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« There are only two ways to live your life.
One is as though nothing is a miracle.

The other is as though everything is a miracle.»

Albert Einstein
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General introduction

The aim of this thesis is to study the dynamics of topological defects in liquid crys-
tals (LC). Among the wide range of possible choices, we are interested in the ther-
motropic smectic-C (SmC) liquid crystalline phase. The unique property of this LC
phase allows to form freely suspended films, that are supported on a holder and bounded
by a meniscus Harth et al. [2011]; Loudet et al. [2011], and freely floating bubbles Harth
et al. [2019]; May et al. [2012]. The studies in these suspended systems are on the one
hand less influenced by the boundary conditions that exist in the case of the LC cells
and on the other hand easier to interpret thanks to the two-dimensional geometry of
these films and bubbles. The aim of my PhD consists in exploiting the properties of
SmC freely suspended films and bubbles for the study of the dynamics of topological
defects.

Studying topological defects is important. They have a significant influence on the
macroscopic properties of materials such as mechanical or electrical properties. For
these latter ones one main example is the vortex of superconducting materials. In many
applications defects are absolutely necessary, for example the topological networks for
liquid crystal displays (LCDs) Kim and Serra [2020]. Their dynamic properties share
many universal features. LC topological defects for example are useful for laboratory
exploration of the dynamics of cosmologically relevant defects Chuang et al. [1991]. As
a result LC topological defects have been studied a lot already : In the literature, the
"textures" of topological defects have been described in several phases of liquid crys-
tals Dierking [2003] and numerous theoretical models have been developed to describe
their interactions Dafermos and Constantine [1970]; Kiyoshi et al. [1997]; Svensek and
Zumer [2003]. On the other hand, numerous works have been performed in order to
investigate experimentally the dynamics of topological defects in liquid crystals. Most
of them have been carried out in enclosed cells where the liquid crystal is encapsu-
lated between two plates, or in spherical shells where the liquid crystal is in the form
of a droplet Blanc et al. [2005]; Dierking et al. [2005]; Kiyoshi et al. [1997]; Lopez-Leon
et al. [2012]; Noh et al. [2020]; Pargellis et al. [1994]. These types of methods can lead
to results that are not always easy to interpret because of the three-dimensionality of
the geometric problem on the one hand and the influence of the cell boundaries and of
the shell geometry on the other hand. It is in this perspective that it is interesting to
investigate the dynamics of topological defects in freely suspended films that represent
ideal systems where we can get rid of the limitations imposed in the case of cell’s ex-
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periments. Results obtained from 2D LC systems could be generalized to several other
systems that develop topological defects, for example thin magnetic films Hertel and
Schneider [2006]; Rissanen and Laurson [2016]; Wachowiak et al. [2002].

During this thesis, we focus on three main topics with flat and curved freely sus-
pended smectic films. In the first part, I focus on the dynamics of +1 disclinations in
freely suspended SmC flat films of thickness of the order of 1um. From optical obser-
vations, we study the annihilation processes of the defect pairs, and then identify the
main parameters involved in the defect dynamics. Since recent theoretical models have
been developed to describe the influence of the defect orientation on their dynamics
Tang and Selinger [2017], our experimental investigations can serve as a basis for dis-
cussing the theoretical models. Finally we ask the question in the third chapter, if only
the properties of the defects themselves control their dynamics features or if there are
some other parameters that should be taken into account as suggested by the simula-
tions by Svensek and Zumer [2003]?

The second part of the thesis concerns curved smectic films in the form of freely
floating smectic bubbles, identical to soap bubbles but with a SmC membrane. These
structure represent exciting frame for investigation of topological defect dynamics and
thin fluid film behavior due to the absence of meniscus and therefore of material reser-
voirs. Since Harth et al. [2019]; May et al. [2012] have pointed out that intern smectic
structure plays an important role in the relaxation dynamics of smectic bubbles, we
investigate the dynamics of the so-called smectic islands created in the SmC film dur-
ing the relaxation of the freely floating bubble. What is the effect of the dislocation
lines around these islands on their dynamics? How do these islands behave under
compression stress? In order to help us to answer these questions, we have chosen to
carry out our experiments in micro-gravity conditions created during parabolic flights.
Micro-gravity conditions facilitate the optical observation of free-floating smectic bub-
bles, which is not easy to achieve under the Earth’s gravity conditions where bubbles
are influenced by the gravity force.

Keywords:

liquid crystals, smectic phase, freely suspended film, topological defects, dislocations,
disclinations, backflow, freely floating bubbles, islands, wrinkles.
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Chapter 1

Introduction

“ Liquid crystals stand between the
isotropic liquid phase and the
strongly organized solid state. Life
stands between complete disorder,
which is death and complete
rigidity, which is death again ”

Dikran Dervichian
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1.1. INTRODUCTION TO LIQUID CRYSTALS MESOPHASES

1.1 Introduction to Liquid Crystals Mesophases

To write this introduction many sources were available, we were inspired by two
fundamental books for the study of liquid crystals which are the first edition of "The
Physics of Liquid Crystals." of De Gennes [1969] and the two volumes of Oswald and
Pieranski [2006].

1.1.1 History of mesophases

In 1888, an Austrian scientist, Friedrich Reinitzer was experimenting with a choles-
terol type material compound. He was trying to accurately determine the physical
properties of the substance, like its melting point ! and the correct empirical formula 2.
Reinitzer noticed that the cholesterol compound had two melting points! This was very
unusual. He sent the sample to Otto Lehmann, a German physicist who was an expert
in crystal optics for further investigation. Lehmann discovered that the substance was
birefringent Lehmann [1889]. He called it "flowing crystal" because it combined both
properties of a liquid and a solid. At that time, this idea was very bold! All scientists
believed that there was only three states of matter and only one melting point (For
example, water has a melting point of 0° C, where it changes from a solid to a liquid
state, and a boiling point of 100° C, where it changes from a liquid to a gas state.).
The idea for a new phase was not easily accepted by the scientific community until the
early 1900’s, where scientists established conclusively that "liquid crystals" exist and
correspond to a specific physical state Friedel [1922]. Today, liquid crystals are very
common. We exploit their properties for many new advances. For example, the vast
majority of electronic devices have liquid crystal displays (LCs) Mosley [1993].

The basic composition of the liquid crystals consist of organic molecules, but in-
organic materials are also known to present mesophases Liang-shi et al. [2002]. The
liquid crystals are usually divided into thermotropic and lyotropic materials. The ly-
otropic substances exhibit mesophases by changing the molecule concentration in sol-
vent Collings and Goodby [2017], while the thermotropic substances exhibit different

mesophases through temperature changes Vertogen and Jeu [2012]. The main differ-

1. The melting point of a substance is the exact temperature at which a substance changes states from
solid to liquid and melts.

2. A substance’s chemical description that tells you how many of each type of atom is an a substance.
For example, the empirical formula for water is H;0.



1.1. INTRODUCTION TO LIQUID CRYSTALS MESOPHASES

ence between the mesophases is the molecules orientation and organization. When the
temperature increases, the liquid crystal will change state progressing from solid to
liquid.

Today, many different type of mesophases have been discovered. In Fig. 1.1, we
show the arrangement of three mesophases, where molecules are represented as rods
because they have similar elongated shape in particular in the LC that we study. First
there is the nematic phase, where molecules are distributed without order of posi-
tion but remain on average roughly parallel to each other. Second, there are the lig-
uid crystal smectic phases, somewhere in between the solid and nematic states, where
molecules form well-defined layers. Usually, the nematic phase is obtained at higher

temperature.

il i y,
NI i1
NN i Wl

(a) SmA (b) SmC (c) Nematic

Figure 1.1 — The arrangement of molecules in the (a) SmA, (b) SmC and (c) Nematic mesophases
made of rod-like molecules.

1.1.2 Nematic liquid crystals

Rotational symmetry breaking creates the nematic liquid crystal state in which mole-
cules are aligned along a common axis. The direction of preferred orientation of the
molecules in the neighborhood of any point is represented by a dimensionless, non-
polar unit vector 7i (here 7i and -7i are equivalent) called the n-director (Fig .1.1c), whose
orientation can change smoothly and slowly from point to point (except at singularities
discussed in the next paragraph). From a microscopic point of view, the phase order is

characterized by the order parameters, s, which can be calculated from the distribution

3
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function of the orientation of the molecules in relation to the director:

s= %((3coszﬁ —1)), (1.1)

B is the average tilt angle of the molecules with respect to the director (Fig .1.1c). This
orientation gives the liquid crystal birefringence property. A nematic liquid crystal can
be uniaxial medium with the optical axis along the n-director or, a biaxial medium. A
nematic liquid crystal alters the polarization of light passing through it. When it is
placed between crossed polarizing filters, light may get through because the nematic
material changes the polarization of the light if the n-director is not aligned with either

of the polarizing filters and if light is not propagating along the optic axis.

1.1.3 Smectic liquid crystals

As temperature decreases, matter in general varies from profoundly disarranged
states with continuous symmetries toward ordered states. In general there are three in-
dependent directions for translational symmetry. When this symmetry is broken along
only one direction, a new liquid crystal phase is obtained: the smectic phase (Fig. 1.1a
and Fig. 1.1b). From a structural point of view, all smectics are stratified structures
with a well-defined interlayer spacing. Molecules in most smectic phases are mobile
in two directions and can rotate along one axis. The interlayer interaction is weaker
than the lateral forces between molecules, which leads to layers able to slide over one
another. This results in a system presenting higher viscosity than nematics. There are
several types of smectic phases, giving rise to different macroscopic "textures", readily
recognized by optical observation Dierking [2003]. The smectic phases differ from each
other in the existing order inside the layer. In this section, we will discuss briefly the
smectic-A (SmA) and the smectic-C (SmC) phases properties.

A closer look to the molecules arrangement in the SmA phase is shown in Fig. 1.1a.
The average orientation axis of the rod-like molecules is parallel to the layer normal,
which corresponds to the n-director orientation. In each layer, the center of gravity
shows no long-range order. We can consider each layer as a two-dimensional liquid.
This property will be important for the following. Optically, the SmA phase is a uniaxial
system, the optical axis is normal to the layer plane and the directions z and -z are
equivalent.

When the temperature decreases, the SmA phase may transform into a phase with

4
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an even lower symmetry. This corresponds to the appearance of tilting of molecules
relative to the layer normal. This new phase is called the SmC phase (Fig. 1.1b). The
average molecule orientation is tilted regarding the layer normal and the angle of tilt
is defined as ¢. The c-director is the projection of the n-director in the xy layer plane,
as shown in Fig. 1.2, with 0 the angle between the x-axis and the c-director. Unlike the
apolar nematic n-director, the polar c-director is a true vector, thus c is not equivalent to
-C. The difference can be observed from the Fig. 1.2 where the angle 6z =6_z + 7r. This
characteristic property of the SmC phase also has an impact at the optical level as we

will see later.

Figure 1.2 — The SmC director. The projection of molecules onto the layer plane (xy) allows the
construction of the c-director. Unlike the nematic director 7, ¢ is not equivalent to —¢.

1.1.4 Freely suspended films made with smectic LCs

The group of smectic liquid crystals possess a unique property which makes them
very interesting. Thermotropic and lyotropic mesophases are able to form thin freely
suspended films. Reports in the literature about nematic freely suspended films show
that they are not stable Iglesias et al. [2011]. A very well known example of membranes
equivalent to freely suspended smectic films that we are familiarized with is the soap
tilms Friedel [1922]. A soap film consists of a layer of water encapsulated between two
layers of soap molecules. The hydrophilic heads of the soap molecules point toward
the water while the hydrophobic tails point toward the air. However, the water in the
middle layer evaporates and becomes thinner and thinner. This explains why soap
tilms are not stable and only last a few minutes. Thanks to their high boiling point
and the low vapor pressure, freely suspended films made of smectic liquid crystal can

remain for months without evaporating or breaking.
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Figure 1.3 — The structure of SmA and SmC freely suspended films. The membranes are spanned
on a metallic holder (frame).

1.1.4.1 SmA freely suspended films

A freely suspended SmA film is formed by a stack of identical smectic layers with
molecules pointing in parallel to the layer normal as shown in Fig. 1.3. These films
are characterized by the dominance of surface properties in their mechanical behavior.
They represent homogeneous, stratified structures with well defined thickness asso-
ciated with a discrete number of layers, which can be as small as a single molecular
mono-layer (= 3 — 4 nm thick) and as big as thousands of layers (some ym) Kraus et al.
[1997]. Such film can be treated as two-dimensional liquid with a quasi-2D flow, they

have a large surface-to-volume ratio.

1.1.4.2 SmC freely suspended films

A freely suspended SmC film is analogous to the previously discussed SmA film
except that the molecules are on average tilted by an angle ¢ with respect to the layers
(Fig. 1.3). Within these layers, the molecules behave in a liquid-like manner. They
can rotate around the vertical axis to the layers while keeping the same tilt, which
correspond to the local variation of the c-director orientation which cost energy. On the
other hand, compression or expansion of the smectic layers may occur, for example due
to thermal fluctuation Mach et al. [1997]; Tweet et al. [1990]; Young et al. [1978]. In this
case, an increase or decrease of the tilt of the molecules may take place. As a result, the
optical observations reflect the local average tilt in the film, as we will show later.

The c-director, which is the projection of the n-director into the layer plane, forms
a two-dimensional nematic-like field in the film plane. Thus, SmC films are generally
treated as 2D polar nematics. Quantitatively, this consideration is appropriate as long

as the director variations along the film normal are small, which is fulfilled in microm-
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eter or sub-micrometer thin SmC films. Moreover, the textures observed in SmC films

are analogous to those of nematic liquid crystals but in 2D, as we will show afterwards.

1.1.4.3 Structure of the meniscus

A freely suspended film cannot exist spontaneously. It needs to be prepared, through
the stretching of the smectic liquid crystal material above a solid frame. Fig. 1.3 shows
the structure of a freely suspended smectic film stretched on a circular metallic holder.
It has been also shown that they can be successfully stretched on a fractal-shaped >
frame Even et al. [1999] as well as with isospectral polygonal # frames of DeTurck Even
and Pieranski [1999].

Freely suspended films are bounded by a thick region called the "meniscus", which
connect the film to the solid holder. Fig. 1.4 illustrates a typical aspect of the meniscus
geometry for a film of thickness h. The shape and extent of the meniscus depend, in
general on the geometry of the holder, the LC material, and the conditions under which
the film was drawn Geminard et al. [1997]; Loudet et al. [2011]. The smectic film can not
be seen as independent of the meniscus. This latter acts as a reservoir of material for

the film, so that exchanges of molecules occurs when required Pieranski et al. [1993].

Circular profile

/ of radius R

| Meniscus

I,

Figure 1.4 — Meniscus profile of radius R connecting the freely suspended film, of thickness #,
to the holder.

In mechanical equilibrium, an isotropic liquid in contact with the air must present
the same pressure as the air on its flat interface Rowlinson and Widom [1984]. This is
not necessarily true in case of freely suspended smectic films. Because of their specific
geometry, the curvature of the interface with the air varies discontinuously when it

passes from the meniscus to the film (Fig. 1.4) Geminard et al. [1997]. This discontinuity

3. Irregular geometries permit to describe many irregular systems in a well-defined geometrical
framework.
4. Irregular special geometry built with seven identical triangles.
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creates a pressure difference between the flat surface of the film and the air (AP =
Pair — Pspectic), which can only be balanced by compressing the layers in the film. Mach
et al. [1997] showed that the magnitude of the total compression was found to be as
large as 3 A for 3 layers film. By applying Laplace law for an ordinary fluid, AP is
given by Pieranski et al. [1993]

Y
AP = — 1.2
: (12)

where 7 is the specific surface free energy of the smectic-air interface. In mechanical
equilibrium, the pressure is the same in the film and in the meniscus (AP = Constant).
This leads to a meniscus profile that should be circular of radius R. This result is dif-
ferent from a horizontal water layer that wets a vertical wall, where the meniscus has
an exponential profile, as experimentally observed by Geminard et al. [1997]. The mea-
sured pressure difference was usually about 10-100 Pa, while the smectic-air surface
tension was found to be close to 25.1073N/cm Geminard et al. [1997]. As a conclusion,
the planar film can exist outside the meniscus because the elasticity and compressibility
of the smectic layers compensate the pressure difference AP.

The thermodynamic state of the meniscus has an importance in determining the
mechanical properties of the film Kraus et al. [1997]. The execution and interpretation
of many hydrodynamic experiments are complicated because of the presence of this
thick region. For example, thermally driven convection in smectic films in vacuum was
reported to be driven exclusively by thermal gradients in the meniscus, which mask
the intrinsic thermocapillary effects in the films Godfrey and Winkle [1996]. It has been
also shown that the presence of the meniscus influences most of the motion, evolution
and dynamic of inclusions in the film Dolganov et al. [2020].

On the other hand, freely suspended films are the thinnest known stable structures
of any fluid phase preparation. They have the largest surface-to-volume ratio which
can lead them to be considered as two-dimensional fluid systems. In contrast with
soap films, thermotropic smectic films appear to be very robust. We can, for exam-
ple manipulate them with a glass wire, create mechanical deformations, change their
structure by changing the surrounding temperature or humidity and even introduce
inclusions for an in situ dynamical study Bohley and Stannarius [2007]; Conradi et al.
[2006]. Another additional value of these membranes is the free boundaries at the two
interfaces: they are freely suspended in the air. Hence, surface ordering effects and

phase transitions can be accurately studied Bahr [1994]. Sirota et al. [1987] have shown
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that the two-dimensional geometry of the freely suspended films shifts the temperature
of the phase transition and even suppress some phases.

Freely suspended smectic films do not only represent systems where we can study
phase transition or thin fluid film surfaces. We show in the following parts that topo-
logical defects exist in such fluid membranes, where investigations on their coarsening

dynamics are of a high interest.

1.2 Defects and Textures in Liquid Crystals

1.2.1 Introduction

In recent years scientists and engineers have become interested in liquid crystals
because of their attractive properties such as excellent optical anisotropy. Their un-
usual physical properties have made them exciting materials for more fundamental
research in relation with topological defects. The study of defects also, is an important
subject in material science, since defects play an important role in determining the re-
lationship between structure and properties of materials. Topological defects created
by symmetry-breaking phase transitions have received considerable attention in parti-
cle physics, condensed matter physics and even cosmology. Liquid crystal defects are
remarkably useful for laboratory exploration of the dynamics of cosmologically rele-
vant defects Chuang et al. [1991a]. The observation of the topological point defects
coarsening in LC systems allows for the direct study of "scaling solutions", providing
models for the evolution of monopoles, multipoles, and textures. Liquid crystals are
one of the most valuable systems for studying the coarsening dynamics of topologi-
cal defects, because different kinds of defects can be created and controlled through
symmetry-breaking phase transitions. In addition, LC defects observation can be par-
ticularly simple, since optical microscopes allow for direct studies Dierking [2003].

The presence of topological defects can be important also for several applications.
For example, in thermotropic liquid crystals, they can be used in high strength fibers
Picken et al. [2011], field-active displays Tsukada [2000] and wave-guide modulators
Walker et al. [1996]. Hence, understanding and controlling the defect textures becomes

required.
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1.2.2 Elastic deformations and free energy density

1.2.2.1 The nematic phase

Under small deformations, a nematic liquid crystal acts like an orientationally elas-
tic medium, where the three principal types of distortions are the splay, twist and bend
as shown by Fig. 1.5. The corresponding elastic constants (or Frank constants) are kg, kt

and kg, respectively.

(a) Equilibrium (b) Splay (c) Twist (d) Bend

Figure 1.5 — The principal types of deformations in a nematic liquid crystal.

When the nematic director orientation is almost unchanged locally, the distortional
free energy f per unit of volume, may be expanded in powers of the director # Frank
[1958]:

fzé[ks(v-ﬁ)%kﬂﬁ-v x 1) + kp (7l X 7 X 71)°] (1.3)

For typical nematics, the Frank elastic constants are approximately 10~¢ dyn (10~
J/m). The bend and splay constants are usually approximately equal, while the twist
constant is significantly lower. It should also be noted that the values of these elastic
constants decrease rather strongly when temperature increases, to finally become zero

in the high temperature isotropic state.

Two-dimensional nematics

In the case of a nematic liquid crystal with two-dimensional geometry, a planar
structure with 7 lying in the xy plane is assumed. The components of 7 are (cos#6, sin#,
0), where 6 is the angle between # and the x-axis (see Fig. 1.1b). A number of the elastic

deformations are not allowed and the 3D expression can be simplified. Thus the free
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energy density (Eq. 1.3) reduces to

— k —
= (v i) + (v x ii)?

ks . 00 0\ kg (. 00 36\ ?
=5 (—sm@a + COSQ@) + > (sm@a + cos@a)

(1.4)

With the assumption of equal elastic constants associated with a medium consid-

ered as elastically isotropic, ks = kg =k, Eq. 1.4 is simplified as following

=G+ ()]
= g(ve)2

Thanks to the above simplification, the minimum of the free energy is given by

solving the Laplace equation A0 = 0.

1.2.2.2 Two-dimensional SmC

SmC liquid crystals possess a stratified structure where the molecules are tilted with
respect to the layer normal. Similar to the nematic phase where the n-director is used
to describe the average molecule orientation, the unit vector ¢ is used to describe the
molecular orientation. The main elastic deformations in SmC correspond to the layer
displacement along the normal and the angular distortion of the c-director in the layer
plane (see Fig. 1.2). A complete theory for the description of incompressible SmC
phases has been introduced many years ago Leslie et al. [1991]. In thin planar SmC
films with straight and fixed layers, the director deformations normal to the film plane
can be disregarded. Taking into account the molecules tilt, the projection of the direc-
tor 7 = (ny,n,,n;) onto the smectic layer plane is #p = (11x,1,,0), considered as the 2D
order parameter. The unit vector along the direction of 1) is usually referred to as c-
director. Thus, free energy expansion of the film can be written as Harth et al. [2011];
Svensek and Zumer [2003]

f = Aliio|* + Clito|* + ks(V - 7ip)? + [kr(ii — 7lp)? + kpii3] (V x 7ip)%,  (1.6)

The Landau parameters A < 0 and C > 0 set the equilibrium length of 7y and the
equilibrium tilt angle ¢ = arcsin/—A/(2C) respective to the layer normal. Their mag-

nitude describes the resistance against changes of the tilt angle. The elastic constant

11
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ks, kT and kp correspond to respectively the splay, twist and bend elastic constants for
the n-director. At non-zero tilt, the c-director, ¢, can be defined as ¢ = #y/ny Harth et al.
[2011].

Taking in account the two-dimensional geometry of thin SmC films, only splay and
bend deformations of ¢ are possible, the twist deformation can be neglected. The elastic
deformations Kg and Kp of the c-director can be obtained from those of the nematic n-

director and the tilt angle ¢ as Harth et al. [2011]
Ks = ks sin®(¢)
(1.7)
Kp = krsin?(¢) cos®(¢) + kpsin*(¢)

Thus, the free energy density for thin SmC films in term of the director ¢ = (cos#6,sin6,0)
reduces to Harth et al. [2011]:

Kp

f:%(V-E)%T(V x )2
1.8)
CKs( . 00 90\2 Ky [ 26 90\ 2 (
= (—sm@a + COSQ@) + o> st@ + COSGa

6(7) is the disorientation of the c-director with respect to a fixed OX-axis (Fig. 1.1b).
Similar to the nematic case, when we use the one-constant approximation, Ks = Kg = K
the free energy density can be expressed in a form similar to the one of Eq. 1.5.

To conclude, the free energy density equations, that describe a deformed specimen
relative to the undeformed one, were introduced for nematic and smectic phases for
both bulk and 2D geometry. When the deformations are too strong, topological defects
always appear. It is thus important to investigate the defect formation in smectic liquid

crystals.

1.2.3 Topological defects in nematic and smectic liquid crystals

If a liquid crystal is deposited on a surface, molecules fall at random positions and
orientations, especially if the surface is not treated for specific LC orientations. In bulk,
molecules are free to move as in a liquid, but they tend to remain oriented parallel
to the director which can be determined by the surfaces thus possibly leading to the
formation of "defects" in the LC bulk. Topological defects are surfaces in which the
order parameter vanishes. They form specific "textures", which can be easily observed

by the means of optical polarized microscopy Dierking [2003].

12
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This introductory section presents a systematic account of the structures, energies
and interactions of defects in the nematic and SmC phase of liquid crystals. Relevant

experimental observations will be described in the next chapter.

1.2.3.1 Disclinations

Disclinations are singular lines along the z-axis, normal to the layers for the smectics,
in which rotational symmetry is broken. They can be found in both nematic and smectic
phases. In the smectic phase, they present an additional layer constraint: they are lines
around which the layers will rotate. In the following part, we introduce the structure

and energy of these topological defects.

Nematic phase

There are several techniques that allow one to create disclinations in nematics. A
well known method consists in a rapid phase transition from the isotropic to the ne-
matic phase, which could be achieved by temperature quench or application of a quick
reduction of pressure Chuang et al. [1991a,b]. Randomly oriented patterns of disclina-
tion are created after the disorder—order transition. When observed under polarized
optical microscope, nematic films possess a unique texture, called the schlieren® tex-
ture, shown in Fig. 1.6, where the white circle points out the presence of a disclination.

In order to describe the director field around a single disclination point, one consid-
ers a planar geometry with the n-director into the xy plane, i.e. 7i is independent of the

normal to the film z, n, = cos®, ny =sinf, n; = 0. Eq. 1.5 reduces to
V20 =0 (1.9)

A first solution for Eq. 1.9 is of the form 6 = 0. This type of solution is of no interest.

The second interesting solution, which is independent of r = /(x% + y?) is of type:
6(7) = S¢(7) + 0o (1.10)

Where ¢(7) = tan~1(v/x) and 6 is the constant that defines the defect phase. Ge-
ometrically, 8y describes a global rotation of the director about the OX-axis passing

through the right side of the defect core.

5. The texture is called a schlieren texture after the German word for streak; Schliere.
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.

Figure 1.6 — An example of the characteristic schlieren texture of nematic liquid crystals ob-
served by the mean of polarizing microscope between crossed polarizers. The white circle
points out one singular point. Reproduced from Publication Lagerwall and Scalia [2012]. Copy-
right (2012), with permission from Elsevier.

S=41,+1,43,. with0< < .

S is known as the topological charge (or strength) of the disclination. 6(7) describes
the director orientation at a distance 7 from a disclination point of a topological charge
S and phase 0. Fig. 1.7 shows the director field configuration in the vicinity of disclina-
tions of various strengths as given by Eq. 1.10. The black dot at the center indicates the
defect core (the point where the director is not defined anymore) with a radius r.

The energy per film thickness of an isolated defect in a circular film of radius R is

given by the following equation
E= / Fdxdy = E. + kS*In(R /1) (1.11)

Where k is the elastic constant and E, is the core energy which is not known.

The second term in Eq. 1.11 is proportional to S?, which implies that defects of
strength |S| > 1/2 are unstable and should dissociate into |S|= 1/2 defects. If one
considers an infinitely extended film (R — o0), an isolated disclination should have an
infinite energy (E — c0). Such a situation does not exist in reality. Therefore, defects

exist in pairs of opposite charge.
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Figure 1.7 — Director field around disclinations of various strengths.

SmC phase

In the SmC phase, the c-director characterizes the local orientation of the optical
anisotropy in the film plane. The spatially uniform alignment of the c-director is the
undistorted state, any splay or bend deformations of this vector costs energy. There-
fore, defects in the SmC phase are disclinations in the c-director field with the topolog-
ical charge designated by how much the director changes in a counter-clockwise circle
around the defect.

In the one-constant approximation, Kg = Kp = K, the SmC free energy density has
the same form as in the nematic case, Eq. 1.5. Unlike the nematic n-director, the c-director
is polar, so that only defects of integral strength can occur (S = £1,+£2,...) in SmC films.

Fig. 1.8 shows the structure of point disclinations of unit strength with different
configurations. Due to the polarity of the c-director, the S = +1 disclination with radial
configuration can now present two independent solutions, Fig. 1.8a and Fig. 1.8b.

Moreover, S = -1 no longer displays a fourfold symmetry (Fig. 1.8e).

1.2.3.2 Dislocations

Beside disclinations that can occur in a nematic or a smectic liquid crystal, another

type of topological defects can be observed in stratified phases, i.e. in smectics. A
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Figure 1.8 — S = 1 wedge disclination with a radial configuration: (a) sink (inward) , (b) source
(outward) and tangential configuration: (c) vortex (clockwise), (d) anti-vortex (counterclock-

wise). (e) S = - 1 hyperbolic disclination.
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dislocation is a defect line with the annihilation of parallel (screw) or perpendicular
(edge) smectic layers at the defect (Fig. 1.9). This topological defect is characterized by a
Burgers vector b = MdZ, where M is the number of involved layers and d is the thickness
of one layer. The Burgers vector is parallel to screw dislocations and perpendicular to
edge ones. Therefore, the energy per line unit of a wedge dislocation is written as
Oswald and Pieranski [2006]

2

1/2
Ewedge = (KB) / 47Tr
c

+E (1.12)

Where B is the elastic constant corresponding to the layer compression or dilatation
distortion. r. is the core radius, which is of the order of one layer thickness. The core
energy is assumed to be E. ~ 2.7, with . is the cutoff energy that is negligible at the

nematic-SmA phase transition. Thus, Eyedge can be simplified as

2BAy\ o (2)\!? .
Ewedge:( nc> b:<E> BY/AKY 4y 1/2p (1.13)

Where A is the penetration length as shown on Fig. 1.10. The energy of a single edge

dislocation is independent of the sample size and proportional to the Burgers vector b.
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Figure 1.9 — (a) Screw dislocation. (b) Edge dislocation. (c) Small edge dislocation with annihi-
lation of a layer (sliding perpendicular to the layers). (d) Giant edge dislocation associated with
two lines of inclinations. Figure reprinted from Oswald and Pieranski [2006].
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Figure 1.10 — The penetration length A in smectic films. Figure reprinted from Oswald and
Pieranski [2006].

Dislocations in freely suspended smectic films

In freely suspended films, the layers are perfectly parallel to the free surfaces and
when the number of layers is different in two parts of the same film, a step is formed
in between (Fig. 1.11). A violent compressing or stretching can create holes or islands
(region of lower or larger thickness than the background film) when drawing a freely
suspended smectic film (Fig. 1.11). The step around such regions is associated with
an edge dislocation. In general, we do not see the dislocation lines directly with a
reflective microscope, as their size is well below the resolution limit. What we see
is the boundary between two regions of different thicknesses, therefore of different

reflectivity and contrast.
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Figure 1.11 — Cross section of an edge dislocation of unit strength in freely suspended smectic
films. Thick (thin) region is bounded by an edge dislocation loop (in red) providing a line
tension.

Fig. 1.12 displays an example of a smectic island observed in optical polarized mi-
croscope. The line tension of the dislocation loop, which is the one-dimensional analog
of surface tension, is responsible for the island’s circular shape. Lejcek and Oswald
[1991] have expressed the line tension of a dislocation in a freely suspended film as
following

Edistoc = Ewedge + s (1.14)
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Were Eyeqdge is the bulk term, given by Eq. 1.13. The second term is the surface
correction for interactions with the freely suspended film free surfaces Oswald and

Pieranski [2006]
B 1/2 ,),1 /2 b2

(1.15)

S

T 4/md(M 1 1/2)

Figure 1.12 — Thicker circular domain (island) in a freely suspended SmC liquid crystal. The re-
flection colors arise from the interference of the light reflected from the top and bottom surfaces.
The island is bounded by an edge dislocation loop providing a line tension responsible for the
circular shape of islands.

Several methods have been developed to measure the line tension of a dislocations
in freely suspended smectic films. Geminard et al. [1997] determined the critical radius,
tcrit, @ radius for which islands and holes grow or shrink according to their initial radius
after nucleation. The critical radius of nucleation of a dislocation loop, r., is linked to

the dislocation line tension by

E.:
Terit = —bthS;gc (1.16)

Were AP is the pressure difference between the air and the smectic (Eq. 1.2). The
critical radius was determined by successive steps via the nucleation of different-sized
loop. A drawback of this technique is that it is only compatible with thick films where
the dislocations line tension is independent of the thickness.

Géminard et al. [1998] reported another method inspired by sessile drop method
used to measure the surface tension of a liquid Kwak et al. [2018]. The technique is
based on the nucleation of different dislocation loop in a vertical film. The measure-
ment of the shape anisotropy of the island when it is in contact with the top edge of

the frame are linked directly to the line tension. This method has been very useful
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because it allowed to measure the dislocation line tension whatever the film thickness
(Fig. 1.13).
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Figure 1.13 — Line tension as a function of the layers number N. Reprinted from Géminard et al.
[1998]. Copyright (1998) by The American Physical Society.

1.3 Dynamics of Topological Defects in Liquid Crystals

1.3.1 Interaction between point disclinations

The presence of topological defects increases the energy of the liquid crystal film. In
order to minimize the elastic distortion and to satisfy the zero total charge law, defects
of opposite topological charge attract each other. Thus, a scenario of primary interest is
the annihilation of the disclination pair.

Models for defect interactions were developed for nematic liquid crystals in the one-
constant elastic theory Dafermos and Constantine [1970]; Minoura et al. [1997]. The
simplest model assumes that the defects pass through quasi-equilibrium states, where
the director field is taken as the linear superposition of the single defect equilibrium
solutions of the director field (Eq. 1.10) Dafermos and Constantine [1970]. In a 2D planar
nematic as the one shown in section.1.2.3, for two defects of topological charges Si,S»
and phases 61,0,, Eq. 1.10 implies that at positions R} = (x1,¥;) and Ry = (x2, 1), the

director configuration around the pair is given by
X — X1 X — X2

6(7) = Sy arctan <u> + Sparctan <M> + 0o (1.17)

0 is defined with respect to the OX-axis that joins the two defects. This solution is
sketched in Fig. 1.14, for S; = +1 (left), S, = —1 (right) and 6 = —7 (the c-director

angle at infinity).
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Figure 1.14 — Point defects with topological charges +1 (left) and —1 (right). 6 is the c-director
angle with respect the OX-axis, rq; is the defect separation distance.

The models assume that during their mutual interaction, the defects pass through
quasi-equilibrium solutions of the type sketched in Fig. 1.14. This type of solution
describes all defect pairs with "matched" orientations respective to each other. Geo-
metrically, this implies that the c-director along the line connecting the two cores has a
constant orientation. Thus, the defect pairs are expected to move towards or away from
each other on straight paths along the OX-axis because any displacement far from this
axis induces extra elastic deformation of the director field.

As shown in Eq. 1.11, the energy per film thickness for a pair of disclinations sepa-

rated by a distance rj, is Dafermos and Constantine [1970]
E = tk(S1 4 $2)*In(R/7.) — 27tkS1 Sy In(r12/2r) (1.18)

If S = =S, the first term in the energy equation is null. Only the second term
remains, which is independent of R. The force between two disclination points, act-
ing along the separation vector 7y, is analogous to the force between two infinite line
charges separated by r1

Forastic = 21tkS152/ 7112 (1.19)

This force is inversely proportional to the separating distance r1;. Accordingly,
disclinations of like signs repel and those of opposite signs attract each others on straight
paths.

The defects motion is limited by the viscosity of the film, or the dissipation associ-
ated with director reorientation, and by the viscosity of the surrounding medium, which

exerts a drag force on the defects during their motion. In the absence of material flow,
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this specific force (per film thickness) on a defect of topological strength S moving with

velocity v in a film is Imura and Okano [1973]
Firag = t71 S%vIn(L/r.) (1.20)

71 is the rotational viscosity, v is the defect velocity and L is a characteristic system
size. The issue with this equation is its logarithmic divergence with L, which requires
the setting of a long-distance cut-off. Ryskin and Kremenetsky [1991] improved the

previous equation for a defect moving in a finite liquid crystal film

Fireg = m11S*0In(3.6/E;) (1.21)
71 is the rotational viscosity of the c-director, E, = % is the Ericksen number. Since

the disclinations are immaterial objects, material transport is not included in this esti-
mate. Hence, the shear viscosity is not included in the drag force equation.

Defects are expected to move with a velocity determined by the balance of the elastic
forces that arise from the elastic deformation (Eq. 1.18) and counteracting viscous forces

caused by director reorientation and possible coupling to material flow (Eq. 1.21)

K D,

v==% =4+
Y1In(3.6/E;)r1p 12

(1.22)

D1 contains the elastic constant K and depends on the velocity of the defect via the
Ericksen number. In approximation, it is considered as a diffusion coefficient. Accord-
ing to Eq. 1.22, two defects of opposite topological charges approach each other with a
velocity inversely proportional to the separating distance r1,. Taking the derivative of

712 = 20, one determines the evolution of rj, with time as following
r12 = \/4Dqt (1.23)
Hence, during the annihilation of the defect pair, the separation distance rq; is ex-
pected to follow a square root of time dependence.
1.3.2 Dynamics of disclinations in nematic LCs

Pargellis et al. [1994] improved the quenching technique previously used to form
random disclinations using by a well-defined homeotropic anchoring of the nematic

director. The phase transition (T.) was achieved by cooling one plate sandwiching the
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Figure 1.15 — Nematic director configuration showing an integer disclination in the middle plane
between the cell plates. Reprinted from Pargellis et al. [1994]. Copyright (1994) by The Ameri-
can Physical Society.

nematic film below T, and heating the other above T,. Under these conditions, integer-
strength disclinations are formed in the middle of the sample between the cell plates,
i.e. at the nematic-isotropic interface (Fig. 1.15).

Minoura et al. [1997] studied the dynamics of pairs of disclinations with a strength
of S = £1 in a thermally quenched nematic liquid crystal. The effects of an electric field
were also investigated. The author revealed the existence of time regimes in the anni-
hilation process. When the separation distance between defects is large, r1, decreases
linearly with time (Fig. 1.16). As the disclinations become too close, 11> decreases as
a function of the square root of time. These results are in clear contrast with the usual
square root of the time dependency predicted for the dynamics of long-distance as well
as short-distance dislocations (Eq. 1.23). Pargellis et al. [1992] has interpreted these
results by introducing the "ordering field" which causes a strain field between pairs of
defects.

The authors also showed that the annihilation process becomes faster when an elec-
tric field is applied to the sample. The rate of annihilation was found to be proportional
to the intensity of the applied field, the higher the electric field applied, the faster the
annihilation process (Fig. 1.16). This result can be explained by the fact that the electric

field changes the orientation of the director to a homogeneous state. This compresses
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the elastic deformations created by the presence of the defects, which accelerates their

annihilation.
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Figure 1.16 — The time dependence of the separation distance r1, with and without an applied
electric field. (a) 0 kV/m, (b) 2 kV/m, (c) 6 kV/m and (d) 10 kV/m. Reprinted from Minoura
et al. [1997]. Copyright (1997) by the Taylor & Francis.

More recently, Blanc et al. [2005] measured the annihilation of disclination pairs with
topological charges S = £1/2 induced by an electric field applied to the nematic cell.
The author reported that during the annihilation process, the positive defects system-
atically move twice as fast as the negative ones (Fig. 1.17). This effect was attributed to
the hydrodynamic flow in the nematic cell. When the defects move in a liquid medium
(LC), the coupling between the rotation of the director and the velocity field, the so-
called backflow, causes the symmetry to break.

However, research on the dynamics of disclination pairs in nematics has proven
to be complicated to carry out. The influence of the boundaries of the thin cells en-
capsulating the nematic material in a two-dimensional system on the one hand and the
three-dimensional nature of the deformations for the thick cells on the other hand play a
crucial role on the dynamics of the disclinations Blanc et al. [2005]; Minoura et al. [1997];
Pargellis et al. [1992, 1994]. The hydrodynamic drag forces opposing the attraction be-
tween the defects proved to be related to the flow fields, which also complicates the
system. Thanks to the 2D freely suspended SmC films geometry, analogous to 2D po-
lar nematics, the dynamics of disclination points can be reduced to a two-dimensional

problem without boundary effects, simplifying theoretical description and modeling.
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Figure 1.17 — (a) A pair of £1/2 disclination pair in nematic cell separated by a 7r wall. (b) The
nematic director field between the two plates. (c) The velocities of the defects depending on the
electric field. The inset shows distance vs time for a +1/2. Reprinted from Blanc et al. [2005].
Copyright (2005) by The American Physical Society.

1.3.3 Dynamics of topological defects in freely suspended SmC films

Studies on topological defects in nematic liquid crystals are not easy to interpret
because of the three-dimensionality of the geometric problem and the influence of the
cell boundaries. Since nematic films are not stable enough, they cannot form freely
suspended 2D films. However, stable thin films of SmA or tilted SmC phases can be
prepared. The latter can be treated as an equivalent of a 2D polar nematic. The sim-
plicity of optical observations is another additional value of this thin-film geometry.
When SmC freely suspended films are observed using a polarized optical microscopy,
the characteristic optical textures reflect the local c-direction orientations, where the type
of defect and position can be easily determined.

During our study, we focus on freely suspended SmC films in order to study a vari-

ety of dynamics and properties of topological defects in reduced dimensionality.

1.4.2.1 Dynamics of disclinations

Disclinations are defect lines perpendicular to the normal layers, but since freely
suspended SmC films can be considered as 2D nematics, the disclinations can be treated

as defect points. Numerical models for pair annihilation have been extended from
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nematics to SmC films Svensek and Zumer [2003]. The models predict an asymmetry
in the defect motion. The positive disclination is predicted to move faster than the
negative one due to the effects of viscous flow fields and elastic anisotropy. On the other
hand, it has also been shown that the annihilation process is expected to be faster than
that predicted by the classical model Svensek and Zumer [2003]. In order to verify these
predictions, experiments on the dynamics of topological defects in freely suspended
SmC films are required.

Topological defects can exist when the deformations of the c-director are very strong.
Clark et al. [2017]; Radzihovsky et al. [2017] reported that when a smectic film is sud-
denly disturbed, i.e. by a sudden air flow causing complex shear flow patterns in the
film plane, topological defects may form. Disclination points have also been created in
very thick freely suspended SmC films (10 — 40 yum) at the phase transition from SmA to
SmC Pargellis et al. [1992]. This technique used to generate disclinations is quite com-
plicated due to the difficulties in avoiding spatial temperature inhomogeneities during
phase transition, which can induce Marangoni flow effects, and advection phenomena
Trittel et al. [2019].

An example of the annihilation of a pair of dislocations of opposite charges S = +1
is shown in Fig. 1.18a. The texture observed between the pairs of defect was of an
unusual appearance compared to those found by other authors Minoura et al. [1997].
The c-director distortions were located in narrow walls. The authors reported that arrays
of layer dislocations that exist in such thick films acted as an external electric field. They
tend to compress the distortion connecting the defects to a narrow wall, thus reducing
wall length and energy, which changes the defect dynamics qualitatively. They showed
that the separation r1, between the defects scale linearly with time at long distance and
decreases as the square root of time at small separation (Fig. 1.18b). Although these
results are in agreement with the results reported for the nematics Minoura et al. [1997],
they are still in clear contrast with the classical model which predicts a dependence of
the square root of time on the separation distance at long distance as well as at short
distance (see section.1.3.1).

Muzny [1994] and Wachs [2014] have studied the dynamics of oppositely charged,
S = £1 disclinations in thin freely suspended SmC films. The defects were induced by
the mechanical deformation of the film by air pumping. The quick depression induces

a transition to the SmA phase and relaxation to the SmC phase creates disclinations.
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Figure 1.18 — (a) Coalescing +1 disclination pair created at the SmA-SmC phase transition in
freely suspended film. (b) Separating distance between the defects as a function of time, pre-
sented in the log-log scale. Reprinted from Pargellis et al. [1992]. Copyright (1992) by The
American Physical Society.

The number of defects produced was found to be proportional to the volume of air
pumped and the speed at which the film is released. Muzny and Clark [1992]; Wachs
[2014] reported that the separation distance 1, as a function of time fit well to classical
model for some pairs of defects (Fig. 1.19a) but for other pairs, they deviated from the
predictions at small separation distances (Fig. 1.19b).

Such an experiment is delicate because the film could break if the initial deformation
is too high, whereas a too small deformation does not induce any defect. In addition,
the speed of the defects remains unchecked due to the observed drift motion of the
disclinations in the film, which may be caused by external airflow perturbations.

More recently, Stannarius and Harth [2016] have developed a technique to capture
high-strength disclinations in localized traps in SmC freely suspended films. The stripe
textures shown in Fig. 1.20 are carrying +1 disclinations at their tips (white dots). These
positive defects are found to repel each other until they reach the meniscus, which is in
agreement with the expected force between two singularities of same sign (Eq. 1.18).
The trajectories of the inclinations were used to determine the interaction potentials. It
was shown that the displacement scales with square root of time. On the other hand,
the experimental results reveal some limitations with respect to classical defect inter-
action models. Some disclinations were found to move more slowly than others. The

authors attributed this discrepancy to differences in defect interaction forces. The inter-
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Figure 1.19 — Separation distance r1; as a function of time for different set of disclination pairs.
Reproduced from Wachs [2014].

action equation (Eq. 1.19) must therefore be corrected.

Figure 1.20 — (a) Nine trapped defects in freely suspended SmC film. (b) The same region of the
film observed 5 s later. The white line indicates the c-director orientation, while the white dot
shows some selected defect positions. Reprinted from Stannarius and Harth [2016]. Copyright
(2016) by The American Physical Society.

In conclusion, the process of annihilation of pairs of topological defects has not been
studied so far in freely suspended SmC films. All the work cited above shows a limi-
tation of the classical model which is sometimes related to the geometry of the system
where the defects are created. Several properties predicted by the classical models are
still not verified in thin freely suspended SmC films, for example the velocity and tra-
jectories of the defects on the one hand and the square root of time law on the other
hand.
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1.4.2.2 Dynamics of dislocations

Holes and islands are bounded by dislocation loops connecting them to the back-
ground film. These topological defects are responsible for the growth or shrinkage of
these structures. Their dynamics has been investigated by Oswald and Pieranski [2006]
in SmA films, where they showed that it depends on several factors. The variation of
the free energy during the motion of a dislocation, of a Burgers vector b and a radius 7,

nucleated in a film of N layers is given by Oswald and Pieranski [2006]

AF = —nrzb% + 2 (f(Nd — b) — f(Nd)) + 27 Egigtor. (1.24)

The first term gives the global variation of the surface energy of the system. v is
given by Eq. 1.2, where the pressure difference AP tends to enlarge the dislocation size.
The second term corresponds to the variation of the energy of the film by considering
the interaction between the free surfaces (islands and film). The last term corresponds
to the line energy of the dislocation, where Egjjgjoc is the line tension, which tends to
reduce its size.

Oswald and Pieranski [2006] have determined the equation for predicting the growth
dynamics of a dislocation loop in a smectic film with a critical nucleation radius, 7., as

the following

¥ map(1-7), (1.25)

where m is the mobility of the dislocation in an infinite environment determined by
the shear viscosity y parallel to layers and the permeability A, of layers by m ~ /A, /.
The evolution of the radius r(t) of the dislocation loop can be given by the first

integral of Eq. 1.25 as Oswald and Pieranski [2006]

V—T’C

r—ri+reln | | =mAP t, (1.26)

i—Te
where 7; is the initial radius of the dislocation.

Oswald and Pieranski [2006] experimentally studied the dynamics of dislocation
loops around holes in freely suspended SmA films. Fig. 1.21 shows that below the
critical radius 7, the dislocation loop shrinks and the hole disappears. When the initial
hole radius is larger than r, the latter grows to reach the meniscus, which induces an
overall change in film thickness by one layer or more.

Unlike the smectic holes which can grow or shrink depending on their initial radius,

smectic islands can only shrink. This can also be deduced from the Eq. 1.16, where for
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Figure 1.21 — Experimental determination of the radius of the dislocation loop of the smectic
hole. Solid curves are fitting of the experimental data by the theoretical prediction (Eq. 1.25).
Reprinted from Oswald and Pieranski [2006].

an island, the surface energy (bAP) increases and the dislocation loop tends to shrink
because its growth is always energetically unfavorable. Experimental studies have been
carried out on the dynamics of islands in freely suspended SmA films (8CB). Dolganov
et al. [2017] showed that the dislocation dynamics leads to the collapse of islands. It
has been reported that for a film of homogeneous thickness, the thick islands (of large
Burgers vector b) shrink more slowly than the thin ones.

The author also reported that islands can interact with each other. A remarkable
change in the disclinations dynamics behavior was observed when two islands are ad-
jacent to each other. The material from the thin island is found to be displaced to the
thick one. When the smallest island totally collapses, the thick one starts to decrease by
transferring the material to the meniscus.

To conclude, the presence of islands and holes disturbs the mechanical equilibrium
between the freely suspended smectic film and the meniscus. They create a flow of
material from the film to the meniscus. Their dynamics is well described by theoretical
models Oswald and Pieranski [2006].

30



1.3. DYNAMICS OF TOPOLOGICAL DEFECTS IN LIQUID CRYSTALS

b
30} 501 (b)
€ 40
=1 I
g 20r 30|
=
) L
g 201
Z’ 10_ -
10 Ve
(]
L [
[ ]
0 1 1 1 1 1 1 'y
0 0 20 40 60

t—1ty (s) 1=t (s)

Figure 1.22 — Experimental determination of the dislocation loop radius. Islands with a thick-
ness of (a) 7 and (b) 8 smectic layers. Reproduced from Publication Dolganov et al. [2017].
Copyright (2017), with permission from Springer Nature.

1.3.4 Summary

Topological defects occur in a wide variety of physical systems. Many features of
defect dynamic properties are universal. In LCs, they can be observed in facile polar-
izing microscopy experiments, with comparably simple equipment. Nevertheless, ex-
periments with liquid crystals in sandwich cells are not easy to interpret because of the
three-dimensionality of the geometric problem. Defects, even if they are well-localized
in the cell mid-plane, usually extend from one glass plate to the other Pargellis et al.
[1994]. Interactions with boundaries, such as pinning, and a preferential alignment or
3D director field distortions near the cell walls have to be taken into account.

The elementary process of pair annihilations of topological oppositely-charged de-
fects allows one to construct scaling solutions for more complex defect patterns Chuang
et al. [1991a]. Even though not all results obtained from 2D LC systems can be gener-
alized to 3D geometries, the obvious value of such studies is twofold: Several other
systems that develop topological defects, e.g., thin magnetic films, are also 2D, and
the scaling of pair annihilation dynamics is independent of the dimensionality of the
problem Hertel and Schneider [2006]; Rissanen and Laurson [2016]; Wachowiak et al.
[2002]. We have thus decided to concentrate on SmC freely suspended films to study
the dynamics of topological defects.

In SmC freely suspended films, the dynamics of dislocation loops is well described

by the models developed so far Oswald and Pieranski [2006]. Even though, the model
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for the dynamics of defect points has been developed through a continuum theory Os-
een [1933], little has been done to experimentally examine the dynamics and struc-
ture of point defects and their mutual interactions in SmC freely standing films Muzny
[1994]; Muzny and Clark [1992]; Stannarius and Harth [2016]; Wachs [2014], have per-
formed measurements suggesting that still some discrepancy could be identified with
the classical models Muzny and Clark [1992]; Stannarius and Harth [2016]; Wachs [2014].
Moreover, some hydro-dynamical predictions still need to be confirmed in order test
the theoretical models and their predictions Harald [1988]; Radzihovsky [2015]; Svensek
and Zumer [2003].

In the second chapter, we review the interactions and dynamics of topological de-
fects in liquid crystals in quasi-two-dimensional geometries. We will show that well-
defined and isolated defect pairs can be created using simple mechanical techniques.
We investigated their dynamics and we compared it to existing theories. In addition
to the experimental characterization, an analytical and numerical description was de-
veloped. Finally, we will propose new corrections to the classical models, which have
been neglected in the previous studies.

Even though models for the hydrodynamics of topological defects in LC have been
developed for a few years Svensek and Zumer [2003], few experiments have been car-
ried out to test the effects of backflow, with non in freely suspended smectic film. In the
third chapter, we focus on the annihilation of opposite-charged disclinations in freely

suspended smectic films with a full backflow coupling study.
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1.4 Liquid Crystals in Micro-Gravity

1.4.1 Introduction to micro-gravity

Gravity is the force that governs movement all through the universe. It holds us to
the ground, and it keeps the moon in orbit around Earth and Earth in orbit around the
sun. It is an attractive force, which is always present between two objects that have a
mass.

However, we can make conditions in which we don’t encounter the impacts of grav-
ity. A first way to “get rid” of gravity is: “free fall”! Objects in a state of “free fall” are
said to be weightless. For scientific experiments, a variety of facilities to create micro-
gravity conditions exists (Fig. 1.23). The drop tower is a huge tower, some 150 m high.
The experiments are dropped from the upper end of an enclosed metal tube of 3 m
diameter. The experiment, and everything inside it, is in "micro-gravity" as it falls for
around four seconds until it hits a bed of foam flakes. The experiment thus needs to
endure such accidents. Another famous way to get rid of gravity is the use of aircraft
flying in parabolic arcs allowing to create micro-gravity conditions for tests and sim-
ulations that last 20-25 seconds. During the parabola, people and objects inside the
airplane are in “free fall”. This technique will be discussed in details in the next sec-
tion. A third way to achieve “free fall” is to place the experiment into orbit such as in
International Space Station (ISS). In this way, an object in "free fall" circling the Earth at
the perfect speed ( 27850 km/h ) and height can seem weightless. This is the situation
with the ISS. It is the largest manufactured object that revolves around the Earth. The
ISS represents a unique testing ground for life and matter sciences in micro-gravity but
is also a platform for observing Earth and universe.

In our research, we use micro-gravity for the study of fluid dynamic behavior in
reduced dimensionality, and for the exploration of fundamental non-equilibrium fluid
interfacial phenomena. Spherical freely suspended smectic liquid crystal bubbles can
be made with a very small ratios of film area to perimeter, yielding systems in which
coupling to bulk fluid is extremely weak or nonexistent. In my PhD, I have performed

experiments utilizing micro-gravity conditions achieved by parabolic flights.
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Figure 1.23 — Low gravity magnitude and duration for the four low gravity platforms. Image
reproduced from The European Space Agency (ESA) website.

1.4.2 Parabolic flight

Parabolic flights have been successfully used to improve knowledge of aeronautical
medicine, to study the effects of weightlessness in preparation for the first human ex-
plorations of space, to train astronauts, and provide a weightless platform for the scien-
tific community. The use and development of this type of flight has been closely linked
to space exploration. The beginning of the parabolic flight goes back to 1950, when
two scientists, Fritz Haber and Heinz Haber, publish a theory to reproduce weightless-
ness conditions on board of an aircraft whose trajectory describes a parabola Haber and
Haber [1950]. It took only one year then to start experimental tests. Nowadays, many
organizations like NOVESPACE are operating their own airplane for public parabolic
flights.

A parabola is a trajectory that allows to subject an object to weightlessness. This is
the principle of sounding rockets and parabolic flights. With this particular trajectory
(Fig. 1.24), all objects and persons present in the plane will be in a weightless state. Lift
is the aerodynamic force of air on the wings and fuselage of the aircraft that maintains
the aircraft in flight. This force is partially reversed by tilting the aircraft at a certain
angle of flight. The drag is also an aerodynamic force that cannot be undone but will be

compensated by the thrust of the aircraft’s engines. The specific flight operations cancel
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all the forces due to the friction of the air on the aircraft which is then subjected only
to gravity and will therefore be weightless. From a stabilized horizontal flight altitude
of 6100 m, one of the pilots gradually increases the aircraft’s bank to an angle of 50°
attitude. During this phase, the apparent weight of the aircraft and its occupants is 1.8
times higher than normal weight: a vertical load factor of 1.8 g applies. The crew then
carries out an injection : the aircraft is flown in such a way as to follow a trajectory de-
scribing approximately a parabola and the engine power is reduced. The vertical load
factor of the aircraft is decreased from 1.8 g to 0 g. This load factor change is not instan-
taneous and lasts less than 5 seconds. This input resource phase takes approximately
24 seconds. The aircraft is in the micro-gravity phase for approximately 22 seconds. An
exit phase at 1.8 g, symmetrical to the entry phase, is then performed on the descending
part of the parabola to bring the aircraft back into stabilized horizontal flight for about
20 seconds. The experimenters then have about 1 minute and 40 seconds minimum
before the next parabola. During a parabolic operation, the residual gravity level for
any object attached to the aircraft structure normally varies between +£2.1072 g on the Z
(vertical) axis, and between 4102 g on the X (longitudinal) and Y (transverse) axes of
the aircraft. Standard parabolic flight campaigns include 3 flights of 31 parabolas over
3 days. The duration of such flight is three to five hours maximum. The 31 parabolas
are divided into 6 sets. The duration between sets of parabola varies between 5 and 8

minutes, allowing experimenters to modify and adjust their experiments.
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Figure 1.24 — Parabolic flight manoeuvre profile. Image reproduced from The European Space
Agency (ESA) website.

During our participation at the CNES parabolic flight campaign (PFC) VP153 and

VP154, the flights operations were carried out with an aircraft called the NoveSpace
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A310 ZERO-G.

1.4.3 Freely suspended smectic films in micro-gravity

The vast majority of experiments in freely suspended smectic films have historically
been performed with films with planar geometry using planar supports resulting in
thin freely suspended films bound by a meniscus, connecting the film with the holder.
The meniscus can exchange material with the film, for instance, for islands and holes
generation or shrinkage. This exchange as we will show later has a considerable impact
on the film and islands dynamics, it impacts the movement and advancement of inclu-
sion in the meager films, influencing their structure and development. There have been
numerous experiment to minimize the impacts of the meniscus or even to get rid of it
Stannarius and Cramer [1998]Harth et al. [2019]. One example is to limit the length of
the film boundaries by blowing the films in a circular shape, either supported on an in
inflation tube or floating freely. In this non-planar geometry, any inclusion in the film,
especially in the SmA and SmC phases, will be susceptible to sedimentation affected
by gravity attraction. Only micro-gravity conditions avoid sedimentation and improve
the long-term investigation of the generation or motion of smectic bubbles.

The smectic film is surrounded by air or some other fluid, motion in the film plane
couples strongly to the environment. Due to the momentum exchange between the
film and the embedding fluid, the flow in the film displays features of both 3D and
2D hydrodynamics. Thus, a smectic film surrounded by a 3D viscous medium, and
containing inclusions such as islands or particles, represents an opportunity to explore
hydrodynamics in restricted geometries. Several researchers have developed a variety
of micro-gravity applications of thin liquid crystal films to study fluid structure and
hydrodynamic problems in 2D and quasi-2D systems Dihmlow et al. [2018]; Harth
et al. [2019]; Klopp et al. [2019]; May et al. [2012]; Stannarius et al. [2019]; Trittel et al.
[2019]. Freely suspended smectic films in micro-gravity (Fig. 1.25) help for the study
of fluid dynamic and thermodynamic behavior in reduced dimensionality, and for the
exploration of fundamental non-equilibrium fluid interfacial phenomena Clark et al.
[2017].

Another motivation to avoid gravity is to improve the investigation of films under
non-isothermal conditions. Within the sight of gravity, temperature gradient will fun-

damentally prompt lightness driven air convection Stannarius et al. [2019]. Since the
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Figure 1.25 — Typical macro- and micro-views of the smectic bubble experiment showing smectic
islands on a thin background film. Reprinted from Publication Clark et al. [2017]. Copyright
(2017), with permission from Elsevier.

films are so thin, airflow will promptly advect the film material. Accordingly, any flow
in a uniformly thin smectic film is basically confined to the layer plane Picano et al.
[2000]Oswald and Pieranski [2006] Basic pumping of the film chamber does not solve
this issue, in light of the fact the film establishes thermal equilibrium with the environ-
ment by irradiation losses, independent of the nearby warm limit conditions forced by
the experimenter.

In my PhD, I have performed experiments to study fluid dynamics behavior in
freely floating SmC bubbles. Under normal gravity conditions, the bubbles leave the
tield of view of the optical microscope rather fast as they are attracted by gravitational
forces. Experiments were thus carried out in micro-gravity condition during CNES
parabolic flights campaign at NOVESPACE (Bordeaux, France).
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1.5 Structure of the manuscript

During this thesis, we focus on three main topics with flat and curved freely sus-
pended smectic films. Investigations of these field will allow us to learn about defect
pattern formation, their dynamics, hydrodynamics and behavior of the so-called smec-
tic island during the relaxation of smectic bubbles. Even though, the three topics are
based on the use of smectic liquid crystals, the results may be generalized for many
other different fields. I have thus tried in the following to allow for possible separate

reading of the three parts of the manuscript.

Dynamics of topological defect in freely suspended smectic films

Freely suspended smectic films represent a stable peculiar form of anisotropic flu-
ids. Even though, the properties of such 2D structure has been widely investigated,
studies on the dynamics of disclinations in freely suspended film received less inten-
tion also because formation of isolated pairs of point like defect in such film geometry
remained challenging. In the second chapter, I report an experiment and theoretical

study of the dynamics of topological defects in freely suspended SmC films.

Hydrodynamics of topological defect in freely suspended smectic films

A peculiarity of the liquid crystal is the hydrodynamics coupling of a nonuniform
director reorientation to material flow. Therefore, the disclination motion is affected by
such phenomenon. During the third chapter, we will focus on the hydrodynamics of

opposite-charged disclination pairs in freely suspended SmC films.

Dynamics of smectic islands in freely floating smectic bubbles

Similar to freely suspended smectic films, freely floating smectic bubbles represent
an exciting frame for investigation of topological defect dynamics and thin fluid film
behavior. While smectic bubbles are drawn in a similar way than soap membranes,
their hydrodynamics is quite different. The properties of the internal smectic structure
play an important role Harth et al. [2019] in the relaxation dynamics of smectic mem-
brane. In the last chapter, we investigate the behavior of smectic islands created in

bubbles during the shape relaxation from strongly distorted non-equilibrium shapes to
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the spherical equilibrium. We demonstrate that at extreme condition, smectic material

behave similarly to thin elastic sheet.
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Chapter 2

Dynamics of Topological Defects in
Freely Suspended Smectic Films

“(1) Recite in the name of your
Lord who created (2) Created man
from a clinging substance (3)
Recite, and your Lord is the most
Generous (4) Who taught by the
pen (5) Taught man that which he

knew not.”
Quran - Al-Alaq
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2.1. INTRODUCTION

In this chapter, before describing and discussing the results, I describe the apparatus
and techniques used to study the dynamics and interactions between topological de-
fects in freely suspended SmC films. The chapter begins with a general introduction on
disclinations in liquid crystals. Then, I present the LC material used in the experiments
and the process used to draw the films and generate defect pairs. This is followed by
a description of how to determine the film thickness. Later, I show the microscopic
technique of depolarized reflected light that is used to visualize the c-director. Finally,

discuss the results on the dynamics of the defect pairs.

2.1 Introduction

Topological defects have been the subject of interdisciplinary physical research since
they play an important role in determining the relationship between structure and
properties of materials Jonathan [2016]. They occur in a wide variety of physical sys-
tems, for example, in soft matter Brugués et al. [2008]; Guimaraes et al. [2013]; MusSevic¢
et al. [2006]; Musevi¢ [2019]; Poulin et al. [1997]; Poulin and Weitz [1998]; Tkalec et al.
[2011], quantum systems Polkovnikov et al. [2011]; Robert [2003]; Weiler et al. [2008],
thin magnetic films Hertel and Schneider [2006]; Rissanen and Laurson [2016]; Wa-
chowiak et al. [2002], super-fluid liquids Bauerle et al. [1996]; Ruutu et al. [1996], and
even cosmology Chuang et al. [1991]; Zurek [1996]. Often, complex defect patterns are
generated after symmetry-breaking phase transitions. Their coarsening dynamics can
be essential for the establishment of the new, ordered state.

Studies on the dynamics of topological defects in the nematic phase are complicated
for several geometrical reasons that we have mentioned in the first Chapter, e.g. the in-
fluence of the cell boundaries and the 3D flow field. This also includes the complication
of studying the dynamics of defects with integer topological charge. The presence of
a +1 disclination is energetically unfavorable, hence it is splits into pairs of defects of
strength +1/2. On the other hand, the polar c-director in freely suspended SmC films
can only form defects of integer strengths. It shares this characteristic with all other
systems where vector field vortices are relevant (e.g., Hertel and Schneider [2006]; Wa-
chowiak et al. [2002]).

In this study, we explore the dynamics of a pair of defects having the lowest possible

integer topological charges in freely suspended SmC films, i.e., £1, during their mutual

49



2.2. EXPERIMENTAL SETUP

attraction and annihilation.

2.2 Experimental Setup

2.2.1 Stretching of smectic films

In order to form a freely suspended smectic film, the following procedure is used:
first, two metal blades are brought into contact and then brushed with a small amount
of thermotropic smectic material. Then the mobile slide is slowly moved. A freely
suspended film is formed in the gap between the two slides. When this latter is stable,
it is optically detected by a finite reflectivity. This method, inspired by the work of
Oswald and Pieranski [2006], has the advantage that the width of the film, W, can be
easily changed by simply opening or closing the mobile part. In order to achieve a
controllable film thickness, a mechanically stable moving slide is required to ensure that
the displacement is as smooth as possible. Indeed, as we will see in the next section,
a change in the pulling speed can generate spontaneous thinning of the film or even
break it. This requirement for mechanical stability during the film pulling process is
satisfied in our system, in which the fixed parts are beveled at 45°, so as to form rails
on which the mobile parts, themselves beveled in the same way, can slide in order to

have notches suitable for mounting on the rails.

Smectic Film Mobile Slide

Ny
/ i ; ’;.//

Figure 2.1 — Freely suspended smectic film formed between two mobile slides.

2.2.2 Liquid crystal material and microscope

We report observations in freely suspended films of a mixture of equal amounts of 5-
n- octyle-2-[4-(n-hexyloxy)phenyl]pyrimidine and 5-n-decyl-2-[4-(n-octyloxy) phenyl]
pyrimidine synthesized by SYNTHON Chemicals (Fig. 2.2). The room temperature
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SmC phase is followed upon heating by SmA phase (Tc4 = 52°C) and nematic phase
(Tan = 68°C) before the isotropic phase is reached (Ty; = 72°C). Films are drawn and
observed at room temperature by means of polarized light microscopy in reflected light
(Fig. 2.3). Their width can be manipulated by moving the mobile slide (Fig. 2.1);
thereby, the film area can be rapidly changed. To avoid external disturbances that may
affect the films, such as vibrations and air circulation, they are kept inside a closed box

during the experiments.

N N
(CHy)s { @(CHZ)GO (CHa)ro { \>—</_\>7(CHZ)80
—N —N —

Cre——>SCe—>SA<— >N« Cre——>SC<«—>SA<—>N
27.5°C 44.5 °C 57.5°C 65 °C 37 °C 68.5 °C 73.5°C

(a) (b)

Figure 2.2 — Characteristic proprieties of the two liquid crystal components (a) ST00552 and (b)
ST00557. The diagram gives the phase transition temperature.

The film holder is mounted on the rotary stage of a Leica microscope. A Canon
EOS 600D camera is mounted on the output port at the top of the microscope, which is
equipped with different magnifications. Two frame rates were used to record the data
of the experiments: either 30 frames per second (fps) at 1920 x 1080 pixels or 50 fps at
1280 x 720 pixels.

2.2.3 The film thickness measurements

Observations under the reflected light microscopy show that the final thickness of
freely suspended SmC films is strongly dependent on what happens at the beginning
of the stretching process (Fig. 2.4). When we start to open slowly the gap between
the two slides, an initial germ ! of the film appears. This small area is connected to
the metallic frame through the meniscus (see section.1.1.4). If the stretching speed is
slow and constant, the film thickness remains unchanged. However, in most cases,
the speed is not strictly uniform, and thinner holes appear and extend along the film
surface. This is why beautiful reflection colors appear (Fig. 2.4). They can be explained

by the interference of the light reflected from the top and the bottom surface of the film.

1. A small region with a circular shape and a uniform thickness & that can goes from a few layers to
several hundred.
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Camera
EOS 600
50/50
Analyzer
Polarizer Y
Halogen
Lamp ® N, |A waveplate [
50/50 C X )
S
| Q pectrometer
Smectic film
Halogen H Mirror
Lamp

Microscope

Figure 2.3 — The experimental setup showing the reflection microscopy for observing smectic
freely suspended films. The film holder is mounted on a rotary stage.

Regions of different colors are separated by steps. Each step is a change of the thickness
of the film by one or more layers.

The Michel Levy chart is used to estimate the film thickness with an accuracy of
about 10 nm. However, the steps move towards the meniscus and the film tends to be
homogeneous over time (see section.1.3.3). The final thickness of the film is that of the
thinnest hole. The duration of the holes growth process depends on the thickness of the
film, it can take hours for thin films and even days for very thick films. The film will
be stable after this process and can remain for months if it is kept away from external

disturbances such as air circulation or vibrations.

Quantitatively, the local film thickness is determined from the reflectivity R(A) in
monochromatic light of wavelength A. A photo-spectrometer is mounted on the out-
put port on top of the microscope and connected to the computer (Fig. 2.3). We start by
measuring the reflectivity spectrum of the monochromatic lamp as a function of wave-
length using a mirror placed on the rotary table of the microscope. Then the film is
illuminated in reflection mode and the reflected light spectrum is recorded. The local

thickness of the film can be determined from the reflectivity R(A) using the equation
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Figure 2.4 — Freely suspended SmC film observed under reflective microscope at room temper-
ature. The colors reveal the difference of thickness between the film regions.

Rosenblatt and Amer [1980]:

_2r?(1 — cos20)
1 — 21200826 + 14’

2.1)

r = (1-n)/(1+n) is a reflection coefficient related to the effective refractive index n. ¢
is the retardance which is equal to 6 = 2rtnMd /A with M the layer number and d the
layer thickness. In a SmA film, the refractive index 7 is equal to the ordinary refractive
index, 1n,. On the other hand, due to the molecules tilt, in a SmC film, the refractive
index depends on the c-director orientation with respect to the polarization plane. It can

vary between Mo and
Nen
max elto

n = ’
F T /n2cos?0 + nZsin20

1, is the extraordinary refractive index. However, the exact effective refractive in-

2.2)

dices in the SmC phase of the materials we used is unknown. We assume an approxi-
mate refractive index 1,7 = 1.5. We used a Matlab program? for the calculation of the
final film thickness. In our experiments, the film thicknesses are of the order of 1um,

which corresponds to M ~ 300 ~ 400 layers.

2. We thank Professor Eremin for the development of the Matlab code which allows us to estimate
the thickness of freely suspended films.
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2.24 C-director visualization and defect generation

In smectic liquid crystals, the index of refraction along the molecular long axis, n,,
is larger than the index in the perpendicular direction, n,. The light intensity after
going through a polarizer, the smectic film, and another crossed analyzer, relies upon
the direction of the local molecules.

In a SmA freely suspended film, the n-director and the normally incident light beam
are parallel. Hence, the films appear in dark. Whereas in a SmC film, the n-director is
tilted with respect to the light beam. Thus, dark and bright regions appear depending
on the local c-director orientation. The transmitted intensity reach the maximum when
the c-director is aligned diagonal to the polarizers, and a minimum when it is aligned
parallel to the polarizer or analyzer (See Fig. 2.5). However, the c-director can have an
orientation either of 45° or 135° in bright regions. In most experiments, this ambiguity
can be resolved by using a diagonally inserted proper phase plate (523 nm). When it is
used, the local phase lag in the phase plate will be either additive or subtractive with
respect to that of the film. Thus, different interference colors arise from regions with 45°
or 135° orientations of the c-director. If the extraordinary component of the wave plate
and the c-director are parallel, the total path difference is decreased, and the interference
color goes downscale, perhaps to blue. If the ordinary component is perpendicular to
the c-director, the interference color goes up to yellow. We show in Fig. 2.5 the c-director
and the optical appearance when the film is observed between crossed polarizers and

a diagonally inserted phase plate.

wave plate

Figure 2.5 — C-director and optical appearance when the planar film is observed with crossed
polarizers (top) and with crossed polarizers and diagonally inserted phase plate (bottom). The
arrows give the  orientation. Figure reproduced from Harth and Stannarius [2020] Front. Phys.
(2020), with authors permission.
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Far from external disturbances (e.g. airflow), the c-director of SmC films tends to
be uniform in order to reduce splay and bend deformations. However, if the film is
disturbed, defects may be generated. In our experiment, disclinations are created in a
homogeneous film by touching its surface with a hair-tip. At the point of contact with
the circumference of the fiber, the film can enforce a preferential tangential anchoring of
the c-director, i.e., a +1 defect. Consequently, a compensating nearby -1 defect is created
to satisfy the net zero total charge as discussed in the first Chapter (See section.1.2.3).
When the fiber is removed from the film surface, an isolated pair of +1 defects remains.

Fig. 2.6 shows the typical textures of a 1 topological defects pair observed be-
tween crossed polarizers with a diagonally inserted phase plate. The initial separation
distance of the defects, r1y, is about 200 ym. At first glance, it seems difficult to differ-
entiate between the two defects because they share the same four-branches structure.
In fact, we can distinguish between the +1 and —1 defects by simply rotating the film
with respect to the polarizers (and the phase plate). The positive defect possess a tan-
gential configuration which is invariant to rotations (See Fig. 1.8c and Fig. 1.8d). Thus,
the rotation of the film does not imply the rotation of the c-director with respect to the
polarizers. Therefore, the colored branches around the +1 do not rotate during sam-
ple rotation. On the other hand, looking at the configuration of the c-director around
the negative defect (Fig. 1.8e), we notice that the rotation of the film implies the ro-
tation of the c-director with respect to the polarizers. Thus, the branches around the
—1 defect rotate as we rotate the film. One should mention that we cannot make the
difference between the clockwise/counterclockwise tangential and in/out-ward radial
configurations of the +1 defect (See Fig. 1.8). However, these configurations could be
distinguished by tilting the film with respect to the incident light beam along the axis
45° or 135° towards the polarizers. This tilt of the film will induce either an increase
or decrease of the effective tilt of the n-director with respect to the incidence direction.
Thus, regions with increased effective tilt appear brighter and those with decreased one

appear darker.
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Figure 2.6 — Defect pair on the way to annihilation. White arrows sketch the c-director configu-
ration. The +1 defect (top) and the —1 defect (bottom) about 21 seconds before the annihilation
time. The white bar is 50 ym. Experimental data carried out by Peter Salamon. Reprinted from
Missaoui et al. [2020]. Copyright (2020) by The American Physical Society.

2.3 Pair Annihilation Models

2.3.1 Effects of mutual +1 defect orientations

Models for defects annihilation consider the one-constant approximation (Ks = Kp =
K). This condition may be so far used in our experiments as for our material Kg ~
2.2 Kp, except in the very vicinity of the +1 defect. At equilibrium, when Kp is lower
than Kg, the positive defect chooses the configuration with lower energy which corre-
sponds to pure bend. Thus, it adopts the tangential orientation (See Fig. 1.8). The c-
director is pinned near the core and the phase of the defect §; = £ /2. It was reported
that even a small difference between Kg and Kg may be sufficient to fix the defect phase
Stannarius and Harth [2016]. During our study, we choose to set 6; = +7/2 as shown
in Fig. 2.7a. However, for 8; = —7/2, all conclusions would be the same except that
one has to change the sign of the c-director. It is wort noting that the situation of a fixed
01 = £7/2 is quite common, not only for smectic films, but in particular in systems
where the divergence of the vector field is suppressed or inhibited (vortex flow of an
incompressible liquid or splay of a magnetic or electric polarization). The -1 defect is

less affected by elastic anisotropy, the director field is only slightly modified by respec-
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tive values of Ks and Kp, and the phase 6, only rotates the defect (See Fig. 2.7).

Figure 2.7 — Sketch of +1 and -1 defects for different orientations (phases 0 »).

2.3.1.1 Mismatch Angle 46

We have shown in the first Chapter that the quasi-equilibrium states that describe
the director tield around an oppositely charged S;, defect pair have the form of Eq.
1.17. This type of solution is sketched in Fig. 2.8a for the case of S;, = £1 with the
phases 61 = +7m/2 and 0, = — /2 respectively. Note that the phases 6; and 6, describe
the angle of the c-director near the right side of the defect core and about the OX-axis
connecting the defects. For the example shown in Fig. 2.8a, the orientation of the c-
director near the right side of the core of the +1 (-1) and about the OX-axis connecting
the defects is equal to +7/2 (—m/2), as shown by the green arrows. Hence, 0; =
+7/2 = —0;. The description of quasi-equilibrium states is appropriate only in the case
of pairs of defects whose phases match, 6, = 6; + 7, i.e. the c-director along a straight
line connecting the defects is constant (see section.1.3.1). However, the situation of a
non-constant c-director along the direction connecting the two defects may occur. This
can occur, for example, when one or both of the defects rotate or change their spatial
position. Fig. 2.8b and Fig. 2.8c show two examples of a -1 defect pair where the
position of the negative defects is no longer along the OX-axis which is now defined
as the initial axis joining the two defects at the beginning. Even though the conjugated
defects possess 6 = +7m/2 = —0,, the c-director orientations along the pair connecting
line are not constant anymore. The mismatch between the orientations of the c-director
near the cores with respect to the pair joining line (shown in orange arrows), defined by
the term "mismatch angle", 46, in the following, is respectively equal to 77/2 and /3
for Fig. 2.8b and Fig. 2.8c.
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The spatial position and the phase of the defects are very important to determine the
mismatch angle. One defines the angle ¢p as the angle between the defects connecting
vector 713 and the OX-axis. In the two examples shown in Fig. 2.8b and Fig. 2.8¢, ¢p
is respectively equal to 71/4 and 7/6. It is clear that the mismatch angle 60 and ¢p are
not independent. In the examples shown in Fig. 2.8 the mismatch angle is exactly 2¢p.

The defects cannot annihilate without reducing the mismatch, which is possible ei-
ther by changing the phase of the -1 defect, i.e., simply rotating in the 2D space or
by changing the spatial coordination of the two defects. This will have consequences
on their trajectories, which will no longer be straight. Such a situation is called; mis-

matched defects pair.
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Figure 2.8 — (a) Point defects with topological charges +1 (left) and -1 (right) in match, 6; =
7t/2 = —bh; 0 is constant along the line joining the defect pair (dashed line). (b) Defect pair in
mismatch, 1 = 1/2 = —6,. @1, are the angles of the relative positions 7 — 71, with the OX-axis.
¢p = /4 define the orientation of the pair, given by angle between the defect interconnection
vector 71 and the OX-axis. (c) 6 = 1/2 = —6; and ¢p = 71/6.

Recently, Vromans and Giomi [2016] discussed the effects of mutual defect orienta-

tion mismatch in the nematic phase. They revealed that the interaction between half
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integer defects was affected qualitatively by their generic orientation. New trajecto-
ries were found for an annihilating pair, where the motion of the disclinations is no
longer along the interconnecting line 7j,. Later, Tang and Selinger [2017] generalized
the theory of mutual defect orientations to an arbitrary defect strengths in the SmC
phase. They defined a tensors of rank n | 1 — S | to describe the orientation of defects
of topological charge S. Thus, the +1 defect was considered as a scalar and the -1 as a
tensor of rank 2. During their study, the authors derived an explicit expression under
the one-constant approximation (Kg = Kp = K), that describes the director field around

+1 defect pairs and takes into account their mutual orientation mismatch, 60 as

6(7) = arctan (—y_y1> — arctan (_y—yz) —1—& {1+ In([7 = R|) = In([7 = Ra)) + 6o,

X — X1 X — X 2 In(r12) — In(r)
(2.3)
Where
00 =6, — 6 — 2 arctan (u)
e (2.4)
0y = 61 + arctan (M)
X1 — X2

One recognizes from Eq. 2.3 the solution for pairs mutually matching (Eq. 1.17) in
the two first terms with 6y. The third term with the parameter 66 /2 is a solution of the
Laplace equation with fixed boundary conditions 6 = 0 at the core of the +1 disclina-
tion and 6 = 46 at the core of the —1 disclination. This term favors the orientational
alignment between the pair toward the optimal orientation 66 = 0.

We use Tang and Selinger [2017] concept to discuss effects of defect orientations
on interactions of conjugated pairs S;, = £1. In the previous equations, it is very
important to choose the correct quadrants of the arctan functions. In order to avoid any
ambiguities that may occur because of the choice of the right quadrant, one added —7
and -+t in the definitions of 6 and 6, respectively Missaoui et al. [2020]

00 =0, — 61 —2¢p — 71,
(2.5)
bo=01+9¢p+m

In Eq. 2.3, the c-director field far from the two defects (r — oo) approaches the uni-
form value 0, = 00/2 + 6, i.e.,

_91+92—|—7T

Oco
2

(2.6)
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0 depends on the phases of the two defects, which are in general not constant dur-
ing their mutual approach and annihilation. We can consider for example the variation
of 6, when the -1 defect rotates to reduce the mismatch angle during the annihilation.
However in experiments, the far director field is usually fixed and independent of the
defect configurations, e.g., the positions and orientations. Therefore, it is useful for an
interpretation of the equilibrium configurations to consider them with respect to the far
c-director orientation. For such a purpose, we rotate the coordinate system such that the
infinitely far c-director is along OX-axis, 0., = 0. The equilibrium solutions are therefore

given by

o0
9D =¢p — b= -1 — 01— =
0] =6 — 0o =0, 2.7)

95292—9002—91—7'[

One can quickly check that the mismatch equation remains unchanged, 56’ = 66
and the phase of the positive defect is preserved, 6] = 6;. Another important point is
that ¢7, and 66 are not independent of each other at equilibrium (see Eq. 2.7). We have
shown that the defects need to match (66 = 0) in order that the annihilation can occur.
This is fulfilled when qob = —37/2. However, if the last condition is not fulfilled, the -1
defect has to change its spatial position during the annihilation in order that ¢/, tends
to —37/2. The -1 defect always chooses an equilibrium mismatch angle that can be
provided by its position, and vice versa, in a given external c-director field, correspond-
ing to the energetic minimum. This aspect was not noticed by Tang and Selinger [2017]

where the effects of the director field at infinity were ignored.

2.3.2.1 Misalignment angle J¢

We have mentioned that the pairs can annihilate only when their phases match
(08 = 0). Yet, when 660 # 0, the mismatched +1 pair either has to move to an appro-
priate angle ¢, in order to minimize the mismatch or the -1 defect has to rotate by 65,
or both. However, after the annihilation of a matched pair (66 = 0) with a c-director
orientation on the connecting axis at both sides of the pair differs from the boundary
condition 0., = 0, the c-director field would be defect free but distorted at the annihila-

tion site. Thus, the pair would have to rotate locally to avoid such deformation after
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the annihilation. We define the misalignment angle d¢ such that it reaches zero when

the defect orientations match (66 = 0) as
5¢ = @ + T+ 01. (2.8)

This is a reasonable choice, as 01 + (¢, + 71) is exactly the c-director angle near the
+1 core on the side opposing the conjugate defect. The pair is considered aligned when
the misalignment angle d¢ equals 6.

Solutions for the c-director field around a 31 defect pair for three randomly chosen
d¢ and 40 are shown in Fig. 2.9. In the middle, a mutually matching 66 = 0, aligned
0¢ = 0 pair is shown. In the left and right figures, we have arbitrarily chosen 60 = 77/2,
01 =m/2,0¢p =—mn/4and 60 = —mt/2, 64 = /2, 6¢ = 7 /4 respectively. In general,
other orientations may be conceived as well. In particular, for SmC films with Kg <
Kp, one could have the situation 6; = 0 or 6; = 7. Following the model reported by
Tang and Selinger [2017], if 60 = 0, the misalignment ¢, is equal to -371/2. We obtain a
relationship between 460 and J¢ as

60 = —25¢. (2.9)

Finally, Tang and Selinger [2017] derived a new equation for the elastic free energy

for a film of thickness h associated with the distorted configurations of a defect pair

B 12 TKho6? In(rin/ (2r¢)
E =27Khln (Zrc) + > In(ria/ ) (2.10)

The first term represents the common elastic energy for matching defects with topo-
logical charges S=11 that we have introduced in the first Chapter via Eq. 1.18. The
second term takes into account the mismatch contribution, which favors orientational
alignment between the defects toward the optimal orientation. The free energy is thus

associated to an aligning torque Harth and Stannarius [2020]

oE tKh
T= _8(59) = _ln(rlz/rc)(se' (2.11)

The torque decreases as 7tKh/In(r12/1.) when the defect separation is much greater

than the core radius.
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Figure 2.9 — Equilibrium c-director orientations around defect pairs with strengths +1, calculated

(—7m/4,0,7t/4) from left to right. The defect cores

are marked by circles (red for +1, blue for -1). The top row shows the c-director fields, with
orientation 6~ = 0 (magenta arrows) in infinity. The bottom row sketches the corresponding

optical images with crossed polarizers and diagonally inserted wave plate. Dotted arrows: see

with Eq. 2.3 for fixed defect positions. ¢

text. Reprinted from Missaoui et al. [2020]. Copyright (2020) by The American Physical Society.
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2.3.2 Summary

The classical models describe the motion of the defect pairs by a quasi-equilibrium
configurations. However, the orientation of the defects was not discussed at all. The
recent studies by Tang and Selinger [2017], pointed out the important effects of this
phenomena. Therefore, a new description of the defect dynamics phenomenon was
introduced, allowing the derivation of new analytical equations. The classical theories
remain valid for the special case of aligned, matching pairs.

We have further modified the model by Tang and Selinger [2017] through a coor-
dinate transformation, allowing for a quantitative comparison of experimental results
with the recent analytical equations. We demonstrate in the next section the impor-
tance of the two orientation parameters, i.e. the phase mismatch 66 of the pair and the

misalignment ¢, on the defect dynamics.

2.4 Pair Annihilation Experiments

Here, we are interested in disclinations with the lowest possible topological charges,
S = £1. We analyzed data from 24 experiments of isolated defect pairs. The positions
of the defects were easily detected in the microscopic images. Therefore, we have de-
veloped a Matlab program to determine their positions with an accuracy of approx-
imately 1 ym. The c-director orientation can be retrieved from the texture colors as
discussed previously (Fig. 2.5); the accuracy is of about 10°. The relation between ¢
and optical texture is indicated in Fig. 2.6. We cannot determine the sign of ¢ with our
observations, and thus we choose a given sense of direction and used this assignment
consistently for all experiments. This has no consequences for the evaluation of the
data; the equations are independent of the sign of the tilt azimuth. It is possible that all
arrows in the images actually represent —c.

The experimental data for the mismatch angle, 56, are obtained by determining the
mismatch between the orientations of the c-director near the defects core on the side
facing the conjugated defect. The orientations can be retrieved from the texture colors
in Fig. 2.5 (See section.2.2.4). We used a Matlab code that allows to extract the local
orientation with an accuracy of about 10°.

The experimental data for d¢ are determined a posteriori from the video images after

the annihilation of the defect pairs.
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On Fig. 2.10, I selected two examples of defect pairs during their mutual annihi-
lation. Fig. 2.10a shows two defects whose phase matches (66 = 0), defined in the
following as "aligned pair”. One notice that the color remains the same along the join-
ing line, a characteristic of constant c-director orientation. Fig. 2.10b shows an example
of a "misaligned pair", where 60 # 0. The color changes along the connecting line, indi-
cating a non-constant c-director. In the next section, I discuss first the aligned pairs then

I discuss the mismatched pair situation.

Figure 2.10 — Point defects with topological charges +1 (left) and —1 (right) during annihilation.
(a) Aligned pair. (b) Misaligned pair. Experimental data carried out by Peter Salamon.

2.4.1 Aligned defect pairs

As discussed previously in section 2.3.1, an aligned defect pair is composed of de-
fects whose phase matches (Fig. 2.8a). The c-director along a straight line connecting
the pair has a constant orientation. Figure 2.11 shows an initially matching (36 ~ 0)
and aligned (6¢ ~ 0) defect pair. Such conditions (within approximately 10° accuracy)
were achieved coincidentally in five experiments over 24. Eq. 2.7 predicts that when
the orientations of the defects match (66 = 0), the misalignment of 7;, with respect to
the far c-director should be ¢}, = —7r — 6; = —37t/2. This agrees with our observations.
Immediately before annihilation, we found ¢}, = —m — 6; = —37/2 and é¢ = 0 in all
experiments except one.

Fig. 2.11 shows the c-director orientation in the vicinity of the defects pair (see
white arrows). The director field was extracted from the microscope images (See sec-

tion.2.2.4). For a pair of aligned £1 defects, the c-director field seems to be in agreement
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with Eq. 1.17 of a solution drawn in Fig. 2.8a. The angle 6 of the c-director remains

constant along the straight line connecting the two defects during the annihilation.

Figure 2.11 — Matched (66) and aligned (d¢) defect pair on the way to annihilation. The upper
defect is the -1 and bottom one is the +1. The white arrows indicate the local c-director orienta-
tion. The separation distance r1, is shown by the dashed black line. t is the annihilation time.
The black arrow shows the far director orientation, 6,,. Experimental data carried out by Peter
Salamon. Reproduced from Missaoui et al. [2020]. Copyright (2020) by The American Physical
Society.

As they are easily identified in the optical microscope images, we succeeded to ex-
tract the trajectories of the disclination pairs by tracking their instant positions from the
data videos. Fig. 2.12a shows an example of the trajectory of a pair of aligned defects.
In agreement with the models, when the relation 60 = d¢ = 0 is fulfilled, 66 and J¢
remain constants and the defects follow straight paths. We measured the separation
distance rq5 of the defects as a function of time. The results are shown in Fig. 2.12b and

Fig. 2.13. We found that for an aligned defect pair, the separation distance follows the
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square root of time dependence predicted by the theoretical model for large distances

as well as for short distances (see section.1.3.1).
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Figure 2.12 — (a) Trajectory of a defect pair on the way to annihilation. In red (blue) shows the
trajectory of the +1 (-1) respectively. The meeting point is at (0,0). The black arrow shows the far
director field orientation, 6,,. Reproduced Figure from Missaoui et al. [2020]. Copyright (2020)
by The American Physical Society. (b) Distances of two matching defects with respect to the
annihilation point. The graphs show the defect separation r1, and the distances r; of the +1
defect and r; of the -1 defect from the point where they finally meet and annihilate. The dashed
lines are square-root fits 7 = D+/t, and the numbers give D in units of ums~1/2.

We have noticed from the trajectories data that the pairs move at different velocities,
where the positive defect is systematically faster than the negative one. As a result, the
pairs do not meet at half way but closer to the initial position of the -1 defect. This result
is in contrast with the classical model which predicts a symmetry of the speed of the two
defects (see section.1.3.1). However, this phenomenon of broken symmetry has been
previously described by a numerical model in two-dimensional nematics by Dierking
et al. [2012]; To6th et al. [2002]. Blanc et al. [2005] later confirmed these results through
an experimental study in the nematic phase, where a +1/2 defect was found to move
faster than the -1/2 to the annihilation point. Svensek and Zumer [2003] generalized
the numerical model for SmC freely suspended films. In all these works, the defect
asymmetric velocity was attributed mainly to the hydrodynamic flow-coupling of a

nonuniform director reorientation to material flow (see next chapter).
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Figure 2.13 — Separation distance for four examples of aligned pairs, presented in log-log scale.
The dashed line is for t/2.

2.4.2 Misaligned defect pairs

In this part, we discuss the case of mismatched defect pairs, previously defined by
a mismatch 60 and a misalignment J¢. From 24 experiments, 19 randomly produced
defect pairs with either positive or negative misalignment d¢. The initial alignment an-
gle could not be controlled; it is determined a posteriori from the video images. Figures
2.14a and 2.14b show typical examples with initially negative d¢ and positive 56. The
c-director changes along the defect connection line. As a result, the trajectories are no
longer straight. Fig. 2.14c shows a typical example of the trajectory for a defect pair of
initially positive 60 and negative é¢. This new type of trajectory has a curved shape,
called the ”S-shaped" in the following. The case of initially negative 60 and positive d¢
produces the opposite curvature regarding to the ”S-shaped". As shown in Fig. 2.14d
and Fig. 2.14f, the texture forms a "mirrored-S-shaped” trajectory with respect to Fig.
2.14a and Fig. 2.14b.

The positive defect is still faster than the negative one. The misaligned pairs share
this behavior with the aligned pairs. As we have mentioned, this phenomena will be

analyzed in the third chapter.
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Figure 2.14 — (a),(b) Mismatched (initial 66 ~ 65°) and misaligned (initial d¢ ~ —36°) defect pair
on the way to annihilation. White arrows sketch the c-director. The +1 defect (top) is ~ 1.8
times faster than the -1 defect. The black arrow indicates the outer director field. (c) Trajectories
respective to the annihilation point. Circles mark the defect positions in frames (a)—(c). (d),(e)
Mismatched (initial 46 ~ —50°) and misaligned (initial ¢ ~ 79° ) pair. (f) Trajectories, circles
mark the defect positions in frames (d)—(f). The velocity ratio is ~ 1.7. The white bars represent
100 um. Experimental data carried out by Peter Salamon. Reprinted from Missaoui et al. [2020].
Copyright (2020) by The American Physical Society.
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2.4.2.1 Correlation between 56 and d¢

The relaxation on curved trajectories shown in Fig. 2.14, at first glance looks very
similar to the numerical simulations in Tang and Selinger [2017] and Vromans and
Giomi [2016]. They indeed appear to be primarily caused by the torque of the exter-
nal director on the topological dipole. One can consider this as an analog, with some
peculiarities, of an electrical dipole in a uniform external field. The electrical dipole
tends to align parallel to the external field to minimize its energy. Likewise, the con-
jugated topological defect pair can optimize its elastic energy, no matter the mismatch
angle is, by choosing a proper orientation @7, respective to the uniform far c-director. If
one defines the "topological dipole", for instance, as a unit vector § = 175/ |r12| pointing
from the +1 to the -1 defect, the energetic minimum is defined at the angles ¢}, that
minimize the elastic distortion as low as possible. In our experiment, where 61 = 71/2,
the topological dipole aims to align with an angle ¢}, = —m — 61 —§60/2 = (—m —66) /2
(See Eq. 2.7) respective to the far c-director in order to minimize the elastic distortion
caused by the misalignment of the pair.

The measurements of d¢ are shown in Fig. 2.15. The relaxation of d¢ follows a
similar square-root of time dependence as the defect separation 1. This produces the
observed curved trajectories as seen in Fig. 2.11. The origin of this dependence with
time is no yet clear.

Immediately before the annihilation, both defects orientations should match, 56 —
0, and become aligned, 6¢p — 0. This should hold for all defect pairs independent of the
initial angles to allow for an undistorted film after annihilation. The insets in Fig. 2.14c
and Fig. 2.14f show that the pairs become almost matched (66 ~ 0) about 1 s before
the annihilation time (tp). The far director field orientation is indicated by the black
arrows in the two plots. It is obvious that the corresponding misalignment of 71, with
respect to the far c-director orientation ¢, ~ £71/2, at the annihilation time, which is in
agreement with the expected final values for this angle. All initial combinations of 60
and J¢ are shown in Fig. 2.15a. A correlation is obviously irrespective of the deviations
that are most probably caused by global distortions of the film orientation when the
defects are created. By inserting the expression for ¢, (See Eq. 2.7) into Eq. 2.8, one
obtains the relation 660 = —26¢ (Eq. 2.9) in the quasi-equilibrium states (elastic energy
minima at fixed defect positions), which is in clear contrast to the experimental results

that lead to a relationship definitely closer to 66 = —é¢.
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Figure 2.15 — (a) Mismatch 46 vs alignment ¢/,; the solid line represents 66 = -6¢. Even though
individual experiments deviate by up to 20°, it is obvious that the two angles are correlated.
Eq. 2.8 predicts a linear dependence with slope -2 (dashed line) for the quasi-equilibrium con-
figurations. (b) Time dependence of the pair alignment angle ¢/, for four selected defects. The
solid and dashed lines represent d¢ = £9°\/ty — t/+/s. Reprinted from Missaoui et al. [2020].
Copyright (2020) by The American Physical Society.

The preparation technique produces random alignment angles ¢},, but it seems un-
likely that touching the films creates correlated combinations of 66 and d¢. The initial
angles 66 and ¢, in Fig. 2.14 and Fig. 2.15 were taken with a short delay after the
microscope was focused onto the film surface in the spot where the defects appeared.
This took a few seconds, differing between individual runs. Thus, they do not reflect
the true initial values after defect pair creation. Initial fast reorientation of the c-director
field are not accessible. We conclude that the defects rearrange within this short period
of time after creation, irrespective of the initial conditions, into an orientation that ful-
fills the condition 60 = —J¢ at least approximately. It is reasonable to assume that the
rotation of the -1 defect in place can proceed much faster than a spatial displacement of
the same defect on a circle around the opponent. Fig. 2.16 shows four typical experi-
ments, two with S-shaped and two with mirrored-S-shaped trajectories. The two angles é¢
and 60 remain strongly correlated, roughly proportional to each other, although there
is a slight tendency of 40 to relax faster than d¢. The reason why there is a factor of
nearly 2 between the calculated equilibrium states Tang and Selinger [2017] and the
experimental observation is not clear.

With respect to the model by Tang and Selinger [2017], our hypothesis is that the

equilibrium configurations for Kg = Kp could be not appropriate quantitative descrip-
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Figure 2.16 — Mismatch angles vs alignment angles during the approach of exemplary defect
pairs with S-shaped and mirrored-S-shaped trajectories. The dashed line represents Eq. 2.8. The
values of d¢ and 60 shown in the box are the initial values. Reprinted from Missaoui et al.
[2020]. Copyright (2020) by The American Physical Society.
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tions of the states that the annihilating defect pair passes on its approach. Moreover, the
torque predicted from the quasi-equilibrium configurations is probably causing an ini-
tial reorientation of the -1 defect, which is too fast to be observed in our experiment. The
relation 50 = —é¢ observed in our study is presumably a balance between the torque
exerted by the +1 opponent and the torque exerted by the far c-director field. The latter
is obviously not modeled by Tang and Selinger [2017] in a way that is appropriate to
describe our experiment with fixed boundary conditions.

We conclude that: first, the system establishes certain combinations of 660 and d¢
spontaneously, irrespective of the details of the defect creation, and second, either the
experimental system does not develop through quasi-equilibrium states on the way
to annihilation, or the equilibrium states are different from those predicted from one-
constant elastic theory possibly because the far c-director configuration was not taken
into account by the theoretical models. In the next section, I discuss briefly a qualitative

estimation of the effects of elastic anisotropy, Ks # Kp on the equilibrium alignment.

2.4.2.2 Distribution of splay and bend contribution

We will focus here on whether the deviation of the measured ¢ (66) from the theory
can be attributed to the elastic anisotropy present in the experiment, but neglected in
the analytical model. The splay and bend contributions to the elastic deformations of
the c-director are not uniformly distributed around the defect pair as we have discussed
in section.2.3.1. In fact, in the very vicinity of the +1, since K is larger than Kg, bend
is the predominant situation, all +1 defects adopt tangential orientation (6; = +71/2)
in equilibrium. However, in the case Ks # Kp, the equilibrium configurations are no
longer computable from solutions of the Laplace equation. Analytical solutions are
only available for very special geometries.

In the present problem of the defect pair, the nonlinear differential equation de-
scribing the equilibrium has to be solved numerically. The numerical calculation of the
exact energies of the equilibrium solutions in that case is not straightforward because
the energy density becomes very large near the defect cores. We can, however, estimate
the influence of an elastic energy by considering the distribution of splay and bend in
the c-director field. Figure 2.17 shows three situations where a =1 defect pair is aligned
(center) and misaligned by a positive or negative d¢ (left and right, respectively). The
logarithm of the local elastic energy densities of the splay (green) and bend (purple)
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terms was calculated and color coded.

bend splay

¢, = —47/3 ¢, = —371/2 P = —51/3
+11/6 op =0 O =—m/6
—71/3 00 =0 00 =+m/3

Figure 2.17 — Distribution of splay (green) and bend (purple) regions in the xy plane in the vicin-
ity of a defect pair with different alignment angles ¢/, in the equilibrium director configurations
calculated with Eq. 2.3. The color saturation reflects the logarithm of the splay and bend energy,
respectively. In the case of Ks > Kp it is expected that the splayed (green) regions spread out,
while the bent (purple) regions contract. This suggests that the +1 defect is relocated closer to
the -371/2 alignment respective to the -1 defect (yellow arrows) in both misaligned geometries,
increasing the discrepancy to the experimentally observed d¢ ~ —40. Reprinted from Missaoui
et al. [2020]. Copyright (2020) by The American Physical Society.
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In our experiment, Kg = 2.2 Kz Missaoui et al. [2020], the system will tend to com-
press bent regions in favor of expanding splay regions (compared to the one-constant
solutions). One may expect that in Fig. 2.17 the bent c-director region (purple) below
the -1 defect will contract, and the splayed (green) regions at both sides of this region
will expand. In a simplistic interpretation, this means that in the left image, where é¢
is positive, the +1 defect will be relocated clockwise around the -1 defect, reducing ¢,
and J¢. In the right image, the +1 defect relocates counterclockwise, thus increasing d¢.
This effect is opposite to the observation in the experiment where we find |6¢| larger
than the value |660|/2 predicted in the one-constant model.

One may conclude from these considerations that the elastic anisotropy may have
an influence on the relation between misalignment and mismatch. However, it seems

that it is not the primary cause of the observed differences between experiment and the
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model given by Eq. 2.3 since the elastic anisotropy effects would apparently increase
the discrepancy. An accurate computation of the actual equilibrium configurations at
Ks # Kp will be needed to verify this relation observed quantitatively. This conse-
quently suggests that the most important parameter ignored in the previously devel-
oped model by Tang and Selinger [2017] may be the influence of the far field c-director.
Recently Tang and Selinger [2020] extended their previous theories Tang and Selinger
[2017] to £1 defects in a 2D SmC liquid crystal film by taking into account the effects
of the elastic anisotropy. The authors reported that unequal elastic constant signifi-
cantly changes the annihilation trajectories even for pairs without initial misalignment.
S-shaped trajectories, similar to the ones observed during our study were reported. The
reason behind this phenomena is attributed to the special features of the +1 defect. It
was shown that a pure splay or bend +1 defect tends to move into a region with the
corresponding deformations with a speed mainly dependent on the elastic constants.
However, the speed of the negative defect depends on the average of both constant as
this defect contains both deformation in the vicinity of the core. As a result, the velocity
of the defects is different, where the +1 is found to move faster then the -1 to the anni-
hilation point as shown in Fig. 2.18. This latter result will be consequently discussed in

the third Chapter related to the difference in the velocities of both defects.
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Figure 2.18 — S-shaped trajectories for annihilating +1 defect pairs. Different elastic constant
have been used The backflow effects are neglected and the defects are considered aligned with
the far c-director field. Reprinted from Tang and Selinger [2020]. Copyright (2020) by The Amer-
ican Physical Society.
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2.4.2.3 Measurements of the separation distance 71

We remind that the distance rq, is defined in the classical model as the distance
separating the two defects considered along the connecting line. The model predicts
that 1, must follow a square root of time dependence (see Eq. 1.15). The measurements
of r15 in the case of misaligned defects show that this latter deviates from the expected
dependency, as shown in Fig. 2.19. This deviation can be attributed to the neglect
of the effects of defects orientation in the classical model on the one hand, and to the

considerations of equal elastic constants on the other hand.
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Figure 2.19 — Measurements of the separation distance r1. t = 0 s is the annihilation time. The
red line is a square root of time fit.

An explanation might be given basing on the elastic and drag forces (see Eq. 1.18
and Eq. 1.21). These forces are considered to be acting along the defects connecting
line. However, when we consider the orientation of the defects, it is more appropriate to
consider the forces pointing along the instant defects orientation, which changes during
the annihilation of the pair. Thus, one defines the new separation distance between the
pairs by r},, which is the distance measured along the curved trajectory (See Fig. 2.20a).

This new parameter is measured a posteriori in the experiments from the trajectories of

75



2.4. PAIR ANNIHILATION EXPERIMENTS

the defect pairs (See Fig. 2.20).
Fig. 2.20b shows the measurements of the separation distance between the defect
pairs, basing on the new definition, for three defect pairs. We found that r}, varies as a

function of the square root of time.
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Figure 2.20 — (a) Trajectory of a misaligned pair and the new definition of the separation distance
1}, along the defect path. The red point in the trajectory path is the annihilation point. (b)
Measurements of 7}, for three randomly chosen pairs. The dashed line is for +'/2.

2.4.3 Summary

We have shown that the results of aligned £1 defect pairs are in a good agreement
with the classical model introduced in the first Chapter. They annihilate in a straight
path, while the separation distance r1, follow the square root of time dependence. Nev-
ertheless, the majority of the defect pairs in our study are misaligned. We have shown
that such misaligned pairs deviate from the classical model. Their trajectories are not
straight and they annihilate along an S-shape or mirrored-S-shaped path. Such a result
was not predicted by classical models because the defect orientation was neglected. If
we define the new separation distance between the misaligned pair as the distance
along their path, the separation distance r{, appears in a good agreement with the
square root of time dependence.

An improved version based on the classical model and taking into account the ef-

fects of the mutual defects orientation has been reported by Tang and Selinger [2017].
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The authors showed that the defects orientation induces curved trajectories similar to
the ones that we have observed in the experiments. They have shown that the mismatch
angle between the defect pair, 46, which is geometrically the difference of orientation of
the c-director near the cores and along the pair joining line, is the key parameter behind
the curved trajectories. However, the authors neglected the effects of the far director
field, which is fixed in the experiments.

After we applied the coordinate transformation in order to fix the far c-director, we
ended up with an equation that links the two orientation parameters: the phase mis-
match angle 60 of the pair and their misalignment J¢ relative to the far c-director given
in Eq. 2.9. In our experiments, we demonstrate that the interrelation of the two ori-
entation parameters is different than the predicted dependency. We found the relation
080 ~ —d¢ instead of 60 = —25¢. The mismatch between Tang and Selinger [2017] model
and the experimental results can be attributed to the balance between the torque ex-
erted by the +1 and the torque exerted by the far c-director field which is neglected in
their model. We have also shown that the unequal elastic constant cannot be the pri-

mary cause of the reported difference between the experiments and Tang and Selinger
[2017] model.

2.5 Finite Element Method

In this section, I model quasi-equilibrium static state solutions of the +1 defect
pairs in two-dimensional geometry. One uses the commercial software COMSOL Mul-
tiphysics in order to perform numerical calculations using the finite element method.
The simulation code was developed by Kirsten Harth from the University of Magde-
burg (OvGU). The calculations allow for a direct measurement of the interaction energy
of the two defects in a rectangular geometry. We check the variation of the interaction
energy as a function of: the separation distance between the defects pair r1,, the defect
mismatch 66 and the misalignment 6¢. We have used the one-constant approximation
Ks = Kg = K =10""] /m. The material flow was not simulated. The defect positions

are fixed and their velocities are set to zero.
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2.5.1 Principles

The geometry of the calculation is defined as the following: The freely suspended
smectic film is assigned to a 2D square and the defect cores are assigned to two cir-
cles extracted from the square at positions (x1,y1) and (x2,y2). Fixed boundary condi-
tions are imposed at the circles circumference in order to reconstruct the appropriate
n-director configuration the describes the £1 defects. The two components of the direc-
tor i = (nx,ny,0) at the circles circumference are used in Dirichlet 3 boundary conditions

as
ny =+ —A/C(cos(S;(arctan(y — y;/x — x;) +6;)))

2.12
ny =+ —A/C(sin(S;(arctan(y — y;/x — x;) +6;))) 1

The Landau parameters A < 0 and C > 0 set the equilibrium length of 7 in the xy-
plane. We set A =-1.8 and C = 7.2 . The defects phases are defined by 6;.

Fig. 2.21 shows the solutions for a +1 tangential defect with the phase 6; = —m/2
(Fig. 2.21a) and twofold -1 defect with 6, = 7t/2 (Fig. 2.21b). Such defect configuration

is equivalent to the &1 pairs that we have studied in the previous sections.

Figure 2.21 — (a) Tangential +1 defect with 6; = —7 /2. (b) Twofold -1 defect with 6, = 7t/2. The
pink arrows indicate the director orientation.

The calculation method consists in subdividing the large square into smaller parts
called finite elements. It is achieved by a particular space discretization in the space
dimensions, which is implemented by the construction of a "mesh" of the object: the

numerical domain for the solution, which has a finite number of points. Fig. 2.22

3. A type of boundary conditions that impose the value that the solution function needs to take along
the domain
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shows the discretization of the film geometry into fine mesh. In the very vicinity of the

defects, a very fine mesh is used in order optimize the calculations.
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Figure 2.22 — (a) The mesh distribution showing the space dimension discretization into finite
elements. (b) Zoom on the region around the defects pair showing finer mesh distribution.

Fig. 2.23 shows an example of simulated defect pair with a topological charges
+1. The square has a dimension of 5 mm * 5 mm and the defect core has a radius
of 7o = 1 nm. The defects phase were fixed to 6; = —7/2 = —0;, in order to have
defect pairs whose phases match 60 = 0. The director orientation is indicated by the
pink arrows. In agreement with an aligned defect pair, 8 appears constant along the
connecting line 7. The boundary conditions at the film edges are not imposed, i.e.,
"free boundaries". Thus, the far director orientation is free to rotate depending on the
defects phase. As a consequence, the calculations produce pairs with the minimum

possible distortion, because for a matched defect. The misalignment fulfills é¢ = 0.

2.5.2 Energy calculation

During the following sections we will focus on the evaluation of the pair interaction
energy, F, in function of the separation distance, 71, and the defects orientational prop-
erties, 06,0¢. The interaction energy can be measured by integrating the free energy

density f in the one-constant approximation through the film geometry

K on\ > on\?
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Figure 2.23 — Zoom on a tangential +1 (¢; = —/2) and twofold -1 (6, = +7/2) defects pair.
The full calculation box dimension is 5 mm * 5 mm. The defects core radius 7. = 1 nm. The
arrows describe the local director field orientation. The separation distance 15 is equal to 2 mm

2.5.2.1 The energy measurements as a function of separation distance 71,

The interaction energy for a defect pair with opposite topological charges S1, = +1

is expected to be logarithmic dependent on the separation distance rq,

r
F=27Khln (2%) . (2.14)

Fig. 2.24 shows the measurements of the interaction energy for several separation
distances between two aligned defect pairs (06 = 0). The data are presented in the
semi-log scale and fitted with a linear fit ( dashed line). In agreement with Eq. 2.14, the

energy is perfectly logarithmic dependent on the separation distance rq;.

2.5.2.2 The energy dependence of the mismatch 56

We have shown in the first Chapter that Tang and Selinger [2017] corrected the clas-
sical model for the defects interaction in order to consider the mutual defects orien-
tations. In Eq. 1.18, the first term corresponds to the interaction energy given by the
model for an aligned and matched defects pair. The additional term is the new contri-

bution, which takes into account the defects mismatch 6.
02 niKhIn(r12/ (27¢)
2 [In(rip/r))?"

F = 27KhS?In (VE) ) (2.15)

27

80



2.5. FINITE ELEMENT METHOD

0.014

0.012

o
o
—

0.008 ¢ e

Interaction energy [nJ]
e

o o o
o o o
o o o
\) BN (o))
T T T
N
N

o
4

—_
o_l. 1_

102

Separation distance r 1o [Lm]

Figure 2.24 — The measurements of the interaction energy in function of the separation distance
r12 for an aligned defects. The data are presented in the semi-log scale. The dashed line is a

linear fit.

81



2.5. FINITE ELEMENT METHOD

We evaluated the interaction energy in function of the mismatch angle é6. The re-
sults for several 66 and rq, are shown in Fig. 2.25. For each separation distance 715,
we rotate the -1 defect clockwise and counter clockwise, which changes the mismatch
angle between the pair. A minimum of energy is found at 66 = 0, which corresponds
to the situation of an aligned pair. When increasing the mismatch 40 # 0, the energy
increases. We found that the latter presents a quadratic dependence on the mismatch
angle in agreement with the second term in Eq. 2.15. Moreover, the logarithmic de-
pendence of the energy in function of rj; remains valid even for a misaligned pair.
For example, for r1p = 50, 100 and 150 ym respectively for 66 = 45°, the energy values

follow the logarithmic dependence on the separation distance.
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Figure 2.25 — (a) Matched defect pair with topological charges 1. (b) Mismatched defect pair
with a mismatch of 66 = 90°. (c) The measurements of the interaction energy in function of 560
for three different separation distances r15.

2.5.2.3 The energy dependence of the misalignment /¢

Our recent experiments Missaoui et al. [2020] highlight the importance of the mis-
alignment é¢ effects on the annihilation process of the defect pairs. In this section, we
check the variation of the energy as function of the misalignment angle. We consider

only matched defect pairs (66 = 0). We change the misalignment angle ¢ by changing
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the boundary conditions on the box edges.

Fig. 2.26 shows the measurements of the interaction energy as a function of ran-
domly chosen misalignment angles. A quadratic dependence was found. The energy
increases with increasing misalignment angle, i.e, increasing the elastic distortion cre-
ated with respect to the homogeneous far director field. Nevertheless, the minimum of
energy is found for an aligned pair d¢p = 0. The order of magnitude of the misalignment
energies is greater than in the case of the mismatch energies.

In agreement with the experimental results, the matched defect pair (660 = 0) with
zero misalignment J¢ = 0 is the most stable state with the lowest possible elastic dis-
tortion. In such situation, the -1 defect do not need to rotate and the exerted external
torque is null. Thus, the pair annihilate in a straight path. This is in contrast with the
misaligned and mismatched pairs, where the outer director field exerts a torque that

tends to minimize the elastic distortion by rotating the pairs.
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Figure 2.26 — Measurements of the interaction energy in function of é¢. Matched defect pair is
considered (68 = 0). For ¢ = 0, the defect pair has the lowest distorted configuration.

2.5.2.4 The correlation between misalignment ¢ and mismatch 60

The experimental results (Fig. 2.16) on the annihilation of misaligned and mis-

matched defect pairs reveal a correlation between the mismatch and the misalignment
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angle as 60 =~ —J¢.

The method that can be used to numerically check the correlation between the two
angles consists of: fixing the far director orientation at a certain angle, i.e, using solid
boundary conditions at the box edges with a defined angle; then changing the mis-
match angle 6. This has been done for misalignment angles d¢ = —30°, —45°, —60°.
Fig. 4.6 shows the interaction energy in function of the mismatch angle. The minimum
was found for 060 ~ —é¢. This result is consistent with the experimental investigations.

The relation 60 ~ —J¢ is confirmed.
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Figure 2.27 — The interaction energy calculations in function of the mismatch 66 for fixed mis-
alignment J¢». The minimum of the interaction energy is found for a mismatch angle 56 ~ —d¢.

2.5.3 Summary

To conclude, we have shown that quasi-equilibrium solutions for defect pairs with
opposite topological charges £1 in two-dimensional geometry can be reproduced via
Finite Element Methods (FEM). The use of specific boundary conditions allow to con-
trol the defects phase on the one hand and the far director orientation on the other hand.
Such a control leads to more realistic calculations as it reproduces the experimental con-
ditions. The interaction energy can be calculated by integrating the free energy density

trough the simulation geometry (see Eq. 2.13).
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The classical model for defects interaction treats all disclination pairs as aligned and
matched. We have shown that the mutual defects orientation has an important effects
on their interaction. We performed calculations in a 2D geometry in order to check
the dependency of the interaction energy according to: the separation distance 715, the
mismatch 60 and misalignment d¢.

Our results are in good agreement with the experimental investigations. The in-
teraction energy is found to be logarithmically dependent on the separation distance
r12 for matched pairs (66 = 0) as well as for mismatched ones (36 # 0). Even though,
the classical model neglects the defect orientation effects, the measurements of the in-
teraction energy as a function of the mismatch angle has a quadratic dependency (Fig.
4.6). The mismatched pairs possess higher energy than the matched ones. This explains
why, in the experiments, mismatched pairs reduce the mismatch during their way to
annihilate.

We have shown in our experiments that the far director field orientation affects the
defect dynamics. We have considered the misalignment of the pairs with respect to the
far director field in our calculations. We have found that the interaction energy is a
quadratically dependent function of d¢ (Fig. 2.26). Our calculations confirm the corre-
lation between 66 and d¢ that has been found experimentally. The two parameters are
not independent and the minimization of the elastic distortion take place by reducing
00 and J¢ simultaneously. The model of Tang and Selinger [2017] considers Kg to be
equal to Kp, similarly to our simulations. The fact that in the simulations we recover
the relationship 60 = —d¢ strongly suggest that the observed disagreement with the

model is finally related to the non-consideration of the c-director far-field in the model.

2.6 Summary

The dynamic behavior of topological defects in smectic liquid crystals, which bear
striking analogies to defect structures of a wide variety of physical systems, was inves-
tigated. We have performed experiments in freely suspended SmC films, which behave
as quasi two-dimensional polar nematics. Therefore, we have introduced a prepara-
tion technique for isolated defect pairs. The attraction and annihilation of disclination
points with topological charge 1 have been studied. Even though, the classical mod-

els remain valid for very specific case, we demonstrated that this classical description,
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which employs the one-constant elastic approximation and describes the defect dy-
namics by quasi-equilibrium states of aligned defects, fail to describe their annihilation
properly because it disregards the mutual orientation of the defects and the pair’s ori-
entation with respect to the far director field.

We have demonstrated that the shape of trajectories of mutually annihilating topo-
logical defect pairs is equally influenced by their relative orientations (mismatch) and
the surrounding vector field (misalignment), both being of equal importance. They are
not independent of each other. We suspect that this is a common feature of topological
defect pairs in many other 2D systems. During the defects approach, the misalignment
d¢ and mismatch 56 decay to zero, with a square root of time dependency. We have
shown that even after the improvement of the classical model with new terms that take
into account the mutual orientation of the defects on their dynamics Tang and Selinger
[2017], the experimental results are partially in disagreement with the theoretical pre-
dictions. The expression of correlation between the two angles d¢ and 6 that we have
found experimentally is different from the one predicted by the new model. One as-
sumes that in the case of mismatched and misaligned pairs, the c-director configurations
during the approach are qualitatively similar to quasi-equilibrium states determined
from the solutions of the Laplace equation Tang and Selinger [2017], but differ quanti-
tatively. This may be caused in our films by the finite film geometry where the fixed far
c-director cannot be disregarded.

In the second part of the chapter, we have shown that the defects pair of topological
charges £1 in a freely suspended film can be reproduced in simulation. We can change
the defect properties such as their phases and the misalignment with respect to the
far field. Using Finite Element Methods, we measured the interaction energy between
the two defects and we have determined its dependency on the system parameters
such as separation distance and the defects orientation. The fact in particular that we
have recovered the experimentally observed relationship between é¢ and 46, whereas
I considered Kgs = Kp in the model, also confirms the dominating influence of the far-
tield director.

During our experimental study, we have noticed an anisotropy of the velocity of the
two defects. The speed of the positive defect is enhanced up to 1.8 faster than that of the
negative defect. It has been shown that the difference in defect speeds is mainly asso-
ciated with the backflow effects Toth et al. [2002]Svensek and Zumer [2003]Blanc et al.
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2.6. SUMMARY

[2005]. It was reported that unequal elastic constants can also induce similar anisotropy
but the main reason is attributed to the backflow Svensek and Zumer [2003]. Therefore,
we dedicate the next chapter to the study of the hydrodynamics of topological defects

in freely suspended SmC films.
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Chapter 3

Hydrodynamics of Pair-Annihilating
Disclinations in Freely Suspended
Smectic Films

“I am one of those who think that
science is of great beauty. A
scientist in his laboratory is not
only a technician: he is also a child
placed in front of natural
phenomena that impress him like
fairy tales.”

Marie Curie
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3.1. INTRODUCTION

3.1 Introduction

Topological defects play an important role in the macroscopic properties of materi-
als such as mechanics and electrical conductivity. Although in some applications de-
fects may be absolutely necessary, for example in topological networks for liquid crystal
displays (LCDs) Kim and Serra [2020], in other areas, defect-free structures are neces-
sary. The study of defect dynamics with taking into account hydrodynamic effects is
very important for this purpose.

The annihilation of oppositely-charged disclinations represents an appropriate frame-
work for hydrodynamic research. This dynamic process can be observed by optical mi-
croscopy (see chapter 2), which allows the interaction of mutual defects to be studied
directly. Classical theories have been developed to describe the dynamics of topolog-
ical defects Dafermos and Constantine [1970]; Kleman [1977]; Minoura et al. [1997]. It
is predicted that the disclinations of opposite topological charges attract each other by
a potential that scales logarithmically with the distance of separation of the defects 71,
and an interaction force such as 1/r15. The balance between this last elastic force and
the drag force (Eq. 1.21) predicts that both defects should move at the same speed given
by Eq. 1.22.

In liquid crystals, topological defects move in a liquid and therefore it can be ex-
pected that the hydrodynamic flow will affect their dynamics. In our recent study de-
tailed in Chapter 2 of the manuscript Missaoui et al. [2020], we have shown that the
experimental results deviate from theoretical predictions. In thin films, defects move
towards the annihilation point with different velocities according to their topological
charges. In fact, such asymmetry has been previously studied by numerical calculations
by Dierking et al. [2005]; Svensek and Zumer [2003]; T6th et al. [2002] and further com-
mented through approximate analytic arguments by Kats et al. [2002]; Sonnet [2005];
Sonnet and Virga [2009]; Tang and Selinger [2019].

When the defect moves, the molecules close to the core are put into rotation. It has
been shown that the coupling between the changing director field and the velocity field
induces a hydrodynamic motion, called "backflow", which plays an important role in
the defects motion. Numerical studies predict that backflow enhance the motion of
positive defects and inhibits the motion of negative ones. Thus, the pairs of defects do
not annihilate halfway as initially predicted by classical models.

Svensek and Zumer [2003] have carried out numerical research on the motion of
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3.2. THEORETICAL MODEL

S = +1 defects in freely suspended SmC films. The authors showed that unequal Frank
elastic constants can induce a similar asymmetric velocity, even when the backflow is
disregarded. This result can be explained by the peculiarities of the +1 defect. Unequal
elastic constants drives the positive defect to be in a state of pure splay or bend near
the core, which changes its motion with the tendency to move into a region with the
corresponding deformation and a velocity depending mainly on a Frank constant. The
negative defect includes both types of deformation. Its speed depends on their average.
This may explain why -1 defect may be less affected by the enhancement in motion.

So far, important numerical work has been carried out on the hydrodynamics of
topological defects. The difference in velocity is mainly associated with the effects of
backflow. It has been shown that unequal elastic constants have a smaller impact on
the motion of defects Svensek and Zumer [2003].

To the best of our knowledge, no experimental work has been reported to verify ex-
isting theories on 41 defects hydrodynamic behavior and flow field in freely suspended
SmC films. The aim of this chapter is to study experimentally the backflow effects on

the annihilation of a +1 topological defect pair in freely suspended SmC films.

3.2 Theoretical Model

3.2.1 The SmC hydrodynamic theory

The Ericksen—Leslie equations govern the hydrodynamics of nematic liquid crys-
tals Leslie [1979]. They couple the flow field to the evolution of the nematic director
#i. For the SmC liquid crystals, the hydrodynamics theory was reported by Carlsson
et al. [1995]. Later, Svensek and Zumer [2003] have simplified a numerical model for
the hydrodynamics of +1 defects in freely suspended SmC films. The authors reported
that for the case of a SmC film with variations only in two dimensions and with straight
smectic layers, the SmC theory reduces exactly to the Ericksen-Leslie theory of the ne-
matics in 2D geometry.

It has been shown Carlsson et al. [1995]; Leslie [1979] that the director distortions
induce stress. Svensek and Zumer [2003] derived the elastic stress tensor, 0¢, in the case

of SmC with straight layers, and no gradients in the direction of the layer normal as

e

o5 = of

i = —ma]fk, (31)
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Where ¢ is the smectic director. Repeated tensor indices being subject to the usual
summation convention. f is the free energy density of the SmC phase (Eq. 1.8).

The viscous stress was also derived in the same simplification as Svensek and Zumer
[2003]

1 1
O'ZZ; = Efyl(NiC]' — CiNj) + 5’)’2(N1'C]' - CiNj)
+ [XleClAleiCj + DC4A1’]' + ‘XSCiAjka (32)
+ a6Cj AjgC-

The coefficients a1, «», ..., a6 are called the Leslie viscosity coefficients, or simply the
Leslie viscosities. 71 = a3 — ay is the rotational viscosity, and vy, = a3 + ay. N; is the
co-rotational time flux of the director, N; = ¢; + Wj;c;. With ¢ = % + (v.V)c and the
rate of vorticity tensor W;; = %(aiv]- — 9;v;). The rate of strain tensor A;; = %(Givj +9;v;)
Carlsson et al. [1995]; Svensek and Zumer [2003].

The generalized elastic and viscous forces acting on the vector ¢ are given by Svensek
and Zumer [2003]

h¢ = —(A — Cc?)c; + Ksdic; + (Kp — Ks)9;9jc;

(3.3)
hi = —(71N; + 124Aijc))

Thus, the equation of motion for the c-director can be written as the following Svensek
and Zumer [2003]
h® +h” =0. (3.4)

The hydrodynamics equations can be solved numerically. An example of solution

for the case of 1 defect pairs is shown in the next section.

3.2.2 Hydrodynamics of annihilating £1 defect pair

Svensek and Zumer [2003] solved the coupled partial differential equations using
the finite difference discretization method. They performed calculations for a pair of
+1 defects at the center of a square geometry. They set the flow velocity v to zero at
the boundaries of the square and set the tilt angle to ¢ = 30°. Their results show that
the hydrodynamic flow influences the motion of the defects. The authors reported an
asymmetry in the velocity field during the +1 defects annihilation. The velocity of the
positive defect is increased by about 100% due to the backflow.
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The results of Svensek and Zumer [2003] are presented in Fig. 3.1. We first con-
sider the trajectory (c). This one was obtained by not taking into account the backflow.
In accordance with the classical model, the two defects move at the same speed and
annihilate halfway between their initial position. Trajectories (a), (b) and (d) are ob-
tained with taking into account the backflow. A significant asymmetry of the defect
velocity and a modification of the annihilation time are evident compared to the non-
hydrodynamic treatment (curve (c)). (Note that trajectories (e) and (f) are discussed
later).
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Figure 3.1 — Position of the defects vs time. The cases with one elastic constant: (a) Radial defect
with S = +1: 6; =0 (b) Tangential S = +1: 6; = 71/2, (c) without flow, (d) Radial S = +1:0; =0
with the rotational viscosity y; coefficient doubled. Case for Ks # Kp (e) Radial S = +1: 6; =0
and Ks/Kp =2/3 (f) Tangential S = +1: 6; = 77/2 and Ks/Kp = —2/3. Reprinted from Svensek
and Zumer [2003]. Copyright (2003) by The American Physical Society.

It has been shown that in the hydrodynamic equations; the two terms y; and >
which contain the time derivative of the order parameter ¢ in the viscous stress tensor
(Eq. 4.2), as well as the elastic stress tensor (Eq. 4.1) represent the main sources that
drive the Carlsson et al. [1995] flow. Their symmetries was analyzed by Svensek and
Zumer [2003]; Toth et al. [2002] because any term of the stress tensor, invariant with
respect to the transformation ¢ — —¢, treat both defects in the same way and do not
contribute to the flow asymmetry.

Under the one-constant approximation, the elastic stress is symmetric by definition

Carlsson et al. [1995]. Thus, during the defect motion the elastic stress generates a
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symmetric flow for both defects with respect to the rotation around the perpendicular
axis. Moreover, it contributes to the reduction of the inter-defect separation rq, and
thereby to the free energy of the system.

In the viscous stress tensor (Eq. 4.2), the term < turns out to be antisymmetric
with respect to the transformation ¢ — —¢, Svensek and Zumer [2003]. The flow driven
by 1 is the opposite flow for the -1 defect with respect to the flow close to the +1
defect. The efficiency of the backflow increases with the ratio of 7; to the isotropic
viscosity ay. The term 7, has no defined symmetry Svensek and Zumer [2003]. It
contains both symmetrical and antisymmetrical terms. The term 7, becomes relevant
when the structure of the +1 defect varies from a tangential, which annihilates faster, to

a radial one Svensek and Zumer [2003].
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Figure 3.2 — (a) c-director field in radial-hyperbolic pair configuration. (b) Flow velocity field
showing the strong advection in the vicinity of the +1 defect. No advective flow was observed
for the case of the -1 defect. Reprinted from Svensek and Zumer [2003]. Copyright (2003) by
The American Physical Society.

To summarize, it has been shown Svensek and Zumer [2003]; T6th et al. [2002] that
the flow created by the elastic stress accelerates the two defects symmetrically towards
each other, in order to minimize the free elastic energy, thus accelerating the annihila-
tion process. On the other hand, the flow created by the viscous term <1 will accelerate
one of the defects and slow down the other. Therefore, for the positive defect, the flow
tields of the two sources are added together. Thus, the motion of the +1 defect is ac-
celerated. For the negative defect, the two flow field sources are destructively added
together, so the contribution in this latter motion is small. This is the main reason why

the positive defect always moves faster than the negative one. The flow field around
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the 1 pair is shown in Fig. 3.2.

More recently, Tang and Selinger [2019] have numerically studied the motion of half
disclinations in 2D nematics in a channel, by taking into account backflow effects. The
channel was considered to be infinite in the x-direction but finite in the y-direction.
Strong planar anchoring has been used on the top and bottom surfaces of the channel,
at y = +d/2. The authors derived new equations for the velocities of the +1/2 defect

pair as following

- 2
271K 2 (log sk )"+ (log ) ~ 3
U+:—d>< 1+ 11/2 7 + ...
71dlog 5 2320, log 5,-
- 2 , 0 (3.5)
S_ K| 72 <10g2—rc> - 7<1082—rc> +t37 N
’Yldlogz% 23/24}/2 logzirc 7

Where K is the elastic constant and 7. is the core radius. The first term is the usual
defect velocity given by the classical model (See section.1.3.1), which is identical for
positive and negative defects. The new term takes into account the contributions of
the viscosity parameters 7y; and as. We recall that the efficiency of backflow increases
with the ratio of y; to the isotropic viscosity a4 Svensek and Zumer [2003]. The authors
indicated that the new contribution is negligible in the case of an infinite flow viscosity
a4, for a material that cannot flow. However, when a4 decreases, the defect velocity
increases and becomes considerably faster for the positive defect as shown in Fig. 3.3.

The previous investigations shown in Fig. 3.1 and Fig. 3.3 are performed under
the one-constant approximation (K = Kg = Kp) Svensek and Zumer [2003]; Tang and
Selinger [2019]. In most of the models, the asymmetric velocity of the defects is mainly
attributed to the backflow effects. However, a more accurate model must incorporate
the effects of elastic anisotropy. Brugués et al. [2008] have shown that unequal Frank
constants induce a similar asymmetric velocity. This influences the defect drag force
given in Eq. 1.21. Brugués et al. derived new equations for the drag force for the 1

pair of defects moving with velocity v in a restricted domain of radius R as

R
thag ~ yvln r
3.6)
1 . R (2 1 [1+ an?cos(20) (
Firag 0o [ 14 o,
drag ZUan 0 +7T\/ 1+ acos(26)
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Figure 3.3 — Defects velocities as functions of the flow viscosity, a4 for the case of 1/2 disclina-
tions. The solid line is a quadratic fit. Reproduced from Tang and Selinger [2019] with permis-
sion from The Royal Society of Chemistry.

a = (Ks — Kg)/(Ks + Kp) is scaled elastic anisotropy. We notice that the drag force
equation, Fj o for the S = +1 defect has the usual type given by the classical model
(Eq. 1.21). This is explained by the fact that the S = +1 defects are not affected by the
elastic anisotropy and their symmetry can be a pure bend or splay (See section.2.3.1).
It is in particular the drag force equation for defect S = -1 which must take into account
the elastic anisotropy.

The effects of unequal Frank elastic constants (Kg # Kp) were reported in the nu-
merical study of Svensek and Zumer [2003]. An asymmetry in the velocity of the two
defects was demonstrated even without taking the backflow into account. Curves (e)
and (f) in Fig. 3.1 show that, considering several ratios of Ks/Kp, the positive defect
moves faster than the negative one up to the annihilation point. However, the effects of
unequal elastic constants are weak compared to those of backflow in freely suspended
SmC films or 2D nematics Svensek and Zumer [2003]; T6th et al. [2002].

3.2.3 Summary

The velocity asymmetry of the topological defects observed in the experiments Mis-

saoui et al. [2020] was studied theoretically Brugués et al. [2008]; Svensek and Zumer
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[2003]; Tang and Selinger [2019]; T6th et al. [2002]. This phenomenon was mainly at-
tributed to the effects of backflow. Unequal elastic constants can also induce such asym-
metry, but with less effects than backflow Svensek and Zumer [2003]. It has been shown
that the +1 defect is subject to strong advection due to backflow (Fig. 3.2), which accel-
erates its movement Svensek and Zumer [2003].

Although the theory of hydrodynamics of topological defects in SmC liquid crystals
was introduced a few years ago, there have been no experimental attempts to verify
the theoretical predictions, for example the strong advection in the vicinity of positive
defects. In the following section, we present the first experiments carried out to test the
effects of backflow on the annihilation of S = £1 dislocation pairs in free suspended

SmC liquid crystal films.

3.3 Experimental Setup

3.3.1 The liquid crystal and fluorescent dye

Experimental investigations on the flow behavior around the S = £1 defects pair are
based on a dye bleaching technique. The mixture of equal volumes 5-n-octyl-2-[4-(n-
hexyloxy)phenyl]pyrimidine and 5-n-decyl-2-[4-(n-octyloxy) phenyl]pyrimidine, that
exhibits a SmC room temperature is doped with 1 wt% of Nile Red dye, 9-diethylamino-
5H-benzo[a]ph-enoxazine-5-one. The SmC-dye mixture is used to draw freely sus-
pended films on a metallic holder. Defect pairs are created by piercing of the homoge-
neously oriented freely suspended film using a glass tip. The dynamics of the defects

are observed by means of fluorescence microscopy.

Figure 3.4 — Nile Red fluorescent spectra showing the excitation and the emission spec-
tra. The inset shows the chemical formula. Reprinted from Thermofisher website
(www.thermofisher.com).
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As shown in Fig. 3.4, Nile red has a maximum excitation of about Agy. = 550 nm
(green), and a maximum emission of about Agmm = 638 nm (red). The dye molecules
align with the director and cause an anisotropic absorption and emission determined
by their orientation (Fig. 3.4, right). The excitation is performed by linearly polarized
laser light. The adsorption efficiency of the linearly polarized light is determined by the
angle between the polarization direction P and the transition dipole moment m Sma-
lyukh [2007]. The latter is given by the alignment of the director. Since the adsorption
efficiency is proportional to cos?(¢), where ¢ is the angle between P and m, this allows
mapping the director field using the intensity of the emitted fluorescence as shown in
Fig. 3.5.

(b)

Figure 3.5 — Snapshots of two defect pairs: The +1 defect has always tangential orientation of the
c-director near the core. The -1 defect is initially rotated respective to the partner (in mismatch)
so that the director field along a straight line connecting the cores is not uniform. Image (a) was
recorded 16 s before annihilation. During the mutual approach, the mismatch angle gradually
reduces to zero. This state is almost reached in image (b), 3 s before annihilation. Yellow bars
symbolize 50 ym. Images were recorded in polarized light with crossed polarizers (black lines)
and a diagonal wave plate (slow axis: diagonal yellow line). Bluish regions characterize the c-
director in northeast or southwest direction, while orange regions indicate a c-director orientation
in southeast or northwest directions. In magenta regions, the c-director is either horizontal or
vertical in the images. (c) Defects pair observed in fluorescence mode (top: +1 defect, bottom: -1
defect). The black arrows sketch the c-director. The polarizer orientation is indicated by a black
bar. Images (a,b) are courtesy of Péter Salamon and Kirsten Harth. Reprinted from Missaoui
et al. [2021].

3.3.2 The confocal microscope

A confocal microscope is an optical microscope that has the property of producing
images of very shallow depth of field. By setting the focal plane of the lens at differ-

ent depth levels in the sample, it is possible to create series of images from which a
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three-dimensional representation of the object can be obtained. The confocal micro-
scope works with reflected light or fluorescence. In general, lasers are used as the light
sources. This is called confocal laser scanning microscope (CLSM).

The fluorescence of freely suspended films made of the SmC-dye mixture is observed
by means of Leica confocal laser scanning microscope TCS SP8. This CLSM is character-
ized by high sensitivity, where a photomultiplier tube detector (PMT) is used to detect
wavelength in the range 580 nm-620 nm, with high performance objectives with motor-
ized correction ring to adapt to the depth of the sample. The light sources are four laser
sources with wavelengths of 405 nm, 488 nm, 552 nm and 638 nm respectively. The
four lasers are used to bleach the dye molecules in the film into circular spots, hereafter
referred to as ROI (region of interest). The bleached spots appear on the detector with
a contrast different from that of the unbleached background film. They are then used

as tracers to study the motion of the flow in the freely suspended thin films.

Figure 3.6 — Leica confocal microscope.

3.3.3 Dye photobleaching

Photobleaching is the loss of the fluorescence properties of a molecule. A fluores-
cent molecule in the excited state can either emit a photon or be in a photochemical
reaction that prevents its return to an excitable state. The more a fluorescent substance
is excited, the greater the proportion of photobleached molecules, until the fluorescence
is extinguished.

After bleaching, the ROI in a resting film appears as a black region with circular
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shape, as shown in Fig. 3.7a (defect-free film). The recovery of the bleached spot starts
when the illumination is suspended; see Fig. 3.7b. The intensity increases continu-
ously and reaches the equilibrium intensity value within approximately 10 s. At the
recording rate of one frame per second, we could acquire at maximum 10 frames be-
fore the ROI vanishes. Even if the recovery time of the dye would be much larger, there
is a second effect that sets a time limit to the method: The diffusion of the Nile Red
molecules in the smectic matrix. If one assumes that it is of the same order of magni-
tude as the typical self-diffusion of low molecular mass liquid crystals at room temper-
ature, ~ 10711... 1071 yum?s~1, the spot will broaden and lose contrast within several
seconds. At least, the nearly isotropic diffusion of the dye has no relevant effects on the
displacement of the center of the ROI that serves as our marker. The positions of the
defects and the bleached ROI were tracked with an accuracy of approximately 1 pym.
In addition to the displacement of the ROI spot, its shape can also change under the

influence of flow divergence, providing additional information on the structure of the
flow field.
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Figure 3.7 — (a) Shows fluorescence of freely suspended films and bleached ROI acquired by the

fluorescence microscope. The dark spot will disappear because of the material diffusion over

time. (b) The fluorescence intensity of the bleached region over time. ROI are traceable only for
about 10 seconds.

In order to extract the material displacement from the bleached spot, the intensity
profile was fitted by the Gaussian fit and the position of the maximum was determined

for each frame. The disclination pairs are tracked from the images with an accuracy of

102



3.4. EXPERIMENTAL RESULTS

approximately 1 pm.

3.4 Experimental results

We obtained isolated defect pairs in 29 experiments. Several regions around the
positive and negative defects are bleached when the pairs are annihilating. Experimen-
tal data are extracted using Leica LAS X software. We used Matlab code to track both
the defects and the bleached spots.

3.4.1 Flow behavior around the defect pairs

The annihilation dynamics strongly depends on the mutual orientation of the de-
fects, and on the alignment of the pair respective to the far, undistorted director field
Missaoui et al. [2020]; Tang and Selinger [2018]; Vromans and Giomi [2016]. In the ex-
periment, this orientation cannot be controlled easily as discussed in the second chap-
ter of this manuscript. In a first set of experiments, we tried to avoid the complication
caused by curved trajectories. Thus we utilize the fact that the defect pairs gradually
align during their mutual approach. Precisely at this stage, most of the experiments
were performed.

Fig. 3.8 shows snapshots of four defect pairs together with their bleached spots.
The textures of the pairs and the ROI are seen at the beginning of the recording, im-
mediately after bleaching stopped. The defect trajectories are represented by blue (for
the -1 defect) and red (for the +1 defect) curves. The time interval during which these
trajectories were recorded are approximately 8 s. We have performed experiments with
single and double bleached spots (Fig. 3.8a,b, respectively). The flow velocities can be
estimated from the analysis of the ROI spots and are given by the arrows.

The first obvious result is that the two defects move towards the annihilation point
with different velocities. As predicted by theory Svensek and Zumer [2003], the posi-
tive defect is faster so that the annihilation does not occur halfway. Besides, the defect
pairs have slightly curved trajectories, since the initial defect mismatch is not strictly
zero (similar to those we examined in the second chapter of this manuscript). When
flow coupling is disregarded, the models describing the defect speed Harald [1988];
Ryskin and Kremenetsky [1991] predict a velocity v for each of the defects in the film at
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Figure 3.8 — Trajectories of the defects and the flow field in the bleached regions: The snapshots
show the pairs at the beginning of the recording, immediately after bleaching stopped. The
+1 defect, -1 defect, and ROI trajectories are shown in red, blue and white respectively. The
motion of the ROI near the positive defect (a,b) follows the motion of the defect. The ROI near
the negative defect (c,d) does not move noticeably. (a) A single ROI bleach; (b) a double ROI
bleach. The trajectories of the +1 defect, of the -1 defect, and of the ROI are shown in red,
blue and white, respectively. The disclinations and ROI are tracked for 8 s. The position of the
excitation beam polarization is given by black lines. Reprinted from Missaoui et al. [2021].
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As there is no noticeable flow near the -1 defect, this equation can be used as a good

reference for the dynamics of the -1 defect, and it is a reasonable approximation for the
motion of the +1 counterpart relative to the moving film. Actual defect velocities can
be found in the experiment from the defect positions. For that purpose, we analyzed
longer trajectories without the bleaching technique. The distances of the defects from
the annihilation center and their mutual distances are shown in Fig. 2.12 for a matching
pair. The mutual approach occurs along a straight trajectory. In good approximation,
the positions of defect i can be fitted to square-root laws r; = D; V/t, and their distance
is given by 1o = D1p V/'t. This corresponds to a velocity v1y = D%Z/ (2r12). It is obvious
from these equations that the observed velocities v/, and v’_ of the individual disclina-
tions must relate to each other like the coefficients Dy and D,. The +1 defect is found
to move nearly twice as fast as the -1 defect. If we assume that the reason for that dif-
ference is backflow coupling and advection, with no significant flow near the -1 defect,
then it is natural to equate | v_ | to | v”_ | in Eq. 3.7. The difference of v/, and v'_ is then
a signature of flow near the +1 defect.

Fig. 3.8¢c,d indeed show that flow is practically absent around the s = -1 disclination
point. The bleached spots near the s = -1 defect remain nearly stationary. This is in
accordance with the numerical model Svensek and Zumer [2003]. Fig. 3.8a,b show
that, in contrast, there is an obvious correlation between the motion of the s = +1 defect
and that of the bleached spot. The spots follow the motion of the adjacent +1 defect.
In the bleaching experiments, the observation time is too short to obtain the square-
root law with sufficient accuracy, one rather obtains a snapshot of the dynamics in a
certain phase of the defect approach. Technically, it was difficult to manually place
the bleaching spot next to one of the defects just before annihilation. Thus, bleaching
experiments could be performed only when the defects were still at comparably large
distances from each other (e.g., Fig. 3.8b). However, a slight drift of the complete
film area in the field of view cannot be avoided. It can reach values of the order of 1
pum/s. When this drift is perpendicular to the defect interconnection axis, both defect
trajectories are tilted to the same side of that axis. This is evident in Fig. 3.8d. If the
drift has a component in the direction of the defect interconnection axis, it may tamper

the velocity ratio. This is the main error source when the defects are far apart from each
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Table 3.1 — Measured flow fields in the images shown in this paper. All velocities are given in
pum/s. The indices ROI+ and ROI— refer to spots near the disclinations with the respective sign.
For Fig. 3.8b, the average of the velocities of both bleached spots is given. The accuracy of the
velocity data is of the order of 1 yum/s. Reprinted from Missaoui et al. [2021].

Figure o, ©v_ wpor+ vrOI-

3.8a 6.0 26 26 -
3.8b 26 1.7 12 -

3.8¢c 40 22 - 0.2
3.8d 45 32 - 0.5
39b 19 17 12 -

3.9¢ 12 1.2 - 0.3

other and their approach velocity is small. Drift can be neglected when the defects are
fast, close to the annihilation point. If we consider an experimental uncertainty of the
order of 1 yum/s. Table 3.1 below shows that the velocities vrp; of the regions next to

the +1 defect are comparable to the difference | v/, | to | " |.

In addition to the displacement of the ROI, the shape of the bleached spot may
serve as an additional source of information. When the film material flows during the
bleaching phase of about 8 s, the ROI is not a circular spot but it becomes distorted
elliptically, with the long axis in the direction of the flow. One can see this effect in Fig.
3.8a. The bleached spot near to the +1 defect appears elongated in the direction of the
induced backflow field. When the defects are far separated as in Fig. 3.8b, the defect
motion and corresponding backflow field are small and the bleached region remains
circular. The same applies for bleached spots in the vicinity of the -1 defect which is at
rest (Fig. 3.8c). Again, drift of the film during bleaching as seen in Fig. 3.8c can also
lead to a slight ellipticity of the bleached spot.

When the orientations of the two defects do not match, i.e., when the director field
along the straight line connecting the cores is not uniform, the trajectories are curved
Missaoui et al. [2020]; Tang and Selinger [2017]; Vromans and Giomi [2016]. In some
cases, very large mismatch angles have been observed (Fig. 3.9). Since the +1 defect
is pinned to a tangential orientation by the elastic anisotropy (see above), the director
tield strongly deforms to a spiral shape near the defect Eremin et al. [2006]. Then, the in-

stant velocity and the trajectory will point side-ward, but not towards the -1 opponent.
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Fig. 3.9 shows that, in such cases, the flow field next to the -1 defect is still negligibly
small, while the flow field near the +1 defect points in the same direction as the defect
motion. This is intuitively clear: The velocity field is evoked by the displacement of
the +1 defect alone, irrespective of the location of the far -1 opponent. The quantitative
measurements of the displacement velocities in the images of Fig. 3.8 and Fig. 3.9 are

given in Table 3.1.

Figure 3.9 — Flow field in a strongly mismatched pair of defects (mismatch angle approximately
180°). Because of the mismatch of the orientations, the defects do not approach each other along
the straight interconnection line. The images show the pair with ROI near the +1 defect (b) and
the —1 defect (c). a) is a magnification of the +1 defect and ROI from image (b).

3.4.2 Hydrodynamic flow map

When different experiments are performed with different positions of the ROI, one
can try to map the flow field. In principle, one can try to perform several subsequent
bleaching experiments with the same pair, but this is extremely challenging. By scaling
the velocities measured in different individual experiments of matching pairs, one can
compose a map. This is shown in Fig. 3.10. The approach to construct this map and the
symbols used is explained in the following.

First, we assume that the backflow is mainly generated by the displacement of the
local disclination and that the influence of the opposite partner in the pair is irrelevant.
Thus, we rotate the coordinate system in the region near the +1 defect (upper half of
image Fig. 3.10a) such that the motion of the central +1 defect is downward. In an
aligned pair, this would correspond to the situation shown in the numerical solution
of Fig. 3.10b. Now, we have to consider that, in different experiments, the distances of

the defect pairs differ; thus, the actual velocities cannot be compared. However, it is
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reasonable to assume that the ratio of the defect velocity and the backflow is indepen-
dent of the defect distance in a pair. Thus, we scale all ROI velocities with the absolute
velocity determined for the +1 defect. The initial positions of +1 defect (red circle) and
the ROIs (open black circles) are indicated, and the scaled velocities are shown as black
lines. For comparison, the scaled velocity of the disclination is given as a red line. In
order to estimate the accuracy and reliability of the velocity data, we estimate the error
by assuming a 1 ym/s drift in the film, in arbitrary directions. Of course, this drift has
little effect when the disclinations are close to each other and the velocity for scaling is
much larger than a potential drift (upper three ROIs in Fig. 3.10a). It has much larger
effects when the defects are far from each other, the approach is slow and the approach
velocity becomes comparable to the drift. We mark the estimated error due to drift
by grey circles around the original ROI positions. As is seen, most of the black lines
indicating the backflow reach much further than the grey uncertainty disks; thus, the
analysis clearly evidences a backflow near the +1 defect that contributes roughly one
half of the displacement.

A similar procedure was performed near the -1 defect. Here, the area was scaled
again in units of the defect distance, the coordinates were rotated such that the -1 defect
moves upward (like in the simulated matching pair in Fig. 3.10b. Velocities were scaled
again, with the displacement of the +1 defect. Errors were estimated in the same way
as above. The blue circle is the position of the -1 defect, the blue line its trajectory. Now,
it can be seen that all black lines corresponding to the displacements of the ROIs are
within the uncertainty limits of the experiment, so the observations are in agreement
with the assumption of absent backflow.

When comparing the two parts of Fig. 3.10b, note that the upper and lower halves
must be kept separate, since they do not belong to the same coordinate systems. All ex-
periments were rotated as explained above, and there are no experiments that produced
data in both the upper and lower parts of the image. In each experiment, bleached spots
were in the vicinity of either the +1 defect or the -1 defect.

Comparison of the experimental data with the numerically predicted flow field
Svensek and Zumer [2003] (Fig. 3.10) shows good qualitative agreement. Note, how-
ever, that the backflow is not necessarily towards the opposing defect if there is a mis-
match in the pair. The direction of the backflow is determined by the direction of mo-
tion of the +1 defect.
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Figure 3.10 — Advective flow around disclinations in a +1 pair. (a) Flow field determined
experimentally using the fluorescence bleaching method. The velocity bars are normalized with
respect to that of the 41 defect (see text). The motion of the s = 41 is accompanied by the flow
in the same direction of motion. In contrast, the flow is nearly absent in the vicinity of the s = —1
defect. (b) Numerical flow velocity field showing the formation of the flow vortices around the
s = +1 defect. Image (b) reproduced with permission from Svenek and Zumer Svensek and
Zumer [2003], copyright American Physical Society. Printed from Missaoui et al. [2021].
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3.5 Summary and Perspectives

We have demonstrated qualitatively and quantitatively that a topological defect of
strength +1 in a SmC liquid crystalline freely suspended films is able to create substan-
tial material flow when it moves in the film plane. This conclusion can be generalized,
it is not exclusively the consequence of a defect pair annihilation but is a feature di-
rectly connected with the director field reorientation around the moving disclinations.
We have assumed here, similar to earlier theoretical treatments of this annihilation pro-
cess, that the SmC hydrodynamics in the 2D film geometry can be treated within the
nematodynamic model of Leslie and Ericksen, by substituting the respective elastic and
viscosity parameters by their appropriate equivalents for the c-director. Thus, the result
can also be seen as a confirmation of this backflow effect in nematic cells.

Here, the focus was laid on single isolated defect pairs as the elementary process
of defect pattern coarsening. There are other situations where backflow coupling of a
moving defect can have essential consequences. Muzny and Clark [1992] have studied
the diffusion of a single +1 defect in a freely suspended film and analyzed its Brown-
ian motion within a model that disregards flow coupling. On the basis of the present
experimental results, it is clear that backflow must be taken into consideration for an
isolated +1 defect, as well. It should indeed speed up its diffusion by a factor of two.
On the other hand, -1 defects in a similar film would have a slower diffusion constant,
because the flow generated by this type of disclinations is considerably smaller. An-
other problem where the backflow should be incorporated in models is the coarsening
of multi-defect patterns Muzny [1994]. However, while the flow coupling may speed
up the overall coarsening process, the scaling exponent for the defect number versus
time will not be affected.

The fluorescence bleaching method developed here is limited to short time scales
of a few seconds, which prevents to determine accurate defect velocity data when the
defects are separated more than 100 ym, but on short distances it can yield reliable
quantitative data. An improved method can be developed where multiple lines in a
grid are bleached instead of single spots. This would allow to get information on the
complete flow field from single experiments. Moreover, the dispersion of nanometer
sized glycerol-water droplets on the film surface might be also used instead of bleached
micrometer sized ROl in order to check the variation of the defect/vortices distance in

function of the defect separation.
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Chapter 4

Smectic Islands can Wrinkle Like Solid
Sheet

“L’effet waouh est au rendez-vous,
surtout lors de la transition entre
la surpesanteur et la
micropesanteur qui donne
'impression de s’envoler”

Solenn Percelay
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4.1 Relaxation of Freely Floating Thin Fluid Bubbles

41.1 Introduction

Droplets and bubbles, have fascinated scientists, engineers and artists for a long
time. Their dynamic behaviors have been studied for various purposes, for example in
biology Marmottant and Hilgenfeldt [2003] Forsyth et al. [2011], environment Lee et al.
[2011] and industrial context Chokkalingam et al. [2010] Chen et al. [2011].

While droplet are drops of liquid surrounded by an external fluid (See Fig. 4.1a),
bubbles are spheres of gas that can be surrounded by a liquid, for example a CO; bub-
ble in an aqueous medium, or separated from another gas by a liquid membrane (See
Fig. 4.1b). A simple and well-known example of a bubble is the colorful soap bubble,
which fascinate grown-up humans often just as much as children. They are made of
a layer of water encapsulated between two layers of soap molecules (the membranes).
The evolution of their shape in order to minimize the surface energy, provide nature’s
solution to mathematical minimization problems. A number of studies investigated
the relaxation dynamics of soap films from a strongly distorted initial state to the final
spherical one Harth [2016]; Kornek et al. [2010]. The special properties of soap films,
such as their mass, make the bubble dynamics unique. Depending on the film thickness
and bubble size, the mass of the film and its redistribution can affect the relaxation dy-
namics. Relaxing soap bubbles exhibit damped oscillations of large initial amplitudes
as they begin to relax from highly deformed shapes. Their dynamics was found to be

driven by surface tension and inertia of the air and the soap films Harth [2016].

Outer membrane Smectic Membrane
Soap Smectic
Droplet Bubble Bubble
Type Type

N

Inner membrane

(@) (b) ()

Figure 4.1 - (a) Small drop of liquid. (b) Soap bubble type formed by two membranes. (c)
Smectic bubble type formed by an inner fluid isolated by another one by the smectic membrane.
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Whereas the dynamics of soap bubbles is mostly driven by surface tension Harth
[2016]; Kornek et al. [2010]; May et al. [2012], in another extreme scenario, droplet and
bubble dynamics can be purely driven by elastic properties. A well known example
corresponds to a water droplet enclosed by a thin layer of polymers Knoche et al.
[2013]; Paulsen et al. [2015]. When the elastic membrane covering the drop of water
is deformed, the dynamics of the droplet will be determined by the polymer elastic
properties. It has been shown that "wrinkling" patterns are frequently observed due to
the deformation of the elastic sheet covering the interface (See Fig. 4.2). The wrinkles

are in general aligned parallel to the applied stress Cerda and Mahadevan [2003].

(a) )

Figure 4.2 — (a) Side and top views of a circular polystyrene sheet wrapping a water drop. The
polymer sheet is decorated with wrinkles and crumples. Scale bar, 1 mm. Reproduced by
permission from Springer Nature (Paulsen et al. [2015]), Copyright (2015). (b) Wrinkling of a
thin elastic capsule enclosing a pending drop. The images show the relaxed membrane and a
state where some fluid was retracted. Width of the nozzle ~1.6 mm. Reprinted with permission
from (Knoche et al. [2013]). Copyright (2010) American Chemical Society.

4.1.2 Relaxation of SmC bubbles

It has been believed for a long time that freely suspended smectic films can only
be stretched on a frame where they are connected by the intermediate of the menis-
cus, e.g., rectangular films shown in the second chapter of this manuscript. However,
experiments by Miiller and Stannarius [2006] reported the formation of freely floating
smectic bubbles by the collapse of a "catenoid-shaped" film.

Freely floating smectic bubbles are systems that lie between the extreme systems
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of pure elasticity and those of pure surface tension driven dynamics. Smectic bubbles
are the equivalent of freely suspended films with neither sample holder, nor meniscus.
Their dynamics is governed by the smectic inner fluid (Fig. 4.1c), which is always com-
posed of an integer number of smectic layers. Fig. 4.3 shows the relaxation dynamics of
a SmC bubble of equilibrium radius a ~ 0.57 cm May et al. [2012]. During the oscillation
phase, the bubble alternates complex relaxation shapes before reaching the final equi-
librium spherical shape. Quantitatively, the dynamics of smectic bubbles is unusual
and different from that of the soap bubbles May et al. [2012]. For the example shown
in Fig. 4.3, the authors reported that, at the end of the oscillations, the smectic bubble
achieves a spherical shape, associated with a reduction of the film surface of about 30%.
This requires on average an increase in the number of layers of the same rate. However,
the smectic membrane possesses an integer number of layers, and changes of the layer
thickness are countered by elastic moduli on the order of 10*...10® Pa Oswald and Pier-
anski [2006]. Thus, islands (excess smectic layers) surrounded by dislocation lines must
be formed and must grow to achieve the required increase in film thickness, which is
a slow process compared to the time scale of the bubble oscillations. This can limit
the rate of surface area reduction and slow down the oscillations. Thus, the bubbles
become strongly deformed and oscillate forming complex shapes.

May et al. [2014] have shown that the slowing process is mainly caused by the struc-
ture of the smectic film. For the same bubble size, smectic films in their experiments
are at least 30 times thinner than soap ones. Thus, the mass of the smectic film is totally
negligible compared to that of the enclosed air. Therefore, as long as a decrease of the
bubble surface area is necessary to reach the spherical shape, the relaxation process will

be governed by the time constant related to growth of the smectic islands.

4.1.3 Dynamics of islands in freely floating bubbles

In general, a compression of the smectic film is always coupled to a flow and thus to
a redistribution of the film material. Therefore, islands are formed to accommodate the
excess smectic material generated during the reduction of the surface area of the smectic
tilms. They act as a reservoir of material similar to the meniscus in frame-supported
films. Their dynamics is characterized by two major stages: first nucleation and then
growth. They are expected to grow as long as the in-flow exists. However, they are

delimited by lines of dislocation. Thus, their growth is expected to be governed by the
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Figure 4.3 — Relaxation of a smectic bubble with equilibrium radius a ~ 0.57 cm. Darker spots
on the surface are growing islands of different heights and diameters. The time after pinch-off
is indicated on the images. Scale bar 5 mm. Adapted from Dynamics of freely floating smectic
bubbles by May et al., EPL 100 16003 (2012), website iopscience.iop.org/epl.

properties of the dislocations dynamics (See section.1.2.3 and section.1.3.3).

Oswald et al. [2003] have studied the dynamics of smectic islands in SmA frame-
supported films. The authors have shown that the islands grow with a radius that
increases linearly with time (Fig. 4.4). The linear growth is systematically for all the
measured islands. It has been shown that only the growth rate of the linear dependence
changes as a function of the difference in thickness between the film and the islands on
the one hand and as a function of the pressure difference, AP, between the film and
the meniscus on the other hand. Such a result is consistent with the theoretical model
which predicts a constant velocity of dislocations after nucleation with a rate being
dependent on the thickness of the islands as well as on the pressure difference between
the film and the meniscus (See section.1.2.3 and section.1.3.3).

May et al. [2012] and Dahmlow et al. [2018] have studied the growth of islands dur-
ing the relaxation of freely floating SmC bubbles (Fig. 4.5). The authors have shown that
the growth of the area of individual islands is quadratic as a function of time, which
is consistent with a linear dependence of the radius as a function of time. This result
was systematic for all the islands studied during these works. It has been shown that

only the growth rate varies from one island to another according to the difference of
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Figure 4.4 — Radius growth of smectic islands in freely suspended SmA films of thickness N.
Reprinted from Oswald et al. [2003]. Copyright (2003) by The American Physical Society.

thickness between the islands and the film. Thicker islands have been found to grow
more slowly than thinner ones. However, the time of islands nucleation has not been
studied because of the limited spacial resolution and also due to the fact that islands
are nucleated before the start of the recording. The results of the islands growth dur-
ing these studies remain consistent with the theoretical model that predicts a constant
velocity of dislocations even in the absence of meniscus.

May et al. [2014] and Harth et al. [2019] studied the relaxation dynamics of freely
floating SmC bubbles. The authors reported an alternative scenario of stress relaxation,
where the smectic film reacts to the lateral compression with an extrusion of "bulges" at
the centers of islands (See Fig. 4.6). This particular sort of island dynamics is unusual
and has never been observed in freely suspended frame-supported films. The authors
attributed the behavior of the islands to the strong compression applied by the bubbles
during relaxation to the spherical shape. However, the detailed mechanism of their

formation was not fully understood.
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Figure 4.5 — Typical growth of the area of islands in a bubble with a = 0.5 cm. The island thick-
nesses shown in the legend have been obtained from the transmitted light intensities, relative
to the background film. Thick islands have the tendency to grow slower than thinner ones. The
surface area of the bubble is shown by the blue curve. Adapted from Dynamics of freely floating
smectic bubbles by May et al., EPL 100 16003 (2012), website iopscience.iop.org/epl.
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Figure 4.6 — Formation of bulges during the compression of the bubble. Islands and bulges of
larger film thicknesses are seen as darker spots on the bubble. Republished with permission
of ROYAL SOCIETY OF CHEMISTRY, from Dynamic wrinkling of freely floating smectic films,
Harth et al. [2019]. 2019, 15, 6769; permission conveyed through Copyright Clearance Center,
Inc.
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414 Summary

The meniscus has been found to play a crucial role in the dynamics of dislocations
surrounding smectic islands. It directly effects their growth or shrinkage. Only few
studies have investigated the dynamics of smectic islands in meniscus-free systems;
the freely floating bubbles Dahmlow et al. [2018]; May et al. [2012, 2014]. In these ge-
ometries, the islands surface are were found to grow following the quadratic depen-
dence predicted by the theoretical model. However, in some cases, an extrusion of
"bulges" at the center of the islands has been observed during the relaxation of the bub-
bles. This phenomenon has not been explained and the details of its formation remain
unexplained.

On the other hand, the relaxation dynamics of the freely floating SmC bubbles was
found to be affected by the dynamics of the dislocation loops surrounding the islands.
This can significantly limit the surface area reduction and cause bubbles to oscillate
towards complex shapes. Although the dynamics of smectic islands is considered to
play an essential role in the bubble relaxation process, they have so far received lit-
tle attention Dahmlow et al. [2018]; Harth et al. [2019]; May et al. [2012, 2014]. The
detailed study of the mechanism of their formation and the description of the quanti-
tative relationships between island size, line tensions and external compressive forces
remain unexplored. I will therefore present in the following an experimental study of
the behavior of islands during relaxation of the smectic bubble. But first, I discuss the
new characteristics of freely floating smectic bubbles recently reported by Harth [2016];
Harth et al. [2019]; the wrinkling of smectic films.

4.2 Wrinkling of Thin Fluid Films

421 Introduction

In general, wrinkles in soft matter systems can be divided into two major types;
They can be static or dynamic. Examples of static structures are wrinkles on human
skin or an aged apple that shrunk in volume due to loss of the water while the skin
roughly keeps its area. These are quasi-static responses to the stress balances. Usually,
such undulations represent stable or metastable energy minima.

In the case of liquid crystals, spontaneous periodic surface undulations of the menis-

cus of freely suspended SmC films have been reported Harth et al. [2011]; Harth and
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Stannarius [2009]; Loudet et al. [2011]. In fact, these static instabilities may be the conse-
quences of the disclinations present in the menisci structure. Furthermore, static layers
undulations can be induced mechanically in smectic liquid crystal films confined to
thin sandwich cells with fixed boundary conditions, e.g, the classical Helfrich—-Hurault
instability in SmA Bevilacqua and Napoli [2005]. They occur in thin cells under dilation
strain when the cell thickness is increased by external forces. The layer undulations are
energetically preferred over an increase of the smectic layer spacing. The elastic energy
required for the change of the layer thickness is much larger than the elastic energy of
the director distortions initiated by the layer’s bend.

Besides the quasi-static structures that represent conservative equilibrium static pat-
terns with minimal energy, dynamic structures may also occur. In contrast to the static
ones, their spontaneous formation is a transient dynamic process. They have been ob-
served for example in soap films with immobile surfactants Petit et al. [2015] and in
extremely thin soap films McEntee and Mysels [1969]. Interesting effects are reported
during the rupture of the films: Sudden cracks appear around a growing hole in the
film and the retraction of the soap membrane slows down. Moreover, it has been also
shown that collapsing bubbles of very viscous liquids generate wrinkles under the ac-
tion of the gravity force Silveira et al. [2000]. When a viscous drop forms a thin film
spread out in a crater created when impacting a liquid pool, such films can wrinkle
transiently Li et al. [2017]. This phenomenon is reminiscent of elastic sheets under
external stress. It has been shown that visco-elastic fluid filaments can also exhibit dy-
namic buckling upon compression Merrer et al. [2012] Salili et al. [2016]. As extreme
cases, one may consider deformations of lipid, cell membranes and vesicles, whose
dynamics at short time scales is dominated by the bending rigidity instead of surface
tension Jahnig [1996]. When such membranes undergo strong compression, wrinkles
and extrusion of tubuli can be observed Kantsler et al. [2007] Staykova et al. [2011]
Wang et al. [2011] Liu et al. [2016]. However, these structures are transient, the relevant
parameter is the relaxation time scale of the film or filament compared to that of the
externally applied stresses.

In the next section, I present recent studies about dynamic wrinkles in freely floating
smectic liquid crystal bubbles Harth et al. [2019]. I review the formation of regular film
undulations, consequences of the local in-plane compression applied on the smectic
film Dahmlow et al. [2018] Harth et al. [2019].
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4.2.2 Wrinkling of smectic freely floating films

Recently, Harth et al. [2019] have investigated the dynamics of freely floating SmC
bubbles when they undergo local in-plane compression under the action of an exter-
nal forcing. The authors reported that these membranes can dynamically wrinkle and
bulge out of plane. As shown in Fig. 4.7, they form regular undulation instabilities
during their relaxation process. This phenomenon is described with a model for a tran-
sient dynamic buckling instability Harth et al. [2019]. The growth rates of unstable
undulation modes determine the wavelength selection. Short wavelength modes are
suppressed by the elastic forces related to deformations of the smectic layers, while
long wavelengths grow slowly because they require the redistribution of the outer
fluid over greater distances. The authors have identified the converging flow of the
surrounding air as an external driving force that locally compresses the bubble surface
area. This study showed that smectic film can form similar structures as polymer sheets
under sufficient compression stress (Fig. 4.2). This phenomenon is specific to smectic
materials and cannot occur in conventional low-viscosity soap films because they can

instantly change their thickness and film surface under lateral compression.
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1 mm

Figure 4.7 — Freely floating smectic bubble with homogeneous film thickness of 50 nm that is
axially compressed by air flow. Thereby, it develops a wrinkled structure normal to the com-
pression direction. The right hand image was recorded 50 ms after the left one. The bubble
was produced under normal gravity. Republished with permission of ROYAL SOCIETY OF
CHEMISTRY, from Dynamic wrinkling of freely floating smectic films, Harth et al. [2019]. 2019,
15, 6769; permission conveyed through Copyright Clearance Center, Inc.
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4.3 Experimental Setup

In this section, I describe the method that allows to create smectic satellite bubbles.
I also describe the experimental setup used to visualize these latter in micro-gravity

conditions.

4.3.1 The liquid crystal

We report observations on freely floating SmC bubbles made of the same LC as the
one used in chapters 2, 3 and Harth [2016]; Harth et al. [2019]; May et al. [2012, 2014].
This is a mixture of equal amounts of 5-n- octyle-2-[4-(n-hexyloxy)phenyl]pyrimidine
and 5-n-decyl-2-[4-(n-octyloxy) phenyl] pyrimidine synthesized by SYNTHON Chem-
icals. The room temperature SmC phase is followed upon heating by SmA phase (Tca
= 52°C) and a nematic phase (T4xn = 68°C) before the isotropic phase is reached (Ty;
= 72°C). The mixture has a surface tension of 22.45 mN/m at room temperature May
et al. [2012].

4.3.2 Catenoids, pinch-off and formation of smectic bubbles

Freely floating bubbles are created by the collapse of a catenoid-shaped SmC film.
First, a small amount of about 1 mg of the smectic material is introduced between two
coaxial circular metallic rings with an inner radius Rying. Second, the rings are brought
into contact. Third, they are subsequently slowly separated from each other, so that a
catenoid shaped smectic film is formed in-between (See Fig. 4.8). The film is vulnera-
ble to rupture during this initial phase and can be destroyed by external perturbations,
e.g., vibrations imposed on the setup during the parabolic flights. When reaching a
larger separation distance between the two rings, the films are in general stable. The
displacement of the two metal rings of the catenoid is controlled by a LabView com-
puter software because manual manipulation was not possible under the experimental
conditions.

The equilibrium surface of the catenoid-shaped smectic film spanned between two
open concentric rings can be determined via minimization of the surface area of con-
stant mean curvature. The minimal surface for a separation D between the rings is
given by Salvert [1881]

r(z) =rm cosh(i), 4.1)

m
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where 1y, is the waist radius and z is the axial coordinate. The catenoid holders (the
metallic rings) are at positions z = +D/2, if we consider the origin of the coordinate
system in the mirror plane of the catenoid whose normal coincides with the z-direction.
In experiments, we seek solutions for a given holder radius Rying = r(£D/2) and sep-
aration D. In order to satisfy these boundary conditions, it is necessary that

o= Rring
™ cosh(D/(2rm))’

(4.2)

Above the critical separation between the rings, Dt ~ 1.3254Rying, the catenoid
solution as the minimal surface is not defined any longer Chen and Steen [1997]. As a
consequence, the catenoid collapses as soon as the critical distance is exceeded. In the
following, this step will be called the catenoid collapse. Mainly because of its inertia,
some of the air inside the catenoid is trapped between the two pinch-off points, thus an
elongated bubble is formed Robinson and Steen [2001].

Smectic catenoid’s stability and vibration modes have been investigated previously
by Ben Amar et al. [1998]. Moreover, Miiller and Stannarius [2006] studied the collapse
of smectic catenoids of thickness 200 nm. The authors have used 8CB, which exhibits
a SmA phase at room temperature. The film thickness was determined using optical
interference patterns in parallel transmitted monochromatic light under the assump-
tion of axial symmetry. The authors have shown that the film thickness remains con-
stant until very shortly time before the catenoid collapse. This result confirms that the
change in material volume in the catenoid film during its elongation is compensated
by the inflow into the meniscus at the rings. In order to produce the SmC freely floating
bubbles during our study, our set-up is inspired by the one developed by Miiller and
Stannarius [2006].

After pinch-off, the bubble oscillates for a few dozen milliseconds. Accurate inves-
tigations of such processes require a specific observation setup. In the next section, I

describe the experimental system that we have used for such a purpose.

4.3.3 The observation setup

The observation system used during our studies is an improved version of the
one previously developed by Torsten Trittel for previous parabolic flights. The im-
provements are made with the help of Christoph Klopp and Torsten Trittel (OvGU-
Magdeburg).
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Figure 4.8 — (a) The stages of bubble formation. The pinch-off occurs between steps two and
three. Later, the bubble oscillates (between steps three and four) until it reaches the spherical
shape. (b) Side view of the bubble generator setup. The stepper motor moves the upper ring
up and down (opening and closing of the catenoid). Two loudspeakers have been placed on the
top and bottom of the metal rings.
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The smectic catenoid is illuminated by either white or monochromatic parallel light
using a white and blue LED of wavelength 450 nm from the back. The displacement of
the two metal rings of the catenoid is controlled by a LabView computer software be-
cause manual manipulation was not possible under the experimental conditions. The
collapse process takes place within less than a few milliseconds, thus we have used a
high speed camera (Phantom VEO 710) equipped with a commercial Canon lens (See
Fig. 4.9). The typical recording speed is 7500 fps with a spatial resolution of approxi-
mately 1um/pixel. It is focused on the side of the bubble facing the camera (front side)
with high magnification to ensure that details of the island dynamics can be acquired.
However, it is not possible to observe the global shape of the bubble and the details
of the surface dynamics with sufficient resolution on the same camera image. Thus, a
GoPro camera at a recording speed of 120 fps is implemented at 90° with respect to the
Phantom camera in order to acquire the global view of the bubble during the oscillation
(Fig. 4.9). Two loudspeakers are implemented and controlled by a waveform generator
synchronized with the high-speed camera in order to generate acoustic waves with a

frequency of 50 Hz, a phase of 180° and a duration of 1 s from the moment of pinch-off.

Stepper

stepper
Motor r

=

Down

Blue light

Side view source White ligh
source

Figure 4.9 — (Right) The observation setup, showing the high speed and GoPro cameras. The
catenoid setup is enclosed inside a closed metallic box with glass windows in order to minimize
external disturbances such as airflow. Monochromatic blue light source is implemented in front
of the high speed camera. White light source is implemented in front of the GoPro. The bubbles
are observed in transmitted light. Note that the sketch of the GoPro camera is an approxima-
tion. The image on the right is a sketch of the experimental setup designed on SolideEdge by
Christoph Klopp. (Left) side view of the catenoid setup.
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After pinch-off, the bubbles oscillate for a few tens of milliseconds, before reach-
ing a spherical shape of equilibrium. It is in this time interval that the dynamics of
the smectic islands must be observed. However, under normal gravity conditions, the
initial shape of the bubble just after pinching-off is asymmetric. It usually pinches at
the upper end first, which influences the oscillatory behavior. In addition, since they
are freely floating bubbles, it is difficult to keep them in focus; they move from the fo-
cal plane and even leave the observation window of the optical microscope rather fast.
Hence, it is very difficult to study island dynamics in earth gravity experiments.

For this purpose, most of the experiments are performed in micro-gravity condi-
tions during the VP148 parabolic flights campaign of CNES at NOVESPACE (Bordeaux,
France) in October 2019. This campaign was carried out together with Torsten Trittel
and Christoph Klopp from the University of Magdeburg. It represents the continuation
of a series of previous parabolic flight experiments devoted to smectic bubbles by the
Magdeburg group.

During the parabolic flight campaign, more than 70 videos of oscillating bubbles
have been recorded. The data have been evaluated using a MATLAB routine that al-

lows to determine the island characteristics; positions, shape, radius, topology.

4.4 Smectic bubble produced by catenoid collapse

In the present study, we are interested in the dynamics of smectic islands under the
effects of the changes in the shape of the smectic bubble shape a non-equilibrium form
to the final spherical shape. In the next sections, I start by a brief discussion concerning
the bubbles produced by the catenoid collapses. Then, I discuss the results concerning
generation of islands. Later, I show results about the dynamics of the smectic islands

under an applied external stress.

4.4.1 Oscillation and Wrinkling of SmC bubbles

As we have shown in section 4.3.2, above the critical distance D,,;;, the catenoid
collapses and a satellite bubble is created at the center (Fig. 4.8). Fig. 4.10 shows im-
age sequences of the rupture of a catenoid-shaped film and the formation of a satellite
bubble that oscillates for a few dozen milliseconds until it reaches the stable spherical

shape. For such bubbles, the typical relaxation process goes through different stages
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Harth et al. [2019]; May et al. [2012, 2014]; First, a minimum neck radius is formed in
the vertical mirror plane of the catenoid. Second, the catenoid-shaped film collapses
and the satellite bubble forms in the center. Third, the bubble has an initial elongated
shape and it oscillates between prolate and oblate shapes while keeping a constant vol-
ume of material and reducing the global surface. Finally, the spherical shape is reached.
It is the most stable shape that minimizes the system energy.

The equilibrium average radius of the bubbles is about a ~ 2.3 mm. The exact bub-
ble radius in individual experiments slightly depends on the film thickness, local tem-
perature and other parameters. However, the film thickness can be controlled to some
extent by the ring’s separation velocity May et al. [2012]. Faster expansion typically
yields thinner films similar to the case of rectangular freely suspended smectic films.

The smectic bubbles produced by the collapse of catenoid films can have diverse
complex shapes during the oscillation process. This can be explained on the one hand
by the particular properties of the structure of the smectic films, its thickness and ho-
mogeneity (See section.4.1.2) and on the other hand by the different ways that smectic
bubbles pinch-off. The asymmetric collapse of thick and non-homogeneous catenoid
films have a crucial effect on the bubble shapes during relaxation Harth [2016].

Additionally, there are often two oscillating films that adhere at the rings after the
pinch-off. Their oscillations cause motion in the air surrounding the bubble, which
may represent additional forces that can affect the relaxation dynamics of the bubble
Harth et al. [2019]; May et al. [2014]. Alternatively, we can induce deformations of
the bubbles via acoustic waves generated with two loudspeakers implemented on the
rings (See Fig. 4.8). Then, one has the advantage to control the excitation amplitudes,
phases and frequencies. However, as soon as the spherical shape is reached, neither
the oscillating remnant films nor the loudspeakers implemented in our setup are able
to excite the bubbles and induce noticeable shape changes.

As aresult of these dynamic disturbances, holder film oscillations or acoustic waves,
bubbles that are far from the equilibrium spherical shape may undergo specific local
compression of the film area. Fig. 4.11 shows the formation of undulations on a smectic
bubble with a preferential orientation perpendicular to the contraction direction simi-
lar to the results reported previously by Harth et al. [2019]. Such dynamical transient
patterns are observed when the bubble undergoes fast geometrical shape transforma-

tions that may induce a strong enough local compression. When the compression stress
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Figure 4.10 — Relaxation of a smectic bubble of equilibrium radius a ~ 2.3 mm, created by the
collapse of a catenoid-shaped film. After pinch-off (t = 0 ms), the bubble has an elongated shape.
It will then relax to acquire the stable spherical shape, after about 56 ms. The bubble is excited
with oscillating films remaining on the catenoid rings and without loudspeakers. The white bar
represents 1 mm. The axis of symmetry of the catenoid is indicated by the white arrow.
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ceases, the wrinkling region is stretched and the undulations disappear. This wrinkling
phenomenon only happens when there is an external forcing. Without this forcing, the
coupled fluid mechanics of film and air control the stresses and in a simple relaxation
without undulations Harth [2016]; Harth et al. [2019].

Figure 4.11 — Formation of wrinkles in a freely floating smectic bubble. The latter is compressed
axially by the air flow generated around it by the residual films in the rings. The wrinkles are
normal to the direction of compression. The equilibrium radius of the bubble is estimated by
the two cameras to : a =~ 5 mm. The black square on the sketch of the bubble in the left image
indicates the field of view of the camera. The white bars represent 1 mm. The axis of symmetry
of the catenoid is indicated by the white arrow. The bubble is excited with oscillating films
remaining on the catenoid rings and without loudspeakers

4.4.2 Island generation

The thickness reduction of a smectic liquid crystal film is always coupled with flow
and thus redistribution of the film material. A local increase of the thickness of a smectic
film necessarily induces the generation and/or growth of islands (See Fig. 4.12) May
et al. [2012]. In addition to the reduction of the surface area at constant volume that can
generate the islands, other effects can also induce a reorganization of the smectic layers.
The airflow generated around the bubbles by the two oscillating films remaining at the

level of the metal rings creates an advection flow in the smectic material which forces
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the film to reorganize locally Harth et al. [2019]. In fact, such a flow can be divergent. A
positive divergence can lead to thinning of the film, such as the creation of holes or even
rupture of the film. A negative divergence compresses the film, so that the latter reacts
by forming islands. However, the islands nucleate in general from sites of the film
that contain impurities or seeds Oswald and Pieranski [2006]. Thus, their formation
is directly limited by the presence of seeds/impurities in the film. Therefore, it may
not be possible to nucleate more islands if there are no impurities, even a negative
divergent flow cannot induce island formation in this case. This is consistent with our
experimental observations, where the islands are nucleated either already during the
formation of the catenoid film or just before the pinch-off. We did not observe the
nucleation of new islands during bubble oscillations, only the growth of the existent

islands.

Stable Dilatation Compression
l — T -«
— e ———

Soap material

Smectic T V

Figure 4.12 — Reaction of soap (top) and smectic (bottom) films to dilatation and compression
forces. The force direction is indicated by the black arrows while the film reaction is along the
blow arrows. Soap film react to external perturbation by instantaneous thickness change, while
smectic membrane react by building islands or holes. Figure reproduced from May [2012].

Fig. 4.13 shows randomly distributed circular islands on a freely floating SmC bub-
ble. They are excess smectic layers in a thinner background film. They are surrounded
by dislocation lines that provide a line tension which shapes them circularly in equi-
librium. Geometrically, these islands are equivalent to two-dimensional droplets in a
two-dimensional fluid. In general, one cannot see the dislocation loops directly in the
reflective microscope, as their size is well below the resolution limit. What we see is
the boundary between regions of different thickness, which are in general of different

optical reflectivity, identified thus by different transmitted intensity.
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Figure 4.13 — Islands formed in freely floating bubble. Regions of larger film thickness are seen
as dark spots on the bubble. The equilibrium radius of the bubble is estimated by the two
cameras to : a ~ 2.7 mm. The sketch shows a section cut of an island bounded by a lines of
dislocations (in red). The black square on the sketch of the bubble in the left image indicates
the field of view of the camera. The white bar represents 1 mm. The axis of symmetry of the
catenoid is indicated by the white arrow. The bubble is excited with oscillating films remaining
on the catenoid rings.
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4.5 Dynamics of Smectic Islands During Bubble Relax-
ation

4.5.1 Island growth in freely floating SmC bubbles

Fig. 4.14 shows snapshots of the relaxation process of a smectic bubble of equilib-
rium radius a ~ 2.7 mm. The data are extracted from a video recorded at 7500 fps in
transmitted monochromatic light. The pinch-off time is approximated from the shape
of the bubble in the videos of the Phantom and GoPro cameras after the synchroniza-
tion of the two recording times. The axis of symmetry of the catenoid lies in the vertical
direction of Fig. 4.14.

The islands were already formed before the pinch-off. This can be explained by the
fact that catenoid-shaped smectic films reduce their surface area just before pinching
May [2012]. In Fig. 4.14, islands are identified by the dark spots. Their brightness is
directly related to the local film thickness Stannarius and Cramer [1998]. In our sys-
tem, we were not able to measure the exact values of the islands thickness because of
the white light reflected from the light source used for the GoPro camera observations.
However, we can estimate the thickness of the islands from the previous work by May
etal. [2012, 2014], where the authors have used monochromatic light for thickness mea-
surements. For bubbles of the same size as those we have studied and made of the same
SmC material, the bubbles film have a thickness of about 20 nm. On the other hand, the
islands are found to have a few extra layers compared to the background film. Thus,
considering the thickness of one smectic layer for our SmC material, d ~ 3 nm, the is-
lands can have thicknesses close to that of the background film.

We measured an average of 30 to 40 islands formed on each bubble. They can in-
teract with each other and in some cases, the islands can even merge. Despite the
importance of the coalescence phenomenon, it will not be analyzed during this work
Shuravin et al. [2019]. We have chosen islands that are sufficiently isolated from neigh-
boring ones to avoid any coalescence during the analysis of dynamics. In addition,
depending on their position and orientation on the bubble’s surface respective to the
optical axis of the camera’s lens, any island that lies in a plane forming an angle other
than 90° to the optic axis, are deformed due to the perspective view. Therefore, for
the measurements of the dynamics, we have considered the long axis of the elongated

island as the radius r (see Fig. 4.15). The shape of the islands in equilibrium is circular.
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t=0ms —p t=6ms —p t=16ms
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t=49ms ——p t=89ms—>»t=129ms

Figure 4.14 — Relaxation dynamics of a freely floating smectic bubble. The dark spots on the film
are growing islands of different thicknesses and diameters. t = 0 ms is the pinch-off time. The
equilibrium radius of the bubble is approximated by the two cameras to : 2 ~ 2.7 mm. The black
square on the sketch of the bubble in the left image indicates the field of view of the camera.
The white bar represents 1 mm. The axis of symmetry of the catenoid is indicated by the white
arrow. The bubble is excited with oscillating films remaining on the catenoid rings.
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However, when the oscillations of the bubble are faster than the relaxation of the island
shape, the islands can be temporarily stretched into elongated shapes. We have chosen

to study islands which remain mostly circular and are not stretched.

Figure 4.15 — Sketch of examples of islands deformed due to the perspective view. For dynamic
measurements, the radius, r, is considered as the long axis of the elongated island.

I'have evaluated the dynamics of about 80 smectic islands from 70 bubbles. Fig. 4.16
shows the growth rates of the surface area of three randomly chosen islands taken with
a similar size and from two different bubbles. The results show the existence of two
different regimes. A first regime corresponds to the surface area of the island increasing
approximately quadratically as a function of time. This regime has previously been
reported by Dahmlow et al. [2018]; May et al. [2012, 2014]. It is only observed during
the oscillation phase of the bubble. As soon as the contractions of the bubble cease and
the spherical shape is reached, the second regime is observed, where the surface area
of the island remains approximately constant. It is expected that during the second
regime, further island dynamics, e.g., coalescence, may take place but on the time scale
of minutes or hours Clark et al. [2017]; Shuravin et al. [2019].

A close look at Fig. 4.16 reveals a difference in the rate of growth in the surface
area of the islands. Such a result can be explained by the difference in thickness of the
islands. The thicker islands, which appear darker, tend to grow more slowly (black and
red curves) than the thinner islands (blue curve) as the bubble size decreases. Such a
result is consistent with those reported by May et al. [2014]; Oswald et al. [2003].

Strange behavior of some islands

In the routine of measuring the evolution of the surface area of the islands, we have

noticed that in 25 plots out of 80, the curves display a strange behavior. This phe-
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Figure 4.16 — Growth of the surface area of the islands as a function of time. The dotted line
separates the two different island dynamics regimes. A quadratic growth is specific to the os-
cillation regime, while a constant surface area characterizes the second dynamic regime. The
difference in growth rate in the first regime can be attributed to the difference in thickness of
the islands. The right images, show the three measured islands. The island number 3 is the
thinnest (brightest) and number 2 is the thickest (darkest); see text for explanation. The black
bar represents 200 ym
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nomenon is shown in Fig. 4.17. After pinch-off, the island area, which is the projection
of the surface area of the island in the film plan, starts to grow with the usual quadratic
dependence on time. Suddenly, the radius of the island decreases rapidly and we ob-
serve a decrease in the island area (see the dashed squares in Fig. 4.17). After a short
time, the island area starts to grow again reaching back the initial quadratically increas-
ing curve. Then, it continues to grow until the bubble reaches the spherical shape and
until the second regime is reached. Fig. 4.17b shows the same behavior as Fig. 4.17a

but with two drops. This feature has been observed in 3 cases of islands out of 25.
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Figure 4.17 — Growth of the island area as a function of time. The brutal drops are indicated by
the black dotted squares. The solid red line is a quadratic fit. See text for more explanation.

Where did this strange drop come from? Harth et al. [2019] have reported that
smectic bubbles can bulge out of the plane when they undergo strong and fast in-plane
compression. They showed that the bulge sites are exactly at the positions of the is-
lands. Thus, one may associate the observed drop in the curve of the island area in
function of time with such a phenomenon. In the following section, I focus on this

specific behavior of the islands.

4.5.2 Wrinkling of smectic islands
4.5.2.1 Ring-shaped wrinkles

Fig. 4.18a shows the optical image sequences of a typical island during the appear-

ance of the strange phenomenon; we do not identify any bulge but instead: circular

141



4.5. DYNAMICS OF SMECTIC ISLANDS DURING BUBBLE RELAXATION

wrinkles are observed within the island. In Fig. 4.18b, we show the optical microscopy
intensity profile measured along a line drawn across the island (see red dashed line in
Fig. 4.18a). The wrinkles are characterized by a selection of a wavelength A. For this
exemplary island, the wavelength is A ~ 40 &5 ym at t = 72 ms, which is of the same
order of magnitude as that measured for wrinkles in bubbles, A ~ 20 ym, by Harth et al.
[2019].

We show in Fig. 4.18c the space-time plot of this island. The intensity profile of the
wrinkles along the red line is shown in function of time in Fig. 4.18a. Note that the
dark lines parallel to the radial-coordinate axis at about t = 70 ms, are artifacts due to
the background film. We deduce from the figure that the wrinkles regularly form at the
inside first, then new wrinkles appear at the outside during the time as shown by the
dark and bright lines parallel to the time axis being formed gradually. This process is
achieved with a simultaneous small reduction of the wavelength, A, of approximately
15% between t = 49 ms and t = 72 ms. This result is consistent with that reported by
Harth et al. [2019], where the wavelength of the wrinkles that appear in the bubble film
decreases during the compression phase and subsequent increase during the expansion
phase. Unfortunately, on the other islands displaying concentric wrinkles, we never
had an optical quality good enough to confirm this result.

The wrinkles develop on a time scale of a few milliseconds, much faster than the
time scale for the generation or expansion of new islands. However, after a certain
period of time, the wrinkle patterns gradually disappear on the outer side first, and the
effective area of the island in the film plane increases again to reach back the first rate
of growth (Fig. 4.17) and keeps growing until the bubble reaches the spherical shape.
The fact that once the wrinkles have disappeared, the evolution of the radius of the
islands back again on the same curve as before the wrinkles appeared (See Fig. 4.17),
demonstrates that the surface area of the islands continues to grow even during the
formation of the wrinkles. This can be achieved by increasing the amplitude of existing
wrinkles and by the formation of new undulations, which may reduce the wavelength.
This is qualitatively consistent with the amplitude measurement of optical intensity in
Fig. 4.18b. Between t = 49 ms and t = 72 ms, the intensity amplitude is almost doubled
indicating that the amplitude of the wrinkles increased.

Even though the energy required to deform the smectic film is larger for a thick

film than for a thin film Harth et al. [2019], it seems contradictory that islands, which
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Figure 4.18 — (a) Formation of typical ring-shaped wrinkles within the island surface. (b) Wrin-
kle intensity profile plot along the red line as a function of time. (c) Space-time plot showing the
dynamics behavior of wrinkles over time. The wrinkles regularly form at the inside first, then
new wrinkles appear at the outside as a function of time as shown by the dark and bright lines
parallel to the time-axis being formed gradually. The bubble is excited with oscillating films
remaining on the catenoid rings.
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are thicker regions, deform before the background film. We study in the following a

possible origin of this observation.

4.5.2.2 External perturbations

What can induce the appearance of such wrinkles within the islands? The fact that
wrinkle patterns appear with a certain delay and not just after pinch-off may be related
to some additional brutal stress that the island may undergo during their growth. The
additional stress may be due to the fact that after pinch-off, smectic bubbles undergo
at several occasions a strong and fast external perturbation. For example, the airflow
created around the bubble by the two remaining films on the catenoid rings or the two
loudspeakers can create an additional lateral compression. This leads to a local shrink-
age of the bubble which can induce wrinkle generation in bubbles already discussed in
the section 4.4.1 Harth et al. [2019] and could also induce a wrinkling of islands. An-
other source of perturbations may be associated with the complex shapes that a smectic
bubble can acquire during the oscillations regime. Fig. 4.19 shows the region where the
island studied in Fig. 4.18 is observed. When these complex regions appear, they can
create local compression in the film that in this case not only induces wrinkles in the
island shown by the black arrow but also an array of the bubble entirely covered by
wrinkles (See the circle in Fig. 4.19).

Fig. 4.20 shows an example of section of a bubble randomly speckled with islands.
In order to estimate the local compression applied to this section, I mark the vertical
positions of two randomly chosen island, at t = 14 ms, by an upper and a lower solid
blue arrows. In the following images, I track the instant positions of the two selected
islands, which is shown by the upper and the lower open blue arrows. The solid ar-
rows point to the initial position of the islands at t = 14 ms. Thus, from the difference
between the open and solid arrows, we can measure the local axial contraction of the
bubble section. We found that between ¢t = 14 ms and t = 37 ms, this section contracts
by about 35%, with a shrinkage rate of about 1.5% per millisecond. When the axial
contraction reaches about 10% (tf ~ 24 ms), some islands in the displayed region react
to the lateral compression in a different way than normal growth or wrinkles genera-
tion. They extrude bulges in their centers. The bulge consists of a nucleus that appears
and grows at the center of the island and that has been evidenced previously by Harth
[2016]; Harth et al. [2019]; May et al. [2012] (See section.4.2.2). It has been shown that
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t=8ms —» t=11ms

t=18ms —» t=30ms

Figure 4.19 — Complex shape acquired by the SmC freely floating bubble during the oscillation
regime. Bubble wrinkles are formed close to the deformed region of the film (shown by the
black circle). The island studied in Fig. 4.18 is shown by the black arrow. The black square on
the sketch of the bubble in the left image indicates the field of view of the camera. The white
bar represents 1 mm. The axis of symmetry of the catenoid is indicated by the white arrow. The
bubble is excited with oscillating films remaining on the catenoid rings.
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the characteristic lateral extensions of the bulges depend on the size of the islands. The
diameters of the bulges are of the same order as the diameters of the islands. They occur
on a time scale of a few milliseconds, much faster than the formation of new islands.
As long as the section of the bubble contracts, the bulges develop and can form tubules
that may even separate from the film (See the black arrow at t = 37 ms in Fig. 4.20).
However, when the compressed section stretches again, the bulges disappear and the

islands become flat again.

t=14ms ————p t=27mMs ——p t=37ms

Figure 4.20 — Formation of bulges at the islands during the oscillation of a bubble. The blue
arrows are used to determine the local compression (see the text for explanation). The black
arrow in the image at t = 37 ms, shows the formation of a tubule. The black square on the
sketch of the bubble in the left image indicates the field of view of the camera. The white bar
represents 1 mm. The axis of symmetry of the catenoid is indicated by the white arrow. The
bubble is excited with oscillating films remaining on the catenoid rings.

When the external compressive stress is too fast to be compensated by the growth
of the surface area of the island alone, the island may react by generating wrinkles and
bulges. They are formed in order to compensate the compressive stress while keeping
the same rate of growth of the island surface area. The wrinkles allow for the smec-
tic film within the island to be drawn towards each other in three-dimensional space,
i.e. to reduce the effective surface area of the bubble locally. Thus, their presence shows
that under fast and strong compressive stress, the smectic films behave like membranes
with zero surface tension. Such phenomena cannot be observed in low-viscosity con-
ventional fluid films, such as soap bubbles, because those bubbles can almost instanta-

neously change their thickness or reduce their surface when exposed to strong and fast
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compression.

4.5.2.3 Wrinkling bubble model

Harth et al. [2019] have developed a model to describe the wrinkle structures ob-
served in freely floating bubbles and to estimate the value of the selected wavelength.
The model has been developed for SmA films but was applied to SmC bubbles. The ex-
ternal disturbances were mainly associated with the complex airflow that causes local
compression of the bubble film. The model, for simplicity, is one-dimensional, but it
captures the main features of the structure qualitatively. The authors considered a rect-
angular film with a fixed width B and initial length Lo = L(t =0 s) (See Fig. 4.21). The
wrinkle wavelength is A and the amplitude is a. The film area is considered compressed
by opposing forces F; along z and -z. Thus, the film reacts by forming N wrinkles with
an initial wavelength Ag = Lo/ N and amplitude a(t). The authors approximated the
small deformations of the film in the x direction by the harmonic ansatz X(z) = asingz,
with g =27 /A (See Fig. 4.21). The initial wave number is g9 = 271N /Ly. As the model
treats the initial wavelength selection process, the authors approximated the wave-
length to be fixed during the wavelength selection and q ~ gg. The temporal variation
in the experiments does not exceed ~ 10%. For the description of the wavelength se-
lection process, at least one mechanism that inhibits the formation of short-wavelength
undulations and another that inhibits the tail at long wavelength have to be defined
Harth et al. [2019].

The compressive force per unit of width of the undulated film is given by f; = F;/B.
This force perform a mechanical work on the film during the compression as: Ws(t) =
fsB(Lo — L(t)). Using the relation Ly = fOL V/1+ (dX/dz)2dz, Ly can be expressed as a
function of L as the following: Lo ~ (1 + a?¢*/4)L. Thus, W; can be written as

Ws = f—stanz (4.3)

This term contributes to a preference for short wavelength modes.
The presence of the wrinkles bends the smectic membrane. This bend is related to a
free energy density contribution of the form
1

Wy = EI<(X")2 (4.4)

K here is considered as the bending elasticity of the smectic layers. It mostly con-

tains contribution from the splay deformation of the director 7(z). Harth et al. [2019]
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Figure 4.21 — (a) Rectangular compressed film geometry. The left sketch shows the details of
the film layer structure and the molecular arrangement. The arrows indicate the local director
7l orientation. (b) Characteristics of the air flow on both sides of the film (small arrows) induced
by the formation of wrinkles (big arrows). Republished with permission of ROYAL SOCIETY
OF CHEMISTRY, from Dynamic wrinkling of freely floating smectic films, Harth et al. [2019].
2019, 15, 6769; permission conveyed through Copyright Clearance Center, Inc. (c) 3D sketch of
a wrinkling circular island showing the applied forces. The red circles indicate the dislocation
lines surrounding the island. A is the wrinkles characteristic wavelength.

reported that only the splay deformation dominates the smectic layer bending elasticity,
other contributions can be neglected Fujii et al. [2011]; Santangelo and Kamien [2005].
In the case of small deformations, the spatial derivative of the director 7i ~ (1,0, X’) =

(1,0, —agcosqz), is linearly coupled to layer undulation in the SmA phase as

L dn,  d2X
Thus, . L
W R Wolastic = Eks(Vﬁ)z = Esazq4 sin? gz. 4.6)

The corresponding mechanical work can be obtained by integrating w; over the
wrinkled region, with the average sin’qr = cos?qr = 1/2 as
_ ksLBh , 4
== 9

h is the smectic film thickness. The authors reported that this model is correct only

W, (4.7)

for SmA films because the elastic deformations are more complicated for the SmC bub-
ble. This is why this simplified model is dedicated to the qualitative description of the

instability mechanism.
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On the other hand, the rate of wrinkle growth needs to be connected to the airflow,
as described in Fig. 4.21b, from the crests to the valleys of the undulation, and conse-
quently to the pressure profile along the film, p(z) = pgsingz. Harth et al. [2019] have
used the following damping mechanism, already used for the description of wrinkles
of elastic sheets on a layer of a viscous fluid by Kodio et al. [2017], in order to qualita-
tively relate the pressure gradients (p(z)) in the film plane with the airflow along the

film (z direction), j,, as the following

jz=—Cp'(2). (4.8)

C is a geometric constant that describes the complex flow processes that redistribute
the air along the wrinkling film on both sides. Harth et al. [2019] assumed that C is
wavelength independent. The film deformation changes according to

d]Z B

X =
dz

—Cp"(2). (4.9)

Eq. 4.9 leads to the relation between the growth of the deformation amplitude and
the pressure amplitude as Harth et al. [2019]

a=Cq*py, p=aC g %singz. (4.10)

The dissipated energy in the process is Harth et al. [2019]

L L
W= /0 pdV = B /0 pXdz. @.11)

The authors have shown that the film locally performs the work pdV associated
with the air pushed aside which is assumed to be dissipated by the displacement of air
near the film during the growth of the undulation amplitude. Therefore,

Wy = B/ C g7 %sin?(gz)aadz = —— bL

5 qu (4.12)

The balance between the works, Ws = Wy + W, yields the following dispersion

relation C
a=(fuq* — kshq6)5a, (4.13)

which describes exponential growth of an unstable mode band between g=0 and
gc = +/fs/ (ksh) Harth et al. [2019]. This implies that wrinkles with short wavelength

are suppressed by the bending elasticity of the smectic layers and those with large
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wavelength grow slowly. Hence, for an intermediate wavelength, an optimum growth
rate exists allowing for a specific wavelength selection. The fastest growing mode is

calculated to be

_ |2
Qmax = ki’ (4.14)

with the maximum growth rate

2C f3

Smax = ﬁk%? (4.15)

The wave number g, (Eq. 4.14 ) depends on the elastic constant and the film
thickness. It decreases when increasing i and ks for a given compressive force f;. The
compressive force is thus the essential ingredient for the formation of the undulation
in the film. It needs to exceed a critical value set by / and k; in order to form an un-
stable mode band with sufficiently quick growth rates Harth et al. [2019]. The authors
reported that for a wavelength of 20 um, the model leads to f; of the order of 3nN m !
(ks =10 pN and h = 20 nm).

4.5.2.4 Wrinkling island model

The model developed by Harth et al. [2019] treats the experimental case where wrin-
kles appear in the bubble-forming film considered with a constant surface (Fig. 4.21).
Thus, we try to adapt this model to circular islands, where the line tension of the sur-
rounding dislocations must be taken into account. The surface area of the island is con-
sidered to be compressed by external compressive forces, F;, considered as dispersed
along the island perimeter. The corresponding mechanical work, W, in the radial con-
figuration of the wrinkling island is therefore: W5 = f;27tr(rg — r), with f; the force per
unit of length and r( the initial island radius. Proceeding as the previous model, the
response of the film is formation of wrinkles with initial wavelength Ay and amplitude
a(t). The initial wave number is gg = 271/ Ay. We approximate the wavelength, A, to be
tixed during the wavelength selection process, and g ~ go. The temporal variation in
the experiments is indeed only about 15%.

In the case of an undulated island, the small deformations of the film in the radial
direction are different from those considered by Harth et al. [2019]. The presence of

a small ridge in the center of the island, shown in Fig. 4.18, does not allow perfectly
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to describe the radial deformation by the Ansatz harmonic function. The use of an-
other set of Ansatz functions such as the Bessel function could be a consistent descrip-
tion. However, for a first simplified model, we approximate the radial deformation
of the undulated island by h(r) = acosqr, with g = 27t/ A, which may be correct for
small enough undulations. The surface area of the island in the absence of wrinkles
is: A = 7tr}. In the presence of wrinkles, the surface area can be obtained in the cylin-
drical coordinate system as A =2m [ V1+ 12 pdp~ mr?(1+ ”Zqz) Thus, we obtain

ro~ry/ 1+ i q ~r(l+ 5 ) for small enough undulations. Therefore, the mechanical

work performed by the compressive force, Ws, can be written as

fs—a 7> (4.16)

The bending of smectic membranes induced by the wrinkles leads to an elastic free

energy density contribution of the form Harth et al. [2019]
k
Wy A Welgstic = Esazq‘Lcoszqr. (4.17)

The mechanical work associated with the bend of the smectic layer can be derived

similarly to the previous model Harth et al. [2019], with the average cos?qr =1/2, as

2
:ksrcrh 2 4

W, 1 asq-. (4.18)

On the other hand, the relationship between the growth rate of the undulation, the
airflow and the pressure profile in the case of wrinkling islands could differ from that
of rectangular films. The inhomogeneities of the amplitude of the wrinkles, especially
when approaching the center where the small ridge is formed, could induce a distri-
bution of the airflow not homogeneous across the wrinkles in contrast with the case
in rectangular films. Since we are interested primarily in the qualitative description of
the instability mechanism and to compare the order of magnitudes of the different pa-
rameters, this effect is considered of secondary importance. Therefore, the performed

mechanical work, Wy, in the radial geometry of the island is assumed to be

12

If we now want to take into account the line tension created by the dislocation lines

around the islands, we can notice that the line tension, 7, plays a role similar to f; with
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a positive work when the island perimeter decreases. The performed mechanical work

can be written as: W; = y27t(r — r¢), therefore

W; = 'y%azqz. (4.20)
The balance between the works, Ws + W; = W, + Wf, leads to the following disper-

sion relation

0= [(fo+ (11 — k'] SaPa=[(f+ (v/re))g* — kb 5o @2

Since we are interested in a qualitative description of the instability mechanism,
the radius r is approximated to be set to a constant value 7 ~ 107* m. Eq. 4.21
describes an exponential growth of an unstable mode band between =0 and g, =
V (fs + (v/rc))/ (ksh). The fastest growing mode is calculated to be

_(2(fs+ (v /7))
Gmax = \/ 3k (4.22)

with the maximum growth rate

L2 (ft (1/r))
7 k2h2

(4.23)

We have obtained a wavelength of 40 ym. If we consider that the wrinkling island
shown in Fig. 4.18 has only two extra layers compared to the background film, we find
that (fs + (7/7.)) of the order of 2nN m~!.

This result is consistent with the observation that wrinkles are favored by the effect
of line tensions and are formed in islands without inducing wrinkles in the bubble be-
cause fs is smaller than 3 nN m~1. However fs is not negligible with respect to /7.
otherwise wrinkles would be observed in all islands even without external perturba-
tions. This leads to a value for 7 not larger than 2.107!3 N. In the literature there are
very few measurements of dislocation line tensions. It has been measured by Géminard
et al. [1998] for SmA 8CB, to be proportional to the Burgers vector and to a line tension
T of the order of 10~!! N. This value is significantly larger than the one found here
which may be related at least partly to the SmC nature of the material. For example it
has been shown recently that the internal structure of SmC edge dislocations could be
significantly different than the one of SmA Zhang et al. [2015].
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4.5.2.5 Influence of island size

Fig. 4.22 shows a typical image sequence of a contracting section of a relaxing bub-
ble which is randomly speckled with islands. The islands were either already present in
the catenoid or formed during the pinch-off. In order to visualize the contraction of the
bubble along the axis of the catenoid (axial contraction), we mark two random islands
located in the direction parallel to the axis of symmetry of the catenoid by the solid
green arrows. Then we follow their instantaneous position, indicated in the following
images by the open green arrows, during the contraction of the bubble with respect to
the initial positions (solid green arrows). The total axial contraction of the bubble in the

displayed region amounts to ~ 9%.

t=20ms ——— t=30ms —— t=42ms

Figure 4.22 — Formation of a bulge at the center of the island shown by the red square. The
island shown by the yellow square generates circular wrinkles. The island shown by the blue
square seems not affected by the lateral compression and it grows normally. The solid and open
green arrows indicate the lateral compression over time. t = 0 ms is the pinch-off time. The
axis of symmetry of the catenoid is indicated by the white arrow. The bubble is excited with
oscillating films remaining on the catenoid rings. The black bar indicates 1 mm.

The region shown in Fig. 4.22 is interesting because we evidence three different
phenomena in parallel. The large island shown by the blue square grows without de-
veloping any wrinkles. On the other hand, the island shown by the yellow square is
affected by the compression and generates ring-shaped wrinkles similar to the pattern
observed in Fig. 4.18 (particularly visible at ¢ = 30 ms). The small island, shown by the

red square reacts to the compression by a formation of a bulge at the center.
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The medium-sized island shown by the yellow square undergoes a stress large
enough to induce wrinkles in the island. From pinch-off and up to t = 30 ms, this
island grows normally without forming any deformation to reach a radius of about
90 ym. From t = 30 ms, wrinkles appear. At this time an abrupt external stress may be
applied to the islands leading to a formation of wrinkles with a selection of wavelength.

We consider the various islands to be of equivalent thickness according to their sim-
ilar contrast on the images. We understand from the observation that no wrinkles are
observed in the large island surrounded by a blue square. This island continuously
grows but does not display any wrinkle. The compressive force, f;, can be considered
similar to the one for the intermediate island surrounded by a yellow square, which is
very close. However y/r. is smaller for the larger island since 7. is larger. As a result,
(fs + v/rc) is not large enough to induce wrinkles if r. is larger than 90um, the radius of
the large island. f; being too small to induce wrinkles in the large island, consistently
we may expect no wrinkle in the bubble around as observed.

The third and smallest island shown by the red square undergoes the highest stress
compared to the two previous islands, because the term 7y /7. becomes important in this
small island. The compressive stress added to the line tension exerts a large stress. As
a consequence, the island has the tendency to also wrinkle like the intermediate island.
However, it may not be possible to accommodate formation of wrinkles because the
size of the island is smaller or of the same order of magnitude as the characteristic
wavelength of the wrinkles A. This suggests that for islands with a radius of the order
of A or smaller, the formation of wrinkles cannot be accommodated within the islands.
Thus, instead the island bulges out of the film plane. Indeed a bulge is observed in
the small island at the same time where wrinkles are observed in the intermediate one,
so when the external abrupt stress starts. Sometimes the bulges transform into tubule
that can even pinch-off from the film. This can finally induce another type of wrinkle
pattern, which I discuss in the next section.

It is now clear that the line tension of the dislocations around the islands plays a

crucial role to select the wavelength of the wrinkles observed in the islands.

4.5.2.6 Star-shape wrinkles

When a small island cannot react to compressive stress by generating circular wrin-

kles, this island bulges out of the plane of the film and tubule can form as shown in Fig.
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4.22. However, the formation of thin bulge or tubule in the center of the island may pro-
vide a different type of stress which induces radially aligned wrinkles. Fig. 4.23 shows
a typical example of star-shaped wrinkles, where radial indentations are formed within
the island surface. This situation was observed only in two islands during our study.
The effect induced by the extrusions of the island’s tubule is similar to that induced
by an AFM tip pressing the surface of a graphene sheet Lee et al. [2008]. This type of
wrinkle morphology has also been observed in bubbles Harth [2016]. It forms when
the bubble film is stretched in a direction other than the overall relaxation direction of
the bubble (Fig. 4.24).

For both types of wrinkle patterns; ring and star-shaped, it is reasonable to assume
that the surface area of the island follows the quadratic dependence in function of time
even when wrinkles are formed. Only the extension of the island in the film plane
(projection on the film plane) is reduced. The wrinkles allow for the smectic layered
material to be drawn towards each other in three-dimensional space. Similar to wrin-
kles observed in freely floating smectic bubbles (See section.4.4.1), island wrinkles are
transient dynamic instabilities. They disappear as soon as the local compressive stress
ceases.

In summary, we can see now that smectic islands react to external stress in unex-
pected ways. Our experiments revealed two types of dynamic wrinkles; ring and star-
shaped patterns. The type of wrinkle depends on the distribution of stress. As we will
see in the following section, the topology of the observed wrinkles is similar to that of

a solid sheet subjected to unilateral compression.

4.5.3 Smectic islands can wrinkle like solid sheets?

In a recent study by Zhao et al. [2011], a shape-memory polymer was covered with
a thin gold layer. The authors have described different wrinkle morphologies upon
temperature changes as a consequence of thermal expansion mismatches between the
gold and polymer layers. Fig. 4.25 shows in the upper row two images of the poly-
mer/gold film stack after shape recovery of the polymer material. In the left image,
the polymer was treated such that it forms a protrusion after thermal recovery, and a
radial ray-like pattern is formed. In the right image, the gold film wrinkles in a circular
target-like pattern. The wave length selection of the target pattern in the polymer film

is governed by the ratio of elastic moduli of mutually connected layers. On the other
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t=40ms ——» t=46ms

t=567ms —» t=62ms

Figure 4.23 — Formation of a tubule in the center of an island. The detachments of such a tubule
creates a stress that causes the island to wrinkle as shown at t = 57 ms. Note that t = 0 ms is
the pinch time. When the disturbance induced by the tubule ceases, the wrinkles disappear as
observed at t = 62 ms and the island continues to grow until the spherical shape of the bubble
is reached. The bubble is excited with oscillating films remaining on the catenoid rings.
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Figure 4.24 — Formation of radial-shaped wrinkles in SmC bubbles. Image reprinted with per-
mission of K. Harth Harth [2016].

hand, the star-like radial wrinkles can be attributed to a compromise of stretching and
bending of an out-of-plane indented membrane. Similar patterns have been described,
e. g., in solid polymer films floating on water surfaces Huang et al. [2007] Holmes and
Crosby [2010] Vella et al. [2015].

The patterns shown in Fig. 4.25 are very similar to the SmC wrinkles observed in
our bubbles (Fig. 4.25¢ and Fig. 4.25d), and similar explanations may be sought. These
structures are related to the same compression processes, but their nature is quite dif-
ferent. The key difference with respect to previously described patterns in uniformly
thick smectic films, common to all patterns shown in Fig. 4.25, is that the circular is-
land geometry poses specific boundary conditions to the patterns that define the pat-
tern morphologies. However, the main difference between smectic island and gold or
polymer is related with the mechanism driving the wrinkles which monitors the typical
distances at play. However, more investigations remain required now to deeply under-

stand the phenomenon, in particular the development of more quantitative models.
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Figure 4.25 — (a) and (b) : Images of gold coated shape memory polymers after shape recovery
of a locally indented sample. Left: Radial pattern above a protrusion of the shape-recovered
polymer, right: Ring pattern above a pre-indented area. Image reproduced from Zhao et al.
[2011] with permission of IOP Publishing, Ltd. (c) and (d) : Star and ring shaped wrinkle
patterns observed in smectic islands.
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4.6 Summary

Our investigation on the dynamics of the islands formed in SmC freely floating bub-
bles have been performed by means of high-speed camera, under zero-gravity condi-
tions. We have recovered the already demonstrated quadratic growth of the islands,
but that appears to be followed by a second regime where further islands dynamics,
for example coalescence, may take place at time scale of minutes or hours. We have
shown that smectic islands in freely floating bubbles can form dynamical wrinkles with
two types of patterns when they undergo in-plane compression: ring and star shaped
wrinkles with a selection of wavelength A of the order of some tenths of micrometers.
The formation of these wrinkles is a consequence of the abrupt compression applied
on the islands. We have associated this abrupt change to external disturbances that can
take place due to two main sources: (1) The airflow around the bubble generated by
the oscillating films remaining on the two catenoid rings or the loudspeakers, which
locally compresses the smectic film. (2) The complex deformed areas that the bubble
acquires during the relaxation dynamics, which can also create local compression of the
film.

The model previously developed to describe the structure of wrinkles in bubbles has
been adapted for the case of circular island deformation. This new model explains the
fact that islands, which are thicker regions, deform before the background film, high-
lighting the importance of the line tension of the dislocations that surround the islands.
The line tension is added to the compression force applied to the island during bub-
ble relaxation to provide enough stress allowing to form the wrinkles, these wrinkles
being not observed in the background film next to the island, where the compression
force without the line tension may not be enough to form the wrinkles in the film.

The adapted model also explains the experimental observations, related to the size
of the islands. The contribution of line tension decreases with the radius of the island
and, when added to the compression force, it does not provide enough stress to form
the wrinkles in large islands. This is in contrast with smaller islands, where the contri-
bution of line tension becomes important and provides enough stress to form circular
wrinkles with a A wavelength selection. However, when the size of the islands be-
comes of the order of A or smaller, the formation of circular wrinkles can no longer be
accommodated and the island bulges out of the film plane.

The formation of bulge in the center of the islands causes another type of stress dif-
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ferent from that applied by the compression force and line tension on flat islands. This
new type of stress induces the formation of another wrinkles pattern: radial-shaped
wrinkles.

We were then able to conclude that smectic islands can behave as solid sheets under
sufficient compression stress. The wrinkle patterns in smectic islands are structurally
equivalent to, for example, thin gold films on a polymer substrate with incompatible
coefficients of thermal expansion under temperature changes. This phenomenon can-
not occur in conventional low-viscosity soap films because they can instantly change

their thickness and film surface under lateral compression.
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Chapter 5

General summary and perspectives

During the thesis, we have explored a small part of the rich field of the dynamics
of topological defects in liquid crystals. The specificity of freely suspended smectic
tilms over LC cells makes them particularly suitable for defects dynamics experiments.
Homogeneous films can be prepared with thicknesses down to some nanometers. If
they are kept away from external disturbances, they can remain solid for a long time
up to several months. The large aspect ratios between the thickness and the surface area
on the one hand, and the intern SmC structure on the other hand make them ideal two-
dimensional systems for the dynamical study of topological defects. We went through
several geometries of freely suspended smectic films, frame-supported flat films and
freely floating bubbles, in order to study the dynamics of defects of different types:

dislocations and disclinations.

In the second Chapter, we considered rectangular frame-supported freely suspended
SmC flat films. We prepared films with thicknesses of the order of 1 ym and a width of
about 5 mm. In the course of our investigations, we performed a study of the dynam-
ics of isolated and well-controlled +1 defect pairs in freely suspended SmC films. The
defect pairs have been created with a new technique which allows to control their num-
bers as well as their spatial positions in the film. We have focused on a detailed analysis
of the mutual attraction and annihilation of the 1 defect pairs. Our experimental re-
sults show that the classical model that describes the motion of defect pairs using a
quasi-equilibrium configuration partially fail to describe the annihilation process of £1
defects. Most pairs annihilate along a curved and non-linear trajectory not predicted

by the classical model. We argue that this disagreement is due to the properties of the
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defects themselves which have been disregarded by the classical model. The orienta-
tion of the defects must be taken into account to describe their mutual interaction and
annihilation, a parameter that has not been considered in the classical model. We have
shown that the defects simultaneously change their phases as well as their spatial po-
sitions during the annihilation, which induces the curved trajectories, a result that is
consistent with a recent model that underlines the importance of defect orientations.
However, we have shown that the far c-director field which has been ignored in the re-
cent model affects directly the defect dynamics. It exerts a torque that tends to align
the pair in a direction corresponding to the minimum elastic distortion. The correlation
function between the defects phase mismatch, 48, and the misalignment of the pair
with respect to the far director field, ¢, has been determined experimentally. We have
shown that both parameters are not independent of each other. We suspect that this is
a common feature of topological defect pairs in many other 2D systems. The classical
model remains valid for the special case of aligned, matching pairs. For misaligned and
mismatched pairs the experimental data reveal the limitations of the defect interaction
models in liquid crystals.

We have found that the experimental results are in agreement with the simulations,
which are based on the one-constant approximation, regarding the correlation between
06 and é¢. This suggests that the anisotropy of the elastic constants (Ks # Kp) does
not play a major role, but it is essentially the far c-director that plays a crucial role in
the dynamics of £1 topological defects. A short-term perspective would be to carry
out similar experiments on the dynamics of +1 topological defects in freely suspended
films using other SmC materials that have different values of elastic constants. This
could allow to confirm the non-crucial role of the elastic anisotropy.

A long-term perspective is the study of the dynamics of topological defects in SmC
freely suspended films with topological charges other than S = £1. These studies could
present a frame that would serve to develop generalized theoretical models for the
dynamics of topological defects in liquid crystals. Such problems are of direct interest
for cosmology-related topological defects, where it is essential to acquire knowledge

about the dynamics of cosmologically relevant defects, such as cosmic string evolution.

The following Chapter 3, is devoted to the study of the observed velocity asymme-
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try of the defects during the annihilation process. We found that the +1 defect moves up
to twice as fast as the -1 during the annihilation. This phenomenon has been observed
previously in nematic cells. It was associated with the effects of the backflow on the
motion of defects according to their topological charges. Using a technique based on
dye bleaching, we have studied the behaviors of the flow field around the defect pairs
during their mutual attraction in freely suspended SmC films. By tracking bleached
ROIs, we have found that the motion of the +1 defect is accompanied by a flow of ma-
terial in the same direction and with comparable velocity. This contrasts with the -1
defect around which no material flow has been observed. The observations reveal the
existence of weak flow advection around the positive defect that we have linked to the
predictions of a numerical study that predicts the existence of flow vortices around the
latter defect.

Our experimental investigations on the backflow features are in agreement with the
numerical study that used the one-constant approximation Ks = K, whereas this con-
dition is not fulfilled in our study where Kg = 2.2 K. This suggests that the backflow
is the main mechanism behind the observed velocity asymmetry. However, the exper-
imental results show that the expected distance between the vortices and the defect
is larger than that predicted by the numerical study. Regarding the difference in time
scales between experiments and simulations, it is possible that the elastic anisotropy
plays a significant role at the early stage of the annihilation process being possibly re-
sponsible for the larger distance defect/vortices than expected.

Further more investigations could be performed. For example, the same dye bleach-
ing technique can be used to bleach ROI further away from defects in order to highlight
the flow vortices predicted by the numerical study. A long-term perspective of this
work would consist in the dispersion of nanometer sized droplets, e.g. glycerol-water
droplets, on the film surface for the tracking of their motion during the defects annihila-
tion process. This could allow to highlight the variation of the defect/vortices distance

in function of the defects separation distance.

The last chapter is devoted to the dynamics of smectic islands in freely floating
SmC bubbles studied in micro-gravity conditions during parabolic flight campaigns or-
ganized by the National Center for Space Studies (CNES). We used the catenoid film

collapse as a method to prepare freely floating smectic bubbles. Smectic islands were
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found to nucleate at the surface of the bubble, either before or during the pinch-off.
They grow during the relaxation of the deformed bubble following a quadratic depen-
dency. When the bubble is relaxed and reaches the spherical shape, the islands stop
growing and only further dynamics related to islands coalescence is expected.

We have revealed the consequence of the impossibility of rapid adjustments of the
surface area when islands undergo abrupt local compression. Two types of dynamical
wrinkle patterns are observed within the islands: star and ring shaped wrinkles with
a clear selection of wavelength A. Ring-shaped wrinkles consist of deformation of the
island surface into circular undulations. We have found that the characteristic wave-
length is of the order of some tenths of micrometers, a value that is of the same order
of magnitude as that determined by previous work on bubble wrinkles. Star-shaped
wrinkles are formed when a tubule exists in the center of the island which induces
the formation of radial wrinkles. We have found that the surface area of the islands
continues to grow even during the existence of wrinkles. As soon as the local compres-
sion ceases, the wrinkles disappear and the islands continue to grow with the initial
dependency determined before the wrinkles appearance.

We have found that these wrinkles are mainly caused by the abrupt stress applied
on the islands. We related the applied compression forces to external disturbances that
can occur during bubble oscillations, such as the surrounding airflow, which can be
generated by the remaining films on the catenoid rings or by the loudspeakers. This
airflow can create an abrupt local compression of the bubble. The second source of
external disturbances are the complex deformed shapes that the bubble adopts during
relaxation, which can also create abrupt local compression of the bubble film. These
external disturbances can create an abrupt compressive forces that induce the formation
of wrinkles within the islands.

We have developed a preliminary model, based on the model developed for the
case of wrinkles formed in bubbles, to describe the structure of ring-shaped wrinkles
formed within the islands with considering on the one hand the radial distribution of
forces in such geometry and on the other hand the line tension of the dislocations. The
characteristic wavelength of the wrinkles, A, is expected to depend on the properties of
the island such as its thickness, the elastic constant ks of the material, the compressive
force as well as the dislocations line tension.

The adapted model explains the experimental observations, where islands react
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differently according to their size. In medium sized islands, the contribution of line
tension becomes important and provides enough stress together with the compressive
force to form circular wrinkles with a A wavelength selection while no wrinkles are
formed around in the bubble. This highlights the crucial role of the line tension related
to the presence of dislocations that favors wrinkle formation. However, the effect of
line tension is expected to decrease with the island size and this is indeed observed. On
the other hand, when the size of the islands becomes of the order of A or smaller, the
formation of circular wrinkles can no longer be accommodated and the island bulges
out of the film plane, which can induce the second type of wrinkles pattern: radial
wrinkles.

We finally arrive to the conclusion that smectic islands behave like solid sheets un-
der sufficiently high and fast compression stress. The dynamical wrinkle patterns are
analogue to that observed in gold or plastique sheet. This phenomenon is not observed
in conventional low-viscosity fluid films because they can instantly change their thick-
ness and reduce their surface area under lateral compression.

A short-term perspective of this work would be to develop a more advanced model
than the preliminary model we have developed. Such an advanced model must take
into account the detailed structure of the circular wrinkles such as the existence of the
ridge in the center of the island as well as the non-homogeneous distribution of the
airflow within the wrinkles and it has to consider the variation of island radius during
wrinkle. These studies could help to understand in details the mechanisms that induce
the formation of wrinkles in smectic islands. This could then possibly be extended for
the study of the mechanisms of wrinkle formation in other systems such as gold and

polymer sheets.

Relaxation dynamics of smectic bubbles and islands is an exciting field which needs
more investigation for a better understanding of the physical properties. They hold an
immense potential for new exciting results in order to investigate the role of the ma-
terial parameters. In particular, the use of another SmC material could present a start
for such investigation. During a second campaign of parabolic flights in October 2020,
we carried out experiments on freely floating bubbles made of another type of SmC
material. The set-up was improved during the year 2020 in order to also add fluores-

cent nanoparticles to the suspended bubbles with the right concentration that does not
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induce aggregation. Since a number of studies have shown that nanoparticles in smec-
tic films will be trapped by the dislocation lines and can influence the line tension of
the latter Coursault et al. [2012]; Do et al. [2020], it is expected that the dynamics of
the smectic islands in the freely floating bubble will be different than that without the
nanoparticles. We now need to analyze the dynamics of islands in presence of nanopar-
ticles already collected in this last 2020 campaign.

In parallel, I have set up a system that allows to study the dynamics of islands in the
presence of nanoparticles in rectangular freely suspended films in the laboratory. Such
a system allows to inject nanoparticles into the films in a well-controlled manner unlike
conventional techniques which are based on mixing the LC with the nanoparticles, re-
sulting in their aggregation and trapping in the meniscus. This technique may allow an
extension to various other topics. For example we could inject nanoparticles in freely
suspended bubbles in micro-gravity in order to compare the dynamics of nanoparticles
attracted by the dislocations and in the presence/absence of the meniscus. This could
be done for nanoparticle concentrations larger than the right concentration inducing
aggregation. I show in the Fig.5.1 one of the first results obtained with this technique
where rod-shaped fluorescent nanoparticles are trapped in the dislocation lines sur-
rounding the islands. The nanoparticles seem to be concentrated in the dislocation
lines where they reproduce the linear shape. The line tension of the dislocation lines
is modified due to the presence of these nanoparticles. Such a study can also provide
information on the properties of the topological defects themselves, in particular their

size, structure and energy of the core, which remain unknown Rahimi et al. [2017].
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Figure 5.1 - (a) Optical microscope image revealing of smectic island in freely suspended smec-
tic film. The interference colors reveal the thickness change. (b) Fluorescence image of nanopar-
ticles emission of A = 500 nm. Nanoparticles are trapped in the dislocation line around the
island. They form an a concentrated structure. (c) cut-off from along the red dashed square in
(b) showing the high complex organization pattern of nanoparticles in the dislocations region
around the island. (d) Nanoparticles trapped in adjacent dislocation lines.

172



5.1. REFERENCES

5.1 References

Coursault, D., Grand, J., Zappone, B., Ayeb, H., Lévi, G., Félidj, N., and Lacaze, E.
(2012). Linear self-assembly of nanoparticles within liquid crystal defect arrays. Ad-
vanced Materials, 24(11):1461-1465. 171

Do, S.-P., Missaoui, A., Coati, A., Resta, A., Goubet, N., Royer, S., Guida, G., Briand,
E., Lhuillier, E., Garreau, Y., Babonneau, D., Goldmann, M., Constantin, D., Croset,
B., Gallas, B., and Lacaze, E. (2020). Interactions between topological defects and
nanoparticles. Frontiers in Physics, 7:234. 171

Rahimi, M., Ramezani-Dakhel, H., Zhang, R., Ramirez-Hernandez, A., Abbott, N., and
de Pablo, J. (2017). Segregation of liquid crystal mixtures in topological defects. Na-
ture Communications, 8:15064. 171

173



	References
	Table of contents
	List of figures
	List of Tables
	Introduction
	Introduction to Liquid Crystals Mesophases
	Defects and Textures in Liquid Crystals
	Dynamics of Topological Defects in Liquid Crystals
	Liquid Crystals in Micro-Gravity
	Structure of the manuscript
	References

	Dynamics of Topological Defects in Freely Suspended Smectic Films
	Introduction
	Experimental Setup
	Pair Annihilation Models
	Pair Annihilation Experiments
	Finite Element Method
	Summary
	References

	Hydrodynamics of Pair-Annihilating Disclinations in Freely Suspended Smectic Films
	Introduction
	Theoretical Model
	Experimental Setup
	Experimental results
	Summary and Perspectives
	References

	Smectic Islands can Wrinkle Like Solid Sheet
	Relaxation of Freely Floating Thin Fluid Bubbles
	Wrinkling of Thin Fluid Films
	Experimental Setup
	Smectic bubble produced by catenoid collapse
	Dynamics of Smectic Islands During Bubble Relaxation
	Summary
	References

	General summary and perspectives
	References


