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Introduction 

The development of nanotechnology over the last decades has drawn the attention 

of both scientists and engineers to the self-assembly of matter into ordered structures at 

micro- and nanometer scales. The term “self-assembly” is used to describe the 

phenomenon of spontaneous organization of particles or building blocks into larger 

structures and patterns via specific interactions. Self-assembly is an equilibrium 

thermodynamic process where a balance is established between repulsive and attractive 

forces, and the free energy of the assembled system is lower than that of the random 

structure1. 

Self-assembly of small units into large-scale functional structures is one of the 

defining features of biological systems: collagen proteins are assembled in long robust 

fibers in bones and cartilage, lipids form bilayers in vesicles, cell membranes and myelin 

sheaths, and mineral particles combine with proteins to form the bright opalescent coating 

of sea shell, keratin can self-assemble into hair, DNA and viruses can spontaneously fold 

into functional 3D structures of complex topology2-4. The vast majority of biological 

systems, like for instance, single cells or tendons also exhibit hierarchy5,6, that is the 

ability to generate ordered structures over multiple length scales and, in principle, 

multiple contributions to properties. This natural phenomenon has stimulated researchers 

to fabricate synthetic hierarchical materials mimicking natural analogies. 

Self-assembly and the ability to generate order from the “bottom up” (i.e from 

building blocks to large-scale structures) is in contrast with the traditional approach to the 

fabrication of micro- and nano-structured materials and devices. In the “top-down” 

approach, nano- objects are either individually manipulated or organized using ordered 

matrices and hosts that are microfabricated. Lithographic methods, such as ultraviolet, X-

ray, zone-plate array lithography, ion and electron beam lithography are commonly used 

to create sub-micron size 1D or 2D reliefs7-10. 3D photonic crystals can be produced by 

interference lithography11. Scanning probe microscopy such as atomic force microscope 

(AFM) or scanning tunneling microscope (STM) are used to fabricate patterns with 

smaller units12, approaching the atomic level resolution13. A (5–50) nm resolution can be 

achieved by nanografting, dip-pen and nano imprint techniques14. 
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Although lithography provide a high precision in nanoscale fabrication, it is time-

consuming and expensive in terms of equipment and specialized personnel. On the other 

hand, the self-assembly “bottom-up” fabrication is typically achieved using standard 

bench-top equipment and inexpensive organic materials, can be a quite rapid and 

sometimes reversible process. The inherent capacity to self-assemble into nanostructures 

is exhibited by many soft materials, including colloids15-17, surfactants18-21, membranes22-

25, biomaterials26-28, polymers29-32, their composites33,34 and liquid crystals (LC)35-39. The 

thermodynamic stability of self-assembled soft materials is typically based on weak 

molecular interactions40, such as van der Waals interaction, dipolar and quadruple 

interactions, hydrogen  bonding and electrostatic interactions, which can also be often find 

in living systems41. The weak nature of interactions results in flexibility of the formed 

systems, allowing rearrangements of the structures in response to small perturbations or 

stimuli imposed by the external environment. The latter feature is of the great interest 

from both fundamental and application standpoints, giving a possibility to control the 

assembly process and thus properties of created structures by varying external parameters.  

The thermodynamics of the self-assembly process can be described at constant 

temperature T and pressure by a Gibbs free energy equation: ΔG = ΔH – TΔS. The 

enthalpy change ΔH is mainly determined by intermolecular interactions between the 

structural parts of assembling system, and ΔS is due to the appearance of order, i.e. a 

decrease of symmetry changes in ordered structure formation. The self-assembly is 

spontaneous in the sense that ΔG is negative42. Small structural units will nucleate and 

grow and their life-time increase as they minimize the system free energy via increasing 

attractive forces between the units, till the equilibrium state is achieved and the  

nanoordered structure is formed.  

From the fundamental point of view liquid crystals (LCs) are representative 

materials for investigating self-assembly processes in soft matters. Their structural 

architecture resembles many biological objects, such as proteins, viruses, lipids, fibers, 

amyloids, carbohydrates and nucleic acids41. LCs show spontaneous breaking of 

symmetry and topological defects in close analogy with phenomena studied in cosmology, 

fundamental particle theories and condense matter physics43. The molecular organization 

and symmetry of LC phases strongly depends on the temperature or concentration, 
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respectively for thermotropic and lyotropic LCs44. As the temperature of a thermotropic 

LC is decreased, the symmetry of the material varies from the continuous orientational 

and transitional symmetry of isotropic liquids to discrete crystalline symmetry, passing 

through various “mesophases” with intermediate symmetries. A mesophase spontaneously 

breaks one or more symmetries of the phase at lower temperature. Symmetry breaking can 

be described by introducing an order parameter and is characterized by the appearance of 

topological defects - points, lines and surfaces – where order id deeply altered or 

removed42. The observation of defect formation and evolution in LCs provides theoretical 

and optical models for numbers of existing systems, from elementary particles to small 

biological cells and viruses. It is believed that symmetry breaking occurred in the early 

universe and defects such as strings, vortex lines and walls were formed, seeding the giant 

objects of today’s universe43. 

From a technological point of view, it is hard to imagine the modern world without 

LCs. Since their discovery in 1888 by Friedrich Reinitzer and the invention of the twisted 

nematic field-effect in 1970 by George H. Heilmeier45, LCs have become part of our daily 

life, being widely utilized in technological devices, such as thin flat displays, d igital 

watches, calculators, smart windows, thermometers, various sensors and solar cells 46-51. 

LCs are also used for optical imaging and recording52, in optical fibers53-57, in photonic 

integrated circuits58,59 and as lasing media60-62. 

The popularity of LCs is due to the anisotropy of their optical, electromagnetic and 

mechanical properties and thus anisotropic respond of the materials. LC are made of 

anisometric molecules that show positional and orientational order. Molecules can be 

aligned along specific directions using suitable boundary conditions and external fields. 

Therefore, for instance, a typical LC display works on the principle of blocking light, 

exploiting a possibility to reorient LC molecules by electric field. A display consists of 

many small panels (pixels) and each pixel includes a twisted LC sandwiched between two 

polarized plates coated with transparent electrodes and oriented in a way that polarized 

light can pass through it. An electric field application to a particular pixel makes LC 

molecules to align with a field (to untwist), so that the light will not be able to pass and 

the area will become dark compared to others44,63. 

In some cases, the distortions induced by boundary conditions and external fields 

result in an extensive nucleation of topological defects 44 that self-assemble in large-area 
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patterns42. Examples are schlieren and marble textures in nematics (Nem); oily streaks, 

Grandjean and fingerprint textures in cholesterics (N*); linear and focal conic domains in 

smectics (Sm) and many others64. Among them, smectic A (SmA) are of the particular 

interest, being periodic materials with structural units with size ranging from the 

nanometer to micron scale. In SmA LC, defect patterns can be easily created over areas as 

large as a few mm2 by a rapid self-assembly process which makes them good candidates 

for the mass-production of periodic templates to be used in various applications65. 

In this thesis we will consider SmA LCs composed of rod-like molecules that tend 

to align parallel to each other along a common director n (a unit vector describing the 

average local molecular orientation) and arrange in parallel equidistant layers 

perpendicular to n40,44. The orientation of n is determined by anisotropic interactions with 

boundaries (anchoring) and/or external stimuli (electric and magnetic fields). SmA LCs 

have long been known to create periodic defect arrays when confined under incompatible 

boundary conditions in thin films and droplets. In this case, the n field must be distorted 

and the layers have to bend to satisfy the boundary conditions (Fig. I.1). The requirement 

that the layer spacing is unchanged44 can be satisfied by creating defect domains known as 

focal conic domains (FCDs). Pattern formation is due to FCD nucleation and self-

assembly into close-packed arrays42,44. 

 

Figure I.1: Schematic illustration of smectic layers bending to satisfy incompatible 

boundary conditions imposing parallel (planar) and normal (homeotropic) alignment of 

the director n. c and v are topological defects, i.e. singularities where the layer curvature 

is undefined. 

 

Axially symmetric toroidal FCDs and 2D hexagonal lattices (Fig. I.2) have been 

observed when SmA films were subjected to normal (homeotropic) and parallel 

(degenerated planar) anchoring with no preferential in-plane direction being induced. The 
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pattern formation was achieved by depositing LC films in air on isotropic liquids66,67, 

solid surfaces68,69, or by sandwiching between solid plates70.  

 

 

Figure I.2: (a) Schematic illustration of a toroidal FCD71 with line defects H and E. The 

arrows indicate the director n orientation. (b) Close-packed hexagonal lattice of FCDs. 

Red and blue lines correspond respectively to line defects H and E in (a). (c) Optical 

micrograph of FCD lattice at the interface between air and a solid surface treated to 

induce planar anchoring. The inset shows a magnification72. 

 

Large-area self-assembled FCD patterns have been successfully employed for 

fabricating templates for soft lithography72, microlens arrays of dimple and conical 

shapes73 and for superhydrophobic patterned surface preparation65 (Fig. I.3). 
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Figure I.3: (a) Optical microscopy image of letter “F” projected through an array of 

toroidal FCD microlenses73. (b) Scanning electron microscope image showing a polymer 

replica of the FCD array, used as superhydrophobic surface65. 

Linear domains (LD) can be created when the anchoring is planar unidirectional, 

i.e. there director tends to orient along a preferential direction at the aligning surface (Fig. 

I.4). LD contain curved smectic layers wrapped around straight disclination lines (Fig I.4 

(a)). They have been observed for the first time by E. Lacaze and co-workers at CNRS-

INSP for thin films of the SmA LC compound 8CB at the interface between air (imposing 

homeotropic anchoring) and crystalline molybdenum disulfide (MoS2, imposing planar 

anchoring)39. 

 

Figure I.4: (a) Schematic illustration of a LD array formed perpendicular to the planar 

anchoring direction (indicated with arrow) in a thin film. c and v are topological defects, 

disclination lines and curvature walls respectively. (b) POM image of LD arrays in a 8CB 

droplet deposited MoS2
39. The inset shows an AFM image of LC surface topography. (c) 

The transition between LD array and FCD lattice in droplet of 8CB deposited on mica74. 

 

Similar 1D patterns were later observed in 8CB film deposited on crystalline mica 

(Fig I.4 (c))74,75 and on rubbed polymer surface of PVA (polyvinyl alcohol)76,77. A general 

feature of LD arrays is that their period increases when the film thickness increases, until 

LDs are replace by a FCD lattice. 
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From the study of LC defect pattern a promising idea has recently emerged: 

Combining the anisotropic properties of LCs with those of nanoscale objects such as 

colloids and nanoparticles (NPs), including quantum dots, nanotubes, graphene ribbons 

and flakes, may allow the development of new nanostructured functional materials. It is 

known that properties of NP differ significantly from those of bulk materials and are 

dependent on the NP size and shape78-82. These properties can be tuned also by putting 

NPs in mutual interaction in a matrix, template or host with defined structural properties. 

Because of their order and responsivity, LCs are suitable candidates for guiding the 

assembly of colloids and NPs into well-defined spatial patterns. 

The idea stems from early experiments on colloid-LC mixtures performed at the 

beginning of the 2000s (Fig. I.5). The director field around a micrometer-size particle in 

the Nem of N* is distorted and requires topological defects to satisfy boundary conditions. 

When two or more particles are considered, the director distortion provides a long range 

force that lead to the stable aggregation of the colloidal particles into ordered structures83-

86. Remarkably uniform arrays of droplets were obtained by demixing and phase 

separation of a LC-silicon oil droplet 87,88. Hexagonal lattices of solid colloidal particles 

were formed at the Nem/air interface (Fig I.5 (a)) 89. Chain-like particle aggregates were 

obtained into microcapillaries (Fig I.5 (b)) 90 and sandwich cells 91,92. Colloidal chains can 

further self-assemble into the two-dimensional dipolar nematic colloidal crystals (Fig I.5 

(c)) 92,93.  

 

Figure I.5: Optical micrographs of (a) hexagonal colloid crystals of a curved nematic/air 

interface89, (b) chain-like colloid aggregates formed into microcapillary in white light and 

between cross polarizers. The directions of polarizers are indicated 90. (c) example of a 2D 

dipolar nematic colloidal crystal, assembled by the laser tweezer manipulation92.  
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When the particle size is comparable to the size of LC molecules, the LC-particle 

and LC-mediated interactions between particles are expected to be different from those of 

colloidal particles94,95. NPs dispersed in a LC can modify the macroscopic properties of 

the LC such as optical birefringence, dielectric or magnetic anisotropy, and thermal 

response95-97. NPs tend to migrate towards highly distorted regions, reducing the overall 

energy of the system98. Typically, high elastic energy of distortion is focused in 

topological defects, thus the largest energetical gain is associated with a partial replacing 

of topological defect core with NPs, resulting in creation of stable trapping sites (Fig. I.6). 

 

Figure I.6: (a) Fluorescence microscopy image of periodically aligned defects in a 

nematic film with trapped polymer micrometer-sized particles labeled with dichroic dye 
99. (b) Magnification of (a). (c) POM image of an array of dislocations in a SmA LC 

trapping spherical Au NPs of a diameter 4.7 nm100. 

 

For the same reason, defect are stabilized and more easily nucleated in the presence 

of NPs. Indeed, combining LC and NPs has led to the breakthroughs in the stabilization 

and practical application of frustrated chiral LC phases, namely blue phases (BP) and 

twisted grain boundary phases (TGB), that were considered “exotic” curiosities a decade 

ago. In the absence of NPs, these phases exist in a narrow range of temperature, often less 

than 1 °C, and contain a dense network of topological defects even in the absence of 

external fields. Defects can effectively trap small NPs of diameter less than 9 nm, such as 

small polymer coils and spherical NPs95,101-103. In turn, trapped NPs stabilize the defect 

structure over a large temperature range, sometimes exceeding tens of degrees104-110.  

Thermotropic SmA are a very promising class of materials for organizing NPs into 

regular structures. Both 1D and 2D defect arrays are capable to trap and assemble 

dispersed colloids, semiconductor quantum dots (QDs) and NPs, imposing periodical 
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spatial distribution that reflects those of the defect array. Hexagonal lattices of small 

colloidal spheres were formed within toroidal FCDs (Fig. I.7 (a))111, where particles were 

trapped inside the vertical defect line at the FCD centers (Fig. I.2 (a)) 65. LD arrays 

capture and organize spherical gold NPs or fluorescent QDs into an array of straight linear 

chains, with lengths exceeding 50 µm and a diameter comparable to the diameter of a 

single NPs (Fig. 0.7 (b))76. Within the chains, particles are in close interaction and, in the 

case of Au NPs, optically coupled, showing polarization dependent plasmon resonance. A 

recent work on SmA LC open films containing semiconductor anisotropic NPs112 revealed 

aligning of NPs with their long axis parallel to the defect lines. 

 

Figure I.7: Fluorescence images of (a) micron-sized colloidal particles assembled into a 

2D lattice of toroidal FCDs111 and (b) QDs of a diameter 5 nm trapped in LDs. The inset 

show a POM image of the array and arrow indicate the direction of crossed polarizers 76. 

 

In this context, the idea of the thesis on the first step was to understand how to 

prepare SmA LC defect patterns with predefined morphology and to control and modify 

the period and dimensionality of the patterns using external stimuli. On the second step, to 

use SmA defect patterns for ordering and aligning NPs with different material 

(semiconductor, metal), size, shape (spheres, rods) and optical properties (fluorescence, 

plasmon resonance) via NP/defect interactions. LC patterns are used as templates to 

‘transferring’ the order of the LC host to the NP guest over areas as large as a few mm2. 

Our specific aims were: 

1. Controlling pattern dimensionality (1D/2D), symmetry and period as a function of 

boundary geometry (open films with deformable air interface or closed cells with 
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rigid boundaries), film thickness and applied electromagnetic fields, with the 

possibility of reversibly switching between different pattern morphologies.  

2. Understanding the relation between array formation and material parameters such 

as LC order, elastic constants, phase sequence, surface tension and anchoring by 

considering various SmA compounds and surfaces. 

3. Using SmA periodic defect domains for organizing NPs in LC host matrices and 

creating novel functional materials.  

The thesis is developed in 5 chapters: 

Chapter 1 is a brief introduction to LC theory.  The main thermotropic LC phases 

and order parameters are introduced with definition of order parameters, elastic energies 

and coupling with external fields. Topological defects of the orientation order 

(disclinations) and positional order (dislocations) are also presented, with an emphasis on 

the typical defect domains of the SmA phase: oily streaks and focal conic domains.  

Chapter 2 introduces the materials and methods used in the thesis (LC, NP, QD, 

dyes, polymers and surfactants) with their main features and parameters.  This chapter 

describes the procedures for sample preparation, surface treatments, fabrication and 

patterning of transparent electrodes, cell assembly, and LC/NPs mixtures. The chapter 

also provides a description of the experimental techniques used for the thesis work (POM, 

fluorescence confocal polarizing microscopy, FCPM, interferometry for thickness 

measurements and dark-field microscopy). 

Chapter 3 presents the defect patterns formed in LC cells with “hybrid” planar-

homeotropic anchoring conditions. The pattern morphology depended on the film 

thickness and could be reversibly changed by applying an external electric field113. 

Models of the pattern internal structure are also proposed. 

Chapter 4 addresses the generality of 1D and 2D patterns nucleation and transition 

between them. A survey of different SmA LC, surfaces and boundary conditions is 

presented. Moreover,1D pattern nucleation is demonstrated for cells with homogenous 

planar anchoring conditions subject to applied electric fields. 1D/2D pattern transition is 

linked to a critical condition appearing at the Nem-SmA transition when the director is 

distorted and confined to a small thickness.  
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Chapter 5 presents the results of our work on composite LC-nanoparticle materials. 

The spatial distribution and alignment of fluorescent NPs of different types 

(semiconductor spherical and rod-like core/shell CdSe/ZnS QDs, CdSe/CdS dots-in-rods, 

and dichroic laser dye molecules) is examined by means of fluorescence and polarizing 

microscopy. Effective trapping, orientation and localization of NPs in defect arrays is 

discussed in connection with applied electric fields. The effect of particle size and 

increasing concentration on the SmA textures is also investigated. Critical concentrations 

of NPs inducing aggregate formation will be compared for two LC matrices and various 

NP sizes of (3.8 - 50) nm. 

 

The Conclusion section summarizes the main results and proposes further 

developments. In short, the main findings of this thesis are the following:  

1. 1D and 2D defect pattern formation is a common feature of thermotropic LCs 

having SmA phase in their phase sequences when subjected to incompatible 

unidirectional planar and homeotropic anchoring conditions.  

2. We can create both 2D lattices and 1D arrays either by varying the LC film 

thickness in the absence of external electric field, or by applying the field at a 

given thickness. The thickness of the layer where the LC director rotates from 

normal to parallel to the substrates orientation determines the pattern symmetry 

and periodicity. 1D arrays appear when such thickness is small, both for hybrid 

and homogeneous planar anchoring conditions. Transitions between different 

pattern periods and morphologies are hindered by large energy barrier 

associated with defect rearrangement: patterns are stabilized against changes in 

external parameters by ‘topological’ barriers.  

3. Anisometric NPs, such as dot-in-rods and dichroic dye molecules, align along 

the director in the absence of defects but align parallel to line defects within the 

defect core. An electric field applied normal to the defect line challenges the 

anisotropic particle-defect interaction and may lead to perpendicular orientation, 

depending on the particle type and size. 

4. In hybrid cells, adding spherical Au NPs to SmA LCs leads to (a) destabilization 

of LDs, (b) stabilization of another type of defects – striated stripes and (c) it 

prevents aggregation even for a large concentration of Au NPs. 
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1. Structure, energy and defects of the smectic phase 

This Chapter provides the essential theoretical knowledge for describing the 

structure and response of smectic defect patterns. Although the focus of this thesis is on 

the smectic-A (SmA) phase, many of the relevant physical phenomena, such as surface 

anchoring and orientation under applied fields, can be more easily understood stating from 

the nematic (Nem) phase at higher temperature. This is due to the fact that the Nem phase 

show a type of anisotropic molecular arrangement that persists in the SmA phase. 

Moreover, defect patterns nucleate at the Nem - SmA transition as temperature is lowered 

and many experimental observations, discussed in details at the end of Chapter 4, suggest 

that pattern formation is intimately connected to the particular character of such transition.  

1.1. The ground state of nematic and smectic liquid crystals 

The majority of liquid transforms into crystalline solids when temperature is 

decreased, like water transforms into ice. But some liquids show intermediate states called 

“mesophases” when temperature is decreased, with properties between those of liquids 

and crystals. Liquid crystal (LC) materials show mesophases exhibiting both the fluidity 

of simple liquids and a reduced symmetry and order that are typical of solids.  There are 

many LC phases, depending on the type of order, i.e. symmetry of the material, some of 

which are shown in Fig. 1.1 (a)44.  

 

Figure 1.1: (a) Molecular ordering in the mesophases of a thermotropic LC composed of 

rod-like molecules. (b) Orientation of a rod-like molecule relative to the director n, which 

describes an average local orientation of the LC molecules. 
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Thermotropic LC are pure materials showing phase transitions as a function of 

temperature and are typically made of rod-like molecules. The nematic (Nem) phase is the 

less ordered (most symmetric) of the LC phases, possessing the orientational order 

described in Fig. 1(a). Molecules tend to align to each other around a common direction n 

called the “director” but their centers of mass a randomly distributed in space, as in a 

simple (isotropic) fluid.  

When molecules are chiral, a chiral nematic phase called cholesteric (N*) may 

appear where there is a spontaneous twist of the director orientation: n continuously 

rotates around an axis perpendicular to n and the amount of rotation is proportional to the 

distance travelled along such perpendicular axis, see Fig. 1.2 (a). When the travelled 

distance is equal to the “pitch” p the director is rotated by 180° and the molecular 

orientation is equivalent. In this sense, cholesteric is a ‘periodic’ materials where the 

(anisotropic) molecular order and properties are periodically repeated along the direction 

normal to n.  

In the smectic phase, molecules show a positional (translational) order, in addition 

to being oriented along with n. The molecular density (i.e. number of molecules per unit 

volume) shows a spontaneous periodic modulation with period a along a direction z. 

Therefore, a smectic is another example of periodic material. In some case it is useful 

think of a smectic as to a layered material, i.e. a stack of lamellae with thickness a, 

although one should bear in mind that lamellae are not always physical entities that can be 

distinguished from one another (e.g. as they would be for a stack of lipid bilayers or the 

pages of a book). In the smectic A (SmA) phase, z is parallel to n whereas in the smectic 

C (SmC) phase n forms is tilted by an angle β from z towards a direction c parallel to the 

layers. Chiral molecules may form the smectic C* (SmC*) phase, where β is constant for 

all layers, but the c direction rotates by a finite angle from one layer to the next, forming a 

periodical helix with pitch p>a, see Fig 1.2. (b). Although the phase sequence depends on 

the LC molecular structure, pressure conditions and presence of external electromagnetic 

fields, most achiral LC molecules show the typical phase sequence: crystal → SmA → 

Nem → Isotropic (Iso) as the temperature is increased.  
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Figure 1.2: LC molecules orientation in chiral (a) N* phase and (b) Sm C* phase114. 

 

If we consider this phase diagram, one can say that the Nem phase “breaks” the full 

(spherical) rotational symmetry of high-temperature simple fluids. Indeed, the Nem phase 

is symmetric under a subset of rotations and reflection operations: any rotation around n 

and the change from n to –n. Simple fluids and the Nem phase are completely invariant by 

translations in any direction. The smectic phase further breaks such translational 

symmetry along the direction z.  In a sense, the SmA can be considered as a ‘parent’ phase 

of the Nem phase: all symmetry elements of the Nem phase are included in the SmA 

phase and ‘passed on’ to the Nem phase at the SmA-Nem transition.  

1.2. The nematic phase: order parameter, ‘ground’ state and elasticity 

Specifying the symmetry elements of a LC phase is not sufficient to completely 

describe its thermodynamic state and phase transitions. In the context of symmetry 

breaking, an order parameter must be introduced for each type of broken symmetry (e.g. 

Nem or smectic) such that it vanishes at the the phase transition to a higher symmetry 

phase. In a nematic, the order parameter is a traceless symmetric tensor44,115: 

Qij = S·(ninj - δij/3)     (1.1) 

where ni,j are the director components and the scalar order parameter S is given by: 

𝑆 =< P2(cosθ) > =  
1

2
< 3cos2θ − 1 >   (1.2) 
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where θ is the angle between the n and the long axis of each molecule (Fig. 1 (b)). The 

brackets denote a statistical average. S = 1 for a perfectly aligned LC (e.g. in the 

crystalline phase) and S = 0 in the isotropic phase. The values of S typically ranges from 

0.3 to 0.9, depending on the temperature and LC considered. Since the order vanishes at 

the transitions to the Iso phase, the natural approach to study the transition is to write 

down the free energy as a power series expansion of the order parameter. This approach is 

known as the Landau - Ginzburg phenomenological mean-field theory, developed in the 

1930s for the general study of phase transitions (e.g. in superfluid helium and 

supercondutors) and later adapted to LC phase transitions, notably by De Gennes. Near 

the Nem-Iso phase, the free energy is expanded as combination of the tensor elements Qij 

that satisfy the symmetry requirement of the Nem phase.  

In an isolated nematic, Qij is uniform across the material (i.e. both S and n are 

uniform) and n can point in any direction. However this ideal situation or ‘ground’ state 

can be perturbed by the interaction with the boundaries and external fields, and both n and 

S may show spatial variations. Also in this case, the free energy expansion can be 

developed by introducing terms containing Qij and the spatial derivatives ∂iQjk that satisfy 

the symmetry requirements.  

Deep in the Nem phase, i.e. far enough from the Iso and SmA phase, the scalar 

order S(T) depends on the temperature T but is almost uniform for spatial variations that 

occur over a length scale much larger than molecular dimensions. In these conditions, the 

free energy expansion contains only the components ni and derivatives ∂inj of the director. 

Frank and Oseen showed that the dominant terms in the expansion correspond to three 

principal modes of deformation called splay, twist and bend, described in Fig. 1.2 116,117.  

The increase of free energy per unit volume is given by: 

∆𝑓 =
1

2
𝐾11(𝑑𝑖𝑣𝒏)2 +

1

2
𝐾22(𝒏 ∙ ∇ × 𝒏)2 +

1

2
𝐾33(𝒏 × ∇ × 𝒏)2  (1.3) 
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Figure 1.3: Equilibrium state of nematic liquid crystals and three main types of 

deformations: twist, splay and bend. 

 

 

Table 1.1 list of the elastic constants for the two LC compounds that were most 

used in this thesis (see also Chapter 2.1)118. The constants depend on S(T), and we report 

the values close to the transition to the SmA  phase. 

Table 1.1:  

Elastic constants of 8CB and 8OCB near the Nem - SmA transition temperature 

LC Elastic constant Kii (pN) 

8CB 
K11  at T = 33.4°C 6.95 

K33  at T = 33.4°C 9.30 

8OCB 
K11  at T = 67.8°C 8.25 

K33  at T = 67.8°C 13.30 

 

The expression of the free energy density is more complicated near the Nem-Iso 

and Nem-SmA transitions. Near the Iso phase deformations of S and n are coupled, and 

the full tensor Qij and its derivative must be considered. Near the SmA phase, thermal 

fluctuations create small smectic-like domains that affect both S and the elastic constants.  

1.3. The smectic-A phase 

1.3.1. Ground state and order parameter 

Materials such as SmA LCs that break a translational invariant and spontaneously 

create a density modulation can described with a complex order parameter (field). In the 

ground state (Fig. 1.4), points with equal density span a set of parallel planes spaced by a 
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constant distance a0. One can express the fact that the phase φ changes by ±2π between 

neighbouring planes with the formulas: 

)(i.e.   2 00 mxmx qdqdd      (1.4) 

where q0=2π/a0 and m is the gradient direction. In SmA LC the material also shows Nem 

symmetry, i.e. spontaneous breaking of rotational symmetry and n||m. 

 

Figure 1.4: Molecules (blue rods) and layers (thick lines) in the smectic-A phase. ϕ is the 

phase and n is the director.  

 

1.3.2. Distortions and elasticity of the smectic A phase 

Planes with equal phase may become curved non-equidistant surfaces with m ≠ n  

and
0/2|| qaq   . Close to the SmA-Nem phase transition, one can follow the 

Landau – Ginzburg - De Gennes approach for describing order variation as a function of 

  and its spatial derivatives i . Because in the ground state 
ii niq 0  (Eq. 1.4), the 

expansion must contains terms 2

0 || ii niq  . The nematic symmetry is such that distortion 

in the n direction have a different elastic constant than in perpendicular direction. 

Therefore De Gennes proposed the following free energy expansion:   

 
 

22
||

2
||

2
2

0||

2

||42 C
iq

Cb
aff N n     (1.5) 

where fN is the density of elastic energy of the nematic phase. ∇∥ 𝜓 and ∇⊥ 𝜓 are the 

gradient along n and in the perpendicular direction, respectively.  The coefficients a 

changes sign at the Nem-SmA transition temperature Tc and can be written as 
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)( cTTaa    near Tc whereas b and C||, are almost constant. In the ground state, the 

density modulation has amplitude given by baT /)(
2

0  . When the layers are flat and 

parallel, nq and the gradient terms reduce to 

  2

0

2

0

2

00|| )/1)(2/()/1(2/ qqBqqqC  , where  20|| qCB  is the layer 

compressibility modulus of the SmA phase.  

1.3.3. Analogy with superconductors 

In 1972 De Gennes pointed out that the free energy expansion of Eq. (1.5) is 

similar to the Landau-Ginzburg expression describing transition between the normal and 

superconducting state of a metal119: 

2

0||

2
422

0 2
||

2
||)(

2

1
AA iq

m

b
af  





            (1.6) 

where the vector potential A is analogue to the director n and the magnetic field 

AB  to the rotor field that appear in the bend and twist terms of the nematic energy 

(Eq. 1.3). De Gennes related Nem and SmA phases respectively with the normal (N) and 

superconducting (S) states of a metal. From the analogy with superconductors stemmed 

various predictions: 

(a) A smectic LC tend to expel the bend and twist (i.e. n is expelled) 

deformations in the same way as a metal expels the magnetic field B at the transition from 

the N to the S state. Deep in the SmA phase, the director is perpendicular to the layer (as 

in the ground state) and splay deformation involving n are ‘allowed’, in the sense that 

they can be created at the cost of a relatively low increase of free energy per unit volume. 

On the other hand, bend and twist deformations involving n  are ‘forbidden’, in the 

sense that they require a high energy density. When bend must be considered, the free 

energy expansion in the deep SmA phase is sometime written as: 

2
n)(

2
)/1(

2

112

0 
K

qq
B

f                (1.7) 
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where q, n and   are linked by the relation: nq . For 8CB, the modulus is

3 7 J/m10B close to the SmA-Nem transition120. The first term can also be written as 

,2/2B  where
00 /)( aaa  is the layer strain. 

(b) Due to the high value of B, the strain energy increases so rapidly that the strain 

deformation may ‘melt’ the SmA phase into the Nem phase. In superconductor, when |B| 

exceeds a certain temperature-dependent threshold, the S state is frustrated and the field 

may either enter the metal either in the form of topological defects – line singularities 

called magnetic “vortices” – or create non-singular regions with normal behaviour, i.e. 

with B  0.  The first or second scenario occurs depending on the type of material that is 

classified as type-II in the first case or type-I in the second case. A SmA LC is expected to 

behave in a similar way, although it is often unclear to which type a LC material belongs. 

This analogy with superconductors led to the famous discovery of the Twist Grain 

Boundary (TGB) phase whereby twist distortions in a chiral LC are expelled from the bulk 

and confined to grain boundaries in the form of periodic arrays of twist dislocations 121. 

(c) The twist (K22) and bend (K33) elastic constants diverge at the transition from 

the Nem to SmA phase. This has been proven experimentally for various SmA LC, 

including 8CB 122. 

(d) If a bend distortion is applied over a length scale h (e.g. the thickness of a LC 

film) the elastic energy is of the order of   2

3

2

3 / chKK  n . The analogy with 

superconductor suggests that this energy equals the condensation energy 
2

0aEc   at 

the Sm-Nem transition in a type-I material. The condensation energy scales as as  2cE

as a function of the reduced temperature 
cc TTT /)(  where the critical exponent is 

1  in the mean-field approximation and close to 3.1  if fluctuations are considered 

119. As a result, the transition temperature of a bent nematic is depressed compare to the 

ground state: at a given temperature T < Tc  the Sm phase condenses only in bent regions 

whose thickness exceeds the critical value   0hhc , whereas bent regions with 
chh   

persist in the Nem phase ( 0 ). In other words, for a given thickness h, the bend 

distortion becomes critical at temperature   


/1

0 / hh . The relevance of this point will be 

discussed at the end of Chap. 4 concerning SmA LC films with thickness around 1 m. 
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1.3.4. Confocality 

The notion of confocality play a central role in the study of SmA LCs as it extends 

to curved surfaces and smectic ‘lamellae’ to intuitive idea that equidistant surfaces are 

‘parallel’. Consider the deep SmA phase where the strain is zero (i.e. 0)/2(  aq  ) and 

||n  (i.e. nq ). These conditions immediately imply that 0 n , i.e. 

bend and twist are completely absent. Vice-versa, if 0 n  and nq , then 0q  

and the smectic ‘lamellae’ are equidistant,. 

 Consider the normal m at a point p on a curved lamella (Fig. 1.5). A second 

surface can be considered ‘parallel’ to the first if all its points can be obtained by 

translating the point p by a constant distance a0 along m. We can describe any (smooth 

differentiable) surface by choosing two tangent directions x and y, normal to each other 

and to m, such that the coordinate along m, say z, is a quadratic form of  the coordinates x 

and y around p. The quadratic form is diagonalized along two principal axes x and y for 

which we can define two radii of curvature r1 and r2  that join the surface with the centers 

of curvature O1 and O2. The centers can be on opposite sides of the surface and the radii 

are considered positive or negative if they are parallel or antiparallel to m, respectively 

(Fig. 1.5 (a)). 

 

Figure 1.5: (a) Normal m and principal coordinates x and y of a surface S at a point p. O1 

and O2 are the centers of curvature located on the focal surfaces, r1 and r2  are the principal 

radii of curvature. (b) Cut through a principal plane xz of a confocal set of surfaces. 

 

As p moves along the surface, the centers  O1 and O2 span two “focal” surfaces, 

possibly degenerate as lines (e.g. two lines for a torus, one line for a cylinder) or point 



 

25 

 

(for a sphere). It can be demonstrated that two ‘parallel’ surfaces are also necessarily 

“confocal”, i.e. they share the same focal surfaces123,124. If we consider a point p on any 

surface of a confocal set and identify the set of points located on the other surfaces, these 

points share the same normal m and are equally spaced by a distance a0. The principal 

plane xz (or yz) is common to the entire set and the radii of curvature on this plane, taken 

at the equally spaced points, are rx + pa0 (resp. ry+qa0) where rx (resp. ry) is the radius of 

curvature in p and pa0 (resp. qa0) is the distance from p (Fig. 1.5 (b)). In other words, a 

confocal set can be approximated as a set of concentric cylindrical surfaces.  

1.4. Topological defects 

The main goal of this thesis was to characterize the periodic patterns that form in 

SmA film at the transition from the Nem to SmA phase. The feature that distinguishes 

these pattern from other periodic LC patterns such as Helfrich undulations and Williams 

domains44 is that they are the result of defect nucleation and self-assembly. Therefore, in 

this section we will describe the different types of defects that are commonly encountered 

in the Nem and SmA phases of thermotropic LCs and the energy of distortions they cause 

in LCs.  

One can observe a topological defects formation even in homogeneously aligned 

smectic LCs due to a non-uniform thickness of the film or external inclusions. The 

distortion caused by inhomogeneities are transferred into smectic matrix, like presented in 

Fig. 1.6, on the characteristic penetration length, which can be determined according to 

Blinov125 as follows: 

𝐿𝑝 =
1

𝑞2𝜆𝑠
=

Λ2

4𝜋2𝜆𝑠
       (1.8) 

where characteristic length of smectic LCs 𝜆𝑠 = √
𝐾11

𝐵
 (typically λ ≈ 1 nm). It means that 

deformations of LC smectic layers caused by inhomogeneities are of the same order as 

inhomogeneities. 
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Figure 1.6: Deformation of smectic layers caused by an inhomogeneity on the 

boundary124.  

 

1.4.1. Defects of the nematic phase 

Topological defects of the Nem phase are points, lines or wall singularities where 

the director n cannot be uniquely specified and molecular ordering is altered or removed. 

Here we consider disclination lines that were commonly encountered in our experiments.  

 

Figure 1.7: Typical disclination lines in the Nem phase126. 

 

Near the defect line, n is perpendicular to the line and the director field can be 

characterize by the winding number m (also called topological charge) defined as follows. 
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Consider any loop  containing the disclination and linear axis having the disclination as 

the origin. The orientation of n on  is given by:  = m + const, where  is the polar 

angle that specify a point on the loop. Therefore, n rotates by an angle 2πm over a 

complete loop. An example of disclinations are given in Fig. 1.7. The study of topology of 

the Nem phase reveals that disclinations with integer winding number m are unstable. For 

instance, one may expect that the director field in a round capillary with normal anchoring 

conditions on the internal surface to have topological charge m = 1. Instead, two lines with 

m = 1/2 are observed or a defect with reduced dimensionality (point “hedgehog” defects).  

1.4.2. Elementary defects of the smectic phase 

Because the SmA phase includes the symmetry elements of the Nem phase, i.e. a 

positional order and director n can be defined, disclination can be considered as defects of 

the SmA phase. However, the SmA phase also shows other types of defects that are proper 

to the positional order, namely dislocation lines. Figure 1.8 shows typical defects of the 

SmA phase115.  

 

Figure 1.8: Topology of the defects in smectic A liquid crystals115: (a) edge dislocations, 

(b) screw dislocations, (c) wedge disclinations with topological charge m = +1/2, (d) 

wedge disclinations with topological charge m = -1/2, (e) roll, f) toroidal FCD. 
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(a) Edge dislocations (Fig. 1.8 (a)) are defect lines intrinsic to solid crystals. 

Typically, edge dislocations appear due to the external force tending to change the 

interlayer distance. As an example, usually they appear in wedge-type cells, where they 

compensate the difference in the interlayer spacing. Experimentally, edge dislocations are 

hardly detected, due to the very small size of the defect core (typically 2-3 nm) they do 

not show any contrast in polarizing microscopy. However, closer to the SmA – SmC 

transition in the vicinity of the defect SmC phase is more favorable, so the LC director n 

becomes tilted and can be visualized by a polarizing microscope127, see Fig. 1.9 (a). Edge 

dislocations can also be revealed by X-ray diffraction, as the presence of large quantity of 

edge dislocations in the LC volume results in broadening of Bragg diffraction peaks 128. 

Because of the wedge geometry of a cell edge dislocations are periodical. In the case of 

small angle of divergence α, the periodicity can be expressed as Λ = 𝑏/𝑡𝑎𝑛𝛼 ≈ 𝑏/𝛼  124, 

where b – is a Burger’s vector. Generally Burger’s vector is a number of added layers b = 

na0, where n is integer and a0 is an averaged layer thickness. As it defines by a contour 

around the defect lying in a plane which intersects the defect, the generalization can be 

written as follows ∮
𝑛

𝑎
∙ 𝑑𝑙 = ∑ 𝑛𝑖𝑖 , where the summation extends around all the embraced 

contour44. The schematical sketches of the edge dislocation with small Burgers vector are 

presented in the Fig. 1.8 (a) and Fig. 1.9 (b). In fact, when the angle α is large, or 

homeotropically oriented SmA film is locally pressed, dislocations with a large Burgers 

vector (up to hundred layers thickness) become visible and can be revealed by polarization 

microscopy. It was discovered for a first time by Williams and Kléman in their early 

work129. They showed that such dislocations are formed by two elementary disclinations 

L1 and L2 of opposite half-integer strength, separated by the distance b/2, schematically 

presented in Fig. 1.9 (c). 

 

Figure 1.9: (a) Optical micrograph of edge dislocations close to the SmA – SmC phase 

transition; (b – c) core model for edge dislocations of different Burger's vectors b = a0 and 

b =7a0 respectively 124. 
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The energy of the edge dislocations with small burgers vector ( b = a0) per unit 

length can be estimated as124: 

𝐸𝑒𝑑𝑔𝑒 = √2
𝜋⁄ 𝐵

1

4𝐾1

1

4𝛾𝑐

1

4𝑏      (1.9) 

where K1 is elastic constant, B – compressibility modulus. This formula means that energy 

of an edge dislocation and its Burger’s vector are proportional. In the case of large 

Burger’s vector Williams and Kléman proposed next equation for the core energy 

estimation129: 

𝐸𝑒𝑑𝑔𝑒 𝑐𝑜𝑟𝑒 ≈
𝐾1𝜋

2
ln (

𝑏

𝑟𝑐
) + 𝐸𝑐     (1.10) 

where rc - is a disclinations core radii and Ec – their energy. In practice edge dislocations 

with large Burgers vectors are more frequent in SmA liquid crystals.  

(b) Screw dislocations (Fig 1.8 (b)). This type of defects are usually observed in 

the chiral TGBA phase (twist grain boundary SmA phase) or in SmC*. A periodic array of 

equidistant screw dislocations forms the grain boundary between smectic blocks that are 

free of twist, bend and defects (Fig. 1.10). Electron microscopy investigations made by 

Ihn et al. 130 revealed that screw dislocations align parallel on average along the local 

director n, like presented in Fig.1.8 (b). Axes of dislocations rotate in a helical fashion 

from one boundary to the next. Such rotation of defects pattern leads to the following 

rotation of the director of SmA along the axis perpendicular to the grain boundaries, see 

Fig. 1.10 (a). Distance between the neighboring dislocation lines ld can be determined as 

following: 

𝑙𝑑 =
𝑃𝑙

2𝜋𝑙𝑏
      (1.11) 

where P is a helical pitch, l is a smectic layer thickness, lb is a distance between the grain 

boundaries.  
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Figure 1.10: (a) Schematic representation of the TGBA phase structure131. (b) Optical 

micrograph of SmC* film in homeotropic orientation. The screw dislocations are visible 

as bright spots on the black background124.  

The energy of screw dislocation per unit length can be expressed as following124: 

𝐸𝑠𝑐𝑟𝑒𝑤 =
𝐵𝑏4

128𝜋3𝑟𝑐
2 +

𝐾3𝑏4

64𝜋3𝑟𝑐
4 + 𝐸𝑐    (1.12) 

where rc – core radius, Ec – core energy, b is a Burgers vector. One interesting feature 

follows from this equation: since there is no dilation and layer curvature, screw 

dislocations do not have strain energy. For screw dislocations inherent only core energy, 

described by Williams and Kléman for the dislocations with a large Burgers vector 44. 

The core structure of the screw dislocations is still not well understood. As an 

analogy with edge dislocations, a core can be nematic or isotropic. The screw dislocations 

are invisible for polarizing microscopy for both SmA and SmC phases. They can be 

observed only like a bright or dark spots (depending on the polarization of light) on a 

uniform background in SmC* phase, see Fig. 1.10 (b). Experimental observations of the 

screw dislocations were also performed using electron microscopy124.  

(c) Wedge disclinations (Fig. 1.8 (c-d)) are analogous to disclinations in the Nem 

phase (Fig. 1.11 (a)). However, the symmetry of the SmA phase stabilizes defects with an 

integer winding number. For instance, it is possible to create a director field with charge m 

= 1 (Fig. 1.8 (e) and Fig. 1.11 (b)) in a round capillary with normal boundary conditions. 

At the transition to the Nem phase, the line splits into lines with m = 1/2 and/or point 

defects, like presented in Fig. 1.11 (a).  
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Figure 1.11: Polarizing microscopy images taken under the crossed polarizers illustrating 

(a) splitting of a defect line with integer winding number formed in capillary onto two 

defect lines with half-integer winding numbers in the Nem phase; (b) a defect line with 

integer winding number in the SmA phase.  

 

For the satisfaction of long-range ordering in SmA liquid crystals, disclination 

lines occurs only in pairs with opposite sign, thus forming either dislocations or focal 

conic domains. For instance, edge dislocation consists of two linear disclinations is 

presented in Fig. 1.9 (c). L1 and L2 indicates respectively line defects with m1 = +1/2 and 

m2 = -1/2 winding numbers. Often disclinations in smectic liquid crystals have curved 

shape. The energy of disclination line can be estimated as following44: 

𝐸𝑑𝑖𝑠𝑐𝑙 =
𝜋

2
𝐾1𝑙𝑛

𝑏𝑎0

2𝑟𝑐
+ 𝐸𝑐     (1.13) 

where Ec is an energy of the defect core. 

1.4.3. Confocal domains: focal conics and oily streaks 

In the SmA phase, the director field can be easily distorted and the lamella curved, 

but changing the distance a0 between lamellas requires a high energy. These requirements 

lead to the formation of characteristic defect domains that combine multiple elementary 

defects of the type presented in the previous section.  
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Figure 1.12: (a) Geometry of confocal pair in SmA LC. (b) Cross section of top conic 

demonstrating the geometry of smectic layers and orientation of molecules within the 

layer. (c) An example of filling SmA liquid crystal film by conics with different sizes 132. 

 

(a) Focal Conic Domains (FCD) are sets of equally spaced curved lamellae called 

Dupin cyclides (Fig. 1.12 (a). The surfaces are confocal and share their centers of 

curvature that are located on two conjugated foal conics, a hyperbola H and an ellipse E, 

with the focus of one curve being the summit of the other.  The shared normal of these 

surfaces defined the directions of n. They are  all possible directions specified by taking 

any points on H and any point on E. Around E and H, the director n is similar to that 

surrounding a disclination line (although n is not always perpendicular to the focal conic 

line). When E is a circle (zero eccentricity), H is a straight line (infinite eccentricity) 

passing through the circle center and each cyclid is a torus (Fig. I.2 (c) and 1.8 (f)). When 

both eccentricities are equal one, the two conics are parabolae. The distortion of the layers 

is very week, except the region where the parabolae cross133 (Fig. 1.13 (c)). Square 

FCDs38 (Fig. 1.13 (d)) are formed by two hyperbolic branches of H making an angle of 

45° with the plane of E with eccentricity close to the value 1
√2

⁄ . An optical micrograph 

of square FCD lattice was presented in Fig. I.4 (c). 
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Figure 1.13: (a) A complete elliptical FCD (set of Dupin cyclides)134. (b) Region of the 

FCD with negative (Gaussian) curvature134. (c) Layer arrangement and lattice of parabolic 

domains65 and (d) Square FCD38. H and E are line singularities: hyperbola and ellipse 

respectively. The director orientation is indicated with arrows. 

 

In thermotropic LC, only the region with negative Gaussian curvature of the FCD 

(with two principal radii of curvature having opposite signs everywhere) is usually 

observed (Fig. 1.13 (b)). FCD associate following the laws first enunciated by Friedel 123. 

The first law states that, if two focal domains are in contact, they are tangential to each 

other along the common generator of their boundaries. The second Friedel’s law of 

association (so called “law of corresponding cones”) requires coinciding of the cones with 

generators which have a common apex that belong to two conics. Both requirements can 

be completely satisfied in grain boundary geometry (Fig. 1.15) and ellipses of neighboring 
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FCDs are in contact along the major axes, or along the minor axes. Cones with different 

sizes can fill all the volume of SmA LCs, Fig. 1.12 (c)132. 

 (b) Oily streaks. Frequently in thick homeotropic smectic LC films as well as in 

cholesteric liquid crystals one can observe thick bright lines, which thickness can reach 

even the thickness of the sample, like presented in Fig. 1.14 (a). Comparing with 

cholesteric liquid crystals, where defects with integer topological charge do not have a 

core, in smectic A liquid crystals oily streaks have a singular core40. The inner structure of 

these lines is complex and usually consists of an array of focal conic domains separated 

by flat layers parallel to the boundaries. According to G. Friedel135 oily streaks can be 

presented like a pair of edge dislocations with an opposite sign and large Burgers vector, 

see Fig 1.14 (b). However, sometimes appear dislocations of small Burgers vector, which 

annihilate with time to the dislocations with large b, that are energetically preferable. The 

core topology of edge dislocations in this case prevents the interaction of opposite sign 

dislocations124. Moreover, due to the elastic properties of SmA LCs oily streaks usually 

split into a series of focal conic domains136. The intervals between the FCDs can be filled 

either with the layers of edge dislocations or with FCDs of smaller size, like depicted in 

Fig. 1.14 (c). Continuous changing of the focal plane in polarization microscope reveals 

the formation of FCDs and edge dislocations along the film depth in oily streak. FCDs are 

characterized by a Burgers vector b that is a sum of two dislocations of opposite sign b1 

and –b2 thus b = b1 - b2. Stability of oily streaks as well as focal conic domains depends 

on the tilt of smectic layers at the aligning surfaces, larger tilt results in better stability.  
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Figure 1.14: (a) Magnified image of oily streak observed in unpolarized light in a 

homeotropic 8CB sample124. (b) Oily streak formed by two edge dislocations L1 and L2 of 

Burgers vectors b1 and b2. (c) Structure of an oily streak shown in (a), composed of a FCD 

chain accompanied by edge dislocations136. 

 

1.4.4. Grain boundaries 

In the volume disoriented monodomains or single crystals of SmA are connected 

by regions with strong variations of the order parameter, called grain boundaries, which 

can be formed from the bent smectic layers only, or involve line defects and focal 

conics137. Those monodomains meet with a misfit angle 2θ∞ of the layers across a wall, 

assumed to be symmetric (Fig. 1.15)124.  
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Figure 1.15: Schematic illustrations of different types of grain boundaries124:  (a) 

curvature walls made of bent smectic layers (b) combined walls containing an array of 

edge dislocations and (c) Grandjean walls involving FCDs. 

 

(a) In low-angle grain boundaries, with very small θ∞, called curvature walls, 

SmA layers are continuously bent, without breaking (Fig. 1.15 (a)). The elastic cost per 

unit surface is a function of an angle of the layer rotation44: 

𝐸𝑐 ≈ 2/3√𝐾11𝐵𝜃∞
3
     (1.14) 

(b) When θ∞ exceeds a few degrees, grain boundary can be split into periodic 

edge dislocations (Friedel 1964) which relax the layer dilation at the center of the wall, 

forming a mixed or combined wall (Fig. 1.15 (b)). The energy of such a wall can be 

described as following124: 

𝐸𝑐𝑜𝑚𝑏 ≈
𝐾11

𝑎0
𝜃∞

2
     (1.15) 

where a0 is the layer thickness. 
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(c) When θ∞ is larger than about 25°, Grandjean walls (focal domain walls) can 

be formed. In this geometry, the ellipses of FCDs are in the plane of the grain boundary 

and the hyperbolas have asymptotic directions perpendicular to the layers on both sides of 

the boundary (Fig. 1.15 (c)). 

1.5. Surface anchoring 

As it was mentioned in introduction, different LC textures and periodic defect 

patterns can be created by varying boundary conditions and imposing particular surface 

anchoring. Surface anchoring is the phenomenon of spontaneous alignment of the liquid 

crystal director n along specific direction at a surface. Anchoring is caused by anisotropic 

interactions of the LC molecules with the surfaces and involves both surface geometry 

(e.g. presence of oriented grooves or holes) and composition (e.g. surface charge and 

polarity)138. The surface molecular orientation of the LC propagates over macroscopic 

distances, so that by specific mechanical or chemical surface treatments a particular 

alignment can be induced in the bulk of the LC. Three main types of LC director 

alignment relative to a solid surface or free interface (i.e. with air) have been considered 

in this thesis: planar (parallel to the surface), homeotropic (perpendicular) and tilted. The 

LC director is specified by the polar (zenithal or out-of-plane) angle ϴ and an azimuthal 

(or in-plane) angle φ (Fig. 1.16). The preferred director orientation at the surfaces is 

sometimes called “easy axis”. 

 

Figure 1.16: Schematic illustration of the director n orientation near the surface. ϴ and φ 

are the polar and azimuthal angles respectively. 

In the case of planar anchoring (Fig. 1.17 (a)) of LC molecules with a surface, n 

lies in the plane of the surface, so that the polar angle ϴ = 0°. If φ is fixed, the anchoring 
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is said to be unidirectional planar anchoring. When φ takes distinct discrete values the 

anchoring is multidirectional or multistable. φ may also take any random value, then the 

anchoring is planar degenerate. The alignment is called homeotropic when ϴ = 90° (Fig. 

1.17 (b)). Tilted director alignment is determined by fixed polar angle ϴ ≠ 0° and can be 

unidirectional or degenerate, depending on the value of φ (Fig. 1.17 (c)). As a general 

rule, the LC alignment is normal to the substrate if the surface energy of the LC is higher 

than the surface energy of the substrate, and parallel in the opposite case139. 

 

Figure 1.17: Schematic illustration of a) planar, b) homeotropic and c) tilted LC 

orientation at a surface. Arrows indicate the director n. 

 

Interaction of initially isotropic easy axis on orienting substrate with ordered LC 

phase may result in appearance of the anisotropy on the orienting surface. This 

phenomenon is known as print or surface memory effect38,140. For instance, after the 

following Iso-Nem/Sm phase transition LC director can partially restore the “printed 

state”. 

In the presence of bulk distortions, a torque may act on the director at the surface, 

resulting in a deviation from the easy axis. In the Nem phase, the increase of surface free 

energy associated with small deviations (anchoring energy) is approximately given by the 

Rapini-Papoular formula141: 

𝐹𝑆 =
1

2
𝑊𝑝sin2(𝜃 − 𝜃0) +

1

2
𝑊𝑎sin2𝜃0sin2(𝜑 − 𝜑0)   (1.16) 

where ϴ is a polar angle, φ is an azimuthal angle, Wp and Wa are respectively the polar and 

azimuthal anchoring strengths. In the SmA phase, orientational and positional order may 

be coupled at the interface and Durand et al. 142 have proposed that large deviations from 

the planar or homeotropic anchoring are equivalent to introducing dislocations in the SmA 
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phase and rquire a much higher energy than the anchoring energy associated to director 

deviation from the anchoring direction. Moreover, a mechanism of “positional” anchoring 

has been considered for the SmA phase were by the position of the lamella may be pinned 

on the surface. 

1.6. Coupling with external fields 

Due to high anisotropy of their electrical and magnetic properties, LC materials are 

very sensitive to external fields. In the presence of external electric and magnetic fields, 

LC molecules tend to align along the field or perpendicular to it, depending on the sign of 

anisotropic polarizability. We consider the case of an electric field of amplitude E, which 

is relatively easy to obtain in the laboratory using LC films and more relevant to practical 

application (e.g. LC displays). Also we consider weak field and assume that they are 

coupled to the director orientation without affecting the nematic or smectic order 

parameter. For E > 50 V/m, the field may alter the nematic order and affect the Nem-

SmA transition143. Under these assumptions, an electrostatic free energy density 
ef  is 

added to the nematic distortion energy 
Nf  of Eq. 1.3. For a fixed voltage V applied to the 

LC film and anchoring conditions that do not induce any twist deformation (e.g. 

homogeneous planar or hybrid, Fig. 1.18), one has: 2/sin22  Ef ae  , where   is the 

director tilt from the boundaries and   ||a is the dielectric anisotropy. In the one-

constant approximation )( 3311 KK   the free energy density is 2/)sin( 222  EKf a   

and Euler-Lagrange minimization leads, after a first integration, to the equilibrium 

equation 2222 sin k   , where 
aKE  /)/1( is the electric coherence length and k 

is an integration constant. The solution can be cast in integral form: 

 
z

kdz




0

22 sin//     (1.17) 
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Figure 1.18: Applying an external electric field E=V/h to (a) a LC film with 

homogeneous planar and (b) hybrid planar-homeotropic anchoring conditions 

 

In the case of homogeneous planar conditions, mk sin where 
m is the tilt angle 

at the midpoint between the interfaces (z=h/2) (Fig. 1.18 (a)). The equilibrium equation 

admits two solutions: the trivial solution with 0)(  zz  , corresponding to the uniform 

planar director configuration, and a solution describing a distorted configuration:  

 




0

22 sin1// kduz

    (1.18) 

where we have used introduced the variable  sinsin k  in (Eq. 1.17) and the magnetic 

coherence length EK a //  . The distorted solution becomes energetically favorable 

when the voltage exceeds the Freedericks’ threshold: 
as KV  / . Notice, that 

EhEVhVEV sss  ///  . For common nematic liquid crystals such as cyanobipheils 

(nCB), Vs is of the order of one volt or less. The integration constant k can be determined 

as a function of the applied field using the relation:  

)(sin1/)/)(2/(2/

2/

0

22 kFkdVVh s  


   (1.19) 

where F is the complete elliptical integral of the first kind. The director profile can be 

determined considering that )](,0[ kFu  in the range ]2/1,0[/ hz . The integral u in Eq. 

1.18 is related to the first Jacobi function ku /sinsin)(sn   . Figure 1.19 (a) shows the 
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dependence of k on V/Vs for homogeneous planar anchoring conditions and Figure 1.19 

(b) the director profile as a function of the V/Vs ratio. Both were obtained using Matlab 

with built-in code to calculate elliptic integrals and Jacobi functions. 

 

Figure 1.19: (a) Integration constants k and m as a function of the reduced voltage V/Vs 

for a LC with εa > 0. Thick blue lines correspond to the homogeneous planar anchoring 

conditions and thin red lines to the hybrid case (b) Profile of tile  angle θ for different 

values of Vs/V. z is the distance from the surface inducing planar anchoring, h is the LC 

film thickness. 

 

In the case of hybrid anchoring conditions (Fig.1.18 (b)), the integration constant is 

222 1 hk    where h
 is the minimum of the tilt derivative, located at the surface 

inducing homeotropic anchoring (z = h). In this case, there is no trivial solution that 

satisfies the incompatible anchoring conditions. The director is always distorted and 

applying a field has the effect of thickening the region of the LC films where the director 

orientation is almost normal to the surface, i.e. close to the surface imposing homeotropic 

anchoring (Fig. 1.18 (b)). The integral (1.17) can be rewritten as: 

 
z

mdmmuz




0

22 sin1//     (1.20) 

where m = 1/k and the analogue of condition (1.19) is: 
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)(// mmFmuVVh s 
.    (1.21) 

Using Jacobi function we determined m and the director profile ( )(snsin u ) as a 

function of V/Vs, shown in Fig.1.19. The director distortion near the surface inducing 

planar anchoring is similar for homogeneous planar and hybrid anchoring conditions when 

Vs / V >> 1. In this limit, k,m  1 in this limit and both integrals (1.18) and (1.20) tend to: 


z

dz




0

cos// . 

As mentioned above, the bend constant K33 diverges at transition and therefore the 

one-constant approximation is no longer valid. In this case, a first integration of Euler-

Lagrange equations gives 22222

33

2

11 sin)sincos( kEKK a    , which can be 

rewritten as 144:  

 
z

kKKdz




0

222

33

2

11 sin/sincos/ .   (1.22)  

For the same reasons outlines above (k, m 1), for high fields the director profile 

is again expected to be the same near the surface imposing planar anchoring for both 

homogeneous planar and hybrid anchoring conditions. The threshold voltage for the 

transition from uniform planar to distorted configuration for homogeneous planar 

anchoring conditions is 
as KV  /11 , that does not diverge at the transition. On the 

other hand, near the transition 
1133 KK  and the equilibrium equation becomes const . 

In the case of homogenous planar anchoring, this entails that the director is uniform, i.e. 

planar (const.= 0) whereas for hybrid anchoring conditions the director tilt increases 

linearly from zero to π/2 across the film thickness, in the same way as in the absence of a 

field. Therefore, the LC film become more ‘rigid’ at the transition from the Nem to SmA 

phase as it becomes increasingly difficult for the electric field to distort the director field 

induced by the boundary anchoring conditions. 

1.7. The effect of inclusions on the LC order 

Depending on the size R of dispersed inclusions in LC, which can be dye 

molecules, nanoparticles (NPs), colloids, inclusions of some other materials or phases, a 
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very different behavior is expected in LC matrix95. The particles can be homogeneously 

dispersed, form aggregates; can assemble in various ordered structures (see introduction, 

Fig. I.5 - I.7), eventually strongly modifying electro-optical properties of LC host95-97,145-

147. When embedded into the LC matrix particles cause distortions, they result in an elastic 

energy cost of about KR, where K ≈ kBT/a is the magnitude of the elastic modulus and a is 

the size of LC molecule95. When R is only slightly larger than a, entropic effects dominate 

and particles are likely to modify properties of LC matrix, such as the order parameter, but 

not the texture. In the case when R ≫ a, LC matrix has to fulfill the anchoring conditions 

on the surface of the particles. Therefore the LC matrix may be strongly distorted by the 

particles presence. The energy cost of the anchoring effects is of the order of WR2, where 

W is the surface anchoring coefficient. A maximum particle size, when the anchoring on 

the particle surface can be violated due to a high elastic cost, is defined by the surface 

extrapolation length b = K/W, which varies from 10 nm to 10 μm for thermotropic LCs, 

considered in this thesis. 

For very small NPs, the topological defects may disappear, being replaced with a 

disordered area around NPs, or no disordered area, depending on the ligand around the 

nano particle80,95. This is true for a liquid crystal that do not contain distortion without 

nanoparticles, e.g. nematic LCs aligned by the interfaces. For LC films that are already 

distorted, the interaction between particles and LC may be slightly different, in particular 

in presence of topological defects76,95.  

In this thesis we examine a spatial distribution and alignment of nano-size objects 

of different nature and shape, such as dichroic laser dye molecules, semiconductor 

spherical quantum dots, dot-in-rods (DR) and spherical gold NPs, embedded into tunable 

SmA periodic patterns with expected topological defects and small defect cores, of an 

order of a few nanometers148. The effect of a particle size and increasing concentration 

(when the present in system topological defects are saturated with NPs and are not  capable 

to embed all the dispersed particles) have been studied. 
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2. Materials and methods 

2.1. Smectic materials 

The majority of results presented in this thesis have been obtained using a specific 

LC compound (8CB, presented below) that has well-known chemical and physical 

properties and is commercially available, resistant to heat and light exposure and 

relatively easy to align using standard anchoring techniques. Other compounds have been 

considered for specific purposes, particularly to explore the effect of LC material 

properties, such as phase sequence and elastic constants, on the growth of periodic defect 

arrays.  

8CB (4′-octyl-4-biphenylcarbonitrile, from Sigma-Aldrich) belongs to the 

cyanobiphenyl (nCB) family of LC, one of the most well-known and widely explored LC. 

It has rod-like molecules with a rigid biphenyl core to which are attached an aliphatic tail 

and a polar cyano head group (Fig. 2.1). Its molecular weight is Mw = 291.43 g·mol−1. 

 

Figure 2.1: Molecular structure of 8CB. 

 

8CB forms a bulk SmA phase at room temperature and undergoes a continuous 

SmA to Nem transition at temperature TNS = 32.5 °C and a weakly first-order Nem to Iso 

transition. Below 21 °C, 8CB becomes a crystal (Cry) via a first order transition. Its 

complete phase sequence as function of temperature is149: Cry ↔ 21 °C ↔ SmA ↔ 32.5 

°C ↔ Nem ↔ 40 °C ↔ Iso. 

Due to its high stability against heat and light exposure, surface anchoring 

properties and availability of previous literature, 8CB was the choice material for our 

study. Key material properties of 8CB are listed below:  
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Table 2.1:  

Material properties of 8CB 

Smectic period, a (nm) 3.2 + 0.1 44, 150 

Optical birefringence, δn 

T = 25°C, λ = 632.8 nm 

T = 32°C, λ = 589.3 nm 

 

0.165 

0.166 

 

151 

53 

Dielectric anisotropy, a 

T = 33.4°C 
9.25 118 

Compressibility modulus, B (Pa) 

T = 25°C 
2·106 152 

Curvature (splay) elastic constant, 

K (pN) 

T = 33.4°C 

9.3 118 

 

10CB (4′-decyl-4-biphenylcarbonitrile) has the same structure as 8CB except the 

alkyl tail, which has 10 carbon atoms instead of 8. The molecule length and diameter are 

2.45 nm long and 0.5 nm153. Its molecular weight is Mw = 307.43 g·mol−1. Pure 10CB has 

a direct 1st order Iso to SmA phase transition without Nem phase and a strongly first-order 

SmA to Cry phase transition. The 10CB phase sequence is153: Cry ↔ 44 °C ↔ SmA ↔ 

51.6 °C ↔ Iso. 

8OCB (4′-octyloxy-4-biphenylcarbonitrile, from Sigma-Aldrich) has the same 

structure as 8CB except the alkyl chain, which is linked to the phenyl ring via an oxygen 

atom (Fig. 2.2). Its molecular weight is Mw = 307.43 g·mol−1 and the phase sequence 

is153: Cry ↔ 54.5 °C ↔  SmA ↔ 67 °C ↔ Nem ↔ 75 °C ↔ Iso. 

 

Figure 2.2: Molecular structure of 8OCB. 
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SCE-12 (from Merck, England) is a ferroelectric mixture with negative dielectric 

constant, showing the phase sequence154: Cry ↔ - 20°C ↔ SmC* ↔ 64 °C ↔ SmA ↔ 

78.8 °C ↔ N* ↔ 118.0 °C ↔ Iso. SCE-12 molecules contain phenyl and biphenyl cores 

linked together by carbonyl bonds155. 

Chisso 1024. The ferroelectric LC CS-1024 (CHISSO Corporation) has the phase 

sequence 156:  Cr ↔ - 12°C ↔ SmC* ↔ 62 °C ↔ SmA ↔ 82 °C ↔ N* ↔ 90 °C ↔ Iso. 

9004. The other ferroelectric LC compound 9004 has the phase sequence: Cry ↔ 

35°C ↔ SmB ↔ 50 °C ↔ SmC* ↔ 62 °C ↔ SmA ↔ 73 °C ↔ Nem ↔ 87 °C ↔ Iso.  

2.2. Functional molecules and nanoparticles 

The idea of creating functional materials by mixing a self-ordered LC host with 

guest particles having specific properties can be developed in various directions, focusing 

on different properties (e.g. thermal conduction,  charge transport, mechanical response) 

and materials (e.g. carbon nanotubes, polymer coils, magnetic particles, etc.). In this 

thesis we considered small molecules and nanoparticles whose optical properties, 

particularly light adsorption and emission, may be rendered anisotropic by a coupling with 

the ordered LC matrix. The choice is also dictated by physical and geometrical properties 

required for the qualitative analysis of the particles distribution and orientation into the 

LC host by means of fluorescent polarizing optical microscopy (FCPM), i.e. high 

efficiency of the materials in generating fluorescence and remarkable photostability, 

which enables long-term imaging experiments. FCPM technique, described in details later 

in this chapter (Chapter 2.5.3), allows 3D imaging of LC containing fluorophores and 

gives an information about the director distribution using the property of LCs to orient the 

fluorescent dye molecules and nanoparticles of anisotropic shape157,158. We therefore 

considered: small (low molecular weight) fluorescent molecules used as dichroic laser 

dyes, semiconductor nanocrystals and plasmonic metal nanoparticles. The small size of 

molecules and nanoparticles is important as it should not lead to significant distortions of 

the LC host. Moreover, when the particle size is comparable to the size of a defect core, a 

few nanometers in SmA LC148, particles are expected to be localized close to or within the 

defects, as it is energetically favorable for particles to be trapped by defect cores in order 

to minimize the elastic energy of distortions they cause in LC host76,95,145,159,160. As a 
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consequence, we may expect the possibility of orienting and anisotropic assembly of 

particles due to the ordering of the defects112,161 

The dichroic laser dyes are usually strongly fluorescent in presence of hydrophobic 

environment162, mixable with LCs163 and have sufficiently large (tens of nanometers) 

Stokes shift (the difference between the fluorescence and absorption wavelength), to allow 

the use of very small dye concentrations. Typically the presence of 0.005 - 0.010 wt% of 

dye is enough to get high contrast FCPM images and at the same time it does not affect 

the LC host158. 

2.2.1. Small fluorescent molecules 

Coumarin 6 (from Radiant Dyes Chemie) is a very common and widely used laser 

dye with low molecular weight (Mw = 350.43 g·mol−1)  and large quantum yield of 0.8 

(i.e. the number of emitted photons per adsorbed photons)164. Coumarin 6 has an 

anisotropic molecular structure (Fig. 2.3 (a)). Due to its anisotropic shape, Coumarin 6 

exhibits dichroism, i.e. it absorbs light more efficiently along one molecular axis than the 

other. The major component of the transition moment is along the long molecular axis and 

light polarized perpendicular to the long molecular axis is absorbed less than parallel 

polarization (the molecule is a positive dye)165. Coumarin 6 has a relatively high dichroic 

ratio165 and a large Stokes shift (Fig. 2.3 (b)). It ethanol, it has an absorption band from 

400 to 500 nm, peaking at 460 nm and an emission band from 450–700 nm, peaking at 

502 nm. 

 

Figure 2.3: (a) Molecular structure, (b) absorption and emission spectra of dichroic 

fluorescent dye coumarin 6. 
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Nile red (NR, from Sigma Aldrich) is another small fluorescent molecule 

(Mw = 318.37 g·mol−1) with anisotropic shape and positive dichroism (Fig. 2.4 (a)). It has 

a long axis of about 1.1 nm166, dichroic ratio 2162 and shows solvent-dependent 

fluorescence with a high quantum yield of 0.7 167. When mixed with cyanobiphenyls 

(5CB), the absorption and emission maxima are respectively λa  = (545 ± 5) nm and λe = 

(599 ± 5) nm (Fig. 2.4 (b))162. 

 

Figure 2.4: (a) Molecular structure, (b) absorption and emission spectra of nile red in 

nematic 5CB. 

 

2.2.2. Semiconductor nanocrystals 

Quantum dots (QDs) are fluorescent semiconductor nanocrystals, typically 

exhibiting strong absorption in UV and blue spectral regions and narrow emission spectra 

whose position is determined by geometrical parameters, such as particle size and shape. 

QDs are very efficient materials for generating tunable fluorescence. They have 

remarkable photostability, broad excitation and narrow, emission properties that enable 

long-term imaging experiments. Chemically grown CdSe QDs are probably the most 

extensively investigated object among semiconductor nanoparticles since the introduction 

of the concept of the “size quantization effect”168. 
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Figure 2.5: (a) Schematic illustration of the core/shell QD structure. (b) Typical broad 

absorption (blue line) and narrow symmetric fluorescence (red line) spectra of QDs. 

 

The size-tunable fluorescence of QDs is attributed to the radiative recombination 

of electron-hole pairs, which involves the highest occupied and the lowest unoccupied 

quantum-confined orbitals169. The relation between the size R and the bandgap energy of 

electron-hole pair in semiconductor QDs (Eg,QD)  is given by equation 170,171: 

𝐸𝑔,𝑄𝑑 = 𝐸𝑔,𝑏 + (
ћ2

8𝑅2) (
1

𝑚𝑒
+

1

𝑚ℎ
) − (

1.8𝑒2

4𝜋𝜀0𝜀𝑅
)    (2.1) 

where the first energy term Eg,b is the bandgap energy of the bulk solid, the middle term is 

the quantum energy of localization and the last term represents the Coulomb attraction of 

the electron-hole pair. The me and mh are the effective mass of the electron and the hole in 

the solid respectively, e is the elementary charge of the electron, ћ is Planck’s constant, 

and  is the dielectric constant of the solid. The quantum confinement term in Eq. (2.1) 

dominates as the particle radius R decreases, and the lowest excited state shifts to higher 

energy than Eg,b. In other words, the smallest QDs emit the light with the largest energy 

(smallest wavelength). 

Both the fluorescence quantum yield and the emission spectrum width depend on 

the radiative recombination path. The large surface-to-volume ratio provides numbers of 

defects and imperfections on the surface of QDs which act as trap sites for charge carrier 

(electrons and holes). Having their own electronic energy states, often within the QD 

bandgap, surface trap sites lead to increase of a possible transitions number and non-

radiative relaxation in particular, thus reducing radiative recombination efficiency and 

broadening the fluorescence spectrum. Moreover, although details are still unclear, 
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surface trap sites are believed to play a major role in fluorescence blinking, enhancing the 

non-radiative decay rates 172.  The suppression of negative effects caused by surface trap 

sites was recently achieved in single CdSe QDs by adding surface bound ligands 173,174 

and by growing thick semiconductor shells around the QD cores, forming heterojunctions 

in so-called “core–shell” semiconductor QDs 175 (Fig. 2.5 (a)). 

In this thesis, we work with two types of QDs: 

a) Qdot® 545 ITK™ organic quantum dots from Invitrogen, USA, with an 

emission maximum λe = (545 ± 5) nm (Fig. 2.5 (b)). The 3.5 nm core, made of CdSe, is 

surrounded and stabilized by a semiconductor ZnS shell, improving both the optical and 

physical properties of the material. QDs have a lipophilic surface coating. They are 

provided as a suspension in decane.  

b) QDs from PlasmaChem, Germany, with an emission maximum λe = (530 ± 

5) nm consist of a quasi-spherical 2.5 nm CdSe core protected and stabilized by a 0.6 nm 

ZnS shell and coated with hydrophobic organic molecules. They are provided as a 

powder. 

Dot in rods (DRs) are semiconductor nanoparticle with a rod-like appearance. The 

shape of the CdSe nanocrystals can be manipulated from a nearly spherical morphology to 

a rodlike one by controlling the growth kinetics of the nanocryslal176 leading to an 

electronic structure  transformation from a zero-dimensional (QDs) to 1-dimensional 

(nanorod) quantum system177. Nanorods provide several features beneficial for lasing 

applications, such as: dichroism and polarization dependent absorption and fluorescent 

emission; enhanced absorption cross sections and hence reduced lasing threshold and 

improved photostability; increased optical gain lifetime and extended optical gain spectral 

range178. A new class of nanorods shoving a large optical anisotropy and photostability 

was recently developed by growing a rod-like CdS shell around a spherical CdSe core. 

The new heterostructure was named dot-in-rod (DR)179. The relatively thick DR shell 

(about 2 nm comparing with the typical value of about 0.5 nm) together with a tuning of 

the shell length results in obtaining room temperature non-blinking single photon 

generation180. 
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Figure 2.6: (a) Schematic illustration of the DR structure. (b) Absorption (red line) and 

fluorescence (blue line) spectra of DRs   

 

In this thesis we considered core/shell CdSe/CdS DRs synthesized by a wet-

chemical seeded-growth approach allowing a precise control of the heterostructure 

geometrical parameters and are described in details in ref.179. The DRs were provided by 

dr. Luigi Carbone from the CNR - Istituto di Nanotecnologia di Lecce. The CdSe 

spherical core has 2.9 nm diameter and was embedded in an anisotropic rod-like CdS shell 

(Fig. 2.6 (a)). The rod-like shell had an average length (55 ± 5) nm and total thickness ≈ 7 

nm. The adsorption band extended in UV region with λ < 500 nm and the maximum 

fluorescence emission was λe = (643 ± 5) nm (Fig. 2.6 (b)). 

2.2.3. Plasmonic metallic nanoparticles 

Gold nanoparticles (Au NPs) due their unique optical properties are widely used 

in technology, biological and medical applications, organic photovoltaics, as electronic 

conductors, catalysis, in sensory probes, drug delivery and many other 

applications95,97,145,181-185. Au NPs properties are attributed to the combination of their 

size, much smaller than the light wavelength λ, and interaction of light with metal 

conduction electrons186. (Fig. 2.7). The interaction with light leads to accumulation of 

charges on the surfaces of NPs, producing Localized Surface Plasmon Resonance (LSPR) 

oscillations at a frequency that strongly depends on particle size, geometry and 

composition, as well as properties of the surrounding medium and inter-particle 

interactions. 
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Figure 2.7: Schematic diagram illustrating a localized surface plasmon. 

For the small isolated NPs with a radius R < 0.1 λ the extinction (absorption plus 

elastic light-scattering) cross-section Cext can be found from Mie's solution of Maxwell's 

equation181: 

𝐶𝑒𝑥𝑡 =
24𝜋2𝑅3𝜀𝑚

3
2⁄

𝑁

𝜆ln (10)

𝜀𝑖

(𝜀𝑚+𝜒𝜀𝑚)2+𝜀𝑖
2 =  𝐶𝑎𝑏𝑠 + 𝐶𝑠𝑐𝑎   (2.2) 

where Cabc and Csca are the absorption and scattering cross-sections respectively,  = r + 

ii is the complex dielectric constant of the bulk metal, m is the dielectric constant of the 

surrounding medium, N is the electron density and χ is the nanoparticle form factor which 

can varies from 2 for spherical nanoparticles up to 20 for nanorods with a large aspect 

ratio81. The characteristic plasma wavelength, λp, or plasma frequency, ωp, of nanoparticle 

is a function of only the electron density, N, and the effective mass of electrons, me, in the 

bulk material:  

𝜆𝑝 =
2𝜋𝑐

𝜔𝑝
= √

4𝜋2𝑒2𝑚𝑒𝜀0

𝑁𝑒2     (2.3) 

where c is the speed of light in vacuum and e is the elementary charge of the electron. 

For spherical NPs the surface plasmon resonance is observed when ɛr = −2ɛm (the 

Fröhlich condition), meaning enhancing of polarizability and internal polarization inside 

NPs as well as highly localized electromagnetic fields.  

Depending on the NP radius the absorption or elastic light-scattering process may 

be more favorable in interaction with light waves. The absorption cross-section Cabc ∝ R3 
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and the scattering Csca ∝ R6, so that absorption dominates for small particles, whereas 

particles of larger size scatter more light. 

In quasi-static approximation a size dependence of plasmon resonance is 

introduced in Eq. 2.2 by assuming a size-dependent material dielectric function   = f 

(ω,R) 81. Experimental results presented on Fig. 2.8 show “blue-shifts” corresponding to 

the decrease of isolated particle size. Size dependence of the band width Г or in other 

words full width at a half maximum (FWHM) is known to linearly depend on inverse 

particle radius82: 

Г =  Г𝑏𝑢𝑙𝑘 + 𝐴/𝑅     (2.4) 

 

Figure 2.8:  Absorption spectra of isolated Au NPs of diameter 3.8 nm (black line), 5.9 

nm (red line) in toluene and 40 nm (blue line)  in chloroform with the maxima at 513 nm, 

518 nm and 536 nm and band width (FWHM) of 184 nm, 168 nm and 77 nm respectively, 

illustrating size-dependence of LSPR properties. 

 

In this work we used quasi-spherical Au NPs of different sizes functionalized 

with ligands to avoid aggregation in toluene or chloroform solutions, listed below in Table  

2.2. NPs exhibit homeotropic surface anchoring with LC molecules.  
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Table 2.2: 

Properties of Au NPs solutions 

Diameter 

(nm) 

Mass of 1 NP 

(g) 

Volume of 1 NP 

(m3) 
Solvent 

LSPR peak 

(nm) 

LSPR width 

(nm) 

50 1.30E-15 6.54E-23 chloroform 540 75 

40 6.66E-16 3.35E-23 chloroform 536 77 

30 2.81E-16 1.41E-23 chloroform 526 87 

10 1.04E-17 5.23E-25 chloroform 520 118 

5.9 2.07E-18 1.04E-25 toluene 518 168 

3.8 6.66E-18 2,87E-26 toluene 513 184 

 

2.2.4 Mixing particles with liquid crystals 

The mixtures of nanoparticles (DRs, QDs, Au NPs) and dyes in LC were made by 

first taking suitable volumes of 8CB in its isotropic phase using a micropipette and 

dissolving it in a known amount of organic solvent (chloroform or toluene). Particles were 

then added from a solution in the same solvent. Solutions containing Au NPs and dyes 

were placed on a heating stage or in an oven for 2 – 3 hours at (50 – 60)0 C to let the 

solvent evaporate, as they should not be affected by such a temperature and we could 

avoid printing of ordered LC phases on the particle surfaces by keeping solutions in Iso 

phase38,39. DRs and QDs solutions were dried in a low vacuum at ambient temperature for 

24 – 48 hours, to avoid heat degradation of semiconductor crystals. After the solvent was 

evaporated, the final concentrations of particles were: 0.3 mM for dyes, 1 pM – 0.1 mM 

for nanoparticles. 

2.3. Surface alignment of liquid crystal materials 

Obtaining well-defined and strong anchoring of the LC was the key to create 

periodic arrays of SmA defects. Indeed, defects are created when the LC director and 

SmA lamellar arrangement are subjected to large deformations and contain a high density 

of free elastic energy, which can be induced and held in place only if the anchoring is 

strong enough. The anchoring should also be stable from the chemical-physical point of 
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view, i.e. it should not be degraded over time by the adsorption of contaminant or 

functional particles present in the LC, or by repeated cycles of heating and cooling above 

and below the SmA phase transition. In this thesis, we have considered various methods 

for treating the surface and obtain either planar (parallel to the surface) or homeotropic 

(normal) anchoring  

Planar anchoring was obtained on polymer coatings of polyvinyl alcohol (PVA) 

and polyimides (PI), and crystalline substrates of muscovite mica and MoS2. Unless a 

specific in-plane direction is created on the polymer surface, the anchoring is degenerate. 

By exposure to orientationally ordered LC phases initially isotropic or degenerate planar 

anchoring on the polymer substrate can be rendered strongly anisotropic38,140. This 

phenomenon is known as print or surface memory effect. Unidirectional planar anchoring, 

possibly with a small tilt angle, can be produced by rubbing the polymer layer with velvet 

cloth 138. The mechanism of the alignment involves the LC molecules lying in the periodic 

microgrooves generated by rubbing with their long axes parallel to the groove direction 

and Van der Waal’s interactions at the interface between LC and oriented polymers at 

alignment-layer surfaces. Rubbing may also produce high localized heating that leads to 

melting of one of the polymer materials.  

Anchoring on crystalline surfaces such as cleaved mica or MoS2 is also planar. The 

anchoring is unidirectional on mica and multidirectional on MoS2. The anchoring 

directions are very well defined on such substrates and lead to very ‘clean’ LC texture 

without surface imperfections and unwanted defects over large area. However, anchoring 

on mica is easily contaminated and altered by ambient volatile molecule that induce 

transitions to other planar anchoring direction and even homeotropic anchoring. 

Moreover, mica is birefringent, with an easy axis oblique to optical axis, and MoS 2 is 

opaque to light. Therefore mica is unsuitable for optical polarization studies and MoS 2 

cannot be used in experiments based on light transmission through the interfaces 

performed in this thesis. For this reasons we were mainly using transparent polymer films 

as the aligning surfaces. 

Poly-imide (PI-2555, from Hitachi Chemical DuPont MicroSystems GmbH) was 

dissolved in NMP (1-methyl 2-pyrrolidinone) at 5 wt% concentration and deposited on 

glass following these steps: spin-coating for 2 seconds at 400 rpm (slow spin) to spread 

the drop over the entire surface; rotation for 60 seconds at 3600 rpm (fast spin); soft -
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baking at 80°C for 30 min to evaporate the solvent and hard-baking at 250°C for about 1h 

to cross-link the PI polymer chains; and rubbing of the layer for 3 times always in the 

same direction. 

Poly(vinyl alcohol) (PVA, Mw = 85.00-124.00 g·mol−1, from Sigma Aldrich) was 

dissolved in DI water at 0.5 wt% concentration using a magnetic stirrer while heating up 

to 100 - 170 °C for a few hours. The polymer was deposited on glass following these 

steps: spin-coating for 30 seconds at 3000 rpm with an acceleration time of 2 seconds; 

hard-baking of the layer at 100°C for 60 minutes; and rubbing for 3 times always in the 

same direction. 

MoS2 is a layered single crystalline substrate that can be easily cleaved to obtain a 

clean surface parallel to the basal planes. The orientational and positional order of the 

molecules in the surface monolayer is arising from specific substrate-molecule 

interactions. Aliphatic chains of LC molecules lie flat on the surface and perfectly register 

with the crystalline structure which results in two-dimensional order, with the molecules 

arranged in straight rows, and a registration between molecules of adjacent row187 forming 

domains of different molecular orientations separated by a grain boundaries39. With nCB 

molecules, the order is higher for longer aliphatic chains and, i.e. larger values of n 188.  

Large-area (up to 1 cm2) atomically smooth surfaces with the same 

crystallographic plane can be obtained by cleaving another layered alumino-silicate 

crystal, mica74. The compounds of the nCB series generally are oriented with their 

molecular axes parallel to the substrate, making an angle of 60° with the optical axis of 

the mica slide187. 

Homeotropic alignment was obtained using a silane surfactant octadecyl-trichloro-

silane (OTS, from Sigma Aldrich). The OTS molecules form a covalent bond with a 

hydroxyl group on glass and on the surface of Indium-Tin-Oxide (ITO), a common 

material for transparent electrodes (see below) 189. The ionic head of OTS becomes 

anchored to the substrate while a non-polar tail is pointing from it (Fig. 2.9). The aliphatic 

tail attracts and orients the  carbon chain of the LC molecule inducing orientation 

perpendicular to the substrate138. 



 

57 

 

 

Figure 2.9: Chemical structure of OTS. 

OTS was deposited on glass or ITO following these steps: 1 mg of OTS was 

dissolved in a 90/10 w/w solution of n-hexane/chloroform, corresponding to 2.5mM of 

OTS; surfaces were dipped in the solution for 20 min while sonicating to avoid 

aggregation; surfaces were rinsed with chloroform, baked for or 60 min at 110°C, then if 

needed sonicated in chloroform for 5 – 10 min to remove aggregates from the surface. 

Cleaning procedures are important to determine the adhesion and stability of 

anchoring layers on support surfaces of glass and ITO. The procedure used throughout 

this thesis was the following:   

1. Ultrasonicate the surfaces in DI water mixed with detergent for 5 minutes.  

2. Rinse several times in DI water, then sonicate for 5 minutes in DI water.  

3. Sonicate 5 minutes in acetone. 

4. Sonicate 5 minutes in chloroform. 

5. Dry and then do plasma cleaning for 7 - 10 minutes at maximum power. 

6. Do the coating immediately after plasma cleaning. 

If the surface had to be very clean, then the procedure began with a cleaning step in 

piranha solution (3:7 v/v solution of hydrogen peroxide in sulfuric acid). When the glass 

was very dirty, surfaces were wiped with soap and ethanol.  

2.4. Sample and cell fabrication 

2.4.1. Sessile droplets and spin-coated films 

Droplets of LC with nL volume were deposited on the substrate in the nematic or 

isotropic phase using a thin copper or tin wire. The droplet was left spreading on the 
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surface in the nematic or isotropic phase until it reached the desired thickness at its edges. 

Spreading was arrested by cooling the in SmA phase due to the increase of viscosity. This 

method allows creating very thin droplets but has three main limitations. First, wetting 

and spreading may not occur for particular combinations of LC and substrate. In fact, 

isotropic 8CB does not spread on the surfaces and the droplet must be spread in the  

nematic phase, putting the anchoring in competition with flow alignment. Second, sample 

thickness cannot be fixed a priori as it depends on LC wetting and spreading, typically 

leading to complex non-spherical droplet shapes. Third, the shape of the air interface is 

unknown as the stress inside the LC droplet may deform the interface at various length 

scales 38.  

To avoid non-uniformity of sample thickness, in some experiments the LC was 

spin coated on the surface from a solution with organic solvent (toluene or chloroform). 

On PI and PVA, a 30 - 40 microliter droplet of 0.2 M (8CB or 9004) solution in toluene 

was spin-coated for 30 seconds with a speed of 1800-2000 rpm and acceleration time 2 

seconds. While spinning the organic solvent was completely evaporating and thin LC film 

of thickness about (200 – 600) nm was produced. 

2.4.2. Closed cells 

Closed cells with two rigid boundaries confining the LC, typically treated glass 

slides or thick mica plates, have many advantages compared to thin films. First, the cell 

can be closed and then filled with LC via spreading and capillary action or, when these are 

absent, by pumping the LC in with hydrostatic pressure. Therefore, there are no more 

restrictions in the choice of LCs and surface coatings to be use due to the wettability, and 

the cell can always be filled with LC in the isotropic phase. Second, the LC thickness can 

be controlled a priori by putting a proper spacer between the boundaries (Fig. 2.10). 

Third, the interface geometry is flat and rigid. Last. But most important, the boundaries 

can be coated with a thin layer of conductive ITO that enables applying an external 

electric field.  
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Figure 2.10: Schematic illustration of closed cell geometry. 

 

Cell spacers and gluing. The cell was closed using a few droplets of UV adhesive 

after inserting mylar film of thickness (2.5 – 100.0) µm or silicon beads of diameter (1.4 –

 2.1) µm. For very thin cells, no spacer was used but the UV glue droplets were squeezed 

to a thickness less than 1 µm. In some cases, two different spacers were used to create a 

wedge cell that allowed investigating the effect of thickness variations in a single sample. 

The angle between the cell boundaries was typically smaller than 1 mrad.  Norland 

Optical Adhesive 61 UV glue (NOA 61 from Norland Products Incorporated, USA) is a 

liquid photopolymer that cures when exposed to ultraviolet light (UV)190. The curing time 

depends on the glue film thickness and the amount of available UV light energy. The 

energy required for obtaining full crosslinking and solvent resistance of the adhesive is 3 

Joules/cm2 in the range (350-380) nm of the glue maximum absorption. Using a 100 W 

mercury lamp the precure can be obtained in 10 seconds. It has to be followed by a longer 

time deposition to the UV light. With the same mercury lamp in 5 – 10 minutes the glue 

will be fully cured. NOA 61 reaches its optimum adhesion to glass in about 1 week at the 

ambient conditions or by aging at 500 C for 12 hours. After aging the glue has a high 

thermal stability, it withstands temperatures from -1500 C to 1250C.  

ITO-coated glass was either purchased from commercial sources or deposited by 

sputtering in prof. Carlo Versace’s laboratory at the University of Calabria.  Sputtering 

was used to create conductive ITO electrodes on thin cover slips to be used with high 

numerical aperture microscope objectives having a short focal distance. We used cleaned 

borosilicate glass coverslips of thickness (0.13 – 0.17) mm (see cleaning procedure above) 
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from different sources. The layer of indium-tin-oxide (ITO) was deposited in a horizontal 

in-line sputtering system (Edwards Auto 306) by bombarding the target material with 

high-energy ions from a plasma (Fig. 2.11). The system was equipped with two magnetron 

guns and DC power supply (MDX 15.K, Advanced Energy: 500 V, 3 A 1.5 kW) which 

generates plasma in the deposition chamber. 7.5 cm in diameter and 6 mm thick target of 

In2O3/SnO2 in a 90/10 wt% ratio have been used. The target to substrates distance was 8 

cm. The deposition parameters we used were: pre-vacuum 9.0·10-5 mB, vacuum 4.8·10-2 

mB, power 40 W, time 2 minutes, resulting in 50 nm thick transparent uniform ITO layer.  

 

Figure 2.11: Sputtering system (Edwards Auto 306) used for ITO conductive layer 

deposition. 

Commercial ITO coated glass of thicknesses (1.0 ± 0.1) mm and the ITO layer 

thickness of about (150 - 200) nm was always used as one or both substrates for cells 

assembling in the experiments where electric field application was required. Indeed, the 

presence of at least one rigid substrate is necessary for fabricating cells thicker than 1 µm. 

An excessive flexibility and fragility of the coverslips makes it impossible to do any 

manipulations with samples made of two coverslips without disturbance of LC alignment.  

The ITO electrodes were patterned with strips as shown in Fig. 2.12 to create cells 

where voltage could be applied on selected pixels or strips. This was particularly useful to 

avoid short-circuiting produced by accidental local contact between the electrodes, e.g.  
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due to dust particles or scratches of the ITO layers in regions with thickness smaller than 

1 μm.  

 

Figure 2.12: Schematic illustration of ITO electrode patterning with working (a) pixels 

and (b) stripes. Both surfaces were patterned with ITO strips, that are crossed in figure (a) 

and aligned in figure (b). 

 

To produce the strips, the ITO coated glass was first masked with a pattern made of 

adhesive tape. The ITO layer was carefully covered to avoid air bubbles and dust beneath 

the tape. Then the glass slides were dipped into chemical reagents that attacked and 

removed ITO from the non-protected zones. The reacting solution was made with 10 parts 

DI, 10 parts hydrochloric acid (HCl) and 1 part sulphuric acid (H2SO4).  Notice that the 

reagents must be mixed in this order to avoid explosion and the work must be done in a 

chemical fume hood. The mixture was stirred at the maximum rotation for 3.5 minutes at 

20 °C. The masked ITO samples were dipped into the solution, which temperature was 

previously increased to 50 °C, while it was stirred for 7 minutes. Then samples were 

dipped into distilled water for 3 minutes, additionally cleaned with distilled water and 

dried.  The procedure may be repeated if the conductive layer was not completely 

removed. For further glass treatment the tape musk was taken out and the glass cleaned 
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from remained adhesive with a paper towel rinsed in ethanol, then cut and cleaned 

following standard procedures. 

2.5. Optical microscopy 

2.5.1. Multiple-beam interferometry for thickness measurements 

When the spacer thickness in closed cell was smaller than 15 µm, the cell thickness 

h was measured before filling the cell using an interferometry scheme that combined an 

optical microscope with a spectrophotometer (AvaSpec by Avantes). White light from the 

tungsten lamp of the microscope was collimated on the cell region of interest. Depending 

on experimental needs the thickness could be measured locally or as an average over a 

large sample area by choosing a proper objective magnification and opening/closing a 

diaphragm. Light wave underwent multiple reflections in the cell between partially 

reflecting cell boundaries. The transmitted spectrum showed maxima of intensity 

corresponding to constructive interference at wavelengths λq such that 2πh/λq = hkq = πq 

+ φ1 + φ2, where q is the chromatic order, which represents an optical path difference 

between interacting beams in parts of λ, k is the wave vector, and φ is the phase shift upon 

reflection on the aligning layer coating the cell boundary. Therefore, the transmitted 

intensity is a periodic function of k = 2π/λ and we determined h by measuring the period 

kq - kq-1 = π/h. This technique allowed to measure the cell thickness with a resolution much 

better than 1 μm, but it was limited to thickness below 0.4 μm because of limited 

resolving power of the spectrophotometer (i.e. the distance kq - kq-1 between two 

neighboring peak could not be resolved in the transmitted spectrum).  

The thickness of open LC films deposited on reflective PI/glass or PI/Si interface 

was measured in a similar way, assuming that the phase of light waves traversing the LC 

film was proportional to the h and a phase shift upon reflection at the interfaces was zero. 

The LC sample appeared as a sequence of alternating bright and dark fringes when 

illuminated in reflection mode with the microscope light filtered through a green bandpass 

filter with λ = (543 ± 3) nm (Fig. 2.13). Fringes were observed due to a gradual increase 

of h going from the droplet edge. Bright fringes corresponded to nh=2qδh and dark 

fringes to nh = (2q+1)δh with q = 0,1,2... and the refractive index n averaged on the film 

thickness. By counting the interference fringes, we could measure thickness variations as 
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small as δh = λ/4n, which is the difference between a dark fringe and the next bright 

fringe. 

 

Figure 2.13: SCE12 droplet on PI/Si surface. Optical fringes indicate thickness increase 

by λ/4·n starting from the droplet edge (a first dark fringe in a top left part of the image).  

 

2.5.2 Polarized optical microscopy (POM) and compensation 

POM is widely used in LC study as a tool for determining the alignment of the 

director n. The LC sample is put between a polarizer P and an analyzer A that are either 

crossed at 90° or parallel to each other. The light intensity transmitted through A depends 

on both the polar orientation of n relative to the A-P plane and the in-plane azimuthal 

orientation. For fixed polar orientation of n and AP, the transmitted light depends on the 

azimuthal angle ϕ between n and P:   

𝐼 = 𝐼0sin2(2𝜑)sin2(𝜋𝛿𝑛𝑑
𝜆⁄ )   (2.5) 

where I is the intensity of transmitted light, I0 is the incident light intensity and δn is 

birefringence. 

For A||P and fixed polar orientation of n, the light transmitted through A depends 

on the azimuthal angle ϕ between n and P:   

𝐼 = 𝐼0[1 − sin2(2𝜑)sin2(𝜋𝛿𝑛𝑑
𝜆⁄ )]    (2.6) 
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Therefore, the sample looks completely dark when ϕ = 0 or 90° and shows 

maximum brightness when ϕ = 45°. The polar orientation can be determined by measuring 

the phase retardation Г = hδn, where δn = n*- no  is the birefringence: 

𝑛∗ = ∫ [(𝑠𝑖𝑛𝜃(𝑧)/𝑛𝑒)2 + (𝑐𝑜𝑠𝜃(𝑧)/𝑛𝑜)2]−1
2⁄ 𝑑𝑧

ℎ

0
    (2.7)  

θ(z) is the variable angle of tilt between the optical axis (i.e. n) and the microscope axis 

(normal to the LC film) z. no and ne are respectively the ordinary and extraordinary 

refractive indices of LC. Notice that Г/h = 0 and Г/h = ne - no when the average polar 

angle across the film thickness is θ = 0 and θ  = 90°, respectively. To measure Г, a Berek 

titl compensator (from Leica, Germany) was placed with its optical axis at -45° with the 

polarizer. When the LC appears completely dark at the center of the microscope’s field of 

view, the phase retardation read on the compensator is equal to Г. 

2.5.3 Fluorescence Confocal Polarized Microscopy 

Fluorescence Confocal Polarizing Microscopy (FCPM) is a useful technique to 

visualize the alignment and distribution of the optically anisotropic materials and has been 

successfully used to study three-dimensional director structures of defects in nematics158, 

cholesterics157 191 and smectic A 38,157 LCs (Fig. 2.14).  

 

Figure 2.14: FCPM images of focal conic domain lattice in SmA 8CB film on mica 

obtained with the polarizer parallel to x (a) and perpendicular to x (b). Inset in (a): a 

thinner region of the 8CB droplet38. 
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FCPM is based on the polarization-dependent light adsorption and polarized 

emission of anisotropic fluorophore that align with the director. Its principal scheme is 

shown in Fig. 2.15. A confocal microscope is equipped with a linear polarizer  P 

introduced before the dichroic mirror, so that it polarizes both the excitation light and the 

fluorescent light emitted by the fluorophore. The linearly polarized incident light focused 

on the sample by the objective lens excites the fluorescence emission in a small voxel 

(volume pixel). The light coming from the voxel passes through the pinhole located in the 

focal plane of the collector lens and conjugated to the focal plane of the objective, i.e. the 

probed voxel and the pinhole are confocal and therefore the signal from the neighboring 

region is prevented from reaching the detector. The measured FCPM intensity is 

maximum when the transition dipole of the fluorophore is parallel to P and minimum 

when is perpendicular (see an example in Fig. 2.14). Namely, the intensity scales as I ∝ 

cos2cos2, where  and   are the angles between the transition dipole and the light 

polarization at the moment of absorbing and emitting a photon. In the case of NR and 

Coumarin 6 used in this thesis, the transition dipole is oriented along the long axis of the 

molecule (Figs 2.3 and 2.4) both during adsorption and emission. The lifetime of the 

excited state (time delay between the acts of adsorption and fluorescence emission) is τ ≈ 

4 ns and it is smaller than the characteristic time of rotational relaxation τ0 ≈ 6 ns of the 

dye in the liquid crystal matrix162. Therefore, the detected FCPM intensity is I ∝ cos4 158.  
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Figure 2.15: Schematic of the FCPM setup for observations in the reflection mode192. 

 

Coumarin 6 and NR are known to align with their long axis parallel to the director 

n in cyanobiphenyl materials such as 8CB (Fig. 2.1)38,53. Therefore, bright and dark areas 

in FCPM images correspond to regions where n is parallel and perpendicular to P 

respectively. By taking FCPM images on various image planes, a full tomographic, i.e. 3D 

reconstruction of the LC sample interior can be obtained.  

Dots-in-rods (DR) also show polarization-dependent light absorption and 

emission179,193. The transition dipole is directed along the main rod axis179,112. Due to the 

large particle size compared to small dye molecules such as NR, the rotational relaxation 

time of a DR particle is expected to be much larger than the excitation lifetime τ  ħ/E 

where E is the semiconductor bandgap energy. Therefore, DRs are expected to share the 

optical behavior of Coumarin 6 and NR. As we will see in Chapter 5, DRs also align with 

director of 8CB in the SmA phase. On the other hand, quantum dots (QDs) are expected to 

be insensitive to both polarization and director alignment. In any case, the surrounding LC 

matrix must be carefully considered when the measured fluorescence signal is analyzed 
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due to possible optical effects such as polarization rotation and lensing that may strongly 

distort the fluorescent intensity distribution. 

In this thesis a Zeiss LSM 710 inverted confocal microscope (from Carl Zeiss 

MicroImaging GmbH, Germany) with a 63x Plan-Apochromat DIC oil immersion 

objective with numerical aperture NA = 1.4  and working distance WD = 0.19 mm was 

used in reflection mode. The fluorophores were excited using an argon blue-green laser 

with wavelength 488 nm. The emitted light was collected in a spectral range 500 – 

750 nm. The inherent fluorescence from the 8CB did not affect our measurements. Its 

maximum value corresponds to 400 nm and goes down to zero before reaching 500 nm in 

the working temperature range (20 – 45) °C149. The microscope was equipped with a 

heating stage to allow phase transition of the LC samples. Tomographic reconstructions of 

the sample interior were obtained by combining images taken in xy (horizontal) plane, 

parallel to the LC film, with section taken (vertical) xz and yz planes. Also notice that the 

microscope axis, z, is chosen to be normal to the LC film. The resolution is that of the 

confocal microscope upon which the PCFM setup is build, namely about 300 nm in the xy 

plane and about 500 nm along z. 

2.5.3 Dark-field microscopy (DFM) 

In DF microscopy, the unscattered beam is excluded from the image. For this reason the 

optical microscope is additionally equipped with  a specially sized disc, a patch or annular 

stop which are used to create a cone of oblique illumination by partially blocking an incident 

light (Fig. 2.16). The condenser lens focuses the light at the sample. If there are no reflective 

objects, all the light will be transmitted and omitted due to the presence of a direct 

illumination block. Only the scattered light will enter the objective, creating a high-contrast 

bright image at the dark background.  

We used DF microscopy for investigations of 8CB samples doped with Au NPs of diameter 

d = (30 – 50) nm, as it is known that starting from nanoparticle size of about 30 nm scattering 

begins to be significant 181. 
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Figure 2.16: A principal scheme of dark field microscopy194. 

 

 Direct comparison of linear defect array containing Au NPs pictured with a help of 

optical microscope in DF mode and bright field mode under the crossed polarizers suggests 

that scattering from Au NPs is veiled by much stronger signal coming from anisotropic LC 

matrix. 
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3. Closed cells with hybrid anchoring conditions 

In the past few years, thermotropic smectic A (SmA) liquid crystals (LC) have 

emerged as a promising class of materials for creating large-area 1D39,74,76,100 and 2D38,66-

70,195 periodic micropatterns to be used in application such as guided assembly of 

dispersed colloids and nanoparticles68,76,95,100, soft lithography72,196 and microlens arrays73. 

The main feature of the SmA patterns and arrays is the presence of topological defects 

that are nucleated in films subjected to incompatible (hybrid) homeotropic-planar 

anchoring conditions. The director field n, and the orientation and shape of the smectic 

lamellae results from the balance between bulk elastic (structural) forces due to layer 

deformation, surface anchoring and geometrical boundary conditions. To satisfy 

anchoring conditions, the lamellae are expected to bend in a curved shape, which is 

schematized in Figure I.1. The deformation field is associated with singularities – 

disclinations and dislocations lines, and wall defects (Chapter 1.4.)  – and may be partially 

released by allowing local departures from the anchoring conditions38  and/or confocality 

rule 197-199.  Defects interact with each other and with the interfaces via long-range elastic 

forces generated by the deformation, and self-assemble into multi-defect domains whose 

symmetry reflects that of the interfaces. Surfaces that do not impose any particular in-

plane alignment, such as degenerate parallel (planar) and normal (homeotropic) 

anchoring, produce axially symmetric defect domains known as toroidal focal conic 

domains (FCDs) that self-organize into close-packed hexagonal lattices66,67,69,72,73 (Fig. 

I.2). On the other hand, oriented 1D arrays of straight linear domains (LDs)39,74-76,100 (Fig. 

I.4)  and lattices of eccentric FCDs38,70 (Fig. I.4 and 1.13 (d)) are created at the interface 

between air, inducing homeotropic anchoring, and substrates inducing unidirectional 

planar anchoring. 

In this thesis, we have considered for the first time the effect of external electric 

fields on the formation, morphology and period of defect arrays formed in SmA films 

sandwiched between rigid electrode plates under hybrid anchoring conditions. The electric 

field was applied normal to the plates and the director n tended to align parallel or 

perpendicular to the field for positive and negative dielectric anisotropy of LC 

respectively. We were able to create highly oriented 1D arrays and 2D lattices and control 

the pattern type (1D/2D) and period by varying the film thickness and/or the applied 

electric field. Striped patterns were stable over the entire temperature range of the SmA 
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phase, as opposed to transitional effects reported in Cladis and Torza200. In contrast with 

field-driven electro-hydrodynamic patterns observed in the nematic (Nem) phase 

(Williams domains44), our patterns corresponded to static arrangements of the SmA 

lamellae. Pattern morphology could be controlled at the Nem → SmA but remained 

largely unaffected by field variations applied in the SmA phase. Therefore, the system 

was bistable in the SmA phase, i.e., different pattern morphologies could be obtained for a 

same voltage depending on the voltage applied during the N-SmA transition. Such 

behavior indicates that large energy barriers hinder the rearrangement of defect patterns in 

response to applied fields 

3.1. Field-off patterns 

Fig. 3.1 shows large-area periodic arrays of LDs obtained in the SmA phase of two 

thermotropic LCs, 8CB and SCE12. The phase sequences of these compounds are given in 

Chapter 2.1 and include a chiral phases for SCE12. 8CB and SCE12 differ in their 

chemical-physical properties, e.g. the dielectric anisotropy, εa, is positive for 8CB and 

negative for SCE12 (see Chapter 2.1). The samples were confined to a thickness h ≤ 2 µm 

in a closed hybrid cell geometry using the procedure described in Chapter 2.4.2. As a 

planar aligning layer we used rubbed polymer polyimide (PI), whereas homeotropic 

anchoring was obtained using OTS. Under a Polarizing Optical Microscope (POM) with 

crossed polarizers the samples appeared as a sequence of alternating dark (non-

birefringent) and bright straight lines, perpendicular to the planar anchoring direction x 

(Fig. 3.1). The transmitted light intensity showed a sinusoidal modulation along x due to a 

periodic variation of the refractive index. Such modulation diffracted the light of a green 

laser beam under normal incidence (Fig. 3.1, Inset).  
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Figure 3.1: POM images of large-area, self-assembled arrays of LDs obtained in the 

absence of electric field. The planar anchoring direction was parallel to x and the 

polarizers were oriented as shown by the cross. (a) 8CB sample with thickness h = 1.2 µm 

and period d = 2.6 µm. Inset: Diffraction pattern for green laser light. (b) SCE12 sample 

with h = 1.2 µm and period d = 2.7 µm. 

 

When the sample thickness h increased above 1.3 µm, LD arrays coexisted with 

isolated FCDs and patches of FCD lattice, which developed into a full close-packed 2D 

lattice as the thickness was increased above 2 µm (Fig. 3.2). 

 

Figure 3.2: (a) POM image of a close-packed lattice of non-toroidal FCDs obtained in the 

absence of electric field. The planar anchoring was parallel to x and the polarizers were 

oriented as shown by the cross. The sample thickness was h = 2.7 µm and then period 

d = 4.6 µm. Inset: Diffraction pattern at normal incidence for green laser light, showing 

hexagonal symmetry. (b) Region of coexistence at the transition between FCDs and LDs 

(h = 1.2 – 1.8 µm). 
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Laser diffraction showed that the lattice was hexagonal (Fig. 3.2, Inset). For both 

LD arrays and FCD lattices, the period d increased almost linearly when h increased, 

d = d0 + V0h, with different slopes V0 and offset d0 for LDs and FCDs (Fig. 3.3). Notice 

that the slope was V0 = 2 for LDs formed in both 8CB and SCE12, indicating that a similar 

array structure was created for the two compounds, despite their different chemical 

structure. At the transition between the two pattern types, the lateral size of isolated FCD 

and the period of FCD patches were comparable to the period in LD regions. 

 

Figure 3.3: Lateral domain size (period) d as a function of the film thickness h. Circles 

and triangles indicate respectively LDs and FCDs for 8CB samples. White squares in the 

foreground correspond to LDs formed in SCE12. Solid and dotted lines are linear fits, 

d = d0 + V0h, with d0 = 0.3 µm and V0 = 2 for LDs, and d0 = 3.1 µm and V0 = 0.62 for 

FCDs. Each color corresponds to a different sample.  

 

In cells with uniform thickness h, the period d of LD arrays was constant. Uniform 

arrays covering areas as large as 0.1 mm2 (more than 0.3 mm lateral size) could be 

routinely obtained. Also, LDs running across the entire uniform area without interruptions 

or changes in brightness were frequently observed (Fig. 3.1). For a given h, the lateral 

domain size d (i.e. the local array period) varied slightly among the different domains and 

from sample to sample. The dispersion was δd / d < 0.2 for LD arrays and increased for 

FCD lattices. Such dispersion is much larger than the experimental errors on d, and 

appears to be intrinsic to the mechanisms of defect nucleation, self-assembly and close-

packing that lead to pattern formation.         
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Simple POM observations of 8CB samples provided a coarse-grained picture of the 

director field inside the striped LD arrays presented in Fig. 3.4 (a). 

 

Figure 3.4: (a) Cross-sectional view of the internal LD structure in the absence of a field. 

Molecules are shown as blue rods, lamellae as lines. n is the director, perpendicular to the 

lamellae, and a is the lamella thickness. Lamellae are added confocally to the lamella 

shown as a thick line. (b) Phase retardation Г of the brightest regions (x = ± d/2) as a 

function of the sample thickness h. Different colors correspond to different samples. The 

solid line corresponds to Г = hδn with birefringence δn = 0.13. (c) Disclination lines and 

curvature walls are expected at the boundary between neighboring domains and at the 

domain center O (black dots). 

 

The director n lied in a vertical plane parallel to x, was invariant along the 

perpendicular direction y and was periodically tilted from the surface normal z towards the 

direction x. Because of the tilt modulation, the laser diffraction was barely detectable 

when the light polarization was parallel to y, i.e. perpendicular to n and insensitive to the 

tilt modulation. Non birefringent dark lines of the LD array corresponded to homeotropic 

regions where n was almost normal to the surfaces (zero tilt) across the film thickness, 

whereas bright lines corresponded to maximum tilt. In the bright lines, the optical phase 



 

74 

 

retardation Г = hδn increased linearly with the sample thickness h, with local 

birefringence δn = 0.13 close to the maximum value δn0 = 0.165 for 8CB at room 

temperature151 (Fig. 3.4 (b)). This showed that n was planar (90° tilt) across most of the 

film thickness. Such coarse grained picture of the director field and lamellae arrangement 

in the LD arrays is similar to that obtained by POM for open 8CB films deposited on 

crystalline surfaces (Fig I.4 (a)) and further detailed by high-resolution X-ray diffraction 

measurements39,74,75,201. These studies have shown that LDs contain lamellae that satisfy 

both anchoring conditions by starting and ending with a vertical orientation (n planar) on 

the planar anchoring surface, and passing through a horizontal orientation (n homeotropic) 

in between (see thick lamella in Fig. 3.4 (a)). The lamellae are shaped as hemicylinders 

flattened along the confinement direction z. Building on these ideas, we propose a simple 

explanation for the slope V0 = 2 of the d vs. h curve of LD arrays (Fig. 3.3). When h 

increases, LDs grow confocally by propagating the flattened hemicylinder shape: adding 

one lamella on top increases the domain height h by a and the lateral size d by 2a (Fig. 3.4 

(a)). However, if the domain has height h above the rubbed polymer substrate at the 

domain center (x = 0, Fig. 3.4(a)), there should be n = h/a lamellae inside it, spanning a 

distance d = 2na = 2h along x. The presence of an offset such that d = d0 + 2h > 2h 

indicates that not all lamellae inside the LDs are built confocally, but there are non-

confocal regions inside and surrounding the confocal domain. The latter regions are 

typically located in the proximity of topological defects. In our samples we expect a 

defect, most likely a disclination line, at the domain center where the confocal 

construction leaves the lamellae orientation undefined (point O with x = 0 and z = 0 in 

Fig. 3.4 (a)). At the domain boundary, the lamellae close to the homeotropic surface must 

be flat to conform to the boundary plate and suddenly bend by 90° to reach the polymer 

surface with a vertical orientation (point with x  = ± d/2 and z = h in Fig. 3.4 (a)). Most 

likely, these lamellae locally violate the homeotropic anchoring and reach the domain 

boundary with a tilted orientation, thereby creating a curvature wall or a disclination line 

(Fig. 3.4 (c)).  

It is more difficult to determine the lamellae arrangement inside the FCDs due to 

3D nature of the FCD implying many parameters to describe eccentricity, orientation, 

completeness, etc. By analogy with similar patterns obtained in open films38 and closed 

cells70,202 we deduce that the FCDs (Fig. 3.2 (a)) were non-toroidal (eccentric), with the 

major axis of the ellipse oriented along the anchoring direction x and the conjugated 
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hyperbola lying in the vertical plane parallel to x (Fig. 1.13 (d)). Fluorescent confocal 

polarizing microscopy (FCPM) studying (Chapter 2.5.3) of 8CB hybrid cells with 

h > 2.5 µm doped with the dichroic laser dye Coumarin 6 (Chapter 2.2.1) have confirmed 

our assumption (Fig. 3.5). Horizontal FCPM sections, taken with the polarizer P parallel 

(Fig. 3.5 (a)) and perpendicular (Fig. 3.5 (b)) to the planar anchoring direction x, show a 

2D quasi-hexagonal FCD lattice, similar to the one observed in open cells (Fig. 2.14)38. 

Figures 3.5 (a-c) show that one of the asymptotes of the hyperbola H, namely the one pointing 

towards the OTS surface, is almost vertical so that the conjugated ellipse E appears as a circle 

when viewed along the surface normal, z. The hyperbola H, lies in the vertical xz plane and 

passes at the focus F of E with an inclination of approximately 45° (Fig. 3.5 (c)). When P  x 

(Fig. 3.5 (b, d)) the image plane intersects the ellipse E and the FCDs have characteristic 

double-lobed mustache-like shape. Vertical sections taken on yz planes perpendicular to 

the plane of the hyperbola, do not intersect H when the plane is on the opposite side of F 

with respect to the ellipse center O (Fig. 3.5 (d1-d2)) and intersect H at a point (crosses in 

Fig. 3.5 (d3-d5)), that approached the PI surface as the vertical plane moves towards the 

edge of the FCD, when the yz plane is on the same side of O as F. These results are very 

similar to those obtained in open 8CB films deposited on PI and mica substrates38. 
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Figure 3.5: FCPM images of 2D arrays of FCDs obtained in the absence of a field. P, x 

and z are respectively the direction of linear polarization, planar anchoring direction and 

surface normal. The ellipse E with center O and focus F is tilted by 45° from the surfaces. 

The conjugated hyperbola H lies in the vertical plane xz. (a-b) Horizontal sections. (c) 

Vertical section in the plane of H showing the 45° inclination of H around F.  (d1-d5) 

Vertical sections in planes orthogonal to the plane of h. The location of the planes in the 

array is shown in Fig. (b) and (c). Crosses indicate the intersection of H with the yz 

planes. The asymptotes of H point approximately along x and z, so that E appears as a 

circle when viewed along these axes (Fig. (a, b and d)). 

3.2. Field-on patterns. 8CB 

We prepared 8CB samples with thickness h = (6 – 13) µm that produced 2D 

lattices of FCDs in the absence of a field. When a DC voltage V was applied while 

keeping the sample in the SmA phase, the overall pattern morphology remained 
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unaffected. However, when samples were cooled down from the isotropic (Iso) phase 

while applying the same voltage V, 1D arrays of LDs could be created at the Nem – SmA 

transition if V was sufficiently high (Fig. 3.6). 

 

Figure 3.6: LDs created by applying an electric field in an 8CB sample while cooling 

from the Nem to the SmA phase. (a) Film thickness h = 7.1 µm, voltage V = 5 V. The 

inset shows the FCD lattice formed in the same region after cooling from Nem phase with 

a lower voltage. (b) h =  8.1 µm, voltage V = 8 V 

. 

The size d of the LDs increased approximately linearly with the film thickness h 

and decreased with V (Fig. 3.7 (a)). For V > 10 V, the period of the LDs was too small to 

be resolved by POM but the white light coming from the microscope lamp was diffracted 

along the x direction with a green-blue tint, indicative of a LD arrays with small period d. 

The slope of the d vs. h line decreased as V increased and was smaller than the value V0 = 

2 measured for LDs in the absence of a field. When V was decreased below about 5 V, 

FCDs appeared first in thick regions of the SmA sample, then in regions with decreasing 

thickness as V was further decreased. As for the E = 0 case (Fig. 3.3), LDs coexisted with 

FCDs in the transition region. 
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Figure 3.7: (a) Lateral size d of LDs as a function of the film thickness h for different 

values of DC voltage V. One symbol was used for each voltage. For a given voltage, 

different colors correspond to different samples. For each V, the point with maximum d is 

the latest stable point before the complete transition to a FCD lattice. The error bar shows 

the typical dispersion of the d measurements. (b) Size d as a function of the inverse of the 

electric field E = V/h. In the shaded region, LDs coexist with FCDs. The straight dotted 

line has equation d = d0 + V0 / E with d0 = 0.3 µm and V0 = 1.4.  

 

This seemingly complex response to changes of thickness and voltage was much 

simplified by considering d as function of the inverse of the electric field 1/E = h/V 

(Fig. 3.7 (b)). All d(h,V) curves reduced to a linear master curve, to d = d0 + V0 /E, with 

slope V0 = 1.4 V and offset d0 = 0.3 µm. Moreover, it became apparent that LDs and FCDs 

coexisted when 1/E was between 1.6 V µm-1and 2.3 V µm-1, and the transition from 2D to 

1D was complete only for 1/E < 1/1.6 V µm-1 corresponding to E > 0.6 V µm-1 

(Fig. 3.7 (b)). A similar behavior was observed when the field was modulated (sinusoidal 

AC voltage) at frequencies ranging from 0.1 to 100 kHz. The period, d, increased linearly 

with the inverse of the electric field 1/E = h/V, where V = VRMS, with a smaller slope 

V0 = 0.62 V and offset d0 = 0.2 µm (Fig. 3.8). For a given voltage V, the period of the LD 

arrays was uniform over areas with uniform thickness h (i.e. uniform E) and we could 

routinely obtain areas as wide as 0.3 mm showing uniform period d. The period dispersion 

was δd / d < 0.2, comparable to that obtained for field-off patterns (Fig. 3.1). In contrast to 

the latter case, the LDs were frequently interrupted and showed variations of brightness 

along their length. The average length of uninterrupted domains was significantly smaller 

than the lateral extension of regions with uniform d (Fig. 3.6).   
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Figure 3.8: Lateral size, d, as a function of the inverse of the electric field E = VRMS/h, 

corresponding to sinusoidal AC fields with variable RMS amplitude and fixed 1 kHz 

frequency (black rectangles) and variable frequency (0.1 - 100 kHz) with fixed amplitude 

(red circles). The dashed line is a linear fit of the data described by an equation d = d0 + 

V0/ E with d0 = 0.2 μm and V0 = 0.62 V. 

 

To understand the similarities observed in the E = 0 case for a varying thickness 

and in the E  > 0 case for a varying field strength, we consider the director field n in the 

Nem phase and how it changes in response to variation of E at the SmA-Nem transition 

(Fig. 3.9). 
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Figure 3.9: Internal structure of a linear domain in the presence of an electric field E. In 

the Nem phase, the director n tilts from the surface normal z in a layer of thickness given 

by the coherence length ξ ∝ V0/E. The height of the LD in the SmA is comparable to ξ. 

Varying E is not sufficient to change the size of the LDs due to the topological barrier 

preventing the creation, rearrangement and adsorption of the defects (black dots).  

 

When E tends to zero, the tilt angle varies linearly and uniformly across the entire 

sample thickness h, rotating from zero to 90° along the surface normal z (Fig. 3.9 (a)). The 

application of a field introduces a dielectric term - (εa/2) (n∙E)2 in the free energy, where 

εa is the dielectric anisotropy, that couples the director distortion with the external field. 

When E is increased in the Nem phase, an increasingly thick portion of the LC film close 

to the surface inducing homeotropic anchoring becomes uniform and homeotropic (i.e., 

n||E). The region where n significantly tilts from z and E becomes increasingly confined 

near the surface inducing planar anchoring (Fig. 3.9 (b)). The thickness of this region is 

given by the electric coherence length ξ = (K / ε0εa)1/2 /E, where K is the elastic constant of 

the LC and ε0 the permittivity of vacuum44. As the sample is cooled to the SmA phase, the 

homeotropic region turns into a set of mostly flat horizontal lamellae while curved 

lamellae are formed in the tilt region (Fig. 3.9 (c-d)). Thus the electric field E has an 

effect analogous to that of a compression that reduces  ̶  from h to ξ  ̶  the thickness 

available for creating curved lamellae.  
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Our hypothesis is supported by FCPM measurements (Chapter 2.5.3). For FCPM 

observations we prepared a similar 8CB hybrid cell of thickness h = 13 µm doped with the 

dichroic laser dye Nile Red (NR) (Chapter 2.2.1. The orthogonal xz cross-sections of the 

sample in the Iso, Nem and SmA phases are shown in Fig. 3.10 as function of an AC 

voltage (applied through the Nem to SmA transition). The incident light polarization P 

and thus the detected signal were parallel to the planar anchoring direction x, P || x. The 

frequency was fixed to 1 kHz.  

 

Figure 3.10: FCPM images of xz cross-section of 8CB containing fluorescent Nile Red. 

(a) Iso phase with voltage VRMS = 8 V and 1 kHz sinusoidal AC field applied. (b-c) Nem 

and SmA phase under the same conditions (d) Heating again in the Nem phase with 

VRMS = 4 V, (e) SmA phase with VRMS = 4 V. (f) SmA phase with VRMS = 3 V. x and P 

indicate the direction of planar anchoring and polarization. The sample thickness was h = 

13 µm. Scale bar is 4 µm. 

 

In the absence of the electric field the measured fluorescence intensity in the Iso 

phase was uniformly distributed across the LC film thickness (Fig. 3.10 (a)). This 

corresponds to the random molecules orientation typical for the Iso phase (Fig. 1.1). When 

a 1 kHz AC field with voltage VRMS = 8 V was applied in the Nem phase (Fig. 3.10 (b)) 

the intensity increased as the director tilted from the substrate normal: going from 0° tilt 

and minimum fluorescence intensity at the homeotropic interface (bottom of the image) to 

90° and maximum fluorescence intensity at the planar interface (top of the image). Thus, 
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it must be noted that fluorescence intensity is not only due to the n orientation, but the 

light adsorption in the LC bulk also may decrease the measured signal. The region where 

n was significantly tilted from the normal was confined close to the surface imposing 

planar anchoring and produced LD array with a period d = 1.3 µm in the SmA phase 

(Fig. 3.10 (c)). As an amplitude of the electric field was decreased to 4 V, LDs with a 

larger period d = 2.1 µm were formed during the Nem – SmA transition (Fig. 3.10 (d-e)). 

Fig. 3.10 (f) exhibits a more complex director distribution representing an orthogonal cut 

of FCD lattice which were formed in SmA phase during the transition with a small applied 

field. 

In the N phase we expected a bright region to appear more and more confined close 

to the planar interface as we were increased the applied voltage above the threshold value 

of Frederic’s transition. One can notice in Fig. 3.10 (b) and (d) quite similar fluorescence 

intensity distribution in the N phase through the sample thickness under applied 1  kHz AC 

field 8 V and 4 V respectively. The maximum vertical resolution of the fluorescent 

microscope, being 500 nm, was not sufficient to resolve and estimate a confinement 

thickness, ξ, which is expected to be of the same order. Nevertheless, one can see that LD 

arrays were formed in the tiny region close to the planar interface where we observed the 

director tilt in the N phase. Accordingly, we can induce a transition from 1D arrays to 2D 

lattices either by decreasing the thickness with E = 0, or by increasing E.  

Following the model of Fig. 3.4 (a) and replacing h with ξ, we expect d = d0 + 2 ξ . 

For 8CB, K = 9 pN, εa = 9 and ξ ≈ 0.3 V / E (V µm-1) a few degrees above the Nem-SmA 

transition118 (Table 2.1). Notice that ξ = Vs /πE where Vs =π (K / ε0εa)1/2 is the Frederick’s 

transition threshold voltage (Chapter 1.6). Therefore we expected d = d0 + V0 / E where V0 

/ E = 2 ξ  with V0 = 0.6 V. In the case of AC fields, this was indeed the case. On the other 

hand, for DC fields we obtained d = d0 + 1.4 / E = d0 +4.7 ξ. In all cases, including field-

off, DC field and AC field, the offset was d0 = 0.2 - 0.3 µm.  

In a hybrid (planar-homeotropic) nematic cell subject to DC voltage, 

flexoelectricity and surface interactions (e.g. accumulation of ionic impurities at the 

electrodes) may create a polarization field P that contributes to the free energy with terms 

of the P∙E type63,203. These effects can be time-averaged to zero by applying AC fields 

with frequencies in the kHz range204. We obtained different pattern dependence on DC 

and AC fields (Fig. 3.7 (b) and 3.8), showing that polarization effects in the Nem phase 
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were significant in establishing the properties of the patterns in the SmA phase. The 

additional constraints of the SmA phase on the n also may play an important role.  For 

instance, for E > 0 the topmost layer (reaching the maximum height z) of a flattened 

hemicylinder does not reach the homeotropic boundary and does not have to conform to 

the rigid plate geometry. Therefore hemicylinders can be more rounded at the top and 

defects at the domain boundaries may differ from the E = 0 case (Fig, 3.9 (c-d)). These 

differences are also reflected in the behaviour of the 1D-2D transition. For E = 0 

(Fig. 3.2 (b) and 3.3), LDs and FCDs of comparable size d = (3.6 – 4.4) µm coexisted in 

the transition region with h = (1.3 – 1.9) µm. For E > 0 (Fig. 3.7 (b)), the domain size 

increased discontinuously at the transition, the FCD size being almost double the LD size. 

The size of the LDs and FCDs in the transition region were respectively smaller and larger 

than the size observed in the absence of a field. 

3.3. Field-on patterns. SCE12 

When LC has negative dielectric anisotropy, a < 0, as it is the case for SCE12, 

application of an external electric field in the Nem phase leads to the director  reorientation 

perpendicular to the field. Accordingly, in SCE12 hybrid cell the thickness of the region 

with n oriented parallel to the substrates increased as the field strength is increased. The 

region where n rotates from normal to parallel orientation in respect to the substrates is 

confined close to the homeotropic anchoring surface. The SmA textures created in 7 µm 

thick cell in the absence of the field and by sinusoidal 5 kHz AC field application during 

the Nem → SmA phase transition are shown in Fig. 3.11. Typically for hybrid cells, LDs 

were formed perpendicular to the rubbing direction (Fig. 3.11 (b)). However, LDs were 

less straight than in the case of 8CB, where the domains are formed close to the planar 

anchoring surface. Most likely, the director could deviate more from the planar anchoring 

orientation x through the thick region of the LC film where the director was turned planar. 

As the temperature was slightly decreased from 110 °C to 108 °C the LD array was 

replaced by another texture reminiscent of FCDs growing parallel to the rubbing direction 

in thick cells without a field (Fig. 3.11 (b-c) respectively). Decreasing the AC field 

strength while keeping the temperature constant or switching the field off resulted in 

formation of the SmA pattern shown in the Fig. 3.11 (c). 
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Figure 3.11: POM images showing SmA textures formed in the SCE12 hybrid cell with a 

< 0 of thickness 7 µm at the Nem → SmA transition (a) in the absence of the field and 

under applied sinusoidal 5 kHz AC field of (b) 18 V at 110 °C and (c) 18 V at 108 °C. The 

planar anchoring orientation x is indicated by arrows. The scale bar is 20 µm. Images were 

taken with crossed polarizers. 

 

3.4. Texture persistence and bistability 

When the field strength was varied in the 8CB SmA phase after creating a 1D array 

or 2D, the pattern type did not change and the period remained almost constant for more 

than one day after varying the field (Fig. 3.12). For both LD arrays and FCD lattices we 

observed only a small decrease of domain birefringence due to widening of the 

homeotropic regions and/or decreasing birefringence of the bright regions. In particular, 

applying a field E higher 0.6 V/µm during the Nem-SmA transition created a LD array, 

but switching from zero to the same value of E in the SmA phase created a persistent FCD 

lattice. Therefore, the system was bistable and the creation of a 1D or 2D texture 

depended on how the field and temperature were varied. 
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Figure 3.12: (a) Persistence of LD array period d as a function of the voltage V in the 

SmA phase. Dots correspond to arrays created by applying the voltage while cooling from 

the Nem to the SmA phase. d varied as a function of V and, for V < 5 V, 1D arrays were 

replaced by 2D lattices. Triangles correspond to an array created by applying a 8 V DC 

voltage in the Nem phase. After the transition, the voltage was first increased (purple 

triangles) then decreased (green triangles) while keeping the sample in the SmA phase, 

without reheating in the Nem phase. In this case, d did not change with V and the 1D-2D 

transition was not observed. The sample thickness was h = 11.7 µm. (b) Reducing the 

thickness of the region where lamellae are curved requires removing a curved lamella and 

creating dislocations (t symbols). Dots indicate disclinations lines and curvature walls.  

 

When a FCD lattice was heated to the Nem phase without changing the field, a 

faint lattice texture was observed by POM in the Nem phase due to surface memory effect, 

i.e. the persistence in the Nem phase of the n field created on the substrates in the SmA 

phase38,140. The print could be erased in the isotropic phase by increasing the field voltage, 

and LD arrays could be created upon cooling into the SmA phase with E > 0.6 µm/V. 

However, when a LD array was heated to the Nem phase without changing the field, we 

could not detect the print of the LD texture. Therefore, surface memory effect could 

stabilize a persistent 2D pattern and hinder the field-induced transition to 1D array, but 

does not explain the persistence of 1D patterns and their period when the field is 

decreased or switched off.  

The likely cause of the pattern bistability and persistence is that rearranging the 

lamellae in response to variations of the confinement thickness (h when E = 0 or ξ when 

E > 0) involves large energy barriers: the samples remained locked or 'frozen' in a non-
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equilibrium state at the Nem-SmA transition, where the constraints of the SmA phase 

were activated. Indeed, the study of striped patterns and two-dimensional (translation-

invariant) periodic materials, particularly liquid crystals205,206 and cylindrical bloc 

copolymers205,207,208, has shown that pattern kinetics is dominated by the large energy 

barriers required to change the number, type and relative distances of topological defects. 

Namely, the conservation of the total Burger's vector acts as a global constraint during 

pattern transformation. Defects also affect the macroscale rheology of SmA LC phases 

and generate bistability in SmA displays209. Fig. 3.12 (b) schematically shows the 

progressive confinement of a 1D array of LDs due to an increasing electric field. As ξ is 

reduced, a stack of horizontal layers grows from the surface inducing homeotropic 

anchoring and curved lamellae must be progressively removed from the flattened 

hemicylinder. Layer removal involves the creation of dislocations, an energy-costly 

process that requires violation of the constant-period constraint (confocal rule) around the 

dislocation core. 

Conclusions  

Applying electric fields is a simple and effective way to guide the nucleation of 

defects and their self-assembly in SmA film into periodic micropatterns. Compared to 

other methods such as microchannel confinement68 or surface patterning210, applying 

electric fields gives the advantage of reconfigurability and bistability that are sought for 

V0 applications73,209,211 and may be beneficial in many applications such as guided 

assembly of nanoparticles, interacting with defects76 and fabrication of microlens arrays73. 

Moreover, 1D arrays with periods smaller than 1 µm can be easily created by applying 

electric fields to thick cells, instead of fabricating sub-micron cells without field. From the 

fundamental point of view, the smectic order in 1D array has the property of being 

translation-invariant (along y, Fig. 3.4 (a)) and can be studied using the methods 

developed for two-dimensional periodic systems such as block copolymers205,207, natural 

patterns, wavelets and wrinkles212,213 and smectic phases of superconducting materials214. 

Also, our work with closed cells and electric field evidences the generality – yet to be 

explained theoretically – of the confinement-induced 2D to 1D transition for a decreasing 

confinement thickness, previously reported for open films of 8CB on various substrates 

(molybdenite39, mica74 and poly-vinyl alcohol76). This phenomenon is largely independent 

on the confinement type (sample thickness h or coherence length ξ), interface chemistry 



 

87 

 

(8CB or SCE12 at various substrates), boundary rigidity (glass plates vs. air interface), 

surface anchoring strength, pre-tilt and order (smooth crystalline vs. rough amorphous 

polymer substrate), as long as the surfaces induce conflicting homeotropic and 

unidirectional planar anchoring. 
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4. Planar cells and generality of the 1D/2D transition  

In the previous chapter we showed that large-area 1D arrays of LDs or 2D lattices 

of eccentric FCDs can be formed in SmA films subject to hybrid anchoring conditions. 

LD arrays were first observed in 8CB droplets deposited on cleaved substrates of 

crystalline MoS2 (Fig. I.4 (b))39 and mica (Fig. I.4 (c))74. More recently, LDs were 

obtained in thin 8CB films spin-coated on PVA (Fig. I.7 (b) Inset)77 and the structure of 

the FCD lattices was studied for thick droplets deposited on rubbed PI and mica 

(Fig. 2.14)38. In Chapter 3 we showed that both LD arrays and FCD lattices can be created 

in closed cell with hybrid anchoring conditions as a function of the film thickness and 

applied electric field. It was pointed out that the arrays appear at the transition from the 

Nem to SmA phase, and are stabilized against variations of the applied field by strong 

topological constraints of the SmA phase.  

These observations raise a number of questions: (a) How general are the 

phenomena of pattern formation and thickness dependence in SmA films? For instance, 

how similar are the period vs. thickness curves, and critical thickness for the 1D/2D 

transition for various LC compounds and anchoring interfaces? (b) Defects are formed at 

the transition to the SmA phase from Nem phase, where the director field n is distorted in 

a splay-bend configuration. Is the bend deformation, ∇ × 𝐧, completely expelled from the 

SmA and is the layer thickness uniform in the LC film? At what point do De Gennes 

theory and analogy with superconductors (Chapter 1.1.3) become relevant to describe the 

behavior of the SmA LCs? Namely, the analogy with superconductor suggests that a 

strong bend can penetrate the SmA phase either in the form of Nem domains for a type-I 

material, or an array of dislocations for a type-II material. Could the transition from 2D 

FCD lattices to 1D LD arrays be related to such transition from the Nem phase to the 

“frustrated” SmA phase with an excess of bend deformation?  

4.1. Survey of pattern formation for various liquid crystals and hybrid 

anchoring conditions 

As first towards understanding the nature of the 2D/1D transition we carried out a 

survey of various SmA LCs confined under hybrid anchoring conditions (without applied 

electric field). We considered 6 different liquid crystals (8CB, 10CB, 8OCB, SCE12, 
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CS1024 and 9004 – see Chapter 2.1 and Table 4.1), 4 substrates inducing planar 

anchoring (MoS2, mica, PVA, PI) and 2 homeotropic interfaces (air or OTS). The survey 

included both open films with a deformable air-LC interface and closed cells with rigid 

boundaries. 

Table 4.1: 

The phase sequences of studied LC compounds with decreasing temperature 

 

LC Phase sequence with decreasing temperature 

8CB Isotropic ↔ Nem  ↔ SmA ↔ Crystalline 

CS1024 Isotropic ↔ N*↔ SmA ↔ SmC* ↔ Crystalline 

SCE12 Isotropic ↔ N*↔ SmA ↔ SmC* ↔ Crystalline 

8OCB Isotropic ↔ Nem  ↔ SmA ↔ Crystalline 

9004 Isotropic ↔ Nem  ↔ SmA ↔ SmC* ↔ SmB ↔ Crystalline 

10CB Isotropic ↔ SmA ↔ Crystalline 

 

Depending on the LC, different techniques can be used for open film preparation: 

spontaneous spreading (wetting) of a droplet in the low-viscosity isotropic or nematic 

phase, or deposition of a droplet (drop-casting) of LC-solvent solution, with or without 

spin-coating, followed by solvent evaporating. The spontaneous spreading method is 

applicable to liquid crystals that wet the planar interface. However, it is complicated to 

obtain droplets with uniform thickness. Non-uniformity results in defect patterns that have 

a constant period over rather small areas. The drop-casting and spin-coating methods 

produce more uniform film thickness, but put the solvent in contact with the substrate 

which may affect the anchoring conditions, especially for rubbed polymer surfaces. 

Closed cells require a longer fabrication process but offer the advantage that the liquid 

crystal can be easily filled in the isotropic phase (Chapter 2.4).   
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Figure 4.1: SmA textures of various LCs obtained in open cell geometry on different 

substrates by (a, e-f) wetting and (b-d) spin-coating. Larger LD domains correspond to 

thicker LC films and are replaced by FCDs after the film thickness exceeds (1-1.5) µm. 

Arrows indicate the planar anchoring direction x. POM images were taken with crossed 

polarizers. The scalebar on each image is 10 µm. 
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Figure 4.2: FCD textures of various LCs obtained in open cell geometry and film 

thickness h > 1.5 µm on different substrates by (a-b) wetting and (c) spin-coating. Arrows 

indicate the planar anchoring direction x. POM images were taken with crossed polarizers. 

The scalebar on each image is 10 µm. 

 

 

Figure 4.3: LD arrays formed by various LCs confined between rigid boundaries. Rubbed 

polymer and crystalline substrates were used to induce planar anchoring and silane 

surfactant (OTS) for homeotropic anchoring. Arrows indicate the planar anchoring 

direction x. POM images were taken with crossed polarizers. The scalebar on each image 

is 20 µm. 
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Figure 4.4: FCD textures formed by various LCs confined between rigid boundaries. 

Rubbed polymers and crystalline substrates were used to induce planar anchoring and 

silane surfactant (OTS) for homeotropic anchoring. Arrows indicate the planar anchoring 

direction x. POM images were taken with crossed polarizers. The scalebar on each image 

is 20 µm. 

 

We found that LD arrays and FCDs with various morphology were created in all 

cases considered, both in open films (Fig. 4.1-2) and closed cells (Fig. 4.3-4), with the 

remarkable exception of 10CB on polymer substrates (Fig. 4.5). As a general rule, when 

the LC could be aligned in a uniform texture in the Nem or N* thin films, straight LD 

arrays invariably appeared at the transition to the SmA. Notice that our survey included 

LCs with different molecular structure and phase sequence (for instance 8CB and SCE12 

in Table 4.1) as well as interfaces with different physical properties (deformable air 

interface and rigid plates), roughness and degree of order (crystalline mica vs. amorphous 

polymer surfaces).  

The only exception to this rule was 10CB that lacks the Nem phase and shows 

direct SmA → Iso transition as the temperature is increased (Table 4.1). 10CB films were 

confined in wedge hybrid cells (PI|10CB|OTS) with thickness (0.5 – 2.5) µm. When 

cooled down from Iso phase, a uniform non-birefringent texture was observed, with 

molecules oriented normal to both interfaces. Therefore, the planar anchoring was broken 

in the SmA phase to the advantage of the homeotropic anchoring. A further decrease of 

temperature into the crystalline phase led to molecule reorientation with a birefringent 

texture that persisted when the sample was heated back in the SmA phase (Fig. 4.5). The 

texture was typical of homogeneous planar cells (see below), suggesting that the 

homeotropic anchoring was violated. Small-area patches of LDs and FCDs were observed 
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in this ‘planar’ texture (Fig. 4.5), but the defect morphology was different from that 

observed for the other systems considered in our survey. Such alignment behavior as 

function of the temperature was reproduced in repeated cooling/heating cycles. These 

observations suggest that the presence of the Nem or N* phase at high temperature is 

important to create defect patterns at the transition to the SmA phase. 

 

Figure 4.5: POM image of the SmA textures in a 10CB cells with hybrid anchoring 

conditions. Arrow indicates the planar anchoring direction x. The scalebar is 20 µm.  

 

4.2. Period vs. thickness curves    

Figure 4.6 (a) shows the period d as a function of the film thickness h of LD arrays 

formed for various combinations of SmA LCs and interfaces, including open films and 

closed cells. For closed cells, h was measured using an interferometry method in 

transmission before injecting the LC (i.e. h was measured in air) whereas h was measured 

in reflection for open films deposited on a highly reflective Si wafers (Chapter 2.5.1). The 

thickness measurement was done assuming that the phase of light waves traversing the LC 

film was proportional to the h and zero phase shift upon reflection at the interfaces. In 

fact, the reflection phase shift may be different from zero and depend on the combination 

of LC and interface considered (e.g. 8CB/PI or 8CB/PVA), thickness of the polymer 

coating and presence of ITO electrodes. Therefore, the slope of the d(h) is accurate but h 

may differ by a small offset between different cases. 



 

94 

 

 

Figure 4.6: (a) Period d as a function of the film thickness h of LD arrays formed for 

various combinations of SmA LC and interfaces, including open films and closed cells. 

(b) Period d as a function of the phase retardation Γ measured in the region of the LD 

array with maximum birefringence.  For values of h or Γ larger than those shown in the 

figures, LD arrays were replaced by FCDs. Empty symbols are used for open cells (air 

interface) and filled symbols – for closed cells (OTS-coated interface): triangles 

correspond to 8CB on mica, circles are 8CB on PI, squares are 8CB on PVA, crosses are 

SCE12 on PI and diamonds are 8OCB on PVA. Different colors correspond to different 

samples. 

 

Figure 4.6 (b) shows the period d as a function of the difference in phase 

retardation Γ=hδn between ordinary and extraordinary waves measured in regions of the 

LD array with maximum birefringence δn. This figure includes previously published data 

on mica|8CB|air films for which a direct measurement of h could not be obtained74.  The 

comparison reveals strong similarities among LD arrays obtained in various cases:  

(a) Both open films and closed cells show a dependence of the type: d  d0 + 2h 

where d0 ≈ 0.2 µm for open cells and d0 ≈ 0.3 µm for closed cells. 

(b) The period d grows up to a maximum value of about 4.0 - 4.5 m before the 

LD arrays are replaced by FCDs.  

(c) The slope d/Γ is close to 15.3 for PI|8CB|air, PI|8CB|OTS and mica|8CB|air. 

In the first two cases, the dependence of d on h is known and we can deduce the 

birefringence from the relation d/Γ = δn∙d/h. Namely, δn=0.13 that is close 

to the maximum value for 8CB, δn = 0.165. Although h could not be directly 
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measured for mica|8CB|air samples, the d/Γ slope and maximum period were 

comparable to those measured for other samples. 

Also the stability of LD arrays appeared to depend on the film thickness and 

temperature. In thin films, LDs formed at the transition remained relatively stable in the 

Nem phase. In thick films, the LDs were stable close to the transition but tended to merge 

with neighboring domains and form wider LD as the temperature was decreased. The 

change was slow and progressive, as if transformation into large LDs required overcoming 

some sort of constraint or barrier. Very often, the merging produced a new type of linear 

domains showing a transverse modulation, striated stripes (Fig. 4.7).  

 

Figure 4.7: POM image of a LD array interrupted by striated stripes formed in 

PI|8CB|OTS cell. Arrow indicates the planar anchoring direction x. The scalebar is 20 µm. 

 

These observations clearly indicate that LD arrays have a common structure when 

observed at the optical length scale of a few microns and undergo a 1D/2D pattern 

transition when the thickness exceeds a common critical value. Their behavior seems to be 

independent on the degree of order that is imposed by the surfaces (i.e.: highly ordered 

crystalline surfaces vs rubbed polymers) or the deformability of the interface (i.e.: soft air 

vs hard OTS interface). It also seems to be independent on the LC properties. 
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4.3. Field effects in cells with homogeneous planar anchoring conditions    

In Chapter 3 we showed that LD arrays can be created when the SmA film is 

confined to a small thickness under the effect of an external electric field. The key to 

understand pattern formation was to consider the director deformation in the Nem phase, 

where splay-bend distortions are confined in a thin surface layer with thickness 

comparable to the electric coherence length   1/E. In this section we further investigate 

the generality of 1D pattern formation by extending the idea of electric-field induced 

confinement to LC cells with homogenous planar anchoring conditions.  

The LC was sandwiched between two ITO coated glass plates separated by mylar 

spacers with thickness h = (3.6 – 100) µm, placed on a heating plate and observed through 

POM with crossed polarizers. We considered homogenous planar anchoring conditions 

where the easy axes were twisted by 90° (‘twisted cell’ in Fig. 4.8 (a)) or parallel to each 

other (‘parallel cell’ in Fig. 4.8 (b)). In the latter case, we did not see any difference 

whether the rubbing directions were parallel or antiparallel. 

 

Figure 4.8: Cells with homogeneous planar anchoring conditions. (a) ‘Twisted’ cell with 

rubbing directions twisted by 90°. (b) ‘Parallel’ cell with parallel or antiparallel rubbing 

directions.  

 

The initial “field-off” texture was relatively free of defects for twisted cells (Fig. 

4.9 (a)), whereas it showed elongated FCDs in parallel cells (Fig. 4.6 (b-d)), with a very 

eccentric ellipse (viewed edge-on in the figures) and hyperbola lying in the surface plane. 

Eccentric FCDs with this type of orientation are rather common in planar cells. We 
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considered a range of thickness h = (3.6 – 100) µm. The size of the ellipse decreased as 

the thickness h decreased while the eccentricity decreased. In sample thinner than about 

10 m, the two branches of the hyperbola were almost parallel to each other and formed 

an array of lines with various width running along the planar anchoring direction. This 

type of texture can be seen also in the SmA phase of 10CB confined under hybrid 

anchoring after heating from the crystal phase (Fig. 4.5). 

 

Figure 4.9: POM micrographs of cells with homogeneous anchoring conditions in the 

absence of a field. (a) Twisted cell. (b-d) Planar cells showing elongated FCDs along the 

rubbing direction indicated by arrows. The scalebar is 20 µm. 

 

When an AC field was applied in the Nem phase and through the Nem → SmA 

transition in cells with homogeneous planar anchoring conditions, a LD array was created 

near each electrode (Fig. 4.10). As already noted for hybrid cells (Chapter 3), LDs grew 
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perpendicular to the rubbing direction. In twisted cells, two distinct LD patterns were 

formed at the electrodes, perpendicular to the local planar anchoring direction and 

therefore to each other.  

 

Figure 4.10: POM micrographs showing LD arrays formed at the Nem → SmA transition 

in a cell with twisted planar anchoring conditions. Arrays are formed near each surface, 

perpendicular to the local anchoring direction x, indicated by arrow, and therefore with 

each other. The two images were taken at the same position by placing the focus at 

different depth into the sample. The FCD in the image of the top surface appears 

defocused in the image of the bottom surface. The AC field was sinusoidal with frequency 

5 kHz and RMS voltage 25V. The scalebar is 20 µm. 

In the case of parallel cells the top and bottom LD patterns were aligned and 

superposed, making the optical observation more difficult. Figure 4.11 and 4.12 show 

FCPM analysis of the LD arrays. We notice in Fig. 4.12 that the arrays are formed in the 

SmA phase very close to the planar anchoring surface in a layer with thickness of the 

order of 1 µm, much smaller than the cell thickness h. 
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Figure 4.11: (a) FCPM images of LD array obtained by applying a 1 kHz AC voltage with 

VRMS = 25 V to homogeneous planar cell with thickness h = 92 μm containing a mixtures 

of 8CB and anisotropic fluorescent dye Nile Red (0.3 mM). (c) FCD texture obtained after 

turning the field off.  
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Figure 4.12: (a) FCPM images of LD array obtained by applying a 1 kHz AC voltage with 

VRMS = 25 V to homogeneous planar cell with thickness h = 92 μm containing a mixtures 

of 8CB and anisotropic fluorescent dye Nile Red (0.3 mM). (a) Nem phase with polarizer 

P parallel to the planar anchoring direction x. (b) Nem phase with P perpendicular to x. (c-

d) SmA phase showing the LD in a narrow layer close to the planar anchoring surface . 

 

In both twisted and parallel cells, the array period d decreased with increasing AC 

voltage (Fig. 4.13) and was proportional to the inverse of the electric field: d = d0+ V0/E 

with d0 = 0.9 m  and V0 = 0.34 V (Fig. 4.14 (a)). A dependence of the type d = d0 + V0/E  

is consistent with the analysis of the results obtained for cells with hybrid alignment 

(Chapter 3). In the presence of a field E in the Nem phase, the director is distorted in a 

splay-bend configuration in a layer with thickness   (K/ε0εa)1/2/E near each planar 

anchoring surface, and LDs are created when  is sufficiently thin (Fig. 1.19 and Fig. 3.9). 

 

Figure 4.13: POM images of LD arrays formed at the Nem → SmA transition in a cell 

with homogeneous planar parallel anchoring conditions and thickness h = 75 m under an 

applied sinusoidal field with frequency 5 kHz and various RMS voltages. The scalebar is 

20 µm.  
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Figure 4.14: Period d as a function of the inverse of the electric field E = VRMS/h for cells 

with homogeneous planar anchoring conditions.  (a) Sinusoidal voltage with frequency f = 

5 kHz applied through the Nem → SmA transition. The straight line is a linear fit of the 

data: d = d0 + V0/E with d0 = 0.9 μm and V0 = 0.34 V. The inset shows the dependence of d 

on f and temperature for a fixed amplitude of 25 V. (b) Field applied in the SmA phase 

without heating in the Nem phase. Symbols with different colors correspond to different 

samples.  

 

Notice that V0 was close to Freedericks’ threshold Vs = π (K11/ε0εa)1/2 < 1 V of 8CB 

in the Nem phase.  Interestingly, for hybrid cells we obtained V0 = 0.62 V (Fig. 3.8), i.e. 

the LD period increases twice as fast as in twisted and planar. This difference cannot be 

simply explained considering the electric field-induced director distortion in the Nem 

phase. Indeed, for the high voltages V >> Vs required to create LD array in hybrid and 

parallel/twisted cells, the director distortion is confined to a comparable thickness of the 

order of , as shown by the calculations presented in Chapter 1 (Fig. 1.19).  

When the field variations were performed deep in the SmA phase after creating the 

LD arrays, d remained constant (Fig. 4.14 (b)), as in hybrid cells (Fig. 3.12)113.  However, 

when the voltage was decreased below a certain threshold, an increasingly large area of 

the LD array was replaced by FCDs until the array was eventually replaced by FCD at 

zero field (Fig. 4.11 (b)). This is in contrast with the behavior of hybrid cells were the 

SmA film remained “trapped” in a metastable 1D array pattern even after completely 

switching the field off. To characterize this behavior we considered wedge cells with 

homogeneous parallel planar anchoring conditions and thickness in the range  (3.6 – 

75) µm, and applied a 5 kHz sinusoidal AC field with different RMS voltage V through 
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the Nem-SmA phase transition. For each applied voltage and temperature, a threshold film 

thickness was noted above which the FCD covered more than 50% of the sample area. 

The results show a linear dependence: V = Vt + Eth (Fig. 4.15). For the three temperatures 

considered, both Vt and the slope Et decreased as the temperature increased. 

 

Figure 4.15: Threshold voltage for the LD-FCD transition in the SmA phase as a function 

of LC film thickness h at a different temperatures. The solid lines are linear fits VRMS = Vt 

+ hEt with: Vt = 7 V, Et =  0.31 V/µm at 32 °C;  Vt = 4 V, Et= 0.28 V/µm at 33 °C; Vt = 2 

V, Et = 0.24 V/µm at 34.5 °C. The sine frequency was 5 kHZ. 

  

For all the thickness range considered, h = (3.6 – 100) µm, it was not possible to 

induce a transition from FCDs to LD arrays or FCD hexagonal lattices when the electric 

field was applied deep in the SmA phase. Interestingly, the FCD-LD transition could not 

be applied with a DC voltage (Fig. 4.16). 

 

Figure 4.16: POM image showing SmA texture created in a homogeneous planar cell of 

thickness 75 µm at the Nem → SmA transition under applied DC field of 30 V. The 

scalebar is 20 µm. Image was taken with crossed polarizers. 
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The LD size and the temperature where LD appeared also depended on the 

frequency f of the applied AC voltage (Fig. 4.14 (a), Inset). For 1 – 10 kHz the 

temperature was almost constant, but the period slightly decreased as the frequency was 

increased. When the frequency was increased up to 1 MHz, LDs appeared 10 °C below the 

temperature measured for 1 kHz AC field. The period of LDs also notably increased from 

1.9 - 2.0 µm for 10 and 100 kHz to 2.6 µm for 1 MHz (Fig. 4.17). Since the effect of 

increasing the frequency can be compensated by decreasing the temperature, a possible 

explanation is that heat was generated in the LC sample at frequencies of the order of 

1 MHz. 

 

 

Figure 4.17: POM images showing LD arrays formed at the Nem → SmA transition in 75 

µm thick homogeneous planar cell under applied sinusoidal AC field with fixed RMS 

voltage of 25 V and various frequencies. The scalebar is 20 µm.  

 

4.4. Origin of the 1D/2D transition 

In the previous sections we showed that 2D lattices of FCDs and 1D arrays of LDs 

are formed upon cooling the LC from the Nem to the SmA phase under conditions where 

the director field n is distorted in a splay-bend configuration. The transition between the 

two pattern types is induced by confining the distortion in a layer with sufficiently small 

thickness h. In this section we address the nature of this transition. 

In Chapter 3 we noted that the 2D lattice is made of close-packed non-toroidal 

FCDs. The FCD construction satisfy the confocality requirement (Chapter 1.3.4) by 
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curving the director field in a way that cannot also satisfy a uniform anchoring condition 

(homeotropic or unidirectional planar) on a flat surface. Therefore, one or both anchoring 

conditions must be violated in a LC film where a 2D lattice of FCD is formed at the Nem 

to SmA transition. It has been shown that, for planar anchoring, the surface director 

deviates from the anchoring direction both in and out of the surface plane (i.e. in the 

azimuthal and zenital directions)38. Clearly, the FCD lattice is formed because breaking 

the confocality rule ( 0 n ) would cost more free energy than breaking the anchoring. 

As the film thickness h decreases, deviations from the anchoring directions are 

expected to become larger as they help balancing the increase of bulk elastic energy 

created by the increased confinement. This is indeed the behaviour observed for the Nem 

compound 5CB (lacking the SmA phase) under hybrid anchoring conditions215. In 

contrast, at the transition from the 2D lattice to 1D array, the azimuthal anchoring is 

restored in the LD array. This suggests that the 1D/2D transition has another explanation 

that may be related to the complex nature of the Nem-SmA transition occurring in the 

presence of strong director distortions. 

In Chapter 1.3.2 we introduced the Landau-De Gennes free energy expansion for 

the transition from the Nem to SmA phase in the presence of bend ( n ) and splay 

)( n distortions: 
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 The bend term   2nn   (Eq. 1.3) has been simplified considering that 

)( nn  in a LD array. De Gennes noted the analogy with the transition between 

normal (N) and superconductive (S) state of a metal in the presence of an external 

magnetic field AB  119. He pointed out that the N and S states are analogue to the 

Nem and SmA phase, respectively, and the magnetic field is analogue to the bend field. 

The transition between the N and S phase is accompanied by distinctive phenomena that 

depend on the type of material considered.  

In type-I superconductors, the magnetic field is expelled from the SmA phase 

(Meissner effect) when the field strength is below a temperature-dependent value Hc (Fig. 

4.18). By analogy, a type-I LC shows a SmA phase when the bend deformation is below 
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threshold, while it remains in the Nem phase above the threshold ( 0 ). In type-II 

superconductors, the field enters the material along singular flux lines corresponding to 

topological defects of the superconducting phase. At the temperature-dependent threshold 

Hc2, the array reaches the maximum density of defects and the metal becomes N when the 

field strength exceeds the threshold. The dense array is known as the Abrikosov lattice 216. 

 

Figure 4.18: Schematic phase diagram of a superconductor showing the transition lines 

between the normal (N) and superconductive (S) state as function of the temperature T and 

magnetic field H. In an LC, the N and S phases are analogue to the Nem and SmA phases 

of a LC, respectively, and || nH . In a type-I materials, the Hc  line corresponds to the 

N-S phase transition. In type-II mater, the S and N phases are separated by a “vortex” 

phase (region between Hc1 and Hc2 lines) comprising a dense arrays of topological defects. 

 

In this section we explore the possibility that the observed transition from 2D 

lattices of FCDs to 1D arrays of LDs is a manifestation of the Nem- SmA transition itself, 

under conditions where phenomena analogue to the Meissner effect and Abrikosov lattice 

formation are expected. We propose that there are two transition lines in the H-T phase 

diagram of LC compounds showing the 1D/2D transition (Fig. 4.18), in analogy with 

type-II superconductors. A low-field line Hc1 marks the transition between the bend-free 

SmA and a ‘mixed’ phase where bend distortion is allowed to partially enter the LC 

material. A high-field line Hc2 separates the mixed phase from the Nem phase where the 

SmA order is completely melted. We identify the lattice of FCDs with the bend-free SmA 

phase as the FCDs result from the confocal construction (bend-free) of a set of (equally 

spaced) smectic layers. We identify the LD array as the mixed state, although we are not 
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yet able to directly determine whether it corresponds to an Abrikosov-type lattice or to an 

“intermediate state” often observed for type-I superconductors217. Finally, we identify 

untextured regions as the Nem phase.     

We notice that the transition temperature is expected to be lower or “depressed” in 

the presence of bend compared to the value Tc without bend (Fig. 4.18). In type-I 

materials, the bend field is completely expelled at the transition from the SmA to Nem, 

corresponding to points along the line Hc in Fig. 4.18. 

 We investigate the dependence of LD arrays on temperature T and thickness h in 

closed wedge cells with hybrid anchoring conditions (planar on rubbed PI and 

homeotropic on OTS). These samples were compared to cells with homogeneous 

anchoring conditions (parallel rubbing direction, Section 4.3) that did not induce bend 

distortion, for the same values of T and h in the range (0.3 – 3.5) µm. A closed heater with 

a thick Teflon casing was used to avoid temperature gradients between the bottom 

interface, closer to the heating element, and the top surface close to the glass window used 

for POM observations. A controller allowed changing the temperature by 0.1°C steps. 

Measurements were done 2 hours after changing the temperature to allow sample 

equilibration.  

 
 

Figure 4.19: POM image showing the FCD appearing in an 8CB wedge cell at 32.1 °C. 

The scalebar is 20 µm.  

 

As the temperature was decreased from the Nem phase, FCDs were the first to 

appear in thick part of the sample with h ≥ 1.5 µm, where the bend distortion was less 

(Fig. 4.19). The FCDs lattice was observed for T < (32.1 ± 0.1) °C and disappeared 

completely above (32.3 ± 0.1) °C, except for the print left on the rubbed polymer surface. 

For comparison, cells with homogenous planar anchoring conditions showed the transition 

at (33.80 ± 0.05) °C indicating that the temperature of FCD formation was depressed 
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compared to the bulk. The FCD lattice grew by first creating a linear patterns with stripes 

running parallel to the anchoring direction x (note that LD are perpendicular to x). Since 

the stripes cannot be extinguished by rotation between the crossed polarizers of a POM, 

the director did not lie in a vertical plane orthogonal to the polarizers (as observed for 

LDs). A similar texture was reported by Cladis and Torza who noticed that the stripe size 

depended on the LC film thickness200. As the temperature was decreased, the FCDs grew 

into initially untextured Nem regions of the sample with smaller thickness, indicating that 

the material is of type-I and the transition lines Hc1 and Hc2 coincide for weak bend 

deformations. In support of this conclusion, type-I behavior has been reported for 8OCB, 

which creates 1D arrays similar to 8CB218 (Fig. 4.6 (a)). This also implies that the LD 

arrays are similar to the “intermediate state” of type-I superconductors where stripe 

domains are frequently observed, due to the coexistence of (non-singular) Nem and SmA 

domains.  

 
 

Figure 4.20: POM images of a LD array growing from thick regions (right image side) 

towards untextured thin regions (left image side) as the temperature was decreased in a 

closed wedge cell with hybrid anchoring conditions. The same sample region is shown at 

(a) T = 32.2 °C, (b) T = 32.1 °C and (c) T = 32.0 °C. The scalebar is 20 µm.  
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As the temperature was further decreased, the FCD lattice stopped expanding and 

was replaced by a 1D array of LDs in thinner regions of the sample (Fig. 4.20). The LD 

array appeared at temperature of (32.2 ± 0.1) °C, differing by less than 0.1 °C from the 

temperature were FCDs were first observed. This shows that the slope of the single Hc1 / 

Hc2 transition line for weak bend is very steep as a function of the temperature. It also 

shows that the bend amplitude Hc1 for the transition between the bend-free SmA and 

intermediate state does not depend much on the temperature (see also Fig. 4.21). 

The expansion of the LD array as a function of the temperature was less rapid than 

for FCD (Fig. 4.19), i.e. the slope of the Hc2 transition line smaller (Fig. 4.21). 

Interestingly, for a given thickness h the period d increased as the temperature was 

decreased (compare Fig. 4.20 (b) and (c)). 

 

Figure 4.21: Schematic phase diagram of LC compounds showing the 1d/2d transition 

based on the experimental observation. 

 

Conclusions 

The generality of thickness-dependent 1D/2D pattern formation in SmA LC films 

subjected to hybrid anchoring conditions was confirmed by considering the survey 

included LCs with different molecular structure and phase sequences, interfaces with 

different physical properties (deformable air interface and rigid plates), roughness and 

degree of order (crystalline vs. amorphous polymer surfaces). The studying has also 
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revealed strong similarities among LD arrays obtained in various cases: the LD period 

increases in average twice as fast as the LC film thickness and the LD array is  replaced by 

the FCD lattice when reaches a maximum value of about 4.0 - 4.5 m. The LD period and 

stability appeared to be dependent on temperature: for a given thickness h the period d 

increased as the temperature was decreased, LDs tended to merge with neighboring 

domains and form wider LDs or striated stripes. 

We showed that LD arrays can be created also in planar cells, when the SmA film 

is confined to a small thickness under the effect of an external electric field. The LD 

period in twisted and parallel planar cells increases with the inverse of the applied electric 

field two times slower than in hybrid cells, which cannot be explained by simply 

considering the electric field-induced director distortions in the Nem phase. Though, the 

LD period persisted under the field variations in SmA phase for the values larger than the 

one applied through the Nem – SmA transition, in opposite to hybrid cells, LD arrays 

created in planar cells were not stable when the field was turned off.  

In the last section we addressed a question of the nature of transition from 2D 

lattices of FCDs to 1D arrays of LDs. Our observations suggest that it cannot be related 

only to the complex nature of the Nem-SmA phase transition occurring in the presence of 

strong director distortions. Using the proposed by De Gennes analogy with 

superconductors119, we explored the possibility that the observed 2D to 1D transition is a 

manifestation of the Nem-SmA transition itself, under conditions where phenomena 

analogue to the Meissner effect and Abrikosov lattice formation are expected.  Our 

investigations of the dependence of LDs and FCDs on temperature and thickness in closed 

wedge 8CB cells with hybrid anchoring conditions suggest that the material is of type-I 

and the transition lines between the bend-free SmA phase (FCDs), a ‘mixed’ phase where 

bend distortion is allowed (LDs) and the Nem phase (untextured regions) coincide for 

weak bend deformations. Consequently, we assume that the LD arrays are similar to the 

“intermediate state” of type-I superconductors where stripe domains are frequently 

observed, due to the coexistence of the Nem and SmA domains. 
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5. Isotropic and anisotropic nanocrystals in smectic 

liquid crystal defect patterns 

It has long been recognized that guest nanoparticles dispersed in a liquid crystal 

(LC) host allows tuning key material parameters for electro-optical devices such as optical 

birefringence, threshold voltage and switching time96,183. Guest-host coupling is enhanced 

and particle segregation can be avoided when LC molecules and nanoparticles have 

similar shape anisotropy and/or electric polarity. Namely, anisotropic fluorescent 

dyes157,158,191,219, ferroelectric nanoparticles220-222 and nanorods112,223,224 can show good 

miscibility and alignment with rod-like LC molecules such as cyanobyphenyls (nCB) 

commonly used in electro-optical devices, and may increase the dielectric anisotropy and 

stability of the Nem phase225,226. A characteristic feature of LCs is the presence of 

topological defects with a core size of a few nm, inside which the LC order is profoundly 

altered or completely lost (Chapter 1.4). Defects are long-lived objects with defined 

length scale, dimension (point, line or walls) and symmetry133. The study of their 

interactions with particles of various sizes and shapes has led to real breakthroughs such 

as particle-stabilized  blue108,110,227 and twisted grain boundary (TGB)104,106 phases, defect-

assisted molecular assembly of amphiphiles228 and fabrication of 3D photonic crystals via 

defect-mediated colloidal assembly229.  

Nanocrystals exhibit unique physico-chemical properties, which can be tuned by 

modifying their size, shape and composition (e.g. core material, or structure of the 

nanoparticle capping agent)182,184,230. For instance, rod-shaped semiconductor nanocrystals 

show polarization-dependent absorption and emission179,231,232. The self-assembly of 

nanosized materials has disclosed significant collective properties arising from the 

nanostructures interaction over large sample areas. Amongst them, a strong 

photoluminescence with a high anisotropy of semiconductor nanocrystals233; polarization-

dependent localized surface plasmon resonance (LSPR) of metal nanoparticles (NPs)76; 

spin-dependent electron tunnelling of magnetic-nanocrystal arrays234, or enhanced p-type 

electronic conductivity in self-assembled PbTe/Ag2Te binary nanocrystal superlattices235. 

From the point of view of LC research, one of the most exciting possibility is that: (1) the 

physical properties of NPs can be tuned by mixing with LCs, (2) the inherent order of 

organic LCs can be used to guide the assembly of NPs 95,96,146,183,184 and (3) the response 



 

111 

 

of NPs to external fields can be modulated by introducing a LC matrix with an anisotropic 

response95,96,145,146,184.  

In the first part of this chapter, 1D arrays formed by SmA LC films with and 

without electric fields have been used as templating media for controlling the orientation 

of dispersed anisotropic semiconductor nanocrystals. Namely, colloidal semiconductor 

core/shell CdSe/CdS dot-in-rods (DRs) with 55 nm length and 7 nm diameter (Chapter 

2.2.2) where dispersed in a SmA 8CB (Chapter 2.1) host. The director orientation was 

determined using polarizing optical microscopy (POM). The localization of DRs and their 

orientation relative to n were determined using fluorescence confocal polarizing 

microscopy (FCPM), see Chapter 2.5.3 for detailes. By comparing DRs dispersed in 8CB 

with similar dispersions of spherical core/shell CdSe/ZnS quantum dots (QDs) of a 

diameter 3.7 nm  and anisotropic fluorescent dye Nile Red (NR) (Chapter 2.2.1-2), and 

pure 8CB samples, we found that anisotropic DR nanocrystals and NR molecules  

thoroughly align with n except in regions where disclination lines are expected, wherein 

they align along the defects112. Electric field directed perpendicular to the defect challenge 

such defect-induced alignment: DRs tilt away from the defect due to their large permanent 

dipole moment236,237; whereas less polar NR molecules238 persist in the defect-aligned 

orientation .  

In the second half of the chapter, we studied the evolution of NP/SmA system, i.e. 

stabilization/destabilization of the LDs as a function of NPs concentration and size. We 

examined mixtures of isotropic spherical gold nanoparticles (GNPs) of a diameter ranging 

from 3.8 nm to 50 nm with 8CB in hybrid and homogeneous planar cell geometries. We 

found out that presence of GNPs leads to LDs destabilization. As the number of particles 

or/and their size was increased the other type of defects, namely striated stripes, appeared 

to be favored by the system. Moreover, topological defects present in SmA hybrid cells 

effectively interact with GNPs, preventing aggregation for the particles concentrat ions as 

large as 2 wt % while in the defect-poor SmA homogeneous planar cells aggregation was 

observed starting from 0.2 wt %. 

5.1. Nanoparticle alignment in the absence of fields 

Dilute mixtures of NR, DRs or QDs in 8CB with concentration smaller than 1 mM 

were inserted by capillarity in closed cells with thickness h < 1.3 μm in the isotropic (Iso) 
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phase of 8CB and slowly cooled to the SmA phase (same procedure as for pure 8CB, 

Chapter 2.2.4). Optical microscopy and FCPM observations showed that particles were 

uniformly dispersed in the Iso and Nem phases, without aggregation (Fig. 5.1). 

Anisotropic NR molecules are known to align with their long axis parallel to the director 

n, producing maximum or minimum FCPM intensity when the polarizer P is respectively 

parallel or perpendicular to n239,240. The same behavior was observed for DRs dispersed in 

the Nem phase of 8CB confined to homogeneous planar anchoring conditions (Fig. 5.1), 

i.e. the measured fluorescence intensity was maxsimum when the planar anchoring 

direction x and consequently n was parallel to P (Fig. 5.1 (a)) and minimum for x, nP 

(Fig. 5.1 (b)).  

 

Figure 5.1: FCPM cross sectional images of a uniform planar DR/8CB sample in the Nem 

phase with the director n aligned along the x direction. The cell boundaries were coated 

with PI and rubbed along the direction x to induce homogeneous and parallel planar 

anchoring conditions. Cross sections taken in (a) the xz plane with the polarizer P parallel 

to n showed a stronger FCPM intensity than (b) yz cross sections obtained with Pn. 

Therefore, DRs aligned with their long axis (and transition dipole) parallel to n. Images 

(a) and (b) correspond to the same sample region, were obtained using equal settings for 

the laser power, pinhole aperture, intensity gain and all other FCPM parameters, and are 

shown with the same color scale. 

 

At the transition from the Nem to SmA phase, 1D arrays of LDs appeared, in both 

NR/8CB and DR/8CB samples (Fig. 5.2). A pattern of alternating dark and bright straight 



 

113 

 

lines with period d = (0.5 - 1.2) μm, increasing with h 113, was observed also by POM 

(Fig. 5.3). Dark lines were non-birefringent and corresponded to regions with mainly 

vertical alignment of the director n (at the domain center, x = 0 in Fig. 3.4 (a)), whereas 

bright lines corresponded to regions where n was almost parallel to x (at the lateral 

boundaries with neighboring domains, x = ± d/2)113.  

 

Figure 5.2: FCPM images of dispersed NR (0.3 mM) and DRs (0.1 nM) in SmA 8CB 

films confined under incompatible anchoring conditions in the absence of electric fields. 

(a-b) Polarizer P parallel to the planar anchoring direction x. The inset in (a) shows a 

vertical cross section perpendicular to the defect axis. The top and bottom interfaces 

imposed parallel and normal anchoring, respectively. (c-d) P  x. The film thickness was 

h = (1.0 ± 0.3) μm for NR/8CB and h = (0.6 ± 0.3) μm for DR/8CB. 

 

Comparison of POM images with FCPM images obtained with the polarizer P 

parallel to the planar anchoring direction x (Fig. 5.2 (a-b)) showed that regions with 
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mainly vertical n corresponded to dark lines in FCPM images, whereas regions with 

almost planar n corresponded to bright FCPM lines. Cross sectional FCPM images taken 

in the vertical xz plane showed that regions with low intensity extended across the whole 

film thickness (Fig. 5.2 (a), Inset), corresponding to the regions of vertical director 

alignment observed by POM. These observations suggest that the overall alignment of NR 

and DRs in SmA 8CB is parallel to the local director n. However, when the samples were 

rotated by 90°, FCPM did not show the uniform low intensity expected for Pn (Fig. 5.2 

(c-d)). Regions with almost parallel n did become dark and FCPM intensity decreased by 

more than a twofold factor in DR/8CB samples (Fig. 5.4), but regions with vertical n 

showed a small excess of FCPM intensity. This behavior can be attributed to a local 

excess of particle concentration in regions with vertical n and/or alignment of NR and 

DRs along the y direction (at right angle with n). These regions are expected to contain a 

disclination running along the y direction, located on the surface imposing planar 

anchoring (black dot at point x,z = 0 in Fig. 3.4 (a)). FCPM images provide the evidence 

that the defect is real rather than virtual75,241 and interacts with nanoparticles77.  

 

Figure 5.3: POM and lensing effect of a LD array in a thin film of pure SmA 8CB. (a) 

POM setup: monochromatic green light travelling along the z direction passes through the 

polarizer P and analyzer A. The direction x of planar anchoring forms an angle  with P 
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and is perpendicular to the LDs (blue lines). (b-d) Crossed polarizers, AP: The sample is 

uniformly dark when x||P or x||A, showing that the director n lies in xz plane. When  = 

45°, a sequence of alternating dark and bright lines appears, corresponding respectively to 

non-birefringent regions where the average n orientation is vertical (along z) and 

birefringent region with orientation almost parallel x113. (e-g) Parallel polarizers, A||P: 

transmitted light is modulated when x||P and uniformly bright when x||P. In the former 

case (e), x-polarized light waves see a modulated refractive index due to the non-uniform 

director alignment and undergo lensing. In the latter case (g), y-polarized waves are 

perpendicular to n and see a uniform ordinary refractive index. 

 

 

 

Figure 5.4: (a) FCPM image of a LD array in a 8CB/DRs sample obtained with the 

polarizer P parallel to the planar anchoring direction x. The dark area to the left was 

bleached by laser scanning during a previous FCPM image acquisition. (b) The same array 

observed with Px. (c) FCPM intensities measured for the two polarizations and averaged 

along the y direction. The contrast is reversed in the shaded regions. The inset illustrates 

the alignment of DRs (red rods) parallel to the disclination at the domain center (bottom 

right cube edge). 

To gain insight on the shape dependence of defect-nanoparticle interaction, 

dispersions of spherical QD in 8CB have been observed with FCPM (Fig. 5.5). For Pn, 

samples appeared uniform and did not show excess FCPM intensity in the vertical n 

regions for QD concentrations reaching the limit value of 1 µM, above which aggregates 

were formed. Therefore, compared to isotropic particles as for instance QDs, the 

symmetry interaction between a topological defect and solid particles resulted in 

nanoparticles oriented parallel to the defects, close to the disclination area, in the case of 
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anisotropic structures as NRs and DRs. The latter suggests that the disinclination may be 

composed of a number of topological linear defects of small diameter, namely 

dislocations. The model of the central defect structure consisted of an array of parallel 

dislocations was recently proposed as one of the possible scenarios for LDs formed in 

8CB open films on PVA77.  

  

Figure 5.5: FCPM images of dispersed QDs (0.1 μM) in a SmA 8CB film with thickness 

h = (0.9 ± 0.3) μm and incompatible anchoring conditions in the absence of electric fields. 

(a) P||x. (b) P  x. 

  

A 1D space pattern was observed in QD/8CB samples also for P||x (Fig. 5.5), even 

though QD fluorescence did not show a polarization dependence. This was due to a 

lensing effect produced by the non-uniform n field and refractive index distribution. 

Indeed n is periodically tilted from the vertical along the x direction (Fig. 3.4 (a)). The 

average refractive index ‘perceived’ by x-polarized light waves as they cross the film 

thickness varies from the ordinary value n0 in regions with vertical n (at x = 0) to a higher 

value, close to the extraordinary index ne, in region with almost planar n (at x = ±d/2). 

Such index modulation creates a lensing effect that focuses light past regions with high 

refractive index. Lensing was observed by POM also in pure 8CB samples and was 

completely absent for y-polarized light waves, perpendicular to n, that ‘encounter’ a 

uniform ordinary refractive index (Fig. 5.3). Lensing also contributes to the FCPM 

intensity modulation observed for P||x in NR/8CB and DR/8CB samples (Fig. 5.2 (a-b)). 

However the fact that average fluorescence intensity was twice higher for P||x, comparing 

with Px case (Fig. 5.4) confirms the director alignment with n. 
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5.2. Nanoparticle alignment in the presence of a field 

NR/8CB and DR/8CB mixtures were inserted in cells with thickness h = (7 -

 15) µm in the Iso phase of 8CB and cooled down to the Nem-SmA transition while 

applying an AC sine voltage. In the absence of the field the structure corresponds to a 

lattice of eccentric FCDs, in agreement with the results presented in Chapter 3.  When the 

applied at the transition electric field was ERMS = VRMS / h < 0.24 V / µm for NR/8CB and 

ERMS < 0.1 V / µm for DR/8CB, the 2D pattern of FCDs was still observed (Fig. 5.6 (a-

b)). When the sample was heated up again to the Nem or Iso phase, then cooled back to 

the SmA phase with ERMS > 0.27 V / µm for NR/8CB and ERMS > 0.14 V / µm for 

DR/8CB, the texture changed into a 1D array of LDs (Fig. 5.6 (c-f)).  
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Figure 5.6: FCPM images of 2D/1D patterns obtained by applying a 1 kHz AC voltage 

with amplitude VRMS in a NR/8CB sample with thickness h = 13 µm. (a, c, e) Polarizer P 

parallel to the anchoring direction x.  (b, d, f) P perpendicular to x.  

 

The arrays period d decreased when ERMS was increased in the Nem or Iso phase before 

cooling again in the SmA phase (Fig. 5.6, (c, e)). This behavior was previously observed 
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for pure 8CB and can be understood as a confinement-induced 2D to 1D pattern 

transition113 (Charter 3). The director n rotates from vertical to planar alignment in a layer 

with thickness ξ = Vs /πE = (K/εa)1/2/E near the interface inducing planar anchoring, where 

K = 9 and εa  7710-12 F/m for 8CB242 and the Frederick’s transition threshold voltage 

Vs = π (K / ε0εa)1/2 (Chapter 1.6). Therefore, a sufficiently strong field can confine the 

director deformation in a surface layer with thickness ξ < h, leading to a 2D to1D 

transition similar to the one obtained by mechanically decreasing h. A notable feature of 

LD arrays formed for E > 0, with or without NPs, is that defect formed at the NemSmA 

transition are very stable against field variations and persist for days in the SmA phase 

even after completing turning off the field. The n field inside a LD array is frozen in the 

particular topology (i.e. types and number of defects) acquired at the transition because 

creating and removing topological defects amount to overcoming large energy barriers.       

 

Figure 5.7: FCPM images of an LD array obtained after applying VRMS
 = 1 V to a 

DR/8CB sample with thickness h = 7 μm. x and P are the direction of planar anchoring 

and polarization, respectively.  

 

LD arrays formed by NR/8CB under applied field showed excess FCPM intensity 

in regions with vertical n when viewed with Pn (Fig. 5.6 (d, f)), similar to that observed 

in thin samples without field. Therefore, similar topological defect lines interact with NR 

molecules leading to accumulation and/or alignment along the defect (Fig. 5.2 (c)). In 

contrast, DRs dispersed in 8CB did not behave as NR molecules: FCPM images obtained 

with Pn showed a uniform intensity (Fig. 5.7). Evidently, DRs did not accumulate in 
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space regions with vertical n and did not align with their long axis along the y direction. 

Instead, DRs showed the tendency to align along the field. Created under applied electric 

field the assembly geometry (both the LD array and DRs alignment) persist after 

switching the field off. 

 

Figure 5.8: Period d as a function of sample thickness h for LD arrays formed in pure 

8CB (empty circles), QDs/8CB (full yellow circles), NRs/8CB (green squares) and 

DRs/8CB (red triangles) (a) without field and (b) in the presence of a field E. 

 

Figure 5.8 shows the period d of the LD arrays as a function of the thickness h for 

pure 8CB and NR, DRs and QDs samples. In the absence of fields, dispersed particles did 

not affect the d vs. h dependence (Fig. 5.8 (a)). LD arrays result from the balance of bulk 

elastic and surface anchoring torques, whose strength is expressed by the splay constant K 

and anchoring strength γ, respectively. Therefore, the presence of dispersed particles did 

not significantly affect K or γ. On the other hand, the d vs. 1/E curve for DR/8CB 

significantly differed from the curves obtained in 8CB and NR/8CB samples (Fig. 5.8 

(b)). Namely, the slope d/h  (K/εa)1/2 was smaller, suggesting that DRs increased the 

dielectric anisotropy εa of the material. Dispersed anisotropic polar (ferroelectric) and 

highly polarizable nanoparticles are known to enhance the optical and dielectric 

anisotropy, as well as lower the threshold for electro-optical switching of LCs226. Such 

evidence represents an explicative example of the large permanent dipole d0 and/or 

induced dipole d showed by DRs in the direction of the long crystallographic axis ( ̴  102 - 

103 Debye)179,236,237 compared to NR (< 10 Debye)238. As a consequence, DRs enhance the 
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dielectric anisotropy εa at the relatively low frequency of 1 kHz used in the present work. 

Moreover, inside the topological irregularities, DRs prefer to align with the field rather 

than along the defect due to a large gain in electrostatic energy –E(d0 + d/2). Indeed, 

topological defects trap and align nanosized particles as, upon replacing the defect core 

with a nanoparticle the free energy is reduced by an amount Kl, where l represents the 

replaced core length243. The alignment of DRs with the field indicates that Ed > Kl, 

therefore the dielectric dipole is d > Kl / E.  

In Chap. 4 we showed that 1D arrays can be formed also in cells with 

homogeneous planar anchoring under application of an electric field through the Nem to 

SmA transition. Figure 9 shows that also in this case the defects are able to align NRs.  

 

Figure 5.9: FCPM images of 1D/2D patterns obtained by applying a 1 kHz AC voltage 

with RMS value of 25 V a to SmA 8CB homogeneous planar cell with dispersed NR (0.3 

mM). (a) Polarizer P parallel to the planar anchoring direction x. The inset in (a) shows a 

model of the director distribution in LDs. Molecules is shown as blue rods, SmA layers as 

lines. n is the director, perpendicular to the layers, and h is the thickness of confined 

region with rotating n. (b) P  x. The sample thickness was h = 92 μm.  

 

5.3. The effect of the NP size and concentration on SmA textures 

In previous sections the maximum used concentration of 3.7 nm semiconductor 

QDs in hybrid cells that did not result in aggregate formation and local LC alignment 

perturbation was 1 M, which corresponds to 1.3×10-3 wt % in 8CB. In GNP/SmA 

dispersions we increased the particles concentration up to 3 wt % (0.5 mM for the smallest 
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3.8 nm GNPs) and have tested an effect of the particle size while keeping their 

concentration constant. 

Quasi spherical GNPs with diameter m = (3.8 - 50) nm were dispersed in 8CB at 

concentrations (0.01 – 3) wt % following the procedure described in details in Chapter 

2.2.4. The smallest particles with a size 3.8 nm and 5.8 nm were coated with alkylthiols to 

avoid aggregation in LC solutions. The other ligands, namely thiols, were used for NPs of 

diameter m = (10 – 50) nm. Both types of coatings induce homeotropic anchoring of the 

LC molecules at the NP surface, as has been checked by studying the anchoring of 8CB 

on a layer of nanoparticles deposited on glass. The obtained mixtures were inserted into 

closed cells of thickness h = (0.2 – 3) µm by the capillary action while keeping the LC in 

isotropic (Iso) phase. Pure 8CB samples served as references. We considered two types of 

closed cells, namely hybrid cells with rubbed PI or PVA layer inducing unidirectional 

planar anchoring at one interface and OTS coating for homeotropic anchoring at the other 

interface, and  parallel cells with homogeneous planar anchoring (PI or PVA) with 

rubbing directions parallel to each other. All nanocrystals used in this work, their bulk 

concentrations c (mass concentration in wt % and molarity), surface density  (number of 

particles per 1 µm2 of a sample of an average thickness 0.5 µm) and the length of a chain 

made of the number of single particles contained in the sample area of 1 µm2 are listed in 

Table 5.1. 
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Table 5.1:  

NPs concentrations in 8CB samples  

 

 

5.3.1. Small NPs (m ≤ 10 nm) 

In homogeneous planar cells, the initial relatively free of defects texture 

(Fig. 4.6 (b)) was not affected by the presence of 0.1 wt % of GNPs, corresponding to 

880, 240 and 50 NPs/µm2 of respective diameter 3.8 nm, 5.8 nm and 10 nm (Fig. 5.10 (a-

c)). When the concentration was further increased, small GNPs with m = 3.8 nm behaved 

in a different way from larger GNPs with m = 5.8 nm and 10 nm. Up to the concentrations 

of 2 wt % and 18×103 NPs/µm2 no texture change was observed for the smallest particles 

of 3.8 nm, showing very high mixability in SmA LCs (Fig. 5.10 (d)). For comparison, an 

Diameter 

(QD), nm
c, µM ,QDs/µm2 Chain length, nm

3,70 1,00 50 185,00

Diameter 

(NP), nm
c, µM , NPs/µm2 Chain length, nm

3,80 17,54 877 3331,90

5,84 4,83 242 1410,70

10,00 0,96 48 481,13

40,00 0,02 1 30,07

50,00 0,01 0,4 19,25

Diameter 

(NP), nm
c, µM , NPs/µm2 Chain length, nm

3,80 176,96 8848 33621,88

5,84 48,75 2438 14235,20

10,00 9,71 485 4855,00

40,00 0,15 8 303,44

50,00 0,08 4 194,20

Diameter 

(NP), nm
c, µM ,NPs/µm2 Chain length, nm

3,80 357,53 17876 67929,92

5,84 98,50 4925 28760,91

10,00 19,62 981 9809,08

40,00 0,31 15 613,07

50,00 0,16 8 392,36

max QD concentration, c = 0.13×10-3 wt %

concentration, c = 0.1 wt %

concentration, c = 1 wt %

concentration, c = 2  wt %
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extensive agglomeration of 3.8 nm GNPs in Nem 5CB was already observed at 

concentration 1 wt %244. 

In SmA films subjected to homogeneous planar anchoring and the same 

concentration of 2 wt % the aggregation was revealed for larger particles of diameter 5.8 

nm and 10 nm (Fig. 5.10 (e-f)). This corresponds to a smaller number of particles per 1 

µm2, than for 3.8 nm, respectively 5×103 and 103 NPs, suggesting that the effect of NP 

size on the aggregate formation process is also important, in addition to the influence of 

NP concentration: for the GNPs of diameter 5.8 nm and 10 nm the first aggregates were 

observed at about 1 wt % in 8CB (the surface density 2.5×103 NP/ µm2  and 0.5×103 NP/ 

µm2 respectively), whereas only very few aggregates were observed in homogeneous 

planar cells containing 3 wt % (27×103 NPs/µm2) of 3.8 nm GNPs. 

 

Figure 5.10: POM micrographs showing the SmA textures of homogeneous planar cells 

formed in (a-c) 0.1 wt %, (d-f) 2 wt % 8CB/GNPs dispersions with different NP diameter: 

(a, d) 3.8 nm, (b, e) 5.8 nm and (c, f) 10 nm. Arrows indicate the rubbing direction. 

Images were taken under the crossed polarizers. 
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In hybrid cells with pure 8CB, the texture is a periodic 1D pattern with straight 

LDs (Fig. 4.1-2). As in planar cells, adding 0.1 wt % of GNPs with m < 10 nm did not 

induce aggregation (Fig. 5.10). This is in contrast with hybrid cells containing about 50 

QDs/µm2 of diameter 3.7 nm, where agglomerate formation was observed. The latter 

suggests a stronger disordering effect of the ligands around the QDs, with respect to the 

alkylthiols95. However, even such small GNP concentration was sufficient to destabilize 

the LD arrays. After being formed at the Nem-SmA transition, LDs tended to be replaced 

by striated stripes (Fig. 5.11), a different type of domains with a transverse modulation 

that is often observed also in pure 8CB. The number of striated stripes increased as time 

elapsed. About (10 - 20) % of LDs were replaced by striated stripes within a day for GNPs 

with m = 3.8 nm. The amount of striated stripes appeared to increase with the GNPs size 

(Fig. 5.11).  

 LD arrays formed in hybrid cells containing QDs with m = 3.7 nm at concentration 

18 times smaller than GNPs of the comparable size were rather stable, i.e. striated stripes 

appeared at the same rate and number as in pure 8CB. On the other hand, 3.7 nm QDs 

tend to form agglomerates in hybrid 8CB samples, in contrary to GNPs dispersions 

subjected to the same conditions.  

 

Figure 5.11: POM micrographs taken 5 minutes after LDs appearance, showing the SmA 

textures of hybrid cells formed in 0.1 wt % 8CB/GNPs dispersions with different NP 

diameter: (a) m = 3.8 nm, (b) m = 5.8 nm and (c) m = 10 nm. Arrows indicate the rubbing 

direction. Images were taken under the crossed polarizers. 

 

A further increase of the GNPs concentration in the hybrid cells induce the 

formation of much larger number of striated stripes. The LD arrays were mainly all 

replaced by striated stripes after one day, in the cells containing 2 wt % of 3.8 nm GNPs 

(Fig. 5.12 (a)). Even in the thinnest regions of the sample of about 300 nm and less, where 
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the optical microscopy resolution does not allow the observation of LDs, striated stripes 

were formed (Fig. 5.12 (b)). 

 

Figure 5.12: POM micrographs showing the SmA textures formed in 2 wt % 8CB/GNPs 

dispersion of 3.8 nm diameter in hybrid cells of thickness (a) h ≈ 0.8 µm and (b) h ≈  

(0.2 - 0.3) µm. Arrows indicate the rubbing direction. Images were taken under the 

crossed polarizers.  

 

 

The tendency of striated stripes to appear with time in hybrid closed cells in 

presence of GNPs of size m ≤ 10 nm differs from the behavior observed in open films 

containing GNPs with m = (3.8 – 10) nm or QDs with m   6 nm. In this case, the 

presence of 3.8 nm GNPs with concentrations up to 2 wt %76,245, which corresponds to a 

surface density varying between 2600 and 5000 GNPs/µm2, stabilized the LDs against the 

formation of striated stripes without time evolution. For a given thickness of LC films, 

around 300nm, where a large number of striated stripes was formed in pure 8CB, in the 

presence of NPs the amount of striated stripes was significantly reduced and an array of 

thin linear defects were formed suggesting an opposite behavior in open cell76. Localized 

surface plasmon resonance (LSPR) measurements have revealed that single NP chains 

were formed within LDs in 1.3 wt % of 3.8 nm GNPs in open 8CB films246. For GNPs of 

larger size, 5.8 nm, stabilization of LDs has been also observed, but coexisting with 

aggregates. First results obtained for 10 nm GNPs suggest that stabilization also occurs, 

but more investigations are necessary. 

An important difference between open LC films and closed cells containing NPs is 

their thickness, which is typically much smaller for open cells, implying different surface 
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density of NPs for the same bulk concentration c, as well as different number of LDs per 

unit sample area. For a given bulk concentration c of nanoparticles, the surface density 

NP = ch increases as the thickness h increases, while the surface density of LDs decreases 

𝜎𝐿𝐷 =
1

𝑑
≈

1

2ℎ
. If we consider a typical open cell thickness of 200 nm, the number of 

3.8 nm GNPs per 1 LD which corresponds to c = 1.3 wt % and single chain regime in 8CB 

films was 1.8×103. To obtain the same number of 3.8 nm GNPs in one LD in closed cells 

of typical thickness (0.5 – 1) µm used for creating LD arrays the bulk NP concentration 

must lie in a range (0.1 – 0.2) wt %. The number of NPs per single linear defect domain 

corresponding to c = 2 wt % in open cells, where LDs were still stabilized, appeared to be 

very close to the one expected in 500 nm closed cells with c = 0.3 wt %. However, in the 

latter case striated stripes were more stable. Such inverse behavior suggests that the 

number of trapping areas, most probably topological defects, is different in open and 

closed cells, being larger for LDs in open films and striated stripes in closed cells.  

Our studying of SmA textures of different LCs created using various aligning 

surfaces and samples geometries revealed strong similarities among LD arrays formed by 

8CB in open and close cells. Consequently, we could expect the central area of the LD to 

be similar in closed cells and open films77. In the presence of NPs the area can be 

modified, possibly with a variation from a central 2D nematic defect to an array of 

dislocations stabilized by NPs. However the structure close to the curvature walls may be 

different, due to the surface curvature, which is allowed in open films but not permitted in 

closed cells. Thus, in closed cells dislocations may be absent in LDs, but present in 

striated stripes. 

5.3.2. Large NPs (m = 40 – 50 nm) 

In homogeneous planar cells, dispersion of GNPs with larger size m = (40 – 50) nm 

in 8CB films did not affect the samples morphology up to the concentrations of 0.1 wt % 

(Fig. 5.13 (a)). When the concentration of GNPs was increased to 0.2 wt % (2 and 1 

NPs/µm2 respectively for 40 nm and 50 nm NPs) in LC, aggregates of different sizes were 

formed (Fig. 5.13 (b-c)). The amount of aggregates increased when we further increased 

the concentration of GNPs (Fig. 5.14 (d)). Larger aggregates nucleated in the thicker 

regions of the samples, most likely due to a presence of larger number of NPs in thicker 

areas.  
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Figure 5.13: POM micrographs showing the SmA textures of homogeneous planar cells 

formed in 8CB containing (a) 0.1 wt % of GNPs with a diameter 50 nm, the cell thickness 

h ≈ 0.3 µm; and 40 nm in diameter GNPs of concentration (b) 0.2 wt %, h ≈ 0.5 µm, (b) 

0.2 wt %, h ≈ 1 µm and (c) 0.3 wt %, h ≈ 0.8 µm. The aggregates amount increased with 

the NPs concentration and their size increased with the cell thickness. Arrows indicate the 

rubbing direction. Images were taken under the crossed polarizers. 

 

In hybrid cells, the concentration of large GNPs with m = (40 – 50) nm could be 

increased without creating aggregates up to 1 wt % (8 - 4 NPs/µm2 respectively), 

significantly more than in planar cells. The latter may suggest that a large number of 

favorable areas which can be either highly distorted areas or topological defects present in 

hybrid cells effectively interact with GNPs, reducing interparticle interactions and 

preventing aggregation, whereas GNP can diffuse and aggregate more freely in the defect-

poor texture of planar cells. However, the trapping occurs for striated structures in closed 

cells instead of LDs. 
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Figure 5.14:  POM micrographs showing the SmA textures of hybrid cells formed in 8CB 

containing (a) 0.1 wt % of GNPs with a diameter 40 nm, (b) 0.2 wt % of GNPs with a 

diameter 40 nm and (c) 1 wt % of GNPs with a diameter 50 nm. The striated stripes 

fraction increased with the NPs concentration. Arrows indicate the rubbing direction. 

Images were taken under the crossed polarizers. 

 

The presence of GNPs with diameter 40 nm and 50 nm has strongly destabilized LD 

arrays formed in hybrid cells starting from 0.1 wt % concentration. LDs were distorted, 

appearing not straight even for very small LC film thicknesses of about (300 – 500) nm 

(Fig. 5.14 (a)). Moreover, the amount of the appeared striated stripes notably increased 

comparing with cells containing NPs of smaller sizes (Fig. 5.11). The striated stripes 

fraction increased with the GNPs concentration (Fig. 5.14) and with time (Fig. 5.15). In 

30 min about 60 % of an area covered with LDs was replaced by striated stripes and 

within a day striated stripes constituted about 95% of the sample with GNPs of diameter 

40 nm and concentration 0.1 wt % (Fig. 5.15 (b-c)). 

 

Figure 5.15: POM micrographs showing the dynamic evolution of SmA textures of a 

hybrid cell formed in 8CB containing 0.1 wt % of GNPs with a diameter 40 nm (a) right 

after the Nem → SmA phase transition, (b) 1 hour latter and (c) after 1 day. The striated 
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stripes fraction increased with time, covering about 95 % of the sample area within a day. 

Arrows indicate the rubbing direction. Images were taken under the crossed polarizers.  

 

The fact that the hybrid cells containing GNPs were not stable with time, i.e. 

striated stripes were formed not at the Nem → SmA transition but after LDs formation, 

replacing a LD array, could let us assume that not all the NPs dispersed in 8CB were 

trapped in a liquid crystal bulk by the defects formed at the phase transition and possibly 

were moving towards the substrate causing a change of anchoring. However, these striated 

structures are known to occur in pure 8CB cells (Fig. 4.7), but still unidirectional 

anchoring. We can thus withdraw this hypothesis. Two other hypotheses can be proposed:  

- The topological defects of LD arrays are of small disordered core, and thus large 

NPs, destabilizing the 8CB structure around the defects core, finally destabilize the 

overall structure. However, the fact that this phenomenon occurs even for GNPs as 

small as 3.8 nm and concentrations of 0.1 wt % indicates that this hypothesis 

cannot explain the observed behavior by itself. 

- The number of topological defects or highly distorted areas in the striated stripes is 

larger than in the LDs. This may explain why the striated stripes are better 

stabilized by GNPs with large concentrations than LDs. 

In open cells it has been shown that all GNPs are localized in the topological 

defects, forming chains parallel to LDs76. In the closed cells such information could not be 

obtained due to the presence of two substrates, which made the LSPR signal too low for 

efficient measurements. If we assume that all GNPs are trapped by linear topological 

defects, in the 0.5 µm thick closed cell where we expect 1 LD domain per 1 µm2, next 

values will be obtained: 

1 wt % of 50 nm GNPs will make a chain of 0.2 µm (1 line), 

2 wt % of 5.8 nm GNPs will make a chain of 29µm (29 lines), 

2 wt % of 3.8 nm GNPs will make a chain of 68 µm (68 lines). 

These numbers are definitely large, but in LDs of open cells may correspond to the 

trapping areas associated with dislocations and a large 2D defects, recently revealed on 
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PVA substrates by combining X-ray diffraction and ellipsometry77. A high mixibility with 

small 3.8 nm GNPs observed in homogeneous planar cells makes it to be not apparent that 

all GNPs may be trapped into defects in the hybrid cells. It would thus be interesting to 

increase now the number of larger GNPs in the hybrid cells to check, if the striated stripes 

still remain stable, without aggregation, whereas aggregates are formed in homogeneous 

cells. This would be an interesting way of estimating the number of topological defects in 

closed cells.  

In the homogeneous planar cells, the particle size also strongly affects the 

mechanism of aggregation. For GNPs of diameter 40 nm and 50 nm a large number of 

aggregates was observed starting from 0.2 wt % of gold in 8CB. However, this occurred to 

be not the case for GNPs of smaller size, in particular no aggregates were formed by 3.8 

nm GNPs of the same 2 wt % concentration, which corresponds to approximately 10000 

times more particles contained in LC than it was for NPs of diameter 40 nm. This 

phenomenon may be due to larger Van der Waals interactions between larger NPs, 

favoring aggregate formation.  

5.3.3. Dark field microscopy (DFM) measurements  

To evidence the NPs localization inside the LC patterns created in the hybrid 

8CB/GNPs cells DFM observations of were performed. High-contrast DFM images are 

formed only by the scattered light coming from the sample. In the presence of NPs 

depending on their size the elastic light-scattering process may be more favorable in 

interaction with incident light waves. Starting from nanoparticle size of about 30 nm 

scattering begins to be significant181. The scheme and principles of DFM are described in 

the Chapter 2.5.4.  

We have tested the 8CB hybrid cells containing GNPs of different sizes d = (3.8 - 

50) nm and pure 8CB cells. No notable difference in DFM images of closed cells filled 

with LC only and with LC/GNPs dispersions were revealed.  For pure 8CB and 8CB with 

GNPs the regions of the samples consist of the same defect type, such as LDs, striated 

stripes or FCDs, looked similar (Fig. 5.16).  

Presence of the defect texture made DFM to be not informative technique for determining 

GNPs localization in hybrid cells. The smectic pattern was likely to hide the nanoparticle 

scattering signal. 
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Figure 5.16:  DFM images showing the SmA textures of hybrid cells formed in (a-c) pure 

8CB and 8CB containing 1 wt % of GNPs with a diameter (d, f) 50 nm and (e) 3.8 nm. 

Arrows indicate the rubbing direction. 

 

 

Conclusions 

We created highly oriented 1D arrays and 2D lattices of defect domains in SmA 

LC/nanoparticles dispersions. We found out that anisotropic dye molecules are trapped 

and oriented by topological linear defects (disclinations), which is in agreement with ref 

112, and form 1D periodic linear arrays made of oriented particles perpendicular to the 

director n. We evidenced their localization in the homeotropic regions of the linear defect 

domains. Both the pattern type (1D/2D) and the period of oriented particles can be 

controlled and reversibly changed by varying the SmA LC film thickness and/or external 

electric field.  

Analogous to the dye molecules semiconductor DRs are found to be trapped in the 

'homeotropic' regions of the linear defect domains and oriented by disclinations 

perpendicular to the director in the absence of the external electric field. However, when 

the defects were created by applied electric field, DR alignment was strongly affected by 
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the field. First, the LD period decreased slowly with increasing ERMS comparing to pure 

8CB and NR/8CB samples, suggesting that DRs increased the dielectric anisotropy of the 

material. Second, DRs were aligning with the field rather than along the defects, due to a 

large gain in electrostatic energy.  

FCPM measurements performed on the samples with spherical QDs of various 

concentrations (up to 1 µM or 1.3×10-3 wt % in LC) suggest no increase of a particles 

number inside the linear defects, comparing with an average particles concentration in the 

SmA LC film. 

Adding larger concentrations (above 0.1 wt %) of spherical GNPs to hybrid SmA 

LCs cells leads to destabilization of the LDs and stabilization of striated stripes, while 

preventing particle aggregation even for large concentration of GNPs. The amount of 

nucleated striated stripes in hybrid cells and the number of aggregates formed in 

homogeneous planar cells increase with the size of GNPs and/or with their concentration. 

Such behavior indicates that in LD arrays formed in closed hybrid cells the amount of 

topological defects is smaller, comparing to the open cells. As a consequence in presence 

of GNPs we stabilize a structure rich of topological defects – the striated stripes. 
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General conclusions 

An increasing scientific interest in liquid crystalline materials has arisen from their 

ability to guide the assembly of colloids15,229 and NPs76,95-97,145,184 into well-defined spatial 

patterns. However, the experimental realization of self-assembling switchable composites 

remains a significant challenge, as it requires nanoscale controlling of the particles 

arrangement into the tunable LC matrices using the fundamental interactions between the LC 

host and nanomaterials and transferring those properties to the macroscopic scale over a few 

millimeters. This thesis is devoted to the study the SmA LCs which produce 1D and 2D 

patterns of nanometer size defects44 with sub-micrometer periodicity and are capable to 

assemble NPs into ordered structures via defect/NP interactions. The dissertation focuses on 

two main tasks: to develop a reliable method for creation topological defect patterns with 

predefined symmetry and periodicity which can be tuned by an electric field application; to 

assemble NPs of different nature, size and shape into ordered structures within tunable LC 

defect arrays. 

Summarizing the results of this thesis we can affirm that: 

 Formation of 1D arrays of LDs and 2D lattices of FCDs is a general feature of SmA 

LC films38,39,74 subjected to hybrid anchoring conditions, that appeared to be largely 

independent from the LC chemical structure and phase sequence, physical properties of the 

interfaces (deformable air interface and rigid plates), roughness and degree of order 

(crystalline vs. amorphous polymer surfaces). 

The morphology of SmA patterns is determined by the thickness of the layer where the 

LC director rotates from normal to parallel to the substrates orientation. This thickness can be 

controlled by mechanical confinement or by applied electric fields113. LDs are observed when 

the layer thickness is smaller than about 1.3 µm, while FCDs appear in thicker layers and 

develop into a close-packed 2D hexagonal lattice for the thickness above 2 µm. We found out 

that the linear dependence of LD and FCD periodicity on the layer thickness is typical for 

both open LC films and closed cells. 

The electric field application during the Nem-SmA phase transition allows effective 

controlling the LD periodicity, which linearly increases with the inverse of the electric field. 
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In the case of hybrid cells the resulting configuration is stable against the electric field 

variations in the SmA phase and keeps its characteristics after switching the field off. 

Whereas in the planar cells switching electric field off leads to appearance of FCDs.   

The transition from 2D lattices of FCDs to 1D arrays of LDs occurs in the presence of 

strong director distortions. We suggest that this transition is a manifestation of the Nem-SmA 

transition itself, according to the analogy with superconductors proposed by De Gennes119. 

The direct investigations of the LDs and FCDs dependence on temperature and thickness in 

closed wedge cells lead us to assumption that 8CB is the type-I superconductor and thus, the 

LD arrays should be similar to the “intermediate state” of type-I superconductors. 

In SmA LC/nanoparticles dispersions we created tunable periodic defect patterns 

whose symmetry (1D or 2D) and periodicity could be controlled by the electric fields. We 

found out that in the absence of the electric field anisotropic dye molecules as well as 

semiconductor DRs are trapped and aligned by linear defects parallel to LD arrays112 and are 

localized in homeotropic regions of the linear defect domains. When 1D patterns were 

created by applied electric field, the alignment of dye molecules did not change, while 

DRs were oriented along the field due to a large gain in electrostatic energy. An obtained 

small slope of the period d vs. E-1 dependence, comparing to pure 8CB, suggests that DRs 

increased the dielectric anisotropy of the material. 

No increase of a particles number inside the linear defects, comparing with an 

average particles concentration in the SmA LC film was evidenced by FCPM 

measurements performed on the samples with spherical QDs of various concentrations (up 

to 1 µM or 1.3×10-3 wt % in LC matrix). 

Destabilization of the LDs and stabilization of striated stripes occurred in hybrid 

SmA LC cells at concentrations of spherical GNPs above 0.1 wt %. The morphology of 

SmA phase in hybrid cells prevents particle aggregation even for large concentration of 

GNPs. An increase of GNPs concentration as well as their size resulted in increase of 

striated stripes quantity in hybrid cells and a number of aggregates in planar cells. Such 

behavior indicates that an amount of topological defects should be larger in striated stripes 

than in LDs of closed cells. 
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While the study in this thesis demonstrates the possibility of periodic defect 

patterns creation in SmA LC films with their further tuning by electric fields, the internal 

defect structure in such system is still unclear and the detailed investigation is necessary. 

Exploiting the X-ray diffraction measurements can help to reveal the smectic layer 

arrangement within the defect domains and therefore to understand the number and type 

of topological defects present. The latter in turn will help to explain the defect/NPs 

interactions and to foresee an arrangement of nanoobjects of different size, shape, nature 

and concentrations. It is an important step on a way for creation of composite 

metamaterials, which would combine the unique properties of nanoscale materials and 

ordered liquid crystalline phases. Moreover, it will be interesting to study the other sample 

geometries, possibly with some exotic boundary conditions, where different types of 

topological defects can be created. For example, a single linear defect can be formed by SmA 

LCs inserted into capillaries with homeotropic anchoring on the boundaries. Thus, 

investigation of smectic LCs opens new perspectives for both fundamental science and 

applications standpoints. 
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