
the conservation of the total topological charge, the discli-
nations or point defects come in pairs with opposite wind-
ings and topological charges. Because of the elastic distor-
tion of the nematic director around the defects, they move
toward each other to annihilate, thereby minimizing the
elastic energy of the system. In LCs, since the topological
defects move within a liquid, the surrounding elastic field
changes and, subsequently, the director reorients. The cou-
pling between the changing director field and the velocity
field is known as backflow, which has an important ef-
fect on the motion of defects [10-16]. The backflow breaks
the symmetry of the annihilation dynamics of defects with
opposite strength both for +1/2 disclinations [16,17] and
+1 point defects [14, 18], according to which the positive
defect always moves faster than the negative one.

There is a growing body of theoretical and experimen-
tal evidence that the interaction between a pair of line or
point is modified drastically by confinement. Minoura et
al. [19] investigated the pair interaction of wedge discli-
nations with strength of +1 in a nematic cell with hybrid
alignment. Bogi et al. [20] and Yanagimachi et al. [17]
measured the annihilation dynamics of a dipole of +1/2
and —1/2 disclination lines in a confined cell with pla-
nar surface anchoring, and Dierking et al. [14] studied the
defect annihilation for £1 umbilical defects in a nematic
liquid crystal (NLC) with negative dielectric anisotropy,
confined in a cell with homeotropic boundary conditions.
In the aforementioned studies, the annihilation process is
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divided into two regimes depending on the separation be-
tween the defects. The cell thickness defines the charac-
teristic length scale, at which the crossing between the
two regimes takes place. At separations much larger than
the cell (i.e. nematic layer) thickness, the defects are con-
nected with characteristic “strings”, which results in con-
stant force of attraction and consequently in constant force
of mutual approach. These strings are the consequence of
the lateral confinement of the system and this regime is
dominated by the interaction of liquid crystal with the
surfaces. At closer separation and shortly before the anni-
hilation, the elastic energy due to liquid crystal distortion
around the defects dominates over the surface anchoring
energy. In this near-field regime the annihilation dynamics
reflects the true nature of topological defects themselves
and is the regime of real interest.

In addition to the creation of defects in temperature or
pressure quenches, various topological defects are created
when small colloidal particles are immersed in a uniformly
aligned NLC. These defects are located in the vicinity
of the surfaces of the particles and cannot be separated
from the particle or annihilated. They generate forces
between colloidal inclusions that could be used for self-
or directed assembly of colloidal superstructures [21-33].
It was demonstrated recently that any even number of
topological defects in the form of points and strings can
be deliberately created on a topologically simple object,
such as long, and micrometer-diameter glass fibre with
perpendicular surface anchoring of LC molecules [34, 35].
The absorption of the focused beam of laser tweezers was
used to locally heat the NLC surrounding the fibre to the
isotropic phase. The island of the molten (isotropic) NLC
was then rapidly quenched by switching-off the light and
a dense tangle of topological defects was immediately cre-
ated through a process similar to Kibble-Zurek mechanism
of defect creation in the early Universe [2,8,36]. During the
coarsening time, most of defects annihilated, except those,
which were stabilized by the perpendicular alignment of
molecules on the fibre. While the controlled creation and
annihilation of a pair of rings and monopoles on this fibre
has been studied recently in very thick cells (i.e. bulk ne-
matic liquid crystal) [18,34], the effect of confinement on
the annihilation dynamics remained rather unexplored.

In this work, we study the effect of confinement on the
annihilation dynamics of either a single or multiple pairs of
defect rings on a fibre, set parallel to the nematic director
in a planar nematic cell. In contrast to previous experi-
ments, where the spacing between the surface of the fibre
and the surface of the cell was quite large, in this work the
spacing is gradually decreased almost to zero. The rings
are created by laser quenching and they appear in a form
of a Saturn ring and Saturn anti-ring, encircling the fibre,
which is immersed in a thin layer of a NLC. Since the de-
fects are stabilized by a fibre, we can grab an individual
ring and separate it from the others by moving it along the
fibre using the light of laser tweezers. When both defects
are well separated, we quench the region between them
and create additional pair of defects. Surprisingly, in very
thin cells, these newly created pairs of oppositely charged
defects do not attract, but are repelled from each other.
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Instead of mutually annihilating, they annihilate with the
outer pair of defects, which were created first. This puz-
zling and counter-intuitive behaviour of defects on a fibre
is explained by the presence of a tether, connecting both
oppositely charged defects on a fibre in very thin cells.
This tether has a strong effect on the dynamics of de-
fect annihilation, which is in very thin cells quite different
compared to the dynamics in thick cells.

2 Experiment

In our experiments we used glass fibres, a few pm in diam-
eter, which were made by heating of 125 um optical glass
fibres with oxygen-hydrogen torch and mechanical stretch-
ing the softened fibre to obtain a desired diameter. The
fibres were cleaned and coated with octadecyldimethyl
(3-trimethoxysilylpropyl) ammonium chloride (DMOAP
silane, ABCR GmbH) to induce very strong homeotropic
surface anchoring of nematic liquid crystal 5CB as de-
scribed in our recent publications [18,35]. The fibre from
the tapered end was sandwiched between two optically
transparent I'TO coated glass substrates covered by a thin
layer of rubbed-polyimide (PI 5291, Brewer Science) to
ensure an excellent planar LC orientation. The ITO coat-
ing on the inner side of the substrate was providing good
control of the local heating of the LC by absorption of
the laser light. The Mylar spacers were used to maintain
the desired thickness, which was varied from 12 to 70 pum.
The cell with Mylar spacers was glued with an epoxy glue
(UHU, GmbH or Torr Seal, Varian). The cell thickness
was measured by a standard interference technique, us-
ing the spectrometer (USB2000, Ocean Optics). Then the
fibre was cut from the tapered part with a length of 200—
600 pm. The cell was filled with 4'-pentyl-4-cyanobiphenyl
(5CB, Nematel) nematic liquid crystal and the micro-fibre
was moved inside the cell by capillary force of the LC flow.
In the experiments the long axes of the fibres were oriented
parallel to the rubbing direction (i.e. bulk orientation of
the NLC). In some experiments the fibre was placed in a
very confined cell as the difference between the diameter
of the fibre and the thickness of the cell was only 1-3 pm.
Placing the fibre in a very cell with a gap comparable to
the fibre diameter is a demanding task due to the fact that
the fibre is inserted into the cell by the viscous force of LC
flow. To achieve this, we have used a long fibre with both
ends of the fibre located outside of the cell.

The laser tweezers setup, which was built around an in-
verted microscope (Nikon Eclipse, TE2000-U) with an in-
frared fibre laser operating at 1064 nm, was used as a light
source. The deflection of the beam of the tweezers was
controlled with a pair of acousto-optic deflectors (AOD)
driven by computerized system (Aresis, Tweez 70). The
images were recorded using a Pixelink PLA 741 camera
at different frame rates from 10 fps to 40 fps.

3 Saturn ring and Saturn anti-ring on a fibre

The fibre with a homeotropic (perpendicular) surface
alignment was set parallel to the overall direction of the
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Fig. 1. Creation and annihilation of a pair of topological rings
on a fibre set parallel to the nematic director in a planar cell.
(a) A pair of Saturn ring and anti-ring are created by thermal
quench using a focused laser light. (b) They annihilate into the
vacuum if left free.

NLC in cell with planar alignment. Similar to a spherical
colloidal particle with homeotropic surface anchoring of
LC molecules, a fibre is accompanied by a single hyper-
bolic hedgehog defect or a Saturn ring, because the genus
of the fibre and the micro-sphere are the same and equal
to g = 0 [37]. The hedgehog is usually located at either
end of the fibre, whereas the Saturn ring appears in a
form of a small loop, encircling the fibre. This loop can be
moved by the tweezers towards an end of the fibre, where
it transforms into a point.

The NLC around the fibre far away from the accompa-
nied defect was locally heated into the isotropic phase, as
shown in fig. 1(a), creating a molten area with the diam-
eter of tens of pm, using strongly focused laser tweezers
beam (several 100mW). By switching off the light, the
isotropic region undergoes a phase transition that leaves
behind a dense tangle of defects following the Kibble-
Zurek mechanism of topological monopoles formation. In
a fraction of a second this tangle annihilates and pins the
monopoles on the fibre (see fig. 1(a)). To conserve the total
topological charge, the pairs of monopoles with opposite
winding number and topological charges were created in
each quench. These monopoles are known as the Saturn
ring and the Saturn anti-ring and are individually stable
and cannot be annihilated. Because of the opposite topo-
logical charges of the rings, they are gradually attracted to
each other by elastic deformation of NLC and annihilated
into the vacuum (fig. 1(b)). The sign of the topological
charges of the two rings are opposite and were analysed
and determined in our previous work [34].

4 Dynamics of topological monopoles

We perform the experiments in two different confinements
using thick and thin LC cells. In thick cells, the fibre with
diameter of 8 um is placed in a cell with a thickness of
65 pm. The rings are initialized at a separation less than
40 pm, and left free to annihilate. In this case the attrac-
tive force comes from elastic interaction between the rings
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and is governed by the Laplace equation [19, 38]. Thus,
the attractive force between the rings can be given by
the Coulomb law of electric charge interaction, F' o< 1/d2.
During the annihilation process the elastic force will be op-
posed by the Stokes drag force of equal magnitude, which
arises from the motion of the rings through a viscous lig-
uid crystal. However, in our experiments we can determine
the force only up to a multiplicative constant, because we
are unable to measure the viscosity coefficient of each ring
and its change during the interaction. On the other hand,
we are interested in the separation dependence and even-
tual power-law behaviour of the interaction force. If we
determine the separation dependence of the velocity of
the rings from their recorded trajectory, this will be pro-
portional to the separation dependence of the interaction
force up to the multiplicative constant. To this aim, the
trajectories of the rings were video recorded at a frame
rate of 20 fps. The positions of the rings were determined
from each recorded frame using a particle-tracking soft-
ware with a resolution of 100 nm.

The positions of the ring and anti-ring are shown in
fig. 2(a) as a function of time during pair annihilation.
Here, their starting separation is nearly 30 pm. For sepa-
rations smaller than 15 pm the relative velocity of the two
rings shows a power-law dependence on the separation of
the rings, v oc 1/d* with o ~ 2 + 0.3 (fig. 2(b)). This is
observed both in thin and thick cells. If we consider that
the viscosity coefficient does not change with separation,
the mutual interaction force follows a power-law that is
close to the Coulomb law of monopole attraction.

The difference in the dynamics of monopole interac-
tion in thin and thick cells becomes apparent at larger
separations, as shown in fig. 2. In a thin cell of thickness
13 um and fibre diameter of 8 ym, the annihilation dy-
namics of ring annihilation has two regimes, as shown in
fig. 2(b). At closer separation, the interaction force is of
the Coulomb type, but at larger separation > 15 um, the
rings attract with a constant velocity v., indicating a con-
stant force of attraction. This constant force of attraction
could be a result of the “strings” connecting both rings,
which is a common situation, observed for pairs of oppo-
sitely charged topological defects, connected with strings,
such as surface boojums in hybrid nematic films [39,40].

This constant velocity of approach of the rings in-
creases as the cell gap decreases. It seems that tight con-
finement of the fibre in thin cells increases the elastic dis-
tortion per unit length, resulting in stronger interaction
force between the two rings. Figure 3(a) shows the con-
stant velocity at large separation (= 50 um) versus dif-
ference between cell gap and the diameter of the fibre,
Deel — Dgpre- This velocity drops to zero when this differ-
ence is around 10 gum. On the other hand, the ratio of the
velocities of both defect rings is independent of the cell
gap and is approximately 1.5 (vy /v_ &~ 1.5) as shown in
fig. 3(b). It means that the effect of confining surfaces is
the same for both defect rings and is therefore independent
of the defect ring winding. This speed anisotropy is similar
to the previous experiments [14,16-19).

The upper panel in fig. 3(b) shows the ratio of the ve-
locities wersus separation of the rings for three different
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Fig. 2. Annihilation dynamics of a pair of Saturn ring and
Saturn anti-ring. (a) The position of the ring and anti-ring
versus time in thick and thin cells. In thin cells and at larger
separation, the ring separation decreases linearly with time. It
means that there is a constant attraction force between two
rings. (b) The ring relative velocity as a function of their sep-
aration in thin and thick nematic cells. In both cases and at
small separation, the relative velocity between the rings fol-
lows the power-law dependence v x 1/d* with a =2+ 0.3. In
this specific experiment in thick cell @ = 2.1 and in thin cell
a=1.8.

experiments in thick cells. In this case the data was ana-
lyzed when the separation was between 5 and 15 um. For
shorter separations < 5pum the rings join together and
create a single ring. For larger separations > 15 um the
ratio of the velocity cannot be precisely determined. The
surface of the long fibre is not smooth and the impurities
and protrusions on the fibre cause friction force for ring
dynamics. At larger separations the attraction force be-
tween the two rings with opposite charge is very reduced,
and this random friction force affects the rings dynamic
and the velocity of the rings is uncontrollable and erratic.
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Fig. 3. (a) Constant relative velocity of Saturn ring and anti-
ring at large separation versus the difference between the cell
gap and the fibre diameter. Ratio of the Saturn ring and anti-
ring velocities versus separation during their annihilation in
thick (a) and thin (b) nematic cells for 3 different experiments.
This ratio is vy /v— = 1.5.

For thin cells, the ratio of the velocities is illustrated in
the lower panel in fig. 3(b) for three different experiments.
Contrary to the thick cells, in thin cells the rings are at-
tracted to each other already from very large separations.
In case the fibre is without impurities and protrusions, the
rings can attract each other at extreme separations of over
> 100 pm. As we have shown already in such a region the
velocity of the rings is constant, which indicates constant
interaction force.

There is therefore a clear indication from the annihila-
tion experiments in thin cells that the rings are connected
by some kind of a string-like line, which influences the
rings interaction by generating constant force of attrac-
tion. In these experiments we can not see directly any
connecting defect lines, but we can see their indirect ef-
fect, as will be explained in the continuation. The laser
light is focused in the vicinity of the fibre with a pair of
a ring and anti-ring, as shown in fig. 4(a). The power of
the tweezers is increased to heat locally a small area and
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Fig. 4. Defect rings manipulation and interaction in thin cells.
(a) Defect ring can be moved along the fibre using the light of
laser tweezers. The red crosses indicate the focus of the laser
tweezers. (b) By quenching the NLC surrounding the fibre with
diameter of 8 um in a cell with thickness 13 pm a pair of rings is
created. These rings are attracted to each other. The rings are
separated by laser tweezers and by quenching the region be-
tween them another pair of defect rings is created. The connec-
tion between the rings is broken and two new connections are
established, which are pulling the outer pair of rings together.

create an isotropic island of the liquid crystal, which can
strongly attract the defect rings. We can grab and move
the ring along the fibre as shown in fig. 4(a).

Using this method, the two rings can be separated to
a larger distance, as shown in the last panel of fig. 4(a).
Then the fibre is quenched in the middle of these two rings
as shown in fig. 4(b). The two new rings are created in be-
tween the two outer rings and we expect that these two
newly created rings would attract each other. However,
this does not happen, because there is an attraction be-
tween the two outer rings, as can be seen clearly in the
third and fourth panel of fig. 4(b). The quench evidently
breaks the line connection between the first two rings and,
as a result, new connections are established between the
two outer pairs of the rings (panel 3).

Figure 5(a) shows the position of the new created rings
versus time in the thin cell. These two inner rings are mov-
ing away from each other, since the pulling force subjected
to the outer rings is stronger than the elastic interaction
force between two oppositely charged topological rings.
Their velocities are constant and the ratio is v4 /v_ = 1.5
for three different experiments (see fig. 5(b)).

The “strings” which are obviously connecting the outer
pair of rings in thin cells are difficult to observe, unless we
take a very thin cell, just fitting to the diameter of the fi-
bre. We therefore performed the experiments in very con-
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Time

Fig. 6. String-like line between topological rings. A small re-
gion of a long fibre with the diameter of 11 um inside a very
confined cell with the thickness of 12 um is quenched by laser
tweezers. A pair of topological rings is created, which are con-
nected by a string-like line. These rings are separated to the
far distance and the area between them is quenched. The new
pair is created that breaks the string-like line and creates two
new string-like lines with outer rings.

fined cell, where the diameter of a fibre is 11 um and the
cell gap is 12 um. By quenching the NLC surrounding the
fibre, a pair of rings were created, which are connected by
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Fig. 7. Numerical simulation of the connected ring structure
in thin nematic cells. (a) In thick nematic cells the two rings
are separated by a distorted region of the NLC, with no sin-
gular lines connecting them. (b) In thin cells, the thin gap
between the cell bottom and the fibre discourages defect rings
to close on the bottom. Instead, long tethers form, which pull
the rings together regardless of their separation. Note that the
escape direction in the bottom gap does not alternate like it
does on the top. This numerically generated defect structure
is not in equilibrium, and collapses, like it was observed in the
experiments.

string-like lines (see fig. 6, first panel). These lines cannot
be seen when they are along the fibre, but we can grab
them with tweezers as shown in the second panel. The
thinner is the cell gap, the stronger is the string-like con-
stant force, leading to fast motion and annihilation of the
rings. In the next step, we grabbed the defect rings and
moved them to a large separation in order to quench the
LC in between them and create new pair of rings (third
and fourth panel). The new pair has broken the line con-
nection between the rings of the first pair and created two
new connections between the two outer rings. There is no
string-like line between the inner rings, since we could not
grab it by the laser tweezers (see fifth panel). The line be-
tween the outer rings can be seen in the sixth and seventh
panel of fig. 6.

To investigate the connected ring structure quali-
tatively, fibre in a thin cell was modelled using the
Landau-de Gennes model on a finite difference grid, us-
ing the same scheme and parameters as in ref. [34]. The
results are shown in fig. 7(a) for the rings in thick cell and
in fig. 7(b) for the thin cell. The simulation shows that
when the gap between the fibre and the cell wall is very
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Fig. 8. Creation and annihilation of pairs of rings in a thick
cell. Two rings which are created by quenching the NLC around
the fibre with diameter of 8 um in 30 pm cell, are separated by
the laser tweezers. The rings are stable because of the large sep-
aration between them. By quenching the NLC between these
two rings, another pair is created. The rings of the second pair
attract each other, as they are closer together.

confined, defects that form during the quench do not ex-
tend across the gap, and a long tether forms along both
ends of the fibre, connecting the two rings. The “escape”
direction from the perpendicular director on the fibre to
the planar on the cell wall, alternates between defect rings
on top of the fibre, but in the narrow gap below, it remains
constant, as shown in fig. 7(b). If the gap is thicker, the
tethers either collapse beneath the fibre or slip off on top,
but a narrow gap has a stabilizing effect.

By performing a similar experiment in thick cell we
achieve totally different results, which are shown in fig. 8.
Unlike rings in thin cells, the newly created rings in thick
cells behave as expected. Hence, the newly created rings
always tend to attract each other, as shown in fig. 8, and
they are quite stable at large separations. In this case the
effective interaction force is only due to the elastic force
between two oppositely charged rings and there is no de-
fect line connecting them and giving rise to a constant,
string-like attraction.

5 Conclusions

This work demonstrates the strong influence of the con-
finement on the dynamics of ring-like monopole annihila-
tion on a fibre. When the fibre is set parallel to the nematic
director in a planar cell, one is able to create an arbitrary
even number of monopoles. These appear in a form of
the Saturn ring and the Saturn anti-ring, having opposite
winding numbers and topological charge. When a single
pair is created by the laser quenching of the NLC around
the fibre, the monopoles are always attracted towards each
other and annihilated into the vacuum. However, in thin
cells, these two rings are connected with a pair of line
defects, which provide a constant, string-like force of at-
traction of this pair. If an additional pair is created in
between, these line defects are cut and reconnected to the
newly formed pair of rings. This results in an unusual re-
pulsion of the oppositely charged inner pair of rings and
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attraction between the oppositely charged outer pair of
rings. This does not happen in thick cells, where the pair
interaction is fundamentally different and exhibits only
the Coulomb-like attraction.
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