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Abstract

This thesis presents an experimental study of focal conic domains in smectic liquid crystal
films on solid substrates. Focal conic domains are complex structures in smectic phases and
are likely to play an important role in the future development of novel self-assembling soft
matter systems. In smectic films on solid substrates, the generation of focal conic domains can
be enforced by antagonistic molecular anchoring conditions at the film interfaces, i. e., random
planar at the substrate interface and homeotropic at the air interface. The variation of the
anchoring conditions at the substrate interface and the resulting influence on the morphology,
properties, and spatial arrangement of focal conic domains were the main objects of the present

study.

The relation between the diameter of the focal conic domains, the thickness of the smectic
film, and the anchoring strength of the substrate has been studied. The strength of the planar
anchoring on the solid substrate was systematically varied by coating the substrates with spe-
cial alkoxysilane compounds. For each anchoring strength value, the relation between the size
of the focal conic domains and the film thickness was determined. Analyzing the experimen-
tal results by a theoretical model enabled the quantitative determination of the strength of the

planar anchoring of the smectic phase on the substrate.

The curved arrangement of the smectic layers in focal conic domains leads to a depression
in the film/air interface above each domain. The depth of these depressions enables to estimate
the magnitude of the elastic modulus controlling the dilation or compression of the smectic
layers. The depression depth was measured in different smectic phases and at different phase
transitions. In some cases, e. g., at second-order smectic-A — nematic transitions, a pronounced
temperature dependence of the depression depth was observed, indicating a softening of the

smectic layers.

A method to prepare anchoring patterns on the substrates is described. The substrates

were structured in a way that areas with homeotropic anchoring conditions alternate with areas
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possessing random planar anchoring conditions. When smectic films were prepared on such
substrates, focal conic domains formed only on the planar anchoring areas, 1. €., the anchoring
pattern was translated into a presence-and-absence pattern of focal conic domains. The lateral
dimensions of the planar anchoring areas determined an upper limit for the diameter of the
focal conic domains. Thus, almost arbitrary two-dimensional arrangements of focal conic
domains can be achieved by controlling the size and position of individual domains.

Smectic liquid crystal films have been also studied on crystalline substrates with uniax-
ial planar anchoring conditions. On such substrates, all liquid crystal molecules are aligned
parallel to the surface and point into one direction. In thin smectic films on these substrates,
linear domains with a hemicylinder-like shape were observed. The relation between the film
thickness and the distance and depth of the hemicylinder structures was studied. In thicker
films, the linear domains are decorated with a complex corrugated pattern, which becomes
more pronounced on further increasing the thickness, and finally ends with the formation of

circular focal conic domains.



Kurzzusammenfassung

Die vorliegende Arbeit beschiftigt sich mit der experimentellen Untersuchung von fokal-
konischen Doménen in smektischen Fliissigkristallfilmen auf festen Substraten. Fokalkonische
Dominen sind komplexe Strukturen in smektischen Phasen, die eine wichtige Rolle in der
zukiinftigen Entwicklung von neuartigen weichen selbstorganisierenden Systemen spielen
konnten. Die Bildung von fokalkonischen Doménen kann in smektischen Filmen durch anta-
gonistische molekulare Verankerungsbedingungen an den Grenzflichen — planare Veranker-
ung ohne Vorzugsrichtung am Substrat und homdootrope Verankerung an der freien Oberflidche
— erzwungen werden. Die Variation der Verankerungsbedingungen an der Grenzflache zum
Substrat und der daraus resultierende Einfluss auf die Morphologie, die Eigenschaften und
die rdumliche Anordnung der fokalkonischen Doménen war der wesentliche Gegenstand der

vorliegenden Untersuchung.

Der Zusammenhang zwischen dem Durchmesser der fokalkonischen Doménen, der Dicke
der smektischen Filme und der Verankerungsstirke auf der Substratoberfliche wurde unter-
sucht. Die Beschichtung der Substrate mit bestimmten Alkoxysilanverbindungen ermdglichte
eine systematische Variation der Stirke der planaren Verankerung auf dem festen Substrat.
Fiir jeden Wert der Verankerungsstirke wurde die Grosse der fokalkonischen Dominen als
Funktion der Filmdicke bestimmt. Die Analyse der experimentellen Daten mithilfe eines the-
oretischen Modells ermdglichte die quantitative Bestimmung der planaren Verankerungsstirke

der smektischen Phase auf dem Substrat.

Die Kriimmung der smektischen Schichten in fokalkonischen Dominen fiihrt zu einer
Vertiefung in der Film/Luft-Grenzflache iiber jeder Domine. Aus dem Betrag der Tiefe dieser
Vertiefungen ldsst sich die Grosse des Elastizititsmoduls abschitzen, der die Dehnung und
Kompression der smektischen Schichten kontrolliert. Die Tiefe der Vertiefungen wurde in ver-
schiedenen smektischen Phasen und an verschiedenen Phaseniibergingen gemessen. In eini-

gen Fillen, beispielsweise an smektisch-A — nematisch Phaseniibergingen zweiter Ordnung,

il



iv

wurde eine ausgeprigte Temperaturabhingigkeit der Tiefe beobachtet, die auf eine starke Ab-
nahme des Elastizitditsmoduls bzw. ein Weichwerden der der smektischen Schichten hindeutet.

Eine Methode zur Herstellung von Mustern aus verschiedenen Verankerungsbedingungen
auf den Substraten wurde beschrieben. Dazu wurden die Substrate in der Weise strukturi-
ert, dass auf der Oberfldche sowohl Flachen mit homootroper Verankerung als auch Fldchen
mit planarer Verankerung vorhanden sind. Wenn smektische Filme auf solchen Substraten
prapariert werden, bilden sich fokalkonische Doménen nur auf den Oberflichen mit planarer
Verankerung. Die seitlichen Abmessungen der Substratflichen mit planarer Verankerung
legen die Obergrenze fiir den Durchmesser der fokalkonischen Doménen fest. Auf diese Weise
kann sowohl die Position als auch die Grosse einzelner Dominen kontrolliert werden, sodass
sich fast beliebige zweidimensionale Anordnungen von fokalkonischen Doménen erzeugen
lassen.

Weiterhin wurden smektische Fliissigkristallfilme auf kristallinen Substraten untersucht,
die planare Verankerungsbedingungen in Kombination mit einer bevorzugten Ausrichtung der
Molekiile aufweisen. Auf diesen Substraten ordnen sich die Fliissigkristallmolekiile parallel
zur Substratoberfliche an und orientieren sich zusitzlich mit ihren Lingsachsen parallel zu
dieser Vorzugsrichtung. In diinnen smektischen Filmen auf solchen Substraten wurden lineare
Domainen beobachtet, in denen die smektischen Schichten konzentrische Halbzylinderstruk-
turen bilden, wobei die freie Oberflache eine wellblechartige Form zeigt. Der Zusammen-
hang zwischen der Filmdicke und der Breite der linearen Dominen sowie der Tiefe der lin-
earen Vertiefungen an der freien Oberfliche dieser Filme wurde untersucht. Mit zunehmender
Filmdicke sind komplexere Strukturen zu beobachten, die schliesslich in zirkulare fokal-

konische Doménen tibergehen.
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Introduction

Since their discovery over one hundred years ago, liquid crystals have attracted large sci-
entific interest. Because of their application in electro-optic displays, these materials are now
ubiquitous in everyday life. In fundamental research, besides representing unique partially
ordered systems in their own right, liquid crystals are important model systems for the study
of phase transitions, correlations in liquids, surface phenomena, wetting, thin films and mem-
branes, and many other fields. The results, findings, and theoretical treatments of liquid crystal
research can be widely used in the research of other partially ordered complex systems, like

polymers or biological materials.

In recent years, the concept has emerged to use structural features of liquid crystal phases
as matrices or templates to control the self-assembly of micro- and nanosystems. Liquid
crystal structures comprise a wide range of length scales from a few nanometers (smectic
density wave) to hundreds of micrometers (cholesteric helix) and are susceptible to external
influences arising, e. g., from electric fields or surface command layers. One example for the
use of liquid crystals for the realization of new self-assembling systems is the distortion of the
director field of a nematic phase by small water droplets or solid particles. These distortions,
which are caused by anchoring the orientation of the liquid crystal molecules on the surface
of the droplets or particles, lead to novel long-distance interactions [[1]] which can be used for

the design of new colloidal systems [2].

Whereas the nematic phase is just a liquid in which the molecules show orientational order,
smectic phases possess in addition a one-dimensional positional order which can be described
as a density wave or weakly defined layer structure. Smectic phases form, in response to weak
external perturbations, complex structures called focal conic domains. In focal conic domains,
the smectic layers are wrapped around two singular lines which are in general an ellipse and
a hyperbola passing through each other focal point. The properties of focal conic domains

in bulk smectic phases are well understood, but their targeted generation by surface effects,
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their properties in thin films, and their potential as templates for self-assembly are still widely
unexplored.

In my thesis, I present an experimental investigation of the fundamental properties of focal
conic domains in smectic liquid crystal films on solid substrates. The general goal was to
explore possible methods for the targeted generation and for the control of the dimensions and
the spatial arrangement of focal conic domains in such films and to study how their behavior
depends on properties of the liquid crystal compounds, e. g., on their phase types and phase
sequence. Since focal conic domains in smectic films cause characteristic features in the free
surface of the film, atomic force microscopy is an important method for my investigation.

My thesis is organized as follows: The first two chapters provide the required physical
background and a description of the employed experimental techniques and procedures.

In Chapter [3] I discuss general aspects of the formation of focal conic domains which are
induced by antagonistic molecular anchoring conditions at the film interfaces. The relation
between the film thickness and the size of the focal domains, the influence of the strength of
the molecular anchoring on the focal conic domains, and their behavior at different phase tran-
sitions are studied. These studies are carried out — in contrast to the investigations described
in the following chapter — on substrates possessing homogeneous conditions on their whole
surface.

In Chapter 4, T introduce a method to fabricate anchoring patterns on the substrates, i.
e., the surface of these substrates possesses only in some regions those anchoring conditions
that lead to the formation of focal conic domains. With this method, it is possible to control
the positional arrangement of focal conic domains. Furthermore, confinement effects can be
studied since the formation of the focal conic domains can be restricted to a small fraction of
the substrate surface.

In the last chapter, preliminary results will be reported which concern the formation of
structures in smectic films on crystalline substrates. In contrast to the subtracts used in the
preceding chapters, crystalline substrates impose a certain in-plane aligning direction to the

liquid crystal molecules which leads to the formation of new linear defect domains.



Chapter 1
Physical Background

“Anything one man can imagine, other men can make real.”

Jules Verne (1828 — 1905)

1.1 Liquid Crystals

Exhibiting properties between those of a conventional liquid and those of a solid crystal,
liquid crystals have attracted enormous scientific research interests since they were discov-
ered by the Austrian botanical physiologist Friedrich Reinitzer and the German physicist Otto
Lehmann in 1888 [3]]. Many fundamental properties of liquid crystals were explored already
in the 1920s [4], but then the interest in these materials calmed down. In 1957, an article pub-
lished by the American chemist Glenn H. Brown [3]] on the liquid crystalline state sparked an
international resurgence in liquid crystal research. The door for optical applications of liquid
crystals was opened in the 1970s with the demonstration of the electro-optical effect by Schadt
and Helfrich [6] and the synthesis of chemically stable liquid crystals with low melting tem-
peratures by George Gray [/]. Since then, the use of liquid crystals in display industry [8-10]
and thermography [11] is steadily growing, in turn triggering the growth of scientific research
on liquid crystals [12].

As now well known, liquid crystalline phases, also called mesophases, possess an orderly
intermediate state between the crystalline state and the isotropic liquid phase. Liquid crys-
talline phases correspond in some sense to liquid phases, e. g., they can still flow like a liquid.
On the other hand, they exhibit anisotropic physical properties which are usually found only

in solids, like optical birefringence or static torques transmission.
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Liquid crystals cover a wide range of chemical structures [13]], including rod-like mole-
cules, disc-like molecules, metallomesogens, amphiphilic compounds, and biomaterials like
cellulose derivatives, steroids, glycolipides, etc.. Two main classes of liquid crystal materi-
als are distinguished: thermotropic and lyotropic liquid crystals. Lyotropic liquid crystals are
always multi-component systems, e. g., amphiphilic molecules in water, which self-assemble
to different kinds of ordered phases. The composition and the temperature are the essential
variables of state. My study concerns thermotropic liquid crystals. These materials are com-
posed of organic, asymmetric molecules, i. e., rod-like or disc-like molecules, and can form
liquid crystal phases as one-component systems. The temperature alone is the essential state
variable.

Thermotropic liquid crystals can show, with changing temperature, one or a sequence
of several liquid crystalline phases with different degrees of order. Figure shows the
schematic structures of isotropic liquid, nematic, smectic and crystalline phases. At high
temperatures, the liquid crystal compounds are in the isotropic liquid phase (shown in Fig-
ure [[.1] (a)) and possess the same properties as ordinary liquids. Upon cooling, a first-order
phase transition to the nematic phase can occur (Figure[I.1](b)). The nematic phase is a liquid,
but the molecules possess a long-range orientational order. X-ray observations of the nematic
phase reveal that a positional order does not exist, but the asymmetrically shaped molecules
are on average aligned along a single direction, causing an anisotropy of the physical prop-
erties. With further cooling, a phase transition to a smectic phase can occur (Figure [LL1] (c)).
Smectic phases possess, in addition to the long range orientational order of the nematic phase,
a positional order in one spatial direction which can be described as a layered structure. X-ray
show, that this positional order can be characterized as a quasi long range order. At still lower
temperatures, liquid crystal compounds form solid crystals like ordinary organic substances
(Figure[L1l (d)).

The presence of chiral molecules can influence the structure of liquid crystal phases. For
instance, if chiral molecules are added to a nematic phase (or if the chiral compound itself
forms a nematic phase), the so-called cholesteric phase is obtained. In this phase, a helical
superstructure is present, i. e., the direction of the parallel nematic ordering rotates if one
proceeds perpendicular to this direction.

Different liquid crystal compounds can show different types of phase transition sequences.
For example, a sequence of crystal — smectic — nematic — isotropic has been given above, but
liquid crystals with the sequence crystal — nematic — isotropic or crystal — smectic — isotropic

can also be found. Liquid crystals with different phase transition sequences exhibit different
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Figure 1.1: Schematic representation of molecular order in the isotropic liquid, nematic, smec-
tic and crystalline phases. The axis indicates the direction of increasing temperature.

properties, which will be elaborated further in following sections. My study concerns mainly
properties of smectic phases and the behaviour at smectic — nematic and smectic — isotropic

phase transitions.

1.2 Structure of Nematic and Smectic Phases

First studied in detail by Friedel [[14]], nematic and smectic phases are important and com-
mon mesophases studied and applied nowadays.

In the study of liquid crystals, two parameters are important to describe the bulk state
of liquid crystals [[15]. The first is called the director n, which represents the orientation of
the average direction of the long molecular axes in the liquid crystal bulk phase. It gives
the average orientation of the molecules in a volume vy, which is small compared with the
dimension of the system and large compared with the molecule’s scale. Liquid crystals are
easily influenced by external distortions, resulting in a variation of the director orientation in
space describable by a director field n(r). The second parameter is the order parameter S,
which characterizes the distribution of the orientations of the molecules. It is defined as the
average ((3 cos® @ — 1)/2) over all molecules in the volume v, where 6 is the angle between
the long axis of an individual molecule and the director n. S is equal to 1 when all the
molecules are aligned parallel to n, and to 0 when the distribution of orientations is isotropic.
For example, in the bulk nematic phase, S is of the order of 0.4 just below the nematic —
isotropic transition and increases with decreasing temperature to values of 0.6 to 0.8 [16].

The phase transition from the isotropic to the nematic phase is always observed to be
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a first-order transition, i. e., the order parameter S is discontinuous at the transition. The
magnitude of S jumps from zero in the isotropic phase to the value mentioned above (= 0.4)
in the nematic phase just below the transition.

Nematic liquid crystals exhibit anisotropic physical properties, e. g., they are optically
uniaxial birefringent. The magnitude of the anisotropy, e. g., the difference An = n, — n,
between extraordinary and ordinary refractive index, is proportional to the order parameter S .
Other anisotropic properties are the magnetic and the dielectric susceptibilities. This results,
in combination with the liquid nature of the nematic phase, in the feature that the orientation
of the director n can be easily aligned by external magnetic or electric fields. This is the base
of the application of the nematic phase in electro-optical displays [10], since n corresponds to
the optical axis of the material.

As shown in Figure[I.1l smectic phases possess a layered structure, in which molecules are
restricted in planes with a well-defined interlayer spacing. The interaction between the layers
are weak and the layers slide easily over each other. The smectic order can also be described
as a one-dimensional density wave with the wave vector corresponding to the layer normal
and the wavelength to the layer thickness.

According to the arrangement of molecules within the layers and the orientation of the
director n with respect to the layer normal z, a large number of distinct smectic phases can
be identified, macroscopic textures of which are readily recognized by polarized optical mi-
croscopy [17]. The most common smectic phase is the smectic-A phase. In the smectic-A
phase (see Figure [I.2)), the molecules are perpendicular to the smectic plane, i. e., n is par-
allel to z. There is no particular positional order in the layer, each layer can be regarded as
a two-dimensional liquid. The smectic-C phase is a tilted form of smectic-A phase, i. e., the
molecules are arranged as in the smectic-A phase, but n is tilted by an angle 8 with respect
to z. If the smectic-C is made of chiral molecules (it is then designated as smectic-C*), the
azimuthal direction of the tilt builds up a helical structure as one proceeds along z (unless
mentioned otherwise, chiral molecules are not considered in this thesis).

There are also smectic phases in which the positions of the molecular mass centers are
arranged in a short-range hexagonal positional order within a given layer and the orienta-
tion of the local hexagons is ordered on a long range; these are the hexatic phases smectic-
Byex, F, and I. Finally, some compounds show at lower temperatures layered phases with a
three-dimensional long-range positional order. Initially designated as higher-ordered smectic
phases, these phases are now considered as crystals: B, G, J, E, H, and K. The difference

from ordinary crystals consists in a rotational disorder around the long axis, similar as in the
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rotator phases of alkanes.

Smectic-A Smectic-C

Figure 1.2: Schematic structure of the molecular arrangement of the smectic-A and smectic-C
phase.

Under a polarizing optical microscope, nematic and smectic phases exhibit unique tex-
tures. When a liquid crystal sample is prepared between two glass slides with planar anchoring
conditions, the director n is parallel to substrates but can point in different in-plane directions.
In the nematic phase, a so-called schlieren texture is then obtained between crossed polariz-
ers (Figure (a)) [17]. The dark brushes shown in the schlieren texture correspond to the
extinction orientation of n, i. e., n lies either parallel or perpendicular to the polarizer or ana-
lyzer axes. Rotating the sample, the black brushes rotate continuously indicating a continuous
change of the orientation of n.

For smectic liquid crystals (Figure (b)), more complex textures are observed in com-
parison to nematics. The most typical textures for the smectic-A phase are the so-called fan-
shaped texture and the so-called maltese-cross texture. Both textures result from the sponta-
neous formation of focal conic domains, which will be discussed in detail in Section [1.3]

With decreasing temperature, the smectic-A phase can be entered either from the nematic
phase or from the isotropic phase, depending on the liquid crystal compound. The smectic-
A — isotropic transition is always first-order. The smectic-A — nematic transition is in most
cases a second-order transition. The order parameter of the transition, the amplitude of the
smectic density wave, decreases continuously to zero, following a power law, as the transition
to the nematic phase is approached. There are, however, also compounds showing a first-order
smectic-A — nematic transition. First-order smectic-A — nematic transitions are also obtained
in mixtures of a second-order smectic-A — nematic compound with a compound possessing
a smectic-A — isotropic transition. A well studied example are binary mixtures of the two
cyanobiphenyl compounds 8CB and 10CB. The binary phase diagram is shown in Figure [[.4l

Precise adiabatic scanning measurements [[18] demonstrate the existence of a tricritical point
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Figure 1.3: (a) Schlieren texture of the nematic phase and (b) focal conic texture with maltese
crosses of the smectic-A phase.

in the smectic-A — nematic transition line, where the nature of the transition changes from
second-order to first-order. The tricritical composition was reported for xjocp = 0.3 (X10cp 18
the mole fraction of 10CB in the sample), i. e., a second-order smectic-A — nematic transition
is present for x;ocp < 0.3, while a first-order transition is detected for x;ocp > 0.3.

Unlike nematic and cholesteric phases, which both are extremely sensitive to weak exter-
nal perturbations, smectic liquid crystals possess a relative stable layer structure, which make
them progressively studied in the field of physics of detergents, membrane biophysics, and
elastic and hydrodynamic studies. It should be noted that the higher rigidity of smectic phases
leads to much shorter time constants compared to those of nematics: thermal excitation of

smectic-A phases can provide a promising type of displays with intrinsic memory and speed.
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Figure 1.4: Binary phase diagram of 8CB/10CB mixtures. Solid and dashed lines are, respec-
tively, second- and first-order transitions. TCP is the smectic-A — nematic tricritical point.
Vertical dashed lines indicate the measured mixtures (from [[18]]).

A selective control of smectic textures can provide new types of memories addressable and
readable optically and also displays compatible with video rates [19]. Moreover, new struc-
tures could be produced by distortions induced by external fields (electric fields, magnetic
fields, or surfaces). The recent demonstration [20] of the use of surface-induced focal conic
domains in smectic films on solid substrates for the positioning of microparticles highlights

the increase of possible applications of smectic phases in the filed of nanotechnology.

The rapid progress of applications of smectic liquid crystals also results in the need of a
better understanding of the behaviour of smectic phases. In smectic liquid crystals, surface
interactions play an important role in the formation of defect textures and structural domains.
Therefore, my work is mainly attributed to the study of the behaviour of smectic phases on

solid substrates.
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1.3 Continuum Description of Liquid Crystals

There are various theoretical approaches to describe structures of liquid crystals and phase
transitions between them [15]. Among these theories, elastic continuum theory is one of the
basic theories, and used today. My study is based on this theory.

The foundations of the continuum model were developed in the late 1920s by Oseen [21]
and Zocher [22], who laid the basis of the static theory. After nearly thirty years, Frank re-
formulated Oseen’s model and presented it as a theory of curvature elasticity [23]. Later,
additions by Ericksen [24, 25] and Leslie [26,27] completed the theory to the standard model
which is now widely used for the description of many phenomena in nematic liquid crys-
tals [I15, 28} 29].

In continuum theory, the liquid crystal is treated as a continuous medium, entirely ignoring
the molecular details. A macroscopic nematic sample is described by the director field n(r),
which is subject to elastic distortions. In most cases, an arbitrary distortion can be described

by a combination of three fundamental distortion types: splay, twist, and bend (Figure [L.3).

Glass

\
\
3 I | I !
A
Splay -— Bend
(divn #0) (curl n L m)

Twist
(curl m [ n)

Figure 1.5: The scheme of three fundamental distortions in a nematic liquid crystal (cf. [[15]]).

The splay deformation corresponds to a divergence of n(r), i. e., div n # 0. In a twist de-

formation, n(r) forms a helical structure with the helix axis being perpendicular to n, resulting
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in n - curl n # 0. The bend deformation is characterized by a curl of n(r) perpendicular to n,
thus n X curl n # 0. All three types of distortions cost a certain energy which is described by
three elastic constants, K;, K,, and K3, associated with these distortions. The free energy f
per unit volume of a deformed liquid crystal relative to the state of uniform orientation is then
written as:

f:%mmWnY+%KmpaMnY+%mmxaMnf (1.1)

The magnitude of the elastic constants K; is of the order of 107! J/m and the distortions are
easily induced (and thus usually present in a macroscopic sample) by weak external influences.
Equation[L.I] can be extended with terms describing the interactions with external electric and
magnetic fields. However, for the present study the extension of the continuum description to

smectic liquid crystals is of special importance.

In a smectic-A phase, the molecules are arranged in layers the thickness, of which is of the
order of the length of the molecules. Looking at Figure[L.3] it is obvious that two of the three
fundamental distortions, twist and bend, are not compatible with such a layer structure. In a
twist deformation of the director field, a continuous layer structure is not possible (some chi-
ral compounds show a so-called twist grain boundary — smectic-A (TGBA) phase, in which
neighboring domains of plane parallel smectic layers are twisted with respect to each other,
thereby forming a discontinuous helical structure [30]). In a bend deformation of n(r), the
thickness of the smectic layers cannot be constant. Indeed, experiments show that the corre-

sponding elastic constants K, and K3 diverge at the transition from nematic to smectic-A [31].

A splay deformation of n(r) is compatible with the smectic layer since it requires only a
bend deformation of the layer planes which is possible without changing the layer thickness.
For instance, the layers could form a system of concentric shells around a singular point or
concentric cylinders around a singular line. Thus, from the three terms in Equation only
the term associated with K is of relevance in the smectic-A phase. On the other hand, in the
smectic-A phase a new elastic distortion can occur which is not possible in the nematic phase,
namely a compression or dilation of the smectic layers. Therefore, the continuum equation for

the free energy density for the fundamental distortions in a smectic-A phase reads:

b, 1 (d—dy
f= 2K1(le n)” + 2B( @ ) (1.2)

Here, d) is the equilibrium value of the smectic layer thickness, d is the actual thickness,

and B the elastic compression/dilation modulus. The magnitude of B can be experimentally
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determined (see below) and is of the order of 107 J/m? indicating that, under normal conditions,
(d —dy) < 1 A. For many purposes, the thickness of the smectic layers can be therefore
considered to be practically constant. However, a major part of my thesis is concerned with
results for which small deviations from the equilibrium thickness value d,, are important. |
therefore summarize here the known results on the compression/dilation modulus B.

The experimental behaviour of B has been studied especially near the second-order smectic-
A — nematic transition; the studies are based either on light scattering measurements (yielding
the ratio B/K) [32-36], or on mechanical techniques enabling the determination of absolute
values of B [37-48]]. When a smectic-A — nematic transition is approached from below, B
decreases with increasing temperature to values close to zero at the transition. The behaviour
can be described either by a simple power law, or by more complex models in which a small
but finite value of B at the transition is assumed. The nature of the critical behaviour of B
is still under investigation, recent studies indicate, that the observation of a finite value of
B at the transition might result from a dynamical effect [41) 47]. Also for the exponent ¢,
which is used for a power-law description on approaching the smectic-A — nematic transition

temperature T4y according to

B =By(Tan —T)* (1.3)

the obtained values differ within a range from 0.3 to 0.6, the value is of importance to
different theoretical models of the smectic-A — nematic transition, see [33} (37, 38]]. However,
all measurements show that B becomes small near a second-order transition to the nematic
phase. An example for the decrease of B on approaching the smectic-A — nematic transition
in the compound 8CB is shown in Figure

The behaviour of B has been studied also at transitions between the smectic-A phase and
different types of smectic-C phases [49-51]; B was found to show a pronounced minimum at
the transition (Figure [L7)).

1.4 Anchoring of Liquid Crystals at Interfaces

The behaviour of liquid crystals at interfaces to solid substrates has received a wide at-
tention [52]]. One reason is definitely the application of liquid crystals in optical displays,
where the liquid crystal is confined between two parallel transparent surfaces. Without certain

boundary conditions, liquid crystals form differently ordered domains, which would destroy
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Figure 1.6: Temperature dependence of the layer compressional modulus B for 8CB near the
transition to the nematic phase at ~ 33.6 °C (from [37]).
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the functionality of liquid crystal displays. For the purpose to create a functional liquid crystal
cell used as a display, a homogeneous texture of the liquid crystal is needed, i. e., the liquid
crystal molecules have to be oriented in the same direction over a large surface area. And the
solid surface is required to be designed to avoid the formation of domains. Generally, the sur-
faces (of, e. g., a glass cell) are covered with a stable organic layer like nylon, which promotes
a certain orientation of molecules on the surface with their long axis parallel to the surface.
Additionally, rubbing of the organic layer with a cloth causes the preferred orientation of all
molecules to point into the same direction. Alternatively, surfaces treated with specific sur-
factants can impose a perpendicular orientation of the long axes of liquid crystal molecules on
the surface. The ability of a surface to align the liquid crystal molecules in a specific way is

called anchoring.

1.4.1 Anchoring on Solid Substrates

The phenomenon that a solid surface can impose a certain orientation to the molecules of
a liquid crystal phase was discovered in 1913 by Mauguin [53], who reported that on cleaved
surfaces of mica, the nematic liquid crystal oriented with its director n parallel to the substrate
and with an angle of 60° to the optical axis of the mica slide.

In general, n close to the surface will take a fixed mean orientation, which is called the an-
choring direction of the liquid crystal at the surface. Without any other external fields (electric
or magnetic fields, flow, or another surface), this orientation is transferred to the bulk phase
via the elastic forces of the director field which tend to produce a uniform orientation of n in
the whole sample, similar to epitaxy of solids on substrates. There may be several equivalent
orientations of the director, and the anchoring is then designated as monostable, multistable,
or degenerate, corresponding to one, a finite number bigger than one, or infinite orientations,
respectively. Instead of the notation ‘degenerate’, often the term ‘random’ is used. With re-
gard to the anchoring directions on the substrate, one can also classify the anchoring as planar,
tilted or homeotropic, corresponding to a parallel, tilted or perpendicular orientation of n to
the plane of the substrate, respectively (cf. Figure [L8]).

The anchoring on a specific substrate can be simply characterized by the combination of
the above terms. For example, on most crystalline substrates, the anchoring is monostable
planar, except some examples with bistable or tristable planar anchoring (e. g., NaCl), and
some examples with homeotropic anchoring (e. g., on LiNbOs3, and Al,O5 [54]).

A large variety of anchoring states can be induced on modified glass substrates, treated by
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Figure 1.8: Schematic orientation of the liquid crystal molecules at an interface for homeo-
tropic and planar anchoring.

mechanical rubbing or chemical deposition of a layer of surfactant, polymer, inorganic etc.. |
shall not describe in detail these different anchorings induced by these surfaces, which have
been reviewed by Cognard [S3)] and Jérome [52]. On these substrates, the most commonly
obtained anchoring states are the homeotropic, and the degenerate or monostable planar an-
choring. Monostable tilted anchoring states are less present and multistable anchorings are

seldom obtained.

For multistable or degenerate anchoring states, the selection of anchoring directions is gen-
erally made by the history of the sample. For instance, when the liquid crystal in the isotropic
phase is placed in contact with a substrate which induces a degenerate planar anchoring, and
then cooled down to the nematic phase in the presence of an external magnetic field, an an-
choring direction parallel to the field will be obtained [56-58]]. A selection can also be made
when the nematic liquid crystal spreads onto the substrate [S9-63]]. The selected anchoring di-
rection depends on the direction of spreading and, when the anchoring is tilted, on the dynamic
contact angle [64, 65]. Moreover, once the selection has been made, the anchoring direction
is not easily be changed on the substrate surface. Even in the case of the degenerate anchoring
mentioned above, the orientation still remains without the external field, and is stable while
heating up to several degrees above the nematic — isotropic temperature or applying a field in

another direction [56-58]]. This might result from a physisorption of the molecules onto the
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substrate (which is confirmed by scanning tunnelling microscopy), or a chemisorption (even
although there is no experimental evidence reported).

In my study, the anchoring obtained on mica is a planar monostable anchoring, but on
MoS,, six possible planar anchoring directions are found. Bare silicon substrates exhibit ran-
dom planar anchoring, as well as silicon substrates self-assembled with polyethyleneimine
(PE]) or n-trimethoxysilylpropyl-n,n,n-trimethylammonium chloride (MAP). Silicon substrates
self-assembled with octadecyldimethyl(3-trimethoxysilylpropyl)ammonium chloride (DMOAP)
lead to a homeotropic anchoring.

An important point for my study is also the anchoring at liquid crystal/air interfaces, where

most liquid crystals show a strong homeotropic anchoring.

1.4.2 Microscopic Anchoring Mechanisms at Solid Substrates.

The mechanisms responsible for the creation of anchoring on solid substrates are not well
known. Ordered monolayers of liquid crystal molecules on crystalline substrates (such as
graphite [66-70] and MoS, [71} [72]) have been observed by scanning tunnelling microscopy,
and the azimuthal orientation of the liquid crystals must result from the molecule/substrate
interactions. On rubbed polymer films, in which the polymer chains orient along the direction
of rubbing, it has been found that also the liquid crystal molecules orient parallel to the rubbing
direction [73]]. This indicates that the orientation of the molecules arise from the interaction
with the polymer chains which induces them to align parallel to the chains. Further evidence
for the existence of such an interaction is the fact that an isotropic polymer film can be made
anisotropic by placing a homogeneously aligned nematic liquid crystal on it [[74].

For tilted anchoring states, the value of the tilt angle between the anchoring direction and
the surface normal might result from a polar ordering, i. e., the way of how polar molecules
like cyanobiphenyls arrange themselves with their polar groups facing to or against the sub-
strate. Such polar order is found in the 8CB monolayers on water [75]], clean glass, glass
coated with silane surfactants DMOAP and MAP [76]], and glass coated with a polyimide film
(rubbed or unrubbed) [77,78]]. The existence of polar substrate/molecule interactions breaks
the symmetry of the non-polar dimer structure in the cyanobiphenyl bulk phase. In the case
of glass coated with octadecyltrichlorosilane (OTS), which gives an excellent homeotropic
alignment of liquid crystals in the nematic and smectic phases, the aliphatic chains of 8CB
are in contact with the substrate, followed by a non-polar ‘dimers’ structure of 8CB, which

is similar to the situation occurring at the interface with a gas phase [79]. However, on a
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DMOAP coated substrate, the adsorption of a polar layer of 8CB is allowed [80]], because the
large head group and loose structure of DMOAP permit the access of the polar cyano group
of 8CB to surface polar sites. The tilt of the hard biphenyl core of the 8CB molecules in polar
monolayers is found to be approximately 70° and does not seem to depend on the surface cov-
erage or on temperature. The presence of this tilt can be explained by the fact that it reduces
the dipole-dipole interaction between the polar heads of 8CB molecules [[73].

On rubbed substrates, e. g., polyimide films rubbed by velvet in one direction, the cyanobip-
henyl molecules tend to align along the rubbing direction, with more molecules pointing with
their tails in the rubbing direction than in the opposite direction. Also in this polar layer the
molecules are tilted, similar to the structure of isolated monolayers. It should be noted that the
anisotropy of the interfacial layer remains even at 20°C above the isotropic — nematic transi-
tion temperature. In contrast, rubbing of bare glass or MAP-coated glass does not distort the

isotropic azimuthal distribution of the anchoring direction [77, [78].

1.5 Focal Conic Domains in Smectic Liquid Crystals

1.5.1 Defect Structures in Smectic Phases

Among the three types of elastic distortions of the director field n(r) — splay, twist, and
bend, only the splay distortion survives in smectic phases, because the incompressibility of the
smectic layer structure suppresses the twist and bend distortions. In smectic-A liquid crystals,
a fairly large energy is necessary to change the layer spacing which can be considered as
practically constant. Deformations of the smectic layer structure therefore transfer the smectic
planes into parallel surfaces with the same center of curvature. The resulting arrangement of
the smectic layers is a so-called focal conic domain; its construction is shown in Figure
In (a) the smectic layers form concentric cylinders around one straight singular line. In (b),
the straight singular line has been looped into a circle which creates another straight singular
line running through the center of the circle. The smectic layers form a system of concentric
tori. In (c), the general case of this structure is shown, in which the circular and the straight
singular line of (b) has become an ellipse and a hyperbola; ellipse and hyperbola run through
each other focal point. The smectic layers form a system of parallel Dupin cylinders.

The presence of focal conic domains leads to the typical textures of smectic phases in
the polarizing microscope. Their detailed study has already led, by Friedel in 1922, to the

conclusion that the smectic-A phase must possess a layered structure [[14]. Comprehensive
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Figure 1.9: Schematic construction of a focal conic domain: (a) confocal domains degenerated
into a cylinder. (b) Toric focal conic domain, singular lines are a circle and a straight line. (c)
The general case with an ellipse and a hyperbola as singular lines, the layers form parallel
Dupin cyclides (cf. [81]).

studies of focal conic domains in bulk smectic phases started again in 1972 with a series
of papers by Bouligand [82]. The properties of focal conic domains in the bulk smectic-A
phase are now well understood (see review [83]). Recently, the interest in these structures
has been renewed with respect to the concept of using liquid crystal structures as matrices
or templates for new self-organizing systems. In this context, the targeted generation, the
properties, and the control of focal conic domains in thin films and in confined environments

like microchannels are important issues.
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1.5.2 Focal Conic Domains in Thin Films and Microchannels

Focal conic domains are formed in response of the smectic liquid crystal to a frustration be-
tween an external influence inducing a bent configuration and the incompressibility of the
smectic layers. For instance, in a cell with homeotropic anchoring at both interfaces, the
smectic layers usually form a simple stack with the layer planes aligned parallel to the inter-
faces; if an electric field of sufficient strength is applied perpendicular to the layers and the
liquid crystal material possesses a negative dielectric anisotropy, the formation of focal conic
domains is induced [84]. Another method is the preparation of a film with antagonistic anchor-
ing conditions at its interfaces. If one interface exhibits a homeotropic anchoring condition
and the other interface a degenerate planar anchoring, the smectic layers will form focal conic
domains. Actually, the generated structures are half-domains since one of the singular lines
(the ellipse or circle) is located at one interface of the film, and the smectic phase extends only
in one direction. Figure shows a schematic drawing of the arrangement of the smectic

layers.

singular lines: straight line circle

Figure 1.10: Schematic drawing of two neighboring focal conic domains in a film with
homeotropic (top interface) and degenerate planar (bottom interface) anchoring conditions.
The smectic layers are wrapped around two singular lines (in this drawing, a straight line and
a circle).

A corresponding experimental system has been studied first by Fournier et al. [85] who

investigated smectic-A films floating on their isotropic melt (the liquid crystal compounds
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possessed a smectic-A — isotropic phase transition). The air interface of the film provided the
homeotropic anchoring, and at the smectic-A/isotropic interface a degenerate planar anchoring
was observed. Fournier et al. obtained a two-dimensional hexagonal lattice of focal conic
domains and provided a quantitative model of the energy of focal domains in such films. Since
this model is used in the present study to analyze my results, I describe it below (Section[1.5.3))

in more detail.
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Figure 1.11: Polarized light microscopy images of ordered focal conic domains of smectic
8CB in surface-modified microchannels (Inset images are magnified x2), with corresponding
schematic drawings shown above and below the images. From left to right, the widths of the
channels are 20, 10, and 5 ym. In a-c, the channel depth is 10 ym. In d-f, the depth is 5 um.
(Magnification: X400, from [86].)

On solid substrates, first studies were carried out in open microchannels with polyethylene-
imine-coated walls [86, [87]] or in microchannels in PDMS substrates [[88]]. These studies are

concerned with the effects of geometric confinement on focal conic domains. It was shown that
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regular arrays of focal conic domains can be obtained. The details of the generated structures
depend on the width and depth of the microchannels and the anchoring conditions at the chan-
nel walls. Figure shows an example of regular patterns of focal conic domains formed in
microchannels with different dimensions. The geometry of surface-modified microchannels
confines the size and spatial arrangement of focal conic domains. Two-dimensional ordered
patterns of nearly uniform sized units can be obtained by controlling the width and the depth
of the channels. During the course of my study, more papers [20, [89]] appeared extending the
concept of controlling the arrangement of focal conic domains by microchannels. In [20], it
was also demonstrated that focal conic domains can be used as a matrix for the positioning of
microbeads.

A different concept of confinement and arrangement control of focal conic domains was
used by Bramble et al. [90], who prepared on a gold-coated substrate with different self-
assembled monolayers. They used two organothiols leading either to homeotropic or degen-
erate planar anchoring on the substrate. When a smectic film is prepared on such a substrate,
the focal conic domains form only in (and are confined to) the planar anchoring areas. The
concept of creating anchoring patterns on a solid substrate is also a major topic of my thesis
and is discussed in Chapter @4l

Focal conic domains in films on homogeneous flat substrates without confinement effects
have been studied by Designolle et al. [91], who have shown that AFM microscopy measure-
ments of the shape of the film/air interface can be used to characterize the underlying focal
conic domains and their behaviour at smectic-A — nematic and smectic-A — isotropic phase
transitions.

Smectic films have also been studied on the surface of freshly cleaved MoS, crystals [92+-
93]]. This is a planar anchoring substrate possessing six preferred in-plane aligning directions,
+17.5°+0.4 (modulo 60°) away from the MoS, [100] direction, confirmed by X-ray grazing
incidence diffraction. Instead of circular focal conic domains, linear structures are obtained as
shown in Figure The circular or elliptical singular lines of the focal conic domains are
replaced in these structures by a straight singular line running in the substrate plane perpen-
dicular to the preferred in-plane anchoring direction. The studies were concerned with very
thin films in which the curved smectic layer structure around the linear singular line was used
as a model system for X-ray structural studies of smectic defect cores. In Chapter[5] I present
preliminary results concerning thicker liquid crystal films on MoS, and mica substrates which
indicate that the hemicylinder structure observed in thin films is replaced by a more complex

structure possibly consisting of fragmented focal conic domains.
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Figure 1.12: Schematic drawing of the hemicylinder arrangement of the smectic layers on a
planar anchoring substrate with a preferred in-plane aligning direction.

1.5.3 Model for The Energy of A Focal Conic Domain in Thin Films

To analyze my results on focal conic domains, I use the model created by Fournier et al. [83].
A cross section of a focal conic domain between the two antagonistic interfaces, air and solid
substrate, is shown in Figure [L.I3l The singular lines (in general an ellipse and a hyperbola)
are assumed to adopt the shape of a circle and a straight line. H stands for the thickness of the
smectic film, r for the radius of the domain base, and /4 for the depth of the depression induced

by the focal conic domain in the air interface.

Fournier et al. compared the structure shown in Figure [L13] with the undistorted smectic-A
structure, which is a simple stack of plane parallel layers. There are three energy contributions
by which the focal conic domain differs from the undistorted case: the energy F' related to the
curvature of the smectic layers and the singular lines which are not present in the undistorted
case, the surface energy F, of the random planar anchoring on the substrate (in the undistorted
case, the anchoring is homeotropic), and the energy F; related to the increased area of the

curved smectic-A/air interface (in the undistorted case, this interface is completely flat).

Concerning contribution F, the curvature energy F,,., of a toric (circular) focal conic
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Figure 1.13: Schematic cross section through a toric focal conic domains with diameter 2r
in a smectic film of thickness H. The bend deformation of the smectic layers leads to a
depression in the film/air interface with depth 4. If the cross sections of the layer planes form
concentric circles, the value of 4 is easily calculated according to the Pythagorean theorem
(triangle indicated by the dashed lines).

domain in bulk is given by [96]:

2
Fou = 2712K1r(1n il 2) (1.4)

v Cc

with r denoting the domain radius and K, the splay elastic constant; r. is a core radius
and of the order of one layer thickness (a few nm). Fournier et al. approximate In(2r/r.) by
a constant mean value so that F,,, becomes simply proportional to r. The core energy of
the circular singular line is also assumed to be proportional to r while the core energy of the
straight singular line is assumed to be proportional to the film thickness H. Thus, Fournier et
al. wrote Fy as 'y = 2na K, r+2nBK,H, where « and 8 are dimensionless unknown constants.

The second contribution F,, related to the different anchoring conditions, is given by
F, = nir*Acy,,. nr? is the area of the domain base on the substrate and Ao, the surface
energy difference between homeotropic and planar anchoring.

For the third contribution F3, the area A of the surface of the depression above the focal

conic domain must be taken into account. This area is given by

A =2nH’ (parcsinp + 1 - p? - 1) (1.5)

with p = r/H. A Taylor expansion to the fourth power around p = 0 gives A =~ nir? + nr* /(12H?),
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the latter summand representing the additional area caused by the curvature of the surface
above the focal conic domain. Fj is thus given as F3 ~ nr*o,;,./(12H?) with o, denoting the
smectic-A/air surface tension. Thus, Fournier et al. obtained for the energy F of a focal conic

domain:

7Tr40'a,-,

F =2naKr + 2nBK H — nr*Ac g, + ——— 1.6
na K r + 218K, r Ao g, + e (1.6)

Equation[L.6l predicts a minimum of F with respect to r, provided that r > r, = 3aK/(2A0 ),

and a nearly linear relationship between film thickness H and radius r is obtained:

H=

O uirl” 2
6h0 (r — )} (1.7)

Ao sup

Thus, the diameter 2r of the focal conic domains is expected to increase with the thickness
H of the smectic film. For a given smectic film, o,;, and @K are intrinsic properties. The
relation between r and H is then determined by Ao, which can be considered as a kind
of anchoring strength. Experimental studies concerning this topic and the relation between
the thickness the smectic film and the diameter of the focal conic domains are presented in
Chapter[3l

Liquid crystals have been a subject of interest since many years, due to their unusual physi-
cal properties by virtue of their intermediate position between isotropic liquids and crystalline
solids. Although liquid crystal properties are not yet fully understood in all aspects, these
materials are widely applied in a number of fields. The aim of my thesis is a fundamental
study of focal conic domains in films on different types of solid substrates. After describ-
ing my experimental methods, I will discuss in the following chapters the morphology and the
behaviour at phase transitions of focal conic domains on homogenous substrates with a degen-
erate planar anchoring (Chapter[3)), on patterned substrates possessing regions with planar and
homeotropic anchoring (Chapterd)), and on crystalline substrates with a mono- or multi-stable
anchoring (Chapter [3)).

So far, liquid crystal research is still powered in liquid crystal display industry and funda-
mental scientific interest. Liquid crystals represent a great system to study phase transitions,
correlations in the liquids or interaction of the liquid with the surface. The results, findings

and theoretical treatments of liquid crystal research can be widely used in the research of other
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partially ordered complex systems, like polymers or biological materials.






Chapter 2

Materials, Methods and Experimental

Techniques

“Progress is the activity of today and the assurance of tomorrow.”
Ralph Waldo Emerson (1803 — 1882)

This chapter will introduce the main experiments in my work, including materials, prepara-
tion methods and characterization techniques. Atomic Force Microscope (AFM), as an impor-
tant measurement technique in my work, will be discussed in details in this chapter, including

its physics background and its operation.

2.1 Liquid Crystal Materials

The liquid crystals, mainly used in my experiments, are 4’-alkyl-4-cyanobiphenyls (nCBs),
which were purchased from Synthon Chemicals (Germany). nCB molecules and their deriva-
tives are standardly used to study anchoring and alignment of liquid crystals on various sub-
strates. This is because they are stable, widely available, well characterized, and constitute
many commercial mixtures used in display devices.

Between the solid phase and the isotropic liquid phase, the members of nCBs withn = 5-7
show a nematic phase, and those with n = 8 and 9 exhibit nematic and smectic-A phase, while
for n >10 there appears only the smectic-A phase. The compounds and their phase transition

temperatures are shown in the Table 2.1l

29
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Name of liquid crystals Phase Transition Temperature (°C)
Solid — Solid Sm-A Sm-A Ne —
Sm-A — Ne — Ne — Iso Iso
6CB - 14.8 - - 29
8CB 21.5 - 334 - 40.5
9CB 40 - 47 — 49
10CB 44 - - 50.5 -
12CB 48 - - 58.5 -

Table 2.1: Liquid crystals used in the experiments and their phase transition temperature (ex-
perimental data).

In some experiments, mixtures of nCBs were prepared. Compared with the component
liquid crystals, the phase transition of the mixtures changes, and transition temperatures shift
according to the ratio of mixture.

Table lists an example of the phase transition temperatures of the mixture of 6CB and
8CB. As the content of 6CB increasing in the mixtures, both phase transition temperatures of
smectic-A — nematic and nematic — isotropic decrease gradually.

The phase transitions of mixtures of 10CB and 8CB have been be discussed in Chapter/[I]
Section[L.3] and I will discuss it further in Chapter 3, Section

Mol Ratio of 6CB and 8CB Mixture Phase Transition Temperature (°C)
Sm-A — Ne Ne — Iso
1:9 30.3 40.3
1:4.5 27 39.3
1:3.6 25 38.3
1:2.7 22 38

Table 2.2: Phase transition of the mixtures of 6CB and 8CB and their phase transition temper-
atures (experimental data).

Besides above alkyl-cyanobiphenyl liquid crystals, the liquid crystals with smectic-C phase
were used in my experiments, which are listed in Table and their molecular formulae are
illustrated in Figure 2,11

All materials are used without further purified.
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Name of liquid Phase Transition Temperature (°C)
crystals
Sm-C — Sm-C — Sm-A - Sm-A — Ne —
Sm-A Ne Ne Iso Iso
Pyp907 52 - - 73.2 -
Pyp808 58.2 — 65 — 71
A7 74.5 — - 82.5 -
c9 53 - - 62.5 -
C7 55.5 - - 62.7 -
8.5.5 55 - 62 - 85

Table 2.3: Liquid crystals with smectic-C phase, and their phase transition temperature (ex-
perimental data).

2.2 Preparation Methods

2.2.1 Substrate Preparation
Homogenous Substrate

In my work, liquid crystal droplets or films on solid substrates were studied. With respect to
the generation of focal conic domains or other defect structures in the liquid crystal, the most
important property of the substrate is the anchoring condition which is imposed on the liquid
crystal by the substrate. On substrates with random planar anchoring, toric focal domains
are obtained, while substrates with unidirectional or multidirectional planar anchoring lead to
linear defect structures.

In my experiments, the homogenous substrates, e. g., silicon wafers, modified silicon

wafers, mica, and MoS,, were used as substrates.

Substrates with random planer anchoring

Either the bare surface or the coated silicon surface, were served as substrates with random
anchoring. In both case, the wafers were initially cleaned with ‘Piranha solution’.

Two kinds of Piranha solution were used. One is the acid Piranha solution, prepared by
mixing three volumes of concentrated H,SO4 (98%, provided by VWR International, Ger-

many) and one volume 30% aqueous solution of H,O, (provided by Merck, Germany). The
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Figure 2.1: Molecular formulae of liquid crystals used in the experiments.

other is the base Piranha solution, obtained by mixing 3:1 of ammoniac solution (25%, from
Merck, Germany) and 30% aqueous solution of H,O,.

Silicon wafers were cleaned as the following procedures. First, silicon wafers were rinsed
in acetone and sonicated for 15 minuets, followed by sonication in distilled water for 15 min-
uets. After dried by a nitrogen flow, these wafers were put in a fresh Piranha solution and kept
at 80°C for 30 minuets. Next, the wafers were thoroughly washed with Millipore water. At
last, store the wafers in the distilled water. Before used, the wafer was dried with a nitrogen
flow.

To obtain the hydrophillic surface, the wafers were only treated by the acid Piranha solu-
tion. To make the surface negatively polarized, the base Piranha solution were also used after
cleaning the wafers with the acid Piranha solution.

A bare silicon surface, cleaned with Piranha solutions, imposes a random planar anchoring

on liquid crystal compounds. However, it still induces to a larger contact angle of the droplet
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of the liquid crystals. To reduce the contact angle and modify the strength of the planar
anchoring, the bare silicon surface was coated with organic layers for some experiments. Two

types of coating, a cationic polymer and alkoxysilanes, were employed.

A layer of a cationic polymer, polyethyleneimine (PEI) (from sigma-Aldrich Chemie
GmbH, Germany), was self-assembled on a clean silicon wafer. To enhance the absorbtion
of PEI, the substrate was firstly treated by the base Piranha solution. And then immerse the
treated wafer in a 2 g/l PEI aqueous solution for 30-60 minutes, followed by shortly washing
with the Millipore water, and drying under a nitrogen flow.

Two kinds of alkoxysilanes were also chemisorbed on silicon substrates, which are octad-
ecyldimethyl(3-trimethoxysilylpropyl)ammonium chloride (C,cHsgCINO3Si, DMOAP, 60%
methanol solution) and n-trimethoxysilylpropyl-n,n,n-trimethylammonium chloride (CoH,4Cl-
NO;Si, MAP, 50% methanol solution) (purchased from ABCR GmbH & Co. KG, Germany).
To prepare the alkoxysilane substrate, the clean silicon substrate was dipped in the 0.1% (by
volume, the fraction x ~ 3 x 107> mol/l) aqueous MAP or DMOAP solution for 5 minutes, and
then remove extra silane with Millipore water. After dried with a nitrogen flow, the substrate

was then thermally cured at 110°C for 1 hour.

These surfaces are known to yield different bulk liquid crystal alignments. DMOAP-coated
substrates lead to homeotropic alignment, while MAP-coated substrates give planar alignment.
To obtain different substrates with different planar anchoring strength, a series of proportions
of MAP and DMOAP mixtures were self-assembled on the silicon substrates. The mixtures
were prepared by diluting a certain proportion of MAP and DMOAP mixture with the Milli-
pore water till the concentrate in total is up to 0.1% (by volume). The details of the anchoring
strength of the MAP and DMOAP mixture will be discussed in Chapter 3

Substrates with uni-or multidirectional planar anchoring

The surface of inorganic crystals served as substrates possessing planar anchoring in con-
junction with one or several preferred in-plane directions for the orientation of director. Two
types of inorganic crystals were used: mica and MoS, crystals. Both compounds possess a
layered crystal structure which allows to remove the thin crystal layers easily, so as to obtain
a ‘fresh’ and atomic-level flat surface. To prepare the substrates, a piece of mica or MoS, is
fixed on a rigid carrier (e. g., a metal disc used for AFM measurements) and a thin crystal
layer is removed with a razor blade or a piece of scotch tape. The liquid crystal film is then

prepared directly on the surface of the freshly cleaved crystalline substrate.
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Patterned Substrates

To control the arrangement of focal conic domains and study confinement effects, I pre-
pared substrates, which possess an anchoring pattern, i. e., the surface of these substrates
exhibits in some areas random planar anchoring and in other areas homeotropic anchoring.
On such substrates, focal conic domains form only in the planar anchoring areas. The anchor-
ing pattern is generated by the following method: a silicon wafer with a cleaned bare surface,
possessing random planar anchoring, was covered by an appropriate mask, through which
a thin gold film was evaporated onto the silicon wafer. While a bare gold surface imposes
homeotropic anchoring on many liquid crystal compounds, planar anchoring exists only in the
masked areas (uncoated, bare silicon areas).

Two types of masks were used, one consists of electron microscopy copper grids (BAL-
TEC, Germany), and the other is a monolayer of polystyrene microbeads (Polysciences Eu-
rope).

The gold film was thermally evaporated onto the silicon substrate with a mask, using
an Edwards Auto 306 coating system. The thickness of the gold layer on the substrates,
determined by AFM measurements, was typically between 40 and 60 nm. With the first type
of mask, copper grids, we generated line-, quare-, or hexagon-like patterns, in which gold
coated areas are separated by 10 to 20 ym wide stripes of uncoated regions (as shown in

Figure 2.2)).

.0 200.0 nm

0 100.0 nm

0.0 nm

Figure 2.2: AFM image of gold patterned silicon substrate masked by copper grid.

As the second type of mask, we employed monolayers of polystyrene microbeads. The use
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of colloid monolayers as versatile lithographic masks has been well demonstrated in [97, 98].
First, a 1x1 cm clean silicon substrate was placed on a glass slide, which was tilted with an
angle of 2-3°. Second, 15-20 ul of diluted aqueous colloidal suspension of microbeads (1.2-
1.5% by weight) was dropped and completely spread on it. Then cover this system with a
Petri dish and keep it at 4°C for 2 or 3 days, so that the solution evaporated slowly, until the

microbeads suspension solution was totally dry and formed a monolayer on the substrate.

20.0 200.0 nm 20.0 300.0 nm

(b)

100.0 nm 150.0 nm

302.0 nm 300.0 nm

152.0 nm 150.0 nm

Figure 2.3: AFM images of the gold patterned silicon substrate masked by different size of
microbeads. The size of the microbeads used in experiments is (a) 0.5, (b) 2, (c) 6, and (d) 10
um, respectively.

After thermally coating the substrate with gold, the microbead monolayer was removed by
slowly immersing the substrate into a water reservoir. In this treatment, the microbeads lost the
contact with the substrate surface and floated at the water surface, leaving a hexagonal pattern
of uncoated circular areas on the substrate [99]. Figure 2.3] shows the gold patterned silicon
substrate masked by different size of microbeads. The dimension of these areas is determined

by the diameter of the microbeads. We used colloidal suspensions of four differently sized
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polystyrene beads with diameters of 0.5, 2, 6, and 10 um (the further results will be discussed
in Chapter 4.

2.2.2 Sample Preparation

In most experiments, liquid crystal films on the substrates were produced by placing a
free droplet of liquid crystals on the substrate under optical microscope, and subsequently
heating to the temperature range of the nematic phase or isotropic, according to the liquid
crystals. In the nematic or isotropic phase, the droplets spread on the surface and reach a
quasistatic shape after a few minutes (the nematic phase of nCB compounds is known wet
silicon substrates completely, but the corresponding time interval is of the order of a few days).
And then the samples were slowly cooled back into the smectic phase with a rate 0.1°C/min.
On further cooling (within the smectic phase), the appearance of these samples (the location
and diameter of the defects and the shape of the droplets) does not change, and the sample can
be investigated by AFM for a long time (at least 24 hours).

Liquid crystal films obtained in my experiments are in fact flat droplets, the thickness of
which increases from the edge to the center. Table 2.4] gives some examples of contact angles
of 8CB and 10CB on different kinds of substrates.

If focal conic microscopy measurements are intended, a small amount (~ 0.01% by weight)
of the dye n,n’-bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylenedicarboximide (BTBP) (purcha-
sed from Sigma) was doped into liquid crystals [[100], followed by stirring for 2-4 hours at its
isotropic temperature, in order to mix completely.

The different ratios of mixtures of liquid crystals, used for some experiments, were also

stirred for > 1 hour at its isotropic temperature.

Name of Liquid Contact Angle on Different Substrates °
Crystals
Bare Silicon PEI self- MAP self-
assembled assembled
Silicon Silicon
8CB 12 8 2.8
10CB 15.3 2.6 6.3

Table 2.4: Contact angles of 8CB and 10CB on bare silicon, PEI and MAP self-assembled
silicon substrates.



2.3. Characterization Techniques 37

2.3 Characterization Techniques

Most of my work consists of topographical studies of focal conic domains at the air/liquid
crystal interface, performed with AFM. Other devices, e. g., optical microscope, fluorescence
confocal microscope, are introduced as complement.

Here is an example, the local thickness of the liquid crystal film on the substrate was
determined by two methods: in thin regions near the edge of the film, the thickness was
determined from AFM, by measuring the difference of z value between the bare substrate and
the measured point area. In thicker regions, beyond the AFM measuring scale, the thickness
was determined using fluorescence confocal microscopy, the resolution of which in z direction
1s 200 nm.

2.3.1 Optical Microscopy

A Leica DM4000C (Leica Microsystems) (shown in Figure 2.4) was used in my experi-
ment. This optical microscope provides all basic transmitted-light and reflected light contrast-
ing methods (bright/dark field, phase, polarization contrast).

A TMS 94 temperature controllers and THMSG600 heater stage (Linkam Scientific In-
struments Ltd.) were combined with the optical microscope to control the temperature of the
sample. The controlled heating rate is from 0.01°C to 130°C/min and the temperature range is
from -196 to 600°C.

The optical microscope in conjunction with the heater stage was used to observe the forma-
tion and preparation of liquid crystal films and droplets on the substrates (see subsection[2.2.2)),
and to determine the phase transition temperatures of the liquid crystal samples. Nematic and
smectic phases show characteristic textures which allow to distinguish these phases from the
isotropic phase and from each other. Phase transitions are indicated by sudden changes of these
textures and the transition temperatures were detected by observing the sample through the mi-
croscope, while the temperature was changed with a slow constant rate, typically 0.1°C/min.

Typical examples for textures of the nematic and the smectic-A phase are shown in Figure

2.3.2 Fluorescence Confocal Microscopy

Conceptualized by Marvin Minsky in 1953, the fluorescence confocal microscopy has
become a practical technique in biology and biomedical sciences, as well as in materials sci-

ence [[101}102], in the past 10 years. Fluorescence confocal microscopy detects structures by
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Figure 2.4: Optical microscope Leica DM4000C with TMS 94 temperature controllers and
THMSG600 heater stage.

collecting light from a single focal plane of the sample, eliminating light out of focus. The
light of a laser source passes through a pinhole aperture situated in a conjugate plane (con-
focal) with a scanning point on the specimen, and the excited fluorescence from the sample
(in the same focal plane) passes a second pinhole aperture positioned in front of the detector
(as presented in Figure 2.6). In this configuration, most of the fluorescence emissions above
and below the objective focal plane are not collected by the detector. The confocal technique

allow the study of the three dimensional (3D) structure of the sample.

A Leica TCS SP2 (Leica Microsystems) fluorescence confocal microscopy (presented in

Figure 2.7) is used in my work.

Combined with polarized light, fluorescence confocal microscopy has been used for the
study of liquid crystal’s 3D structure [100]. According to the intensity of the polarized fluo-
rescence light from the sample, orientational order of liquid crystals can be recognized, and

the 3D structure of the liquid crystal director field can be visualized.
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(b)

Figure 2.5: Optical microscopy with polarized light of (a) nematic phase and (b) smectic-A
phase of 8CB droplet on silicon substrate.

For this purpose, the liquid crystal sample must be doped with a small amount of a flu-
orescent dye which align parallel to the liquid crystal molecules, i. e., the transition dipole
moment of the fluorescence dye is oriented parallel to the liquid crystal director. If linearly
polarized light is used to excite the fluorescence, the maximum fluorescence intensity is gen-
erated in those regions of the sample where the director is parallel to the polarization direction,
and minimum intensity is obtained if the director is perpendicular to the polarization direction

(Figure 2.8)). In general, the fluorescence intensity I varies as

I o cos* ¢ 2.1)
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Figure 2.6: Scheme of the work principle of fluorescence confocal microscopy (from http://
www.olympusfluoview.com/).

Figure 2.7: Photo of fluorescence confocal microscopy Leica TCS SP2.
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where ¢ is the angle between the director (or transition dipole) and the polarization direc-

tion.

In my experiment, the fluorescent dye BTBP was used as the indicator to indicate the di-
rection of liquid crystal molecules (director), because BTBP is well oriented along the director
in liquid crystals. A tiny amount of BTBP (~ 0.01%, by weight) is doped in the liquid crystal,
below the solubility limits, and stir the mixture under liquid crystal’s isotropic temperature for

2-4 hours. The excitation wavelength of BTBP is 488 nm, and the emission wavelength is in

a range of 510-550 nm.
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Figure 2.8: Scheme of the work principle of fluorescence confocal microscopy, cf. .
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2.3.3 Atomic Force Microscopy (AFM)

Atomic force microscopy, invented in 1986 by Gerd Binning, Calvin F. Quate and Christo-
pher Herber [[103], has been widely used to investigate structures and mechanical properties
of materials on surfaces. Through measuring the interactive force between a sharp tip and the
sample surface, AFM can offer a very high spatial resolution, near-atomic resolution, particu-
larly on flat hard material surfaces in vacuum [104, [105]. Nevertheless, there is an increasing
interest in applying AFM on soft materials [106], e. g., biological sample morphologies and
polymer physical properties. In my work, AFM is used to characterize the topography of lig-
uid crystals on different substrates, so that we can obtain information about the dimensions
of focal conic domains and other structures, which are not possible to be detected by optical

microscope.

Principle and Technique

Principle

The principle of the operation of an AFM is schematically shown in Figure 2.91 The
key element of an AFM is its microscopic force sensor, cantilever. The cantilever is usually
formed by one or more beams of silicon or silicon nitride, 100 to 500 um long and about 0.5
to 5 um thick. The force applied to the tip, which is mounted on the end of the cantilever,
results in bending of the cantilever. The bending is detected with a laser beam, reflected from
the back of the cantilever. Because the deflection of the cantilever results in a displacement
of this laser beam on a position-sensitive photodetector (PSPD), it is possible to evaluate the
tip-surface interactive force by measuring the cantilever deflection. The PSPD is capable of
detecting tip displacements smaller than 1 nm [[107]. For small deflections of the cantilever,
the displacement of the beam is proportional to the force on the tip, bending the cantilever
according to N = kl. Here, k is the elastic constant of the cantilever and [/ is the vertical

displacement of the end of the cantilever.

In general, the measured force is contributed by the top few atoms on the tip and sample.
The interactive force measured by AFM tip can be qualitatively explained by van der Waals
forces [[109]], given for non-electrical, non-magnetic, and non-contaminated sample. The van

der Waals potential energy U between tip and sample, with a distance Z, is approximated by
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Figure 2.9: Schematic representation of an AFM operation principle. Note that the sizes of
the tip and the cantilever are strongly enlarged with respect to other sizes, cf. .

the function — Lennard-Jones potential:

CREREN

Zy is the equilibrium distance between tip and sample, and U, is the energy at Z,. The
first term of the above equation describes the long distance attraction due to a dipole-dipole
interaction, and the second term presents the short range repulsion, resulted from the Pauli
exclusion principle. At a certain distance Z;, the energy is the minimum (as indicated in
Figure 2.10). The force is then given by:

dU(2)
N2Z) = 7 (2.3)

Figure 2.11] shows a normalized plot of the forces between the tip and sample,

According to different kinds of force interactions between the tip and the sample, there are
different kinds of microscope, for instance, magnetic force, electric force, and capacitive force

microscopy.

From a physical point of view, one can make a distinction between different operating
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Figure 2.11: Normalized plot of the forces between the tip and sample, highlighted areas are
the typical imaging mode ranges (see http://www.veeco.com/).

modes depending on the sign of the forces in the interaction between the tip and the sample

(shown in Figure 2.11). As the tip is gradually brought close to the sample, they begin to



2.3. Characterization Techniques 45

weakly attract each other, induced by dipole moments. The attractive force increases until the
tip and sample are so close each other that a strong repulsive force is felt. This repulsive force
is a result of overlapping the electron clouds from the sample and the probe tip. The Pauli
exclusion principle prevents the complete overlap of the two electron clouds. This is a strong,

short range force (described in the second term of Equation 2.2)).

Contact mode Non-contact mode Tapping mode

Configuration of the sample obtained by above AFM modes

A l

Figure 2.12: The comparison scheme of three kinds of AFM working modes: contact mode,
non-contact mode, and Tapping”* mode.

In accordance with different working force region, AFM can be primarily split into three
groups: the contact mode (quasi-static), non-contact mode, and semi-contact mode (Tapping”™
mode) [111]. Figure gives the comparison of these three AFM modes, and the difference

of the configuration of sample obtained by these modes.

Contact mode

The contact mode is a mode in which the tip is brought in hard contact with the surface.
In this mode of operation, the repulsive steric force is applied and tip is close to the surface
(indicated as left highlight region in Figure 2. 11)). The static tip deflection is detected as a
feedback signal.

The contact mode may be carried out either at constant force or at constant average dis-
tance. During scanning in constant force mode, the cantilever deflection, i. e., the interaction
force, is kept constant by the feedback loop, and the distance between the tip and sample is
detected. In the constant distant mode, scanning at a constant average distance between tip
and sample, the force or cantilever deflection signal is collected.

The contact mode can provide a high sensitivity of scanning. However, in contact mode,
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the cantilever pushes the tip against the sample, and the cantilever bends to force the tip atoms
closer to the sample atoms. Due to this close contact between tip and surface, although can-
tilevers used in contact mode are relatively soft (~ 0.1 N/m), it still bears the risk of damaging

or deforming the sample surface, especially for the soft materials.

Non-Contact mode

Non-contact mode is a oscillating cantilever technique, in which an AFM cantilever is os-
cillated far from the surface of a sample, with amplitude < 10 nm. Attractive force between
the tip and the sample is dominant (indicated as right highlight region in Figure 2.11)). In non-
contact mode, the system oscillates a stiff cantilever near its resonant frequency. The changes
of the cantilever’s resonance frequency or oscillation amplitude are detected as feedback sig-
nals. Due to the long distance between the tip and sample surface, there is no contact between
the tip and sample surface, which eliminate the risk of the damage of the sample surface by
tip. Whereas, because the attractive force between tip and sample is typically smaller than the
repulsive force of contact mode, and stiff cantilevers must be used in non-contact mode, the

detector signal is smaller and the sensitivity of non-contact mode is weaker than contact mode.

Semi-contact mode (Tapping™ mode)

To avoid damaging of the soft sample surface (or to do imaging of liquid surface) and
improving the scanning resolution, the semi-contact mode (or called Tapping”™ mode) is em-
ployed in my experiments. It is operated as well by detecting the changes of cantilever’s
resonance frequency or oscillation amplitude.

In this mode, the cantilever is oscillated at or near its resonance frequency with a higher
amplitude (typically larger than 20 nm) comparing with non-contact mode, which ensures that
the tip does not get stuck in liquid layer. The repulsive force is dominant rather other attractive
force (corresponding the region between two highlight region in Figure 2.11)). During scan-
ning, the tip oscillates close to the surface, so the tip alternately lightly touches and lifts off the
surface. Generally, the oscillating frequency is 75-500 kHz. As the oscillating cantilever taps
the surface, the oscillation amplitude and frequency are reduced, due to energy loss during tip
contacting the surface. The reduction of oscillation amplitude and frequency can be used to
measure the surface features. The tip/sample interaction is weaker than in the contact mode,
but stronger than in the non-contact mode. Thus, Tapping’* mode is much more effective
than non-contact AFM, especially for imaging larger areas on the sample that may include

greater variation in topography. Moreover, Tapping’” mode can be performed in gases and
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non-corrosive liquids.

Similar to the contact mode, the semi-contact mode can be applied in two modes, mea-
suring the surface topography either by maintaining the frequency of oscillation (frequency-
modulation mode) or the amplitude of oscillation (amplitude-modulation mode). In my exper-
iment, the amplitude-modulation mode is applied.

In Tapping”™ mode, a stiff cantilever is required, and the typical value of elastic constants
of semi-contact mode cantilevers are in the range from 0.01 N/m to 50 N/m. The resonance

frequency of a cantilever is given by:

=gy (2.4)

Vo 1s the resonance frequency of the cantilever, k and m is respectively the spring constant
and mass of the cantilever.

The AFM cantilevers are very small and have a small mass. Therefore, a high spring

constant cantilever has a high resonance frequency, vice versa. For softer samples, highly

flexible cantilevers will less distort the sample, and for harder samples, high spring constant

cantilevers are more suitable.

Experimental set up

For the AFM measurements, a Multi Mode IIla or V (Veeco, USA) has been used, as
shown in Figure 2.13] The Multi Mode is assembled with the J-type scanner, which has a scan
area range limit of 214 ym? and z-limit of 4.65 um. An optical microscope with a camera,
used for locating a desired scanning area, is attached. To control the scanning temperature,
a high temperature thermal accessory and a controller are attached. In order to stabilize the
AFM scanning and reduce the thermal drifting, a water cooling system is equipped to keep the
piezo of scanner at room temperature. The thermal system can heat up to 250°C.

In case of liquid crystal study, Tapping”” mode AFM is applied. Details of scanning
condition will be discussed in the following section. For most experiments, OMCL160TS
Tapping”™ mode cantilevers (Olympus, Japan) were used (shown in Figure 2.14)). The OMCL
160TS has a tetrahedral silicon tip on the exact end of the cantilever. Due to the sharp tip and
small angle (35°) of tip, a high lateral resolution can be obtained. Furthermore, the Tetra tip is a
tilted tip, so substantial tip angle decreases further when it is attached to a chip holder in AFM
with a certain tilt angle (probably, 5 to 20°). The tetra tip is effective for observing rugged

samples. The spring constant and resonance frequency of the cantilever are approximately 42
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N/m and 300 kHz respectively.

Figure 2.13: Atomic force microscope (Multi Mode V) purchased from Veeco Instruments.

15.8kV XE2A 4B.Bum

Figure 2.14: OMCL160TS Tapping”* mode cantilever, Olympus, Japan. The cantilever is 4.6
pm thick, 160 um long, 50 um wide. The height of tip is 11 ym and radius is less than 10 nm.

AFM control and the data analysis were executed by the Nanoscope software v5.30r1 or
v6.13r1.
Scanning Conditions of Liquid Crystal Samples

Since 1986, AFM has played a crucial role in nano-scale science and technique as a surface

topography imaging tool, and has mostly focused on the study of solid substrates, polymer
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films and biological molecules, etc. [112H114]. To better understand the alignment of liquid
crystals at interface, AFM was successfully carried on the study liquid crystals interface [87,
91]. In order to avoid the influence of the capillary force between the AFM tip and liquid
crystal surface, and the deformation of liquid crystal surface, the Tapping” mode is necessary
for the AFM measurement of liquid crystals.

Contrary to the AFM imaging on hard solid surfaces, the imaging on liquid crystal is
strongly dependent on the imaging parameters. To optimize the scanning conditions and
achieve high resolution and stable AFM images, I have studied the the following AFM scan-

ning parameters: set point, driving amplitude, scan rate, and cantilever spring constant.
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Figure 2.15: The approaching curve presenting the variation of the amplitude of the oscillating
tip moving toward and withdrawing from the surface. The driving amplitude is 2 V, and tip
spring constant is 66 N/m.

In all experiments, in order to obtain reproducible measurements and stable AFM images,
I used ‘wetting tips’, which means that the measurement was executed with a tip that had
scanned the sample surface at least 1 hour. For the measurement of droplet profiles, a small

amount of 8CB (measured at 30°C) or 10CB (measured at 46°C) was placed on a bare silicon
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substrate, while for sweeping experiments, a large scale liquid crystal film was prepared to

avoid the lateral movement between liquid crystal and substrate.

Set point

As introduced above, in Tapping”” mode AFM, the damping of the amplitude of the os-
cillating tip is recorded to image the topography of sample.

When a AFM cantilever, oscillating with a small free amplitude (i, , could be 1-100 nm) at
its resonance frequency (vy) approaches to the sample surface, the amplitude of the cantilever
will reduce and the frequency will shift, due to the van der Waals force between the tip and
sample surface. So the software sets this reduced amplitude as a set point (i,,), and the dif-
ference between the i;, and iy determines the tip-sample force level, the larger iy, value the
weaker force, the smaller i, the stronger force. And AFM feedback loop is then activated to
maintain iy, by adjusting the height of the tip relative to the sample surface.

The Figure is an approaching and withdrawing curve, which indicates the variation
of the amplitude of the oscillating tip, when the tip moves toward the sample surface (from
right to left of x axis) and withdraws from the sample (from left to right of x axis ). The
amplitude of the oscillating tip remains i, until the tip touches the surface and snaps in by the
attractive force. Afterwards, due to the repulsive force between the tip and sample surface,
the amplitude keeps decreasing until zero, where the tip touches the solid surface. During
withdraw, first the amplitude keeps increasing along the approaching line, but continues after
the snap-in point, and then snaps out at a certain point far away from the snap-in point. This
hysteresis results from the meniscus between the tip and liquid crystal surface. In Tapping”¥
mode, the meniscus can be get rid of easily by the cantilever oscillation with a large amplitude.
Hence in order to avoid the stuck by the liquid meniscus and obtain a stable scanning, the
amplitude of the oscillation is required to be larger than the meniscus size, which means that
isp value must be bigger than a certain value.

Decreasing i, decreases the distance between the tip the surface, and increases the lateral
and vertical resolution, but also increases the risk of accidental deformation of sample. Here I
use the damping ratio y;, (is,/ip) to define the contact extent, which is a crucial parameter for
liquid crystals AFM measurements.

Figure2.16](a) presents a serial of sweeping curves (resonance frequency v vs. driving am-
plitude i) of the tip under a certain vy, (reduced gradually from top to bottom). With decreas-
ing vy, the resonance amplitude firstly decreased with a small value from the free amplitude,

corresponding the unstable attractive region between the tip and surface; then the resonance
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Figure 2.16: (a) A series of sweeping curves (resonance frequency of tip vs. amplitude) of
different y,, values. v,, reduced gradually from top to bottom. (b) The shifting curve of
frequency with different y,, values. The driving amplitude is 2 V, and tip spring constant is 66
N/m.
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amplitude decreased a little further and kept this value until y,, reduced to 0.65, where the tip
stably semi-contacted with the liquid surface; below 0.65, the resonance amplitude decreased
rapidly, probably resulting from the damping of tip in liquid crystal. Therefore, the y,, values
at the region of stable semi-contact should be selected as the working values.

Observing the shift of the frequency of the oscillating tip, I can draw the same conclusion.
It is obvious that the frequency, shown in Figure (b), first shifts to a lower value, where
the tip is softly attracted by the sample surface; then as the y,, decreasing, it was reduced
continually, coming from the semi-contact between the tip and sample; at last, below v,
= 0.65, the frequency was shifted to a higher value rapidly, probably corresponding to the
situation of the damping of tip in liquid crystal.
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Figure 2.17: The profile of 10CB droplet on bare silicon substrate. The 7y, from top to bottom
are 0.87, 0.85, 0.7, 0.5, 0.4, 0.35 and 0.3 respectively. The driving amplitude is 2V, and tip
spring constant is 66 N/m, and scan rate is 0.2 Hz.

Figure 2.17] gives an example of a 10CB droplet, scanned with different y,,. As the y,,
value was decreasing, the droplet profile was damped and deformed after a certain value. The
smectic phase sample was also checked in this way and the depth of the defects were measured
with different y,, (shown in Figure 2.I8). As vy, decreasing, first the tip had no contact or

unstable contact with the surface, the measured depth decreased slightly, and then there was



2.3. Characterization Techniques 53

a small flat region of measured depth within a small range of y,, = 0.75-0.8, followed by the
continues decreasing of measured depth. Because of the depression of the tip on the sample
surface, the depth of defect became smaller, when the 7y, was decreased. It can be explained
by the elastic models. When scanning a softer film, the thickness of the film will decrease as

the y,, decreases [115].
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Figure 2.18: The depth of smectic-A defects obtained by AFM measurements scanned with
different ).

Therefore, comparing all above investigations, in my experiment the value of v, is set
between 0.75 and 0.9.

Driving amplitude

Another sensitive parameter of AFM measurement on liquid crystals is the driving ampli-
tude.

The oscillation of the tip with a large driving amplitude is stronger than the one with a small
driving amplitude, and the hysteresis of the tip with a large driving amplitude is narrower than
the one with a small driving amplitude (as shown in Figure 2.19). Large driving amplitude
makes the tip easy to get rid of the meniscus between the tip and sample surface, so that the

stable and more sensitive scanning can be performed easily. In the other hand, large driving
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Figure 2.19: The approaching curve of a tip, spring constant 66 N/m, oscillating with driving
amplitude 2 V (black) and 4 V (red).

amplitudes will cause the tip to push the liquid crystal surface, which can lead to the tip to
penetrate or deform the surface of liquid crystal. From the shifting of frequency under different
driving amplitudes (Figure [2.20), it is clearly observed that as the driving amplitude increased,
the shifting became more obvious, which means the oscillating tip touched and penetrated the
surface of liquid crystal. Besides that, the shifting started at a bigger y,,, comparable to the
shifting under a small driving amplitude. It indicates that when the tip approaches the surface
of liquid crystal, the one with a large driving amplitude is easier to reach to the surface than
the one with a small driving amplitude, and the tip with large driving amplitude can only work
with a larger y,, value. Therefore, the range of working vy, value of large driving amplitude is
narrower that the one of small driving amplitude. To avoid the artifacts, the driving amplitude
should be set as small as possible, but enough to break away from meniscus from liquid crystal.

Figure 2.21] gives AFM images of the profile of droplet scanning with different driving
amplitudes under the same 7y,,. Scanning at 1 V and 2 V brought no big difference with the
profile of droplet, but as the driving amplitude increasing, the profile of droplet deformed, and
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Figure 2.20: The shifting curves of frequency, corresponding to ), of tip drove by different
amplitudes. For the sake of observation conveniently, the values of each curve are divided by
a factor.

the scanning line became unstable. Here, for the amplitude, 1 V corresponds to 13.6 nm.

In the experiment, I selected the value between 1 V and 2 V as the driving amplitude.

Scanning rate

Here scanning rate per line is used to describe the scanning velocity. Different from the
solid surface, the AFM of liquid crystal scanning requires a very low scanning rate. Because
imaging with a slower scan rate, the tip is allowed to move over the surface with a lower ve-
locity, which will keep the interactions between the tip and soft liquid crystal surface more
stable, and result in less ‘jump’ in amplitude as features on the surface are encountered. Nev-
ertheless, a low scan rate means a long scan time, which consumes the experiment time, as
well as a long contact time between the tip and the liquid crystal surface, which could result
in the damage of surface or artifacts of scanning. Scanning the 10 droplet with different scan-
ning rates, Figure indicates that the difference of the height of droplet from sequential
scanning with high scan rate is small, but the difference with low scan rate is big, and can not

be neglected for some experiments.
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Figure 2.21: The profile of 10CB droplet on bare silicon substrate. The y, is 0.85 and the
driving amplitudes of tip from top to bottom are 1 V,2V,3V, 4V, 5V and 6 V respectively.
The driving tip spring constant is 66 N/m, and scan rate 0.2 Hz.

Considering above two sides, the experiments were performed with the scan rate of 0.2-0.4
Hz

Tip spring constant

Contrary to AFM measurements of polymers or biological materials, liquid crystal AFM
measurements can not be done with soft cantilevers. Soft cantilevers will be less sensitive,
and more susceptible by liquid crystal surface. As discussed above, the tip, used in liquid
crystal AFM, must be strong enough to get rid of meniscus of liquid crystal. A large driving
amplitude can help to get rid of the meniscus, but a certain value of the spring constant is also

necessary.

The cantilever with k = 8.753 N/m and 66.14 N/m were used to study the scanning condi-
tion of liquid crystal. Figure 2.23] shows different scanning regions of this two kinds of tips,
depending on the parameters — driving amplitude and set point. In the non-contact region,
there is no signal; in the ‘unstable’ region jumping signal is observed, which is attributed to

the suck of the tip from the meniscus of liquid crystal; and the tip is completely trapped by
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Figure 2.22: The variation of the difference of the thickness of 10CB droplet measured by
sequential scanning at different scan rates (spring constant 66.14 N/m).

the liquid crystal in the damping region. In the working region, a stable signal and a sharp
shape of the sample can be obtained, and it is possible to scan for hours without any apparent
damage. Comparing the two working regions of the tip with k = 8.753 N/m and 66.14 N/m,
the working region for k = 8.753 N/m is much smaller than that for k = 66.14 N/m.

Based on the discussion above, the tip with k = 66.14 N/m was used in my AFM measure-

ments.

All in all, generally my AFM experiment scanning parameters were set as following: vy,
between 0.75 and 0.9, driving amplitude 1-2 V, scanning rate 0.2-0.4 Hz per line, tip spring
constant 50-70 N/m.
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Figure 2.23: The different scanning regions corresponding to the driving amplitude and vy,
with a tip (a) k = 66.14 N/m and (b) k = 8.753 N/m. The lines are used to guide for eye.
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The following three chapters describe the results of my thesis. The general goal of my
study was an experimental investigation of the fundamental properties of focal conic domains
which were generated by antagonistic anchoring conditions in um-thick liquid crystal films on
solid substrates.

Chapter [3 gives the results obtained for films on substrates possessing homogeneous ran-
dom planar anchoring conditions (for a description of the different liquid crystal anchoring
conditions on substrates, see Section [[L4.1] page [I6). I describe the relation between film
thickness and diameter of focal domains, the influence of the anchoring strength on this rela-
tion, and the behaviour at different liquid crystal phase transitions.

In Chapter 4 T introduce a method to fabricate anchoring patterns on the substrates, i.
e., the modified substrate surface with homeotropic anchoring regions alternating with planar
anchoring regions. This opens a way to control the positional arrangement of focal conic
domains in the films and to study confinement effects.

Chapter[3reports preliminary results obtained on substrates possessing uni/multidirectional
planar anchoring conditions. On these substrates (mostly surfaces of layered crystals), linear
domains are formed rather than the circular focal conic domains formed on random planar

anchoring substrates.






Chapter 3

Focal Conic Domains in Films on

Homogenous Substrates

“Imagination is more important than knowledge.”
Albert Einstein (1879 — 1955)

In this Chapter, I describe the behaviour of focal conic domains in films on substrates pos-
sessing homogeneous planar anchoring conditions throughout their whole surface area. Cor-
responding substrates are bare silicon wafers, silicon wafers coated with a thin polyethylene-
imine (PEI) layer, and silicon wafers silaneted with the compound n-trimethoxysilylpropyl-
n,n,n-trimethylammonium chloride (MAP). On these substrates, focal conic domains can be
formed in the whole substrate area, as discussed in Chapter [Il In the experiment, I found
that they arrange themselves either in a regular two-dimensional hexagonal lattice, or in a less
regular arrangement, in which there is a greater polydispersity in size of focal conic domains
(these two cases will be discussed below).

Figure [3.1] shows an example of a smectic film with a hexagonal lattice of focal conic
domains. Two quantities related to the structure of focal conic domains can be measured
directly: the size (lateral diameter) of the domains can be determined by optical microscopy
or by AFM measurements, and the depth of surface depressions induced by the domains can
be determined by AFM measurements.

In the following Section 3.1} T present results that the size of focal conic domains is de-
termined by the film thickness and the anchoring strength of the planar anchoring on the sub-

strates. In Section [3.2] I study the behaviour of focal conic domains at various liquid crystal

61
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Figure 3.1: (a) Optical micrograph of a smectic film of 10CB in which focal conic domains
form a hexagonal lattice. (b) AFM image of the smectic 10CB film with focal conic domains.
(c) Cross section of the AFM image, indicating the depressions at the air interface induced by
the focal conic domains.

phase transitions (smectic-A — isotropic, smectic-A — nematic, smectic-C — smectic-A). These
results indicate that the nature of the phase sequence is an essential factor which influences

the depth of the surface depressions induced by focal conic domains.

3.1 Influence of Film Thickness and Anchoring Strength

Figure shows an optical micrograph of the edge of a flat smectic droplet with focal conic
domains. There are two important observations: first, the size of the focal conic domains
increases with increasing distance from the droplet edge, i. e., the domain diameter increases
with increasing thickness of the smectic film. Second, in the immediate vicinity of the droplet

edge focal conic domains are not observed, i. e., there appears to be a critical film thickness H.,
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below which focal conic domains cannot be generated. Considering the anchoring condition of
the air and substrate surface, it is possible to infer that in this thin film region with a thickness
H < H,, the strong homeotropic anchoring of the air interface enforces homeotropic anchoring
also at the solid substrate interface, resulting in a defect-free film consisting of plane parallel
smectic layers (the energy gain of a planar anchoring at the substrate would be smaller than

the energy cost of creating focal conic domains) [85]].

Figure 3.2: Optical microscopy image of a smectic 8CB film on a PEI-coated silicon substrate.

Figure shows the diameter 2r of focal conic domains as a function of the local film
thickness H in smectic films on different substrates possessing random planar anchoring con-
ditions (bare silicon, PEI-coated silicon, MAP-coated silicon). These results confirm the qual-
itative observations of Figure there is an approximately linear increase of 2r with H and
there is a minimum value H, below which focal conic domains are not formed. The value of
H,. depends on the substrate. There may be also small differences between the slopes of the
linear increase of 2r with H for the different substrates, but this is difficult to recognize for the
data shown in Figure Before presenting more detailed experimental results concerning
this point, let us check whether the observations described above can be explained by existing

theoretical models of focal conic domains in thin films.

As discussed in Chapter[Il the energy F of a focal conic domain can be written according
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Figure 3.3: Dependence of diameter 2r of focal conic domains on the local film thickness H
in films on three different substrates (bare silicon, PEI-coated silicon, MAP-coated silicon).

to Fournier et al. [85] as

TTO gir 4

F = 2nBKH + 2naKr — ar* Ao g + 3.1
np K1 = ATy + 55T (3.1

Here, @ and 8 are dimensionless unknown constants, K is a mean elastic constant, H the
film thickness, r the domain radius, Ao, is the difference between smectic-A/substrate in-
terface tensions for homeotropic and planar anchoring, and o;. is the smectic-A/air surface
tension. The first two terms take the energy of the two singular lines and the related curvature
energy into account, the third term gives the energy decrease obtained by changing the orien-
tation from homeotropic to planar on substrate, and the last term describes the energy cost of
the increased surface area due to the deformation of the air interface induced by the underlying
focal conic domain. Equation [3.1] predicts a minimum of F with respect to r, provided that r
is larger than a critical value r. = 3aK/(2A0 ). From 0F/0r = 0, the following relationship

between film thickness H and radius r is obtained:

T ai 7‘3 2
v sl 52

Ao sup

H =
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Using Equation[3.2to calculate H. = H(r.), we obtain:

1/2
T ir 3aK
H,. = 3.3

[2Ao-sub] 2Ao-sub ( )

In accordance with the experimental observations, the model of Fournier et al. predicts
minimal values of film thickness and domain radius, H. and r., for the generation of focal
conic domains. Also the linear relation between film thickness and domain size is obtained:

for r > aK/(Ao ), Equation 3.2 can be rewritten as

r= (M)Uz H (3.4)
O air

Thus, the value of H. should be proportional to (Acrsub)‘% and the slope of the linear part
of the r vs. H curves should be proportional to (Ao y)?. These results explain qualitatively
the experimental observations shown in Figure [3.3] where the differences in the H, values on
different substrates are more distinct than the differences in the slopes of the 2r vs. H curves.

The quantity Ao, = oy — 0, is a property of the substrate, and describes the surface en-
ergy difference between planar and homeotropic anchoring of the smectic phase at the surface;
the magnitude of Ao, can be regards as the strength of the planar anchoring on the substrate.
In the following, I describe a method for a systematic variation of the anchoring strength, and
present further experimental results on the relation between anchoring strength and structure
of focal conic domains.

The systematic variation of the anchoring strength is achieved by employing a second
silane compound, octadecyldimethyl(3-trimethoxysilylpropyl)ammonium chloride (DMOAP),
in addition to MAP. Whereas coating a silicon substrate with MAP imposes a random planar
anchoring, coating with DMOAP leads to a homeotropic anchoring, due to a hydrocarbon side
chain extending away from the substrate [80]. Coating silicon substrates with solutions of dif-
ferent mixtures of MAP and DMOAP generates a series of surfaces with different anchoring
properties. With increasing concentration of DMOAP in the solution, the planar anchoring
strength of the substrate is reduced until it becomes zero, and a transition to homeotropic an-
choring takes place. By this method, the planar anchoring strength of the substrate can be
continuously varied between zero and the value obtained with a pure MAP solution.

The preparation of the substrates with a series of anchoring strengths is described in Chap-
ter2l The mol fraction xpy4p in the solutions used for the coating ranges from 0 (pure MAP)

to 1073 (this small content of DMOAP is sufficient to generate a homeotropic anchoring).
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More than 10 different substrates are produced and on each substrate (i. e., for each magni-
tude of the anchoring strength) the relation between the diameter of focal conic domains and
the thickness of the smectic film is determined. Figure shows two examples of films of
the compound 8CB on two substrates coated with silane layers possessing different values of
the planar anchoring strength. Again, a certain film thickness value H, is observed, below
which focal conic domains are not formed. As expected, the smaller the value of xpypap In
the substrate coating (corresponding to a larger planar anchoring strength of the substrate),
the smaller the value of H.. Above H,, a linear relation (with the exception of the immediate
vicinity of H,) between the diameter 2r of the domains and the local thickness H of the liquid
crystal film is observed. The slope of this linear part decreases with increasing xpy04p, (i.
e., decreasing planar anchoring strength of the substrate). These results are similar to those

presented in Figure[3.3] but the influence of the anchoring strength is now more distinct.

10

H/um

Figure 3.4: Dependence of focal conic domain diameter 2r on the local thickness H of 8CB
smectic films on two substrates coated with different mixtures of MAP and DMOAP. Small
dots: xppoap = 0.7x107*. Open symbols: xpyoap = 4.0x107* (the values of xpyoap refer to
the mole fraction of DMOAP in MAP). Solid lines are fits according to Equation [3.2]

The solid lines in Figure [3.4] are fitted according to Equation 3.2l using aK and Aoy,
as fitting parameters. With the value o, = 30 mN/m which has been determined for 8CB
[116]], and under the constraint that @K should be same for both data sets (since it is a mate-
rial property of 8CB), aK = 1.7 x 107 N, and Ao, = 12.5 mN/m (xpp04p=0.7x10"%) and
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Aoy = 4.5 mN/m (xpyoap = 4.0x107%) for each sample are obtained. The same measure-
ment and data evaluation is carried for all substrates prepared with different MAP/DMOAP
coatings. In Figure the obtained values of the anchoring strength Ao, are plotted as
a function of the mol fraction xpyp4p in the substrate coating. In addition to the compound
8CB, these measurements were also carried out for 9CB and a 3:1 mixture of 8CB and 6CB

(corresponding to a hypothetical chain length of 7.5CB).

16

0 1x10*  2x10*  3x10*  4x10* 5x10*  6x10*

Xpvoar

Figure 3.5: Dependence of planar anchoring strength Ao, on the mol fraction of DMOAP
in the substrate coating for the LC compounds 8CB (o), 9CB (x), and a 6CB/8CB mixture
corresponding to 7.5CB (¢).

The three liquid crystals behave qualitatively similar, but there are clear quantitative dif-
ferences: for the mixture corresponding to 7.5CB, Aoy, decreases rapidly even for very small
amounts of DMOAP in the silane mixture, and it is difficult to make a definite conclusion on
the Aoy, VS. Xxpyoap relation. For 8CB and 9CB, however, a linear decrease of Ao, with
increasing xppyoap 1S observed. Assuming a linear relation for all three liquid crystals and
extrapolating to Aoy, = 0, we can determine a value x woap corresponding to a neutral sub-
strate favoring neither planar nor homeotropic anchoring; for xpyoap > xOD voaps the substrate
would favor a homeotropic anchoring. For these three liquid crystals, the following values of
XD voap are: 0.8x107* (7.5CB), 5.8x107* (8CB), 10.5x10™* (9CB). The data indicate that with

increasing alkyl chain length a planar anchoring of the smectic-A phase is inclined to form on
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the MAP/DMOAP-coated substrates. This is in contrary to the behaviour of the nematic phase
of the nCB compounds on gold substrates coated with self-assembled thiol monolayers. In that
case, it was observed that increasing the alkyl chain length favors a homeotropic anchoring of
the nematic phase [117]. However, one should note that the two studies are not directly com-
parable: in [117] the anchoring behaviour at a single interface of thick (several tens of um)
liquid crystal nematic films is probed, whereas the results of the present study are based on a
structure formation involving both interfaces (and the complete film) of considerably thinner
liquid crystal films.

The values of oK, obtained for the three liquid crystals under investigation, are 1.1x10~°
N (7.5CB), 1.7x107° N (8CB), and 2.4x10~° N (9CB), indicating that the curvature energy
of the focal conic domains increases with increasing alkyl chain length of the liquid crystal
molecules.

The determination of the relation between domain size and film thickness on a given sub-
strate can also be seen as a new method for the determination of the planar anchoring strength
of the smectic phase on the substrate. The values of Ao, determined in the present study are
in the range between 2 and 15 mN/m. In previous studies, anchoring strength values obtained
vary over a wide range. For smectic-A/liquid interfaces (as liquid phase glycerine/lecithin
mixtures, pure glycerin, water, or the isotropic phase of the LC was used), values between
3 x 10™* and 0.1 mN/m were observed [85] [118-120]. At interfaces of solid substrates (SiO-
or lecithin-coated glass) values between 4x 1072 and 10 mN/m have been determined [84} [121]].
So far the largest values have been obtained for 8CB on MoS,, where Aoy, amounts between
3.2 and 20 mN/m [94]. The value 15 mN/m, which is determined here for 8CB on a silicon
wafer coated with pure MAP, is in the same range with the value of liquid crystals on other
solid substrates, and confirms the general tendency that solid substrates may possess somewhat
bigger anchoring strength values than liquid interface.

In this section, the relation between the size of focal conic domains and the film thickness
was studied. It was shown, that the planar anchoring strength on the substrate is an essential
factor for this relation. In general, the diameter 2r of focal conic domains increases nearly
linearly with increasing film thickness H, provided that the film thickness is larger than a
critical value H.. With increasing anchoring strength, the value of H, decreases and the slope
of the linear 2r vs. H curve increases. The anchoring strength of the substrate can be controlled
by coating the substrate surface with binary mixtures of silane compounds, which induce in a
pure form either planar or homeotropic anchoring.

The major part of the results of this section were obtained for the compound 8CB at room
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temperature. Observing focal conic domains with an optical microscope at different tem-
peratures indicates that the domain diameter appears, if at all, only very small changes with
temperature. Nevertheless, I have determined the size/thickness relation and the anchoring
strength for 8CB at several temperature differences to the smectic-A — nematic transition of
8CB. Figure shows the obtained values of Ao, as a function of temperature on a MAP-
coated substrate. As expected, Ao, 1s almost independent of temperature, except for a slight

decrease close to the transition temperature.
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Figure 3.6: Values of Aoy, as a function of temperature for 8CB on a MAP-coated silicon
substrate. Ao, remains almost constant, except for a slight decrease near the transition point.

Although the size (the lateral diameter) of focal conic domains can be regarded as temper-
ature independent, the results presented in the following section show that another important
feature of focal conic domains, namely the depth of the surface depression, which is induced
by each domain at the air interface of the film, can show a pronounced variation with temper-

ature.
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3.2 Behaviour of Focal Conic Domains at Phase Transitions

In this section, I will present results about the behaviour of focal conic domains at phase
transitions and with temperature changing. The main part concerns the magnitude of the depth
of the depression at the air interface above each focal conic domain, but first I will describe
the formation process of focal conic domains, when the smectic-A phase is entered from the

high-temperature side.

3.2.1 Formation of Focal Conic Domains at Isotropic to Smectic-A and

Nematic to Smectic-A Transitions

When a liquid crystal compound passes through its phase sequence with decreasing temper-
ature, the smectic-A phase is usually the first smectic phase encountered, i. e., focal conic
domains are formed either at a nematic to smectic-A or an isotropic to smectic-A transition.
The formation process shows different features for these two cases, and is described in the
following for two compounds, 10CB and 8CB.

The compound 10CB possesses a direct isotropic to smectic-A transition. When a small
amount of 10CB is placed on a hot bare silicon substrate, it forms a flat droplet. Cooling down
slowly with a rate of 0.1°/min, firstly there appears small focal conic domains. The position
of these freshly forming domains is not fixed; rather they are able to float, probably because
a thin isotropic layer is present between the substrate surface and the smectic domains. As
the sample is cooled down further, the size of focal conic domains increases. Their mobility
enables the domains to gather into a hexagonal lattice consisting of focal conic domains in
nearly equal size as shown in Figure

The process of forming focal conic domains was recorded by fluorescence confocal mi-
croscopy (Figure 3.7). Observed in the side view geometry, the smectic-A phase formes ini-
tially as a uniform thin layer at the air interface, with the optical axis normal to the air inter-
face. When the smectic film reaches a certain thickness H (depending on the cooling rate),
the appearance and floating of focal conic domains near the smectic-A/isotropic interface is
observed. The size of these focal conic domains increases with increasing smectic film thick-
ness, and focal conic domains drift toward the center of 10CB droplet, until the smectic film
reaches the solid silicon substrate. The focal conic domains then stop to flow, the size re-
mains constant and the hexagonal lattice is formed. It should be noted that this process and

the dimension of focal conic domains can depend on the cooling rate and the history. Cooling
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slowly (< 0.1°/min), the initially formed domains may decay and disappear, and one may ob-
tain a smectic film without any defects. Cooling too rapidly Cooling too rapidly (> 0.5°/min)
often prevents the Furthermore, the positions of the focal conic domains are not reproducible in
subsequent heating and cooling cycles in which the transition to the isotropic phase is crossed.
It is also impossible to study the domains in 10CB by AFM when the temperature is close to

the phase transition point because of the mobility of the domains.

Figure 3.7: Fluorescence confocal microscopy images of the formation of focal conic domains
in 10CB smectic film on bare silicon substrate around smectic-A — isotropic phase transition
temperature 44°C.

The mobility of the focal conic domains at the smectic-A — isotropic transition results also
in the formation of a relatively broad domain-free region at the edge of the 10CB droplets:
domains possessing initially a certain size tend to drift either to the edge of film where they
disappear, or join the lattice in the central region of the droplet, thereby converging into the
common size of the others. This results in the presence of domains only in those regions of
the droplet which are thicker than about 10 um. As shown in Figure[3.8] in thicker films, the
diameter 2r of focal conic domains increases with increasing film thickness H of the smectic
10CB film in a linear relation as described in the previous section.

I now turn to the case of the nematic to smectic-A transition and describe the formation of
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Figure 3.8: Thickness dependence of the size of focal conic domains in smectic 10CB films
on bare silicon substrates. The diameter 2r was measured by AFM and the thickness was
determined by fluorescence confocal microscopy.

focal conic domains for the compound 8CB. A small amount of nematic 8CB is placed on a
bare silicon substrate where it forms a flat droplet. The temperature is cooled down with a rate
of 0.1°/min till the smectic-A phase is reached. At the smectic-A — nematic phase transition
temperature point, focal conic domains are formed except close to the edge of the droplet
where the local film thickness is smaller than about 200 nm.

In contrast to the case of the isotropic to smectic-A transition, there is no floating state
and the appearance and the position of the domains do not change with the temperature. Even
when the sample is heated up and cooled down for several cycles, the focal conic domains
always appear at the same position and with the same geometry. Probably the anchoring
directions on the substrate are established in the moment when the sample is placed on the
substrate in the isotropic or nematic phase and do not change when the smectic-A — nematic
transition is crossed several times.

Contrary to the case of 10CB, the immobility of the domains prevents the formation of a
regular lattice. Rather, a less regular pattern of diverse sized focal conic domains is obtained,
as shown in Figure For instance, at a given film thickness the size of the focal conic

domains varies between 3 um and 15 ym. Also incomplete and overlapping domains can be
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observed. As described in Chapter 2] the contact angle of 8CB on bare silicon substrates is
about 12°. Near the edge of 8CB droplets, the shape of the domains is not perfectly circular,
but shows a smaller diameter at the thinner film side and a larger diameter at the thicker film
side, due to the larger thickness gradient at the droplet edge. On the other hand, the size
distribution for individual domains near the edge is narrower than in the center where the film

thickness is larger.

Figure 3.9: Optical microscopy image and AFM image of smectic 8CB film on a bare silicon
substrate, demonstrating the size distribution of focal conic domains when formed at a nematic
to smectic-A transition.

Based on the reasons described above, it is difficult to determine the exact relation between
domain size and film thickness at least for thicker films. Nevertheless, using mean values
for the domain diameter, it is obvious that the domain size increases monotonically with the
thickness of the smectic film, as shown in Figure At larger film thicknesses, however, a
kind of saturation seems to exist, 1. e., it is difficult to obtain very large domains in thick films
of 8CB.

AFM measurements of focal conic domains in 8CB (Figure 3.11)) reveal the expected
convex shape of the surface depressions in thicker films. The cross section of Figure 3.11] (a)
exhibits a smooth profile and a sharp minimum along the vertical axis. However, at a thickness
less than 2 ~ 3 um (Figure[3.11](b)), the shape of the depression at the air interface appears less
regular compared to thicker films. In the following subsection, I concentrate on the magnitude

of the depth of the surface depression induced by focal conic domains in thicker films.
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Figure 3.10: Diameter 2r of focal conic domains as function of film thickness H of smectic
8CB films on a bare silicon substrate with random planar anchoring. The small dots are
data taken from AFM measurements, and data with bars at larger H values are from optical
microscopy reflection measurements (the bars indicate approximately the size distribution of
the focal conic domains).

3.2.2 Behaviour of The Depth of The Domain-Induced Depressions in
The Free Surface

As shown by the AFM images in Figures 3.1} and [3.111 each focal conic domain induces
a depression at the air interface of the smectic film. In some cases, when the depth of the

depression is large enough, the depressions can be also visualized by fluorescence confocal

microscopy (Figure 3.12)).

Which factors determine the magnitude of the depth of these depressions induced by the
focal conic domains? The simplest model is based on completely incompressible layers; a

cross section through the center of a focal conic domain then would appear as shown in Fig-

ure 3.13

In the geometric model of Figure the depth % of the depression at the smectic/air
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Figure 3.11: AFM images and the cross section of the focal conic domain of a smectic 8CB
film on a bare silicon substrate. Figure (a) shows a focal conic domain formed at a larger
thickness with H > 5 um. Figure (b) shows a focal conic domain at a smaller local thickness
(H < 2 um).

Figure 3.12: Fluorescence confocal microscopy image of a single focal conic domain in a
smectic 10CB film on a bare silicon substrate. The small image in the right top corner is a
magnified image of the depression induced by the focal conic domain at air interface.
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Figure 3.13: Schematic cross section through a toric focal conic domain with diameter 2r in a
smectic film of thickness H. The bend deformation of the smectic layers leads to a depression
at the film/air interface with depth A. If the cross sections of the layer planes form concentric
circles, the value of & is easily calculated according to the Pythagorean theorem (triangle
indicated by the dashed lines).

interface is obtained by simple geometric arguments as

h=H- VH?> -2, (3.5)

where 4 would depend only on the film thickness H and the domain radius r. However,
measurements of £ as a function of temperature show immediately that the experimental be-
haviour can be more complex. Figures [3.14] show the temperature dependence of / in smectic
films of the compounds 10CB and 8CB. For 10CB, & does not appear to depend on temperature
(as expected from Equation [3.3)), but for 8CB, & decreases strongly with increasing temper-
ature and approaches zero near the smectic-A — nematic transition (although the diameter of
the focal conic domains does not change with temperature). As will be discussed at the end of
this section, the temperature dependence of 4 is probably a result of the second-order nature
of the smectic-A — nematic transition and the related vanishing of the elastic modulus, which

controls the compression or dilation of the smectic layers.

The depth & of the domain-induced surface depressions can also show large changes at
phase transitions between different smectic phases. Figure [3.15] shows the temperature de-
pendence of 4 in films of the compounds Pyp808 and Pyp907 which show a smectic-C phase

below their smectic-A phase. In both compounds, 4 shows a pronounced decrease at the transi-
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Figure 3.14: Temperature dependence of the depth / of the domain-induced depressions at the
air interface of (a) a 10CB film on a PEI-coated silicon substrate; (b) a 8CB film on a PEI-
coated silicon substrate, where & decreases continually and probably vanishes at the transition
to the nematic phase.
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tion from the smectic-A phase to the smectic-C phase. Also, the different behaviour of % in the

smectic-C phase of smectic-A — nematic and smectic-A — isotropic compounds is confirmed.
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Figure 3.15: Temperature dependence of i of focal conic domains of Pyp907, and Pyp808
on bare silicon substrates.
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The above described results demonstrate that the depth 4 of the domain-induced surface
depressions can show a variety of behaviours. Therefore, I have conducted more detailed
measurements for selected samples in which & was determined together with the values of
film thickness H and domain diameter 2r. Because of the dependence of the domain diame-
ter on the film thickness (see Section [3.1)), I intended to compare the different liquid crystal
compounds in samples with a similar thickness value. Thus, all liquid crystal films or droplets
were prepared with a thickness in the range from 40 to 45 um, which was determined by
the interface reflection measured by confocal microscopy. All AFM measurements of 4 were
carried out in the region, where the local thickness has been previously determined by confo-
cal microscopy. The samples are listed in Table Besides six pure compounds, in which
smectic-A — isotropic, smectic-A — nematic, and smectic-C — smectic-A transitions occur, I
have also studied binary mixtures of 8CB and 10CB. As I shall explain below, in this bi-
nary system, the nature of the smectic-A — nematic transition changes from second-order to
first-order with increasing mol fraction of 10CB.

In the following, I designate A as the value of the depth of the surface depression that has
been calculated with Equation 3.3 using the measured values of H and r (see also Figure[3.13).
The experimental behaviour is then described by means of the ratio 4/hy (h being the measured
value of the depth) which can be regarded as a scale of deviation from the idealized structure
shown in Figure for which h/hy = 1. Table gives the values of film thickness H,
domain diameter 2r, and calculated depth of the surface depression 4, for each sample.

Figure shows the temperature dependence of /1/hj in the smectic-A phase for the six
one-component samples listed in Table 3.1l It seems that the liquid crystal compounds can
be divided into two groups. In the four compounds possessing a direct smectic-A — isotropic
transition, 4 is not or only weakly dependent on temperature, and the values of //hj are in
the range from 0.8 to 1. In contrast, the two compounds possessing a smectic-A — nematic
transition exhibit a pronounced temperature dependence of 4 and considerably smaller values
of h/hy in the range from O to 0.5. The different thermal behaviour of smectic-A — isotropic
(e. g., 10CB) and smectic-A — nematic (e. g., 8CB) compounds has been already described
above. The values of h/h close to 1 obtained here for the compounds possessing a smectic-A
— isotropic transition indicate that in these compounds the structure of focal conic domains is
close the idealized scheme shown in Figure

In order to explore in more detail, the different behaviours of compounds possessing
smectic-A — isotropic and smectic-A — nematic transitions, binary mixtures of 8CB and 10CB
were studied. Figure shows the temperature dependence of &/h, for three 8CB/10CB
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Sample H (um) 2r (um) ho (um)

A7 44 19 1.03

C7 43 16 0.75

12CB 42 10 0.31
10CB 41 11 0.35
8CB/10CB=1:3 | 43 12 0.42
8CB/10CB=1:1 | 42 13 0.52
8CB/10CB=3:1 | 45 14 0.56
8CB 45 18 0.91
8.5.5 46 19 0.99

Table 3.1: Film thickness H, domain diameter 2r and depth A of the domain-induced surface
depression as calculated by Equation [3.3] for the six one-component samples and three binary
mixtures under investigation.

mixtures with a mol fraction of 10CB, x;ocg, equal to 0.25, 0.5, and 0.75. In the mixture with
x10cg = 0.25, the smectic-A — nematic transition is still second-order but close to a tricritical
point (located at xjocg & 0.33 see Section [L.3). Compared to pure 8CB, the values of A/hy
are considerably larger and the temperature dependence near the transition is less pronounced.
The mixture with x;ocg = 0.5 possesses a first order smectic-A — nematic transition; the values
of h/hy, however, differ only slightly from those of the xjocg = 0.25 mixture. Finally, the
mixture with x;ocg = 0.75 possesses, as pure 10CB, a direct smectic-A — isotropic transition;
the values of h/hg are lower than in pure 10CB and the temperature dependence close to the
transition is more pronounced than in 10CB. These measurements on the binary 8CB/10CB
mixtures show that it can be difficult to conclude from the values of //h( and their temperature
dependence on the nature of the smectic-A — nematic transition or even to distinguish between

smectic-A — nematic and smectic-A — isotropic transitions.

In addition, I also studied another smectic phase transition —smectic-C — smectic-A phase
transition. Three of the compounds, 8.S.5, C7, and A7, listed in Table B.1] show a smectic-C
phase below their smectic-A phase and the values of //hy have been measured at and below
the smectic-C — smectic-A transition. The results are shown in Figure[3.18 For the compound
8.S.5, a similar behaviour as described above for the compounds Pyp808 and Pyp907 is
observed: there is a remarkable decrease of the h/hy values near the transition temperature,

and the values remain essentially constant in the smectic-C phase. The compounds C7 and
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Figure 3.16: Temperature dependence of the ratio 4/hy (h: measured depth of the domain-
induced surface depressions, /: calculated values using Equation[3.3)) in ~ 40 um thick films
of the compounds 12CB (), A7 (o), C7 (m), 10CB (¢), 8.5.5 (a), and 8CB (O). Tucny:
designates the smectic-A — nematic or smectic-A — isotropic transition temperature.

A7 behave completely different: C7 shows a small but sharp decrease of i/h at the transition
from the smectic-A to the smectic-C phase, then the values increase in the smectic-C phase
with decreasing temperature until values close to 1. For the compound A7, the magnitude of
h/hy does not appear to change at the smectic-C — smectic-A transition; within the smectic-C
phase, there is a slight increase to h/hy = 1 with decreasing temperature. The compounds C7
and A7 differ from the compound 8.S.5 by the fact that they possess a higher ordered phase,
probably crystal-G, below their smectic-C phase.

In general, the experimental behaviour of the depth 4 of the domain-induced surface de-
pressions can be summarized as follows: the values of /4 can vary in wide range from values
close to hy (the value expected by geometric arguments for incompressible layers, see Equa-
tion 3.5)) down to values considerably smaller than /(. In the smectic-A phase of compounds
showing a smectic-A — isotropic transition, £ amounts to values relatively close to Ay, i. e.,

h/hy ~ 0.8 to 1. The compounds possessing a second-order smectic-A — nematic transition
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Figure 3.17: Temperature dependence of the ratio i/hy (h: measured depth of the domain-
induced surface depressions, hy: calculated values using Equation [3.3)) in ~ 40 um thick films
of the compounds 10CB (¢), 8CB (O), and three 8CB/10CB mixtures with x;ocp equal to 0.25
(*), 0.5 (+), and 0.75 (#). Ts,n/r designates the smectic-A — nematic or smectic-A — isotropic
transition temperature.

show in their smectic-A phase considerably smaller values of 4/hy and a pronounced temper-
ature dependence with //hy ranging from 0.5 far below the transition to the nematic phase

down to 0.05 near the transition.

There is, however, no sharp boundary between these two groups of compounds: the study
of a binary system of 8CB and 10CB shows that i/hy varies smoothly as one proceeding
from second-order smectic-A — nematic over first-order smectic-A — nematic to smectic-A —
isotropic systems. In the smectic-C phase, the behaviour seems to depend on the phase se-
quence below the smectic-C phase: compounds which possess a less ordered phase below
their smectic-C phase show a pronounced decrease of & at the smectic-A to smectic-C transi-
tion. In compounds possessing a more ordered phase below their smectic-C phase, the value
of & is essentially not affected by the smectic-A — smectic-C transition, and /4 increases slightly
with decreasing temperature within the smectic-C phase. Three of the compounds under in-
vestigation show a smectic-C phase below their smectic-A phase. In 8.S.5, h/hy decreases
considerably at and below the transition to the smectic-C phase. In the following subsection, I

show that most of the experimental observations can be at least qualitatively explained by the
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Figure 3.18: Temperature dependence of the ratio i/hy (h: measured depth of the domain-
induced surface depressions, hy: calculated values using Equation [3.3)) in ~ 40 um thick films
of the compounds A7 (o), C7 (m), and 8.8.5 (A). Tco,a designates the smectic-C — smectic-A
transition temperature.

elastic properties controlling the compression or dilation of the smectic layers.

3.2.3 Relation to The Layer Elastic Modulus B

The presence of the depressions induced by focal conic domains increases the area of the
film/air interface compared to a completely flat interface. In a focal conic domain, the smectic
film is thus subjected to a dilative stress, which could result in a thickness increase, corre-
sponding to a decrease of A, of the smectic film in the central region of the focal conic domains.
The reduction of the depth 4 of the depressions produced by this dilation would result in an
energy gain o, AA, where o, is the film/air interface tension and AA is the corresponding

change of the interface area. In my experiment, it was observed in several cases that the value
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of h/hy is smaller than 1, indicating that the film thickness in the central region of the focal
conic domains is larger than in the idealized structure shown in Figure Two possible
mechanisms could lead to the increase of the local film thickness in the central region of the
toric focal conic domains: the creation of new smectic layers, i. e., the generation of edge
dislocations around the straight singular line of the focal conic domains, or a dilation of the

smectic layers in this region.

The compounds 8CB and 8.S.5 show a pronounced temperature dependence of h/hq,
which increases with decreasing temperature with a value of = 0.05 close to the smectic-A
— nematic phase transition and a value of 0.2 (8CB) or 0.5 (8.5.5) at the temperature of 5°C
below the transition. This process is reversible with respect to the heat and cooling cycle, only
with a slight hysteresis effect observed (cf. Figure 3.19). If the creation of edge dislocations
would be responsible for the temperature dependence of &, edge dislocations have to be con-
tinuously and reversibly generated and annihilated with increasing or decreasing temperature,
respectively. This is an unlikely scenario since the spontaneous generation of edge dislocation
is associated with an energy considerably larger than kg7 [122]]. Therefore, the temperature
dependence of / and the deviation of 4/h, from 1 are probably a result of the elastic properties

controlling the compression or dilation of the smectic layers.

As described in Section[L.3] the compression or dilation of smectic layers is controlled by

the elastic modulus B and the related energy density f is written as

_ L,
f=5Be (3.6)

with e = (d — dy)/d, describing the deviation of the actual smectic layer thickness d from
its equilibrium value d,. Typical values of B are of the order of 10’7 N/m?, which means
that under normal conditions the smectic layers can be regarded as nearly incompressible.
However, a number of studies has shown that B becomes small when a second-order smectic-
A —nematic transition is approached from a temperature below the transition temperature (see
Section[L.3)). A small value of B allows for a dilation of the smectic layers in the central region
of the focal conic domains, and leads to small values of 4/ as observed for 8CB and 8.S.50n
approaching the nematic phase transition. For both compounds, measurements of the absolute
value of B have been carried out [37-H39]]. At a given temperature different to the smectic-A
— nematic transition, the magnitude of B in 8.S.5 is approximately four times larger than in
8CB. Accordingly, the values of //hq in 8.S.5 should be bigger, i. e., closer to 1, than in 8CB,
as is indeed the case (cf. Figure B.16): the h/hy values in 8.S.5 are approximately two times
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Figure 3.19: Temperature dependence of the depth 4 of the domain-induced surface depres-
sions in a smectic 8CB film with a thickness of ~ 42 um on a MAP-coated substrate. The
heating (red A) and cooling (blue e) cycle shows a slight hysteresis.

larger than in 8CB. Unfortunately, we did not find any measurements of B for 10CB or 12CB
(or any compound with a direct smectic-A — isotropic transition). The h/hy values of these
compounds are close to 1 and we would expect considerably larger B values than in 8CB.

The behaviour of B at smectic-A — smectic-C transitions has been studied for a number of
compounds but not for 8.S.5, A7, 0or C7. In [49,150], a minimum of B at the transition temper-
ature has been observed, which is followed by an increase of B with decreasing temperature
within the smectic-C phase. For 8.S.5, we find that //h, values decrease as approaching to
the smectic-C phase transition, but within the smectic-C phase, the values stay at a low con-
stant level. For the compounds A7 and C7, we observe, if at all, only a minor effect of the
transition to the smectic-C phase on the values of #/hy. Although the values of i/hg in these
compounds are already close to 1, they increase slightly with decreasing temperature in the
smectic-C phase. A pronounced increase of B in a smectic-C phase has been observed near a
smectic-C — hexatic-/ critical point [123]. The increase of //hj in the smectic-C phase of A7
and C7 might also result from the development of hexatic order, since these compounds show,
in contrast to 8.S.5, a more ordered phase below their smectic-C phase.

In addition to the qualitative arguments described above, I tried a more quantitative test of
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the relation between h/hy and B by comparing the energy Awy,,; gained by a decrease of the
surface area (by a decrease of /) and the energy Aw,; paid for an increase of the film thickness
(by a dilation of the smectic layers). If the shape of the focal conic domains-induced surface
depression is approximated by a right circular cone with axis length /# and base diameter 2r,

Awyg,,r 1s given by

AWy = O'a,-,ﬂr( r2+hy— Nr?2 + hz) 3.7)

In order to estimate the magnitude of Awy;;, the focal conic domain is treated in a rough
approximation as a smectic cylinder with height H, diameter 2r, and elastic modulus B; the
curved arrangement of the smectic layers is ignored, instead it is assumed that the layers form
a simple stack with the layer normal being everywhere parallel to the cylinder axis. Awg; is

then given by integrating Equation 3.6l over the volume V of the cylinder:

1
Awgy = f EBe%zv (3.8)
\%

The dilation e is assumed to decrease linearly with radial distance p from the center of
the focal conic domain, i. e., at the center of the domain (o = 0), e = (hy — h)/H, and at the

perimeter (o =r), e = 0:

e

_ ho—h (
- H
The integration in Equation [3.8| then gives

= 8) (3.9)

r

nB(hy — h)*r?
A =10

From the equilibrium condition Awg,.s + Awg; = 0, the value of h/hy as a function of B

(3.10)

is calculated numerically for given values of r, H, and o ;. Figure shows two examples
obtained with o;, = 0.03 N/m, H = 45 ym, and r = 5 um or r = 10 um, respectively.
The positions of the experimental data for the two compounds 8.S.5 and 8CB, for which
both B and h/h, are available, are also indicated in Figure It is obvious that there is
a large discrepancy. According to the my model, 8CB and 8.S.5 either have considerably
larger measured values of //hy, or possess values of B one or two orders of magnitude smaller
than reported. One reason for this discrepancy is certainly the simplicity of the model which
neglects the curved smectic layer structure in a focal conic domain. For instance, it was shown

that the smectic layers in a focal conic domain show an intrinsic dilation near the two singular
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lines [[124]. The magnitude Ah; of the resulting change of 4 has been estimated as [91]]:
H
Ah; = —Alog ’l (3.11)

with 4 = VK;/B. However, taking this intrinsic dilation into account in the model (setting
the splay elastic constant K| to a typical value of 107! N) results only in a minor modification
of the predicted relation between h/hy and B (cf. dashed lines in Figure [3.20).
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Figure 3.20: Solid lines: values of //hq as function of modulus B, calculated using Equations
3.7 and B.10l with o; = 0.03 N/m, H = 45 um, and r = 5 um or r = 10 um. For the dashed
lines, the intrinsic dilation sheath (see text) of the focal conic domains was additionally taken
into account. Grey areas: experimental values of i/hg (this study) and B (determined with
second sound measurements, from [38]]) for the compounds 8CB and 8.S.5.

For most measurements of the absolute magnitude of B, the second sound technique [40]
was used, which is based on a propagation mode supported by the smectic layers. These
measurements are carried out in the kHz range, whereas our determination of //h is a purely
static experiment. The frequency dependence of B at low frequencies has been studied in [41]],
where a pronounced decrease of B with decreasing frequency in the range from 10 Hz to 1
Hz was observed. Furthermore, it was shown that the dilation stress induced by a step-like
strain relaxes almost completely with a time constant of ~ 50 ms [42]]. Thus, the static value

of the modulus B could be orders of magnitude smaller than the values obtained from second
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sound measurements. This might be the main reason for the discrepancy between the small
B values resulting from my simple model and the larger values determined by second sound

measurements.

In this chapter, the morphology and thermal behaviour of smectic liquid crystals on ho-
mogenous substrates were discussed. On such substrates as bare silicon wafers, and MAP
coated silicon substrates, random planar anchoring at solid surface leads to circle focal conic
domains with a straight line and an ellipse defect lines located in two planes perpendicular
to each other. The diameter 2r of focal conic domains increases linearly with increasing the
thickness H of smectic film. Moreover, the formation of focal conic domains are influenced
by the strength of the planar anchoring of substrates. Through systematically varying an-
choring strength by coating different silane layers consisting of the two silane compounds
MAP and DMOAP, it was found that the slope of the 2r vs. H curve is depend on the anchor-
ing strength of the substrate, and the magnitude of Ao, decreased linearly with increasing
amount of DMOAP in the substrate coating. With quantitatively discussion, the planar an-

choring strength of a smectic-A phase on a solid substrate can be determined.

Furthermore, the temperature dependence of & was studied. Close to the phase transition
temperature, for the liquid crystal (e. g., 10CB) with smectic-A — isotropic transition, & ex-
hibits a first-order transition, while for the liquid crystal (e. g., 8CB) with smectic-A — nematic
transition, & appears a second-order transition. The ratio i/h, was used to how close an ex-
perimental depression (h) of a focal conic domain to the idealized incompressible depression
(ho). 1t is found that for compounds with a smectic-A — isotropic transition (10CB, 12CB, A7,
and C7), h amounts to values relatively close to hg; the compounds possessing a second-order
smectic-A — nematic transition (8CB and 8.S.5) show considerably smaller values of h/hj.
There is, however, no sharp boundary between these two groups of compounds. The study
of a binary system of 8CB and 10CB shows that //hj varies smoothly as one proceeds from
second-order smectic-A — nematic transition over first-order smectic-A — nematic transition to
smectic-A — isotropic systems. Above experimental observations may relate to the layer com-
pressibility modulus B. A small value of B would allow for a dilation of the smectic layers in
the central region of the focal conic domains, and thus result in a decrease of the value of A.
This mechanism would qualitatively explain the decrease of //hy on approaching a second-
order smectic-A — nematic transition, and also the smaller values of 4/hy in 8CB compared to
the values of 8.S.5.
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Through the investigation of absolute values of B of 8CB and 8.S.5, we found that the
static value of B controlling the layer dilation in a focal conic domain is considerably smaller
than the dynamic value.

Three of the compounds (§.S.5, A7, and C7) with a smectic-C phase below their smectic-A
phase were also investigated. In 8.S.5, i/hy decreases considerably at and below the transi-
tion to the smectic-C phase. In the other two compounds, A7 and C7, h/hy increases to ~1
with decreasing temperature in the smectic-C phase. A reason for the different behaviours in
the smectic-C phase might consist in the development of hexatic order, which was shown to

increase the value of B considerably.






Chapter 4

Focal Conic Domains in Films on
Patterned Substrates

“The only way of finding the limits of the possible is by going beyond them into the

impossible.”
Arthur Charles Clarke (1917 — 2008): The Lost Worlds of 2001

In the previous chapter, I described smectic films on homogeneous substrates, i. e., the
entire surface of the substrate possesses the same random planar anchoring condition. On
these substrates, circular focal conic domains form either in a hexagonal two-dimensional
lattice, or in a less regular order, in which a certain polydispersity in size presents.

A long-term goal of my study is to use focal conic domains to design new self-organizing
micro- or nanosystems. For this purpose, it is critical to control the size and the arrangement
of the focal conic domains on the substrate.

In this chapter, I will describe a method to fabricate almost arbitrary two-dimensional
arrangements of focal conic domains in smectic films.

As discussed in Chapter[Il focal conic domains in smectic films are induced by antagonis-
tic anchoring conditions at the interfaces, while no defects form if the film interfaces possess
the same anchoring conditions. Since the liquid crystal/air interface always exhibits a strong
homeotropic anchoring, the liquid crystal/substrate interface must possess a random planar
anchoring condition in order to generate focal conic domains. Thus, a pattern of focal conic
domains can be produced by a heterogenous solid substrate with a pattern of homeotropic
and planar anchoring conditions, i. e., some regions of the substrate surface should possess

homeotropic anchoring conditions, while other regions exhibit planar anchoring conditions.

91
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A possibility to create such an anchoring pattern is to coat some surface regions of a silicon
wafer, which initially possesses random planar anchoring conditions on its entire surface, with
a thin gold layer, which is known to induce homeotropic anchoring. The anchoring pattern of
such heterogenous substrate may be used to control the position and the size of focal conic
domains in smectic films.

The experimental procedures of the thermal evaporation of gold onto silicon substrates
were described in Chapter 2l In order to fabricate different dimensions and arrangements of
focal conic domains, two types of masks were used during the evaporation. The first consisted
of small copper grids, with which line-, square-, or hexagon-like linear patterns were gener-
ated. The second type of mask is a monolayer of polystyrene microbeads, which generates
circular patterns.

Smectic films of 8CB, 9CB, 10CB, 12CB and other liquid crystals were attempted on
these patterned substrates. It was found that the method described above only worked for
those compounds which possess a nematic phase above their smectic-A phase; i. e., for these
compounds, such as 8CB and 9CB, the focal conic domains were confined in the patterns.
However, for 10CB, 12CB, and other compounds, which transform directly from the isotropic
to the smectic-A phase, a random planar anchoring was observed also in the gold-coated areas,
and focal conic domains formed on the entire substrate surface. This may result from the
mobility of focal conic domains formed at smectic-A — isotropic phase transition (discussed in
Chapter[3)). For this reason, in the following sections, I focus mainly on the behaviour of 8CB

films on patterned substrates.

4.1 Behavior on Linearly Patterned Substrates

The linearly patterned substrates were prepared by evaporating gold onto a silicon sub-
strate masked by a TEM grid. Dependent on the geometry of the grids, gold-coated square or
hexagonal patterns were fabricated, which are separated by bare silicon stripes. The stripes
are 10-60 um in width (shown in Figure [4.1)). As discussed above, the focal conic domains
are expected to be restricted in the stripe areas, due to the different anchoring properties of
gold and bare silicon regions. Figure [4.1] presents the optical pictures of the grids I used in
the experiments, and corresponding AFM images of the silicon substrates patterned with gold.

The dimension of the grid masks is listed in Table

Figure 4.2] shows an optical micrography image, demonstrating that the arrays of focal
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Figure 4.1: Optical microscopy images of grid masks (left) and corresponding gold coated
silicon substrates (right).
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Grid Pattern Width ym
5M square 65
200M square 14
400M square 16
400H hexagon 20
300P linear 33

Table 4.1: The dimension of grid masks used in the experiments. The column ‘width’ refers
to the width of the masked stripes.

conic domains follow the linear grid , even along the curved shape of the anchoring pattern,
which was produced by a deformation of the grid mask.

Figure presents AFM images of 8CB smectic films on the gold coated substrates pat-
terned by different types of TEM grids listed in Table 4.1l Linear, square, and hexagonal
arrays of focal conic domains were obtained.

Figure 4.4] shows the AFM image of a smectic 8CB film on a linearly patterned substrate,
which possesses a square pattern with 12 ym wide stripes. It is obvious that the circular
depressions are in a linearly array along the pattern, and each depression corresponds to a
complete focal conic domain. The diameter of each focal conic domain is identified, and
equal to the width of the stripe, except for the focal conic domain located at the center of the
crossing, the diameter of which is larger and determined by the diagonal of the crossing, a
factor of V2 larger than the stripe width. In Figure &.4] the diameter of the focal conic domain
at the center of the crossing is almost two times larger than that of the ones in the stripes. This
is probably a result of the blunt edges of the gold coated patterns, so that the effective length
of the diagonal of the crossing is larger than expected.

As discussed in Section [3.1] the diameter of focal conic domains increases as the thick-
ness of the smectic film is increasing. On patterned substrates, due to the final dimension of
the planar anchoring areas in the pattern, the maximum diameter of the focal conic domains
depends on the width of the pattern stripes. When the film on a patterned substrate reaches a
certain thickness Hy, the diameter of the focal conic domains confined within the stripes coin-
cides with the width of the stripes. When the film thickness is larger than H,, the equilibrium
value of the focal conic domain diameter would be larger than the stripe width, but the real
diameter of the focal conic domains on the patterned substrate is enforced to the value of the

stripe width. Here, the term ‘equilibrium’ refers to the diameter of focal conic domains of a



4.1. Behavior on Linearly Patterned Substrates 95

TEM Grid

Figure 4.2: Top: the optical microscopy image of the TEM grid used to fabricate the pattern
in the bottom image. Bottom: the optical microscopy image of 8CB focal conic domains on
a patterned substrate produced by the top TEM grid. The arrows shown in top and bottom
images indicate the same deformed curve in the produced pattern as in the grid. Focal conic
domains are arrayed along this curve.

smectic 8CB film on a bare silicon substrate without any anchoring patterns.

In thinner films, where the equilibrium diameter of focal conic domains is smaller than the
width of the stripes, multiple-row arrays of focal conic domains can be found. As shown in
Figure[4.3] in 20 um wide stripes, 3-row, 2-row and 1-row arrays of focal conic domains were
observed as the thickness of the film increased, and the multiple-row focal conic domains are
arranged in a hexagonal pattern. Note that there are some tiny focal conic domains surround

the big focal conic domains, as shown by blue arrows in Figure In the thinnest film
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Figure 4.3: AFM image of a smectic 8CB film on patterned substrates with squares, hexagons
or linear arrays of focal conic domains.

(in Figure [4.3] top), the shape of the surface depressions deviates clearly from the expected
convex shape (comparable to the shape in the middle and bottom image), which also exists in

very thin films of 8CB on bare silicon substrates without anchoring pattern.

The arrays of focal conic domains on the linear pattern are also clearly seen under the

optical microscope and the fluorescence confocal microscope (Figure [4.6]).

The arrangement of focal conic domains on patterned substrates is similar to the arrays
produced by microchannels (see Chapter[Il The width of the microchannel plays a role similar
to the width of the stripes on the patterned substrates. But in the case of microchannels, the
anchoring of the wall of the channel also effects the arrangement of focal conic domains,

which may impose incompletely focal conic domains.
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Figure 4.4: Top: AFM image of a smectic 8CB film on a silicon substrate patterned with
gold-coated squares. The coated areas are separated by 12 um wide bare silicon stripes. The
image shows two stripes crossing. Bottom: cross section along the dashed blue line in the
AFM image. Each depression at the interface is induced by an underlying focal conic domain.

4.2 Behavior on Circularly Patterned Substrates

Due to the dimensional limit of grid masks, the smallest confinement of focal conic do-
mains created by grid patterns is of the order of 10 um. In order to apply smaller confinements
to focal conic domains, the microbead masks were applied, consisting of a 0.5 um, 2 ym, 6 um,
or 10 um diameter polystyrene microbead monolayer self-assembled on a silicon substrate. In
the experiment, a large scale monolayer of microbeads can be fabricated by evaporating the
microbead aqueous solvent under a low temperature. After thermally coating the masked sub-

strate with gold, the microbead monolayer was transferred into water by floating the substrate
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Figure 4.5: Left: AFM images of smectic 8CB films on gold coated silicon substrate with
20 um wide stripes of the bare silicon surface; The film thickness increases from 3 um (top)
over 5 um (middle) to 15 um (bottom); the corresponding increase of the diameter of the focal
conic domains results in the formation of 3-row, 2-row, and single-row arrays of focal conic
domains. Note that free space in the stripe areas is sometimes filled with tiny satellite focal
conic domains (middle and bottom image, indicated by the blue arrows). Right: cross sections
along the dashed blue lines in each AFM image.

400um
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Figure 4.6: Fluorescence confocal microscopy images of smectic 8CB films on TEM patterned
gold coated substrates. The thickness of the film is (a) < 1 um, (b) 2 um, (¢) 3 um, and (d) > 18
um, and focal conic domains formed 4-row, 3-row, 2-row, and single-row arrays, respectively.

in a water reservoir. The patterns produced by different size microbead masks are shown in
Figure [4.7] (Ieft), in which the circular bare silicon areas arrange in a hexagonal lattice. The
thickness of the gold film is about 60 nm. Figure [4.7] (right) presents the AFM images of 8CB
smectic films on the patterned substrates corresponding to the left images. The thickness of
the films was in a range where the equilibrium diameter of the focal conic domains was larger
than the diameter of the circular patterns on the substrate. As shown in Figure [4.7] the actual
diameter of the focal conic domains is the same as that of the circular patterns, i.e., the focal
conic domains are confined by the substrate pattern. An exception is the pattern produced with
the smallest (0.5 ym) microbeads, on which considerably larger focal conic domains were ob-
served. A reason for this observation could be the poor quality of the patterns on the substrate,
which contains many larger non-coated areas and open patterns with a bare silicon surface

(probably caused by the presence of close-packed microbeads during the evaporation of gold).
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Figure 4.7: AFM images of gold patterns on silicon fabricated by microbead masks and 8CB
film on such patterns. The size of microbeads used as masks is (a) 0.5, (b) 2, (c) 6, and (d) 10
um. With the exception of the 0.5 um case, the diameter of the focal conic domains is equal
to the diameter of each circular pattern.
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Figure 4.8: AFM images (top) and reflection confocal microscopy images (bottom) of 8CB
smectic film on the patterned substrate fabricated by 6 um microbeads. The left image shows
the region close to the film edge with the bare silicon at the left top corner. The right image
shows a slightly thicker region of the same film. In thin film, several focal conic domains are
restricted in one circular pattern. In the thicker film, one focal conic domain occupies one
circular pattern, and the diameter remain as large as the circular pattern.

In thinner films, where the equilibrium diameter of focal conic domains is smaller than that
of the pattern, several focal conic domains appear to fit into one circular pattern. Figure [4.8]
shows an example of a 8CB smectic film on a patterned substrate with 6 um circular patterns.
With increasing film thickness, seven, four, or two focal conic domains can form in one circle
pattern, until the equilibrium diameter of the focal conic domain is large enough to hinder
the formation of a second domain. In the thicker parts of the film, each focal conic domain
occupies one circle pattern, and the diameter keeps a value of 6 um, even when the thickness

of the film amounts to 150 um, for which the equilibrium diameter would be approximately
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one order of magnitude larger than 6 um. This behaviour is illustrated in Figure

2r [ pm
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Figure 4.9: Diameter 2r of focal conic domains as function of film thickness H for 8CB films
on the patterned substrate fabricated by 6 um microbeads. The small dots are data taken from
AFM measurements, data with bars at larger H values are from optical microscopy, the red
line indicates the position of the data of 8CB on bare silicon substrates without anchoring

pattern (see Figure 3.10).

On homogeneous substrates without anchoring pattern, the diameter of focal conic do-
mains grows nearly linearly with the thickness of the smectic film (see Figure[3.10). However,
on patterned substrates, the diameter 2r grows linearly only in the small film thickness region,
but stays constant with increasing thickness when the domain diameter becomes comparable
to the diameter of the circular bare silicon regions.

Reflection confocal microscopy verified this result. In Figure [4.8] (bottom), several focal
conic domains were observed in one circular pattern in the thin film, while in the thicker film,
only one focal conic domain occupied each circular pattern, and in very thick films the focal
conic domains were still confined in the circular patterns.

Similar results were also found on the 2 ym and 10 um microbead patterned substrates.

Fluorescence confocal microscopy provided images of the cross sections of focal conic
domains on patterned substrates. In Figure the focal conic domains are arranged in

a hexagonal pattern, and the x-z cross sections of single focal conic domains, which fully



4.2. Behavior on Circularly Patterned Substrates 103

Thickness of film~ 2.65um 6.92um 14.25 ym 25.64 ym 48.23 ym

Figure 4.10: Fluorescence confocal microscopy image of 8CB smectic film on the patterned
substrate fabricated by 6 um microbeads. The left top image presents a hexagonal array of
focal conic domains. And a series images at the right bottom shows the cross section of a
single focal conic domain in films with different thickness.

occupied one circular pattern, at different thickness were recorded. The fluorescence confocal
microscopy images indicate that the structure of the focal conic domains near the substrate
does not change with the thickness of the film, implying that the increase of the thickness
simply results in the addition of smectic layers near the air interface without influencing the

layer’s arrangement near the solid substrate.

Circularly patterned substrates offer thus a simple way to fabricate a uniform, control-
lable, and large scale hexagonal arrangements of focal conic domains regardless of the film

thickness.
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4.3 Behavior of The Surface Depressions in Thick Films on
Patterned Substrates

The results presented in the preceding sections show that on patterned substrates, as long
as the thickness of smectic film exceeds a certain value, the size of focal conic domains is
determined by the dimension of the pattern, i. e., by the width of the stripes or the diameter
of the circular patterns. Therefore, the diameter of focal conic domains remains constant
even if the film thickness increases. What is the behaviour of the depth 4 of the domain-
induced surface depressions for such such patterned substrates? I assume for the moment, that
the structure of focal conic domains domains corresponds to the idealized geometric scheme
shown in Figure [3.13] and recall Equation [3.5] which describes the relation between £, the film

thickness H, and the domain radius r:

h=H- VH> - 72 4.1)

According to the above Equation, 4 should decrease with increasing thickness H, if r stays

constant.

Figure 4.11] shows experimental values of 4, measured by AFM, in films with different
thickness H, determined by confocal microscopy, on the 6 um microbead patterned substrates.
The observed decrease of i with increasing H confirms qualitatively the expected behaviour.
Quantitatively, however, the values predicted by Equation (which are indicated by the
black line in Figure 4.11)), are considerably larger than measured & values. This behaviour
corresponds to the results observed on homogeneous substrates (see Section [3.2.2)). For 8CB
at room temperature, the measured value of 4 amounts to only = 1/3 of value calculated by
Equation 4.1l The probable reason of this behaviour is a dilation of the smectic layers in the

central region of the focal conic domains leading to a decrease of A.

I have applied the same simple model used in Section to the data shown in Fig-
ure 4. 111 In this model, the energy Awy;, which is to be paid for the dilation of the smectic
layers, is balanced against the energy Awy,, s, which is gained by the decrease of the area of
the free surface above the focal conic domain. Recalling Equations [3.7] and these two

energies are given by
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Figure 4.11: Depth # of the surface depressions induced by focal conic domains as a function
of thickness H of films on a circularly patterned substrate prepared with 6 um polystyrene
microbead monolayer. Solid dots: experimental values determined by AFM; black line: cal-
culated values according to Equation 4.1l with » = 3 um; grey line: calculated values ac-
cording to Equations and d3] with » = 3 um, o;,, = 30 mN/m, B = 1.3x 10" N/m?, and
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Here, hy is the depth of the surface depression calculated by Equation h is the real
depth, r the domain radius, H the film thickness, and B the smectic layer compression/dilation
modulus. For 8CB, the value of B at room temperature amounts to 1.3 x 107 N/m2. If one
calculates 4 as a function of H using this B value and the above equations, the grey line in
Figure 4.11] is obtained which is only a minor improvement compared to the pure geomet-
ric model (Equation B.1)). As discussed in Section [3.2.2] this result indicates that the model
given by Equations 4.2l and (d.3) is too simple for an adequate description of the experimental

behaviour. However, the results presented in this section demonstrate that on circularly pat-
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terned substrates the depth of the domain-induced surface depressions can be controlled by
the variation of the film thickness.

I have also studied the temperature dependence of / in films on patterned substrates. For
8CB films on homogeneous substrates, & decreases continuously to zero when the second-
order transition to the nematic phase temperature is approached (see Section[3.2.2)). A similar
behaviour is also observed on circularly patterned substrates, provided that the diameter of the
focal conic domains on the patterned substrates is smaller than, or equal to that of the circular
pattern. However, in thick films, where there is a large difference between the equilibrium
diameter corresponding to the film thickness and the experimental diameter, 4 behaves al-
most independent of temperature (Figure 4.12)). There is no obvious reason for this thickness

dependence of the thermal behaviour and further experimental studies are needed.
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Figure 4.12: Temperature dependence of the depth 4 of the domain-induced surface depres-
sions in films on substrates with 6 um circular anchoring patterns. The thickness of the films
amounts to 11.3 um, 44 um, and 73 um. T,y designates the smectic-A — nematic transition
temperature of 8CB.

In this chapter, the behaviour of focal conic domains on substrates with anchoring patterns

was discussed. On these substrates, regions possessing random planar anchoring conditions
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alternate with regions possessing homeotropic anchoring conditions. If smectic films are pre-
pared on such substrates, the formation of focal conic domains is restricted to the regions
possessing random planar anchoring conditions. In thin films, the dimension and thermal be-
haviour of focal conic domains are similar to that on homogeneous substrates (discussed in
Chapter [3). In thick films, confinement effects were observed, because the diameter of the
focal conic domains cannot grow beyond the dimension of the planar anchoring regions on
the substrate. Thus, substrates with anchoring patterns offer a possibility to control both the

arrangement and the dimensions of focal conic domains in smectic films.






Chapter 5

Structure Formation in Smectic Films on

Crystalline Substrates

“The wealth of the mind is the only true wealth.”

In the previous chapters, the morphology and thermal behaviours of focal conic domains
on substrates with random planar anchoring were discussed. On a substrate with random
planar anchoring, the liquid crystal molecules prefer to align parallel to the substrate plane,
but there is no preferred in-plane direction for the orientation of the long molecular axes. The
circular base of the focal conic domains in films on such substrates is a direct consequence of
the absence of a preferred in-plane orientation.

In this chapter, I present preliminary results obtained for smectic films prepared on the
surface of freshly cleaved layered crystals, mica and MoS,. Different from the alignment on
bare or coated silicon substrates, the crystalline structure of the surface results in the alignment
of the liquid crystal molecules along one or several preferred in-plane directions. Instead of
circular focal conic domains, linear defect structures are expected on such substrates.

A simple model of these linear structures is shown in Figure At the substrate surface,
all liquid crystal molecules are aligned parallel to the surface and point into one direction.
The smectic layer planes are oriented perpendicular to the surface and perpendicular to the
direction of the long molecular axes. However, because of the homeotropic anchoring at the
air interface, the layer planes have to bend and form a system of concentric hemicylinders.
Along the central axis of these hemicylinders, a straight singular line is running on the sub-
strate surface. If the film thickness is larger than half of the distance between two neighboring

singular lines, the outer layers near the air interface cannot form complete hemicylinders be-

109
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cause they end at singular planes separating neighboring structural domains. The air interface
on top of these linear structures should exhibit a kind of corrugated shape. As is described
in the following, such structures are indeed observed experimentally, at least in the range of

smaller film thicknesses.

A g

Singular lines

Figure 5.1: Hemicylinder scheme of the linear defect structures in a smectic film on a substrate
with unidirectional planar anchoring.

5.1 Smectic Liquid Crystal Films on Mica Substrates

Muscovite mica is a phyllosilicate mineral of aluminium and potassium with a monoclinic
structure. Because of its monocrystalline layered structure, it can easily be cleaved to get an
atomically smooth surface, which is widely used as a substrate for AFM studies [125]], or for
binding cells to be characterized by transmission electron microscopy [126]], etc..

The crystal structure of mica can be seen as an alternating stack of two different layers, L,
and Lg. When mica is cleaved, two types of surfaces can be obtained, depending on whether
the cleavage was done at a /(5 or a 8/« interface. Both types of interfaces induce a monostable
planar anchoring, i. e., there is a single preferred direction of the liquid crystal molecules on
the surface. Comparing the orientation of this preferred direction for the two different surfaces
(/B and B/a), one observes an angle of 120° between them [127]]. If mica is cleaved
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Figure 5.2: Optical microscopy image of a thin 8CB film on mica at room temperature. The
black lines indicate the directions of linear defects.

simply by hand, one obtains substrates which usually contain both types of surfaces, separated
by monolayer steps. Therefore, when a thin 8CB film is prepared on mica and cooled down
to room temperature, two orientations of linear defect structures are observed and the angle
between the defect lines amounts to 120° (Figure [3.2).

In thicker films of 8CB, circular focal conic domains are formed, and arrange themselves
in a hexagonal lattice. Figure [3.3] shows a droplet of 8CB placed on mica. Near the edge
of droplet, where the local film thickness is small, the linear structures are observed, while
beyond a certain thickness, circular focal conic domains, similar to those obtained on silicon
substrates, are formed. Figure 5.4l shows AFM images presenting the topography of the linear

structures and the circular focal conic domains on mica.

In the transition region between the regions with linear structures and circular focal conic
domains, more complicated defect structures are observed (shown in Figure[3.3). Between two
linear structures, a kind of corrugated pattern appears. With increasing thickness of the liquid
crystal film, the distance between the linear defects gets larger and the corrugated pattern

becomes more pronounced, and finally ends with the formation of circular conic domains.
However, 8CB shows a large contact angle on mica, and it is difficult to obtain a thin film

of 8CB on it. To study the phenomena described above in more details and in order to get

a more quantitative relation between the thickness of the liquid crystal film and the defect
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Figure 5.3: Optical microscopy image of a droplet of 8CB on mica at room temperature. Near
the edge of the droplet (running from the lower left to the upper right corner) linear structures
are present while in the thicker regions circular focal conic domains are forming.
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Figure 5.4: AFM images of an 8CB droplet on mica at room temperature (a) near the edge of
the droplet, and (b) near the center of the droplet.

structure morphology, I found it more useful to use MoS, crystals as substrates, which are
wetted completely by alkylcyanobiphenyl liquid crystals so that thin films can be prepared

more easily.
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Figure 5.5: AFM images of an 8CB droplet on mica at room temperature. (a) shows the region
between linear structures and circular focal conic domains. (b) gives a detail image of (a).

5.2 Smectic Liquid Crystal Films on MoS, Substrates

Molybdenum disulfide, MoS,, is a natural single crystal with a layered structure which can
easily be cleaved. One obtains a surface with sulfur atoms on a two-dimensional hexagonal
lattice. Alkylcyanobiphenyl liquid crystals show on this surface a planar anchoring with six
different preferred in-plane orientations. The angle between these orientations amounts either
to 35° or 25° (see Chapter [T.4.1).

In my experiments, 8CB was placed on a freshly cleaved MoS, surface, heated up to
42°C, and then cooled down with a rate of 0.1°/min to room temperature, so that a film of 8CB
spread on the MoS, substrate. Figure and Figure [5.7) are the typical optical microscopy
and AFM images of 8CB films on MoS, substrates. Unlike on mica, a strong multistable
planar anchoring is imposed to the smectic-A 8CB phase on MoS,. The six different in-plane
orientations of the linear structures are indicated by the six different color lines in Figure 5.7
The AFM images show, that the different anchoring direction domains are separated by sharp

boundaries.

5.2.1 Film Thickness Dependence of The Linear Structures on MoS,;

Substrates

The 8CB films prepared on MoS, substrates are very thin (below =~ 1.5 um) so that confocal

microscopy measurements cannot be used for the determination of the film thickness. Since
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Figure 5.6: Optical microscopy image of a 8CB film on MoS, at room temperature. Different
color lines represent the six different in-plane orientations of the linear structures.
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Figure 5.7: AFM images of a 8CB film on MoS, at room temperature. The different anchoring
direction domains are separated by sharp boundaries.

the films spread over almost the entire substrate surface, the use of AFM measurements for
the thickness determination is also not possible. Therefore, I estimated the film thickness
with the help of the interference colors which are shown by the samples. This method is
established for freely suspended smectic films [[128]], but here I assume that the film thickness
difference corresponding to one color sequence (or one interference order) amounts to = 200

nm. Figure [5.8] shows several AFM images of smectic 8CB films on MoS,, demonstrating
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how the observed linear defect structures change with increasing film thickness.

In very thin films (below 200 nm), a homogeneous film without any defect structures is ob-
tained on MoS, (Figure[5.8](a)). In slightly thicker films (Figure[5.8](b) and (c)), there appear
parallel lines which indicate the presence of the hemicylinder structures shown in Figure 5.1l
As the film thickness increases further, additional features appear: the parallel structures are
not smooth any longer, since ripples in the perpendicular direction are forming (Figure [5.8](d)-
(g)). These structures will be discussed in the following section. Beyond a certain thickness,
circular focal conic domains are found (Figure [5.§] (h)).

The distance between neighboring hemicylinder domains and the depth of linear depres-
sions in the air interface are comparable with the diameter and the surface depression depth of
the circular focal conic domains. Similar to the case of the circular focal conic domains, the
distance between linear structures, as well as the depth of linear depressions, grow linearly as
increasing film thickness (Figure [5.9). This applies also to the thicker film in which the basic
hemicylinder structures are patterned with additional structural features (= 400 nm to = 1000
nm; at larger film thicknesses, circular focal conic domains are formed).

The temperature dependence of the depth 4 of the linear surface depressions was also
checked. Figure shows h as a function of temperature for a smectic 8CB film on MoS,.
Similar to the case of circular focal conic domains of 8CB (or other compounds with a second-
order smectic-A — nematic transition), 4 decreases as the transition to the nematic phase is
approached. However, close to the phase transition temperature, the defects become unstable,
so that the & of the linear surface depression can not be measured any more.

A more detailed analysis of the relation between the distance of neighboring hemicylinder
structures, the depth of the linear surface depressions, and the thickness of the smectic film
would require an accurate determination of the film thickness, which is beyond the scope of
this thesis.

5.2.2 Fluorescence Confocal Microscopy of Smectic Liquid Crystal Films
on MoS, Substrates

To gain more insight into the structure of the complex structural patterns which appear in
the thickness range between the smooth hemicylinder structures at small thicknesses and the
circular focal conic domains at larger thicknesses, polarized fluorescence confocal microscopy
studies of smectic 8CB films on MoS, substrates were conducted. As described in Chapter 2]

the liquid crystal was doped with a tiny amount of the dye BTBP before the film was prepared
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Figure 5.8: AFM images of smectic 8CB films on MoS, for different film thicknesses. The
thickness, estimated by the interference colors of the scanning areas, are respectively (a) < 50

nm, (b) ~ 50 nm, (c) ~ 200 nm, (d) ~ 700 nm, (e) ~ 900 nm, (f) ~ 1100 nm, (g) ~ 1300 nm,
and (h) > 2000 nm.
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Figure 5.9: Distance between neighboring hemicylinder domains and depth of the linear sur-
face depressions as function the film thickness (8CB at room temperature). The thickness was
estimated by the inference color of the film. The bottom AFM image depicts the distance D
and depth £ of the linear structures.

on the MoS, substrate.

Figure [5.11] shows polarized fluorescence confocal microscopy images of different thick-
ness areas and the corresponding AFM images. The fluorescence exciting laser light was
linearly polarized in the direction parallel to the horizontal edges of the images. The intensity

of the fluorescent light indicates the orientation of the liquid crystal molecules (because the
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Figure 5.10: Temperature dependence of the depth % of the linear surface depressions of a
smectic 8CB film on MoS,.

fluorescent dye align parallel to the liquid molecules): the intensity is at a maximum, when
the liquid crystal molecules are parallel to the plane of polarization and to the substrate plane.
The fluorescence is at a minimum if the liquid crystal molecules are perpendicular to the plane
of polarization or perpendicular to the substrate plane. In Figure [5.11] (a), the brightest areas
imply that the molecules in these areas are oriented parallel to the upper or lower edge of the
image (and perpendicular to the axes of the hemicylinders). Since the dark areas in between
remain dark when the plane of polarization is rotated, the molecules in these areas must be
oriented perpendicular to the substrate plane. These results correspond exactly to the observa-

tions expected for the smooth hemicylinder structures shown in Figure

Figure [5.11] (b) and (c) show slightly thicker films. In the confocal microscopy images,
one can discern darker structures within the bright stripes. When the plane of polarization is
rotated, the fluorescence intensity changes and by a rotation by 90°, the fluorescence intensities
of the former brighter or darker regions are swapped. This behaviour, which is illustrated
in Figure indicates the presence of different in-plane orientations of the liquid crystal
molecules. A schematic drawing of these orientations is shown in Figure 5.12] (b). These

results could indicate the presence of incomplete or strongly asymmetric focal conic domains.
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Figure 5.11: AFM and polarized fluorescence confocal microscopy images of smectic 8CB
films (doped with the dye BTBP) on MoS, substrates. From (a) to (c), the thickness of the
film increases, and are approximately 200 nm, 1 um and 1.5 um, respectively.
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One reason why the smooth hemicylinder structure observed in thin films converts with
increasing film thickness into a structure dominated by focal conic domains may consist in
the energy that is to be paid for the presence of the singular planes separating neighboring
hemicylinder domains. A singular plane costs much more energy than an arrangement of
singular lines. With increasing film thickness, the smectic film can form a transition region
near the substrate in which the uniaxial planar anchoring at the substrate surface transforms
into a multidirectional planar anchoring which can be the base for the formation of focal conic
domains. Thus, in thicker films, the singular planes separating the hemicylinder domains can
be replaced by the singular lines of focal conic domains. However, more detailed experimental

studies are needed on this point.

Figure 5.12: (a) and (c) are polarized fluorescence confocal microscopy images of smectic
8CB films on MoS, substrates. The bottom and the right side images of (a) are vertical sec-
tions, which were obtained from the vertical scan along the grey lines. The white arrows in (c¢)
indicate the orientation of the plane of polarization. (b) is an AFM image of the correspond-
ing area of the confocal microscopy images. The arrows indicate orientations of the liquid
crystal molecules near the MoS, substrate which could explain the behaviour observed in the
confocal microscope on rotation of the plane of polarization.

In this chapter, smectic-A liquid crystal on crystalline substrates were investigated. On

such substrates, liquid crystal molecules prefer to align parallel to the surface and point into a
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certain direction. in thin film, hemicylinder structure (linear defects) was found, while in thick
film, circular focal conic domains presented. Between these two region, corrugated structure
formed. Similar to those obtained on silicon substrates, the distance between two neighboring
linear defects increase with the increase of film thickness, and the corrugated patterns became
more pronounced. Fluorescence confocal microscopy implies the presence of incomplete or
strongly asymmetrical focal conic domains at the transition region. It might be attributed to
high energy cost of the hemicylinder structure, which induces the degeneration of the uniaxial
planer anchoring into multidirectional planar anchoring with the thickness increasing. Thus
the singular planes separating the hemicylinder domains can be replaced by the singular lines

of focal conic domains.






Chapter 6
Summary and Outlook

”I am not bothered by the fact that I am unknown. I am bothered when I do not know others.”
Analects of Confucius

This thesis presents an experimental study of fundamental properties of focal conic do-
mains in smectic liquid crystal films on solid substrates. Focal conic domains are structures in
smectic phases, and consist of a complex arrangement of the smectic layers which are wrapped
around two singular lines, an ellipse and a hyperbola passing through each other focal point.
These structures are believed to play an important role in the future development of novel
self-assembling soft matter systems. The general goal of my work was to explore possible
methods for the control of the dimensions and the spatial arrangement of focal conic domains
in smectic films, and to study how their behavior depends on properties of the liquid crystal
compounds, e. g., on their phase types and phase sequence. Since the formation and properties
of focal conic domains depends on the anchoring conditions of the liquid crystal molecules
on the substrate, an essential issue was the variation of these conditions. The main experi-
mental method was AFM which enables the determination of the diameter of the focal conic
domains, of the depth of the domain-induced depression in the film/air interface, and (under
certain conditions) of the film thickness.

Focal conic domains form in smectic films in response to antagonistic molecular anchoring
conditions: homeotropic anchoring at the film/air and degenerate planar at the film/substrate
interface. On substrates possessing a planar anchoring condition homogeneously on the whole
surface, the relation between the diameter of the focal conic domains and the thickness of the

smectic film was studied. Focal conic domains are formed if the film thickness exceeds a
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certain threshold. Above this threshold, the domain diameter increases linearly with increas-
ing film thickness. By coating the substrate with mixtures of two different silane compounds,
the anchoring strength of the liquid crystal molecules on the substrate could be varied sys-
tematically. With decreasing strength of the planar anchoring, the thickness threshold for the
formation of focal conic domains increases and the slope of the linear diameter/thickness re-
lation decreases. The experimental behavior could be well described by a theoretical model
enabling the quantitative determination of the molecular anchoring strength. For a given smec-
tic liquid crystal, a linear relation between the anchoring strength and the composition of the
silane coating layer on the substrate is observed. The slope of this linear relation was found to
depend on the molecular structure of the liquid crystal compound; longer molecules showed
an extended range of planar anchoring.

Because of the curvature of the smectic layers, a depression in the film/air interface is
present above each focal conic domain. The study of the depth of this depression allows
conclusions about the elastic modulus which controls the compression/dilation of the smectic
layers. The depression depth was measured for several liquid crystal compounds showing
a variety of different phases and phase transitions. In compounds showing a second-order
smectic-A — nematic transition, a pronounced decrease of the depression depth on approaching
the transition was observed. This behavior indicates a softening of the smectic layers, since
a dilation of the layers leads to a decrease of the depression depth. In compounds showing a
first-order smectic-A — nematic transition, this behavior is not observed. These measurements
enable an estimation of the static value of the layer compression/dilation modulus which was
found to be one to two orders of magnitude smaller than the value measured by dynamical
methods in the kHz range. The case of a smectic-C — smectic-A transition was also studied
in three compounds, but conclusive results were not obtained since a decrease, as well as an
increase, of the depression depth was observed.

The above described studies were carried out with substrates on which focal conic domains
formed in the whole surface area. I have designed a method to control the spatial arrangement
of focal conic domains by creating an anchoring pattern on the substrate surface. This can be
done by coating a silicon wafer (possessing planar anchoring conditions) partly with a thin
gold layer. On the gold surface, the liquid crystal molecules show a homeotropic anchoring.
The planar and homeotropic anchoring pattern translates into a presence (silicon region) and
absence (gold region) pattern of focal conic domains in the film. The anchoring pattern has two
main effects: first, the position of the focal conic is determined in the sense that they form only

above the uncoated regions of the substrate; second, the size of the focal conic domains cannot
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exceed the dimensions of the uncoated substrate regions. In contrast to the behaviour on non-
patterned substrates, where the diameter of focal conic domains increases with the thickness of
the smectic film, the diameter of focal conic domains in films on patterned substrates increases
only until reaching a certain film, at which the diameter becomes comparable to the dimension
of the pattern. On further increasing the film thickness, the domain diameter stays constant, but
the depth of the domain-induced depressions decreases (because the curvature of the smectic
layers at the surface decreases with increasing film thickness). In this way, the position as well
as the diameter and, to some extent, the depression depth of the focal conic domains can be
controlled.

Finally, I described preliminary results obtained on crystalline substrates, mica and MoS,,
possessing uni- or multi-directional planar anchoring conditions. On such substrates, all liquid
crystal molecules are aligned parallel to the surface and point into one direction. In thin films,
it was observed that the smectic layer planes bend and form a system of concentric hemicylin-
ders, while in thick films, circular focal conic domains, similar to those obtained on silicon
substrates, are formed. In the transition region between the regions with linear structures and
circular focal conic domains, more complicated defect structures with corrugated patterns are
observed. With increasing thickness of the liquid crystal film, the distance between the lin-
ear defects gets larger and the corrugated pattern becomes more pronounced, and finally ends
with the formation of circular conic domains. Fluorescence confocal microscopy measure-
ments indicated the presence of incomplete or strongly asymmetric focal conic domains at the
transition region. This behavior might result from the larger energy cost of the hemicylinder
structure in which the linear domains are separated by singular walls. With increasing film
thickness, the influence of the uniaxial planar anchoring decreases and the singular walls be-
come unstable with respect to the formation of circular focal conic domains and their singular

lines (which cost considerably less energy than singular walls).

On-going and future work Based on the above investigations, I started some more detailed
work on the behavior of smectic-C liquid crystals on silicon and MoS, substrates, parts of
which were demonstrated in this thesis. In contrast to the smooth focal conic domains of the
smectic-A phase, focal conic domains can exhibit more complex structures in the smectic-
C phase, e. g., some smectic-C focal conic domains show a kind of ‘coffee filter’ structure
in their surface. Also, the temperature dependence of the domain induced depression depth
varies strongly in the smectic-C phases of different compounds. More systematical research

is required.
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In order to understand fully the inner structure of focal conic domains, more detailed polar-
ized fluorescence confocal microscopy studies are needed. Furthermore, confocal microscope
studies have been started of smectic liquid crystals doped with different kinds of dyes or quan-
tum dots (e. g., CdSe), which could be expected to aggregate at the singular lines of the focal
conic domains. Also the assembly of microparticles with the help of focal conic domains is

under exploration.



Appendices

127






Appendix A

Symbols and notations

Symbol Description value / unit
B Compressibility/dilation modulus N/m?
n(r), n director -
f Free energy density J/m?
F Free energy of a focal conic domain J
T Temperature degree centigrade (°C)
T Phase transition temperature degree centigrade (°C)
Ty, Nematic — isotropic phase transition temperature degree centigrade (°C)
Tan Smectic-A — nematic phase transition temperature degree centigrade (°C)
Ts, Smectic — isotropic phase transition temperature degree centigrade (°C)
v Volume m’
S Order parameter -
0 Angel degree
X, YV, Z Cartesian coordinates -
K, K>, K; Splay, twist and bend elastic moduli J/m
m Mathematical constant ~ 3.14159
H Thickness m
H, Critical thickness m
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Chapter A. Symbols and notations

Ysp
Awsurf

Awgir
L. Ly

Radius
Critical radius

Depression depth
Idealized depression depth
Thickness of smectic layer

Equilibrium thickness of smectic layer
Layer dilation, (d - dy)/dy
Boltzmann constant
Sum of the curvatures, 1/R; + 1/R,
Radii of curvature
Elastic constant
Parallel and perpendicular
Air / smectic-A surface tension
Surface tension on substrates
Surface energy difference between || and L
r/H
Dimensionless constants
Area
B = By(T — Ty)*
Mol fraction of composition

Fluorescence intensity

Angle between the director and polarization direction

Force
Vertical displacement
Van der Waals potential energy
Distance between AFM tip and sample
mass
Free amplitude
Amplitude at set point
Frequency
Resonance frequency
Agp/Ag
Energy gain by a decrease of the surface area
Energy cost for dilation

Crystalline stack of mica

2 82 28 28 38 B

1.38 x 1072* J/JK
1/m

degree
kg m/s* (N)
m
J
m
kg
v
\Y%
Hz
Hz

Co G
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