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ABSTRACT

We demonstrate new type of topological defects on a homeotropic bre aligned per-
pendicular to the nematic director in a planar nematic cell. C ontrary to expectations
we can create defect loops which are encircling the bre along its short axis and are
strongly tilted with respect to the bre. Such loops are always ac companied by two
topological solitons, which emanate from the loop and propagate to the left and right
hand side of the bre. Unlike previously reported closed loops of either positive and
negative charge, encircling the bre parallel to the nematic dire ctor, these loops can
carry either positive or negative charge, or can be charge neutral and very stable.
We show how to switch the charge of individual loops from positiv e to neutral and
negative charge by adding unit monopoles of appropriate topological charge. We

demonstrate new type of interaction of dipolar colloids with t hese new topological
entities on a bre.

KEYWORDS
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1. Introduction

The creation and manipulation of topological defects has attracted widesprad atten-
tion as they have been shown to play an important role in physical and bdlogical
systems [1{3]. These excitations arise spontaneously during the symatry-breaking
phase transitions and appear through the Kibble-Zurek mechanism of deft produc-
tion [4,5] in soft ferromagnetism [6{8], super- uidity [9,10], super-conductivity [11],
liquid crystals [12,13] and the Universe [4,5].

In nematic liquid crystals (NLCs) topological defects appear in a form of cbsed
loops and points and are characterized by their winding and topological chage [14{
18]. The molecular orientation is not well de ned at the core of a defect, vhich is
a nanometer-size region of decreased orientational order. This singularore is sur-
rounded by a strongly distorted nematic director eld which is of a ty pical dimension
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of several micrometers due to the softness of the liquid crystal. Bsause liquid crys-
tals are optically birefringent, the strongly orientationally distorte d region around the
topological defect is optically very inhomogeneous, which makes them optally easily
visible under an optical microscope [19]. Defects in nematic liquid rystals are quite
large and soft, they are easily created and manipulated by external stimli, such as
the strong laser light of the laser tweezers.

There are two most common kinds of point defects in the nematic liquidcrystal: the
radial hedgehog which by convention carries a positive unit topological cargeq = +1,
and the hyperbolic hedgehog carries a negative unit chargg= 1 [14{17]. The at-
tribution of a sign to a particular unit charge hedgehogs is quite consistnt in most
experimental realizations, such as 2D spherical colloids, but faces arnguities [13] in
some topologically more complex cases. One example is a toroidal handlebodyth
perpendicular surface anchoring, where two hedgehogs of the same hypetic struc-
ture have to be assigned two di erent signs of their unit charge [20]. hese cases have
to be treated with care when assigning the vector direction to the diector eld, which
does not in uence the overall conservation of the topological charge. The édgehogs
of higher unit charges have recently been observed in chiral nematidroplets by uo-
rescent imaging [21,22]. The hedgehogs are actually quite rare in bulk nemiatliquid
crystals, they appear more often in chiral nematic droplets, capillares and thin lay-
ers of the nematic liquid crystal. They are particularly abundant in nematic colloids,
where they are topologically protected by the law of conservation of topologial charge
and are associated with each colloidal inclusion. When foreign patrticleare introduced
into the nematic liquid crystal, defects are spontaneously createdat each particle to
compensate for the molecular alignment along the closed surface of the ilsion [16].
The nature of particle-induced defects depends on the particle toplogy [20,23{27],
the type of surface anchoring and con nement [28{33] and they can be transforrad
one into another [31,34]. Topological defects and the resultant particle-iduced defor-
mations in the nematic director give rise to strong forces between ctiidal particles,
and with curved director elds [35], and these forces are of elastic origi. These in-
teractions are long range, anisotropic, and lead to various types of structtes such as
linear [36{39] and kinked [34] chains of colloidal particles, two-, and three-anensional
colloidal crystals [33,34,39{43].

Rods, cylinders and bers are of the same form as the spheres from théa;dpoint
of topology and they both have the genus g=0 [20]. The topology of the particle is
determined to the largest extent by the genus of the particle, whit counts the number
of "holes" through the particle, or the number of "handles" attached to the particle.
Colloidal particles with genus zero, say, spheres and cylinders wit normal surface
anchoring inserted into a homogeneous bulk nematic liquid crystal (NLG, will give
rise to a single hyperbolic hedgehog point defect or a single dischtion ring, carrying
the topological charge ofg= 1. The topological charge of the accompanying defect
will compensate the topological charge of the surface of the inclusion so éhoverall
charge remains zero at all times.

The conservation of the total topological charge does not constrain the numbeof
defects, which are actually created on an object in the NLC. Namely, additbnal pairs
of defects can always be created as long as their total topological charge is ke
zero. This was rst demonstrated in a series of experiments with log bers inserted in
the NLC [26,44{46]. Using the laser tweezers one is able to create pairs of oppasif
charged topological defects, cut them into smaller entities, merge tem into larger
entities etc... Long bre included in nematic nematic liquid cry stals has emerged as a
perfect setting to prove and observe the basic laws of topology in two ichensions.



A topological soliton in the nematic liquid crystal is a smooth but a topologically
nontrivial spatially localized structure embedded into a uniform nematic background.
Some of the earliest observations of topological solitons in liquid crystalsvere strings
of uniform width, connected to boojums at their ends [47{49]. The string-like soliton
generates a constant string-like force of attraction between the two bojums at each
end of the string and consequently constant velocity of the defectsluring their at-
traction. Previous studies on the topological solitons were focused on #creation and
the stability of nonsingular solitonic structures and the resultant deformation in the
director eld. In di erent experiments the stability of the soli ton obtained by electric
eld [50], colloidal particles [44], Im thickness gradient and the surface anchoring
was studied [51,52]. We have recently reported on the creation of a lineaopological
soliton on a long, micrometer-diameter glass bre in a NLC Im in which the bre
was set perpendicular to the bulk orientation of the NLC [45]. The focus othat study
was the creation of hedgehogs of opposite topological charge on the bre and their
annihilation dynamics, which demonstrated a Coulomb-like elastic atraction between
the hedgehogs at short separation.

In this work, we demonstrate the interaction between a defect loop Bcircling the
bre's short axis with point monopoles, created by the light of the laser tweezers on
solitonic structures in the vicinity of the bre. The loop is eith er charge-neutral or
has topological charge of +1 or -1. Two solitons, one on the bottom and the other
on the top of the bre, can meet each other at this topological loop. We show har
the monopoles on both solitons are attracted to the oppositely signed end ofhe
loop, changing the loop sign from negative to neutral and neutral to positve, and
vice versa. This provides novel method of controlling the sign of tle loop by light of
the tweezers. We also study assemblies of microspheres with théore by entangled
defects. By switching the sign of the loop, the colloidal entanglemenchanges and
therefore the assembled structures can be manipulated. This opensew avenues in
the design of tunable colloidal superstructures, and may thus serveas controllable
photonic materials.

2. Materials and experimental techniques

Glass micro- bres of diameter 8-12 m were used in the experiments. These bres are
made by heating a 125m optical glass bres with oxygen-hydrogen torch and mechan-
ical stretching to obtain a desired bre diameter. To achieve very strong homeotropic
anchoring of NLC on the surface of bres, clean bres were immersed in 2 @% so-
lution of octadecyldimethyl (3-trimethoxysilylpropyl) ammonium chloride (DMOAP
silane, ABCR GmbH) in water for 5 min and then rinsed with deionized water for few
minutes to remove the excess of silane. The bres were blown whitdry Nitrogen (N2)
and then were left in an oven at 120C for 30 min. The bre from the tapered end was
introduced into a cell of thickness 15-20m and was cut to a length of 300-600m .
The cells were made of two glass plates covered with an optically transgent indium
tin oxide (ITO) layer, with the inner surfaces modi ed to ensure either good planar
or homeotropic alignment. To achieve planar alignment, the glass plates wer covered
by a thin layer of polyimide (Pl 5291, Brewer Science). The plates wez antiparal-
lel rubbed using a rubbing machine to ensure excellent planar ajinment of the LC
molecules. In order to get homeotropic alignment, the glass plates werdlanized in a
similar way to that described for the bres. The ITO coating on the in ner side of the
substrate provides very good control of the local heating of the LC by absrption of



the laser-tweezers light. The gap between the glass plates was maintaad with mylar

spacers and the cell glued with two component epoxy glue (UHU, GmbH or ToriSeal,
Varian). The cell thickness was measured by a standard interferere technique, using
spectrophotometer (USB2000, Ocean Optics). On lling the cell with the 4pentyl-4-

cyanobiphenyl (5CB, Merck) NLC, the bre moves inside the cell through capillary

force from the LC ow. In the experiments with the planar cell, the | ong axes of the
bres were oriented perpendicular to the rubbing direction using laser tweezers. In
the case of the homeotropic cell, the long axes of the bres were alwayseppendic-
ular to the bulk orientation of the NLC, therefore the orientation of the b res was
not important. In some of the experiments, silica microspheres wit 10 m diameter
(Duke Scienti c), also with homeotropic surface anchoring, were imnersed into the
same cell. A laser tweezers setup with an infrared bre laser operatig at 1064 nm
built around an inverted microscope (Nikon Eclipse, TE2000-U), was used as #ght

source. The trap manipulation was controlled with a pair of acousto-optic deectors

driven by computerized system (Aresis, Tweez 70). The images werecorded using a
Pixelink PLA 741 camera.

3. Topological soliton

Here we describe the creation and stabilization of an escaped topological doln in
the NLC by colloidal particles. The bre with the homeotropic surface anchoring of
NLC is inserted into the planar cell, and is set perpendicular to therubbing direction.
In the experiments with homeotropic cells the ber was inserted nto the cell without
any particular in-plane orientation, because the orientation does not mater in this
geometry. Left and right panels in Fig. 1 (a) show the orientation of the bre and of
the nematic liquid crystal director in a planar and a homeotropic cell, respectively.
The cell is in the x-y plane, whereas the z-axis is pointing perpedicular to the nematic
liquid crystal layer.

In the rst experiment, the bre is set perpendicular to the ru bbing direction in a
planar nematic cell with a cell gap of 20 m . A gigantic -1/2 Saturn ring is stretched
all along the length of the bre, which is clearly observed under an opttal microscope,
as shown in the rst panel of Fig. 1 (b). We have recently shown how his gigantic
Saturn ring can be cut and reshaped using the localized and very strapnbeam of the
laser tweezers [26]. Fig. 1 (b) briey illustrates the procedure ofcutting the Saturn
ring into two separate parts. When the laser beam is focused on the NLC obne side
of the bre, an island of molten (isotropic) NLC is created as shown in the ®cond
panel of Fig.1 (b). We can grab the ring by the isotropic island and pull it down. After
switching o the light, a dense tangle of topological defects appears, siftar to the
Kibble-Zurek mechanism of defect creation [5,53,54]. In less than a sewd, this tangle
annihilates and leaves behind two loops with opposite winding numbrs, which are
connected to one another through a narrow region of an escaped disclinatioralted
the \topological soliton". Since the topological charge of gigantic Saturn ring is ty
convention assigned a -1 unit charge, one of the loops created after the tthas a
charge of -1 and the other must be charge neutral to preserve the consetion of the
total topological charge of the system.

In Fig. 1 (c) the loop on the left side is charge neutral, whereas the lop on the
right side is of negative charge. The winding humber of the charge-neual loop on
the left of Fig. 1 (c) is +1/2, whereas the winding number of the right loop is -1/2.
The two ends of the loops are connected with an escaped topological solitomhich
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Figure 1. (a) Schematic drawing of the bre perpendicular to the rubbi  ng direction in a planar cell (right
panel), and the bre in a homeotropic cell (left panel). The x  axis is along the long axis of the bre, the y axis
coincides with the liquid crystal director and the z axis sho ws the viewing direction, i.e. perpendicular to the
measuring cell. (b) The bre is set perpendicular to the rubb ing direction in the nematic planar cell, and a
gigantic Saturn ring is created encircling the ber along th e long axis. The ring is cut into two separated rings
by the focused beam of laser light. (c) and (d) The loops obtai ned after cutting the Saturn ring are separated
by a smooth region with splay-bend deformation known as a \to pological soliton". The second panels were
taken under cross polarizer with a wave-plate, which is inserted at 45 degrees with respect to p olarizer P
and crossed analyzer A. The blue and yellow colors show the re versed director eld in the vicinity of the ber.
The third panels show the schematic drawing of the director eld within the soliton. (e) The bre is inserted
into the homeotropic nematic cell. The -1/2 Saturn ring is en  circling the bre in the plane of the paper (rst
panel) and appears as a thin thread. The inset shows schemati ¢ drawings of the orientation of nematic director.
The second panel shows the escaped soliton above the surface of the bre. The nematic director orientation is
shown schematically (the inset of the second panel), and usi ng the wave-plate (third panel).

is propagating the "topological ux" from one type of the monopole to another. The
direction of propagation of the topological ux is reversed in Fig. 1 (d), where the
local windings of the loop ends are reversed as well.

The reason for this particular occurrence of the two loops at both ends athe escaped
solitonic structure is the tilt of the bre from the exact perpendi cular direction to the
bulk orientation of the NLC. Because of this slight tilting, the elastic distortion of the
soliton structure in between the loops becomes slightly asymmetd, depending on the
direction of the escape. The loops after the cut are created in a way #t seeks the
minimum of the elastic energy and minimizes the energetically highcost region. This
will determine the winding and charge of the two loops on the righ and |&-hand side
of the soliton.

The con guration of the director eld within the escaped soliton is shown in Figs.
1 (c) and (d) by using the wave-plate (the second panels) and illustrated by the
schematic drawings (the third panels). The e ect of this small o set of the orientation
of the bre with respect to far eld director was also observed in our previous work
on the annihilation dynamics of the monopoles on topological soliton [45].

Determination of the sign of the topological charge of the loops was describeelse-
where [26,46]. Brie y, a small test particle such as micro-sphere, ®ated for perpen-



dicular surface anchoring, is released next to the loop. By conventignthe sphere is
assigned a +1 topological charge, whereas the accompanying hyperbolic hedgey is
assigned a -1 unit topological charge. It has been well demonstrated in pvéus ex-
periments that the equally charged part of sphere and the loop repel edcother and
the oppositely charged parts attract. This helps us to unambiguously déermine the
charge and winding of the loop or even winding of local section of the loop.

The experiments were also performed for a bre in a cell with homeatopic alignment
of NLC as shown in Fig. 1 (e). In this case the loop(s) are positioned on top or dlow
the bre. By focusing the microscope on top of the bre, one can easily okerve the
Saturn ring, which starts on the top of the bre along its entire length and continues
below the bre connecting itself into a loop (Fig. 1 (e), rst panel). The inset to the
panel presents schematic drawings of the director. The Saturn ringan be cut into two
loops as in the experiments in the planar cell. Fig. 1 (e), second paheshows the soliton
between the loops which is located in the front of the bre. The loal orientation of
the molecules within the soliton can be determined using the wave-plate, as shown
in lower panel of Fig. 1 (e).

4. Novel topological entities within the topological soliton

Fig. 2 (a) shows an experiment on a charge-neutral defect loop on a bre déented
perpendicular to the far eld nematic director in a planar cell. Thi s charge neutral
loop is created from the topological soliton, i.e. from the vacuum with no ppological
charges, and the procedure for creating a charge neutral loop out of a topologal
soliton is explained in detail elsewhere [26,46]. One should note that itk loop is not
encircling the bre along its short axis, but starts and ends on the sane side of the
bre. For this reason, this loop is quite unstable and can easily shrikk to vacuum. In
the next step, we cut this charge neutral loop by the laser tweezerand there are two
possible outcomes, shown in Fig. 2 (a). Let us remember that the chargeautrality has
to be preserved at all times, which means that the total topological charge ohewly
created topological objects has to be zero.

In the rst case two tiny charge-neutral loops are created, which independently an-
nihilate with time by shrinking to vacuum (Fig. 2 (a), bottom panel) an d disappearing.
In the second case a pair of -1 and +1 loops is created, which shrink iot-1 and +1
monopoles (Fig. 2 (a), right panels). These two monopoles are quite stablé they
are not allowed to move towards each other. However, if they are allowedb attract
and move, they will annihilate into the vacuum, again preserving thetotal topological
charge at all times.

In the second experiment shown in Fig. 2 (b) we create an isolated -lopological
loop on a bre, as shown in the rst panel of Fig. 2 (b). This loop was created by
guenching the zero charge loop, as just described in Fig. 2 (a). The ¥ loop is not
shown on this image, but is present in the vicinity. By using the laser tweezers, the NLC
in the vicinity of this -1 loop is locally heated into the isotropic p hase. By carefully
moving the optically-induced isotropic island towards the upper sde of the ber (see
the second panel in Fig. 2 (b)), one can grab the loop and also move part of ita the
other side of the bre. At that position the tweezers is shut down, as shown in the
third panel of Fig. 2 (b).

One can see from the fourth panel in Fig. 2 (b), that we have created twonew
loops. Unlike the original -1 loop shown in the rst panel, these two rew loops are
encircling the bre along its short axis. They are both strongly tilte d towards each



Figure 2.  (a) The bre is oriented perpendicular to the nematic direct or in a planar cell. A charge-neutral
loop propagating along the bre can be created out of the soli ton. This charge neutral loop can be cut into two
loops. These are either two charge-neutral loops, as shown i n the bottom panel, or are two loops of opposite
charge, which can spontaneously shrink to the point monopol es (the right panels). (b) Using optical tweezers
the loop can be manipulated such that it is cut and split into t wo separate defect loops encircling the short
axis of the bre. Three solitons, two on the bottom and one ont he top of the bre can meet each other at
topological loops. (c) By quenching the NLC around the solit on, a charge-neutral loop along bre short axis,
a -1 point defect and a +1 loop are created. The videos can be do wnloaded from dataset.



other, with the tilt angle close to 45 . This tilt can be understood by considering the
director structure around the Saturn ring, which prefers to be oriented with its plane
perpendicular to the far eld director. In our case the far eld dire ctor is perpendicular
to the bre, which forces the two loops to orient away from the director and stabilize
at an angle of nearly 45.

Because the total topological charge has to be preserved, these two loopsust
have total topological charge of -1. This is only possible if one of the loops has a
-1 topological charge and the other loop must be of zero topological charge. The
corresponding schematic structure of the director is shown in thefth panel of Fig. 2
(b). It is clear that this cut locally changes the winding number of one of the loops
from -1/2 to +1/2 and creates one stable charge-neutral loop. On the other handit
preserves the -1 loop and its winding characteristics. It is quié interesting to notice
the power of the law of conservation of the overall topological charge, whicffiorces the
director structure of the nematic defect loops to comply to the law

The sign switching of one of the winding of the loops encircling the bre results
in the formation of a new topological soliton, which now appears on the other sle
of the ber, as shown in the fth panel in Fig. 2 (b). One can see very dearly from
this schematic panel, that we have alternation of the direction of escap of topological
soliton, as we move along the ber. The escaped soliton on the far left siel changes
the side of the ber and at the same time it changes the direction of the ecape, as
we move towards the right and across the -1 loop. After traversing thezero charge
loop the topological soliton ips back to the lower side of the ber but pr eserves the
direction of escape, because the local winding has changed.

Topological diversity of defects that could be created by laser quenchig the liquid
crystal around the bre in planar cell is even richer, when we quenb a topological
soliton, i.e. "topological vacuum" with no defects. This is illustrated in the third
experiment, shown in Fig. 2 (c). Before the quench, the topological diton was on
the lower side of the bre in the rst panel of Fig. 2 (c). Let us remind that this
region of the topological soliton has zero topological charge, which has to be prewed
regardless of the type and number of defects that we create out of that satin. After
the quench we see in the fourth panel of Fig. 2(c) two loops encircligthe bre, with a
point monopole in the middle. The topological charge of this monopole was detenined
to be -1, which means that the topological charge of the two loops must add upa
+1. This is only possible if one of the loops carries a +1 charge and the otheloop is
charge neutral. The schematic illustration of the corresponding diretor eld is shown
in the fth panel of Fig. 2 (c).

These experiments clearly demonstrate how the position of the soliin can change
in a fraction of a second and how topological entities such as charged or neuwtr
loops and hedgehogs could be created by the quench. A simple bre in thnematic
liquid crystal therefore provides a fertile ground for creation and recon guration of
topological defects. The process of creation and modi cation of defectsni all cases
follows the law of the conservation of total topological charge and winding in 2D

We have also analyzed the creation of diclination loops and point monopolesithin a
topological soliton in a homeotropic cell (Fig. 3). Whereas in planar cell dedcts appear
on the microscope image on each side of the bre, they appear above and beldive
bre in the homeotropic cell. The combined experiments in planar and homeotropic
nematic cells therefore allow for more complete visualisation and analys of defects
because we are viewing them from two di erent angles in two di erert geometries.

Fig. 3 (a) shows a pair of -1 and +1 defect loops, which are obtained afterhe
quenching the region of topological soliton in the homeotropic nematic witha ber.



Figure 3. (a) Fibre in homeotropic cell of a NLC. A pair of +1 and -1 loops  are created, encircling the bre
along its shorter axis. (b) and (c) show the defect loops in di erent focus. In the second panels the schematic
drawing of the director eld are shown. (d) A combination of p  oint monopoles and charged-neutral loop can
also be created on the soliton. Bottom panels show the schema tic drawing in two di erent focuses(e) Non-
polarized images (top panels) and the schematic drawing (bo ttom panels) of the charge-neutral loop are taken
for di erent positions of the focus. The focuses on the front  and the back sides of the bre are shown by -z and
+z axes, respectively.



They appear as closed loops of elliptic shape, which is due to their agly 45 tilt,
as we have seen in the other geometry, for example in Fig. 2 (b,c). Theoiton was
prepared as previously shown in Fig. 1 (e) by cutting the gigantic Satun ring, which
creates two separated loops with a topological soliton in between. Becaaghe soliton
is the region with zero topological charge, creation of two separate loops nessarily
implies that their topological charges are opposite. In Fig. 3 (b) and (c) the objective
is focused either in the front (b) or the behind (c) of the bre, to clearly show the
endings of the loops.

Similar to the bre in a nematic planar cell, we demonstrate that variou s topological
entities can be generated on that side of the bre, where the soliton ipresent. The
only rule to be obeyed is the conservation of the total topological charge. Fig3 (d)
shows an example of a charge-neutral loop and two point monopoles created &mother
guench on the bre. The loop switches the position of the soliton from ore side to the
other and a +1 point defect is created behind the bre, while the -1 point defect is
created in front of the bre. The ends of the charge-neutral loop are shwn in Fig. 3
(e) by focusing the objective on the front and back surfaces, respégely. The front
and back sides of the bre are opposite points on the z-axis, as illustrate in the left
panel of Fig. 1 (a).

5. Switching the topological charge sign of disclination loop

Next step in the experiments is to investigate and demonstrate the witching of the
sign of topological charge of disclination loop, which was created from the topolgical
soliton on the bre in the homeotropic cell. Two solitons, one placed belnd and the
other in front of the bre, can meet each other at a topological loop encirclng the
bre in a homeotropic cell as shown in Fig. 4 (a). This loop is charge-netral, with
-1/2 and +1/2 windings of the end sections of the loop behind and in front of the
bre, respectively.

We now analyze the interaction between this disclination loop and theadditional
point monopoles, which were created by the tweezers quenching irhé vicinity. As
opposite topological charges (windings) generally attract in 2D, the -1 pointdefect in
the front of the bre is attracted towards the positive end of the loop and when it
interacts with the loop, it gets "absorbed" by the loop and correspondirgly changes
the winding number of that loop ending from +1/2 to the -1/2 (Fig. 4 (b)). This has
an overall e ect on the charge of the loop, which changes from neutral chargéo -1
unit topological charge. On the other hand, the +1 point defect behind the bre is
also attracted to the opposite-signed end of the loop (-1/2 winding) and clanges the
winding number of the loop locally from -1/2 to +1/2, as shown in Fig. 4 (c). The
total charge of that loop will change again from negative to neutral, because a uh
positive charge was absorbed by the loop. The interaction between thegint monopoles
and the disclination loops therefore provides a versatile method ofmodifying the loop
topological charge from negative to neutral and neutral to positive, and viceversa, in
a fully controllable way.

6. Tuning colloidal dimers

We now focus our attention to the interaction of micro-spheres with bops and points,
created by quenching the topological solitons. Microspheres with honaropic surface
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Figure 4.  (a) A charge-neutral loop is encircling the bre in the homeo tropic cell, the -1/2 and +1/2 ends
are on top and bottom of the bre, respectively. The +1 and -1 p  oint monopoles behind and in the front of
the bre, were also created from the topological soliton. (b ) The -1 point defect (bright dot) is attracted to
the end of the loop with a winding number of +1/2 and when being  absorbed by the loop changes the overall
charge of the loop from neutral to negative. Bottom panels sh ow the same process in a planar cell. (c) The +1
point defect (dark dot) is attracted to the end of the loop wit  h a winding number of -1/2. When absorbed by
the loop it changes the charge of the loop from negative to neu tral. Bottom panels show the same process in
planar geometry.
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Figure 5.  (a) The micro-sphere is spontaneously bound to the +1/2 end o f the loop with its -1 hedgehog.
An additional -1 point defect is created on the left-hand sid e of the microsphere, the schematic drawing of
the director and defects is shown in the second panel. The -1 p oint defect is pushed along the bre using the
laser tweezers. The black crosses indicate the focus of the | aser tweezers. When released, the -1 point defect is
clearly repelled from the microsphere and the defect loop (  fth and sixth panels). The repulsive force due to
the elastic deformation around the sphere is very strong and monopole can not approach the entangled defects.
(b) We grab the -1 point defect with tweezers positioned on th e other side of the bre and push it towards the
microsphere-loop joint. In this case the -1 monopole will in teract with the -1 point defect of the microsphere
and transform into a vortex-like binding, also known as "bub  ble gum" binding.

anchoring of NLC are well known to interact strongly with topological defects via
dipolar or quadrupolar colloidal forces or via the colloidal entanglement [16].These
forces are of elastic origin and are also called structural forces. The emglement of
topological objects and defects is usually enforced by heating locallyhie NLC into
the isotropic phase and then rapidly cooling it down, as described inour previous
work [46]. Briey, the nematic liquid crystal in the vicinity of the disclination loop
around the bre and the micro-sphere is locally heated using laser twezers into the
isotropic phase and then quenched back to the nematic phase by switgig-o the laser.
When passing through the isotropic-nematic phase transition, a denstangle of defect
loops is created that promptly annihilate, leaving behind di erent entangled defect
structures. These entangled structures can be recon gured and tued by topological
point defects as we shall demonstrate in Fig. 5 and Fig. 6.

The binding and entanglement of the topological point defect of a micro-spere with
the far segments of the loops, which have a local winding number +1/2,3 shown in Fig.
5. We show in the rst panel of Fig. 5 (a) that the far segment of the loop with local
winding number of the +1/2 is attracted to the -1 hyperbolic hedgehog of the micro-
sphere. The micro-sphere and the bre are bound together, such that lhe hedgehog
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Figure 6.  (a) +1 point defect is attracted to the colloidal entangleme nt know as a gure of omega. Director
eld around the colloids and point defect is shown schematic ally in panels 2, 4 and 6. (b) Micro-sphere is bound
to the bre similar to the bubble-gum con guration. The +1 po int defect is attracted to the system and changes
the entanglement con guration. Panels 2, 4 and 6 show the sch ematic representation of the director eld. (c)

In the reversed orientation of the micro-sphere's hedgehog , the + end of the micro-sphere is bound to the -
end the loop. The + point defect which is left free in the vicin ity of this colloidal binding with the background
velocity is far enough from the micro-sphere's hedgehog tha t it cannot change the system entanglement (see
the schematic director eld in panels 2 and 6). (d) The fused b eam of the laser tweezers is used to push the
point defect to sphere, which results in a birefringent vort  ex-like binding.
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point defect on the sphere is sitting in between them. Since thesurrounding director
eld on the right hand side of the microsphere is minimally distorted and continuous,
as shown in the second panel of Fig. 5 (a), it dramatically hinders any ingraction with
other topological defects on that side. This is demonstrated by creatingan isolated -1
hedgehog on the left hand side of the colloidal particle. When this -1 pait defect is
left free, it is repelled from the colloidal particle and the +1/2 segment of the loop.
This repulsion between the -1 point defect and the entangled micrgshere is further
demonstrated by using the laser tweezers to push the -1 point def¢ towards the
entangled structure. To this end, the laser light is focused in tte vicinity of the point
defect and an isotropic island is created by locally heating the liquil crystal, as shown
in the fourth panel of Fig. 5 (a). One can grab and pull the -1 point defect towards
the microsphere, as illustrated in the third and fourth panels of Fig.5 (a). When the
tweezers are switched o, there is a clear repulsive elastic forceetween the micro-
sphere and the -1 point defect and the point defect will start movirg away from the
colloid, as shown in the fth and sixth panels of Fig. 5 (a).

Further experiments shown in Fig. 5 (b) reveal that this elastic repulsive barrier
between the -1 point and the microsphere can be overcome by using &v stronger
external force to push the -1 defect towards the joint region betwer the microsphere
and the loop. In this case another energetically favorable con guration carbe obtained
which is shown in the second and third panel of Fig. 5 (b). Here the lagetweezers
is dragging the -1 point defect towards the joint between the -1 hypebolic hedgehog
of the microsphere and the +1/2 segment of the loop on the bre. At some momat
(third panel in Fig. 5 (b)) when the hyperbolic defect reaches thevicinity of the -1
defect of the microsphere, both -1 defects become blurred and actugldisappear. It
looks like the two hyperbolic -1 point defect have merged into a vaex-like binding,
also known as a \bubble-gum" defect [55{57]. This bubble gum defect, alsaalled
hyperbolic vortex, is a nonsingular topological structure, which provdes extremely
strong binding, in this case between the bre and the microsphere.

Next, we study the interaction of a +1 point defect with the colloidal p article
attracted to the -1/2 end of the loop encircling the bre. It turns out that there are
3 possible types of binding of a dipolar colloidal microsphere to the -1/2end of the
loop: (i) Figure of Omega entanglement [58], (ii) vortex-like binding, and (iii)binding
with the + end of the elastic dipole of the microsphere to the -1/2 end ofthe loop.

Fig. 6(a) shows the rst type of binding, which is the entanglement of the -1/2
Saturn ring of the microsphere to the to the negative end of the loop eaircling the
bre. One can see that the bre and the micro-sphere are entangled wih a single
loop encircling the colloidal particle with a twist segment between them, which is
known as a \Figure of Omega". This kind of entanglement can be also observedf
two identical microspheres with -1/2 Saturn rings and was rst reported in 2007 [58].
The second panel of 6 (a) shows the schematic drawing of the directoreld around
the microsphere- bre entanglement and the +1 point defect on the Idt side. We see
in the experiment that in this case the +1 point defect is spontaneously attracted to
the colloidal entanglement, which is due to the opposite charge betweethe positive
point defect and the negatively charged loop, encircling the colloidabarticle. During
this attraction the ring around the micro-sphere starts to move toward the +1 point
defect, as shown in the third panel of 6 (a). The microsphere loses th gure of Omega
entanglement loop and obtains a topological binding structure that reserbles the one
in the rst panel of Fig. 5 (a) (a binding between the +1/2 end of the loop and the
micro-sphere).

Fig. 6 (b) shows the interaction between the +1 point defect with the second kind
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of colloidal entanglement that is created between -1/2 loop and an elastic giole. In
this case, a dipolar colloidal particle is attracted with its -1 charged typerbolic defect
to the loop with the same -1/2 half charge. The spontaneous attraction betwen like
topological charges creates a vortex-like or bubble-gum binding. A +1 poihdefects is
released close to this colloidal entanglement using the laser tweasewhich is presented
in the rst panel of Fig. 6 (b). The second panel in 6 (b) shows the coresponding
schematics of the director eld and defects. The +1 defect is spordneously attracted
to the bubble-gum binding which can be understood by considerig the schematic
drawing of the director escape around the entangled structure. Theecond and fourth
panels of Fig. 6 (b) clearly show that the escaped region on the right-handide of
+1 defect and the hyperbolic defect of the particle share the same fon of distortion,
which means they are attracting each other to minimize their elasticenergy. When
the defect approaches the colloidal binding, the bubble-gum con guraton collapses as
illustrated in Fig. 6 (b), sixth panel.

Fig. 6 (c,d) show the interaction of the +1 point defect with an elastic dipole, which
is attracted to the -1/2 end of the loop with its + end. In addition we hav e a +1 point
defect, which is released in the vicinity of this con guration, as stown in Fig. 6 (c),
rst panel and schematically in the second panel of this gure. The dipole and the
loop will form a strongly bound system, which repels the +1 point defct. However,
one can apply an additional force to the +1 point defect by slightly rotatin g the bre
with respect to the far- eld nematic director. Such an o set in the angle gives the
topological point defect an additional elastic force, which pushes the dect to achieve
a constant velocity v¢, as explained in detail elsewhere [45]. The origin of this additional
and constant force can be understood by considering the elastic defmation of the
director eld around the point defect. The point defect is surrounded by two regions
of topological soliton, in which each of these soliton regions represents atastic string
that is pulling the point defect in a direction which minimizes its elastic energy. In
this speci ¢ case the elastic distortion on the right side of the point defect is more
distorted than the left side. Because of the higher elastic distortbn, a structural force
is created, which tends to minimize this energetically high-costregion, and the point
defect starts moving to the right (see Fig. 6 (c), third to fth pan els). On the other
hand, there is a very strong repulsive force in the vicinity of the sphere due to the
elastic deformation of the director eld around the micro-sphere. At a certain point
these two forces puling the point defect to the right and left becone equal, and the
point defect will be stabilized in the vicinity of the micro-sphere, as shown in the Fig.
6 (c), fth panel and schematically in sixth panel. We can now use thelaser tweezers
to grab the +1 point defect and move it towards the micro-sphere, as ilustrated in
Fig. 6 (d). The thermally induced local melting of the liquid crystal (from the nematic
to isotropic) changes the elastic deformation of the director eld around the sphere
and a birefringent, string-like structure is formed, shown in the last colour panel of
Fig. 6 (d).

It is di cult to determine from these photos in the last, colour panel of Fig. 6 (d)
what kind of defect, if any, is here present. There are two possiblecenarios of possible
structures, which could be obtained by forcing (and eventually fugng) together the +1
defect coming from the soliton and the -1 hyperbolic belonging to the ricrosphere. This
is analysed in Fig. 7, where the steps of smoothing the director eld ae performed
and presented, which bring together the two point defects. Figs. 7(a-c) show this
process of bringing the +1 and -1 defect close together, which is alsshown in the last
schematic panel of Fig. 6 (c). Now, there are two options from the situatbn shown
in Fig. 7(c): (i) The two defects could be merged together via an escapenechanism
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Figure 7.  Possible scenarios of the interaction of a +1 point defect wi th a dipolar microsphere, attached to
the -1/2 end of the loop encircling the bre across the short a xis. (a) The initial situation. (b, c) The +1 and
-1 points are attracting and approaching each other. (d) The  +1 point "sinks" into the microsphere and leaves
behind two +1/2 surface defects. (e) The -1 defect also "sink s" into the sphere and leaves behind two -1/2
surface defects. (f) Half-integer defects can pairwise ann ihilate and leave behind an oppositely charged pair of
half-integer defects.

into a bubble gum (or vortex) with charge zero, or (ii) The two point defects could
partially annihilate, as shown in panels Fig. 7 (d-f). The rst scenario has never been
demonstrated before, as the vortex formation has been demonstrated for wequal,
-1 charges. In this scenario, a vortex should be created from opposite atges, -1 and
+1, which has not been analysed yet theoretically.

As far as the second option is concerned, we see in panels Fig. 7 (d-f) thahe can
get rid of the two point charges by depressing them into the sphere ath preserving the
continuity of the director streamlines. One ends in a situation shavn in Fig. 7(f), where
the two boojums have gone and what is left are small regions close to theoltoidal
surface of winding +1/2 and -1/2, therefore preserving the total winding of zero. In
this case the most pronounced structure is the topological soliton, whiec comes very
close to the colloidal surface. It should be noted that these are only coeptures, which
have to be supported by numerical simulations in future.

7. Conclusions

This work demonstrates a surprising variety of topological states of two bpologically
simple objects, i.e. a microsphere and a micro bre in a planar nemat cell. Contrary
to intuition, we observe that the richest topology is obtained in the geonetry, where
the bre is set perpendicular to the far eld director. In this wa y, a kind of frustrated

situation is realized, where the topological defects are created and paelly stabilized

in the very vicinity of the bre. We have shown that defects are easly created in the
region of the topological soliton, i.e. the topologically trivial region where ro defects
are initially present. Most interestingly, we have seen for the rst time topological
defects that encircle the bre which is set perpendicular to the far eld director of

the planar or homeotropic cell. These are either charged or zero topologicaharge
loops encircling the bre, which are very stable and cannot annihilae to vacuum. We
are able to change the topological charge of these loops encircling the breimply by
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adding extra defects. In all cases we observe conservation of the topolagi charge, as
expected. It should be noted that numerical analysis of the possibledpological states
is needed to completely clarify the structure of defects or groups ofiefects, observed
in this study. In some cases it is nhot quite possible to give a de nie answer just by
optical microscope observations and Landau-de Gennes simulations coulds@ve this
uncertainty as demonstrated in several previous studies.
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