UNIVERSITY OF LJUBLJANA
FACULTY OF MATHEMATICS AND PHYSICS
DEPARTMENT OF PHYSICS

Maryam Nikkhou
Topological defects and shape-controlled
interaction in nematic liquid crystal
Doctoral thesis

Adviser: prof. dr. Igor Muševič

Ljubljana, 2015

UNIVERZA V LJUBLJANI
FAKULTETA ZA MATEMATIKO IN FIZIKO
ODDELEK ZA FIZIKO

Maryam Nikkhou
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Abstract

This doctoral thesis presents experimental studies of topological defects, shape-controlled
interaction in liquid crystals and tunability of the omnidirectional microlasers. Liquid crystals are suitable environment to create, image and analyze the topological defects because
of easy observation and control of their creation. Moreover, liquid crystals in the form of
droplets can be used as tunable microresonators because of their molecular order and large
response to external stimuli.
The electric charge of an elementary particle is a common example of a topological
monopole that is the source of an electric field and causes the force between charged objects. In liquid crystal the topological charges are carried by topological defects, which are
produced through a rapid pressure or temperature quench and stabilized by either colloidal
inclusions or a confinement of liquid crystal in different geometries.
In the first part we demonstrate full control over the creation, transformation, and
manipulation of topological charges that are pinned to a few micrometer thick fiber with
normal surface anchoring in confined nematic liquid crystal. Oppositely charged pairs of
defects are created via the Kibble-Zurek mechanism by locally heating and quenching a thin
layer of the nematic liquid crystal using a focused laser beam. These defects can either be
long-lived points or loops defects which can attract and annihilate. In addition, long-lived
charge-neutral loops made from two segments with a fractional topological charge are observed. This topologically simple object gives the possibility to easily study the dynamics
of topological monopoles annihilation. We show that the dynamics of the monopoles is
strongly dependent on the confinement of the cell. By inserting spherical micro-colloids
inside the cell, a detailed analysis of topological binding and elastic interactions between
the fiber and a micro-sphere is presented. We observed huge variety of different entanglement topologies and defect-mediated elastic bindings. All phenomena are explained with
a simple topological rule: repulsive force between like topological charges and attractive
force between opposite topological charges. Besides the fascinating topology which can be
obtained from complex topological networks of fibers and spheres, they can be used for
applications in liquid crystal photonics because of their fast and easy assembly. By adding
a small amount of chiral dopant into the nematic liquid crystal novel set of topology and
colloidal interaction is observed.
In the second part the creation and stabilization of the oppositely charged rings on the
small spiral and cylindrical micro-colloids with normal surface anchoring in planar nematic
cell is demonstrated. The wavelike shape of these particles prevents the attraction and
annihilation of the defect rings. Therefore, several topological monopoles can be created
in a small region. These complex-shaped micro-colloids are created by three-dimensional
direct laser writing based on two-photon absorption polymerization.
In the end, we demonstrate the tunability of the omnidirectional microlaser by electric
field. The microlaser is created from dye-doped chiral nematic liquid crystal with selective
reflection in visible light, which is acting as a spherical Bragg onion microcavity with periodic modulation of the refractive index. When the micro-droplet is illuminated with an
external pulsed laser, a bright red laser spot appears in the center of the droplet. Applying
the electric field induces structural changes, which in turn leads to variation of the photonic
band gap and the lasing spectrum.
Keywords: nematic liquid crystal, cholesteric, topological defects, colloids, optical
tweezers, entanglement, anchoring, self-assembly, microcavities,
PACS (2015): 61.30.-v, 61.30.Jf, 64.70.pv, 42.79.-e, 64.75.Yz, 42.82.-m
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Povzetek

V doktorski disertaciji je predstavljena eksperimentalna raziskava topolških defektov, interakcij med objekti različnih oblik v tekočih kristalih in uglasljivost mikrolaserjev,ki sevajo
lasersko svetlobo v vseh smereh. Tekoči kristali so primerno okolje za ustvarjanje, slikanje
in analiziranje topoloških defektov, ker omogočajo preprosto opazovanje in nadzorovanje
nastanka defektov. Poleg tega so tekoči kristali v obliki kapljic zaradi svojega molekulskega
reda in velikega odziva na zunanja polja uporabni kot uglasljivi mikroresonatorji.
Električni naboj osnovnega delca je znan primer topološkega monopola, ki predstavlja
vir električnega polja in ustvari silo med objekti z nabojem. V tekočih kristalih topološki
naboj nosijo topološki defekti, ki nastanejo ob nenadnem znižanju pritiska ali temperature in
ki jih stabilizirajo koloidni vključki ali omejenost tekočega kristala v različnih geometrijah.
V prvem delu je predstavljen popoln nadzor nad ustvarjanjem, transformacijo in manipulacijo topoloških nabojev, ki so pripeti na nekaj mikrometrov debelo vlakno s pravokotnim površinskim sidranjem v omejenem nematskem tekočem kristalu. Pari defektov z nasprotnim nabojem so ustvarjeni s Kibble-Zurekovim mehanizmom z lokaliziranim
segrevanjem in hlajenjem tanke plasti nematskega tekočega kristala z uporabo fokusiranega laserskega žarka. Ti defekti so ali dolgoživi točkovni defekti ali defekti v obliki
zanke, ki se lahko privlačijo in anihilirajo. Predstavljeno je tudi opazovanje dolgoživih
zank z nevtralnim nabojem, sestavljenih iz dveh segmentov s frakcijskim topološkim nabojem. Ti topološko preprosti objekti omogočajo preprosto raziskovanje dinamike anihilacije
topoloških monopolov. Pokazali smo, da je dinamika monopolov močno odvisna od omejenosti celice. Z vstavljanjem sferičnih mikrokoloidov v celico lahko dobimo natančno analizo topološke vezave in elastičnih interakcij med vlaknom in mikrokroglico. Opazimo veliko
različnih prepletenih topologij in elastičnih vezav, na katere vplivajo defekti. Vse pojave
lahko razložimo s preprostim topološkim pravilom: delovanje odbojne sile med enakimi
topološkimi naboji in privlačne sile med nasprotnimi topološkimi naboji. Poleg fascinantne
topologije, ki jo dobimo s kompleksnim topološkim prepletanjem vlaken in kroglic, so zaradi
svojega hitrega in preprostega organiziranja primerni tudi za aplikativno rabo v fotoniki
tekočih kristalov. Če nematskemu tekočemu kristalu dodamo majhno količino kiralnega
dopanta, dobimo novo topologijo in novo družino koloidnih vključkov.
V drugem delu je prikazano ustvarjanje in stabilizacija obročev z nasprotnim nabojem
na majhnih spiralnih in cilindričnih mikrokoloidih s pravokotnim površinskim sidranjem v
planarni nematski celici. Oblika teh delcev, ki spominja na val, preprečuje privlačnost in
anihilacijo defektnih obročev. To omogoča, da so na majhnem področju ustvarjeni številni
topološki monopoli. Ti mikrokoloidi kompleksnih oblik so ustvarjeni s tridimenzionalnim
neposrednim laserskim pisanjem, ki temelji na dvofotonski absorpcijski polimerizaciji.
V zadnjem delu je predstavljena še uglasljivost mikrolaserja, ki seva lasersko svetlobo
v vse smeri, z električnim poljem. Mikrolaser je narejen iz kiralnega nematskega tekočega
kristala dopiranega z barvilom, ki ima selektiven odboj v vidni svetlobi in deluje kot sferična
Bragg-čebulna mikrovotlina s periodično modulacijo lomnega količnika. Ko mikrokapljico
osvetlimo z zunanjim pulzirajočim laserjem, se v središču kapljice pojavi svetla točka, mikrolaser pa seva v vse smeri. Uporaba električnega polja povzroči strukturne spremembe, ki
nato privedejo do variacij v fotonskem prepovedanem pasu in laserskem spektru.
Ključne besede: nematski tekoči kristal, holesterik, topološki defekti, koloidi, optična
pinceta, prepletenost, sidranje, samoorganizacija, mikrovotline
PACS (2015): 61.30.-v, 61.30.Jf, 64.70.pv, 42.79.-e, 64.75.Yz, 42.82.-m
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theoretical help, handing simulations for my experimental results and beneficial discussions.
I would also like to take this opportunity to express my appreciation and gratitude to all
my colleagues for their continuing assistance and strong support; Huang Peng Dr. Matjaž
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1

Introduction

There are three common states of matter in nature, such as solid, liquid and gas, having
different degree and type of positional and orientational order. In isotropic liquid or gas
phases, molecules have no long-range positional or orientational order. In crystalline solid
phase molecules have both long-range positional and orientational orders. However, some
substances exhibit intermediate state between the isotropic (liquid) and crystalline (solid)
phases, called liquid crystal (LC) [1]. The LCs are made of highly asymmetric molecules
that diffuse like liquid but maintain long-range orientational and partial positional order.
Even though LCs have been known for more than one hundred years, they attracted many
interest in basic science as well as industrial and commercial use only since the early 1960s.
Their application is widespread mostly in displays, from large industrial displays to personal
one. Liquid crystalline materials can have defects in their local order, where the symmetry
is breaking. The length scale and softness of defects in liquid crystal allows for easy creation, manipulation, imagining and transformation of the topological defects [2, 3], which
were previously difficult in other systems such as superconductors [4], superfluids [5, 6] and
soft ferromagnets [7, 8]. The combination of particles and a liquid crystal offers unique and
controllable topological properties that can not be seen in conventional colloidal systems.
These new materials called liquid crystal colloids are also interesting because of their potential for optical applications. For example they can be used as tunable microcavities.
The easy and cheep manufacturing, nonlinear properties, high Q-factor and the tunability
are important features to be considered in optical microcavities. Currently lithography is
mostly used for fabrication of solid microcavities for optical applications [9–11], but liquid crystals could be a simpler and cheaper alternative. The liquid crystals have various
advantages because of their softness, long distance interaction and their easy tunability.

1.1

Liquid crystals

The first systematic study on LCs was done by Fridrich Reinitzer in 1888. He reported two
components (cholesteryl benzoate and cholesteryl acetate) with apparently two melting
points. Liquid crystalline materials are generally divided into two categories: thermotropic
and lyotropic. In thermotropic LCs phase transitions are induced by a change of the temperature, whereas in lyotropic LCs the phase transition depend on both temperature and
concentration. Lyotropic LCs are made from surfactant molecules which are amphiphilic
compounds. One end of these molecules is polar and attracted to water while the other is
nonpolar and attracted to hydrocarbons [12].
The vast majority of thermotropic LCs are composed of rod-like molecules [1, 13, 14].
They are classified into different types such as nematic, smectic and cholesteric. The nematic liquid crystal (NLC) is the most important phase for applications. It is characterized
by long-range orientational order but no positional order . In the nematic phase molecules
are aligned approximately parallel to each other and we can define a line which is parallel
to the average direction of the long molecular axis called director n (Fig. 1.1 (a)). The
LC with orientational order and one-dimensional positional order is known as smectic LC

2
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Figure 1.1: Schematic representation of molecular ordering in different liquid crystalline phases.
(a) Nematic phase with long range orientational order. (b) Smectic A phase with orientational
and one-dimensional positional order. (c) Smectic C phase with molecules tilted with respect to
the layer normal. The director n is oriented along the average direction of the long molecular axis.

and is found at lower temperatures than the nematic. The smectic LCs have been observed
in different types of ordering. For example, smectic A (Sm-A) phase with arrangement of
layers that can slide one over another (Fig. 1.1(b)), or smectic C (Sm-C) phase where LC
molecules in one layer are tilted with respect to the layer normal by a constant angle (Fig.
1.1(c)).
Cholesteric liquid crystal (CLC) or chiral nematic liquid crystal is a particular (chiral)
type of the nematic phase [15,16], because it exhibits chirality (handedness). A chiral object
can not be superposed on its mirror image. A well known chiral object is the human hand.
Consider the left hand and its mirror image (right hand) which are not super-imposable
on each other even after any rotation and translation. Similar to NLC, the CLC has no
positional order, but the director axis varies with layers as shown in Fig. 1.2. The variation
of the director axis over a full rotation of 360 ◦ is known as a pitch, P , of the cholesteric.
The periodicity length of the cholesteric is half of this distance, since the director n and −n
are indistinguishable. The chirality of the LC is related to the pitch by q = 2π/P , where q is
the wave vector of the pitch. The helical ordering can be defined as left or right-handed by
the rotation of the helical pitch and that depends on the molecular conformation. The helix
which rotates to the right will transmit left-handed circularly polarized light and reflect the

Figure 1.2: Chirality in nematic liquid crystal. P refers to the chiral pitch, n is a director and x
is the direction of helical axis.
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right-handed circularly polarized light. The opposite is true for a left-handed CLC. The
selective reflection is described by λ = nP cos θ, where n is the mean refractive index, P is
the pitch, θ is the viewing angle with respect to the surface normal, and λ is the reflected
wavelength.
The effect of the chirality can be also seen in other phases of LCs such as ferroelectric or
smectic-C ∗ (Sm-C ∗ ) phase [17–19], antiferroelectric or smectic CA∗ (Sm-CA∗ )phase [20, 21],
and the blue phases (BPI, BPII, BPIII) [22, 23]. In Sm-C ∗ phase when the tilted chiral
molecules in the smectic layers are exposed to an electric field, their molecular electric polarization direction will be reversed. In Sm-CA∗ phase the molecules are formed in alternate
layers which tilt in opposite directions and the dipole contribution is also reversed in direction from one layer to the next. The blue phases sometimes appear when the pitch of the
cholesteric phase is shorter and usually exist between the isotropic phase and the cholesteric
phase.

1.2

Confined liquid crystals

The confinement of LCs imposed by surface boundary conditions has attracted great attention in LC device applications. This confinement can be enforced by flat substrates or
curved boundary conditions [13, 24–26]. The confining flat substrates are coated with different materials and mechanically treated to induce proper anchoring to the LC molecules.
Such studies on LCs are important from fundamental and technical point of view like fabricating liquid crystal display (LCD) or to determine LC properties. In curved geometries the
LC droplets are encapsulated into a carrying material. When LC is closed inside a sphere
made of some suitable substance (polymer), the LC molecules order again inside droplet
according to the boundary condition. The LC droplets in polymer matrix are known as
polymer dispersed liquid crystals (PDLC). These droplets can be strongly manipulated with
external fields and are used in privacy windows or switchable displays [27]. As the LCs are
birefringent and nonuniform materials, they are good candidates to study the interesting
optical phenomena [28–31].

1.3

Topological defects

Topological defects are regions where the order is broken. These defects appear in various
materials typically because of frustration with incompatible surface conditions, thermal
fluctuations and external fields [2, 3]. Topological defects have different names depending
on the system and broken symmetry such as vortices in superfluid helium [2,32], dislocations
in periodic crystals [33, 34] and disclinations in nematic liquid crystals [3, 35, 36]. There
are a number of various different types of topological defects, which are determined by the
symmetry properties of the system and phase transition. They include [37, 38]: domain
walls, (cosmic) strings, and monopoles. Domain walls are two-dimensional (2D) sheets that
form when a discrete symmetry is broken at a phase transition and are like regions of one
phase embedded in the other phase. Strings are one-dimensional (1D) tiny tube-like region
of one phase embedded in the other phase. Monopoles are zero-dimensional tiny point-like
regions.
The topological defect in a cosmological context was introduced by Kibble [39] in 1976
for the first time, when he realized that in a cooling universe discrete domains forms due
to the phase transition. Consequently, these domains coalesce, and create defects. Afterwards, Zurek proposed [40] in 1985 the analogy between cosmic strings and vortex lines in
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superfluids. His idea was that in a quench-induced phase transition from 4 He to a superfluid with lowering the temperature to about 2 degrees above absolute zero, vortex lines
(topological strings) would be created in the same way that some cosmological theories
predict. Investigation of the strings in this experiment would give valuable clues on how
cosmic strings behave. Dealing with the transition of helium to superfluid turned out to
be complicated, because of the difficulties of working with liquid helium. However, liquid
crystals also turned out to be a suitable candidate for realisation of Kibble’s and Zurek’s
predictions and because of the scale on which the defects in them occur the experiments
are far easier to conduct.

1.4

Liquid crystal colloids

LC colloids have attracted great attention in recent years as novel composite materials based
on LCs [41–43]. The combination of particles and a LC gives rise to unique properties that
can not be seen in conventional colloidal systems, which is due to the orientational or
positional order of LC. One of those unique properties of LC colloids is that when a small
particle is immersed in oriented nematic, the LC molecules around the particle align in
preferred direction and create defects depending on the anchoring at the surface of the
colloidal particle and confinement. For instance, a spherical particle with normal surface
anchoring immersed in uniformly aligned nematic carries either point-like defect, called
a hedgehog [43, 44], or is encircled by a small defect loop, called a Saturn-ring [45, 46].
Fig. 1.3(a) shows the hedgehog and Saturn-ring schematically. A micro-sphere with planar
surface alignment is accompanied by two surface defects, called boojums [43, 44] (see Fig.
1.3(b)).
Another interesting property of LC colloids is the self assembling and effective interaction between them. Colloidal particles exhibit strong long range anisotropic inter-particle
forces mediated by the elastic distortion of the host LC, which show properties quite different from water-based colloids such as Coulomb and van der Waals interactions [47, 48].
The inter-particle interactions in the nematic liquid crystalline media are thousand times
larger compared to the isotropic solvents. The long range interaction between two particles
far apart from each other depends on the orientation of the LC molecules in the vicinity of the particle, and can have dipolar symmetry when the particle is accompanied by
a hedgehog defect or quadrupolar when the particle carries a Saturn-ring or two boojum
defects. Various types of self-assembled structures were observed such as linear [49–52] and
kinked [53] chains of colloidal particles, colloidal clusters [44], particle-stablized gels [55],
two and three-dimensional colloidal crystals [56, 58–61], self assembled structure of microrods [62], entangled nematic colloidal dimers [65], and cellular structures [67–69]. Moreover,
due to the anisotropy of the LC molecules, they respond quite easily to external stimuli,
such as an electric field. Therefore, superstructures of LC colloids are expected to be easily
tunable, and may thus serve as a controllable photonic materials.

1.5

Lasing in cholesteric liquid crystal

The CLC laser based on distributed feedback (DFB) was theoretically predicted by Kukhtarev
in 1978 [70], and achieved experimentally in 1980 when Chishin demonstrated temperature
tunning of dye doped CLC laser [71]. In DFB laser the active region is structured periodically, and the Bragg condition and periodicity of the structure determine the lasing
wavelength. A CLC laser consists of CLC host as an active medium (i. e., the helical
structure acts as a resonator and provides the feedback), and the laser dye provides the
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gain. The essential property of these materials is the existence of a photonic band gap for
visible light which controls the propagation of light at the range of different frequencies.
Dowling et al predicted that lasing should occur at the Photnic band-edges (PBE) [72].The
bandedge lasing were experimentally demonstrated for the first time by Kopp et al. [73]
and Taheri et al. [74, 75] independently. After that, a number of experiments with lowthreshold lasing have been performed on dye doped CLC [76–78]. The PBE lasing can also
be achieved in a variety of different LC structures and phases: ferroelectric LCs [79, 80],
blue phases [81–83], cholesteric elastomers [84, 85], cholesteric glasses [86, 87], and polymer
networks [88, 89]. As the band edges define the wavelengths of the laser output in these
materials, the lasing wavelength can be controlled by changing the pitch. Because of this
feature and the ability of these materials to respond to external stimuli such as mechanical
stress [90, 91], temperature [92, 93], ultraviolet illumination [94–96], and external electric
field [97–99] lead to tunability of the laser wavelength from ultraviolet through the visible
spectrum to the near infrared. Typically LC laser contains dye as a gain medium. However,
in certain LCs fluorescent emission can be observed in the near-UV region. In this case
the reflection band is matched to the emission and excitation spectra of the LC hosts and
sufficient gain for lasing at short wavelength was achieved [100]. In addition to lasing at the
band edges, laser emission can be also achieved within photonic band gap by introducing a
defect into the periodic structure [101–105]. Recently, mirrorless lasing in CLC was achieved
by forming LC microspheres. In this case, the helix is pointing from center to the surface
of the microsphere in all radial directions. So for the light passing the microsphere, there
will be a photonic band gap in all directions which allows for omnidirectional lasing [29].

Figure 1.3: Schematic representation of the effect of anchoring on nematic colloids. (a) A particle
with homeotropic alignment is inserted in a planar cell. The resulting object has either dipolar
symmetry (upper panel), where the particle accompanies the point defect, or quadrupolar symmetry (lower panel), where the particle carries a small defect line. (b) A particle with planar
orientation of LC molecules immersed in planar cell has quadrupolar symmetry with two boojum
defects.
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Direct laser writing

Direct laser writing lithography is a method to fabrication of three-dimensional (3D) microand nano-structures. The first 3D microstructures was fabricated by two-photon polymerization (TPP) using femtosecond laser lithography, which is reported by Maruo et al. in
1997 [106]. In two-photon lithography, 3D structures are created because of its capability
of direct exposure of the internal volume in a focal spot of the tightly focused laser beam,
whereas conventional one-photon lithograpy is based on the planar nature. By moving the
relative position of the laser focal point and the photoresist, any 3D structure can be drawn
a few microns in size and nano-scaled resolution by point by point scanning such as photonic
crystals [107, 108, 116], micromachines driven by laser tweezers [110], and mechanical devices (bulls [111], Venus statues [112], opera house [113], tubes [114], gear wheels [115,116],
oscillators [117], jars [118], and chains [119, 120]). In all these experiments acrylate- or
epoxy based resins were used. Fig.1.4 presents different 3D microstructures created by a
DLW system.

Figure 1.4: Different 3D microstructures fabricated by two-photo polymerization. (a) A microbull [111], (b)a photonic crystal structure [112], (c) a micro-gearwheel [120], and (d) a microchain [120].

1.7

Goal of the thesis

The goal of this thesis is to use liquid crystal in a planar cell in order to demonstrate shape
controlled colloidal interactions as well as in a form of micro-droplets to study the optical
microcavities. By mixing the colloidal inclusions into the LC new complex materials are
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created, which have attracted much attention in recent years. Liquid crystal colloids give
rise to unique topological properties in a controlloble way. The LCs in the from of microdroplets can be used as microresonators because of their various advantages: 1) The surface
of the droplets is smooth due to the surface tension, so there is no scattering of light. 2)
The molecular order and the long distance interaction provide easy and scalable fabrication
of optical devices. 3) It takes a fraction of a second to assemble optical components such as
add-drop filters by entangled topological defects. 4) They have large response to external
stimuli such as temperature, surface anchoring, electric and magnetic fields.
Various experimental and theoretical research groups are investigating topology and colloidal interactions in LC hosts, but it is difficult to control the creation and manipulation
of topological charges. In this thesis an optical glass fiber with few µm in diameter and
several hundred µm in length with normal surface anchoring in LC was used as a topologically simple object to solve a long-standing problem of controlled creation, manipulation
and analysis of topological charges in liquid crystal. A focused laser beam was used to
locally melt and quench the nematic liquid crystal, which leaves behind isolated topological
defects that are stabilized by the fiber. The defects were created in the form of point defects, charged loops, which can be drawn, manipulated, cut and fused together with a laser
under an optical microscope. This topological object gave us a chance to create, stabilize
and analyze the charged-neutral loops and provided the possibility to study the interaction
between monopoles with opposite topological charges and their velocity.
With the use of 3D laser lithography we fabricated complex-shaped photopolymerized
micro-colloids such as helix and ribbed cylinder. When these particles were inserted into a
planar nematic cell, several defect rings could be created in a small region. This possibility
arises from the wavelike shape of the particles, which traps the defect rings and prevents
the oppositely charged rings from moving close to each other and annihilating.
The well-controlled periodicity of chiral NLCs in µm and nm ranges and their response
to external stimuli offer the tunable and ominidirectional microlaser in the form of a microdroplet. The 3D tunable microlaser, which is fabricated with CLC as the resonant cavity,
fluorescent dye as the gain material and green pulsed laser as the external pumping was
studied experimentally a few years ago. Here, we have demonstrated the electric field tuning
of the lasing line in these microlasers.
The thesis is organized as follows. Chapter 2 reviews the theoretical approaches, which
are used to analyze the experimental results. In Chapter 3 the materials and experimental
methods were introduced. Chapter 4 deals with controlling the creation, manipulation and
analyzing the disclination defects and monopoles by inserting a topologically simple object
in NLC. The results were published in Nature physics [66] and European Physical Journal
E [121]. Further, the effect of the chirality of the LC on the topological defects around the
same object was studied. The stabilizing of the several defect rings with opposite topological
charges and a couple of µm away from each other, which have been demonstrated on a
micro-colloids such as helices and ribbed cylinders were studied in Chapter 5. In Chapter 6
the electric field and subsequent temperature tuning of the laser line in a CLC microdroplet
as a ominidirectional microlaser is shown [122].
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2.1

Theoretical background

Nematic orientational order

The distinguishing characteristic of the liquid crystalline state is the tendency of the
molecules to orient along a particular axis. The nematic liquid crystal consists of rodlike molecules that possess orientational order along the long molecular axis, known as a
director n. The director n is the average direction of the long molecular axis, which represents the optic axes of the system. To describe the degree of molecular alignment parallel
to the direction n, the molecules are considered as rigid rods with a unit vector u parallel
to the rod. We introduce the reference frame with z axis parallel to the director n and the
orientation of the single rod with polar and azimuthal angles, θ and φ, respectively.
ux = sin θ cos φ,

uy = sin θ sin φ,

uz = cos θ

The probability of finding the molecule in a solid angle dΩ = sin θdθdθ can be given by the
distribution function, f (θ, φ)dΩ. In an undistorted sample f (θ, φ) is uniaxial, thus, because
of the axially symmetric with respect to n, the distribution function is not depended on
φ, and the probabilities of the orientation of the molecules in both directions n and -n are
equivalent. The average orientation along n can be described by a second rank symmetric
traceless tensor with elements
1
(2.1)
Qij = hui uj i − δij
3
where δij is the Kronecker tensor, which is equal to one when i = j and zero for i 6= j.
Brackets <> denote the time and spatial average. For a disordered isotropic phase the Qij
is equal to zero, as < u2i >= 1/3 and < ui uj >= 0 for i 6= j. In the case of uniaxial phase,
like the nematic, the tensor elements can be rewritten [123] as


1
Qij = S ni nj − δij
(2.2)
3
with

1
S = h3 cos2 θ − 1i
(2.3)
2
S is the scalar order parameter and is a measure of the degree of molecular alignment along
the director. Its values lie in the interval [−1/2, 1], where S = −1/2 shows the molecules
prefer a position perpendicular to n, and S = 1 indicates the molecules are perfectly parallel
to n. S goes to zero in an isotropic phase.

2.2
2.2.1

Landau-de Gennes model
Free energy

The nematic orientational order varies with temperature and influence of external factors
such as boundary conditions or electric field or magnetic field. To describe these variations
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we need to write down a free energy of the system. The total free energy is constructed from
bulk free energy of the phase, nematic elasticity, influence of an electric field and surface
anchoring. Therefore, the total free energy is [124],
F = Fthermotropic + Fdistortion + Felectrostatic + Fsurf ace

(2.4)

The free energy density depends on the tensor order parameter Q and can be expressed as
Z
Z
F =
Fb (Qi , ∇Qi )dv + Fs (Qi )ds
(2.5)
V

S

Fb = Ft + Fd + Fe is the bulk free energy.

2.2.2

Nematic-isotropic phase transition

Above the critical temperature the nematic liquid crystal loses its directional order and
behaves like a liquid. This transition is known as nematic-isotropic (NI) phase transition.
Based on the Landau’s general description of a phase transition, Pierre-Gilles de Gennes
developed the phenomenological model for NI phase transition, the so-called Landau-deGennes (LdG) theory [13, 124, 125]. In the lowest order, the free energy volume density of
the nematic phase takes the form [13]
B
C
α
(T − TN∗ I )Qij Qji + Qij Qjk Qki + (Qij Qji )2
(2.6)
2
3
4
where α, B, and C are material constants that are independent of temperature, T is the
temperature and TN∗ I is super-cooling temperature that the isotropic phase can not be
present. Only the first prefactor α(T − TN∗ I ) contains the temperature dependence and
therefore drives the NI transition. In the nematic phase first and second prefactors are
negative.
The free energy density Ft can be expanded in powers of the order parameter by assuming uniaxial ordering of the nematic, Qij = S(3ni nj − δij )/2 and trace invariants of
Qij Qji = 3S 2 /2 and Qij Qjk Qki = 3S 3 /4. Therefore, one can write the Ft in terms of S:
Ft =

B
9C 4
3α
(T − TN∗ I )S 2 + S 3 +
S
(2.7)
4
4
16
In this Landau expansion the first term describes the transition, the second term ensure
the asymmetry of S, because the NI phase transition takes place in the interval [−1/2, 1],
so the distribution function is different for negative and positive values of S, and therefore
Ft (S) 6= Ft (−S) and the last term bounds the values of S from below. The equilibrium in
the system is found by minimizing the free energy with respect to S:
Ft =

S=0
B
S± =
2C

r
1±

!
4αC
1 − 2 (T − TN∗ I )
B

S = 0 corresponds to the isotropic phase. At S− , the free energy reaches maximum so
in that case, it is not an acceptable solution. S+ corresponds to a minimum in the free
energy and therefore is a stable solution. The phase transition temperature TN I is related
to the super cooling temperature TN∗ I via TN I = TN∗ I + 2B 2 /9αC. In this case four different
regions can be considered: (i) For temperatures T < TN∗ I , only nematic phase exists. (ii)
Temperature interval TN∗ I < T < TN I is corresponding to the nematic and super-cooled
isotropic phase. (iii) Temperature interval TN I < T < TN∗∗I with TN∗∗I = TN∗ I + B 2 /4αC is
corresponding to the isotropic state and super-heated nematic state. (iv) For temperatures
T > TN∗∗I , only the isotopic phase exists.
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Nematic elasticity

External forces, such as boundary forces, electric or magnetic fields, impose spatial variation of the orientational order. Therefore, any deformation of the director field increases
the distortional or elastic free energy Fd in comparison with completely uniformly aligned
nematic director. All bulk elastic deformations of a nematic phase can be decomposed into
three fundamental deformation modes called splay, twist and bend. These are schematically
depicted in Fig 2.1. The elastic free energy density Fd based on the order parameter tensor
in the Frank-Oseen form can be written [126, 127] as:
1
1
1
K11 (∇ · n)2 + K22 [n · (∇ × n) − q]2 + K33 [n × (∇ × n)]2
2
2
2
− K24 ∇ · (n∇ · n + n × (∇ × n)) + K13 ∇ · (n∇ · n)

Fd =

(2.8)

where K11 , K22 and K33 are elastic constants (or Frank constants) for different director
deformations and express splay, twist and bend, respectively. K13 and K24 are mixed
splay-bend and saddle-bend elastic constants, respectively, and will not concern us. The
constant q is related with the chirality of the liquid crystal, q = 2π/P , and P is the helical
pitch. In nematic liquid crystal q is equal to zero. To simplify this function one constant
approximation, K11 = K22 = K33 = K is used. The simplified free energy then written as:
1
Fd = K[(∇ · n)2 + (∇ × n)2 ]
2

(2.9)

The suitability of this approximation strongly depends on the material.

Figure 2.1: Three principle types of deformations for the director field. (a) splay, (b) twist and
(c) bend.

2.2.4

Influence of an electric field

The interaction between applied electric field and elongated molecules of LCs involves at
least two different mechanisms: (i) Anisotropy of the dielectric constant, (ii) Effect of the
spontaneous electric polarization, which is far less trivial [13, 124, 128, 129]. The dielectric
anisotropy is given by
∆ε = εk − ε⊥
(2.10)
The LC molecules may carry a permanent dipole moment which can be parallel or perpendicular to the long molecular axis n. In case of parallel, the dipole can be effectively
oriented by the electric field along the nematic axis as shown in Fig. 2.2(a). Therefore,
εk > ε⊥ , and the dielectric constant is positive ∆ε > 0. On the other hand , with a dipole
moment perpendicular to the long molecular axis the orientations tend to be perpendicular
to the electric field (see Fig. 2.2(b), and the dielectric constant is negative, ∆ε < 0.
The electric free energy density due to dielectric anisotropy is given by
1
1
Fe = − ε0 ε⊥ E · E − ε0 ∆ε(E · n)2
2
2

(2.11)
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Figure 2.2: Two possible configuration of molecular dipole moments. (a) The induced dipole
moment of the molecules is along molecular axis, thus dielectric constant is positive (∆ε > 0). In
this case the molecules are oriented parallel to the external electric field. (b) The induced dipole
moment of the molecules is normal to the long molecular axis, thus dielectric constant tend to be
negative (∆ε < 0), so their orientations are perpendicular to the external electric field.

The spontaneous polarization in LCs caused by asymmetric shape of polar molecules is
known as the flexoelectric effect. Splay and bend deformations of the nematic director give
rise to two independent flexoelectric coefficients (e11 , e33 ). The flexoelectric polarization in
terms of the director can be written as
Pf = e11 n · ∇n + e33 (n × ∇ × n)

(2.12)

In addition to the flexoelectric polarization associated with the gradient of orientation,
another macroscopic polarization in the NLC is order electricity, which is induced by the
gradients of the order parameter S. This polarization reads
Po = r1 (n · ∇S)n + r2 ∇S

(2.13)

where r1 and r2 are order electricity coefficients. The flexoelectric coefficients and order
electricity coefficients are related through e11 = e33 = Sē and r1 = ē, r2 = −ē/3. If S was
constant, only flexoelectric polarization would be present. The corresponding free energy
density is
Ff o = −Pf o .E
(2.14)
where Pf o is total polarization due to the flexoelectric and order electricity, and E is the
total electric field. Generally, the effects of this polarization is very weak

2.2.5

Surface anchoring

Liquid crystal molecules in the vicinity of the solid, liquid, or air interfaces feel a degree of
order. At the free surface of the NLC the molecules are oriented spontaneously along the
director n, but at the anisotropic interface the molecules are oriented along a particular
direction caused by surface specific treatment and is known as a easy axis ns . This phenomenon is called anchoring. The easy axis can be defined by polar angle θs and azimuthal
angle φs as shown in Fig. 2.3(a). One can distinguish three different alignments of the
liquid crystalline molecules near the surface as homeotropic, planar or tilted. Homeotropic
anchoring occurs when θs = 0. In planar case the θs = π/2, and if the φs is defined in
a unique angle the anchoring is homogeneous planar. In the case of tilted anchoring the
0 < θs < π/2 and φs is well defined. In this case if the azimuthal angle has no preferred
direction, the anchoring is conical [130, 132, 133].
Homogeneous planar alignment can be achieved by rubbing polymer layer on a solid
substrate such as glass. First, the polymers (polyimides or nylon) were dissolved in a solvent and spin-coated onto the substrate. Then, after evaporation of the solvent a thin layer

2. Theoretical background

13

Figure 2.3: Molecular anchoring at the interface. (a) Schematic diagram showing the director and
easy axis. (b) The planar alignment of LC molecules due to treatment of a surface with rubbed
polyimide. (c) Homeotropic alignment achieved by coating a substrate with a surfactant.

remains on the glass which is optically transparent. The glass is cured at high temperature
(around 80 ◦ C) for some time. The substrate is rubbed by velvet cloth in one direction
for five times with constant pressure and velocity. This procedure creates micro grooves
along rubbing direction, thus inducing anisotropic surface properties and a preferred direction. The liquid crystal molecules interact with oriented polymer chains and therefore
homogeneously align along the grooves as shown in Fig. 2.3(b).
To achieve homeotropic alignment, the glass plate was generally coated with a monolayer
of surfactant such as lecitin or silane. The polar head of the surfactant is chemically coupled
to the glass substrate and the hydrocarbon tails point out normal to the substrate and force
the nematic molecules to be oriented in homeotropic fashion by intermolecular interaction
(see Fig. 2.3(c)).
The LC in contact to the isotropic phase such as clean glass, water, gas or isotropic
phase of LC itself endure planar, homeotropic or conical anchoring.
To describe the interaction between the interface and LC, one should calculate the free
energy density Fs (θs , φs ) associated with the anchoring. The director n is specified by the
polar angle θ and the azimuthal angle φ. The surface free energy of the nematic phase
is minimal when θ = θs and φ = φs , thus ∂Fs /∂θ|θ=θs = 0 and ∂Fs /∂φ|φ=φs = 0. The
anisotropy of the surface energy is a characteristic feature of LC and shows the used energy
for deflecting the director from the easy axis. Therefore, the anisotropy part of surface
energy is known as anchoring energy. For small deviation the anchoring energy is given
by [131]
1
1
(2.15)
Fs = Wp sin2 δθ + Wa sin2 δφ
2
2
where δθ and δφ are the angles between director n and easy axis ns , with deflection of n
from ns in the polar angle and azimuthal angle directions, respectively. Wp and Wa are
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polar and azimuthal anchoring strengths, respectively. For small θ − θs and φ − φs , we can
consider the approximations sin2 δθ = sin2 (θ − θs ) and sin2 δφ = sin2 (φ − φs ). Therefore
the anchoring energy density is written as
1
1
Fs = Wp sin2 (θ − θs ) + Wa sin2 (φ − φs )
2
2

2.3

(2.16)

Topological defects in liquid crystals

In nematic liquid crystals, defects appear as lines, called disclinations, or points, called
hedgehogs, which are the result of frustration in the molecular orientations. Defects cause
strong distortions of the nematic profile, hence, they are energetically unfavorable regions.
Therefore, defects prefer to annihilate very fast after creation except if they are stabilized
by surface conditions such as particles or cell surfaces or if they are trapped by external
electric or magnetic fields. Using topology, to describe line defects, one can attribute a
topological invariant called winding number, whereas the point defects can be characterized
by a topological charge. The defect lines in form of the loops are topologically equivalent to
points (see Fig. 2.4). In Fig. 2.4 (left panel) a point defect with +1 topological charge is
shown, which can transform continuously into defect loop (right panel) with equal topological charge and corresponding winding number +1/2. The winding number is introduced

Figure 2.4: Continuous transformation between point defect and defect loop. The point defects
can be continuously transformed to the defect lines in the form of loops, as they are topologically
equivalent. Image is provided by Miha Ravnik.

as the ratio s = α/2π, where α is the angle which is defined by the rotation of the director
field in the plane around the disclination line, and it is characterized with an integer or
semi-integer number [3, 36]. Two typical examples of winding numbers are shown in Fig.
2.5(a). The disclinations with winding numbers (strength) of +1/2 or −1/2, representing
rotation of director by 180 ◦ or −180 ◦ respectively. In these disclination configurations the
director is n = (cos φ/2, ± sin φ/2, 0), where φ is the azimuthal angle in the xy plane. The
energy per unit length of such disclination lines can be calculated [41, 42] as
π
Fd = K
4



1
R
+ ln
2
rc



where R is the sample radius, and rc is the radius of the disclination core.

(2.17)
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Figure 2.5: Schematic representation of the disclination lines and hedgehogs. (a) The winding
number counts the number of turns of the director on a fictitious loop around the disclination, as
k = α/2π, with α marked in each example. (b) Schematic representation of point defect of +1
and −1 topological charge.

The point defects are characterized by an integer topological charge q which are defined
as an integral over a surface σ enclosing the defect core [134].


Z
∂n
∂n
1
εijk n.
×
q=
dri2
(2.18)
8π σ
∂xj
∂xk
where εijk is the Levi-Civita symbol and xi are the Cartesian coordinates. Topological
defects with a sign of − and + are normally known as defects and anti-defects, respectively.
Two typical point defects with topological charges of +1 and −1 are schematically presented
in Fig. 2.5(b). The defects with same topological charge repeal each other, while with
opposite topological charge attract each other and annihilate. The total topological charge
is always conserved and it obeys a conservation law analogous to the conservation of electric
and other physical charges. Therefore, through the creation of the topological defects,
always a pair of topological charges with opposite sign is created, and defects can only
annihilate if two of them with opposite sign reach to each other. Furthermore, a single
charge is always stable and can not be eliminated.
Fig. 2.6 shows a thin liquid crystalline film (about 10 µm thickness ) sandwiched between
glass slides under a crossed polarizer. The texture is known as Schileren texture. The black
bands which are called brushes, arise where the optical axis in the layer is either parallel or
perpendicular to the direction of incident polarized light. One can distinguish the different
types of singularities by the number of brushes, |S| = number of brushes/4, and the sign of
them can be characterized by the rotation of the polarizer [135].

2.4

Dynamics of the topological defect

The dynamics of disclinations or point defects has been studied both theoretically [137–
140] and experimentally [141–144]. In liquid crystal as the topological defects are moving
within a liquid, hydrodynamics plays an important role in their dynamics. Due to the
defect movement the director field is changing, thus, the coupling between director field
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Figure 2.6: Schlieren texture in nematic liquid crystal. The singularities with four dark brushes
indicate the ±1 point defects, and with two dark brushes indicate ±1/2 disclination lines [136].

and velocity field (so called backflow) may affect their motion. The disclinations or point
defects can be created by quenching the liquid crystal confined between two glass plates from
the isotropic phase at a temperature a little (∼ 0.2 ◦ ) higher than the transition point to the
nematic phase at a temperature about 0.2 ◦ below the transition point. Fig. 2.7(a) shows
a pair of defects of topological strength ±1/2 in NLC. Their position during annihilation
as a function of time is shown in Fig. 2.7(c). The upper curves indicate the +1/2 line
defects and the lower curves indicate the −1/2 line defects. The dashed trajectories were
obtained with the flow field switched off. So the two defects move with the same speed and
annihilate halfway between their initial positions. Considering the effect of the backflow,
it introduces a substantial difference between the velocities of the defects with different
topological charges. The backflow is originating from two sources. The first source, one
has to consider the defect core. As the order is suppressed in the core, the viscosity at
the core increases and the motion of the core induces vortices similar to the movement of
the solid cylinder through the fluid. The flow is in the direction of the defect propagation
at the core and is independent of the sign of the defect. The second source is originating
from the reorientation of the director field away from the core, which is dependent on the
sign of the defect. These two sources amplify in one case and partially cancel in the other
and result in the anisotropy. Therefore, the velocity vortex is strong around +1/2 defect
with a flow pointing toward the direction of the defect motion, and much weaker around
the −1/2 defect, which is pointing opposite to the direction of the defect propagation (see
Fig. 2.7(b)). Because of the speed anisotropy the defects do not reach to each other in the
middle of their initial positions. In Fig. 2.7(c) the solid curve and the doted curve indicate
the speed anisotropy for different viscosities. The change of the elastic constant can also
affect on the velocity anisotropy even when the backflow effect is not considered, but this
effect is smaller [138].
In the experiments when the sample is quenched a Schlieren texture is created which
includes many dislclination pairs with strengths of ±1/2 or ±1. To maintain the conservation of the total topological charge, the disclinations appear in pairs. Fig. 2.8 (a) shows
typical disclinations under cross polarizers with two white and black brushes characterized
with strengths of ±1/2. A pair of disclination with strengths of ±1 with four white and
black extinction brushes are shown in Fig. 2.8 (b) under a polarizing microscope.
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Figure 2.7: Dynamics of disclination defects. (a) Director field of two diclination defects with
strength ±1/2. (b) Velocity field of the two annihilating defects. (c) Positions of the annihilation
of the defects as a function of time. Upper curves and lower curves indicate the +1/2 and
−1/2 disclination defects, respectively. The dashed line presents their annihilating position in
the absence of backflow and the solid and doted lines indicate their position in the presence of
backflow for different viscosities [138].

Figure 2.8: Annihilation of disclination pairs. The polarized micro-graphs of annihilation of the
disclination pairs with strength ±1/2 [141], (a) and ±1 (b) [142].

2.5

Colloidal interactions in liquid crystals

Here, we focus on the interaction between solid particles with normal surface anchoring in
planar cell. When small particles are immersed in LC, the director field is disturbed and LC
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molecules are oriented in the most energetically favorable distribution. When more particles
are exposed close to each other in LC, their region of distortion start to overlap. This means
that the particles feel each other through the distortion around them and the total energy
of the system depends on the particle separation and the elastic force between them. In the
experiments we can calculate the effective elastic force acting on a particle from attractive
or repulsive interaction, by analyzing the particle positions using video microscopy [145].
Since the acceleration of the particle is very small, the total applied force on a particle is
equal to zero, thus, drag force is balanced by structural force. The attraction or repulsion
force on the particle is equal to the viscous force and given by


∂rk
∂r⊥
+ η⊥
(2.19)
F = 6πRef f ηk
∂t
∂t
where the ηk and η⊥ are intrinsic viscosity coefficients along or perpendicular to the director.
∂ri is the trajectory of the particle, ∂ri /∂t is the corresponding velocity of the particle, and
Ref f is the effective radius. Both viscosities in two perpendicular directions, can be determined by calculating Brownian motion of the single particle. By using video microscopy
and particle tracking [145], Brownian motion of the particle can be calculated [146]. The
probability of the particle diffusion in distance δ and time τ obeys the Gaussian distribution

2 !
δ
P (δ | τ ) = P0 (τ ) exp −2
(2.20)
w(τ )
)
√
is the width of the distribution. The
where P0 (τ ) is a normalization constant and w(τ
2
2
= 8Dk/⊥ τ , and D is
distribution width is related to self-diffusion coefficient, D, by wk/⊥
related to intrinsic viscosity coefficient η by Stokes-Einstein relation

Dk⊥ = kB T /6πηk/⊥ R

(2.21)

where kB is the Boltzmann constant and T is the temperature. Therefore, from values
of wk/⊥ one can calculate Dk/⊥ and hence the intrinsic viscosity coefficients, ηk/⊥ , of the
NLC. In order to determine potential energy of the particle, the integration of the force is
calculated over separation.
When more particles are brought together, three various types of interaction between
the particles may occur depending on the defect around them: (i) dipole-dipole interaction,
(ii) quadrupole-quadrupole interaction, (iii) dipole-quadrupole interaction. The particles
spontaneously assemble, mostly, chainlike structures. Moreover, some parts of the sample
self-assemble into region of quasiordered regular 2D structures. Using laser tweezers [149],
individual colloidal particles can be assembled in regular 2D or 3D structures. [61,150,151].
Dipole-dipole pair interaction depends on the LC profiles in the vicinity of those two
particles [150, 152–154]. When two dipoles which each consist of a particle and a hedgehog
are positioned collinearly along the nematic director and oriented in the same direction,
they will attract each other with a very strong long-range force. At a shorter distance,
the magnitude of attractive force decreases and finally force becomes repulsive due to the
presence of a hedgehog in between. The unpolarized optical micro-graphs of the attraction
of these dipoles are shown in Fig. 2.9(a), and the corresponding potential is represented
in Fig. 2.9(c), resulting in the pair binding energy of ∼ 5000kB T , and the force in the
log-log plot with the 1/r4 law. When the direction of the upper topological dipole is
reversed, the particles pass a curved trajectory, indicating strongly anisotropic attraction
(see Fig. 2.9(b)). In this case also the pair binding energy is ∼ 5000 kB T (Fig. 2.9(c)).
A different structure for two anti-parallel dipoles was occasionally observed. In this case
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Figure 2.9: Interaction between two dipolar colloidal particles. (a) Two dipoles were aligned in
a head-tail arrangement by laser tweezer at the initial separation of ∼ 10 µm. The particles are
attracted along the straight line. (b) The anti-parallel configuration when the hedgehog defects
of the particles face each other. The particles attract each other over the curved trajectories and
reach together at angle α = 36 ◦ with respect to rubbing direction. (c) The potential between two
particles with parallel (circles) and anti-parallel (squares) orientations of their dipoles measured
along their trajectories. The inset presents the force between two dipoles with parallel orientation
in the log-log plot [150].

there are narrow strings of birefringent regions between the colloids instead of two distinct
hyperbolic defects. This configuration is known as Bubble-gum defect which was described
by Poulin et al. [152]. Fig 2.10(a) shows unpolarized micro-graph of two particles with
Bubble-gum defect between them under optical microscope and Fig 2.10(b) represents the
schematic configuration of the defect. In this structure the particles stick to each other with
two birefringent strings between them. When this structure has formed, one can stretch
it similar to chewing gum by separating the particles. That is why they call it bubblegum defect. Fig. 2.10(c) shows the sequence of ferrofluid droplets which are separated by
applying magnetic field [152]. The birefringent strings between them are clearly visible.
Quadrupolar pair interaction results in the formation of linear and chainlike colloidal
structures perpendicular to the rubbing direction [53, 61]. The particles with closed disclination line (Saturn-ring) spontaneously aggregate in NLC and form quadrupolar kinked
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Figure 2.10: Bubble-gum defect. (a) Bubble-gum defect where an escaped non-singular defect
ring is positioned between the colloidal particles. (b) Schematic representation of the director
field around particles. (c) Sequence of optical micro-graphs of particles separated by the bubblegum defect [152].

chain or straight chain directed at a certain angle with respect to the rubbing direction
(Fig. 2.11(a)), or in the some cases, quasiordered 2D crystalline areas (Fig. 2.11(b)). The
laser tweezers were used to arrange regular structure from the quadrupolar colloids. The
interaction force between two quadrupolar colloids has a power-law dependence, F ≈ 1/r6
[155, 156].

Figure 2.11: Self-assembled quadrupolar colloids. (a) The quadrupolar colloids are spontaneously
assembled as kinked chains or straight chains. (b) 2D quadrupolar self-assembled area which is
shown in the encircled region [53].

The co-existence of both dipolar and quadrupolar colloids results in different kinds of
colloidal interactions [157, 158]. There are three stable pair configurations as shown in
Fig. 2.12. Fig. 2.12(a) shows the first pair interaction, where the dipole is attracted
to the quadrupole along the director. In this case, the hedgehog point defect is positioned
between the colloids. Another configuration is obtained when the hedgehog defect is located
on the other side of particle. The interaction between the dipole and the quadrupole is
strongly repulsive. Two other stable and symmetric pair configurations are formed, where
the particles are located sidewise as presented in Fig. 2.12 (b) and (c). In these cases, the
dipole is attracted to the quadrupole from the side at a certain angle. The interaction force
between dipolar and quadrupolar colloids also has a power-law dependence, F ≈ 1/r5 [157].
As a general conclusion for the interaction force between two particles, it can be said
that the elastic force is F = ±C/rn , where C is a constant, r is the distance between the
particles, and n depends on the type of the interactions. n = 4 is for dipole-dipole, n = 6
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Figure 2.12: Dipole and quadrupole interaction. (a) A pair of dipole-quadrupole colloidal particles, attracted along the LC director. (b) and (c) Symmetric dipole-quadrupole pair interactions
obtained in a direction perpendicular to the bulk director [158].

is for quadrupole-quadrupole, and n = 5 is for dipole-quadrupole interactions.
Three more different types of multipole elastic interaction are theoretically predicted in
the NLC cell: monopole-monopole (Coulomb type), monopole-dipole, monopole-quadrupole
[159]. It has been shown that the monopoles interaction does not depend to the type of
the cell and is the same in the homeotropic and planar nematic cell and converges to the
Coulomb law by increasing the thickness, L → ∞. In addition, the interaction between nonspherical colloidal particles has been studied theoretically and experimentally [62,159–164].

2.6

Colloidal entanglement

The colloidal interactions between dipolar and quadrupolar particles, which are studied
above, are based on elastic deformations created by localized defect structures. In the case
of colloidal entanglement, the particles are assembled in NLC by delocalized defect [165,166].
In this case, one or several defect lines encircle two or many colloidal particles and strongly
bind them together. The entanglement between spherical micro-colloids has been studied
theoretically and experimentally by quenching the NLC around micro-spheres with highpower lasers [65]. Two colloids are enclosed with one or two loops after the quench to the
nematic phase from isotropic phase. Fig. 2.13(a) shows the dense tangle of topological
defect loops, which are created after quench. After annihilation of the defect loops, three
different kinds of entanglements are found in a fraction of a second shown in Fig. 2.13(b-g):
figure of eight; figure of omega; figure of theta or entangled point defect.
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Basic principle of lasers

The word“laser”is an acronym for Light Amplification by Stimulated Emission of Radiation.
The laser is a light source based on the stimulated emission, that produces strong beams of
light which are monochromatic, coherent, and collimated. The high spatial and temporal
coherence allows the laser to be focused to a very small spot and very narrow spectrum
over long distances. A laser consists of a gain medium which has potential to amplify
the light, an excitation system to supply energy to the medium, and optical resonator to
provide optical feedback [167, 168]. The easiest laser model is the two level system, that
has only two available energy levels E1 and E2 , separated by some energy difference which
can be considered in term of the photon energy, ∆E = E2 − E1 = hν0 . The total number
of electrons in two levels is N = n1 + n2 , where n1 is the number of electrons in the lower
state and n2 is the number of electrons in the upper state. In thermal equilibrium these
two populations will be related by the Boltzmann factor:


(E1 − E2 )
n2
= exp
(2.22)
n1
KT
In the interaction of radiation with matter, three basic processes are possible in a two level
system: spontaneous emission, stimulated emission and stimulated absorption. Spontaneous emission is the process where an electron spontaneously decays from higher energy
to a lower one with emitting a photon of energy hν = E2 − E1 . So the population n2 of
the level E2 decreases. The rate of decrease in state 2 per unit time due to spontaneous
emission will be:


dn2
= −A21 n2
(2.23)
dt sp
This process is independent of the field environment. A21 is the Einstein A coefficient
which gives the probability per unit time that an electron from state 2 decays spontaneously

Figure 2.13: Colloidal pair interaction in planar nematic cell. (a) A dense tangle of topological
defect loops after quench. (b) Figure of eight entangled pair with single twisted defect line. (c)
Figure of omega entangled pair with single defect loop which can brake into two loops and creates
figure of theta (d). (e-g) The numerical simulation results of three entangled defect structures [65].
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to state 1, emitting a photon with energy hν. Stimulated emission is the process where
an electron in the level E2 is stimulated by the photon to drop to the level E1 . The rate
of stimulated emission is proportional to the number of electrons in level E2 and to the
density of the radiation field ρ(ν).


dn2
= −B21 n2 ρ(ν)
(2.24)
dt se
where B21 is the Einstein B coefficient which gives the probability of the transition of an
electron from state 2 to state 1, emitting a photon of energy hν per unit time per unit
spectral energy density of the radiation field. Stimulated absorption occurs, when the atom
is in its lowest energy. The photon with an energy hν = E2 − E1 interacts with the atom,
causing an electron to raise from a lower energy level to the higher one. The process is
described by the Einstein coefficient. The transition rate is


dn1
= −B12 n1 ρ(ν)
(2.25)
dt ab
In nondegenerate energy states, the coefficients B12 and B21 are equal (B12 = B21 = B).
As the population densities n1 and n2 are constant in time, one obtains [168]
A
8πhν 3
=
B
c3

(2.26)

where the h is the Planck constant and c is the speed of light in vacuum. Note that the
rates dn2 /dt = n2 B21 ρ(ν) and dn1 /dt = n1 B12 ρ(ν) are different because of difference in n1
and n2 . To operate the laser, it is necessary that n2 be greater than n1 which leads to an
increase in ρ(ν), thus an amplification. This concept is called population inversion.

2.7.1

Distributed feedback lasers

Unlike the conventional laser where resonator is formed by two end mirrors, the distributed
feedback (DFB) laser has a periodic modulation of the refractive index of the gain medium,
or of the gain itself [169–171]. These modulations provide the feedback between the waves
in the active medium required for stimulated emission. Fig. 2.14 is a simple representation
of the operation of a DFB laser. Two waves which are specified by arrows are traveling to
the right and left. When one wave is traveling through the periodic structure, it receives
the light at each point from oppositely traveling wave by Bragg scattering. This provides a
feedback which is distributed throughout the length of the structure. As there is a gain in
the structure, with sufficient feedback there will be an oscillation. Based on the photonic
band gap principle, a narrow band of wavelength will be reflected and therefore the single
laser mode will appear.
Here the mechanism of DFB laser is briefly explained by coupled wave model. We
assume periodic spatial variation of the refractive index n(z) or of the gain constant α(z)
of the form
n(z) = n + n1 cos 2β0 z
(2.27)
α(z) = α + α1 cos 2β0 z

(2.28)

where n and α are the average values of the parameters of the active medium, n1 and α1
are the amplitude of the spatial modulation, and β0 is the Brag wave number. The Bragg
wave number is
β0 ≡ nω0 /c = nω/c
(2.29)
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Figure 2.14: Schematic representation of DFB structure. Counterpropagating waves grow because
of the presence of gain and they obtain energy due to the Bragg scattering.

which implies a spatial periodicity π/β0 equal to half the wavelength λ/n of the light in
the medium. ω is the oscillation frequency and ω0 is the Bragg frequency. An infinite set
of diffraction orders are generated due to periodic perturbation of the active medium. It
is assumed that the DFB laser oscillates near the Bragg frequency, thus only two orders
are in phase and the others are negligible [170]. Because of Bragg scattering these two
counterpropagating waves grow and their interacavity field can be written as
E(z) = A(z) exp(iβ0 z) + B(z) exp(−iβ0 z)

(2.30)

where A and B are the amplitudes of the forward and backward propagation waves. With
∂2
2
inserting the Eq. 2.30 into the wave equation, ∂z
2 + k E = 0, the coupled wave equations
can be obtained [170]
dA
= (α + iδ)A + ikB
(2.31)
dz
dB
= −(α + iδ)B − ik ∗ A
(2.32)
dz
where α is the amplitude-gain coefficient and δ is a normalized frequency parameter given
by
δ ≡ (β 2 − β02 )/2 ≈ β − β0 = n(ω − ω0 )/c
(2.33)
At the Bragg condition as the frequency departures are small the δ is equal to zero. The k
is coupling coefficient which is defined by
k = (π∆n)/λ0

(2.34)

where ∆n is the index modulation of the periodic structure. For a laser with given coupling
k and structure length L, we can obtain threshold gain constant α and a resonant frequency
δ by solving the coupled wave equations [170]. The main reflection peak corresponds to the
band gap where the propagation of wave is forbidden. Outside the band wave propagation
is allowed and the reflectivity decreases. As the band edge defines the extremes of the band
gap, with certain k and L the reflection spectrum at the band edge can be achieved [172]
by
(kL)2
rband edge =
(2.35)
1 + (kL)2
and the width of the band gap is given by
∆λband
where n̄ is the mean refractive index.

edge

=

∆n
λcenter
n̄

(2.36)
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Cholesteric liquid crystal laser

Similar to conventional laser system, the CLC laser consists of three fundamental properties: a resonant cavity; a gain medium; and a pump source. The resonant cavity in CLC
forms spontaneously and intrinsically by self-assembling chiral nematic helix. This chirality provides distributed feedback, and refers to photonic band-gap materials. Imagine the
linearly polarized light with the wavelength of the order of the pitch is incident parallel to
helical axis of the CLC. The light can be considered as consisting of two circularly polarized
waves with opposite handedness. The circular polarized wave with the same handedness
of the helix rotation, reflects from the structure and creates the PBG. This reflection wave
is known as selective reflection. For the other circular polarized light with the opposite
handedness, the light is transmitted. The model introduced in the previous section can be
used to calculate the reflection spectra from CLC cell (Eq. 2.35) [173]. In this case, L is
the thickness of the cell and ∆n is the birefringence. The width of the band gap is defined
by the pitch P of the CLC according to
∆λ = ∆nP

(2.37)

∆n = ne − no

(2.38)

where
and the wavelength of selective reflection λ is given by
λ = nP

(2.39)

where

no + ne
(2.40)
2
is the average of the refractive indices of the CLC. An organic laser dye is dissolved into
the CLC, which acts as a gain medium. The dye is excited by the external laser as a pump
source with the wavelength close to the maximum absorbance of the dye. The dye molecules
will absorb the laser light and will fluoresce and emit light at a range of wavelengths. Above
a certain threshold, the selective reflection from the CLC will provide resonance at a specific
wavelength, therefore the stimulated emission will occur. Moreover, in order to achieve laser
action, one edge of the PBG must overlap with the maximum fluorescent spectrum of the
laser dye. The short wavelength edge (SWE) and the long wavelength edge (LWE) are not
equivalent for LCs, and this is related to the alignment of the dye to the LC directors. The
schematic representation of the pumped laser, PBG, fluorescent spectrum of dye, and the
lasing are shown in Fig. 2.15. The laser emission always occurs in the direction parallel to
the helix axis of the LC irrespective of the angle of incident pumped laser beam (see Fig.
2.16) The recent reviews on this subject can be found in Ref. [174, 175].
n=

2.8

Optical microcavities

Optical microcavities are based on light confinement in small volumes by total internal reflection or by distributed Bragg reflection. Ideally there is no loss of light from microcavity,
but practically nulling the cavity losses is very hard. Optical microcavities have attracted
much attention for their role in integrated optical circuits. They were applied near to the
waveguide devices to coupling light between them, and they were used for different applications such as optical filters, micro lasers, and nonlinear devices [29, 176–184]. The number
of modes and their frequency is an important property of the microcavities. Microcavity
with high storage capability and low loss is more effective.
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Figure 2.15: Schematic representation of the important wavelengths in CLC laser. Green arrow
indicates the pumped laser wavelength which is close to maximum absorbance of the dye. The
band edges are shown with red arrows. The wavelength of LWE matches with the maximum
fluorescent spectrum of the laser dye, so the lasing will occur in this edge.

Figure 2.16: Lasing in CLC. The CLC is pumped with a laser (green beam) in an arbitrary
incident angle. The laser emission occurs in the direction of the pitch axis (red beam). Adapted
from Ref. [174]

One kind of microcavities which is based on total internal reflection is made from
transparent micro-spheres such as NLC droplets or silica micro-spheres with diameter of
15 − 80µm. In this case the refractive index of the micro-sphere is bigger than the index
of outside medium, therefore, the light is trapped inside sphere due to the total internal
reflection. The confined light circulates within the sphere and after one round trip returns
to the same point with the same phase, forming resonant standing waves. These resonant
modes are known as Whispering gallery modes (WGM).
Three different parameters are considered to show the efficiency of the microcavity: (i)
free spectral range (spectral mode separation); the modes are separated by free spectral
range (F SR) defined by cavity round trip length (L) and a given refractive index (nef f ),
F SR ∝ 1/nef f L. The large F SR is more favorable in most cases [185]. (ii) mode volume
(spatial confinement); the mode volume indicates the volume that electric field of each mode
occupies in the microcavity. Microcavities can confine light to small volumes effectively and
causes strong light-matter coupling. (iii) quality factor (temporal time); the energy stored
in the cavity, relative to energy loss per optical cycle, known as a quality factor (Q).
Other kinds of microcavities based on Bragg reflection are constructed from a periodic
structure. Spherically symmetric Bragg resonators have been studied theoretically for several years [186–188], and recently the CLC microdroplet with periodic modulation of the
refractive index is used as a spherical Bragg onion resonator to confine the light into the
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center of the microdroplet [29].

2.8.1

Quality factor

The quality factor can be defined via energy storage or resonance bandwidth. The Q-factor
via energy storage is given by
Q = 2π

energy stored
energy lost per optical cycle

(2.41)

This definition does not specify the type of the system, therefore, it is quite general. Since
the energy density is u(t) ∝ e−t/τ , and energy lost is −du(t)/dt ∝ 1/τ e−t/τ , and optical
period T = 2π/ω, the Q-factor can be also expressed as
Q = ωτ

(2.42)

where ω is the resonance frequency, and τ is decay time. The Q-factor via resonance
bandwidth can be calculated as
λ
(2.43)
Q=
∆λ
where λ is the resonance wavelength and ∆λ is the full-width at half-maximum (FWHM)
of the resonance lineshape.

2.8.2

Bragg microcavities

To obtain the modes in spherical and isotropic Bragg microcavity, first the Maxwell equations were considered for one of the spherical layers with permeability µ and permittivity
ε [187]
∇ × E = iµk0 H
(2.44)
∇ × H = iεk0 E

(2.45)

where k0 = ω/c, and c is the velocity of light in vacuum. The spherical wave is presented as
a superposition of two waves, so called TE and TM waves. For the TE wave, the product
of radius and radial component of the magnetic field is given by
∇2 (rHr ) + εµk02 rHr = 0

(2.46)

∇2 (rEr ) + εµk02 rEr = 0

(2.47)

and similarly for TM wave is

To solve the above equations, the spherical harmonics are used. For TE mode the electric
and magnetic fields of spherical wave can be written as


m |m|
∂ |m|
E = −µk0
P (cos θ)eθ + i Pl (cos θ)eϕ V (r)eimϕ
(2.48)
sin θ l
∂θ




l(l + 1)
∂ |m|
im |m|
1 ∂
|m|
H=
V (r)Pl (cos θ)er +
P (cos θ)eθ +
P (cos θ)eϕ
(rV (r)) eimϕ
r
∂θ l
sin θ l
r ∂r
(1)

(2)

where V (r) = Ahl (kr) + Bhl (kr) is related to the Hankel functions. A and B are
constants and k = nω/c where n is the refractive index of the medium. l is the orbital
momentum and m is the integer number from −l to l. l = 0 corresponds to fully spherically
symmetric electromagnetic wave, which does not exist. The electric and magnetic fields for
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Figure 2.17: Bragg microcavities. (a) A typical spherical Bragg microcavity. (b) A microcavity
with defect in the center. (c) A microcavity with shell defect.

TM mode can be obtained by replacing of E and H, and substitutions of −µ and ε. To
calculate the TE and TM modes in whole layered structure the transfer matrix technique
is used. In this way the transmission and reflection coefficients are also calculated [187].
The reflection coefficient of the reflected spherical wave from spherical interface is independent from the order of the layers similar to the normal incident plane wave on the plane
interface. In the case of plane wave, a structure with two alternating layers with different
refractive indexes ni (i = 1.2) is a Bragg reflector, where the thickness of the alternating
layers di corresponds to the quarter of the wavelength and therefore satisfies the Bragg relation, di = πc/2ωBR ni . Whereas, in the spherical case, the thickness of each layer depends
on its position in the structure. The thickness of the layers corresponds to the quarter of
the actual wavelength, that changes with the distance from the center.
Shown in Fig. 2.17 three configurations of spherical Bragg microcavities include: (i) A
typical spherical Bragg microcavity, in which the periodic structure starts from the center
to the exterior boundary (Fig. 2.17(a)). In this case the modes are delocalized and occupy
the most of the microcavity. The frequencies of the modes lie on the edge of the bandgap
or near the bandedge, thus known as bandedge modes. (ii) existence of the defect in the
center, in which a central sphere with diameter of half wavelength or larger is surrounded
by periodic structure (Fig. 2.17(b)). The central sphere can have the refractive index
which is the same or different from the layers. In this case the optical modes are confined
into the central region, and the resonance frequencies are achieved in the PBG frequency,
therefore called bandgap modes or defect modes. (iii) A shell defect, in which this shell is
surrounded by inner and outer periodic structure (Fig. 2.17(c)). The shell defect is either
thicker or it has different refractive index than the layers. The confined modes into this
layer is similar to WGMs. Among these structures we are interested on the first type. All
these structures have been studied in 2D and are known as circular, disk and ring Brgagg
microresonators [188].

2.8.3

Structures in chiral nematic droplets

Chiral nematic droplets with planar surface anchoring exhibit six different orientational
profiles with specific configurations of the director profile and the topological defects [189]:
(i) the radial spherical structure, (ii) the diametrical spherical structure, (iii) the bipolar
structure, (iv) the planar bipolar structure, (v) the Lyre structure, (vi) the Yeti structure.
The difference between structures is due to of the number and position of the defects
and the symmetry of the director field.The radial spherical structure is observed in many
experiments and also known as spherulitic texture or the Frank-Pryce model [190] which
is more interesting for us. In this structure the twist axes are everywhere radial and the
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+2 disclination is found which is composed of two λ+1 defect lines forming double helix
as shown in Fig. 2.18. The disclination line emerges from the center of the droplet to the
surface in any direction. In the case of perpendicular it is easily visible under the microscope
(Fig.2.18, upper panel), but in the case of parallel the defect line is not visible and only the
spiral structure can be seen (Fig. 2.18, lower panel). The components of the disclination
line at the surface end with a singular surface boojum defect, but in the center they fuse.
The disclinetion line starts from one of the surface defects toward the center and winding
around itself in the center and back to the other surface defect [189].

Figure 2.18: Numerical representation of the radial spherical structure in chiral nematic droplets.
The director field is presented as light blue cylinders. The splay-bend parameter is visualized as
blue and yellow isosurfaces. The insets show the director at marked cross-sections (right panels)
and polarization micrographs of the chiral nematic droplet with defect line perpendicular to the
viewing direction (left-upper panel), and parallel to the viewing direction (left-lower panel) [189].
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Materials and experimental methods

3.1

Liquid crystals, chiral dopants, dyes, carrying medium

Different NLCs are used as the materials to perform the experiments. A commonly used
NLC is 5CB ( 4-cyano-4-pentyl-1,1-biphenyl, Nematel, Germany). Since 5CB has low
nematic-isotropic transition temperature, it is used to study defects around shape controlled colloids. Low birefringence LC mixture MLC-7023 (Merk) is used to make LC
microcavities. The LCs used in these experiments have positive dielectric anisotropy.
Liquid crystal
5CB
MLC-7023

no
1.54
1.46

ne
1.71
1.53

∆n
0.17
0.07

Cr → N
24 ◦ C
ND

N →I
35 ◦ C
80 ◦ C

Table 3.1: Liquid crystal parameters: Refractive indices measured at room temperature

Chiral dopants are used to induce helical twist in the nematic liquid crystals. The pitch
of the NLC helix is controlled by varying the concentration of added chiral dopants. We
mixed small amount of CB15 with 5CB for investigation of defects lines around micro-fiber.
The other dopant used to make cholesteric LC droplets for lasing experiments is S-811. We
made mixture of MLC-7023 with different concentration of S-811 from 1wt% up to 25wt%.
S-811 is powder at room temperature, so after adding this dopant to the LC we heated the
mixture to the isotropic phase and mixed it for few minutes in order to have uniform pitch
and wavelength of reflection band.
LC microcavities were doped with 0.3wt% fluorescent dye Nile red (7-diethylamino-34benzophenoxazine-2-one, Sigma, Aldrich). We used a green pulsed laser as an excitation
source (532 nm) and the dye doped liquid crystal as a lasing medium. The Nile red was
chosen because it has strong absorption in green spectrum and emission in red and also
good solubility in most LCs.
To dope the LC with dye a small amount of dye was weighted and added to the LC.
The LC was heated to the isotropic phase and mixed. After cooling to room temperature
the mixture was centrifuged and the non-dissolved dye sedimented on the bottom of the
mixture. To use the dye doped LC we took the material from the top of the mixture in
order to avoid non-dissolved dye crystals in the LC. As we can not weight the sub milligram
quantities precisely, first the high concentration of dye doped liquid crystal was prepared
and then diluted.
To make LC dispersion it is important to find the suitable carrier medium. We found
that the glycerol is a good candidate for our experiment. Because of its viscosity the
formation of LC droplets is easily possible by mechanical mixing. But this viscosity is not
enough to prevent the movement of LC droplets under applied electric field. In order to
increase the viscosity of glycerol 25wt% of PVP (polyvinyl pyrrolidone) was added. As the
PVP is a powder at room temperature, the glycerol and PVP were mixed at 150 ◦ C. This
matrix imposes parallel anchoring of LC molecules at the outer surface of droplets.
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Liquid crystal cell substrates

The alignment of the LC inside cells is basically controlled by the cell walls. The surfaces
are treated in a different ways to achieve desirable anchoring. BK7 flat glass obtained from
Donnelly (USA, PD5005/5008) was used as a substrate for LC cells. The thickness of these
glasses is 0.7 mm and the refractive index is n = 1.5195 at λ = 532 nm wavelength. To
wash away the dusts and oily materials from the glasses, they were immersed in deionized
water with few percentage of detergent and sonicated for 30 min. Then the glasses were
washed with deionized water and blown with dry N2 .
After the cleaning procedure, in order to induce planar anchoring of liquid crystal
molecules on a surfaces, the glass substrates were spin-coated at 5000 rpm for 60 seconds
with polyimide PI-2555 (Nissan Chemicals) and baked at 80 ◦ C for 20 min to evaporate the
solvent. Then the glasses were cured in oven at 180 ◦ C for 1 hour to finalize the imidization
reaction and get uniform polyimide film. The PI layer was rubbed 5 times with a velvet
cloth to obtain homogeneous planar anchoring.
To achieve homeotropic anchoring of liquid crystal on a surface the clean glasses were
immersed in 2 vol% solution of DMOAP silane in water for 5 min and then rinsed with
deionized water for few minutes to remove the excess of silane. The glasses were blown with
dry N2 and then were left in an oven at 120 ◦ C for 30 min. For each experiment a fresh
silane solution is required.
In order to heat the sample locally by focused laser beam or to apply electric field a
thin layer of indium tin oxide (ITO) was deposited on the glass substrate before any other
treatments. The planar and homeotropic anchored ITO glasses were used to study the
defects around different shaped colloids.

3.3

Optical setup

Several optical setups were mounted around an inverted optical microscope (Nikon Eclipse
TE2000-U) to perform different experiments. The optical setups were placed on the vibrationfree optical bench. These setups were used for creation and manipulation of defects around
colloids in LC and also to excite and study the LC droplets. Fig.3.1 shows the configuration
of the whole setup and Fig.3.2 shows the real view of the setup.
The sample was placed on the motorized stage (Prior OptiScan II) of the inverted
microscope. The movement of the stage can be controlled by a joystick or with a computer program in x, y and z directions. Several objectives with different magnification
are mounted on the microscope for different experimental studies. The low magnification
objectives (Fluor Nikon Plan 10 × /30 and Nikon Plan Fluor 20 × /0.5) and high numerical
objectives with long working distance (Nikon Plan Fluor 60 × /0.7 and Nikon NIR Apo
60 × 1.0w) were used.
The inverted optical microscope has two side ports and one front port. On the right side
port, a CMOS camera (PixeLINK, PL-A741, 1280 x 960 pixels, physical pixel size 6.7µm,
black/white) is positioned for recording the fast frames as a video. The maximum frame
rate of the camera for full frame images of 1280 x 960 pixels is 25 frames per second (fps).
So this camera is suitable for tracking of particles and topological monopoles. However,
it is not suitable for low intensity florescent images because of low sensitivity. In order
to make color images, a color camera (Canon EOS 550D) is placed on the front port of
the microscope. The left port is connected to an imaging spectrometer (Andor, Shamrock
SR-500i) for collecting the spectrum from the sample and imaging of the sample. The input
slit of the spectrometer is placed on the focal plan of the microscope, and the sample on
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Figure 3.1: Schematic view of the optical setup. The optical setup is mounted around an inverted
microscope which is shown in the center of image with dashed box. Three lasers are connected to
the microscope via different devises. Tow Pairs of AODs are used to manipulate the laser spots
on the sample. The spectrometer with cooled imaging EM-CCD camera is used to analyze the
spectra. the stage controller for sample movement, digital to analog converter and two amplifiers
for electric field application and function generator and all optical devises mentioned above are
controlled by computer.

the microscope is imaged into the input slit. This spectrometer is based on Czerny-Turner
optical design. The focal length of the spectrometer is 500 mm and the maximum optical
spectral resolution is 0.05 nm. There are three interchangeable gratings with 300 lines/mm,
1200 lines/mm, and 2400 lines/mm blazing around 500 nm. The measurable wavelength
range of each spectra depends on the selected grating, the center wavelength and the width
of the CCD camera. Each grating can be utilized in different experiments according to
the required resolution and suitable wavelength coverage. In normal operation the slit is
opened 20 µm (minimum width of the slit is 10 µm) and the grating is rotated. So the
first order of diffracted beam is transmitted through the spectrometer. The collected light
is dispersed to different wavelength by the grating. This enables the capturing of different
spectra along the slide, which indicates a line stretching along the sample. To use this
spectrometer for imaging of the sample on the microscope the grating should be rotated
to its zero order; it means that the wavelength slider should be dragged to its zero value.
In this case the grating acts as a mirror and by opening the input slit to its maximum
3000 µm × 2500 µm, the spectrometer will transfer the image. The spectrometer is coupled
to a back illuminated EM-CCD camera (Andor, Newton DU970N) to analyze the signal.
The camera has an elongated detector with 1600 × 200 pixels and 16 × 16 µm pixel size.
There are two dichroic mirror turrets on the back side of the microscope. Two laser
tweezers are connected through these dichroic mirrors with their own filter turret. The laser
light of both tweezers is reflected from the dichroic mirrors to the objective. On the top
turret the infrared laser tweezers (Tweez-200si, Laser unit, Aresis) with a maximum output

34

3. Materials and experimental methods

Figure 3.2: Optical setup. The real view of optical setup in laboratory.

power of 1.7 W with wavelength of 1064 nm using CW 5W Nd:YAG fiber laser is operated.
In this case the dichroic mirror reflects the light with a wavelength longer than 700 nm
and transmits light with shorter wavelength. These tweezers are controlled by computer
using the software Tweez v2.1, Aresis. The Ar+ ion laser (Coherent, Innova 90C-4) with
wavelength of 514.5 nm and maximum power of 1.7 W is connected to the microscope
through the bottom turret. The dichroic mirror reflects the light with wavelength shorter
than 520 nm and transmits the light with longer wavelength. The laser is controlled by
Tweez v2.13m, Aresis software. Each tweezers is connected to the pair of acousto-optic
deflectors (AOD) for beam manipulation. The AOD units driven by computerized system
are used for creation of multiple traps with ability of individual control on their positions
and strengths.
An additional port is adjusted between bottom laser tweezers and the filter turret
which consist a dichroic mirror for mounting another laser. The active Q-switched doubled Nd:YAG laser (Pulselas-A-1064-500, Alphalas, GmbH, Germany) with pulse length
1 ns, maximum repetition rate 10 kHz and maximum pulse energy 10 µJ is connected
to the microscope through this dichroic mirror. Two different wavelength (532 nm and
1064 nm) are presented in laser output. We can choose either IR or green laser light by
inserting cold or hot mirrors. There are two polarizers (Glan-Taylor) in front of the laser
beam. The first polarizer is aligned with polarization of the laser light and the second one
can be rotated to adjust the intensity of the transmitted light. To expand the laser beam
a simple Galilean telescope is built in front of polarizers. The Galilean telescope consists
of 2 lenses (f1 = −50 mm and f2 = 100 mm). By changing the distance between the two
lenses the beam can be collimated, converged or diverged. By adjusting a Gimbal mirror
in the focal point of the telescope the laser beam is guided to the dichroic mirror on the
back side of the microscope. Active Q-switching enables triggering of pulses by an outside
pulse generator. The pulse laser can be controlled by spectrometer using pulse generator

3. Materials and experimental methods

35

with frequencies from single pulse up to the maximum repetition rate.
The digital-to-analog converter (DAC) is used for electric field application and controlled
by function generator. 10× and 20× amplifiers are used between DAC and sample to amplify the voltage. The value of the voltage applied to the sample is checked by oscilloscope.

3.3.1

Basic principle of optical trapping and topological defect
manipulation

Optical micro-manipulation or optical tweezing (moving or trapping micro-object using
light) was initiated by Ashkin [191]. He has experimentally shown that the particle moves
along the beam axis by single focused beam [191–193]. The basis of the optical tweezers
(single beam gradient laser trap) is based on conservation of momentum of light scattered
from a particle. Scattering is imposed when a particle has a different refractive index
from surrounding medium. The ratio of the particle size to the beam wavelength λ and
the ratio of the refractive index of the particle to the refractive index of the background
medium are the important points in order to describe this light-matter interaction. For
the particle with refractive index higher than surrounding medium the optical force arising
from momentum of light creates a 3D potential well and stabilizes the particle in focal
plane against the gravity force. The particle with lower refractive index in comparison
to the refractive index of surrounding medium, will be expelled from the beam center.
For optical trapping light force exerting on the particles is divided into two components:
the scattering force component pointing in the direction of the beam propagation and the
gradient force component pointing in the direction of the high intensity region.
First we consider the situation when refractive index of the particle is higher than refractive index of surrounding medium. For particles bigger than trapping beam wavelength λ
(so-termed Mie regime), the ray optics model provides an adequate description of the lightmatter interaction [193, 194]. In the trapping beam each photon carries linear momentum
p = h/λ (h is Plank’s constant). The beam will be reflected and refracted from the transparent object, so the photon momentum will change. Because of the conservation of the
momentum this change corresponds to the reaction force on the object (see Fig. 3.3).In Fig.
3.3(a) the particle is displaced laterally to the right from high intensity region and therefore
feels the lateral gradient component of the reaction force to the left. Fig. 3.3(b) shows the
axial gradient component of the reaction force due to the displacement of the particle in
the direction of the beam propagation. In reality a part of incident light is reflected from
the particle (the scattering component) and is not considered in these figures. The particle
is trapped in the equilibrium position where the gradient components and the scattering
components are balanced. To calculate the trapping forces on a spherical particle, a single
ray with power of P , incident angle of θ and momentum of n1 P/c was considered. The
total force is the sum of contribution due to the all reflected and transmitted rays which
can be expressed as [193]
Fz = Fscattering



T 2 [cos(2θ − 2r) + R cos 2θ]
n1 P
1 + R cos 2θ −
=
c
1 + R2 + 2R cos 2r

(3.1)



n1 P
T 2 [sin(2θ − 2r) + R sin 2θ]
=
R sin 2θ −
c
1 + R2 + 2R cos 2r

(3.2)

Fy = Fgradient

Where θ and r are the angles of incidence and refraction lights, n1 is the refractive index
of surrounding medium, c is the speed of light, and R and T are the Fresnel reflection and
transmission coefficients of the surface at θ. We denote the Fz component as a scattering
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Figure 3.3: Gradient force in ray-optic regime. The red boxes above represent the gradient
profiles of the incident light (The dark red color indicates high intensity). (a) Lateral component
of trapping force. The particle is located on the right side of focal point so the intensity of the left
ray p1 is bigger than the right ray p2 . Each ray is refracted and transmitted through the particle
and produced a different momentum (p∗1 and p∗2 ). The momentum changes ∆p1 and ∆p2 causes an
equal and opposite reaction force, Fnet which pushes the particle to the left (focal point). (b)Axial
component of trapping force. Two incident beams with same intensity and different direction are
passing through the particle, which is placed below the focal point. The resultant momentum on
the particle is equal to ∆p1 + ∆p2 produce an opposite reaction force upward to the focal point.

force which is in the direction of incident light and Fz component as a gradient force which
is perpendicular to the incident light.
For particles in the Rayleigh regime where the size is much less than the wavelength
λ the ray optical approach is not appropriate. It is better to approximate the particle
as a single point induced dipole and consider the force in terms of electric field near the
particle [195, 196]. The scattering force due to the light field is given by the equation
2

64π 5 0 |E|2 r6 n21 N 2 − 1
Fscattering =
(3.3)
3λ4
N2 + 2
Where E is the electric field, 0 is the vacuum permittivity, r is the particle radius, and N
is the ratio between the refractive index of the particle (n2 ) and the surrounding medium
(n1 ). The scattering force is perpendicular to the wavefronts of the laser light which pushes
the particle in the direction of the light propagation [195]. The light intensity gradient
gives rise the gradient force which is in the direction of the intensity gradient given by the
equation


r3 n31 N 2 − 1
∇(|E|2 )
(3.4)
Fgradient = −
2
2
N +2
When the Fgradient is equal to the Fscattering the trapping point is stabilized on the beam
axis slightly below the focus. To achieve stable trap in focal point the gradient force should
exceed the scattering force. As both forces are related to the light intensity linearly, the
changing of the laser power will have same effect on them. To achieve high gradient force the
laser light is tightly focused by using a water-immersion objective with high magnification
and high numerical
aperture. So for a laser beam with beam waist w0 in an axial position
√
2
of z = πw0 / 3λ the suitable condition should be [195]
√
Fgradient
3 3 n21
λ5

R=
=
≥1
(3.5)
2
−1 r 3 w 2
Fscattering
64π 5 N
0
N 2 +2
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Figure 3.4: Trapping of low refractive index particle in NLC. Sequences of polarized optical
micrographs in 50 µm thick layer of NLC, 5CB. The scale bar is same for both images and equal
to 10 µm. (a) Trapping at the power 25 mW below the optical Fréedericksz transition (The
threshold power is 25 mW ). In this case the optical trap is not visible and it is indicated with
cross. (b) Trapping above the optical Fréedericksz transition with laser power 35 mW , which is
represented with bright spot. The bright spot is created due to distortion of the director field in
NLC [200].

We performed the experiments with low refractive index particles in nematic liquid crystal.
For manipulation of particles with refractive index lower than surrounding medium various
methods have been proposed [149, 197–200]. The interactions between colloidal particles in
nematic liquid crystal have been investigated by Muševič et al. [149] and Yada et al. [213]
in 2004 for first time. Muševič and coworkers have shown that, contrary to intuition, colloidal particles with refractive index lower than both refractive indices of birefringent liquid
crystal can be trapped into the laser focus. This finding has developed the new field of
laser trapping in birefringent fluids, and has enabled manipulation and characterization of
low refractive index particles. Two different mechanisms have been reported to explain
this counterintuitive effect [149]. First, with laser power below the optical Fréedericksz
transition, the trapping is due to surface-induced distortion of liquid crystal around the
particles. the particle is therefore encapsulated with high-index corona and behaves effectively as a high-index particle compare to surrounding (see Fig.3.4(a)). Second, with
laser power above the optical Fréedericksz transition, the trapping mechanism includes optically induced distortion which causes local decrease or even melting of order parameter
of circumfluent liquid crystal. This creates small ghost colloid at the laser tweezer focus
which acts as a long range trapping and interacts with the particle via structural force (see
Fig.3.4(b)).
In our experiments we used optical tweezers for creation, manipulation and characterization of topological defects on shape controlled micro-colloids and to study the interaction
between them in nematic and cholesteric liquid crystals. The results are extensively presented in Chapter 4.

3.3.2

Setup for electric field tuning of lasing in cholesteric liquid
crystal droplets

For the electric field application a digital to analog converter (DAC)(National InstrumentsNI USB-6008) was used to convert the digital data into voltage. The DAC is connected
to the function generator (HMF 25/25, Hameg) through 10× amplifier. Then the DC
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voltage is applied to the modulation input of function generator which allows to control the
amplitude of the output signal. The sinusoidal AC voltage with the frequency of 1 kHz
is applied to the sample (dye doped cholesteric liquid crystal droplets in isotropic matrix,
see Section 3.4.2). There is 20× amplifier between function generator and sample in order
to amplify the voltage. We have illuminated an individual droplets with a diameter range
of 40 − 80 µm through inverted microscope with 20× objective by green pulsed laser. The
applied electric field to the sample gradually increases from zero up to 0.175 Vrms /µm and
then decreases to zero. The required time to perform the experiment is ∼ 80 minutes. If
the pulsed laser is delivered to the sample for such a long time the dye doped droplets will
“photobleach”meaning that the dye molecules will convert irreversibly to a non-florescent
form. In order to avoid the photobleaching of the dye doped droplet we decreased the
power of pulsed laser and also the number of incoming pulses to the sample. As the pulse
laser is controlled by means of a spectrometer, the following adjustment were used in the
spectrometer: in acquisition mode we have used kinetic series to have sequences of single
scans and the kinetic cycle time was set to 6. The internal trigger mode was used in order
to send trigger signal to the pulsed laser. In this case, initiating the data acquisition process
can signal the pulse laser to fire every 6 seconds. As the exposure time of the spectrometer
is approximately 0.1 second and the repetition rate of pulse laser is 20 Hz, every 6 seconds
only 2 pulses will be delivered to the sample and in the same time the spectrometer will
record the spectrum.

3.4

Sample preparation

3.4.1

Micro-fibers in LC cell

In the experiment we used a tapered glass fibers with diameter range of 8 − 12 µm ,
which were made by heating of 125 µm optical glass fibers with oxygen-hydrogen torch
and stretching (see Fig.3.5(a)). The fibers were first cleaned in a solution of water and few
percentage of detergent in ultrasonic bath for 30 min. Then the detergent was removed
by rinsing the fibers with deionized water for several times. In order to remove all organic
material from the fibers, they were placed in oxygen plasma (Tegal plasmaline 421) at
100 ◦ C for 1 hour. After cleaning of the fibers, their surface was coated with DMOAP
silane that ensures strong perpendicular surface anchoring of nematic liquid crystal 5CB.
The fiber from tapered end was placed between two parallel optically transparent ITO
coated glasses covered with a thin layer of a rubbed polyimide which ensure good planar
LC orientation as shown in Fig.3.5(b). The gap between glass plates was controlled with
mylar spacers and varied in a range of 13 − 70 µm. The cell was glued with two component
epoxy glue (UHU, GmbH or Torr Seal, Varian). The cell thickness was measured using
spectrometer (USB2000, Ocean Optics). Then the fiber was cut from tapered part with
length of 200 − 600 µm. By filling the cell with the LC, the micro-fiber moves inside
the cell by capillary force of the LC flow. The ITO coating was used as an absorber of
the laser light at the surface of the glasses and provided very good control of the local
heating of the LC. In experiments the long axes of fibers were oriented parallel (Fig.3.6 left
particle) or perpendicular (Fig.3.6 right particle) to the rubbing direction. If left free the
fiber would slowly rotate from perpendicular to parallel orientation. In some experiments
silica microspheres with 10 µm diameter, also treated with silane for perpendicular LC
orientation at the surface, were immersed in the same cell.
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Figure 3.5: Inserting fiber into glass cell. (a) Optical fiber with tapered end. (b) Schematic
representation of inserting fiber from tapered end into glass cell. The inset shows the real image.

Figure 3.6: Schematic representation of LC around micro-fiber. The long axis of the fibers with
perpendicular LC orientation at the surface were oriented parallel (left) or perpendicular (right)
to the rubbing direction in the NLC cell.

3.4.2

Onion-Bragg resonators and electric field tuning

A mixture of MLC-7023 liquid crystal with 25.5 wt% of S-811 chiral dopant was used to
form an onion-Bragg resonator and 0.25 wt% fluorescent dye Nile red was added as an
active medium. The chiral mixture was dispersed in polymer matrix consisting of 75 wt%
glycerol and 25 wt% of PVP. As the polymer matrix has high viscosity the dispersion can
be prepared by mechanical mixing. A small amount of matrix around 200 µl was put in
the eppendorf tube, and a few percent of LC mixture was added to the matrix. Mixing
was performed by moving a clean needle or pipette tip just for few turns inside the mixture
to form big droplets. The droplets were perfectly spherical with smooth surface because
of surface tension. The matrix imposes parallel surface anchoring at the cholesteric LC
droplets surface.
In this experiment we used two different glass cells to study the cholesteric LC droplets
with an electric field either parallel or perpendicular to the viewing direction. For applying
the electric field parallel to the viewing direction the dispersion was placed between two
glass slides coated with thin layer of ITO, serving as an electrodes. The electrodes were in
the interior layer of the glasses and the cell thickness was controlled by a 120 µm mylar
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spacer. Two copper wires of 250 µm diameter were used to apply voltage to the ITO glasses.
First the wires were fixed to the ITO side of the glasses by epoxy glue, and then the silver
paint (G3692 ACHESON Silver DAG 1415. Plano GmbH, Wetzlar, Germany) was used to
ensure the conductive connection between the wires and the ITO glasses (Fig.3.7(a)). For
the electric field perpendicular to the viewing direction the dispersion was placed between
two bare glass slides with two parallel copper wires with a diameter of 250 µm placed
160 µm apart and used as both electrodes and spacers. A single droplet with diameter of
40 − 80 µm was observed to perform the experiment (see the Fig.3.7(b)).

Figure 3.7: Sample preparation for electric field tunning. (a) The sample is sandwiched between
two ITO glasses for applying electric field parallel to the viewing direction. (b) Parallel coper
wires with 140 − 280 µm apart from each other are used to apply in-plane electric field. The
electric field is applied to two neighboring wires.

3.5
3.5.1

3D laser lithography
Direct laser writing system

A Nanoscribe Photonic Professional System (Nanoscribe GmbH) operated on a vibration
isolated table, and located in a clean and yellow light room to avoid unintentional polymerization was used to create small (µm-scale) objects. The system is equipped with laser,
optics cabinet, inverted microscope, piezo and x − y stages and electronic rack (see Fig.3.8).
A fs fiber laser source operating at 780 nm with short pulses around 150 f s, repetition rate
of 100 M Hz, and maximum power of 100 mW (20 mW at the sample surface) is used.
The microscope is equipped with a 100X, 1.4N A oil immersion objective and 20X, 0.5N A
air objective. The inverse microscope has a right side port to position a live camera. There
is a LED driver for transmission and reflection illumination and an autofocus camera to
automatically focus the laser spot into the sample by 100X oil immersion objective with
high numerical aperture (1.4N A). The sample is mounted in a holder that fits into a motorized positioning stage (xyz piezoelectric stage). The piezo range is 300 µm3 . The electronic
rack, which is located under the optical table consists of the laser controller, the Nanoscribe
controller, the computer, and power suppliers.

3.5.2

Basic principles of direct laser writing

Many of us have experience to ignite paper with focusing the sunlight through the lens in
our childhood. The Direct laser writing (DLW) system operates quite similarly, so that,
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Figure 3.8: Nanoscribe Photonic Professional system. (a) Real image of DWL system [202]. (b)
Schematic of the DLW system. The femtosecond pulsed near infrared laser is guided into an
inverted microscope and focused into a UV sensitive photoresist [203].

near-infrared laser is used instead of sunlight and a UV-curable photoresist instead of paper.
Compared to a conventional lithography system, which is for fabrication a 2D structures and
is based on one-photon absorption (OPA), DLW system can write 3D and almost arbitrary
structures. Before getting into any detail it is important to point out that 3D structures
can not be obtained with OPA and a fully linear photoresist. For example if we want to
polymerize a thin sheet of a thick photoresist film perpendicular to the optical axis, this thin
sheet needs to be exposed by the laser focus. In OPA method every volume element in the
photoresist sees the same number of photons, therefore, a 3D block is created instead of 2D
sheet. To avoid this undesired result the photoresist is exposed by two-photon absorption
(TPA). Two photon absorption was first proposed by German physicist Maria GoppertMayer in her doctoral dissertation [204] and observed experimentally thirty years later.
The essence of the DLW system is TPA, which is suitable to create 3D micro-structures.
In this case the spatial z resolution arises from the TPA where two near-infrared (IR)
photons excite the molecule from its ground state to the excited state. Since the energy of
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each photon is inversely proportional to its wavelength, the two absorbed photons have a
wavelength twice that required for OPA (see Fig.3.9 (a)). The absorbed power for TPA is
proportional to the square power of the light intensity, therefore the two photon excitation
can only be obtained in the focus of the beam, which is an ellipsoid shaped volume shown
in Fig.3.9 (b), elsewhere along the beam it is virtually non-existent. This can be generated
only by pulsed lasers as a light sources, which are capable to deliver high enough intensity
during their very short pulses (ns - fs). In OPA, the UV laser light is absorbed at the
surface and therefore only 2D structures can be created (see Fig.3.9 (b)). In this case the
absorption rate is linearly dependent on the photon flux.

Figure 3.9: Schematic of one photon versus two photon absorption. (a) Nonlinear two-photon
excitation is based on the simultaneous absorption of two photons. Two excitation photons from
a pulsed laser are combined to excite a molecule. (b) The excitation volumes resulting from OPA
and TPA occurring with a focused beam of light is illustrated. In one-photon process the incident
light is absorbed mainly at the surface following an exponential absorption profile. In two-photon
process a sufficient degree of excitation can be achieved in the focus of the optical beam.

3.5.3

Photo polymerized particles

We fabricated micro-helices and micro-ribbed-cylinders with DLW based on two photon
polymerization in the negative photoresist, IP − L 780. The process consists of three parts:
(i) Preparing the glass slides with the refractive index of n = 1.52, thickness of d =
170 µm and the size 22 × 22 mm as a substrate. The glass slides were cleaned with lint
free wipes, isopropyl alcohol (IPA) and acetone, and sonicated in acetone bath and IPA
bath for 2 × 15 min. Then for further cleaning the glasses were places under IPA vapor
degreaser. Finally they were treated by a plasma cleaner for 15 min. After the glass slides
were cleaned, they were mounted on the glass holder and fixed with glue. A drop of oil was
put on the back side of the glass, and a drop of photoresist was put using a conventional
pipette on the front side of the glass. This is the side that was previously exposed by
plasma. The holder was then placed on the microscope’s stage.
(ii) The writing process was done by moving the stage relatively to the laser focus.
The movement of the substrate and the intensity of the laser light are synchronized by the
computer. The exposed photoresist was polymerized and the target structure was created
(see Fig.3.10).
(iii) Developing the exposed photoresist. After the writing was completed by laser,
the sample was immersed in SU − 8 developer or IPA for 30 min, rinsed with IPA for 5
min, and dried with nitrogen. The unpolymerized photoresist was washed away and the
polymerized structure remained. On each glass slides several hundreds of micro-structures
can be fabricated. In our experiments each micro-helix has 3 turns with the radius of
3 − 4 µm and the pitch of 8 − 12 µm and for each micro-ribbed-cylinder the radius is 1 µm
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Figure 3.10: Femtosecond laser lithography. The photoresist is transparent at the laser center
wavelength at 780 nm. In the focal volume, which is indicated with ellipsoidal shape, the photoresist is exposed by TPA when exceeding the polymerization threshold of the material.

and the length is 20 µm. To ensure the strong homeotropic anchoring of the liquid crystal
around the micro-structures, the glass slide was exposed with plasma gun for 10 min and
then immersed gently in 1 vl% solution of DMOAP silane in water for 5 min. To remove
the extra silane, the glass slide was washed with deionized water. Finally, the glass was
blown with dry nitrogen and then left in oven at 120 ◦ C for 30 min. In all the steps the
micro-structures were standing on the glass slide and we needed to poke them from the
glass and transfer them to the LC. The poking can be done by the needle installed on a xyz
translation stage fixed on the microscope. The needle was visualized with the microscope

Figure 3.11: micro-structures on the glass plate. (a) Setup to poke the micro-structures from the
glass plate. Helices (b) and ribbed cylinders (c) on the glass after they were poked from the glass.
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and moved with the translation stage to poke the micro-structures one by one (see Fig.3.11
(a)). Figs.3.11 (b) and (c) show the helices and the ribbed-cylinders after they were poked
from the glass plates, respectively. As we can see in Fig.3.11 (c) the cylinders are curved in
some regions. This curvature is because the cylinder was created by writing the disks over
each other. Therefore, the structure was not rigid and curved at junctions. To transfer the
helices and ribbed-cylinder inside the LC 10 µl of 5CB was put on the glass plate where
they were created. The LC was gently mixed for couple of turns in order to disperse the
helices and the ribbed-cylinders inside the LC. Finally, the LC with helices and the ribbedcylinders was collected by the pipette and forced into a planar cell with the cell gap of
10 µm by capillarity.
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4

Full control over the topological charges
on a topologically simple object in planar
liquid crystal cell

When a small colloidal particle, such as a micro-sphere or a micro-rod is immersed in
the NLC, the surface of the particle interacts with liquid crystalline molecules and forces
them to align into a preferred direction relative to the surface. The distortion of the NLC
around the inserted colloidal particle is anisotropic due to the topological defects. These
defects are in a form of point defects or small loops, located in the vicinity of the particle’s
surface and can not be separated from the particle or annihilated [61, 62, 205, 207, 209].
The alignment of the NLC around rod-like colloidal particles with diameter of 1.5 µm
and length ∼ 8 µm and normal surface anchoring in cells with planar or homeotropic
alignment has been studied in [62]. In this case there are always two characteristic types
of director pattern similar to the director distribution in nematic colloidal dispersions of
micro-sphere [205]. First, micro-rod is oriented parallel to the direction of the LC molecules
in planar cell and the hedgehog point defect is positioned on one end of the colloid or
opened like Saturn-ring around the colloid carrying −1 topological charge. Second, microrod oriented perpendicular to the rubbing direction of the planar cell. The point hedgehog
defect on top of the micro-rod opens into Saturn-ring encircling the micro-rod along its
longer axes with −1 topological charge.
In our experiment we found that there is a dramatic change in topological defects around
micro-rod once the length of the rod is increased. To have micro-rod with suitable length
we have used optical glass fiber in order to make micro-fiber with diameter of 8 − 10 µm
and the length of 200 − 600 µm as elaborated in details in Section 3.4.1. A single microfiber with homeotropic surface anchoring is introduced into 13 − 70 µm thick planar cell
of 5CB by capillary force of the 5CB flow. In this case the micro-fiber can be oriented
in any arbitrary angle with respect to the rubbing direction of the planar cell. First, we
have studied the micro-fiber when it is oriented parallel to the rubbing direction as can be
seen in Fig. 4.1. To achieve parallel orientation, a strong laser trap was placed on one end
of the micro-fiber and an attempt was made to rotate it towards the parallel position as
shown in Fig. 4.1(e). Fig. 4.1(a) is a non-polarized micrograph of the micro-fiber, where
the point defect is located on one end of the fiber. Since we have made the micro-fiber
manually, the ends of the fiber are not sharp enough to allow for the point defect to be
easily seen. To realize the position of the point defect we have made the image of the microfiber under cross polarizer with a λ wave-plate (530 nm) being inserted (see Fig. 4.1(b)).
The wave-plate is inserted at 45 degree with respect to the polarizer. Different colors of
NLC around micro-fiber indicate different orientation of the NLC molecules. By comparing
the director pattern around micro-fiber with dipolar micro-sphere (the silica micro-spheres
with homeotropic surface anchoring are already inserted into the cell) (Fig. 4.1(b), (c) and
(d)), we found that the point defect in this experiment is on the right end of the micro-fiber.
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Figure 4.1: Micro-fiber parallel to the rubbing direction in the NLC cell. (a) Non-polarized
micrograph of micro-fiber with homeotropic surface anchoring in the planar cell of the 5CB. (b)
Polarized micrograph of micro-fiber with wave-plate which indicates the director pattern in the
vicinity of the NLC. (c) Schematic representation of the director pattern around the micro-fiber .
(d) Color micrograph of the dipolar micro-sphere with schematic drawing of the director pattern.
(e) Strong laser trap is used to rotate micro-fiber parallel to the rubbing direction.

4.1
4.1.1

Topological monopoles on a micro-fiber set along
the LC direction
Creation and manipulation of monopoles

We have used the strongly focused laser tweezers beam to locally heat the NLC around
micro-fiber into isotropic phase and quench it into nematic phase by switching-off the light.
The isotropic region undergoes a phase transition that leaves behind a dense tangle of
defects. In a fraction of a second this tangle annihilates and pins the monopoles on the
micro-fiber (see Fig. 4.2(a)). For the preservation of the conservation of total topological
charge, the pairs of monopoles with opposite winding number and topological charges are
created in each quench. These monopoles are known as the Saturn-ring and Saturn antiring. These rings are individually stable and cannot be annihilated. Fig. 4.2(b) shows
the rings under cross polarizers with λ wave-plate representing the director pattern in the
vicinity of the fiber. Similar to Fig .4.1, by comparing the director pattern around microfiber and micro-sphere, the sign of the topological charge of the two rings can be determined.
As the point defect of the micro-sphere carries the −1 topological charge, by comparing the
colors of NLC around rings on the micro-fiber and micro-sphere we can easily find the ring
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Figure 4.2: Creation of topological monopoles on a micro-fiber. (a) Hundred-micrometer-diameter
of isotropic area is created around micro-fiber by melting the NLC with strong light of laser tweezer.
The light is switched-off at t = 0, and the isotropic phase is quenched to the nematic phase. The
dense tangle of topological defects is annihilated and stabilized a pair of monopoles with opposite
topological charges. (b) Director pattern around defect rings on micro-fiber under cross polarizer
and wave-plate inserted. (c) Simulation of the director pattern of the Saturn-ring and Saturn
anti-ring. (d) Testing the sign of the topological charge of the rings by using small micro-sphere.
(e) Arbitrary number of ring-anti-ring pairs are created by quenching at different positions of the
fiber.

which carries −1 topological charge. As the two rings carry opposite topological charges,
the other ring will have +1 topological charge. The structure of Saturn-ring and Saturn
anti-ring on a fiber are simulated using Landau-de Gennes theory (see Section 2.2) by Simon
čoper as can be seen in Fig. 4.2(c). An alternative approach to determine the sign of the
topological charges of two rings is to use a small micro-sphere repelled from same charge
ring and attracted to the opposite charge (Fig. 4.2(d)). The dashed lines on the images
indicate the path of the particle. The quadrupolar micro-sphere is brought close to the ring
with negative topological charge (Saturn-ring) by laser tweezers and left free by switching
off the laser. The interaction between the micro-sphere with Saturn-ring and Saturn-ring
on the fiber is strongly repulsive, as both have negative topological charges. When the
particle is far from the ring with same charge, the other ring carrying an opposite charge
(Saturn-anti-ting) starts to attract the micro-sphere. By repeating the quench at different
positions along the fiber, arbitrary number of Saturn-ring and Saturn anti-ring pairs can
be created (Fig.4.2(e)).
The rings around the micro-fiber can be manipulated by the laser beam. A small
isotropic island can be created around defect ring by absorption of the laser light at the
glass surface, and by moving this island the ring can be moved as can be seen in Fig. 4.3
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Figure 4.3: Manipulation of Saturn-ring. Defect ring can be moved along the fiber using the light
of laser tweezers. The red crosses indicate the focus of the laser tweezers.

This is similar to the manipulation of the colloids in LC [208].

Figure 4.4: Number of defect rings. Relation between the number of defect rings and the size
of quenched area by laser tweezer. The data is analyzed for 281 experiments in three different
quench size by Miha Škarabot.

Number of pairs of the defect rings after each quench strongly depends on the size of
the isotropic island which is proportional to the laser power (see Fig. 4.4). Since with
high laser power a big area of the NLC is heated and subsequently melted to the isotropic
phase leading to creation a wide and dense tangle of topological defects when the light is
switched-off. Some of these defect loops are stabilized around fiber. When the diameter
of the isotropic island is about 50 µm, the probability of the creation of the defect rings
after quench is rather low ∼ 25% and it increases to 50% when the diameter of isotropic
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Figure 4.5: Creation of several pairs of defect rings. The number of the rings depends on the size
of the quench. (a) With quenching the area with diameter of 230 µm two pairs of defect rings
are created. (b) With diameter of isotropic island equal to 300 µm three pairs of defect rings are
created.

island is around 90 µm. With big isotropic island with diameter of ∼ 250 µm which is
proportional to the power of the employed high power laser, two pairs of defect rings can
be created. By increasing the size of the isotropic area to more than 300 µm the creation
of three pairs of defect rings is also possible. Due to the conservation of total topological
charges the number of Saturn-rings is equal to the number of Saturn anti-rings, and due to
the minimization of elastic energy, all neighboring rings have opposite charges (Fig. 4.5).

4.1.2

Dynamics of topological monopoles annihilation

We have shown that, by quenching NLC around the part of micro-fiber with focused laser
beam, a pair of topological rings can be stabilized around the fiber. Because of the opposite topological charges of the rings, they are gradually attracted to each other by elastic
deformation of NLC and annihilated into vacuum (Fig. 4.6(a)). Fig. 4.6(b) shows the
time sequence simulated images of the attraction and annihilation of the Saturn-ring and
anti-ring.
The dynamics of the annihilation of the topological monopoles on a fiber strongly depends on the thickness of the LC cell. We have studied the dynamics of the monopoles
in two different confinements. First, thick cells, where the fiber with diameter of 8 µm is
placed in a cell with thickness of 65 µm. The position of the ring and anti-ring is shown
in Fig. 4.7(a) as a function of time during pair annihilation. In this case, the rings attract
each other when they are close enough (< 40 µm). Otherwise, the rings are stable for
a long time, even several days. The relative velocity of the two rings shows a power-law
dependence on the ring separation, v ∝ (d − d0 )−2.2 (Fig. 4.7(b)). In a thin cell (thickness
of the cell 13 µm and the fiber diameter 8 µm) the annihilation dynamic has two parts. For
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Figure 4.6: topological rings annihilation on a fiber. (a) A pair of topological rings with −1 and
+1 rings are attracted to each other and annihilated. (b) Numerical simulation of the ring and
anti-ring attraction showing the director and velocity fields (this simulation has done by Miha
Ravnik).

separation more than 10 µm the rings have a constant velocity which indicates constant
force. In the small separation, the relative velocity versus separation is similar to thick cell.
The position and the velocity of the rings are depicted in the same graph of thick cell (Fig.
4.7). For both thick and thin cells the ratio of velocities is approximately 1.5 (v+ /v− ≈ 1.5).
Saturn anti-ring moves at a higher velocity compared to that Saturn-ring, which is similar
to nematic disclination (see Section 2.4). Fig. 4.8(a) shows the ratio of the velocities versus
separation of the rings for three different experiments in thick cell. In this case the data is
analyzed when the separation was between 5 − 15 µm. For shorter distances < 5 µm the
rings join together and create a single ring. For larger separations > 15 µm the ratio of the
velocity is not clear.
Despite cleaning the fiber and trying to avoid any dust or defects on the fiber, still,
there are some impurity or defects on the fiber causing friction force for ring dynamics. At
larger distance, as the attraction force between the two rings with opposite charge is lower,
any friction force affects the rings dynamic and the velocity of the rings is uncontrollable.
For thin cell, the ratio of the velocities is illustrated in Fig. 4.8(b) for three different
experiments. Contrary to the thick cell, in thin cell the rings are attracted to each other
from a large distance. In case the fiber is without impurity and defects, the rings can attract
each other with separation > 100 µm. As we have shown already, in such a region, the
velocity of the rings is constant, which indicates constant interaction force.
It appears that the rings are connected by a string or a defect line. The presence of such
a defect line influences the rings interaction, when additional rings are created on the fiber.
First, the created rings are separated to a larger distance using the tweezers as shown in
Fig. 4.9 (panel 1). Then the fiber is quenched in the middle of these two rings (panel 2).
The quench breaks the line connection between the first two rings and, as a result two new
connections are established between the two outer pairs of the rings (panel 3). As can be
seen clearly in panel 4, there is an attraction between two outer rings -which are connectedand not between the closest rings, as one would expect.
This connecting line is very difficult to observe directly, however, in some experiments
when the cell is very confined one is capable of detecting the line defect. Placing fiber in
very confined cell is a demanding task due to the fact that the fiber is inserted to the cell by
the force of LC flow (see Section 3.4.1). To achieve this, we have used a long fiber. In this
case, the fiber with the diameter of 11 µm is sandwiched between two ITO and PI coated
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Figure 4.7: Annihilation dynamics of a pair of Saturn-ring and anti-ring. (a) The separation of
Saturn-ring and anti-ring versus time in thick and thin cells. At large separation of rings in thin
cells, dependence of the ring separation on the time is linear. It means that there is a constant
attraction force between the two rings. (b) In small separation, the relative velocity between the
rings follows the power-law with α ≈ 2.2 ± 0.2, for both thick and thin cells.

Figure 4.8: Ratio of the velocities of the Saturn-ring and anti-ring. The ratio of the Saturn-ring
and anti-ring velocities versus separation in thick (a) and thin (b) cells for 3 different experiments.
This ratio is v+ /v− ≈ 1.5.

glass plates separated by 12 µm spacer in parallel with rubbing direction. Both ends of the
fiber are located out of the cell. By quenching the fiber, a pair of rings appears which are
connected by defect line (Fig. 4.10 panel 1). The defect line is visible and can be stretched
by laser tweezers as shown in panel 2. Because of the presence of the defect line the rings
are attracted to each other at a high pace, therefore, to continue the experiment we need
to move them to the farther distance. The region between the defect rings is quenched
and another pair of rings are created (panels 3 and 4). The new pair has broken the line
connection between the rings of the first pair and created two new connections between the
two outer pairs of the rings as shown, respectively in panels 5, 6 and 7. The same series
of experiments have been performed for thick cell. In this case, there is always attractive
force between the closest rings (see Fig. 4.11). It indicates that there exist no defect line
between the rings in the case of thick cell.
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Figure 4.9: Creation and annihilation of rings in a thin cell. By quenching the NLC around fiber
with diameter of 8 µm in a cell with thickness 13 µm a pair of rings are created. these rings are
attracted to each other. The rings are separated by laser tweezers and by quenching the region
between them another pair of defect rings is created. The connection between the rings is broken
and two new connections are established, which are pulling the outer pair of rings together.

Figure 4.10: The clearly visible defect lines between topological rings. A small region of a long
fiber with the diameter of 11 µm inside a very confined cell with the thickness of 12 µm is quenched
by laser tweezers. A pair of topological rings are created, which they are connected by defect line.
These rings are separated to the far distance and the area between them is quenched. The new
pair is created that brakes the defect line and creates two new defect lines with outer rings.
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Figure 4.11: Creation and annihilation of the rings in thick cell. Two rings which are created
by quenching the LC around fiber with diameter of 8 µm in 30 µm cell, are separated by laser
tweezers. The rings are stable because of large distance between them. By quenching between
these two rings another pair is created. The rings of the second pair attract each other because
of small separation between them.

4.2

Entanglement and interaction of a micro-sphere
with a micro-fiber parallel to the far-field nematic
director

4.2.1

Entanglement of a −1/2 ring on the micro-fiber and a −1/2
ring on the micro-sphere

In these experiments small spherical colloids with homeotropic surface anchoring and the
diameter of 10 µm are inserted into the 5CB. A single micro-sphere is guided by the laser
tweezers next to the micro-fiber with a pair of Saturn-ring and Saturn anti-ring. We have
first studied the entanglement between Saturn-ring around the micro-fiber (winding number
−1/2) and the Saturn-ring of the micro-sphere. By thermally quenching a thin layer of the
NLC around the Saturn-ring and micro-sphere, three entangled defect structures have been
found, as shown in Fig. 4.12. These entangled structures are identical to the entanglement
of two micro-spheres, which have been predicted by Araki and Tanaka [166] and Ljubljana
group [64] and then observed by the Ljubljana group [65].
We can clearly see three different types of entanglements in Fig. 4.12, which shows
the time sequence of unpolarized optical micrographs of the formation of binding between
the micro-fiber with −1/2 Saturn-ring and −1/2 Saturn-ring of the micro-sphere. In Fig.
4.12(a) a single disclination loop is created out of dense tangle of topological defects after
the quench. This loop is encircling the micro-fiber and micro-sphere in the form of twisted
loop, known as a “figure of eight”. Another kind of binding with single loop is shown in Fig.
4.12(b) which is more complicated and known as a “figure of omega”. This entanglement
is unstable and may transform into another more stable configuration, which is called
“entangled hyperbolic defect” (Fig. 4.12(c)).
In the case of the figure of eight the disclination line first starts from the front of the
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Figure 4.12: The entanglement of the −1/2 Saturn-ring of the fiber with the Saturn-ring of the
micro-sphere. Micro-fiber with the diameter of 12 µm and micro-sphere with the diameter of
10 µm are bound together by thermal quench using focused laser light. (a) Figure of eight created
from one twisted loop. (b) Figure of omega is made from a single loop encircling the colloids
with a twist segment between them, which is curved like an additional small loop.(c) Entangled
hyperbolic defect is formed from two loops by a direct quench, or by transformation from an
unstable figure of omega. Reprinted from Nikkhou et al. [121].

Figure 4.13: Schematic representation of the binding of the micro-sphere to the micro-fiber with
Saturn-ring. Figure of eight (first panel), figure of omega (second panel), and entangled hyperbolic
defect (panel three). Reprinted from Nikkhou et al. [121].
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micro-sphere and then goes below the fiber and comes from behind over the fiber and again
goes down below the micro-sphere and connects to the first end. this twisted loop looks
like a number eight from top view (see Fig. 4.13 first panel) . For figure of omega the
configuration of the loop is more complicated. First a straight defect line passes from the
front side of the micro-fiber and micro-sphere and then goes behind them with an additional
loop between them. This middle part of the loop is similar to the Greek letter Ω when
observed along the fiber and sphere (Fig. 4.13 second panel). The entangled hyperbolic
defect is formed from two separated defect rings which are oriented perpendicular to each
other. One ring is encircling the micro-fiber and micro-sphere and stabilizes the microsphere next to the fiber. The smaller ring, which is placed between the fiber and sphere,
is indeed a −1 hyperbolic point defect with an escaped core (Fig. 4.13 third panel). This
type of entanglement can be created in two different ways. First, directly by quenching the
NLC around the micro-fiber and micro-sphere, and second, via the transformation of the
figure of omega to the entangled point defect, as this configuration is more stable.
By repeating the experiments we have found that the probability of the creation of the
figure of eight is significantly higher than the others. The figure of omega is created very
rarely, as this configuration is unstable and the defect lines prefer to stabilize in the form
of an entangled hyperbolic defect, which is stable. Fig. 4.14 shows the pie chart of the
probabilities of different entanglements.

Figure 4.14: Probability distribution for the formation of different fiber-sphere entanglement after
the temperature quench. In total of 100 entanglements, 57 of the final states were figure of eight,
42 of the states were entangled hyperbolic defect and only 1 state was figure of omega. Reprinted
from Nikkhou et al. [121].

4.2.2

Entanglement of a +1/2 ring on the micro-fiber and a −1/2
ring on the micro-sphere

The entanglement of the −1/2 ring on the fiber with the −1/2 ring on the colloidal particle
is in fact topologically equivalent to the well-known entanglement of two or several microspheres in the nematic liquid crystal, observed in laser tweezers experiments [65]. However
the question is, whether one could entangle the −1/2 ring of the colloidal particle with the
+1/2 ring on the micro-fiber? Could this be realized in the experiment?
In order to study the entanglement between +1/2 Saturn anti-ring on the micro-fiber
and −1/2 Saturn-ring on the micro-sphere, the NLC around micro-fiber and micro-sphere
is thermally quenched by laser beam. Two different kinds of bindings are created, as shown
in Fig. 4.15 (a) and (b). In Fig. 4.15(a), the time sequence of images shows how a single
loop is left out of a dense tangle of topological defects after the quench. This loop is simply
encircling the microfiber and micro-sphere with a small twist in the middle section. The first
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panel in Fig.4.15(c) shows the schematic view of it. The disclination line is slightly twisted,
it first goes above both micro-fiber and micro-sphere, and then sinks and reconnects.
The second type of binding of the +1/2 and −1/2 rings is shown in Fig. 4.15(b).One can
clearly see, that the −1/2 ring of the microsphere has shrunk into a −1 point defect, which
is now sitting in between the fiber and the sphere and connects the micro-sphere to the
Saturn anti-ring (with positive topological charge) of the micro-fiber. As the point defect of
the micro-sphere and Saturn anti-ring of the fiber have opposite topological charges, they
simply bind together as shown in Fig. 4.15(b) and schematically in the second panel of Fig.
4.15(c).
It is interesting to note that the single ring, entangling the +1/2 and −1/2 rings, shown
in the first panel of Fig. 4.15(c), has to be a charge-neutral ring. This means it has to be
composed of a section having the +1/2 winding, which smoothly transforms into a section
with a −1/2 winding and back. This kind of zero-topological charge loop has in fact been
observed recently [66] and its structure was revealed using Landau-de Gennes numerical
modeling.

Figure 4.15: The entanglement of the +1/2 Saturn anti-ring on the micro-fiber with the −1/2
Saturn-ring on the micro-sphere. The NLC around micro-fiber (diameter 12µm) with a Saturn
anti-ring and micro-sphere (diameter 10µm), carrying the Saturn ring, is quenched. Two kinds of
entanglements are created. (a) A twisted loop encircling both the fiber and sphere. (b) A sphere
looses its Saturn ring, which is attracted towards the fiber and transforms into a -1 hyperbolic point
defect. This defect is connected to the Saturn anti-ring on the fiber. (c) schematic representation
of these two entanglements. the left panel shows the binding by a loop and the right panel shows
the binding by a point defect. Reprinted from Nikkhou et al. [121].
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4.2.3

Elastic interaction of a dipolar colloidal particle with the
fiber

In addition to the mechanism of entanglement, where the fiber and sphere are linked together by a defect loop, which is formed during a local temperature quench, the usual
elastic interaction between the fiber and the micro-sphere is also observed. In this case,
each object (i.e. the fiber and the micro-sphere) has its own localized topological defect
either in a form of a ring or point, and is either attracted to or repelled from the other
object. This is due to the elastic forces between topologically charged objects and is the
result of the inhomogeneous director field due to defects.
Fig. 4.16(a) demonstrates such an elastic interaction between a 11.6 µm-diameter microfiber with a dipolar microsphere (diameter ∼ 10.5 µm) in a 17 µm-thick planar nematic
cell. The fiber is parallel to the bulk orientation of the nematic liquid crystal with its
hyperbolic hedgehog defect on top, i.e. far away from the region, where the interaction
with the microsphere is measured. In this particular experiment in Fig. 4.16 the hyperbolic
hedgehog defect of the micro-sphere is pointing downwards, and the sphere is brought close
to the fiber by the laser tweezers and left free by switching off the laser. As shown in
Fig. 4.16(a), the interaction between the fiber and dipolar colloidal particle is in this case
attractive.
The colloidal interactions were already studied inside NLC, as a host fluid. These interactions have both repulsive and attractive components, and arise from the orientational
elasticity of the surrounding medium and topological defects induced by the inserted colloidal particles [49,53,61,152,156,157,213–216]. When a pair of colloidal particles is brought
close to each other by laser tweezers and left free by switching off the laser, there will be
either long-range attractive or repulsive forces between them, depending on the topology
and geometry of the experiment. The colloids motion in a fluid of viscosity η experience a
Stokes drag force given by
F = 6πRηv
(4.1)
Here, R is the radius of the sphere, v is the velocity of the sphere, and η is the intrinsic
viscosity coefficient of the nematic host, which can be calculated from Brownian motion of
the particle [146–148].
For the purpose of determining the viscosity coefficients of dipolar and quadrupolar
colloidal particles, we have analyzed the data from Brownian motion experiments for several
micro-spheres with normal surface anchoring and the diameter of ∼ 11µm in NLC cell with
planar alignment and thickness of 30 µm. Averaging over 12000 steps, the histogram of the
particles diffusion with a Saturn ring is shown in Fig. 4.17(a) and with a point defect in Fig.
4.17(c), for both the x(⊥ n) and y(k n) directions with respect to the nematic director. The
histograms are fitted to the Gaussian distribution (Fig. 4.17(b) and (d)). From the width
of the Gaussian distribution, the self-diffusion coefficient, D, and therefore the viscosity, η,
can be calculated for a given particle (see Section 2.5). For a dipolar colloidal particle we
typically obtain ηk = 0.06 kg/ms and η⊥ = 0.07 kg/ms, whereas for a quadrupolar colloidal
particle, both viscosities are slightly higher, ηk = 0.07 kg/ms and η⊥ = 0.085 kg/ms. This
is a typical result [146–148], indicating that colloidal Brownian motion is easier along the
nematic director.
The force exerted on the dipole is calculated as a function of center-to-center separation
of the fiber and sphere from ∼ 10000 of recorded video frames. The position of the dipole
is extracted from the series of images using video-tracking technique [53]. The value of
the viscous-drag coefficient for a dipole is calculated from a separate Brownian motion
experiment, and the separation-dependence of the force is derived, as shown in Fig. 4.16
(b). The force is attractive and the maximum value is of the order of ∼ 5 pN at the center-
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to-center separation of ∼ 20 µm, i. e. ∼ 7 µm surface-to-surface separation. Fig. 4.16(c)
shows the schematic representation of the director field around fiber and dipole. Because
in this case the position of the point defect of the fiber is on the top part of the fiber in Fig.
4.16(a). i.e. the opposite as the position of the point defect of the micro-sphere, the fiber
and the sphere attract. This is similar to the attraction of two antiparallel dipolar colloids,
placed side-by-side to each other [54].
This attractive structural force can easily be understood by considering the schematic

Figure 4.16: Attractive interaction between a fiber and a dipolar micro-sphere. (a) A sequence of
optical micro-graphs of the attraction between the fiber and micro-sphere with opposite directions
of their topological dipoles. The point defect of the micro-fiber is out-of the field of view, and is
situated on the top-side of the fiber (see also the schematic picture). The dashed lines indicate the
attractive trajectory. (b) The attractive force versus fiber-sphere separation, as extracted from a
series of video images. Note that this is center-to-center separation. (c) Schematic representation
of director in the vicinity of the fiber and micro-sphere. Shaded region denotes elastically distorted
liquid crystal, which is in favor of both particles. This generates an attractive elastic force on the
micro-sphere. Reprinted from Nikkhou et al. [121].
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drawing of the director field in between the fiber and dipolar particle in Fig. 4.16(c). If
we follow the orientation of the director field, as we travel from the fiber to the dipole,
the director is first perpendicular to the fiber, then gradually turns clockwise by 90 degree
towards the rubbing direction, and then starts turning counter-clockwise to match the
perpendicular alignment at the surface of the colloidal dipole. In total, this is a region of a
zero-angle total rotation, which is costing the elastic energy, indicated by the shaded region
in Fig. 4.16(c). It can be squeezed-out by approaching the micro-sphere to the fiber. In
this case, by putting the dipole closer to the fiber, the director is less twisted, which reduces
the energy and the pair-interaction force is therefore attractive.
Alternatively, the structural force between particles in a nematic LC can be understood
using the principle of sharing of the field, which is quite common in physics. Namely, each
of the particles is surrounded by its own elastically deformed director field. Far away, these
regions do not overlap and the structural force is zero. By approaching particles to each
other, the elastically distorted regions start to overlap. If this overlapping region is “in
favor” of both particle, they will tend to share it as much as possible. This will generate an

Figure 4.17: Brownian trajectories of 11 µm sphere with homeotropic surface anchoring in NLC
cell, inducing (a) quadrupolar and (c) dipolar elastic distortion. Histograms of particle displacement parallel (Y ) and perpendicular (X) to the director (n) for τ = 0.069 (the time between two
consecutive steps) from a sample over 12000 trajectory steps for (b) quadrupolar and (d) dipolar
configuration. Because the particles are big and heavy, they exhibit little Brownian motion and
the effects of thermal drift and flow of the LC become important, as can be seen from drifting
trajectories and the offset of histograms. Reprinted from Nikkhou et al. [121].
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attractive force. On the contrary, if the overlapping region is energetically not in favor of
both particles, they will repel. One can immediately see from the shaded regions, indicating
elastically distorted director field in Figures 4.16, 4.18, 4.19, 4.22, and 4.23, whether the
particles will attract or repel.
Quite opposite behavior is observed, when the direction of the topological dipole of the
microsphere is reversed, as presented in Fig. 4.18. In this case, the position of the point
defect of the micro-fiber has been reversed by laser tweezers from downwards (in Fig. 4.16)
to upwards direction in Fig. 4.18. One can immediately see in the experiment that the

Figure 4.18: Repulsive interaction between a fiber and a dipolar micro-sphere. (a) The microsphere is repelled from the fiber when their point defects are pointing into the same direction.
The dashed lines show the repulsive trajectory. (b) The repulsive force decreases by increasing
the separation. The inset presents the force in a log-log scale with the best fit to a power-law with
an exponent of −4 ± 0.2. (c) Schematic representation of the director in the vicinity of the fiber
and micro-sphere, showing elastically distorted region in shaded region, which generates repulsion.
By increasing the separation between the fiber and the microsphere, the distortion is relaxed and
energy is lowered. Reprinted from Nikkhou et al. [121].
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interaction is now repulsive, compared to attractive in previous configuration. The reason
for this repulsion is now clearly seen from the director field in between the fiber and the
sphere. Here, the director turns clockwise by 180 degrees when going from the surface of
the fiber to the surface of the micro-sphere. There is no way to remove this 180 degrees
splayed region, and it looks like a domain wall, separating the fiber and sphere. Because
the elastic energy, stored in this deformed region is quadratic in the deformation rate, it
actually increases when we try to reduce the separation, and the interaction is increasingly
repulsive, as shown in Fig. 4.18(b). In the inset to Fig. 4.18(b) we have plotted the repulsive
force as a function of center-to center separation of the fiber and sphere. The interaction
force shows a power-law behavior, F (r) ∼ r−4±0.2 , confirming the dipolar nature of the
interaction force. The upper inset shows the schematic view of the director field around
the fiber and dipolar colloidal particle, which indicates 180 degrees rotation of the director
field between them.

4.2.4

Elastic interaction of a dipolar or quadrupolar colloidal particle with the rings on the fiber

By quenching the LC around fiber with laser tweezers, a pair of rings with opposite topological charges can be created encircling the fiber (see Section 4.1.1). It is clear that the
formation of this pair of charges in general changes the director field in the vicinity of the
fiber, as shown in Fig. 4.19 and these changes have a substantial effect on the pair interaction forces between the topological charges on the fiber and those of the particles. The
interaction between a fiber with or without rings and the dipolar particle can be understood
in terms of topological charges and the repulsion of equally signed charges and attraction

Figure 4.19: Schematic representation of the director around fiber (without and with Saturn-ring
and Saturn anti-ring) and micro-sphere. (a) The hyperbolic hedgehog defect is on top of the fiber
as well as micro-sphere. The fiber and microsphere repel each other. The second panel shows the
same fiber after creation of the rings. The director in between the rings is now changed and the
micro-sphere is attracted to the fiber. (b) The defect of the micro-sphere has been reversed and
is now on bottom of the sphere. After the rings are created the director in between the rings is
changed and the interaction is reversed from attraction to repulsion. Reprinted from Nikkhou et
al. [121].
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of oppositely charged topological defects.
When a pair of rings with opposite topological charge is created on a fiber and the
micro-sphere is positioned in between the rings, the +1 ring will attract the −1 charge of
the micro-sphere (i.e. the hyperbolic hedgehog accompanying the micro-sphere) and the −1
ring will attract the body of the micro-sphere, which has the +1 radial hedgehog hidden in
the center of the micro-sphere. In this constellation, the fiber and the dipolar micro-sphere
will attract each other. If we now reverse the direction of the topological dipole of the
micro-sphere, the interaction should change from attractive to repulsive.
It is exactly this behavior that we observe in the experiments, as shown in the sequence
of optical micro-graphs in Fig. 4.20(a), which are extracted from the recorded video. In the
first panel we see a dipolar colloidal particle, which is positioned in the middle of a pair of
oppositely charged rings and is attracted to the fiber. During this interaction, the rings on
the fiber start to move towards each other, as they have opposite topological charges. When

Figure 4.20: Interaction between a pair of rings on a fiber with a dipolar micro-sphere. (a) and
(b) The dipolar micro-sphere is either repelled or attracted to the fiber. This depends upon the
distribution of the topological charges on the fiber and micro-sphere. The dashed lines show the
trajectory of the dipole after it is released from position close to the fiber. The red points show the
start and end points, and the red arrows show the direction of the movement. (c) The attractive
force between fiber and dipole of the case (a) . (d) The interaction force between the dipole and
fiber, which is shown in case (b). First, the force is repulsive, however, after annihilation of the
topological rings on the fiber, the force become attractive. Reprinted from Nikkhou et al. [121].
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the dipole approaches the fiber, the +1 ring is attracted to its − end and the −1 ring is
attracted to the + end of the dipole, as shown in panels four and five. Then, the two rings
annihilate each other and the dipole is starting to be repelled from the fiber (panel six).
From the recorded video-frames we calculated the position-dependence of the attractive
force, which is presented in Fig. 4.20(c) versus center-to-center separation. The maximum
force is at the separation of 20 µm and is in the order of ∼ 6 pN .
When we switch the direction of the dipole and the constellation of the two rings on
the fiber remains the same, the interaction force becomes repulsive (see Fig. 4.20(b), first
and second panels). The rings on the fiber individually attract each other because of their
opposite topological charges. After the annihilation of the rings, the director field in the
vicinity of the fiber is in the same direction as around the micro-sphere, and the sphere is
attracted to the fiber (see Fig. 4.20(b), panels three to six). In this case, the force between
the fiber and dipole is shown in Fig. 4.20(d).
In the next experimental setting we replace the dipolar micro-sphere with a quadrupolarone, carrying a Saturn-ring, again with the negative topological charge. As shown in Fig.
4.21(a), the particle is brought close to the Saturn-ring of the fiber and released. As both
Saturn-rings have the same topological charges, the sphere is repelled from and attracted

Figure 4.21: Interaction of a quadrupolar micro-sphere with a pair of rings on the fiber. (a)
Optical micrographs of the fiber with +1/2 and −1/2 rings and a quadrupolar micro-sphere,
which demonstrate repulsion of the particle from the −1/2 ring and attraction to the +1/2 antiring. The dashed lines show the trajectories of the quadrupolar micro-sphere. (b) Trajectory of
the quadrupolar micro-sphere after it was released near the −1/2 Saturn-ring of the fiber. (c) The
interaction force between the quadrupolar micro-sphere and the rings on the fiber. The microsphere is repelled from the equally charged ring and is attracted to the oppositely charged ring.
Reprinted from Nikkhou et al. [121].
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towards the Saturn anti-ring on the fiber. The trajectory of the quadrupolar micro-sphere
is shown in Fig. 4.21(b), and the force between the rings on a fiber and a micro-sphere is
shown in Fig. 4.21(c).
In a final set of experiments, the rings have been separated far away from each other
and the interaction between micro-sphere and a single (either +1/2 or −1/2) ring has been
studied. Six different interactions have been measured: (i) A dipolar micro-sphere with a
hyperbolic hedgehog defect on the bottom is released close to the −1/2 Saturn-ring on the
fiber. The dipole starts to gradually move almost parallel to the bulk orientation of the
NLC to the bottom. Then the dipole moves to the fiber without any rotation, and reaches
the defect ring from + end (Fig. 4.22(a)). Fig. 4.22(b) shows the schematic configuration
of the director in the vicinity of the fiber and dipole, which clearly explains why the dipole
first moves to the bottom and then to the ring. The interaction force between the −1/2
Saturn-ring and micro-sphere is shown in Fig. 4.22(i), first panel. The maximum force is
of the order of ∼ 6 pN .
(ii) The hyperbolic hedgehog defect of the dipolar micro-sphere is on top, and the dipole
is released in the vicinity of the − ring of the fiber. First, the dipole moves parallel to the
fiber, then, perpendicular to the fiber, as shown in Fig. 4.22(c). Finally, the dipole is
attracted to the − ring from the + end. The schematic representation of the director
around the fiber and dipole is shown in Fig.4.22(d). Fig. 4.22(i), second panel, shows the
interaction force between the + ring and the dipole.
(iii) The dipole with the point defect on the bottom is brought close to the + ring of the
fiber and left free ( Fig. 4.22(e)). The dipole is attracted to the + ring at a certain angle
with respect to the bulk orientation of the NLC. The director around the fiber and dipole
is shown schematically in Fig. 4.22(f). The direction of the director in the upper part of
the ring is the same as the direction of the director around the dipole. So the dipole stars
to move upward and then to the fiber in order to minimize the energy. The interaction
force is shown in Fig. 4.22(i), panel three. First, the dipole is attracted to the fiber with
the maximum force, approximately equal to 6 pN . In the vicinity of the fiber, the dipole
slows down and the attraction force decreases to ∼ 1 pN . Then, rather strong attraction
force is applied from the + ring and the dipole is approaching to the ring from its − end
(the hyperbolic hedgehog defect). The maximum force is of the order of ∼ 4 pN .
(iv) The dipole with point defect on top is released close to the + ring of the fiber.
It approaches the ring in a nearly semicircular trajectory, as shown in Fig. 4.22(g). Fig.
4.22(h) shows the schematic configuration of the director and Fig. 4.22(i), panel four, shows
the interaction force along the path.
(v) Fig. 4.23(a) shows the repulsive force between the Saturn-ring around the fiber and
the micro-sphere. The schematics is shown in Fig. 4.23(b), the separation dependence of
the force is shown in Fig. 4.23(c).
(vi) The quadrupolar micro-sphere is released close to the + ring of the fiber, see Fig.4.23
(d). There will be attractive interaction between the − charged Saturn-ring around microsphere and Saturn anti-ring around the fiber. The quadrupole is attracted to the + ring
in the direction perpendicular to the director, and stabilized by the twisted ring, which is
encircling the fiber and micro-sphere, as shown schematically in Fig.4.23 (e). Fig.4.23 (f)
shows the attraction force between the fiber and micro-sphere.
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Figure 4.22: Interaction of a dipole with Saturn-ring or Saturn anti-ring on the fiber. (a,c,e,g) The
time sequence of optical micrographs of the attractive interaction between dipole and Saturn-ring
or Saturn anti-ring. The dashed lines present the trajectory of the dipole. (b,d,f,h) Schematic
representation of director around fiber and dipole. (i) The attractive force between dipole and
Saturn-ring or Saturn anti-ring for panels (a,c,e,g). Reprinted from Nikkhou et al. [121].
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Figure 4.23: Interaction of a quadrupole with Saturn-ring or Saturn anti-ring on the fiber. (a,b,c)
Repulsive interaction between the quadrupole and Saturn-ring of the fiber. (d,e,f) Attractive
interaction between the quadrupole and Saturn anti-ring on the fiber. The dashed lines show the
trajectory of the quadrupole. (b,e) Schematic configuration of director around quadrupole and the
topological rings. (c) Repulsive force and (f) attractive force between quadrupole and Saturn-ring
or Saturn anti-ring respectively. Reprinted from Nikkhou et al. [121].

4.3

Forming topological charge on a fiber set perpendicular to the LC orientation

When the fiber is rotated in the nematic liquid crystal to point towards a perpendicular
direction to the nematic director, it preserves its Saturn-ring which now appears in a form
of a gigantic ring encircling the fiber all along its length. An example of such a gigantic
-1/2 ring is shown in Fig. 4.24(a). Fig. 4.24(b) shows the simulation of the orientation of
NLC around the fiber with Saturn-ring.

4.3.1

Creation of defect loops and point monopoles on a fiber

The −1/2 Saturn-ring around fiber can be cut in arbitrary number of isolated rings by laser
tweezers, which can subsequently be transfered into the point monopoles (with different
charges) or charge-neutral loops. First, the original Saturn-ring is cut into two rings. This
can be done either by quenching directly on the fiber through using laser tweezers as can
be seen in Fig. 4.25(a) or by graping the defect line with laser trap and pulling it in the
perpendicular direction to the fiber (see Fig. 4.25(b)). Since the starting Saturn ring had
a −1/2 winding number and a topological charge of −1, this charge has to be distributed
among the two new rings. In other words, one of the rings must preserve the −1 charge
and local −1/2 winding whereas the other ring must be charge-neutral with +1/2 local
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Figure 4.24: Gigantic Saturn-ring around the fiber. The micro-fiber is oriented perpendicular
to the nematic director in the planar cell and a gigantic Saturn-ring is spontaneously created
encircling the fiber along the long axis.(a) A real image of a part of gigantic −1/2 Saturn-ring
encircling the fiber along its longer axis. (b) Simulation of the NLC orientation around the fiber
in the vicinity of the Saturn-ring which has done by Simon Čoper.

Figure 4.25: Cutting and re-forming the −1/2 Saturn-ring on the fiber. The gigantic Saturn-ring
ring is cut into two separated rings with locally opposite winding numbers by thermally quenching
on the fiber (a) or graping and puling the Saturn-ring (b) by the laser tweezers. The smooth region
in between is called “topological soliton”. (c) The left panel shows the loops under crossed polarizer
with the wave-plate which represent the director pattern in the vicinity of the fiber . The right
panel indicates schematic drawing of the loops with topological soliton between them.
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Figure 4.26: Topological soliton. (a) The real image of the topological soliton which is indicated
with narrow dark-shaded region below the fiber. (b) The simulation of the topological soliton
which has done by Simon Čoper.

winding number at the position facing the −1/2 ring (see the last panel of Figs. 4.25 (a)
and (b)). Due to the length of the deployed fiber, the charges are local and the other parts
of gigantic Saturn-ring apart from the cutting position remain undisturbed. In Fig. 4.25
only one end of the loops on the fiber (marked with their winding number) is illustrated.
In Fig 4.25(c), left panel shows the director pattern around the defect loops which has
taken under cross polarizer with the λ wave-plate, and the right panel shows the schematic
drawing of the director pattern. The region between the loops has no topological charge
and it is known as a “topological soliton” as shown in Fig. 4.26. It is only filled with a
“topological flux” emanating from one ring and sinking into the other [66]. Fig. 4.26(a)
shows the true image of the topological soliton which resembles dark-shaded region below
the fiber and Fig. 4.26(b) summarizes the simulation.
One of these two loops is cut again and two different results are obtained: (i) a charge-

Figure 4.27: Creation of an isolated loop. The second cut of gigantic Saturn-ring creates a chargeneutral loop (a) or a +1 loop, which shrinks into a +1 monopole (b).
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neutral loop annihilating after a few seconds (see Fig. 4.27(a)), and (ii) a charged +1 loop
which shrinks into a +1 point monopole (Fig. 4.27(b)). −1 point monopole can be created
in the similar way. The creation of charge-neutral loop occurs frequently.
We are able to create more monopoles on the fiber in different ways of cutting Saturnring: (i) by farther cutting each of the remaining rings new monopoles will be created as
can be seen in Fig. 4.28(a); (ii) by directly quenching on the part of gigantic Saturn-ring
several isolated loops can be created at the same time. The loop with same winding number
in both ends shrinks into monopoles as shown in Fig. 4.28(b) (the central loop in panel
3). The schematic drawing of the director patterns of point monopoles are shown in Fig.
4.28(c).

Figure 4.28: Creation of the additional monopoles. (a) By further cutting the gigantic loop,
another isolated loop will be created, which carries −1 topological charge, and shrinks into the
−1 monopole. (b) By quenching in a part of gigantic Saturn-ring a -1 monopole is created which
is placed between two loops (only one end of the loops with +1/2 winding number is visible).
(c) The schematic drawing of a pair of monopoles (left panel) and a single monopole positioned
between two loops (right panel).

70 4. Full control over the topological charges on a topologically simple object in planar liquid crystal cell

4.3.2

Creation of point monopoles, charge-neutral loops and rings
on a topological soliton

By quenching the topological soliton the significant result is achieved that a combination of
monopoles and charge-neutral loops or rings can be created. Fig. 4.29(a) shows the creation
of an isolated charge-neutral loop, as described in our recent work [66]. The charge-neutral
loop can be modified in two different fashions: in the first case, two charge neutral loops
are created, which both annihilate each other (Fig. 4.29(b)). In the second case, a pair of
loops is created with opposite charges −1 and +1. Each loop then shrinks to a monopole
(Fig. 4.29(c)). A pair of ±1 loops can also be created by direct quenching the topological
soliton as shown in Fig. 4.30(a). In addition, it is possible that one end of the loop jumps
to the other side of the fiber and encircles the fiber similar to the ring during the quenching
process. In this case the position of the topological soliton changes from bottom side of the
fiber to the top. With the creation of the second ring the topological soliton moves back to
the bottom side (see Fig. 4.30 (b) and (c)). In Fig. 4.30(b) a pair of +1 and −1 defect rings
encircling the fiber are created. Creation of the charge-neutral ring is shown in 4.30(c).

4.3.3

Charge testing of charge-neutral loop and monopoles by
dipolar colloid

In zero-charge loop, the far segments are similar to the halves of oppositely charged loop.
The charge of these segments can be confirmed by a single dipolar micro-sphere. In Fig.
4.31(a) the dipole is left with + end close to the left section of the charge-neutral loop. The
dipole is repelled from the left section and attracted to the right section, we can therefore
assign a positive charge to the left side of the loop and a negative charge to the right side
of the loop. The repulsion of the + end of the dipole from left-side of the loop indicates
+ charge for this side, and attraction to the right-side indicates − charge for the rightside. Fig. 4.31(b) represent same charge-neutral loop with a dipole which is exposed with
the − end towards the right part of the loop. In this case the dipole is repelled from the
right-side with same charge (− charge) and attracted to the left-side with + charge. These
experiments show that the segments are topologically independent.
The charge of monopoles can be assessed using the same method. In Fig. 4.31(c) the
dipole is attracted to the monopole from the +1 end, identifying the monopole as a −1
charge. And in Fig. 4.31(d) the dipole with −1 end is attracted towards the monopole,
demonstrating +1 charge for the monopole.

4.3.4

Sequence of point monopoles and their annihilation

Arbitrary number of point monopoles can be created by cutting the gigantic Saturn-ring
with laser tweezers, as presented in Section 4.3.1. Fig. 4.32(a) shows several monopoles
with alternating topological charges. The charges of monopoles are identified by dipole as
illustrated in previous section and shown in Fig. 4.32(b).
There are attractive forces with elastic origin between the point monopoles, because of
their opposite charges. When the monopoles are too close, the attractive forces prevail over
the friction forces between the monopole and the surface of the fiber, and they annihilate
similar to the Saturn-ring and Saturn anti-ring on the fiber. Fig 4.33(a) shows the time
sequence images of the attraction and annihilation of the pair of topological monopoles. The
dynamics of the monopoles annihilation is shown in Fig. 4.33(b). The position is recorded
by tracking both the monopoles, and the relative velocity of their approach is calculated.
The relative velocity shows a power-law dependence v ≈ 1/dα , with α ≈ 2 ± 0.2. This is the
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Figure 4.29: Creation of charge-neutral loop. (a) An isolated charge-neutral loop is created by
quenching the topological soliton. (b) A charge-neutral loop is cut into two neutral loops, which
both annihilate. (c) A charge-neutral loop can be cut into two −1 and +1 loops, then the loops
shrink into stable −1 and +1 monopoles.

Figure 4.30: Charge neutral rings and monopoles. (a) Two loops with -1 and +1 charges are
created, which shrink with time into point defects. (b) A pair of +1 and -1 rings are created,
encircling the fiber along its shorter axis. The position of the topological soliton is moved from
bottom side of the fiber to the top with first ring and is moved back to the bottom side of the
fiber with the second one. (c) A charge-neutral ring, a -1 point defect and +1 ring are created.
In all three columns the last panels show the schematic drawing of the director field. In each case
the total topological charge is zero as it was before quenching, which confirms the conservation of
total topological charge.
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Figure 4.31: Charge testing of charge-neutral loop and monopoles. (a) and (b) The attraction
or repulsion of test dipolar colloidal particle (with + or − end) from far segments of the loop
identifies the left-side of the loop as a + charge and the right-side as a − charge. The segments
are oppositely charged and topologically independent. The attraction of the dipole with + end
towards monopole indicates the − charge for the monopole (c), and the attraction of the dipole
with − end towards monopole identifies the + charge for monopole (d). The dashed lines on the
all panels indicate the path of the dipole.

Figure 4.32: Sequence of point monopoles with alternating charges. (a) A sequence of point
monopoles are created on a fiber by cutting the gigantic Saturn-ring with laser tweezers. (b) The
charge of monopoles are demonstrated by dipolar colloidal particles.
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Figure 4.33: Annihilation of point monopoles on a fiber. (a) A pair of point monopoles with
opposite charge is attracted and annihilated. (b) The positions of the +1 and −1 point monopoles
as a function of time. The inset shows the relative velocity of the annihilation of two monopoles
as a function of separation with a best fit power-law v ≈ 1/dα with the exponent α ≈ 2 ± 0.2.

Figure 4.34: Ratio of the velocity of the annihilation of two oppositely charged monopoles. The
experiment is performed for three different samples. This ratio is v+ /v− ≈ 1.2.
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first experimental observation of the attraction between two monopoles, with power-law
dependence and the exponent α = 2. This means that this attraction force follows the
Coulomb’s law, as it is proportional to the inverse square of the separation between the
monopoles.
The ratio of the velocities of the pair of monopoles versus their separation is shown in
Fig. 4.34 for three different samples. The +1 monopole is faster than the −1 monopole,
v+ /v− ≈ 1.2. The point monopoles are initialized at a distance of ∼ 30 µm from each other,
and left to annihilate. The monopoles overlap when their separation if less than 10 µm. So
the data is analyzed when the separation of the monopoles was more than 10 µm.

4.4

4.4.1

Entanglement and interaction of a micro-sphere
with a micro-fiber perpendicular to the far-field
nematic director
Elastic interaction of a micro-sphere and a fiber

Here we analyze the elastic interaction of a dipolar micro-sphere with a topological soliton,
point defects and zero-charge loops, created on the fiber, as described before. First, a small
micro-sphere with a normal surface anchoring and the diameter of 10 µm is guided into
the vicinity of the fiber with a topological soliton. The stable orientation of the hedgehog
point defect of the sphere, carrying the −1 topological charge, is along the topological
soliton, which is propagating the topological flux from − charges to the + charges. In
other words, the orientation of the topological dipole of the microsphere is such, that the
−1 part is directed towards the + charge, where the soliton ends. This is clearly presented
in Figs. 4.35 (a) and (b), where by reversing the direction of the topological soliton,
also the stable orientation of the topological dipole is reversed. The configuration of the
director field within the soliton can be determined qualitatively by using the λ (red)-plate
in both configurations (third panels). The insets to panels present schematic drawings of
the director filed.

Figure 4.35: Interaction of a dipolar micro-sphere with a topological soliton on the fiber. (a-b) The
left images present the unpolarized optical micrographs of a stable orientation of the micro-sphere,
placed within the region of the soliton. The middle images were taken under cross polarizers. The
right panels were taken under cross polarizer with a full-wave-plate, which is inserted at 45 degrees
with respect to polarizer P and crossed analyzer A. The blue and yellow colors clearly show the
reversed director field in the vicinity of the fiber in both cases. The schematic drawing of the
director field is shown in the insets. Reprinted from Nikkhou et al. [121].
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The interaction force between the fiber with a topological soliton and dipole is studied
by bringing a dipolar micro-sphere into the ∼ 35 µm separation from the fiber, and releasing
it by turning off the laser tweezers. As shown in Fig. 4.36(a), the dipole is attracted to
the fiber directly along the director and is rotated at a certain angle for the reduction of
the total distortion of the director field. The direction of rotation of the dipole depends on
the direction of the topological soliton, which has already been shown in Fig. 4.35. The
attractive force versus center-to-center separation of the micro-sphere and fiber is shown in
Fig. 4.36(b). The maximum force is of the order of 18 pN at the separation of 17 µm. If
the dipole is rotated for 180 degrees and is released in the vicinity of the topological soliton
with its + end facing the soliton, the soliton stars to repel the dipole, as presented in Fig.
4.36(c). The corresponding repulsive force is presented in Fig. 4.36(d).
In the next step, we study the interaction of dipolar micro-spheres with −1 and +1 point
monopoles, created on the fiber, as described before.There are two stable configurations of
the binding of a dipolar micro-sphere with −1 point monopole: (i) The dipolar microsphere is attracted to the −1 monopole from the + end of the micro-sphere, as shown
in Fig. 4.37(a). (ii) It is well known that topological defects with opposite topological
charges feel attraction and with same topological charges feel repulsion arising from the
elastic distortion of the NLC in surrounding medium. However, the attractive interaction

Figure 4.36: Interaction between a topological soliton and a dipolar micro-sphere. (a) The dipole,
which is oriented with its − end towards the fiber with a topological soliton, is attracted to the
fiber. (b) If the orientation of the dipole is reversed, so that it is facing the soliton with its + end,
the particle is repelled from the fiber. (c) and (d) show the attractive force and repulsive force for
the experiments (a) and (b), respectively. Reprinted from Nikkhou et al. [121].
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between like topological charges has been found in LC [42,44,152,211,212] and is called the
“bubble-gum”, or vortex-like binding. In this mechanism, two point −1 charged hedgehogs
fuse together into a non-singular, vortex-like defect structure [212]. In our experiments, a
similar exotic defect structure is observed (Fig. 4.37(b)), when the dipolar micro-sphere
approaches to the −1 point monopole from its − end, which is reminding of the bubble-gum
(vortex-like) structure.
The interaction between the elastic dipole and the +1 point monopole on a fiber also
exhibits two different stable configurations. In the first configuration, shown in Fig. 4.37(c),
the dipole is attracted to the +1 monopole with the − end of the dipole, which is a typical

Figure 4.37: Binding of a dipolar micro-sphere with a point monopole on a fiber. (a) Binding of
the + end of the dipole with the −1 point monopole on a fiber. (b) Bubble-gum (vortex-like)
configuration between the − end of the dipole and the −1 point monopole on a fiber. (c) Stable
configuration of the − end of the dipole with the +1 point monopole on the fiber. (d) Binding
of the dipole with its + end to the +1 point monopole on the fiber. The first column shows the
unpolarized optical micrographs, the second column shows the same image under cross polarizers,
and in the third column, the images are taken under cross polarizer and λ wave-plate. The colors
enable one to visualize the director field in the vicinity of the dipole and fiber. Reprinted from
Nikkhou et al. [121].
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Figure 4.38: Trajectories of dipolar colloids in the vicinity of a charge-neutral loop. The dipolar
colloid is released from the optical trap towards the fiber. (a) The + end of the dipole is near
the fiber. The lines 1-3 show the repulsive trajectories due to the topological soliton close to the
charge-neutral loop. The lines 4 and 5 show the dipole trajectories when the particle is repelled
by the + end of the loop and topological soliton, and attracted to the − end of the loop. The lines
6-8 show the attractive trajectories towards the − end of the loop. The lines 9 and 10 indicate the
trajectories of the dipole with repulsive interaction caused by the topological soliton and attractive
interaction caused by the − end of the loop. (b) The − end of the dipole is near to the fiber. The
lines 1-4 show the attractive trajectories towards the topological soliton and + end of the loop.
The lines 5 and 6 present the repulsive interaction due to the − end of the loop and attractive
interaction due to the + end of the loop and topological soliton. The lines 7 and 8 indicate the
attractive trajectories towards the topological soliton. Open circles indicate the starting positions.
Reprinted from Nikkhou et al. [121].
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interaction between two topological defects with opposite topological charges. To obtain
the second configuration, we pushed the dipole with its + end towards the +1 monopole
by laser tweezers. In this case, shown in Fig. 4.37(d), there is a birefringent, string-like
structure between the − end of the dipole and the +1 monopole, similar to “vortex” around
the dipolar micro-sphere as presented in Fig. 4.37(b). This configuration is very rarely
realized in the experiments.
Finally, we study the interaction between a charge-neutral loop and a dipolar microsphere, and two different configurations are considered:
(i) The dipole with + end facing the fiber is positioned by the laser tweezers at different
separations from the loop and released. The resulting trajectories of the dipole are presented
in Fig. 4.38(a). Positions 1, 2, and 3 show the dipole, which is repelled by the topological
soliton of the fiber. In the position 4, the dipole is released close to the + end of the zerocharge loop. In this case, the dipole is repelled from the + end and attracted to the − end.
In the position 5, there is a small repulsion due to the + end of the loop and topological
soliton and strong attraction to the − end of the loop. So the dipole is attracted to the −
end before it moves far away from the fiber. The positions 6, 7, and 8 are close to the −
end of the loop, so the dipole is attracted to the fiber. In the positions 9 and 10, there is a
repulsive force due to the topological soliton and attraction force due to the − end of the
loop.
(ii) The dipole is placed at different separations from the loop with its − end facing the
fiber. Trajectories of the dipole are shown in Fig. 4.38(b). In the positions 1 and 2, first
the dipole is attracted to the topological soliton and then to the + end of the loop. The
dipole in positions 3 and 4 is attracted directly to the + end of the loop. In the positions
5 and 6, there is a repulsive interaction between the dipole and the − end of the loop and
attractive interaction between the dipole and + end of the loop. When the dipole is placed
in the positions 7 and 8, there is small repulsive force caused by the − end of the loop and
strong attractive force caused by the topological soliton. So the dipole is attracted to the
soliton.

4.4.2

Entanglement and binding of a micro-sphere with far segments of a loop on a fiber

Here we present our experiments of the entanglement and interaction of a micro-sphere with
the far segments of the loops, created on a fiber by cutting the original gigantic Saturn-ring.
As mentioned before, these segments have a local winding number −1/2 or +1/2, which
can be determined from the optical analysis of images. The results of the experiments are
presented in Fig. 4.39.
In the first set of experiments, shown in Fig. 4.39(a-d), a micro sphere is exposed
towards the − end of the loop. By quenching the NLC around the − end of the loop
and the micro-sphere, four different kinds of binding or entanglement are created, which
are shown in Fig. 4.39(a-d). The upper panels show the true microscope images of these
bindings under unpolarized light, and the bottom panels show the schematic representation
of them.
In Fig. 4.39(a) the end of the loop encircles the dipolar micro-sphere, and the hedgehog
point defect of the particle is located on the top-end of the micro-sphere and is attracted
towards the fiber. Fig. 4.39(b) presents another kind of binding, which is similar to the
hyperbolic defect entanglement, observed between two mutually entangled micro-spheres
with Saturn-rings in planar cells [65]. In this case the micro-sphere is bound to the fiber
with the end of the loop, and there is a smaller ring in between the fiber and sphere.
The micro-sphere can also be attached to the end of the loop from its + end, as shown
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Figure 4.39: Entanglement and binding of a micro-sphere with halves of the charged loop. The panels show the optical images in unpolarized light and the accompanying panels show the schematics.
(a) The − end of the loop of the fiber embraces the micro-sphere. The hedgehog point defect of
the micro-sphere is still there and is attached to the fiber. (b) The − end of the loop is encircling
the micro-sphere and an additional smaller loop, originating from the point hedgehog, is encircling this part of the fiber’s loop. (c) In a reversed orientation of the micro-sphere’s hedgehog, the
micro-sphere is now bound to the − end of the loop from its + end. (d) This binding between the
− end of the loop and hedgehog point defect is similar to the bubble-gum configuration. (e) The
micro-sphere is bound to the + end of the loop with its − point defect. Reprinted from Nikkhou
et al. [121].

in Fig. 4.39(c), or from the − end, as shown in Fig. 4.39(d). In this case we obtain a
binding that resembles the bubble-gum binding.
Finally, we can observe the interaction of the micro-sphere with the + end of the loop,
with the +1/2 winding environment. There is only one kind of biding between the sphere
and fiber, as we can see in Fig. 4.39(e). The micro-sphere is attached to the + end of the
loop with the hedgehog point defect.

4.5

Micro-fiber immersed in chiral nematic liquid crystal (π cell)

In the previous sections of this chapter we have shown the topological defects around microfiber in NLC. However, there is a significant change on the defects when we add a small
amount of chiral dopant into the NLC. Similar to the previous experiments the fiber with
diameter of 8 − 12 µm is inserted into the glass cell (the glass plates are coated with ITO
and rubbed polyimide) with thickness of 13 − 18 µm, and then the cell is filled with chiral
nematic liquid crystal which is prepared by mixing 5CB with 0.16 wt% of CB15 chiral
dopant. The chiral dopant induces the helical twist in the NLC, which is defined by the
pitch P . The chiral pitch denotes the variation of the director axis over a full rotation of
360 ◦ .
The pitch of the chiral nematic liquid crystal can be measured in three different ways:
(i) atomic force microscope (AFM), which can be used to measure short pitches [217]; (ii)
measuring the reflection or transmission spectra from the sample [218]; (iii) GrandjeanCano method based on wedge cell [130]; In our experiments we used the Grandjean-Cano
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Figure 4.40: Cano wedge sample. (a) Schematic representation of the Cano wedge sample. Cano
wedge lines are shown with dashed lines. (b) The real image of the Cano wedge lines in a wedge
cell [219].

wedge method because it is the most simple and applicable in the micrometer range. To
prepare wedge sample a Myler spacer is used only on one side of the cell. Thickness of the
sample is measured in different positions with Ocean Optics USB4000 spectrophotometer
by an interference method before filling the glass cell with LC. Then the cell is filled with
a CLC. One can see the dark lines in a wedge cell under planar anchoring. The schematic
representation of the wedge cell is shown in Fig. 4.40 (a) and the real image is shown in Fig.
4.40 (b). The pitch can be measured by applying the formula P = 2d/n where d indicates
the thickness of the cell and n denotes the number of Cano wedge lines.
We carried out the experiments in the π twist region. Therefore, the effect of the chirality
with π twist on the topological defects around micro-fiber was studied.

4.5.1

Topological defects around micro-fiber in π cell

A micro-fiber with homeotropic surface anchoring is inserted into the π cell parallel to the
rubbing direction. In this case a defect loop is created which is encircling the fiber along

Figure 4.41: Defect loop around micro-fiber parallel to the rubbing direction in π cell. Micro-fiber
with a diameter of 13 µm and a length of ∼ 400 µm is inserted in π cell parallel to the rubbing
direction. The defect loop is created along its longer axis. The laser induces isotropic island on
both sides of the micro-fiber, which are marked with red crosses. The defect loop is stretched by
isotropic islands.
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Figure 4.42: Creation of an unstable defect ring. (a) By thermally quenching the defect loop
around the fiber the defect lines are separated and a single defect ring is created. (b) The defect
ring is unstable and in a couple of seconds annihilates when the defect lines of the original loop
go back to the initial position.

its longer axis. As the defect line is lying on the fiber and it is not clearly visible, we used
two laser traps and pulled the lines away from the fiber to make them visible as shown in
Fig. 4.41.
By temperature quench using the focused laser beam in a thin layer of CLC around the
micro-fiber, several different types of defect loop deformation are observed.
In one rare case, the defect lines are separated from each other and one additional ring
is created as shown in Fig. 4.42(a). This configuration is unstable and in a few seconds the
separated defect lines go back to their initial state and the created defect ring annihilates
Fig. 4.42(b).
One stable configuration occurs when the defect loop is cut into two loops and a topological soliton is created between them. The defect loops run away from each other (see

Figure 4.43: Cutting the defect loop. By quenching on the fiber the loop along the fiber is cut
and two loops with the topological soliton between them is created. The last panel presents the
defect loops and topological soliton under cross polarizer λ wave-plate.
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Figure 4.44: Attractive interaction between dipole and topological soliton. (a) The dipole is
attracted to the topological soliton from its − end. The attractive force is generated, because the
overlapping of the elastically distorted regions around both particles is energetically in favor. (b)
The dipole is pushed to the topological soliton from its + end by laser tweezers, but it is strongly
repelled. In this case, the overlapping region is energetically not in favor of both particles.

Figure 4.45: Charge testing of topological loops. (a) The dipole with − end is attracted to the
upper end of the lower loop, demonstrating oppositely charged section. (b) The dipole with −
end is repelled from the lower end of the upper loop and attracted to the topological soliton next
to the loop, which indicates same charge for this end of the loop.
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Fig. 4.43). This configuration is quite stable and the created loops can be connected to
each other and go to the initial position only by using laser tweezers and quenching between
them.
The interaction between the fiber with a topological soliton and dipole is analyzed by
bringing a dipolar micro-sphere close to the fiber by laser tweezers. The dipolar microsphere with − end toward the topological soliton is left free in vicinity of the fiber by
switching off the laser. The dipole is attracted to the soliton as shown in Fig. 4.44(a).
This attraction denotes that the elastically distorted liquid crystal in the vicinity of both
particles is in favor.
On the other hand, when the dipole with + end is left close to the soliton, repulsive
interactions occur between the soliton and the dipole. The laser tweezer is used to push
dipole from + end to the topological soliton, but strong repulsive force is created from the
soliton and pushed the dipole away (see Fig. 4.44(b)). The repulsive force originated from
the fact that the overlapping of the elastically distorted regions around the particles is not
energetically in favor.
To determine the charge of the two topological loops, the same dipolar micro-sphere is
used. The dipole is brought by laser tweezers and released from − end close to the upper
end of the lower loop as shown in Fig. 4.45(a). This − end is attracted to the upper end
of the loop which specifies + sign for that. Similar testing method is applied to determine
the sign of the topological charge of the lower end of the upper loop (see Fig. 4.45(b)). In
this case the dipole from − end is repelled from the lower end of the loop which indicates
− sign for this end. Then the dipole is attracted to the topological soliton next to the loop,
because of in-favor overlapping of the elastically distorted liquid crystal around the dipole
and the fiber.
One can creates the charge-neutral loop by quenching on the topological soliton as
presented in Fig. 4.46. This loop breaks the topological soliton into two parts.
By quenching on the topological soliton two point defects are created with radial and
hyperbolic configurations as shown in Fig. 4.47(a). They carry topological charges of +1
and −1 respectively. Fig. 4.47(b) represents the same configuration with wave-plate. To
determine the charge of the point defects, dipolar micro-sphere is used. The negative part
of the dipole is attracted towards the upper point defect, demonstrating it as the +1 charge
(see Fig. 4.48(a)). When the − part of the dipole is exposed towards the lower point defect,
it is repelled from the point defect and immersed in upper or lower topological soliton (see
Fig. 4.48 (a) and (b)), identifying equally charge for point defect.

Figure 4.46: Charge-neutral loop. The charge-neutral loop is created by quenching on the topological soliton.
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Figure 4.47: Creation of topological point defects. By thermally quenching a pair of topological
point defect is created. The last panel indicates the point defects under cross polarizer and λ
wave-plate.

Figure 4.48: Charge testing of topological point defects. (a) Negative part of the dipole is attracted
towards the point defect, identifying +1 charge for it. (b) and (c) Negative part of the dipole is
repelled from the point defect, demonstrating it as a −1 charge.
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4.5.2

Micro-fiber perpendicular to the rubbing direction

When micro-fiber is rotated by 90 ◦ and positioned perpendicular to the rubbing direction,
a defect loop is created around the micro-fiber different from the parallel configuration as
shown in Fig. 4.49. The disclination line starts on top of the fiber along its long axis and in
the end of the fiber sinks behind and continues along the fiber to the other end and connects
into a loop. To shown the disclination lines clearly a small isotropic island is created by
laser tweezers. In Fig. 4.49(a) second panel, the top disclination is clearly visible when it
is pulled by laser tweezers. Fig. 4.49(a) third panel shows the disclination behind the fiber.
The defect loop is shown schematically in Fig. 4.49(b). Fig. 4.49(c) presents the defect
loop using a λ wave-plate.

Figure 4.49: Defect loop around micro-fiber perpendicular to the rubbing direction. (a) Optical
micrographs of the small part of the fiber with disclination lines. The isotropic islands are created
by laser tweezers which are marked with red crosses, are used to pull the disclination lines. (b)
Schematic representation of the defect loop over whole fiber. (c) A part of fiber with disclination
lines using λ wave-plate.

The defect loop is cut by tweezers, creating series of pairs of loops. Between the two
loops we observed either one or two defect rings. The creation of the two loops with one
defect ring between them which is twisted in the helix direction is shown in Fig. 4.50(a).
The defect ring appears similar to a figure of eight pattern.
The creation of two defect rings is shown in Fig. 4.50(b). In this case, the gigantic
defect loop is cut into two loops and by quenching between them two rings with opposite
topological charges are created.

4.5.3

Entanglement of micro-fiber and micro-sphere in π cell

The entanglement of micro-fiber and micro-sphere by defect lines in planar nematic cells
were discussed widely in Section 4.2. In this section the effect of the chirality on the colloidal
entanglements has been investigated. A micro-sphere with normal surface anchoring inside
CLC in planar cell consists of a defect loop with a twist in the helix direction. Figs. 4.51
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Figure 4.50: Cutting an re-forming topological loop and creating additional rings. (a) Time
sequence optical micrgraphs of cutting defect loop in two loops with a defect ring between them.
(b) After the gigantic defect loop is cut into two parts, by quenching the LC around the fiber
between the loops, two defect rings with opposite topological charges are created. The last panel
shows the defect rings schematically.

(a) and (b) show the micro-sphere in the vicinity of the −1 and +1 rings on the fiber,
respectively. The micro-sphere is brought close to the defect ring of the fiber with negative
topological charge by laser tweezers and the environment around the micro-sphere and the
negative defect ring is heated locally to the isotropic phase using focused laser beam. After
switching off the laser, the island undergoes a phase transition from isotropic to chiral
nematic phase that leaves behind a dense tangle of defects. These defects annihilate in less
than a second except one or two loops remain encircling the fiber and micro-sphere in three
different configurations as shown in Figs. 4.51 (c), (d) and (e). When the surrounding
area of the micro-sphere and the positive ring of the micro-fiber is quenched by tweezers,
an entangled state is created (see. Fig. 4.51(f)). The last panels of Fig. 4.51 show the
winding of the entangled defect lines around fiber and micro-sphere schematically, to make
the configuration clearly visible.
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Figure 4.51: Entanglement of micro-fiber and micro-sphere in a π cell. The micro-sphere in the
vicinity of the −1 ring (a) and +1 ring (b) on the fiber. (c), (d) and (e) Entangled micro-sphere
and fiber with negatively charged ring demonstrating the entangled point defect, figure of eight
and figure of omega, respectively. (f) Entanglement of the micro-sphere with positively charged
ring. The last panels indicate the entangled defect lines schematically.
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5

5.1

Complex-shaped photopolymerized microcolloids in planar liquid crystal cell

Disclination lines around spiral colloids

In this experiment we study the defects around spiral colloidal particles with homeotropic
surface anchoring in a nematic planar cell. The fabrication of the these colloids was already
shown in Section 3.5.3. The region around the spiral colloid is locally heated into the
isotropic phase with focused laser beam that one can see the shape clearly as shown in Fig.
5.1. To explain the defects around the micro-helix parallel to the rubbing direction, each
part of the helix can be considered as a micro-rod with a different angle to the rubbing
direction. The regions with blue arrows in Fig. 5.2(a) are similar to the micro-fiber parallel
to the rubbing direction. In these regions ±1 defect rings can be created by quenching the
NLC around the micro-helix with a focused laser beam. On the other hand, the regions
with red arrows are similar to the fiber with an angle to the rubbing direction. We expect
the elongated rings in these regions. Fig. 5.2(b) shows the schematic representation of the
defect rings around the helix.
The significance of the spiral colloid is the ability of stabilizing the defect rings. Therefore, several defects can be created in very small region. In the case of the micro-rod, the
minimum separation between two defect rings is ≈ 20 µm. Otherwise the defects attract
each other and annihilate. So in order to create two defect rings, the length of the micro-rod
should be more than 50 µm, and for a large number of defect rings a bigger rod is required
(see Chapter 4). But the wavelike shape of the spiral traps the defects and stabilizes them
on the helix, and thus prevents them to move close to each other and annihilate. As many
defects are created in a small/short helix, it is difficult to check the topological signature
of the defects.
We have used two methods to recognize the existence and the sign of the defects. The
sample is placed between crossed polarizers with a λ wave-plate, which is inserted at 45
degree angle with respect to the polarizer. The colors around the micro-helix indicate
different orientation of the NLC molecules. The color change in each point represents the
existence of the disclination defects. The sign of the disclination defects can be determined
by comparing the director pattern in the vicinity of the micro-helix with the dipolar microsphere. Since many defects can be created on the small micro-helix and because of the
wavelike shape of the helix in some regions the color change is not clear, so the other
method has been used to confirm the obtained results. A small dipolar micro-sphere is left
free close to the micro-helix in different positions by the laser tweezers. As the micro-sphere
is by convention assigned a +1 charge for the particle and −1 charge for the accompanying
point defect, thus such a particle induces an elastic distortion that would be repelled by
the equally charged part of the disclination defect on the micro-helix and attracted by the
oppositely charged part.
Here we show two examples of how the mentioned methods can be used to find out the
sign of the disclination defects around the micro-helix. As we can see in Fig. 5.3 (a) and (b),
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Figure 5.1: Spiral colloid in isotropic phase. The region around the helix is heated to the isotropic
phase by laser tweezers to observe the shape of the helix.

Figure 5.2: Spiral colloidal particle in nematic planar cell. (a) The micro-helix with blue and red
arrows. Blue arrows show the sections parallel to the rubbing direction and the red arrows show
the sections with an angle to the rubbing direction. (b) Schematic representation of the defect
rings around helix.
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Figure 5.3: Existence of several topological rings on a small micro-helix. (a) and (b) Dipolar
micro-sphere with a point defect on top is repelled from the micro-helix, which represents the
opposite director field in the vicinity of the dipole and micro-helix. The dashed lines show the
repulsion trajectories. (c) The same micro-helix under crossed polarizers with inserted λ waveplate. By comparison the colors in the vicinity of the micro-helix and a dipolar micro-sphere,
one can recognize the sign of the defect rings around the helix in different regions. (d) Schematic
representation of the director around the Saturn-rings and Saturn anti-rings on the micro-helix.

when the dipolar micro-sphere with the hyperbolic hedgehog defect on top is released in the
vicinity of the micro-helix, it will be repelled from the micro-helix. This repulsion indicates
the opposite director in the vicinity of the micro-helix and the sphere. Fig. 5.3(c) shows
the micro-helix and micro-sphere under cross polarizer and the λ wave-plate. By comparing
different colors around the micro-helix and the micro-sphere we can simply assign signs to
the disclination defects of the micro-helix. The schematic representation of the director
pattern around the micro-helix is shown in Fig. 5.3(d).
After quenching the LC around the micro-helix by laser tweezers, a different set of the
disclination defects appeared as shown in Fig. 5.4. First we captured the image of the
micro-helix under cross polarizer with a λ wave-plate inserted (see Fig. 5.4(a)). From this
image the color change was recognizable, but it was not clear, thus we re-examined the
defects with a small dipolar micro-sphere. In Fig. 5.4(b), five regions of the micro-helix
were marked with ellipsoids to explain the defects, region by region. Fig. 5.4(c), first panel,
shows the micro-sphere with the point defect on top, which is left free in the right side
of the micro-helix. First, the dipole started to move upward and then to the micro-helix.
From the last panel of Fig. 5.4(c), one could see that when the dipole approached the helix,
the − end of the dipole was attracted to the region 4 and its + end was attracted to the
region 2 (The regions on the helix are shown in Fig. 5.4(b)). Therefore, we expect the +
charged ring in the region 4 and − charged ring in the region 2 of the helix.
When the initial position of the dipole was changed and it was release in front of the
upper end of the helix as shown in Fig. 5.4(d), first panel, the dipole moved through a
diagonal pass and reached the helix similar to the previous experiment (see Fig. 5.4(d), last
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Figure 5.4: Determination of the disclination defects around the micro-helix. (a) Micro-helix under
crossed polarizer and λ wave-plate. (b) Division of the micro-helix in five regions to determine the
disclination defects in each region. (c) and (d) The dipole with the hyperbolic hedgehog defect
pointing upward in the right side of the helix is attracted to the region 2 from + end and the
region 4 from its − end. This attraction indicates the − sign for the region 2 and the + sign
for the region 4. (e) and (f) The dipolar micro-sphere with point defects downward is attracted
form the + end to the region 2, which demonstrate the sign − for this region. (g) and (h) dipole
with point defect on top in the left side of the micro-helix. It has been attracted to the region 1
from its + end, assigning this region with the negative sign. (i) Dipole with point defect pointing
upward in the left side of the micro-helix is attracted to the region 5 from its + end. Thus, the
sign of the disclination defect in this region is negative. The dashed lines present the trajectory
of the dipole.(j) The schematic presentation of the director pattern around the micro-helix.
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panel). Figs. 5.4 (e) and (f), first panels, show the dipole with the hyperbolic hedgehog
defect pointing downward in the right side of the helix in two different initial positions. In
both cases the dipole was attracted to the region 2 of the helix with + end. These two
experiments confirmed the previous result in assigning the region 2 a negative sign.
In the last three experiments the dipole with hyperbolic hedgehog defect pointing upward
was released in the left side of the helix with different initial positions (see Figs. 5.4 (g), (h)
and (i), first panels). Fig. 5.4(g) shows the dipole moving to the helix and then downward
approaching the region 1 with its + end. Thus, the region 1 can be assigned negative sign.
In Fig. 5.4(h) the initial position of the dipole is lower than previous experiment and it
is in front of the region 1. In this case first, the dipole moved parallel to the helix, then,
perpendicular to the helix. The last panel confirmed the negative sign for the region 1. As
the sign of the regions 1 and 2 were same and negative, therefore an elongated ring with
−1 topological charge was expected (see Fig. 5.4(j)). When the dipole was released in the
upper end of the helix, it has been attracted to the region 5 from + end, which represents
negative sign of the disclination defect in this region as shown in Fig. 5.4(i). The director
pattern for this helix is shown schematically in Fig. 5.4(j).
When a set of experiments has to be done to find out the defects around the microhelix, we have to be careful not to change the configuration of the disclination defects. For
example, when the dipole is attached to the micro-helix, it has to be separated very carefully
from the helix by using laser tweezers as shown in Fig. 5.5. The tweezers was focused at the
position, slightly off the dipole, and by increasing the laser power, the nematic was locally
molten into the isotropic phase, and the dipole was attracted to the isotropic island. By
moving slowly the laser spot away from the helix, the dipole will be separated.

Figure 5.5: Separating the dipolar micro-sphere from the micro-helix. The laser is focused slightly
off the dipole, which is indicated with red cross. The dipole is slowly attracted to the laser trap
and can be moved away from the micro-helix.

5.2

Topological charges on a micro-ribbed-cylinder

Micro-ribbed-cylinders are fabricated with DLW as explained in Section 3.5.3. The microribbed-cylinders with the diameter of 2 µm and normal surface anchoring are inserted into
the planar nematic cell. The undulated shape of the cylinder is clearly shown in Fig. 5.6,
left panel, when the liquid crystal around the ribbed cylinder is in isotropic phase. Since
the cylinder is created from several disks, it is not rigid and can be easily curved. The right
panel shows the ribbed-cylinder consists of several disks, schematically. Several defect rings
can be created very close to each other around the micro-ribbed-cylinder and are stable for
very long time. This is due to the undulated surface of the cylinder, which prevents the
motion of the defect rings. Fig. 5.7(a) shows how the point defect at the upper end of the
ribbed-cylinder can be grabbed with laser tweezers and dragged down. This Saturn-ring
caries the topological charge of −1. By quenching the small area under the Saturn-ring a
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Figure 5.6: Micro-ribbed-cylinder. The region around the micro-ribbed-cylinder is locally heated
with focused laser beam and an isotropic island is created (left panel). right panel shows the
schematic representation of the micro-ribbed-cylinder. One can obviously see the undulated shape
of the cylinder.

pair of defect rings can be created as shown in Fig. 5.7(b). In Fig. 5.7(b), last panel, shows
two defect rings and one point defect under crossed polarizers.

Figure 5.7: Creation of the defect rings around micro-ribbed-cylinder. (a) Grabbing the point
defect in upper end of the ribbed-cylinder and polling it down. (b) Quenching the cylinder with
a laser tweezer and creating a pair of defect rings. The last panel shown the ribbed-cylinder with
topological defects under crossed polarizers.

Fig. 5.8 shows a micro-ribbed-cylinder with five rings. To find out the sign of the rings
the image is taken under crossed polarizer with λ wave-plate, which is inserted at 45 degrees
with respect to polarizer P and crossed analyzer A (see Fig. 5.8(c)). By comparing the
director field around the micro-ribbed-cylinder and dipolar micro-sphere, the sign of the
monopoles can be determined.
Two micro-ribbed-cylinders with Saturn-ring are released close to each other (see Fig.
5.9 (a), first panel). As the Saturn-rings on the ribbed cylinders carry −1 topological charge
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and the ribbed-cylinders have the +1 topological charge, The Saturn-ring from one cylinder
can be attracted to the particle part of the another one as shown in Fig. 5.9(a), last panel.
The interaction between two micro-ribbed-cylinders, one with +1 Saturn anti-ring and
the other with −1 Saturn-ring, is shown in Fig. 5.9(b). The ribbed-cylinders start to move
and entangle to each other.

Figure 5.8: Optical micro-graphs of the micro-ribbed-cylinder with topological monopoles. (a)
unpolarized image of the micro-ribbed-cylinder with five topological monopoles. (b) This image
is taken under crossed polarizer. (c) The micro-ribbed-cylinder under crossed polarizer with full
wave-plate.

Figure 5.9: Interaction between two micro-ribbed-cylinders. (a) Two ribbed-cylinders with Saturnring. One ribbed-cylinder with −1 Saturn-ring is attracted to the + part of the other ribbedcylinder. (b) Two ribbed-cylinders with oppositely charged rings. The Saturn-ring and Saturn
anti-ring are entangled to each other.
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6

Tuning of lasing in chiral nematic droplets
with electric field

It has been demonstrated theoretically and experimentally that liquid crystal microdroplets, dispersed in immiscible fluids, can be used as tunable optical microresonators.
Dye-doped CLC microdroplets, dispersed in an isotropic and non-miscible fluid were used
recently as 3D tunable lasers [29]. We have prepared the CLC by mixing the NLC and the
chiral dopant (see Section 3.4.2). To see the periodic structure under optical microscope
the amount of chiral dopant is reduced to 1 wt% and the pitch of 7.4 µm is obtained.
With this pitch the photonic band gap is not achievable in visible light. By mechanically
mixing the CLC in immisible fluid (glycerol and 25 wt% of PVP), spherical droplets with
polydispersed size distribution are formed. Due to the birefringence of the CLC, a strong
modulation of the refractive index is obtained in the radial direction, thus forming a radial
Bragg (onion) resonator. Concentric rings with alternating bright-dark colors are observed
in the droplets as shown in Fig. 6.1. Their periodicity correspond to half the pitch of
the CLC mixture. The cholesteric helix is going out from the center of the sphere in all
directions. This structure is known as a radial spherical structure [189]. Fig. 6.1(a) shows
the droplet with the defect line perpendicular to the viewing direction which is easily visible
under the microscope. In Fig. 6.1(b) the defect line is along to the viewing direction from
the center to the surface and can not be seen.
Droplets with diameters bigger than 40 µm and smaller than 80 µm are utilized in all
experiments. For the smaller droplets as the required time to perform each experiment is

Figure 6.1: Optical micrographs of CLC droplets. A typical CLC droplet (a mixture of MLC-7203
NLC and 1 wt% of S-811 chiral dopant) with the pitch 7.4 µm. Defect line is perpendicular (a)
or parallel (b) to the viewing direction.
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more than one hour, the droplets deform and the dye photobleaches. In bigger droplets
there are additional defects inside the droplets or on the surface which can not be removed
from the droplets even by heating to the isotropic phase and cooling back.
As the WGM resonances in radial NLC microcavities can be tuned by applying an
external electric field [184], we expect also the tuning of lasing in 3D CLC microlasers under
the effect of the electric field. In this study an electric field is applied to the CLC microlaser
either parallel or perpendicular to the viewing direction. Since the sample temperature
increases by applying the electric field, the reported results in the following sections are
affected by the temperature rise in addition to the electric field.

6.1

Reconstruction of the CLC dropled under applied
electric field

The structure of the CLC droplet inside the polymer matrix changes due to the application
of an electric field and subsequently, the temperature rise. To apply the electric field
perpendicularly to the viewing direction, the sample is placed between two ITO-coated
glass plates with a cell gap of 120 µm (see Fig. 6.2(a)). An alternating current voltage
with a frequency of 1 kHz is applied to the ITO electrodes. To apply the in-plane electric
field the sample is placed between two copper wires 160 µm apart from each other and the
voltage is applied to the wires (see Fig.6.2 (b)).

Figure 6.2: Schematic diagram of the experimental cell. (a) ITO coated glass slides were placed
120 µm apart and were used to apply electric field parallel to the viewing direction. (b) Bare glass
slides separated with two parallel copper wires with diameter of 250 µm, placed 160 µm apart,
serving as both electrodes and spacers were used to apply the electric field perpendicular to the
viewing direction.

The reconstruction of the CLC droplet under the electric field is shown in Fig. 6.3 (a)
and (b). When an electric field is applied perpendicular to the plane of the image and
therefore along the viewing direction, the horizontal defect line in the droplet is rotated
into the field direction and also into the viewing direction as indicated in Fig. 6.3(a). By
increasing the electric field up to 0.175 V /µm the pitch of the droplet is slightly changed. In
Fig. 6.3(b), the electric filed is applied in the plane of the image and therefore perpendicular
to the viewing direction. When the field strength is increased, the line defect is rotated
into the direction of the field and the rotational symmetry of the interior helical structure
is broken and an axial symmetry with axis along the filed direction is induced.
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Figure 6.3: CLC droplets under the influence of the electric field. Electric field induced structural
changes in a CLC droplet with a pitch p = 7.4 µm (a) Electric field is applied perpendicular to
the plane of the image, i. e. parallel to the viewing direction. (b) Applying of in-plane electric
field, i. e. perpendicular to the viewing direction.

Furthermore, increasing the electric field along the viewing direction up to 0.3 V /µm,
and the temperature rise unwind the helix and finally the CLC droplet goes to the isotropic
phase. When the electric field decreases to zero the chiral structure appears again and
returns to the same configuration at zero (see Fig 6.4).

Figure 6.4: Effect of high intensity electric field on CLC droplets parallel to the viewing direction.
With increasing the electric field up to 0.3 V /µm the CLC droplets goes to the isotropic phase
and by decreasing the electric field the chiral structure appears.

6.2

Lasing with applied electric field

Humar et al. [29] have shown that when a dye-doped CLC microdroplet of appropriate pitch
(a mixture of MLC-7203 NLC, 25.5 wt% of S-811 chiral dopant and 0.25 wt% fluorescent
dye Nile red) is excited with a high enough 532 nm pulsed laser, a bright spot is appeared
in the center of the droplet. In such lasers the band edge defines the wavelength of the laser
output so the lasing wavelength can be controled by changing the pitch. In these materials
as the band edges defines the wavelength of the laser output, the lasing wavelength can be
controlled by changing the pitch. Applying an external AC electric field induces structural
changes, which leads to variation of the photonic band gap and lasing spectrum. Fig. 6.5(a)
shows the shift of the lasing line, when the droplets is affected by electric field applied
perpendicularly to the viewing direction. One can clearly see that the lasing wavelength is
shifted by almost 20 nm towards shorter wavelength with increasing the electric field up
to 175 V /µm. The shift is smooth and completely reversible. By increasing the electric
field the tunning range increases, but the lasing intensity decreases and in the end ceases,
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Figure 6.5: CLC microdroplets in an external electric field perpendicular to the plane of the
droplet. (a) By gradually increasing the electric field along the viewing direction, rather strong
blue-shift of the laser spectrum is observed, which is fully reversible by decreasing the field. (b)
Optical micrographs of a 58 µm droplet under applied electric field. The deformation of the
interior structure is irreversible.
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because of the strong deformation of the helix. At the very high fields the CLC droplets
goes to the isotropic phase.
Fig. 6.5(b) shows a optical micrographs of the CLC droplets under crossed polarizers
at zero field and an applied electric field of 0.175 V /µm and 0.24 V /µm, respectively. The
interior structure of the droplet changes due to the field and this change is irreversible.
When an electric field in the image plane is applied, the lasing spectrum also shifts to
blue as shown in Fig. 6.6 but the tunning is not smooth any more. In this case similarly
to the previous one with increasing electric field, the lasing intensity decreases and finally
ceases due to the deformation of the pitch. The tuning range is of the order of ∼ 25 nm at
an electric field of 0.175 V /µm.

Figure 6.6: In-plane electric-field tuning of 3D lasing from CLC microdroplets. The electric field
is applied perpendicularly to the observation direction and the laser line is shifted to shorter
wavelengths in a non-smooth fashion. This effect is completely reversible.
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7

Conclusion

In this doctoral dissertation, we have presented new colloidal structures in nematic
liquid crystal where it is possible to fully control the topological charge creation, manipulation and stabilization in nematic liquid crystal. Simple experiments were performed to
demonstrate the amazing diversity of possible pair interactions and entanglements between
two topologically simple objects (i.e. both having genus g = 0). The influence of the chirality of the liquid crystal matrix on observed topological phenomena has been studied.
Liquid crystal in the form of micro-droplet was used as a microresonator to fabricate threedimensional microlasers, and study the effect of external electric field on the tunning of the
lasing wavelength.
Creation, manipulation and analysis of the topological defects is fully controllable in
our nematic colloidal system. Simple colloids, like spheres or fibers with perpendicular
surface alignment of liquid crystal molecules, usually carry a single defect in a form of a
point or a ring with a unit topological charge [3]. Complex objects, such as handlebodies,
generate a larger number of topological defects that carry a precisely defined charge [220].
Here we have studied topologically simple object, like a fiber (rod), which was positioned
either parallel or perpendicular to the bulk orientation of the nematic liquid crystal in a
planar cell. An arbitrary number of charge-neutral defect pairs were created through the
Kibble-Zurek mechanism by locally melting and quenching the nematic liquid crystal in the
vicinity of the fiber by a focused laser beam. The pairs were oppositely charged and longlived in the form of rings encircling the fiber that could be precisely manipulated with laser
tweezers. When the fiber was rotated by 90 ◦ and set perpendicular to the bulk orientation
of the nematic liquid crystal the topology of monopoles was even richer. Because the fiber
is topologically equivalent to a micro-sphere, a single and gigantic −1/2 Saturn-ring was
observed, which encircled the fiber along its longer axis. By thermally quenching the liquid
crystal the Saturn ring could be cut and formed two loops or a combination of loops and
point monopoles. A narrow region of a topological soliton was created between the loops.
With temperature quench on a soliton oppositely charged monopoles or charge-neutral loops
and rings made of two segments with a fractional topological charge were created.
We have demonstrated the dynamics of topological monopoles annihilation. In the case
of a fiber set parallel to the far-field nematic director, the interaction of the −1/2 Saturnring and +1/2 Saturn anti-ring was highly influenced by the confinement of the cell. If the
cell thickness was more than twice the fiber diameter, the oppositely charged rings were
stable when their initial separation distance was more than 40 µm. Otherwise, they simply
attracted each other and annihilated. In a thin cell, the rings with opposite charges were
connected by a defect line and therefore, attracted from distances larger than 100 µm. When
the fiber was oriented perpendicularly to the overall direction of the liquid crystal isolated
point monopoles could be created. In principle, these monopoles were metastable because
of attractive forces of elastic origin between the oppositely charged point monopoles. If
they were too close, these forces prevailed over the friction force between the monopole
and the surface of the fiber, and oppositely charged monopoles annihilated like a pair of
Saturn ring and anti-ring on a fiber. In small separation, the relative velocity between
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the oppositely charged monopoles followed the power-law dependence, but their velocities
differ. The positively charged monopole is faster than the negative one which agrees with
previous experiments on topological string attraction in nematic cells [141–144].
Topological properties, interactions and entanglements of two colloidal particles i.e. a
long micro-fiber and a micro-sphere, immersed in a nematic planar cell were investigated.
Various types of topological defects such as pairs of Saturn-ring and Saturn anti-ring, hyperbolic and radial hedgehogs on a fiber, as well as zero-charge loops provided a step by
step systematic analysis of topological phenomena. By locally heating the regions around a
Saturn-ring on a fiber and the quadropular micro-sphere, two isolated rings were thermally
fused together and a single loop encircling both colloids were created similar to entangled
states observed with spherical colloids [65]. Moreover, the entanglement of defect loops with
like or opposite half-winding number, or fusion of point defect and half-winding lines were
observed. Beside the mechanism of entanglement the interaction between the fiber and the
micro-sphere was also observed. Each particle is accompanied with topological monopoles
in the form of rings or points, and they either attract or repel each other due to the elastic
force between them. In this case, each of the particle is surrounded by its own elastically
deformed director field. When the particles are close to each other, the overlapping between
the elastically distorted regions of the fiber and sphere determines the attractive or repulsive
interaction between them. If this overlapping is in favor of both particles, they will start
to attract each other, otherwise they will repel. The attractive or repulsive forces between
the particles were calculated. In the case of fiber set perpendicular to the far-field nematic
director, the elastic interaction of the dipolar micro-sphere with a topological soliton, point
defects and charge-neutral loops on a fiber was analyzed. Furthermore the effect of the
chirality of liquid crystal on observed topological phenomena was reported. The exotic
topological interaction and entanglement of a fiber and a micro-sphere was observed in π
twist cell. Our analysis of topological interactions and entanglements of fibers and spheres
not only gives significant results in basic research, but also opens new routes to complex
colloidal assemblies in photonic applications of liquid crystals [221, 222].
Three-dimensional direct laser writing was used to fabricate colloidal particles of two
distinct complex shapes i.e. micro-helix and micro-ribbed-cylinder. The creation and stabilization of the topological monopoles on these colloids with normal surface anchoring was
investigated in nematic planar cells. Despite the small size of these micro-structures with
length less than 30 µm and diameter of a couple of µm, several pairs of oppositely charged
monopoles were created and stabilized on these particles. Because of the wavelike shape
of these particles the oppositely charged-monopoles were stable and they could not move
close to each other and annihilate. In contrast to the situation with the fiber where the
minimum initial separation of the monopoles with opposite topological charges needed for a
stable configuration was more than 40 µm , the monopoles on a micro-helix or micro-ribbedcylinder with an initial separation of a couple of µm were stable. The interaction between
two-ribbed-cylinders with a Saturn-ring and an Saturn anti-ring was demonstrated.
The use of liquid crystals in the form of droplets in a polymer matrix opened a new area
of research in optical microcavities. Three-dimensional microlasers formed from dye-doped
cholesteric liquid crystal microdroplets were recently investigated [29]. The microdroplets
were used as spherical Bragg onion resonators because of periodic modulation of the refractive index, to confine the light in the center of the droplet. A single droplet was illuminated
by a Q-switched double Nd:YAG laser and a bright spot in the center of droplet was observed. Since the band edges of this material define the wavelength of the laser output, the
lasing wavelength can be controlled by changing the pitch. By applying the electric field
either parallel or perpendicular to the viewing direction, which also causes the temperature
to rise, the cholesteric pitch was varied and the position of the laser line was tunned by a
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couple of tens of nanometers. In the experiment the applied electric field was increased from
zero up to a maximum amplitude and then decreased back to zero. When the maximum
amplitude was E = 0.175 V /µm the lasing shift was completely reversible. Increasing the
electric field increased the tunning range, but the lasing intensity decreased and in the end
ceased. In the case of the applied electric field parallel to the viewing direction, we found
that with hight electric fields (over E = 0.3 V /µm) the cholesteric droplet went to the
isotropic phase due to the temperature increase. We anticipate that by using a suitable
polymer matrix as a host fluid, the temperature increase due to stronger electric fields could
be avoided and the pure effect of the electric field on the tunability of the lasing line shift
could be investigated.
In conclusion, the binding and entanglement of fibers and micro-spheres can attract great
attention in optical filtering and switching. An optical microresonator can couple two optical
fibers, to fabricate a so-called add-drop filter [223]. It takes a fraction of second to assemble
an add-drop filter by entangled topological defects. Furthermore, the fabrication of the
optical microcavities based on either total internal reflection or distributed Bragg reflection
by liquid crystal droplets is very fast and simple in comparison to solid ones. Liquid crystal
resonators also have large responses to external stimuli such as temperature, electric field
(which is not efficient in solid resonator), and mechanical stress. additionally, their smooth
walls prevent the scattering of the light. Concomitantly, this work not only addressed
fundamental problems of topological charge creation in NLCs but also demonstrated that
nematic colloids have great potential for practical applications in photonics.
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[18] M. Škarabot, M. Čepič, B. Žekš, R. Blinc, G. Heppke, A. V. Kityk, I. Muševič, Birefringence and tilt angle in the antiferroelectric, ferroelectric, and intermediate phases
of chiral smectic liquid crystal, phys. Rev. E, 58 (1998) 575-584.
[19] L. S. Hirst, S. J. Watson, H. F. Gleeson, Interlayer structures of the chiral smectic
liquid crystal phases revealed by resonant X-ray scattering, phys. Rev. E, 65 (2002)
041705-1-041705-10.
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control of 3D nematic dipolar colloidal crystals, Nature, 4 (2013).
[61] I. Muševič, M. Škarabot, U. Tkalek, M. Ravnik, S. Žumer, Two-dimensional nematic
colloidal crystals self-assembled by topological defects, Science, 313 (2006) 954-957.
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[143] C. Blanc, D. Svenšek, S. Žumer, M. Nobili, Dynamics of nematic liquid crystal disclinations: The role of the backflow, Phys. Rev. Lett., 95 (2005) 097802-1-097802-4.
[144] T. Yanagimachi, S. Yasuzuka, Y. Yamamura, K. Saito, Backflow-induced asymmetric
annihilation of nematic disclinations under strong anchoring condition, Journal of the
physical society of Japan, 81 (2012) 034601-1-034601-4.
[145] J. C. Crocker, D. G. Grier, Methods of digital video microscopy for colloidal studies,
Journal of colloid and interface science, 179 (1996) 298-310.
[146] J. C. Loudet, P. Hanusse, P. Poulin, Stokes drag on a sphere in a nematic liquid
crystal, Science, 306 (2004) 1525.
[147] I. Lazo, O. D. Lavrentovich, Liquid-crystal-enabled electrophoresis of spheres in a
nematic medium with negative dielectric anisotropy, Phil. Trans. R. Soc. A, 371 (2013)
20120255.
[148] T. Turiv, I. Lazo, A. Brodin, B. I. Lev, V. Reiffenrath, V. G. Nazarenko, O. D. Lavrentovich, Effect of collective molecular reorientations on Brownian motion of colloids in
nematic liquid crystal, Science, 342 (2013) 1351-1354.
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Physik, 401, (1931) 273-294.
[205] H. Stark, Saturn-ring defects around microspheres suspended in nematic liquid crystals: An analogy between confined geometries and magnetic fields, Phys. Rev. E, 66
(2002) 032701-1-032701-2.

REFERENCES

119

[206] M. Kleman, O. D. Lavrentovich, Topological point defects in nematic liquid crystal,
Phys. Mag., 86 (2006) 4117-4137.
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Appendix A:

A.1

Razširjeni povzetek

Uvod

V naravi obstajajo tri osnovna stanja snovi: trdno, tekoče in plinasto, ki imajo različno
stopnjo in vrsto pozicijskega in orientacijskega reda. Molekule v izotropnem tekočem in
plinastem stanju nimajo pozicijskega in orientacijskega reda dolgega dosega, medtem ko ga
molekule v trdnem kristalnem stanju imajo. Nekatere snovi pa imajo tudi vmesno stanje
med izotropnim (tekočim) in trdnim kristalnim stanjem in temu stanju pravimo tekoči
kristal (TK) [1]. TK so sestavljeni iz močno asimetričnih molekul, ki lahko difundirajo kot
tekočina, hkrati pa imajo orientacijski red dolgega dosega in delen pozicijski red.
Tekočekristalne snovi se na splošno delijo na dve kategoriji: termotropne in liotropne.
V pričujoči disertaciji obravnavamo termotropne nematske tekoče kristale, za katere je
značilno, da imajo orientacijski red dolgega dosega, nimajo pa pozicijskega reda. V nematski
fazi so molekule urejene s svojimi dolgimi osmi približno v točno določeni smeri, ki ji pravimo
direktor n. Če nematski tekoči kristal sestavljajo kiralne molekule, dolge osi molekul v
sosednjih plasteh niso več vzporedne in so zamaknjene za majhen kot. Dobimo kiralni
nematski TK ali holesterični TK [15, 16]. Tudi holesterični TK nima pozicijskega reda,
os direktorja pa se zasuče za 360 ◦ v razdalji nekaj tisoč molekul. Tej tazdalji pravimo
hod holesterika, pri čemer je dolžina periode holesterika enaka polovici te razdalje, saj sta
direktorja n in -n nerazločljiva.
Tekočekristalne snovi imajo lahko v svojem lokalnem redu defekte, kjer se tekočekristalna simetrija zlomi. V tekočih kristalih lahko takšne topološke defekte dokaj preprosto
ustvarjamo, jih premikamo in preoblikujemo [2,3], kar je precej zapleteno v drugih sistemih,
kot so superpervodniki [4], supertekočine [5, 6] in feromagneti [7, 8]. V nematskih tekočih
kristalih se defekti pojavijo kot črte, poimenovane disklinacije, ali kot točke (hedgehogs), ki
so posledica frustracij v usmeritvi molekul. Defekti povzročijo močne distorzije nematskega
direktorja, zaradi česar imajo veliko elastično energijo. Zaradi visoke elastične energije se
defekti običajno zelo hitro po nastanku anihilirajo, razen če so stabilizirani s površino, kot
so koloidni delci ali površina celice, ali če so ujeti v zunanje električno ali magnetno polje.
V okviru topologije lahko linijskim defektom pripišemo topološko invarianto, imenovano
ovojno število, točkovnim defektom pa topološki naboj. Defektne črte v obliki zank so topološko enakovredne točkam (slika A.1). Na sliki A.1 (leva stran) je prikazan točkovni defekt
s topološkim nabojem +1, ki se lahko zvezno spremeni v defekt v obliki zanke (desna stran)
z enakim topološkim nabojem in temu ustreznim ovojnim številom +1/2.
Ko v tekočem kristalu dispergiramo delce, dobimo koloidno disperzijo z edinstvenimi
lastnostmi, ki jih zaradi orientacijskega ali pozicijskega reda ne moremo najti v tradicionalnih koloidnih sistemih. Majhen delec namreč vsiljuje s svojo površino določeno ureditev
tekočega kristala, ki se ne more popolnoma skladati s siceršnjo urejenostjo tekočega kristala, zato se v okolici delca ustvari defekt, katerega lastnosti so odvisne od sidranja na
površini delca in omejenosti tekočega kristala. Koloidni delec s pravokotnim površinskim
sidranjem v homogeno urejenem TK lahko spremlja defekt v obliki točke hedgehog [43, 44]
ali pa ga obkroža defekt v obliki zanke Saturnov obroč [45, 46], kar je odvisno od velikosti
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Slika A.1: Zvezni prehod med točkovnim defektom in defektom v obliki zanke. Točkovni defekti
se lahko zvezno spremenijo v linijske defekte v obliki zanke, ki so jim topološko enakovredni. Slika
je uporabljena z dovoljenjem Miha Ravnika.

Slika A.2: Shematski prikaz učinka sidranja na nematske koloide. (a) Delec s homeotropno
površinsko urejenostjo v planarni celici. Objekt ima lahko dipolarno simetrijo direktorskega polja
(zgoraj), pri kateri delec spremlja točkovni defekt, ali pa kvadrupolarno simetrijo (spodaj), pri
kateri delec nosi linijski obroč. (b) Delec s planarno površinsko urjenostjo molekul tekočega kristala
v planarni celici ima kvadrupolarno simetrijo direktorskega polja z dvema boojum defektoma.

delca in jakosti površinskega sidranja (Slika A.2(a)). Koloidni delec s planarnim površinskim sidranjem pa spremljata dva površinska defekta, poimenovana boojuma [43, 44] (Slika
A.2(b)).
Naslednja zanimiva lastnost TK koloidov je njihova samoorganizacija in jakost interakcij
med njimi. Med koloidnimi delci v TK obstajajo močne anizotropne sile dolgega dosega,
ki jih povzroča elastična distorzija TK. Na mikrometrskih razdaljah so te sile neprimerno
močnejše kot ostale interakcije, recimo Coloumbova in van der Waalsova interakcija [47,48],
ki prevladujeta v izotropnih koloidnih disperzijah. Interakcija dolgega dosega med dvema
zelo oddaljenima delcema v TK je odvisna od usmerjenosti molekul tekočega kristala v
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bližini delca in ima dipolarno simetrijo, kadar delec spremlja točkast defekt in kvadrupolarno
simetrijo, kadar delec nosi Saturnov obroč ali dva boojum defekta.
Tekoče kristale v obliki mikrokapljic lahko uporabimo tudi kot optične mikroresonatorje
[184], ki imajo številne prednosti pred običajnimi trdnimi mikroresonatorji: 1) Površina
kapljic je gladka zaradi površinske napetosti, kar pomeni, da ni nobenega sipanja svetlobe
na površini. 2) TK urejenost in interakcije dolgega dosega zagotavljajo preprosto izdelavo
optičnih naprav prilagodljive velikosti. 3) S prepletenimi topološkimi defekti je lahko organizacija optičnih komponent dokaj enostavna. 4) Imajo močan odziv na zunanje vplive,
kot so temperatura, površinsko sidranje, električno in magnetno polje. Pokazali so tudi,
da lahko mikrokapljice holesteričnega tekočega kristala delujejo kot tridimenzionalni izvor
laserske svetlobe [29]. Holesterični mikrolaser je sestavljen iz TK osnove, ki deluje kot
aktivno sredstvo (vijačna struktura deluje kot resonator) in laserskega barvila, ki zagotavlja ojačanje svetlobe. Najpomembnejša lastnost teh materialov pa je obstoj fotonskega
prepovedanega pasu za vidno svetlobo, ki nadzoruje širjenje svetlobe v razponu različnih
frekvenc [72].

A.2

Rezultati

V disertaciji smo predstavili nove koloidne strukture v nematskem tekočem kristalu, kjer
je mogoče popolnoma nadzirati ustvarjanje topološkega naboja, njegovo manipulacijo in
stabilizacijo. Opravljeni so bili preprosti eksperimenti, s katerimi smo pokazali raznolikost
interakcij in prepletov med dvema topološko preprostima objektoma (oba objekta imata
genus g = 0). Preučili smo tudi vpliv kiralnosti tekočega kristala na opazovane topološke
pojave. Tekoči kristal v obliki mikrokapljic smo uporabili kot mikroresonator za ustvarjenje
tridimenzionalnih mikrolaserjev in za preučevanje učinka zunanjega električnega polja na
uglaševanje valovne dolžine laserske svetlobe.
Ustvarjanje, manipulacijo in analizo topoloških defektov je v našem nematsko koloidnem
sistemu moč povsem nadzirati. Preprosti koloidi, kot so kroglice ali vlakna s pravokotno površinsko urejenostjo molekul tekočega kristala, ponavadi nosijo en sam defekt v obliki točke
ali obroča s topološkim nabojem 1 [3], medtem ko kompleksni objekti, recimo objekti z
luknjami, povzročijo večje število topoloških defektov z natančno določenim nabojem [220].
Mi smo preučili topološko preprost objekt v obliki tankega vlakna paličaste oblike, ki je
bilo postavljeno vzporedno ali pravokotno glede na večinsko usmeritev nematskega tekočega kristala v planarni celici. Ustvarili smo arbitrarno število defektnih parov s skupnim
nevtralnim nabojem z lokaliziranim taljenjem in hitrim ohlajanjem nematskega tekočega
kristala v bližini vlakna s pomočjo fokusiranega laserskega žarka (sliko A.3). Ko je vlakno
vzporedno večinski ureditvi TK, ima posamezen defekt obliko obroča, ki obkroža vlakno in
ga je mogoče natančno manipulirati z lasersko pinceto. Ko je bilo vlakno obrnjeno za 90 ◦ in
postavljeno pravokotno na večinsko usmeritev nematskega tekočega kristala, je bila topologija monopolov še bolj zanimiva. Ker je vlakno topološko enakovredno kroglici, se je pojavil
en sam ogromen −1/2 Saturnov obroč, ki je vlakno obkrožal po daljši osi. S termalnim
hitrim ohlajanjem tekočega kristala iz izotopne faze smo Saturnov obroč lahko prerezali in
ustvarili dve zanki ali pa kombinacijo zank in točkovnih monopolov. Med dvema zankama
je nastalo ozko območje topološkega solitona. Z laserskim žarkom smo del solitona segreli v
izotropno fazo, pri čemer so po izključitvi laserja in hitrem ohlajanju lahko nastali monopoli
z nasprotnim nabojem ali pa zanke z nevtralnim nabojem in obroči iz dveh segmentov z
delnim topološkim nabojem (gl. sliko A.4).
Dva topološka defekta z nasprotnim nabojem se privlačita in raziskali smo dinamiko anihilacije topoloških monopolov. V primeru vlakna, ki je položeno vzporedno z nematskim
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Slika A.3: Ustvarjanje topoloških monopolov na steklenem mikrovlaknu. S pomočjo laserske pincete ustvarimo izotropno območje okrog vlakna s taljenjem nematskega TK. Svetloba je ugasnjena
pri času t = 0 in izotropna faza se hitro ohladi v nematsko fazo, pri čemer nastane gost preplet
topoloških defektov, ki se večinoma anihilira, ostane le stabiliziran par monopolov z nasprotnim
topološkim nabojem.

Slika A.4: Točkovni naboji in zanke z nevtralnim nabojem na vlaknu. (a) Ogromen Saturnov
obroč je prerezan na dva ločena obroča z lokalno nasprotnim ovojnim številom, ki ju lahko razmaknemo z lasersko pinceto. Vmesno gladko območje se imenuje topološki soliton. (b) Izolirana
zanka z nevtralnim nabojem je ustvarjena s hitrim ohlajanjem topološkega solitona iz izotropne
faze. (c) Zanko z nevtralnim nabojem lahko prerežemo v dve zanki z nabojema −1 in +1; zanki
se nato skrčita v dva stabilna −1 in +1 monopola.

direktorjem, na interakcijo med −1/2 Saturnovim obročem in +1/2 Saturnovim obročem
močno vpliva omejenost celice. V primeru, ko je bila debelina celice dvakrat večja od
premera vlakna, sta bila obroča z nasprotnim nabojem stabilna, kadar je bila začetna oddaljenost med njima večja od približno 40 µm. V tanki celici sta bila obroča z nasprotnima
nabojema povezana z linijskim defektom in sta se močno privlačila tudi pri razdaljah večjih
od 100 µm. V primeru, ko je bilo vlakno obrnjeno pravokotno na smer tekočega kristala,
smo lahko ustvarili točkovne monopole. Zaradi elastične privlačne sile med dvema monopoloma nasprotnega naboja je bil takšen par monopolov metastabilen. Če sta bila monopola
preblizu, je privlačna sila prevladala nad silo trenja med monopolom in površino vlakna in
monopola z nasprotnim nabojem sta se anihilirala, podobno kot sta se anihilirala Saturnov
obroč in anti-obroč na vlaknu. Pri majhni oddaljenosti je relativna hitrost med mono-
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poli z nasprotnim nabojem sledila potenčni odvisnosti, pri čemer sta se posamezni hitrosti
razlikovali. Monopol s pozitivnim nabojem je hitrejši kot monopol z negativnim nabojem, kar je v skladu s predhodnimi eksperimenti anihilacije disklinacijskih linij v nematskih
celicah [141–144].
Raziskali smo tudi topološke značilnosti, interakcije in preplete dveh koloidnih delcev,
t.j. dolgega mikrovlakna in mikrokroglice v nematski planarni celici. Različne vrste topoloških defektov, kot so pari Saturnovega obroča in anti-obroča, hiperbolni in radialni točkasti
defekti na vlaknu ter zanke z nevtralnim nabojem, so služile za postopno sistematsko analizo topoloških pojavov. Z lokaliziranim segrevanjem območja okrog Satrurnovega obroča na
vlaknu in obroča na mikrokroglici sta bila dva izolirana obroča termalno spojena in ustvarili
smo eno samo zanko, ki je obkrožala oba koloida, podobno stanjem, ki so bila opažena pri
paru dveh kroglastih koloidov [65]. Poleg tega je bilo opaženo prepletanje defektov v obliki
zank s podobnim ali nasprotnim ovojnim številom ter spajanje točkovnih defektov in disklinacijskih linij. Poleg mehanizma prepletanja smo izmerili tudi interakcijo med vlaknom
in mikrokroglico. Posamezni delci v tekočem kristalu imajo topološke defekte, ki ustvarijo
elastično deformirano območje v njihovi okolici. Kadar sta si dva delca blizu, prekrivanje
med njunimi elastično deformiranimi območji določi privlačne oz. odbojne interakcije med
njima. Če je prekrivanje ugodno za oba delca, se bosta delca privlačila, drugače se bosta
odbijala. Izmerili smo privlačne in odbojne sile med delcema. V primeru vlakna, ki je bilo
postavljeno pravokotno na nematski direktor daljnega polja, smo analizirali elastično interakcijo dipolarne mikrokroglice s topološkim solitonom oziroma točkovnega defekta z zanko
z nevtralnim nabojem. Poleg tega smo opisali tudi učinek kiralnosti tekočega kristala na
opazovane topološke pojave. Opazili smo nenavadno prepletanje vlakna in mikrokroglice v
zviti π tekokočekristalni celici. Opravljena analiza topoloških interakcij in prepletov vlaken
in kroglic ne prinaša le pomembnih rezultatov za osnovne raziskave, ampak odpira tudi nove
poti do zapletenih koloidnih struktur, ki so potencialno uporabne pri fotonskih aplikacijah
tekočih kristalov [221, 222].
Poleg študija enostavnih koloidnih delcev smo raziskovali tudi obnašanje zapletenejših
oblik delcev, ki smo jih naredili s tridimenzionalno lasersko mikrolitografijo. Ustvarili smo
koloidne delce dveh značilnih zapletenih oblik v obliki mikrovijačnice in rebrastega mikrovalja. Raziskali smo ustvarjanje in stabilizacijo topoloških monopolov na teh koloidih s
pravokotnim površinskim sidranjem v nematskih planarnih celicah. Kljub temu, da so te
mikrostrukture zelo majhne, dolge so manj kot 30 µm s premerom nekaj µm, je bilo na njih
ustvarjenih in stabiliziranih več parov monopolov z nasprotnim nabojem. Zaradi spiralne
oblike delcev so bili topološki pari z nasprotnim nabojem stabilni, saj se par monopolov ni
mogel približati eden drugemu in se anihilirati. V nasprotju z vlaknom, kjer je morala biti
za stabilno konfiguracijo minimalna začetna razdalja med monopoloma večja od 40 µm, so
bili na mikrovijačnici in rebrastem mikrovalju stabilni tudi monopoli z le nekaj µm začetne
oddaljenosti. Izmerili smo tudi interakcijo med dvema rebrastima valjema s Saturnovim
obročem in anti-obročem.
V pričujočem delu smo tudi nadaljevali z raziskavami lastnosti tridimenzionalnih mikrolaserjev iz mikrokapljic holesterinskega tekočega kristala dopiranega z barvilom [29].
Holesterične mikrokapljice zaradi periodične modulacije lomnega količnika delujejo kot krogelni mikroresonatorji in lahko ujamejo svetlobo točno določene valovne dolžine. Če imamo
v TK še fluorescentno barvilo, ga lahko vzbudimo z zunanjim pulznim laserjem in kapljica
oddaja lasersko svetlobo. S spreminjanjem hoda vijačnice holesteričnega TK lahko spreminjamo valovno dolžino laserske svetlobe. Z uporabo zunanjega električnega polja smo
povzročili dvig temperature TK kapljice in tako spreminjali hod holesterika in uglaševali
lasersko svetlobo za nekaj deset nanometrov. V eksperimentu smo zunanje električno polje
linearno povečali do največje vrednosti in nato polje zmanjšali nazaj na nič. Kadar je bila
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največja amplituda E = 0, 175 V /µm, je bil preklop laserskega sevanja povsem reverzibilen. (gl. sliko A.5). Povečanje električnega polja je povečalo razpon uglaševanja, toda
intenzivnost laserskega sevanja se je pri tem zmanjšala in pri močnejšem polju izginila. Pri
električnem polju, vzporednem s smerjo opazovanja, smo odkrili, da je pri visokem električnem polju (E > 0, 3 V /µm) holesterična kapljica zaradi povečanja temperature prešla
v izotropno fazo. Predvidevamo, da bi se z uporabo primerne polimerne matrice za topilo
lahko izognili povečanju temperature zaradi močnejših električnih polj in bi tako povečali
območje premika valovne dolžine laserske svetlobe.
V pričujočem delu smo pokazali, da so lahko povezave in prepletanje vlaken in mikrokroglic uporabne na področju optičnega filtriranja in preklapljanja. Optični mikroresonator

Slika A.5: Uglaševanje 3D laserske svetlobe iz mikrokapljic holesteričnega TK z zunanjim električnim poljem. (a) S postopnim povečevanjem električnega polja vzporedno s smerjo opazovanja
se valovna dolžina laserskega sevanja zmanjša in se po zmanjšanju električnega polja reverzibilno
vrne v začetno stanje, pri čemer lahko natančno uglasimo valovno dolžino laserske svetlobe. (b)
Kadar je usmeritev električnega polja pravokotna na smer opazovanja, uglaševanje 3D laserskega
sevanja z električnim poljem ni tako gladko.
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lahko spoji dve optični vlakni in ustvari “add-drop” filter [223]. S prepletenimi topološkimi
defekti je tvorba takšnega filtra hitra in enostavna. Prav tako je izdelava optičnih mikrovotlin v kapljicah tekočega kristala zelo hitra in preprosta v primerjavi s trdnimi snovmi.
Resonatorji iz tekočih kristalov se v primerjavi s trdimi dosti bolj odzivajo na zunanje
dejavnike kot so temperatura, električno polje in mehanski stres, njihove gladke stene pa
preprečujejo sipanje svetlobe. Pričujoče delo tako ne obravnava le osnovnih problemov
ustvarjanja topoloških nabojev v nematskih TK, pač pa tudi dokazuje, da imajo nematski
koloidi velik potencial za praktično uporabo v fotoniki.
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DMOAP
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FWHM
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PBG
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PVP
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Abbreviations

4’-pentyl-4-biphenylcarbonitrile
one-dimensional
two-dimensional
three-dimensional
atomic force microscopy
4-(2-methylbutyl)-cyanobiphenyl
cholesteric liquid crystal
digital to analog converter
N,N-dimethyl-N-octadecyl-3-aminopropyl-trimethoxysilyl chloride
distributed feedback
direct laser writing
equation
figure
free spectral range
full width at half maximum
infrared
Indium tin oxide
liquid crystal
Landau-de Gennes
long wavelength edge
no data
neodymium-doped yttrium aluminium garnet
nematic-isotropic
nematic liquid crystal
one photon absorption
photonic bandgap
polymer dispersed liquid crystal
polyimide
polyvinyl pyrrolidone
quality factor
reference
smectic A
smectic C
Short wavelength edge
4-[(1-methylheptyl)oxy]carbonylphenyl-4-(hexyloxy)benzoate
transverse electric / transverse magnetic
two photon absorption
two photon polymerization
whispering-gallery mode
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3. I. Muševič, Huang Peng, M. Nikkhou, M. Humar, Self-assembled liquid-crystal microlasers, microresonators and microfibers, Proc. of SPIE, 8960, (2014) 896016-1896016-14.

