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Abstract

We model nematic liquid crystals using the Landau-de Gennes continuum theory,
where equilibrium configurations are solutions of complex boundary-value prob-
lems of systems of coupled nonlinear partial differential equations. We analyse and
present the exotic defect structures in model geometries with different boundary
conditions and material properties. We study three-dimensional wells with tangent
boundary conditions on the lateral surfaces, and two physically relevant boundary
conditions on the top and bottom surfaces, and prove the existence of the globally
minimizing Well Order Reconstruction Solution for small geometries. This work
is corroborated by an exhaustive numerical study of three-dimensional wells with
square and rectangular cross-sections, where we have looked at the effects of geo-
metrical anisotropy and anchoring. We then consider a two-term elastic energy
density in the Landau-de Gennes free energy to investigate the role of elastic aniso-
tropy in different asymptotic limits, focusing on two-dimensional square wells with
tangent boundary conditions. We then model ferronematics in two-dimensional
polygonal wells, tailoring multistability of the equilibrium profiles, and presenting
new exotic states with interior domain walls and nematic point defects. Lastly, we
study the nematic-isotropic phase transition for a fourth-order thermotropic bulk
potential in a stochastic setting, where certain material-dependent parameters

are assumed to follow a non-Gaussian probability distribution.
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Chapter 1

Introduction

1.1 What are liquid crystals?

We are all familiar with the three basic states of matter - solids, liquids and gases.
If we heat up an ice cube above 0°C', it becomes liquid water. This is one of the
simplest and most well-known examples of a phase transition where, at certain
temperatures or pressures, pure substances change state. Solid crystalline materi-
als consist of highly ordered molecules with a prescribed orientation and position,
whereas in a liquid, any sense of molecular order is lost, and the constituent
molecules can move freely. The term ‘liquid crystal’ therefore might seem quite
counterintuitive. However, many materials experience a liquid crystalline phase,

exhibiting both partial molecular order, and the fluidity of a conventional liquid.

The defining feature of liquid crystals is the constituent molecules are strongly
elongated in one or more dimension - usually rod, disc or board-like in shape [4]-[6].
The attractive forces between neighbouring particles are therefore directionally

dependent, and so liquid crystals display different material responses in different
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directions i.e., they are anisotropic. Most notably, the anisotropy of the liquid
crystal phase affects the polarisation and transmission of incident light, and the
optical response is different in different directions [7]. This can be clearly observed
in thin film samples under a polarising microscope, as seen in Figure 1.1. In these
figures, the different colours are a result of the changing molecular orientation
and some variation in the thickness of the film. In regions where the average
molecular orientation is parallel to either polarizer, we see black lines. We also see
these lines intersecting each other at junctions, referred to as ‘topological defects’.
These defects correspond to small regions of the liquid crystal where the average
molecular orientation is no longer defined. Depending on their chemical make up,
some liquid crystalline materials go through phase transitions due to a change in
temperature, for which they are deemed thermotropic, and others due to a change
in concentration, for which we call them lyotropic [8], [9]. In this thesis, we will

be focusing purely on thermotropic liquid crystals.

Liquid crystals were first discovered in 1888 by the Austrian botanist and chemist
Friederich Reinitzer [10]. Whilst studying the chemicals in plants, Reinitzer
heated a sample of cholesteryl benzoate which, at 145°C', melted into a cloudy
fluid, and at 178.5°C', changed once more into the originally expected clear liquid.
We now know the cloudy substance to be a cholesteric liquid crystal, and the
temperature at which it transitions to a clear liquid to be the clearing point.
Reinitzer sent two samples of the curious cloudy liquid to the German physicist
Otto Lehmann, along with an accompanying letter. It was Lehmann who, upon a
systematic study of the cholesteryl benzoate (and other related compounds that
presented two melting points), first used the term ‘liquid crystals’ to describe
this phenomenon. This work was expanded on by the German chemist Daniel

Vorlinder at the beginning of the 20*" century and, in 1907, determined that
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Figure 1.1: Thin-film liquid crystal samples under a polarising
microscope. Courtesy: Oleg Lavrentovich, Liquid
Crystal Institute, Kent State University, National
Science Foundation (www.nsf.gov).
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rod-like molecules were essential for the occurrence of two melting points [11].

Most liquid crystals are mesogenic i.e., they display a series of intermediate states
of matter between the solid and liquid phases called mesophases. In 1922, G.
Friedel [12] classified these mesophases into three broad categories which are still

in use today - the nematic, cholesteric and smectic phases.

1.1.1 The nematic phase

The simplest liquid crystalline phase is the nematic phase. Here, the constituent
molecules orient themselves in locally preferred directions, called directors in the
literature, but they do not display any sense of positional order. The term nematic
derives from the Greek vijua, meaning ‘thread’, which stems from the dark lines
that are often observed in nematic liquid crystal samples, as in Figure 1.1. In many
nematic liquid crystals, the molecules tend to align parallel to a single director,
which defines an anisotropic axis, and are hence called uniazial nematics [13].
The molecules in a uniaxial nematic are typically rod-like in shape, or elongated
in the direction of the anisotropic axis, for which we call them calamitic. Others
are disc-like in shape, or shortened in the direction of the anisotropic axis, for
which we call them discotic [14]. A typical calamitic liquid crystal molecule, such
as p-azoxyanisole (PAA), has a length of a few nanometers and is fairly rigid for
some portion of its length [15]. A schematic of the uniaxial nematic phase for a
calamitic liquid crystal is shown in Figure 1.2, which shows approximately how
these molecules tend to arrange themselves for very low and high temperatures.
When the temperature is low enough, the liquid crystal molecules acquire a degree
of positional order, and for high enough temperatures, the molecules lose any sense

of molecular order and enter an isotropic fluid phase [16]-[18].
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e e Al
i N N

Solid Crystal Nematic Liquid Crystal Isotropic Liquid

I l
Melting Point Clearing Point T

Figure 1.2: A schematic representation of the uniaxial nematic
liquid crystal phase for increasing temperature, T
The ellipsoidal shapes represent calamatic molecules,
whose average direction of molecular alignment is
given by the unit vector n, called the director.

The key feature of nematic liquid crystals is that the axis of uniaxial symmetry
has no polarity. This means that if we describe the director by some vector n,
as in Figure 1.2, then n and —n will be indistinguishable from each other. It is
also possible for a nematic liquid crystal to have two locally preferred directions

of alignment. We refer to these as biazial nematic liquid crystals [19].

1.1.2 The cholesteric phase

In the cholesteric phase, chiral molecules (which have a different left and right-
hand orientation) form a helical structure [20]. The helical axis is perpendicular
to the local director, as shown in Figure 1.3. The pitch of the cholesteric helix,
P, is the distance along the helical axis (typically of the order of microns), over
which the local director rotates through 360°. The term cholesteric originates

from the word ‘cholesterol’, a substance for which many of its derivatives exhibit
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a cholesteric liquid crystalline phase. This may seem slightly ambiguous since
cholesterol itself is not a cholesteric liquid crystal, and so the expression chiral

nematic is also used to describe this phase [15].

| Pitch P |

NE)

Figure 1.3: A schematic representation of the cholesteric liquid
crystal phase, with cross-sections normal to the hel-
ical axis. Here, the director, represented by black
arrows, rotates through a full 360° along a distance
given by the pitch P.

1.1.3 The smectic phase

In a smectic liquid crystalline phase, the constituent molecules exhibit some degree
of positional order and arrange themselves in layers. These layers typically have a
prescribed thickness sometimes called the smectic interlayer distance. Unlike the
conventional solid crystal, these layers can still move over each other freely and,
within each layer, molecules behave like a nematic with an average orientation
given by a director. In Figure 1.4, we show a schematic of two common smectic
phases - smectic A and smectic C. In the smectic A phase, the layers are normal
to the director and, in the smectic C phase, the director may orient itself at an

angle to the layer normal [5], [9].
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Figure 1.4: A schematic representation of the smectic liquid crys-
tal phases. In the smectic A phase, the prescribed
layers of liquid crystal are positioned normal to the
director, n. In the smectic C phase, the director
aligns at some angle, 6, to the layer normal.

We will focus on nematic liquid crystals for the remainder of this thesis, but for a
more in depth mathematical introduction to these phases, the reader is referred

to the seminal work by De Gennes and Prost [9)].

1.2 Applications of liquid crystals

The special properties of liquid crystals make them excellent working materials
in a number of industrial applications [21]. Most notably, the anisotropy of
liquid crystals means they are optically birefringent. In general, light entering
an isotropic medium will travel at a constant speed, regardless of the material’s
orientation relative to the direction of incident light. However, the director in a
uniaxial nematic defines an optic axis for the material, and the refractive index, n,
parallel to the director n, is different from the refractive index perpendicular to the

director, n . The ‘birefringence’ of the material is simply defined by An = n|—n
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[9]. Furthermore, a nematic liquid crystal’s orientational order is highly sensitive
to external electromagnetic fields and mechanical stresses [15]. An applied electric
field, E, for example, will induce a dipole moment per unit volume, P, referred
to as the polarisation. This quantity is proportional to the field strength and
electric susceptibility of the liquid crystal. The electric displacement, D, induced

by E and P is given by
D = ¢ E + ¢gAé(n - E)n, (1.2.1)

where n is the director, € is the dielectric permittivity of free space, and Ae =
€ — €L is the dielectric anisotropy of the liquid crystal. The unitless dielectric
constants, € and €, are the relative permittivities parallel and perpendicular to
the director, respectively [13]. These important characteristics have led to the
explosion of interest in nematic liquid crystals and their use in the multibillion-

dollar display industry.

1.2.1 Liquid crystal displays

The liquid crystal display (LCD) was invented in 1964 at RCA Laboratories in
Princeton [22], [23]. These early designs didn’t become commercially viable until
the invention of the twisted nematic (TN) mode of operation in 1970 [24]. In
a TN device, the orientation of nematic liquid crystal molecules is imposed by
two suitably treated substrates where, in the absence of any external electric field
(the OFF state), polarized light is allowed to pass through a twisted nematic
layer. When an electric field is applied (the ON state), the nematic molecules are
oriented in such a way that the incident light cannot pass through. A diagram of

the fundamental mechanism in a TN device is shown in Figure 1.5. In this example,
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the nematic liquid crystal has positive dielectric anisotropy (Ae > 0), and so the

director is attracted to be parallel to the applied electric field. The addition of

__———— Incident light\

Polari
_— o arlzer\

__— Substrate—__

/\ Nematic liquid crystat— ‘ ‘

Electric Field

. ‘ l Applied

____— Substrate —_

—— Polarizer——m8 —

Figure 1.5: Diagrams of the OFF and ON states in a twisted
nematic (TN) liquid crystal device.

thin-film transistors (TFTs) to these devices made it possible to construct LCD
TV’s, and many of the modern displays used today. More complex modes of
operation, such as the in-plane switching (IPS) mode, have use in displays with
enhanced viewing angles and which can endure additional mechanical stresses
such the touch screens on smart phones [22], [25]. More modern inventions, such
as the zenithal bistable device (ZBD), utilise particular confining geometries that
permit multiple stable orientations for the nematic molecules, improving the
display’s efficiency [26], [27]. The prescribed molecular orientation on surfaces is

an important feature in display devices, and will play a large role in the modelling
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aspect of this thesis. For this reason, we briefly describe the types of anchoring

that are employed in applications.

1.2.2 Liquid crystals in confinement

The confining geometry of a liquid crystal sample can drastically alter the ori-
entational order in the absence of external fields. Interaction forces between the
nematic molecules and the bounding surface can impose variable degrees of ori-
entational order and preferred directions of alignment. The ways in which the
director in a nematic liquid crystal is aligned on the bounding surfaces of a con-
tainer is referred to as anchoring. The term homogeneous (or planar) alignment
refers to anchoring which aligns the director parallel to the bounding surface.
This is typically achieved by rubbing the surface in one direction. Other methods
that induce anchoring include chemical treatment of the bounding surfaces, which
may force the director to be perpendicular to the surface. This is referred to
as homeotropic anchoring. More generally, we may prescribe conical anchoring,
where the nematic director at the boundary makes a fixed angle, ¢, with the
tangent plane of the surface, defining a cone of ‘easy directions’ for which it may
orient itself. In Figure 1.6 we present a simple schematic, which has been adapted

from [13], that shows these three anchoring alignments.

e b

n

Homogeneous (planar) Homeotropic Conical

Figure 1.6: Homogeneous, homeotropic and conical anchoring
alignments with director given by n.
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1.2.3 Colloidal particles in a nematic host

In recent years, there has been substantial interest in liquid crystal nanoscience
and nanotechnology (28], [29]. This exciting field of research focuses its attention
on controlling and enhancing the distinctive physical properties of a liquid crystal
host using embedded inclusions, such as dispersed colloidal particles. The intro-
duction of foreign particles changes the local orientation of nematic molecules
through surface interactions, and in some cases can induce several topological
defect structures [30]. It has also been shown that dispersions of colloids in a
nematic host can change material properties such as phase transition temperat-
ures [31], and induce the self-assembly of highly organized defect structures and
anisotropic clusters [32]. The inclusion of magnetic nanorods was first theoretic-
ally investigated by Brochard and de Gennes [33], who proposed that rod-shaped
particles can drastically enhance the macroscopic responses of a nematic liquid
crystal to external magnetic fields. This class of soft matter is referred to as a

ferronematic, and is explored in more detail in Chapter 6.

For a time, the LCD industry dominated the focus of applied science, but we
are now seeing a renaissance of advanced and complex applications that have
liquid crystals at its core. Liquid crystals’ optical birefringence, susceptibility to
external fields, and interaction with solid surfaces, offers a wide range of potential
functions. To name but just a few of them, they are now being used to improve
the sensitivity of switchable metamaterials [34], to construct tunable photonic
band-gap devices [35], and as an important material in visualizing the presence

of proteins such as DNA [36].
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1.3 Modelling nematic liquid crystals

Liquid crystals present a challenge to mathematical modellers due to their aniso-
tropic properties. Nonetheless, several mathematical approaches have been used
to understand both the molecular behaviour, and macroscopic configurations in
the nematic phase. The first attempt at a theoretical formulation of nematic liquid
crystals is the ‘swarm theory’, proposed by Bose in 1909 [11]. This simple theory
adopts the notion that liquid crystal molecules group into collective bundles, or
swarms, in approximately the same direction. Whilst quite basic, this theory was
able to explain the cloudy appearance of liquid crystal samples at the time. It is
clear that molecular interactions within a liquid crystal instigate the orientational
behaviour that is observed, but the majority of liquid crystal applications involve
samples of liquid crystal with many molecules. For that reason, accurate molecu-
lar models of these samples are computationally expensive and hard to achieve.
A more manageable approach is to carry out molecular dynamics simulations,
which utilise an empirical potential for the intermolecular interaction, such as
the Gay-Berne potential [37]-[39]. Where these models succeed in modelling the
microscopic interactions of a liquid crystal, they are inadequate for calculating
the macroscopic outcome from these interactions, for which a continuum theory

is needed.

1.3.1 The scalar order parameter

Any robust continuum theory of nematic liquid crystals requires some measure
of the orientational order in the system. We have already touched on one such
measure, the director n(x,t). This unit vector effectively measures the mean

orientation of the molecules in a uniaxial nematic liquid crystal, at a point x
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in space, and time t. In this thesis we focus on the static continuum theory of
nematics, where any notion of flow can be ignored, and so we consider directors
n(x). As explained previously, the sign of n has no physical significance due to
the head-to-tail symmetry of the constituent molecules. Therefore it is conducive
to think of the molecular orientations, not as elements of a vector field, but as
elements of the real projective plane, RP2. Another crucial parameter used to
describe a nematic liquid crystal is the scalar order parameter, typically denoted

by s, which measures the degree of orientational order about the director.

Consider a small region of the material, say a small ball B(x,¢) centred at the
point x with radius d, containing a uniaxial nematic liquid crystal consisting of
calamitic (or rod-like) molecules. We pick d small enough to describe the material
point x effectively, but large enough for a statistical approach to make sense. As
in [19], we may consider the probability distribution function, p(6,,), of the angle,
—5 < 0, < 3, between each molecule and the average orientation of molecules
in the region B(x,d). The scalar order parameter is a measure of how spread
out this probability distribution function is. The standard way to define this is
to compute a Legendre polynomial decomposition of the probability distribution

function p. The first non-zero term is given by
1 2
s=3 / (3cos2 6,y — 1)p(6,) V. (1.3.1)
B

In a state of perfect alignment, we have that 6,, = 0 everywhere. Since p(6,,) is a
probability distribution, its integral over the region B is equal to 1, and so we have
s = 1. In an isotropic fluid, the molecules are randomly oriented. In this scenario,
we have that p(6,,) is a constant, since it resembles a uniform distribution. From

the head-to-tail symmetry of molecular orientations, this constant value is equal

1

to 5- since the integration in equation (1.3.1) may be performed over half the
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Figure 1.7: A diagram of the molecular orientation angles, adap-
ted from [19]. The blue arrow represents the molecu-
lar orientation of a single molecule, and the average
orientation of molecules in the region B is given by
the director n. 6, is the zenithal angle between the
molecule and director, and ¢,, is the azimuthal angle,
where v is some fixed direction normal to the director.

boundary of the sphere, éB*, and

21 %
/ dA = / / sin 6, d6,,de,, — 27,
oBt 0 0

where ¢,, is the azimuthal angle of a molecule and the director. For clarity,
we present a diagram of these molecular angles in Figure 1.7. Therefore in the

isotropic setting, the scalar order parameter is given by

1 2
= E/(56+<3COS 0, —1)dA

1 o 3
- / / (3082 Oy, — 1) it 0y, Ab, Ay
™ Jo 0

S

0
:—/ (322 —1)dz = 0,
1

where we have used the substitution x = cos@,, in the last line. Another ex-
treme possibility, is that all of the molecules are randomly oriented in the plane

perpendicular to the director. In this scenario we have 6, = 7 and so s = —%.
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1.3.2 Defects

Defects in a nematic liquid crystal can appear as isolated points or lines in the
material. They correspond to localised regions where the average orientation of
molecules can no longer be defined, and they typically present themselves as math-
ematical singularities in several theoretical frameworks [6]. Defects can occur as
a result of a phase transition, the application of an external field, or they simply
exist in equilibrium due to confinement or from the inclusion of colloidal particles
[30], [40]. For the purposes of this thesis, it is useful to introduce a topological
classification of point defects, which can be difficult since it depends on the topolo-
gical properties of the order parameter space being used [6]. For the case of planar
vector fields in 2D domains, we say that a defect has degree/topological charge k,
if the director rotates k times through 27 radians as an oriented circuit around
the defect [41]. Since the director is sign-invariant, this particular classification
allows for both integer and half-integer degrees. The archetypal configuration of
some of these defects is shown in Figure 1.8. We may classify point defects in
three dimensions using the homotopy invariant Brouwer degree [42], however most
of this thesis considers 2D systems or the reduced LdG setting with two degrees
of freedom. Informally speaking, the Brouwer degree is the oriented number of
times the image of the director field, restricted to a closed surface, covers or wraps
around the unit sphere when enclosing a point defect and, in work by [43], the
authors use fractional Brouwer degrees (also called wrapping numbers) to classify

a tangent unit-vector field on three-dimensional polyhedral geometries.
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Figure 1.8: Ilustrations of point defects with topological charge
+1 (top left), —1 (top right), +1 (bottom left), and
(bottom right).

1
2

1.3.3 The Oseen-Frank theory

The key idea in any variational theory of nematic liquid crystals is that equilibrium
configurations correspond to minimizers of some free energy functional. In the
Oseen-Frank model, first proposed by Oseen [44] and later developed by Frank in
1958 [45], the total free energy of the system depends on just a single parameter -
the director n. For a uniaxial nematic sample, contained in some bounded open

set Q C R3, the Oseen-Frank free energy is given by
For(n) = / W (n, Vn) dx,
Q
where W is the energy density

Wi(n,Vn) = K;(V-n)’ + Ky(n-V x n)*> + K3(n x V x n)?

+(Ky+ K4)V - [(n-V)n — (V- -n)n. (1.3.2)
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Here, Ky, ..., K, are the Frank elastic constants, derived from the components
of curvature, or curvature strains, obtained by considering a Taylor expansion for
the components of the director, n, about the origin [13]. These curvature strains
are referred to as splay, twist an bend, and correspond to the elastic constants
Ky, Ky and K3, respectively. Schematic representations of these curvature strains

are shown in Figure 1.9.

Wit g/ =~
\ | ——
WAl .
SN, —

splay (V- n#0) Twist (n-V xn#0) Bend (n x (V x n)#0)

Figure 1.9: The splay, twist and bend curvature strains from the
Oseen-Frank elastic energy density (1.3.2).

The last term in the elastic energy density (1.3.2) is referred to as the saddle-
splay term, which is typically ignored in boundary value problems with prescribed

strong anchoring, since its integral
(K + m)/gv [(n-V)n— (V- n)n] dx,

depends only on values of n at the boundary, 0€2. The elastic constants depend
on temperature and, as an example, at 125°C' the liquid crystal PAA has elastic

constants
Ki=45x10""N, K,=29x10""N, K;3=95x10""N,

and these values typically decrease as the temperature of the system increases [13].

For analytical simplicity, the one-constant approximation of this energy functional
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is often taken [46]. In this approximation, we have K = K} = Ky = K3, K4 =0,
which reduces the energy to the Dirichlet energy functional for harmonic maps

given by
For(n) = K/Q |Vn|* dx.

This classical continuum theory is still widely used today however, it depends only
on a single director and assumes a constant scalar order parameter throughout.
As a result, the theory fails to predict the isotropic-nematic phase transition,

biaxial nematic phases, and several classes of defects.

1.3.4 The Ericksen theory

Since not all defects can be accounted for within the Oseen-Frank framework, this
inspired Jerald Ericksen to formulate a modified continuum theory for uniaxial
nematics in 1991 [47]. Here, the free energy functional is designed to depend on
both the director, n, and the scalar order parameter, s, given by (1.3.1). The

one-constant approximation of this energy can be written as:
Fels,n] = [ kalVs? + 5% Vnf + fy(s) dx,
Q

where k,; is some elastic constant, and f, is a bulk potential chosen to encapsulate
the phase transition behaviour of the system. We will clarify the details of a
suitable bulk potential in Section 1.4.2. The key idea of this theory is that
the scalar order parameter, s, vanishes in regions where the director, n, can no
longer be defined, and so defects may be modelled by regions of the material
where the molecular orientation is completely disordered, as in an isotropic fluid.

This mathematical framework, allows for line defects (or disclinations) and two-
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dimensional point defects, and can effectively model phase transitions from an
isotropic fluid to a uniaxial nematic phase. However, it is not able to sufficiently
describe biaxial nematic phases, for which a more sophisticated continuum theory

is required.

1.4 The Landau-de Gennes theory

A biaxial nematic phase has no axis of rotational symmetry, as in a uniaxial
phase, and two scalar order parameters are required to describe the degree of
orientational order in the system [19]. For this reason, both the classical Oseen-
Frank theory, and Ericksen theory for nematic liquid crystals, will be insufficient
at accurately modelling a biaxial phase and transitions between biaxial, uniaxial
and isotropic phases. We only consider calamitic or discotic molecules with only
one molecular axis, but for a detailed description of the associated continuum
theory involving plank-like molecules with two molecular axes, we refer the reader

to the work by Sonnet & Virga [48].

1.4.1 The de Gennes Q-tensor

In our derivation of the scalar order parameter (1.3.1), we considered a probab-
ility distribution function of the angle between each molecule and the average
molecular orientation within a small region. Following the approach in [49], we
will now consider the probability distribution function, p(x, p), of the molecular
orientations themselves. This distribution represents the probability of a ran-
domly chosen molecule in the region B(x,d) having an orientation given by the

vector p € S? (where S? is the unit sphere). Since p and —p are equivalent, we
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have that p satisfies the following properties:

p(x,p) >0, /SQ p(x,p)dp =1, p(x,p)=p(x,—Pp).

Now consider the finite moments of the probability measure p. We see that the
first moment, [q¢» p p(x, p) dp, vanishes and we denote the second moment by the

following symmetric second-order tensor:

M(x) = /52 P ® pp(x,p)dp,

where the tensor product is defined by the relation (a ® b);; = a;b;, 4,j = 1,2, 3,
for arbitrary vectors a = (aq, as, az) and b = (by, by, b3). The de Gennes Q-tensor

is defined as
Q(x) =M(x) — ;I, (1.4.1)

and is a measure of the deviation of M from its isotropic value. It follows that Q

is a traceless, symmetric 3 x 3 matrix i.e., Q € Sy where,
So={Qe M :Q=Q7, Q= 0}.

We note that S is a five-dimensional subspace of the space of 3 x 3 matrices and,
as we will describe in more detail, the de Gennes Q-tensor (1.4.1) carries sufficient
information to describe the two directors, and two scalar order parameters, of a
biaxial nematic phase. The Q-tensor may be expressed in terms of its eigenvalues,

{\:}2_,, and its eigenvectors, {n;}3_,,

Q = )\1111 ®ny + )\2n2 ® ny + )\31’13 X ns. (142)
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However, since Q is traceless, we must have that A\ + Ay + A3 = 0, and since

>3 . n; ®n; = I3, we have that
Q = (2)\1 + )\2)111 X ny + (2)\2 + )\1)112 X ng — ()\1 + )\2)13.

We say that the Q-tensor is isotropic if all its eigenvalues are equal and, by the
tracelessness of Q, we have that Q = 0. The Q-tensor is uniaxial if it has a pair

of degenerate non-zero eigenvalues, in which case it may be written as [50]
1
st(n@n—31>, (1.4.3)

where s € R is the scalar order parameter and n € S? is the director, corresponding
to the associated non-degenerate eigenvalue, which labels the distinct direction of
uniaxial nematic alignment. Lastly, the Q-tensor is biaxial if it has three distinct

eigenvalues, in which case it can be written as
1 1
Q:s<n®n—31> —l—r<m®m—31>,

for unit-length eigenvectors n, m € S?, with n-m = 0, and scalar order parameters
s, € R, which represent the two preferred directions of molecular alignment in a
biaxial nematic liquid crystal, and the degree of orientational order about these

directions, respectively.

We are now prepared to introduce the Landau-de Gennes continuum theory of
nematic liquid crystals, which relies on the Q-tensor order parameter (1.4.1) [9].
Suppose we have a sample of nematic liquid crystal, contained in an open bounded
set Q0 C R?® with smooth boundary, Q2. The total free energy of the sample is

given by

F= [ (at ot fom)aV+ [ (£)as,



1.4. The Landau-de Gennes theory 22

where the energy densities, fo, fp, fem and f,, represent the energy potentials of
elastic distortions, thermotropic contributions, externally applied electromagnetic
fields, and surface interactions, respectively. Surface anchoring conditions may
be broadly classified into two regimes: strong anchoring and weak anchoring
[6]. Strong anchoring conditions, typically referred to as Dirichlet boundary
conditions, encapsulate scenarios where the forces on the boundary are strong
enough to essentially prescribe a value for the order parameter at the surface,

that is,
Q=Qy, on 0f. (1.4.4)

In this case, the surface energy contributions are so dominant in the free energy
that we may reduce this minimization problem to the case where f;, = 0. When
modelling a weak anchoring condition, we have f; # 0. This surface energy is
introduced to give a preference for the director orientation along the boundary,
which may vary under the application of external fields [19]. One typical surface
energy density used in the Q-tensor framework is the Rapini-Papoular surface
energy [51]

(@)
Q- Q) (1.4.5)

Q) =

which imposes a preferred orientation, determined by Q{, on the " lateral
surface. The w® are the anchoring coefficients, which dictate the strength of
surface anchoring [52]. For the purposes of this thesis, we will disregard externally

applied electric/magnetic fields, but for an excellent review of how these terms

contribute to the Q-tensor model, see [9] and [19].



1.4. The Landau-de Gennes theory 23

1.4.2 Thermotropic contributions

The bulk thermotropic term, f;, essentially dictates which liquid crystalline state
we are in. By design, this energy potential is minimized by the isotropic state,
Q = 0, at high enough temperatures. The simplest form of f, that allows for
a first-order nematic-isotropic phase transition is a truncated Taylor series in Q

about the isotropic state i.e., the following quartic polynomial in the invariants

of Q:
f(Q) = ?trQQ — l;trQ?’ + Z(trQ2)2. (1.4.6)

For clarity, we denote trQ? = Q;;Qij, and trQ* = Q;;Q;1Qxi, where the Ein-
stein summation convention is to be assumed, and @);; corresponds to the % 5th
component of the tensor Q. The parameter A is approximated to be linear in
temperature i.e., A = a(T — T*), where o > 0 is a material-dependent constant,
T is the absolute temperature of the system, and T™ represents the characteristic
nematic supercooling temperature, at which the isotropic state becomes unstable.
The other parameters B, C' > 0 are to be considered material-dependent constants.
We repeat an important result from [50], and its proof, concerning minimizers of

the thermotropic bulk energy contribution (1.4.6).

Proposition 1.4.1. [50] The bulk energy density defined by (1.4.6) attains its
minimum for either the isotropic state, or a continuum of uniazial Q-tensors of

the form
1
Qu =5+ (n ®n — 31) , (1.4.7)

where n € S? is a unit eigenvector of Q and

. _ B+ VB 21AC
+_ .
e

(1.4.8)
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Proof. We recall that for a symmetric, traceless matrix Q-tensor of the form
(1.4.2), we have that trQ" = Y7 | A", subject to the tracelessness condition
A+ Ay + A3 = 0. Therefore, the thermotropic bulk energy density, f;,, only
depends on the eigenvalues A\, Ao, A3, and the stationary points of f;, are given by

the stationary points of the function f : R® — R defined by

A 3 B 3 C 3 2 3
FOudo k) = 5SR-S N (zg) CwY A
i—1 i—1 i=1 i=1

Here we have recast f, in terms of the eigenvalues of Q, and introduced a Lagrange
multiplier § to account for the tracelessness constraint. The stationary points of

f» then satisfy the following system of algebraic equations:

3
gf =0 <— A)\i—B)\?+C<Z)\§> N =20, i=1,2,3, (1.4.9)
1 k=1

or equivalently,
3
(N — ) A—B()\i+)\j)+02>\i] =0, 1<i<j<3. (1.4.10)
k=1
Suppose, for a contradiction, we let {\;} be a solution of the system (4.2.10) with
three distinct eigenvalues A\; # Ay # A3 i.e., f, is minimized by a biaxial Q-tensor.
Without loss of generality, we consider equation (1.4.10) for the pairs (A;, A2) and
(A1, A3). This yields two equations:
3
A—BM+XA)+CY N =0,
k=1

3
A—BM+A)+C Y N =0,
k=1

from which we obtain

—B(A2 — A3)

0,
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contradicting our initial hypothesis Ay # A\3. We thus conclude that a stationary
point f, must have at least two equal eigenvalues, and therefore correspond to

either a uniaxial or isotropic liquid crystal state. Without loss of generality, we

consider an arbitrary uniaxial state given by (A, A2, A3) = (%—5, -3, —%) The

corresponding Q-tensor is

1
Q:S(e1®el—31>.

The function f; is then a quartic polynomial in the order parameter s, that is

82

= —(9A 2B 2
27(9 s+ 3Cs?),

fo(s)

and the stationary points are solutions of the algebraic equation

dfy 2As  2Bs* 4Cs?
— =0 <~ — = 0.
ds 3 9 + 9

This cubic equation admits three solutions:

_ B++/B?2-24AC
N 4C ’

s=0, and s4

where

2

fb(O) = 0, and fb<8:|:) = %(914 — BSi),

and so fy(s—) > fp(s4). Symmetry considerations show that we obtain the same
set of stationary points for the remaining choices of eigenvalues. The global
minimizer is therefore either the isotropic state Q = 0, or an ordered nematic

state of the form (1.4.3), where s = s.. O

We may check the stability of this family of stationary points by computing %.

B2

We see that the isotropic state, s = 0, is globally stable for A > 525, metastable
for 0 < A < %, and unstable for A < 0. The nematic state, s = s, is globally
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stable for A < %, metastable for % <A< %, and undefined for A > %.

B2

31c» and undefined

The s = s_ state is metastable for A < 0, unstable for 0 < A <

for A> £2 In summary there are 3 distinct temperature regimes for the variable

240"
A:

o« A =0, below which the isotropic state loses its stability. This is commonly

referred to as the nematic supercooling temperature.

« A= %, at which both the nematic state and isotropic state have equal
energies (fy(s4) = f(0)). This represents the nematic-isotropic transition

temperature.

« A= %, above which the nematic states, sy, are no longer defined and we

refer to this as the nematic superheating temperature.

We present a plot of f;, as a function of the scalar order parameter s, for different
values of A, in Figure 1.10. Here we take B = 0.64 x 10*Nm 2, C' = 0.35 x

10* Nm ™ - typical values for the liquid crystal MBBA [8].

1.4.3 Elastic contributions

Liquid crystalline materials are anisotropic in their nature, and hence elicit a
directionally-dependent response to elastic deformations [16]. The elastic energy
density, f.; in the total free energy, penalises any spatial inhomogeneities in the

system, and is composed of quadratic functions in VQ. That is,

L L L
fa(Q,VQ) :?lQij,inj,k + ?QQij,jQik,k + gQik,jQi]’,k

L L
+ feiijilel,k + f@lk@ij,l@ij,ka
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Figure 1.10: Plots of the thermotropic bulk energy density, f3, as
a function of the scalar order parameter, s, for vari-
ous temperature regimes. The red circle represents
the isotropic state, s = 0.

where Qi = 88%:' for 7,7,k = 1,2,3, and where the Einstein summation con-
vention is to be assumed [53]. The Lq,..., L5 are material-dependent elastic
constants which are related to the Frank elastic constants from (1.3.2). The
fourth term accounts for any molecular chirality in the system and so for nematic

liquid crystals we have Ly = 0. The last term is one of several potential cubic
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terms that can effectively model any broken symmetry of the K; and K3 Frank
elastic constants [54]. Furthermore, the difference of the second and third elastic
terms, Qi;,;Qikk — Qir,;jQij k, is a null lagrangian and so, for simplicity, we will only
be considering the first two elastic terms i.e., Ly = Ly = L5 = 0. The case where
L; =0, for i = 2,...,5, is referred to as the one-constant approximation of the
elastic energy density. For clarity, Q-tensors in the space Sy have the correspond-
ing matrix norm |Q|? = trQ? = Q;;Qi;, 1,7 = 1,2,3 and hence, the one-constant

approximation of the elastic energy density can be written as L|VQ|*.

1.4.4 The biaxiality parameter

In confined systems, localized regions of biaxiality within the liquid crystal sample
can arise, especially in the vicinity of defects. For this reason, it is useful to utilize
a measure of the degree of biaxiality, which will also be key in proving some
results in this thesis. We define the biaxiality parameter, 32, as in [55] and [40]:
(trQ?)
(trQ?)*

It was shown in [56] that, for any Q € Sy \ {0}, the biaxiality parameter (1.4.11)

B =1-6 (1.4.11)

takes values in the interval [0, 1], where 3% = 1 corresponds to a state of maximum
biaxiality if, and only if, one eigenvalue of Q vanishes, and 3? = 0 for all uniaxial
states of the form (1.4.3). Moreover, for any Q € &y, the following inequality
holds:

QP <1 _ BQ) <trQ® < |Q\/|63 ( — ﬂ;) , (1.4.12)
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1.4.5 Results on minimizers

Throughout this thesis, we consider the equilibrium configurations of a nematic
liquid crystal in confinement in the Landau-de Gennes theory. In this brief section,
we reproduce some of the key results concerning minimizers of the one-constant
approximation of the Landau-de Gennes energy functional in the absence of

external electromagnetic fields and surface energies, Fy ¢, given by

FiolQ) = [ £IVQP + f(Q)aV. (1.4.13)

Confined nematic systems evolve to a configuration that minimizes the LdG free
energy (1.4.13) i.e., Fre will be a minimum when the system is in equilibrium.
To this end, we consider the minimization problem of Fj s with respect to the
tensor order parameter Q. We choose Dirichlet boundary conditions (1.4.4) such
that the thermotropic bulk potential is minimized along the boundary i.e., Q, is

of the form (1.4.7). We define our admissible space to be
A={QeW"?(Q;S) : Q=Q, on 90N}, (1.4.14)
where the Sobolev space W2(€; Sy) is given by
W) = {Qe S [ [VQE+IQFaV <,
which is equipped with the following inner product:
(Q, Pz = /Q{Qz‘jpz‘j + Qi Py} dV,  i,5,k=1,2,3;

and norm and seminorm, respectively

1Ql[f12¢0) = (Q,Q), Qlf2() = /QQz‘j,inj,k dV = /Q VQ[*dv.
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The existence of a global minimizer of F;q, over the admissible space A, is an
immediate consequence from the direct methods in the calculus of variations [57].
Since the elastic energy density is convex in VQ, then we have that F g is weakly

lower semi-continuous. That is,

lim inf Frc[Qn] > Fre[Q]

for all sequences Q,, weakly converging to Q in W*(Q) i.e., (Qn,¢)wr2) —
(Q, ¢)wrz( for all ¢ € WH2(Q). Furthermore, from (1.4.2), the bulk energy
density f3 is bounded from below by some constant depending only on the material

parameters A, B and C', hence F ¢ is coercive over A. That is,

FralQ] > Cil|Qllwrz ) + Co

for all Q € A, and constants C; > 0 and Cy € R. Furthermore, any critical point
of the rescaled functional (1.4.13) in the admissible space (1.4.14) will satisfy the

following Euler-Lagrange equations:

1AQ=4qQ - 2(QQ - 11QF) + larq (1.4.15)

which comprises of a system of up to five coupled partial differential equations.
From Proposition 13 in [50], solutions of the Euler-Lagrange equations (1.4.15)
are real analytic in 2. For completeness, we now reproduce an important result,

and its proof, from [56] and [50].

Proposition 1.4.2. Suppose Q is a global minimizer of the LdG energy functional
Fra, in the admissible space A. Then we have the following a priori L bounds,

independent of the elastic constant L:

2
QU0 = esssp Q60 < 2, = M(4,5,C),
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where s is defined in (1.4.8).

Proof. Suppose for a contradiction, that there exists some point x* € Q, where
|Q| achieves its maximum, and |Q(x*)| > \/ger. The function [Q? : @ — R

attains its maximum at the point x* € €2, and hence

A (;\QP) (x") < 0. (1.4.16)

Multiplying both sides of the Euler-Lagrange equations (1.4.15) by Q, and using

the inequality trQ? < % in (1.4.12), we have that

LA (; QF) = A6Q® - BuQ® + C(1Q?)* + LIVQ

> AtrQ? — BtrQ® + C(trQ?)?

B

> AlQI* - \/EIQI?’ +C1Q/*

>0

when |Q| > \/%SJF. This yields A (%]QP) (x) > 0, for all interior points x € €,

whenever |Q(x)| > \/ger, contradicting the statement in (1.4.16). O

1.5 Thesis outline

In Chapter 2, we review the relevant literature and motivate the topics addressed

in this thesis.

In Chapter 3, we study nematic equilibria confined to three-dimensional square
wells, given planar degenerate Dirichlet conditions on the lateral surfaces. We
focus on the Well Order Reconstruction Solution (WORS), as a function of the

well-size A\, and the well height e. The WORS are distinctive equilibria reported in
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[52] for square domains, without taking the third dimension into account, which
have two mutually perpendicular defect lines running along the square diagonals,
intersecting at the square centre. Firstly, assuming natural boundary conditions
on the top and bottom surfaces and secondly, with realistic surface energies, we
prove the existence of a general class of nematic equilibria (including the WORS)
in three dimensions, for arbitrary well heights, and for temperatures below the
nematic supercooling temperature. We show in both cases, that the WORS is

globally stable for A small enough, and unstable as A increases.

In Chapter 4, we complement the analysis of three-dimensional nematic equilibria
with numerical simulations using an energy-minimization based approach. We
numerically compute novel mixed 3D solutions for large A and e, followed by a
numerical investigation of the effects of surface anchoring on the WORS. These
simulations are then extended to rectangular three-dimensional domains, where
we study the effects of the confining geometrical aspect ratio, d, as well as A and

e on the (numerical) stability of equilibrium configurations.

In Chapter 5, we consider a two-term elastic energy density in the Landau-
de Gennes framework, where the degree of ‘elastic anisotropy’ is given by the
rescaled elastic constant Ly. We study nematic equilibria in two-dimensional
square wells, with tangent Dirichlet boundary conditions, as a function of the well
cross-sectional size A, and L,. We prove that, for A small enough, there exists a
unique global minimizer of the Landau-de Gennes energy. For Ly, = 0, we simply
recover the WORS. For L, # 0, the solution landscape is more complex and the
unique global minimizer corresponds to either: (i) the ‘Ring’ solution with a +1-
defect at the square centre, for Ly small enough or; (ii) a ‘Constant’ solution, for
Lo large enough, which is constantly uniaxial with negative scalar order parameter

away from the edges of the square. We categorise the symmetries of these solutions
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in the A — 0 limit. We also prove, in the physically relevant Oseen-Frank limit,
A — 0o, that global minimizers converge strongly in W2 to a global minimizer
with constant order parameter. We also show that critical points of the Landau-
de Gennes energy are stable, for Lo larger than some critical threshold that
depends on A. This analysis is complemented by numerical simulations and

several bifurcation diagrams, as a function of A, for different values of L.

In Chapter 6, we study a dilute suspension of magnetic nanoparticles in a nematic
host, or ferronematic, on regular two-dimensional polygons. These systems are
described by the Landau-de Gennes Q-tensor and a spontaneous magnetization,
in the absence of any external fields. We study the stable states in terms of
stable critical points of an appropriately defined ferronematic free energy, with a
nemato-magnetic coupling energy. We numerically study the interplay between
the shape of the regular polygon, the size of the polygon, and the strength of the
nemato-magnetic coupling, for the multistability of this prototype system. We
present the co-existence of stable states with domain walls, and stable interior
and boundary defects, as well as the control of multistability through the nemato-

magnetic coupling parameter.

In Chapter 7, we introduce a new methodology, based on the approach of Mihai
et al. [58], [59], for stochastic elasticity. We consider a fourth-order thermotropic
bulk potential (1.4.6), where the material-dependent parameter B is assumed
to follow a non-Gaussian probability distribution. We then study the effects
of stochasticity on the Landau-de Gennes order parameter, as a function of
the temperature, by reviewing the classical bifurcation analysis of the nematic-

isotropic phase transition within this new framework.

In Chapter 8, we summarize our results and discuss some open problems and
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potential directions of future research based on this work.

1.6 Publication and collaboration details

Chapters 3 and 4 of thesis are joint work with Apala Majumdar, Giacomo Canevari
and Yiwei Wang, which has been published in the International Journal of Non-
linear Mechanics as reference [1]. The code used in Chapter 4 was produced by

Yiwei Wang and edited and implemented by the author.

Chapter 5 in this thesis is joint work with Apala Majumdar, Yucen Han and Lei
Zhang, which has been submitted to the SIAM Journal on Mathematical Analysis,

and with arxiv submission as reference [2].

Chapter 6 is joint work with Apala Majumdar, Yucen Han and Joshua Walton,
which has been published in Physical Review E as reference [3]. The bifurcation
diagrams and code for the stability checks in Chapter 5 and 6 were produced by

Dr Yucen Han, with the stability checks being implemented by the author.

The bifurcation diagrams seen in Chapter 7 are a result of important collaboration

with Angela Mihai and Thomas Woolley.



Chapter 2

Literature review

2.1 The planar bistable nematic device

Chapters 3 — 6 of this thesis are motivated by the bistable system reported in
Tsakonas et al. [60]. Here, the authors experimentally, and numerically, study
nematic liquid crystals (NLCs) inside a periodic array of shallow micron-sized
wells, with a square cross-section. The height of these square wells, and hence the
thickness of the NLC sample, was kept small enough to induce planar alignment
of the nematic director. The surfaces of these wells were treated in order to induce
planar degenerate molecular alignment on the lateral surfaces. We include a simple
schematic of this device in Figure 2.1. A similar system was studied in Luo et al.
[61], and then later Kralj and Majumdar [52], within the continuum Landau-de
Gennes (LdG) theory for NLCs. Within this theory, experimentally observable
states can be modelled by local or global minimizers of an appropriately defined
LdG free energy. It is assumed that the well height is typically much smaller

than the square cross-sectional length. In other words, the authors speculate that
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Figure 2.1: Side view and perspective view of the planar bistable
nematic device. Adapted from [60].

the structural characteristics only vary in the plane of the square cross-section,
and are translationally invariant along the height of the well, effectively reducing
this to a two-dimensional (2D) problem. Hence, the authors restrict attention
to the bottom square cross-section of the well geometry. They impose tangent
boundary conditions (TBCs) on the well surfaces, consistent with the surface
treatment of the well array i.e., the nematic directors, in the plane of the well
surfaces, are constrained to be tangent to those well surfaces. More specifically,
TBCs in their setup refer to planar degenerate anchoring on the well surfaces
where the azimuthal anchoring in the plane of the square domain is free and there
is no polar anchoring since the nematic molecules lie in the plane of these surfaces.
However, this necessarily means that the nematic director has to be tangent to
the square edges, creating defects at the connecting square vertices, where the
director is not defined. In [61], the authors report a bistable configuration that
exhibits six different equilibrium profiles. These profiles may be classified into two
optically contrasting states: the diagonal (D) state, for which there are two, where
the nematic director lies along one of the square diagonals; and the rotated (R)
state, for which there are four, where the director rotates by 7 radians between a

pair of parallel square edges. The authors also include a Rapini-Papoular surface
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energy term, and study the multiplicity of solutions as a function of the anchoring
strength. In [52], the authors study the nematic equilibria as a function of the
square size (in terms of the biaxial correlation length). For micron-sized squares,
the authors recover the D and R solutions, within a continuum LdG approach.
It was shown that, for small enough wells (on the nano-scale), a unique pattern
emerges with two mutually perpendicular defect lines, which emanate from the
square vertices. Coined the Well Order Reconstruction Solution (WORS), this
solution exhibits a constant set of eigenvectors, and is distinguished by a uniaxial
cross with negative scalar order parameter, along the square diagonals. This can
be physically interpreted as a nematic sample with preferred in-plane molecular
orientation, as well as locally disordered molecules in the plane along the defect
lines. These defect lines intersect at the centre of the square, partitioning the well
into four quadrants, with approximately constant director profiles in each. Indeed,
we speculate that this distinctive defect line could be a special optical feature of
the WORS, if experimentally realised. For clarity, we plot the typical director

profile of the diagonal, and rotated states, as well as the WORS, in Figure 2.2.
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Figure 2.2: The director orientation of a diagonal (D) solution,
rotated (R) solution and WORS.

The WORS was further analysed for a special temperature in Canevari et al.
[62], in terms of solutions of the Allen-Cahn equation, and again in Wang et
al. [63], for square domains with an isotropic inclusion. It is rigorously proven

that the WORS is globally stable for sufficiently small squares i.e., for nano-scale
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geometries.

Although the WORS has been proven to exist in molecular simulations by Robin-
son et al. [64], a possible criticism is that the WORS has not been studied in
three-dimensional (3D) geometries with a finite height and thus, could just be
an artefact of the 2D square domain. In Chapter 3, we address the important
question - does the WORS survive in a 3D square box? We show that yes it does,
and we identify two physically relevant 3D scenarios for which the WORS exists,
for all values of the well height, and for all temperatures below the nematic su-
percooling temperature i.e., for temperatures that favour a bulk ordered nematic

phase.

In Chapter 3, we study nematic equilibria within confining geometries on the
nano-scale. NLC systems of this size are often difficult to study experimentally.
Moreover, the governing Euler-Lagrange equations of the LdG free energy in
three dimensions correspond to up to five nonlinear coupled partial differential
equations, which makes this a hard mathematical problem to solve analytically.
This motivates a numerical approach to studying this system, which is the aim of
Chapter 4. In Canevari et al. [62], the authors numerically solve the gradient flow
model for nematodynamics, in a 2D LdG framework. In this numerical scheme,
the dynamic solutions evolve along a path of decreasing energy, yielding a stable
equilibrium configuration, if a sufficiently good initial guess is chosen. They show
numerically that, for A < 0, the WORS is the unique LdG critical point in a
2D square, for sufficiently small well size, A\. In Wang et al. [63], the authors
numerically solve a similar system in a 2D square domain, by computing solutions
of the associated Euler-Lagrange system using standard finite difference methods,
and Newton’s method. They also numerically check the stability of these solutions

by minimizing the second variation of the LdG free energy, and they find two
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‘escaped’ configurations, where the leading eigenvector of the solution escapes into
the third dimension around a small isotropic inclusion, with a topological strength
+1. 3D NLC systems are much harder to solve numerically. In Chapter 4, we
employ the energy-minimization based numerical scheme from Wang, Zhang and
Chen [65], where the authors compute numerical solutions of the LdG free energy,
under the one-constant approximation, for systems of single and double spherical
colloidal particles immersed in a uniformly aligned NLC host. This numerical
scheme utilises the limited memory Broyden-Fletcher-Goldfarb-Shanno (L-BFGS)
algorithm, which is a type of quasi-Newton method, and is sufficient for our 3D
problem. The (numerical) local stability of solutions in [65], and in Robinson et
al. [64], is justified by checking the sign of the smallest eigenvalue associated with
the Hessian of the LdG free energy. We make similar justifications for numerical
stability in Chapters 4 — 6. In Chapter 4 specifically, we assess this quantity using
an optimization-based shrinking dimer method from Yin and Zhang [66], which
minimizes one Rayleigh quotient simultaneously using gradient flow. A high index
optimization-based shrinking dimer method was also used in Yin et al. [67], to
compute the full solution landscape for the 2D square problem, as a function of

the square cross-sectional size.

We complement this numerical study by computing nematic equilibria in 3D
rectangular wells with tangent boundary conditions, employing the same energy-
minimization based numerical scheme as for the 3D square wells. In Lewis et al.
[68], the authors study micron-sized rectangular wells within a two-dimensional
Oseen-Frank framework, with tangent boundary conditions. They obtain explicit
analytical expressions for the director fields, and energies, of the diagonal and
rotated solutions, and numerically show the existence of higher energy metastable

states with internal defects. In Fang et al. [69], the authors model a rectangular
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NLC system within a reduced 2D LdG framework, and compute limiting solution
profiles in two distinguished limits for the cross-sectional size: A — 0, and A — oo,
in our framework. They also employ continuation methods to produce bifurca-
tion plots for these reduced equilibria, at three distinct values of the geometric
anisotropy, 6. In our work, we present novel mixed solutions which interpolate
between rotated and diagonal states, and study the stability of these 3D solutions

as a function of §, A\, and the well height.

2.2 Elastic anisotropy

In the simplest setting, the LdG energy has two contributions - a bulk energy that
only depends on the eigenvalues of the LdG Q-tensor, and an elastic energy that
penalises spatial inhomogeneities of the Q-tensor (see Section 1.4). The elastic
energy is typically a quadratic and convex function of VQ and, in [52], [61],
the authors work with an isotropic elastic energy - the Dirichlet elastic energy.
However, NLCs are anisotropic in nature, and the inclusion of an anisotropic
elastic energy to the model is a natural extension to the analysis of nematic
equilibria in confinement in Chapter 3. To this end, we model NLCs in 2D square
wells with tangent boundary conditions, and a two-term elastic energy density
in the LAG theory in Chapter 5. In Golovaty, Montero and Sternberg [70], the
authors rigorously justify the study of thin NLCs systems by a 2D LdG model
using Gamma-convergence results. They show that it is sufficient to model this
reduced 2D system when studying the behaviour of LdG equilibria in the limit
of vanishing thickness, given strong Dirichlet boundary conditions on the lateral
surfaces, and weak tangential anchoring on the top and bottom surfaces of the

film. In Bauman et al. [71], the authors analyse thin NLC systems in general
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simply connected bounded domains, with a three-term elastic energy density in
the 2D LdG framework. They show that, for large domains, minimizers converge
to a limiting uniaxial nematic texture, with a finite number of defects of degree
:I:%. We adopt a similar approach in Chapter 5, and consider thin NLC systems
in a 2D square with tangent Dirichlet boundary conditions. In the two papers
by Golovaty et al. [72], [73], the authors conduct an asymptotic analysis of this

model problem, for more general domains, where the elastic anisotropy is large.

To complement our analysis in Chapter 5, we also numerically compute the
equilibrium configurations, using standard finite difference methods, and Newton’s
method, to solve a weak form of the Euler-Lagrange equations associated with
the LdG free energy. This numerical approach is inspired by the work of Han
et al. [74], where the authors numerically compute LdG equilibria in regular 2D
polygons, given an isotropic elastic energy. The authors also employ continuation
methods to produce bifurcation diagrams for the equilibrium configurations, as
a function of the domain edge-length. In Chapter 5, we use the same numerical
scheme to compute bifurcation diagrams, as a function of the edge-length, for

different degrees of the elastic anisotropy.

2.3 Ferronematics

NLCs have historically relied on their dielectric responses to electric fields for
applications because the NLC dielectric anisotropy is several orders of magnitude
(e.g., 7 orders of magnitude) larger than the magnetic anisotropy [13]. This
implies that (unrealistically) large magnetic fields are needed to elicit macroscopic
NLC responses to magnetic fields, making it difficult to exploit the magneto-

mechanical, and magneto-optic, properties of NLCs. The addition of magnetic
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nanoparticles (MNPs) to a NLC host can substantially increase the magnetic
susceptibility of the suspension [75], and influence phase transition temperatures
and other material properties, all of which are largely determined by the surface
anchoring on the MNP surfaces. Some of these composite systems are referred to
as “ferronematics”, with non-zero net magnetization in the absence of an external
magnetic field. Ferronematics were theoretically predicted by the pioneering work
of Brochard and de Gennes [33], with further notable theoretical developments
by Burylov and Raikher [76], among others. Although ferronematic systems were
experimentally realized rather early on by Rault, Cladis and Burger [77], stable
MNP suspensions have only been recently achieved (see the papers by Mertelj et
al. [78], [79]).

In the papers by Bisht et al. [80], [81], the authors study a dilute suspension
of MNPs in a one-dimensional NLC-filled channel, and a NLC-filled 2D square,
respectively. They report exotic stable morphologies for the nematic director, and
the associated magnetization profile, without any external fields. They report
the co-existence of stable states with interior nematic defects, interior magnetic
vortices, states with defects pinned to the square vertices, and states with magnetic
domain walls that separate ordered polydomains i.e., two distinct domains with
different magnetizations. These results demonstrate the immense potential of 2D
polygons for tailored multistability in ferronematic-type systems, which would be
inaccessible in generic confined NLC systems (see e.g., [64], [61]). In Chapter 6, we
build on this work by studying dilute suspensions of MNPs in a nematic host, on
2D regular polygons without external magnetic fields, as a natural generalisation
of the work on square wells in [81]. A dilute suspension refers to a uniform
suspension of small MNPs (on the nanometer scale with length greater than the

diameter), such that the average distance between a pair of distinct MNPs is much
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greater than the MNP size, and the total volume fraction of suspended MNPs is
small. In [78], the authors designed a stable ferronematic suspension using barium
hexaferrite (BaHF) platelets, with a thickness of ~ 5nm and a mean diameter of
~ 70nm, with number concentrations in the range 10*® —10'* cm ™2 in 5CB. In the
papers by Calderer et al. [82], and Canevari and Zarnescu [83], the authors show
using homogenization techniques that, in this dilute limit, the MNP-interactions
are “small” compared to other effects, and the NLC-MNP interactions are captured
by an “effective energy”. This effective NLC-MNP energy depends on the shape
and size of the MNPs, the surface anchoring energies, and the nemato-magnetic

coupling which couples the magnetization and the nematic directors.

The pure NLC system has been well described in Han et al. [74] on 2D polygons,
where the authors demonstrate a unique Ring solution profile, with a unique
nematic point defect at the center, which is the generic stable solution for large
enough polygons except for the square. In large enough N-sided polygons, the
authors find at least (]; ) stable states. A key question we address in Chapter 6 is -
how does the solution landscape respond to the NLC-MNP coupling in regular 2D
polygons? We show that the multistability of solutions can be strongly enhanced
by the NLC-MNP coupling parameter, the cross-sectional size, and an increased
number sides for the domain. This work is accompanied by bifurcation diagrams
for positive and negative coupling values, as a function of the cross-sectional size

of the well.
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2.4 Stochastic models for nematic liquid

crystals

Throughout this thesis, we have modelled NLC systems in confinement given
deterministic model parameter choices. In reality, experimental data is rarely
deterministic, especially when it concerns small elastic constants or material-
dependent parameters in the Landau-de Gennes energy which are difficult to
measure. This intrinsic variability offers important information about the beha-
viour of nematic liquid crystals, motivating a stochastic framework for modelling
these systems. In Staber and Guilleminot [84], and the related papers by Mi-
hai et al. [58], [59], [85], the authors construct stochastic hyperelastic models
described by strain-energy densities, where the parameters are characterised by
non-Gaussian probability density functions. These are advanced phenomenolo-
gical models that rely on the finite elasticity theory, and the maximum entropy
principle for a discrete probability distribution introduced by Jaynes [86], to en-
able the propagation of uncertainties from input data to output quantities of
interest. The derivation of such probability density functions was shown in So-
ize [87], in order to model random uncertainties in the finite element models of
linear structural dynamics. One stochastic model of interest was constructed
in [58], where the authors studied isotropic incompressible hyperelastic bodies
under equitriaxial dead loads, where the random shear modulus follows a Gamma
distribution, with hyperparameters that depend on the mean value, and variance,
of data coming from experiments. In Chapter 7, we employ a similar approach to
a simple problem in nematic liquid crystals namely, the nematic-isotropic phase
transition for a fourth order thermotropic bulk potential in the Landau-de Gennes

theory. In the deterministic case, the transition between these phases occurs at
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a critical temperature. However, we argue that the inherent variability of the
material parameter choices implies that there is always competition between these
states of order. We ask the question: what is the influence of the stochastic model
parameter on the predicted order parameter responses? We actually show that
the isotropic and nematic phases which in the deterministic setting have distinct
may coexist for fixed temperatures, and the stochastic model parameter allows
us to quantify the likelihood of observing either state. This is different from the
deterministic modelling perspective, where a first-order phase transition occurs

at some critical temperature.



Chapter 3

Analysis of the well order
reconstruction solution in three

dimensions

In this chapter, we study nematic equilibria on three-dimensional (3D) square
wells in the Landau-de Gennes (LdG) theory, with tangent boundary conditions
on the lateral surfaces, motivated by the bistable system in [60]. To begin, we will
introduce the LdG free energy of the system in the absence of external fields and
surface energies, as well as the domain, and tangent Dirichlet boundary conditions
on the lateral surfaces of the well. We prove the existence of the WORS on 3D
square wells, for arbitrary well heights, with natural boundary conditions on the
top and bottom surfaces, as well as stability and qualitative properties of the
WORS as a special case of a more general family of LdG equilibria; we believe
these results to be of general interest. Furthermore, we work with 3D wells that

have realistic surface energies, that favour planar boundary conditions on the top



3.1. Model formulation 47

and bottom surfaces, and again prove the existence of the WORS for arbitrary
well heights and low temperatures, accompanied by interesting companion results

for surface energy.

3.1 Model formulation

We begin by considering the total free energy of a nematic liquid crystal, in
the absence of external field effects and surface energies. Recall the following

one-constant approximation of the Landau-de Gennes free energy:

FIQ)= [ SIVQP + (@),

where V' is our 3D domain. For clarity, L > 0 is the material-dependent elastic
constant, and f, is the thermotropic bulk energy density given by (1.4.6). We

take
V:=Qx(0,h),

where h is the height of the well, and Q C R? is some 2D cross-section to be
determined later. For ease of notation, we define I' to be the union of the top
and bottom surfaces of the domain i.e., I' := Q x {0, h}. We will introduce a key
characteristic geometric-length scale, A\, to non-dimensionalise the system. We

define the change of variables x = ¥, and hence the rescaled domain becomes

X
o

V:=Q x(0,e), (3.1.1)
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where € is the rescaled two-dimensional cross-section, and € := % is the rescaled

height of the well. We rescale the LdG energy functional, F, as follows:

71Q]

— 2 JE—
AIQ="0 = [ 9QP+ T A(Q)aV.

where V is the gradient with respect to the new rescaled spatial coordinates X,
and dV is the rescaled volume element. It is to be made clear that, in the rest of
this chapter, we will drop the ‘bars’ in our notation, and all calculations should

be thought of with respect to these rescaled quantities.

Now that we have rescaled the system with respect to the characteristic length
scale A\, the next step in setting up the model problem is defining the working

domain, and the boundary conditions, for our confining geometry.

3.1.1 The working domain

We wish to study nematic equilibria inside square wells of finite height, €, with
planar degenerate boundary conditions that mimic the surface treatment in [60].
To this end, we consider the minimization problem of F) in the three-dimensional
rescaled domain (3.1.1). Following the literature on planar degenerate boundary
conditions on square domains [88], [62], [63], we take 2 C R? to be a truncated
unit square, whose diagonals lie along the coordinate axes. That is, for some

small but fixed parameter n € (0, 1),
Qi={(z,y) eR*: o[ <1—n,lyl <1-mn |z +yl <1 |z -yl <1},
(see Figure 3.1).

The reason for truncating the vertices of the domain is due to the choice of bound-

ary conditions we wish to impose. Tangent boundary conditions (TBCs) require
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Cy
Ci

C 3 04

Figure 3.1: The truncated unit square 2 C R2.

the nematic directors to be tangent to the square edges, creating a necessary
mismatch at the square vertices. By choosing appropriate boundary conditions,
we may avoid these discontinuities, whilst the qualitative solution trends you
would expect for a square well are not affected [62]. The boundary of the cross-
sectional geometry, 0€), has four “long” edges, parallel to the lines y = x and
y = —ux, which we define as C1,...,Cs. In order to remove the sharp square
vertices, we have four additional “short” edges of length 27, parallel to the co-
ordinate axes, which we define as Sy,...,S4. The four long edges are labelled
counterclockwise, with C being the edge contained in the first quadrant i.e.,
Cy:={(z,y) eR*:x+y=1,n<z <1-—n}. The short edges are also labelled

counterclockwise, with Sy := {(1 —n,y) € R? : |y| < n}.

3.1.2 Boundary conditions on the lateral surfaces

There are a number of boundary conditions that are consistent with experimentally

induced tangential anchoring on the lateral surfaces of the domain, 9Q x (0, ¢).
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In this chapter, we follow the approach taken in [61], [52] and [62], by imposing

tangent uniaxial Dirichlet conditions on the lateral surfaces of the well:
Q=Q, on IV\I'=090x(0,¢), (3.1.2)

where Q, minimises the bulk energy density (1.4.6). As was shown in Proposition
1.4.1, it is suitable to impose
St (l’ll Qny; — %I) , (x,y) e CUlh,
Qb(xa Y, Z) =
54 (n2 ®ny — %I) , (z,y) € Co U Yy,
where n; := %(—1, 1,0), ng := %(1, 1,0), and s, is defined as in (1.4.8). The
Dirichlet conditions on the short edges, Sy, ..., Ss, must be taken more carefully

as to eliminate the discontinuities of the tangent Dirichlet boundary condition.

We define

g(y)(n1®n1—n2®n2)—%(2@2—%1) (x,y) € S1 U Ss,
Qb(l’7 Y, Z) =

g(x)(n1®n1—n2®n2)—%(i®i—%I) (x,y) € Sy U Sy,
where g : [-n,n] = [=5, 5] is a smoothing function, such as

Although the boundary condition, Q, does not minimize the bulk energy on
S1,...,54, and the Q-tensor is not tangent to these edges, they are short by

construction, and are chosen purely for mathematical convenience.
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3.2 The 3D WORS and related results

Consider the minimization problem of F), with respect to the tensor order para-
meter Q. Given the Dirichlet TBCs (3.1.2), we define our admissible space to
be

A={QeW"(V:S): Q=Q, on I x (0,¢)},

where &y is defined by the space of traceless, symmetric 3 x 3 matrices. The choice
of function space W12 ensures the elastic energy in the Landau-de Gennes free
energy is finite. Furthermore, any critical point of the rescaled functional, F,, in
the admissible space, A, will satisfy the following Euler-Lagrange equations:

)\2

sa="{aq-B(aq-jlaF)+oleral,  (21)

which comprises a system of up to five coupled partial differential equations. In
[52], the authors numerically compute critical points of F), satisfying the Dirichlet
boundary conditions (3.1.2), on the 2D cross-section €2. In [62], the authors analyse

B2

these critical points at the special fixed temperature, A = —2=.

In this regime,
the WORS corresponds to a classical solution of the Euler-Lagrange equations,

(3.2.1), of the form

B A A
Qwors(z,y) =¢(m ®n; — Ny ®Ny) — —(2Z2®Z—n; ®n; — Ny @ Ny).
6C

This solution is described by a single degree of freedom, ¢ : {2 — R, which satisfies

the Allen-Cahn equation, and exhibits the following symmetry properties:

q(z,0) = ¢(0,y) =0, zyq(z,y) > 0.

They prove that, solutions of this type are globally stable for A\ small enough,

and unstable for A\ large enough in the 2D domain. Their analysis was restricted
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to the specific temperature, but numerically they were able to show the WORS
exists for all A < 0. The negative eigenvalue associated with z implies that
nematic molecules lie in the (z,y)-plane and, for non-zero ¢, there is a locally
defined nematic director in the (x,y)-plane. In this section, we show that the
WORS survives in 3D scenarios, given natural boundary conditions on the top

and bottom surfaces of the well.

3.2.1 Natural boundary conditions on the top and

bottom plates

In this section, we will assume that the material dependent parameters L, B, C' > 0
are fixed, while A\ and A may vary. We consider all temperatures below the
nematic supercooling temperature (A < 0) that is, all temperatures that favour
a bulk ordered nematic phase. We also assume natural, or Neumann, boundary

conditions on the top and bottom plates of the well i.e.,
0.Q=0 on T, (3.2.2)

that is, the outward normal derivative is equal to zero on the top and bottom
surfaces of the well, and the liquid crystal sample is modelled to have planar
degenerate alignment on these surfaces. Whilst a surface anchoring term in the
free energy is more physically realistic, this is a boundary condition chosen for
mathematical simplicity which can shed more light on the physical set up in
[60] in three dimensions. In their experiment, the authors consider an array of
shallow square wells where each of the square edges were consistent with planar
degenerate alignment due to the treatment of SU8 photoresist onto each glass

substrate. Under the assumption (3.2.2), we may use a classic result in the
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calculus of variations to simplify the minimization problem.

Proposition 3.2.1. For any A > 0 and A < 0, there exist minimizers Q, of
F, in the admissible class A. Moreover, these minimizers are independent of the

z-variable, that is 0,Q = 0 on V', and they minimize the 2D functional

1 A2
7q) = [ (5IveR+ @) aa,
in the admissible class

A ={QeW(Q,8) : Q=Q, on 0N}

Proof. For this proof, we follow the argument used in Theorem 0 from [89].

Suppose that there exists some Vo € A’ which minimizes the 2D energy functional

7i.e.,
= 7v) = iy, [ 29VE+ 2 AV ded
©= TVl = iy 5 VVEH AV drdy
Then for each Q € A, we have
L, A 1 , 1 , A2
[ 5IVQE+ Q) dedydz = [ J[9,,QF + 510.QF + T 4(Q) dedy dz
v 2 L v 2 2 L
1 A2
> [ IV Q+ T HQdedy >k (3:2.3)

and since we may choose Q € A such that Q(z,y, z) = Vy(z,y), we have

R PRt
k= min [ S[VQP+ T f(Q)drdydz,

Furthermore, if a given Q is a minimizer of the 3D functional F) in the admissible

class A, that is if

1 22
/V §|VQ|2 + ffb(Q) drdydz = &,
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then, by (3.2.3),

1 , N
| 51920QP + L (@) dudy =,

which yields 0.Q = 0. ]

We conclude, that any (z-independent) critical point of the energy functional Z,
in the admissible class A’, is also a solution of the 3D system (3.2.1), subject to
the Dirichlet boundary conditions on the lateral surfaces (3.1.2), and the natural
boundary conditions on the top and bottom plates (3.2.2). This implies that
the WORS is a LdG critical point on 3D wells V', for arbitrary height €, with
natural boundary conditions (3.2.2) on I'. Hence, in the rest of this section, we

will restrict ourselves to a 2D problem - the analysis of critical points of Z in A’.

Our first result concerns the existence of a WORS-like solution for all A < 0, as

proven below.

Proposition 3.2.2. For any A > 0 and A <0, there exists a solution,

WORS WORS)
1 » 43

, of the system

(¢ q

Ag =2q {A+2Bg +2C(¢ +3¢2)},
(3.2.4)
Ags =% gs{A— Bgs+2C(¢ +38)} + 32,

subject to the boundary conditions

(x,y) € C1 UC s,

ol

=, (z,y) € CL Uy,
a(r,y) = qu(r,y) = (3.2.5)
g(y)a (ZE,y) GSlUS?H

g9(x), (z,y) € S U Sy,
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and g3 = —>& on 0Q), that satisfies

zyq(z,y) >0, and g¢s(z,y) <0 forany (x,y) € (3.2.6)

Then

Qz,y) = ¢/ ®n —ny ®ny) + ¢ (22 ®2 — n; ® Ny — ny ® ny),

(3.2.7)

is a WORS solution of the Euler-Lagrange system (3.2.1) on V', subject to the
Dirichlet boundary conditions (3.1.2), and natural boundary conditions (3.2.2),

on .

Proof. We use a similar approach to the one adopted by [62]. Define the following

portion of €2 that is contained in the positive quadrant of the square:
Qp ={(z,y) € : x>0,y >0}. (3.2.8)

We first note that, for solutions of the form (3.2.7), the LdG energy Z reduces to
the following energy functional, in terms of the scalar order parameters ¢, g3 €

Wh2(Q,;R):
)\2
Glgr,qs) :== /Q {\Vq1|2 + 3|Vgs|* + Lfb(Qb(]B)} dA,
+
where
folar, a3) == Alq; +34¢3) + C(qf + 3¢3)* + 2Bas(q; — 43)

is the associated bulk energy term for solutions (3.2.7). We wish to minimise G

in the restricted admissible class

G = {(q17q3) I= W1’2(9+;R2) c g3 <0in 4, ¢ = qipon 00N,
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qu—% on 90N Qy, q1200n89+\09}.

We impose no boundary conditions for g3 on 992, \ 9Q2. We note that the function
q1p is compatible with the Dirichlet boundary conditions, (3.1.2), imposed on 2.
Since the boundary conditions here are continuous and piecewise of class C!, there
exist functions (¢, q3) € WH2(2,; R?) belonging to the admissible space G. An

example of such a function could be (g1, =), where

%xy’ x € [07n)7y € [0777)7

%l’, VS [0777>7y€ [7771_77]7
ql(xuy) =

%y’ l‘e[n’l_n])ye[oan)a

=, otherwise.

For clarity, we include an illustration of this choice of ¢, in Figure 3.2. The

Figure 3.2: ¢ € W'%(€,) in the admissible space G.

existence of a global minimizer of G, in the admissible class G, follows from
a routine application of the direct methods in the calculus of variations. We
include the proof here for clarity. As the bulk energy term f;(q1,¢q3) is a quartic
polynomial with positive quartic coefficient, it is bounded below by some function

independent of ¢; and q3. We recall that for A < 0, the bulk energy density is
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minimized by a uniaxial state prescribed on the edge 92 N Q. That is,

As®  2Bs3  Cst
= — = K(A, B,C).
3 27 * 9 (4,8,0)

folar,a3) > fo (S;, —Sg>

We therefore conclude that G is coercive in G. Furthermore, by linearity of V,
and the Minkowski’s inequality for 2-norms, we have that for any u,v € R and

ae(0,1),
IV(au+ (1 —a)v)]? = |aVu+ (1 —a)Vo]* < a|Vul]* + (1 — a) |Vl

Hence, the elastic energy potential in G is convex in both V¢, and Vgs. This
condition, along with the fact that the admissible space G is non-empty, ensures

the weak lower semi-continuity of the reduced energy functional G (see Theorem

8.2.1 from [57]). Therefore, there exists a global minimizer (q;" 9% ¢lVORS) of

the reduced LdG energy G, in the admissible space G. Moreover, we may assume

without loss of generality, that ¢[V©%®% > 0 on Q.. If not, we can replace ¢}’ 9%

with |g}VOf5]  since we have that

Glay" 9", 43 9] = Glla" ™, 3" O).

We now claim that ¢V9%% < 0 in ;. To prove this, consider a function ¢ €

Wh2(€Q,), such that ¢ > 01in Q, and ¢ = 0 on 9NN Q.. For sufficiently small

WORS WORS
3 3 ’

t > 0, the function g3 := ¢ — ty is an admissible perturbation of ¢ and

hence we have
d
Sl el =0 (329)
tli=o

WORS WORS)
3

because (¢ ,q is a minimizer. Therefore, by explicitly computing the

left-hand side of (3.2.9), we obtain

)\2
/Q {—6Vq?/ORS -V — ff(qF/ORS, ngORS)w} dA >0, (3.2.10)
+
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where
Flar, q3) := 6q3(A — Bgs + 6C¢2) + 2(B + 6Cqs)q.

For |g3| sufficiently small, we have that A — Bqz + 6Cq¢3 < 0 and B + 6Cq3 > 0.

Therefore, there exists some ¢ € (0, %) (depending only on A, B, C'), such that
f(q1,q3) >0 forany ¢ € R and g3 € [—0,0]. (3.2.11)

Now, we define

ngORS + 5 if ngORS > _57
p =
0 if gVoRrS < 4.

As we have chosen § < **, we can make sure that ¢ = 0 on 902N Q. By

substituting ¢ into (3.2.10), we obtain

/\2
WORS |2 WORS _WORS WORS
/{ngORs>_6} {6qu [+ ", ) (g} +5)} dA <.

By (3.2.11), we conclude that ¢iV 9% < —§ < 0in Q. In particular, (¢g}VOR5 ¢lVOES)
lies in the interior of the admissible space G and hence, solves the Euler-Lagrange
system (3.2.4) for the functional G, together with the natural boundary condition
d,q3 = 0 on 982, \ Q. We extend (qV 985 ¢lVOES) to the whole of Q by odd

reflections of ¢]Y9%% and even reflections of ¢}V %5 about the coordinate axes

{z =0} and {y =0}:

q}/VORS(x,y) = sign(xy)qlvaRS(|37|a ‘y’)v QQ":VORS(xay) = ngORqu|7 ’y|>7

for any (x,y) € Q\ Q,. The new solution, (g]"9%% ¢VO%5) is a weak solution

of the system of equations (3.2.4) everywhere in 2 except at the origin, and

satisfies the necessary sign properties (3.2.6). We now follow an argument based
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on elliptic regularity, as in Theorem 3 of [90], to show that (g}" 9% ¢VO%5) is

indeed a solution of (3.2.4), on the whole of Q2. By considering some small ball

around the origin, Be(0), for any test function ¢ € Wy*(52), we have

L oyl O™ g oms) = [ o y)aqrons
2\B¢(0) \B¢(0)

_ VoV WORS_/ 8, qVORS
¢-Vq 835(0)925 q

\B¢(0)

where 0, is the radial derivative on 0B¢(0), and

2

A
fila, ¢3) = T7h {A +2Bgs + 20(¢? + 36132,)} .

WORS

Since V¢ is uniformly bounded in 2\ {0}, as we pass to the limit £ | 0, we

obtain

/cbf WORS’Q?/ORS +/V¢ quORS 0.

Similarly, we have that

/cbf WORS’q;/VORS —I—/ng quORS 0,

for any test function ¢ € Wy*(Q) and fa(q1, q3) = )‘%qg {A - Bgs + 2C(q? + 3¢3) }+
>‘32 2Bq2. Therefore, the solution pair (¢i" ©%9, ¢} O%9) is a weak solution of (3.2.4) on
the whole of §2 including the origin, and satisfies the Dirichlet boundary conditions

(3.2.5), and sign properties (3.2.6), by construction. ]

In the remainder of this section, we show that the WORS-like solution (3.2.7) of
the Euler-Lagrange system (3.2.1) is the unique LdG critical point, for A < 0
and small enough A\. By adapting a general criterion for uniqueness of critical
points (see Lemma 8.2 from [91]), we can show that the energy functional F has

a unique critical point in the admissible class A, when )\ is below some critical
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threshold, irrespective of the well height e.

Proposition 3.2.3. There exists a positive number \g such that, for X < \g, the
Euler-Lagrange system (3.2.1) has a unique solution that satisfies the boundary

conditions (3.1.2) and (3.2.2).

Proof. Consider the constant M given in Proposition 1.4.2, the maximum principle
result from [50] which shows that, all solutions of the Euler-Lagrange equations
(3.2.1) are naturally bounded. Given the natural boundary conditions (3.2.2) on I,
Proposition 3.2.1, and by a criterion for the uniqueness of critical points (as in [91]),
it suffices to show that there exists a positive number \g = A\o(M, A, B,C, L, Q)
such that, for A < Ay, the energy functional Z is strictly convex in the admissible

class
Xo={QeW"(Q:S): Q| <M, Q=Q,on d0}.

Suppose that Q1, Qs € Xy, where Q; # Q. Then

I(Q1+Q2) :/§2;|V(Q1+Q2)‘2+>;fb (Q1+Q2) dA

2 2
:/Q 411 {|VQ1|2 + ’VQ?P - ;’V(Ql - QQ)\Z} dA
>\2 Ql +Q2
T be (2) dA

= JT(Q) +,T(@Q) - 5 [ V(@) - Q)P dA
A2 Q: +Q 1
* L Jo {fb ( 2

) - 3H(Q) — 3h(Q)} da (3:2.12)

Since Q1, Q2 € X, we have that Q; — Q2 = 0 on 0f). By the Poincaré inequality
on 2, there exists some positive constant, ¢, that only depends on the geometry

of €2, such that

[1Qi - QuPda<a [ 1V(Qi - Q)P da, (3.2.13)
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Since |Qi| < M and |Qq| < M everywhere in 2, we have that

J

£ (Ql + QQ)

1 1
- 5fb(Q1) - §fb<Q2) dA < || follw2eo(Byp) /Q Q1 — Qa|* dA,

(3.2.14)

where By = {Q € Sy : [Q] < M} and |[fy||w2=(B,,) is a positive constant,
depending only on M, A, B and C, that bounds the second derivatives of f;
in By;. Combining both (3.2.13) and (3.2.14), there exists a positive constant
ca = (4, M, A, B,C) := c1(Q)]| fo|lw2e(B,,) such that

L{n (B5E) - 20@) - Ja@)} dA <o [ V(@ - Q)P aa

2
(3.2.15)
Substituting the inequality (3.2.15) into (3.2.12), we have that
+ 1 1 CoA?
7 <Q12Q2> < §I(Q1) + §I(Q2> + <2 - ) / IV(Q: — Qu)*dA.
1 \1/2
If we take A < \g := (@) , then we have
+
() < JmQ) + 7@y

with equality if, and only if, Q; = Qs. Thus, Z is strictly convex in the admissible

class Xq and hence, must have at most one critical point in Xg. ]

We conclude that the WORS survives in 3D wells, independently of the well height,
€, given natural boundary conditions on the top and bottom surfaces. Moreover,
for sufficiently small A and A < 0, the WORS is the unique LdG energy minimizer

in three dimensions.
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3.2.2 A more general class of critical points

It was shown in [52] that, for sufficiently large A, there exist multiple critical
points of the LdG energy Z. In this work, the authors consider the multiplicity
of solutions as a function of the bare biaxial correlation length, studying its
dependence on temperature and anchoring strength. In our framework, they show
the WORS exists for wells with side length A ~ 78 — 138 nm, for temperatures in
the deep-nematic regime. Therefore, wells with A ~ pym will be sufficiently large
to observe the diagonal and rotated states reported in [60]. Indeed, the WORS
Q-tensor solution (3.2.7) belongs to a more general class of critical points, with
constant eigenvector Z. Solutions of this type can be completely described by

three degrees of freedom i.e., they can be written as

Q(z,y) = qi(7,y)(n; ®n; — Ny ®ny) + @2(z,y) (N1 @y +1ny ®ny)  (3.2.16)

+q3(2,y)(22® 2 —n; ®N; — Ny ® Ny),

where q1, 2, q3 are scalar functions, and n,ny are as before. Solutions of the
form (3.2.16) mimic the WORS if we have ¢, = 0 and ¢35 < 0 everywhere in V|
while ¢; = 0 in the coordinate axes {x = 0} and {y = 0}. We again impose the
Dirichlet boundary conditions (3.1.2) on the lateral surfaces of the well, and the
natural boundary conditions (3.2.2) on I'. By constructing a similar argument,
we may show that there exists solutions of the Euler-Lagrange system (3.2.1), of
the form (3.2.16), that satisfy these boundary conditions in the three-dimensional
domain V. For solutions of the form (3.2.16), the Landau-de Gennes energy
7 reduces to the following energy functional, with respect to the three scalar

functions q1, ¢z, g3 € WH2(Q; R):

)\2
J1, 92, g3 ::/Q {|Vql|2 +|Vaa]* + 3|Vgs|* + ffb(Qh 2, %)} dA,
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where

fo(q1, a2, a3) == Alq} + @5 + 3¢3) + 2Bas(qi + 2 — ¢3) + C(¢&f + 5 + 343)°

is the associated bulk energy potential for solutions of the form (3.2.16). Critical

points of J satisfy the following Euler-Lagrange system

Aq =g {A+2Bgs +20(¢ + a3 +3¢3)}

Agp =% q{A+2Bg+2C(¢? + a3 +363)}, (3.2.17)

Ags =23 {A— Bgs +20(¢? + 2 +362)} + 2L (g2 + ¢2);

and the Dirichlet boundary condition, Qy, on the lateral surfaces (3.1.2) corres-

ponds to the following boundary conditions for ¢, g2 and ¢s:

¢=qu (asin (325)), @=0, ¢= —%*, on 90, (3.2.18)

We minimize J[q1, go, g3] in the admissible class

S
T ={(q1, 0 0) e W URY : ¢ =qu, ¢=0, ¢= —% on 00}

Following the methods in [92], we can construct solutions (g1, g2, g3) to the system
(3.2.17), of the form (3.2.16), subject to the boundary conditions (3.2.18), that
satisfy ¢3 < 0 in € and are locally stable. The WORS is a specific example of
such a solution with constant eigenframe. In fact, the results in [63] show that the
WORS loses stability with respect to solutions of the form (3.2.16) with g # 0,

as \ increases.

Definition 3.2.4. We say that a solution (g, g2, ¢3) of the Euler-Lagrange system

(3.2.17) is locally stable if, for any perturbations o1, @9, 3 € C(€2), the second
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variation of J satisfies

d2
— | Jla e, g2+ tp2, g3+ tws] > 0.
de?|,_,

82 J(q1, g2, @3)[p1, P2, 3] =

Given a locally stable solution (g1, g2, q3) of (3.2.17), the corresponding Q-tensor,
defined by (3.2.16), is a solution of (3.2.1) and is locally stable in the restricted

class of Q-tensors that have the constant eigenvector z.

Proposition 3.2.5. For any A <0 and X > 0, there exists a solution (¢5, ¢, q5)
of the system (3.2.17), subject to the boundary conditions (3.2.18), that is locally

stable and has g5 < 0 everywhere in (2.

Proof. The boundary data (3.2.18) are compatible with the Dirichlet boundary
conditions (3.1.2). Furthermore, the boundary conditions in (3.2.18) are continu-
ous piecewise of class C!, so there exist functions (qi, g2, q3) € WH2(Q2; R3) that
satisfy (3.2.18). Therefore, the admissible class J is non-empty. To construct

solutions with g3 < 0, we first introduce the following restricted admissible class

I ={(q1, ¢ q3) €T : g3 <0a.e. on Q}.

Note that J~ is a non-empty, closed and convex subset of W12(Q;R3). As in
Proposition 3.2.2, we have that the LdG energy functional J is coercive in J ~, and
weak lower semi-continuous. By the direct method in the calculus of variations,
we know that there exists a global minimizer (¢}, g5, ¢3) of the functional J, in the
class J~. To complete the proof, it suffices to show that g5 < —4 in €2, for some
strictly positive constant §. Once this is proven, it follows that (g7, ¢5, ¢5) lies in
the interior of 7~ and hence, it is a locally stable solution of the Euler-Lagrange

system (3.2.17).

To prove that ¢; < —9 in 2, we follow the same method as in Proposition 3.2.2.
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Let ©, be the positive quadrant of Q defined by (3.2.8), and let ¢ € W12(Q,)
be such that ¢ > 0 in €2, and ¢ = 0 on 012, then

d

T i, a5, a5 — ty] >0,

t=0

since (47, g3, ¢3) is a minimizer and hence,

/ {—GVqs Vo ——f (ql,q2,q3)90} dA >0,
QL L

where

f(q1, g2, q3) := 6qs(A — Bgs + 6C¢3) + 2(B + 6Cq3)(¢> + ¢3).

As in Proposition 3.2.2, there exists a number § > 0 (depending only on A, B, C),

such that
f*(q1,q2,43) >0 forany ¢1,90 € R and g3 € [—6,0].

By repeating the same arguments of Proposition 3.2.2, we can show that ¢5 < —¢

in . O]

We now consider the constructed solutions of (3.2.17), satisfying the boundary
conditions (3.2.18), with g3 < 0 in 2, and prove bounds for g3 in the deep-nematic

temperature regime, A < 0.

Lemma 3.2.6. Any solution (q1, gz, q3) of the system (3.2.17), subject to (3.2.18),
satisfies the following inequality
2

S
qf+QS+3Q§S§+ in .

Proof. Note that for any solutions Q € A of the form (3.2.16), one can easily
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verify that
1QI* = 247 + 245 + 643

Hence, the proof of this lemma follows immediately from the corresponding max-

imum principle approach for the full LdG system (3.2.1) in Proposition 1.4.2. [

Lemma 3.2.7. Let (q1,q2,q3) be a solution of the system (3.2.17), subject to

(3.2.18), such that g3 < 0 everywhere in 2. Then the following inequality holds:

ai + ¢ < 943, everywhere in Q. (3.2.19)

Proof. Define the functions v, := —Z—;, and vy 1= —g—i. Then, for k € {1,2}, we

have

1 qk
Vvk = —*VQk -+ ?qu
3

43
1 /L 2 24k
Avg = — —Age + 5A¢3 + 5V - Vg — — Vs’
43 43 43 43
=— —Aq+ 5A0¢— —Vg - Vg
a3 a3 a3

Using the system (3.2.17), we have for k € {1, 2},

2 A2
Avg Vs Vue =7 {_q’“(A +2Bgs +2C(q} + ¢ + 343))
3

L q3
q NBgq
+ k(A—Bq3+2C(Qf+QS+3q§))} 3T 2(E+ )
qs3 q3
2B
zg—qu(—9+u3 +v3). (3.2.20)

Now, we define a non-negative function v by v? := v? + v2. Then, we obtain

A(U2/2> = levl + UQAUQ + |VU1’2 + |VU2|2.
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Therefore, using (3.2.20), we have
’B

2
Av?/2) + £V€I3 (Vo + 13Vg) = 3T

(qrv1 + Q2U2)(U2 —-9)

+ |V1)1|2 + |V1)2|2.

Finally, we obtain the following differential inequality:

2 N2 B ¢? + ¢2
A(?/2) + =Vqs - V(0?/2) > - —— 2 2
(/D) + 29 V(22) 2 - B

—_———
>0

(v? —9). (3.2.21)

From the boundary conditions (3.2.18), we know that v = v; < 3 on 9. Then,
the strong maximum principle applied to (3.2.21) implies that v? < 9, everywhere

inside €. Thus, the lemma is proved. O

Recall the definition of the s, and s_ ordered nematic states from Proposition
1.4.1. We note that for temperatures below the nematic super-cooling temperature
(A < 0), we have the following equivalent definition:

B+ /B2 + 24| A|C

4C

S4

Proposition 3.2.8. Let (g1, g2, q3) be any solution of the system (3.2.17), subject
to the boundary conditions (3.2.18), with q3 < 0 in 2. Then the following bounds

on q3 hold:
-]f—%§A<O,then—%gq;),g%‘mﬁ;
. IfA:—%, then q3 = —°F in Q;

. ]ng—%, then *3 < g3 < =% in Q0.
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Proof. If —% < A < 0, then we necessarily have that

B Sy S_
< -—-I <. 3.2.22

6C — 6 — 3 ( )

We will have to prove the inequalities separately, in several steps.

Step 1: We show the upper bound, q3 < %‘ in ), holds. Assume for a contradiction,

that the maximum of g3 is attained at some point (zg,yo) € 2, where 0 >

q3(wo,90) > %5 Then the following inequalities hold at the point (2o, yo):

B B B
Ags — B2 + 603 A(— ) B(— 60 [ -
03 — B3 0005 > 6c) " 3602) T 21603

(LB (_B)_ By
3C 6C' 18C? 7

and

B B B
2 — > 2 - — = 0.
CQ3+3> C( 6C)+3 0

Evaluating both sides of the equation for g3 in (3.2.17) at the point (xg, yo):

2
Ags(wo, yo) = T {AC]3($07?JO) — Ba; (w0, o) + 60(]3(950»?/0)}
— ——
=0 >0
A2 By 9
+7 {20613(%, Yo) + 3} (41 (20, y0) + 43 (20, y0))
>0
which leads to a contradiction. By (3.2.22), we have ¢z = —% < *= on M.

Therefore, we can conclude that g3 < %~ everywhere in €2.
Step 2: Now we will prove a weaker lower bound q3 > —% in €2. Assume for
a contradiction, that the minimum of g3 is attained at some point (z1,y;) € €,

with g3(z1,y1) < —%. Then the following inequalities hold at the point (z1,y;):

B B2 B
2 3 _ _ _
Ags Bq3+6Oq3<A< 60)+B< 3602>+6C< 21603>

< 3—2 (B)— 5 =0
3C ) \6C 18C2 7
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and

+5=0.

2C
q3 + 6C

B
— <2
(-

B ) B
Again, by evaluating both sides of the equation for g3 in (3.2.17) at the point
(x1,y1), we obtain a contradiction. The boundary conditions (3.2.18) conclude

the weak lower bound ¢3 > —% in ).

Step 3: We now prove the optimal lower bound g3 > —*+ in . Using (3.2.17),

the weak lower bound g3 > —@ and Lemma 3.2.7, we obtain
A2 2 B
Ags = 7 {Ags — Bas + 6043 | + {20613 + 3} (@ + a3)
)\ A2 B
<= {Ags — Bq; +6Cq3} + T {20% + 3} 93
A2 .
== {Ags+2Bg +24Cq3} in Q

Now we may apply the same maximum principle argument as in Step 2. Assume
for a contradiction, that the minimum of ¢3 is attained at some point (zq,ys2) € €2,

with gs(w2,y2) < —%, then the following inequality holds at the point (z2,2):
A +ZB2+24C3<A( S*) Y] g Ty
s 7 =0 E 6 36 216

B? B? s%
< (30) ( 6 ) +2b (3602> 20 <_216>

_ B BB _,
902 o\cC )

Therefore,

A2
AQ3(56272/2) -
—_— 7 L

>0

{AQ3($27 Y2) + 2Bg3 (w2, y2) + 24Cq5 (2, y2)}

<0

which leads to contradiction and hence proves the optimal lower bound g3 > —==

in €.
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Note that if we had chosen A = —%, then we necessarily have that
S_ Sy .
— =@ =—— 1in €.
3 BT

Proving the last set of inequalities is completely analogous to the above arguments,

with inequalities reversed. Assuming A < —%, we first prove the lower bound
g3 > %, then the weaker upper bound g3 < —%, and finally the optimal upper

S

bound g3 < —%-. Each step is obtained by repeating almost word by word the

above arguments. We omit the details for brevity. O]

Now that we have proved bounds on g3 for various temperature regimes, we are in
a position to study the stability /instability of the WORS, with natural boundary
conditions on the top and bottom plates. As is standard in variational problems, a
solution is stable if it satisfies the requirement in Definition 3.2.4, and is unstable
if we can find any perturbation for which the second variation of the energy is
negative. With this in mind, we look at in-plane perturbations of solutions Q, of
the form (3.2.16), with ¢ # 0. First, consider a function ¢ € C!(Q2), and consider

the perturbation

Qi(z,y) == Q(z,y) +to(z,y)(n @ Ny + Ny @ny)

where ¢ € R is a small parameter. When considering the WORS-type solutions
of the form (3.2.7), as discussed in Proposition 3.2.2, the second variation of the

LdG energy is

1 d?
H,[¢] o a2

1@
2 de?

7[Q:]

t=0

Jq1, g2 + o, gs)

t=0

)\2
:/Q {ywﬁ + ngQ(A +2Bg3 + 2C (¢} + 3q§))} dA (3.2.23)
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(see Section 5.3 in [63]). The following result shows that, for A low enough and

when A is large, the WORS is unstable with respect to in-plane perturbations.

Proposition 3.2.9. Let A < B

0o and suppose (qi,q2,q3) is a solution of

(3.2.17), subject to the boundary conditions (3.2.18), such that ¢ =0 and g3 < 0
everywhere in Q. For any function ¢ € CY(Q), that is not identically equal to
zero, there exists a number \g > 0 (depending on A, B, C, L and ¢) such that
Hy[p] < 0 when XA > Ao.

Proof. By Lemma 3.2.6 and Proposition 3.2.8, we have

Bs, 2052
A+2Bgs +20(¢% +3¢2) < A— % n 33+

p B(B+,/B?+24|A|C>
R

4C

20 (232 +2B,/B? + 24|A|C + 24|A\C)
+ -

3 16C?

—A+|Al=0

52 . .
The equality holds if, and only if, g3 = —%F and ¢f + 3¢5 = -, that is if, and

only if, |¢1| = % and g3 = —%°. However, from Lemma 3.2.7, we know that

3q3 < q1 < —3¢q3 inside 2. Therefore we must have
A+2Bgs +20(q + 3¢3) <0, everywhere inside €.

Then, for any fixed ¢ € C}(Q), that is not identically equal to zero, the quantity

Hj[¢] defined by (3.2.23) becomes strictly negative for A large enough. O]
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3.2.3 Weak anchoring on the top and bottom plates

Experimentally, the surfaces of a confined nematic cell are treated chemically
in order induce the planar boundary conditions, which forces the liquid crystal
molecules to lie in plane of the surfaces [70], [93], [94]. With this in mind, a purely
z-independent condition on the top and bottom plates is less realistic. In this
section, we impose a surface energy term which is consistent with the preferred
planar orientation that is usually achieved on the top and bottom plates. We

define a revised Landau-de Gennes energy

Fulal= [ (jvar+ Ta@) o] [r@as

where f, is the surface anchoring energy density defined by

A A 3+2 A o ANOVA|2
1:(Q) =, (Qz-z—|—3> +7.|I-2®2)Qz|,

)

where «,,7, > 0. This form of surface energy may be derived from the “bare’
surface energy with respect to Q-tensors, as in [70], with its minimum being
achieved by uniaxial or biaxial Q-tensors in the plane tangent to the surface
of the liquid crystal. The polar anchoring on these surfaces is fixed because
molecules lie in the plane of these surfaces, and the azimuthal anchoring is free
because the nematic molecules are free to rotate in the plane. Note that the term,
(I-2®2)Qz = (Q13,Q23,0), and hence |(I — 2 ® 2)Qz|? is equal to zero if, and
only if, QZ is parallel to Z. Hence, the surface energy density term, f,, favours
Q-tensors that have Z as an eigenvector, with constant eigenvalue —*, on the
top and bottom plates. We maintain the Dirichlet boundary conditions (3.1.2)
on the lateral surfaces of the well, and seek to minimize the revised LdG energy

Fys in the admissible class A.
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Lemma 3.2.10. Critical points of Fy s, in the admissible class A, satisfy the
Euler-Lagrange system (3.2.1), subject to Dirichlet boundary conditions (3.1.2)

on the lateral surfaces and

0,Q + zH(Q) =0 on T, (3.2.24)

where v is the outward-pointing unit normal to V and H is defined by

—2a, <Q33 + %) 0 V(13
H(Q) := 0 —2a, <Q33 + %) V:Q23
V@13 V2 Qa3 %Oéz (Q33 + %)

Proof. Suppose Q € WH2(V;8,) minimizes the revised LdG energy functional
Fxs in the admissible class .A. Now, suppose P € W2(V; &) is some perturba-
tion such that P = 0 on 0V \ I'. We wish to calculate the first variation of the

LdG energy F, s, with respect to the perturbations P. We have that,

Frs|Q + tP] :/‘/;|V(Q+tP)|2dV
2
+/VAL (?(QHP)Z — ?tr(Q—i—tP)g + Z(QHP)‘*) dv
A L. S 2 A oA A2
+f/raz ((Q+tP)z-z+3) +7|(I-2®2)(Q+tP)z|*dS

Therefore, the first variation of F) s with respect to P is:

d
0= —

= s tP
T Fa, [Q + ]

t=0

z/v<VQ:VP+)i(AQ-P—BQQ-P+C|Q|2Q-P)> dv

2 (20.(P2-2) (Q2 -2+ %) + 2.1 - 20 9)Q2 - (I 302)P2) dS.
r

Since Q,P € Sy, we have that Q - P := tr(QP) = Q;;P,;. Integrating by parts,
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and noting that trP = 0, gives

0= /( AQ+<AQ BQ? + |Q\2I+C|Q|2Q>>-Pd\/

+ / vQ-PdV
—_—
dwthmf 2,Q-PdS
+ Z/ (2%(132 2) (Qz P S’;) 42 (I-202)Qs (12 ®2)P2> ds

I
(3.2.25)

We consider the surface energy terms in (3.2.25) separately. We remark that

(Pz- 2)(QA Z 8+>=(Q33+ 3>Ps3

3
—3 (Q33 + %*) 0 0

- 0 —3 (Q33 + 2 ) 0 -P

0 0 % (Q33 + %*)
(3.2.26)

and
) 0 0 @
1
I-202)Q2-I1-202)P2=) QpPs= 5| 0 Qo | - P (3227
Qi3 Q2 0

By combining (3.2.25), (3.2.26) and (3.2.27), we finally obtain
N 2, Biap 2
| (-8@+7 (4q- B@*+ ZIQPT+ ClQPQ) ) - PV
A
+ /F (aVQ + LH(Q)) PdS =0,

for any perturbation P € W12(V, Sy) such that P = 0 on 9V \ T, and the lemma

follows. O
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Due to the boundary conditions (3.2.24) on I', z-independent solutions (0,Q = 0)
may not, in general, be solutions of the 3D problem with weak anchoring on the
top and bottom plates. However, we may infer from previous results, that there

are z-independent 3D solutions for a specific temperature.

Corollary 3.2.11. There exist z-independent solutions of (3.2.1), that satisfy
. B2

(3.1.2) and (3.2.24), if A= —35.

Proof. We note from Proposition 3.2.5, the existence of solutions of (3.2.1) of

the form (3.2.16), that satisfy the Dirichlet boundary conditions (3.1.2) on the

lateral surfaces. Furthermore, from Proposition 3.2.8, we know that at the special

temperature A = —%, we have g3 = —% everywhere in Q2x (0, €). It is necessarily
the case that Q33 = —>F, and hence the condition (3.2.24) reduces to the z-
independent condition 0,Q = 0 on I'. O]

Lemma 3.2.12. There exists a constant M (depending only on A, B, and C')
such that any solution Q of the Euler-Lagrange system (3.2.1), subject to the
boundary conditions (3.1.2) and (3.2.24), satisfies

Q<M in V. (3.2.28)

Proof. This proof is analogous to the one in Proposition 1.4.2, where surface energy
terms were neglected in the LdG energy. To begin, we define P := Q + %5 (2 ® 2).
We have that 9, (3|P?) = 9,P-P = §,Q - P. Then, by the constraint on the top

and bottom plates (3.2.24), we deduce that

L1 _ .,
~J0.,[PP) = H(@Q) - P

2 2 s
=27, Z Qs + gOéz (Q33 + ;) (—Q11 — Q2 +2Q33 + 554)
i=1
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2 2
=27, Qh+ 20 (ng + S;) >0 on T. (3.2.29)

i=1
Similarly, we manipulate the Euler-Lagrange system (3.2.1) to obtain

Lqpi - b Seroa) v Lvgr
SAIPE/2) = 5aQ- (Q+ Sawz) + 5 Iva
> AQP* - BnQ’ + C1Q[*

+2 ((4+C1QP) Qu - BOuQu +51Q1)  (3:230)

The right-hand side of (3.2.30) is a quartic polynomial in Q, with leading order
term C|Q|* and C > 0. Therefore, there exists some positive number M; :=
M, (A, B, C) such that the right-hand side of (3.2.30) is positive when |Q| > M.

By the triangle inequality, we have

S S
PI>My= 0+ = |Q\:’P—2+2®2

> M,

and hence, the right-hand side of (3.2.30) is positive when P > M,. Finally, the
boundary datum Q, on the lateral surfaces, defined by (3.1.2), satisfies |Q| <

\/ger on 082 x (0,¢). By applying the maximum principle to (3.2.29) and (3.2.30),

2 1
|P|§maX{M2,( 3—|—2)s+} in V.

By the triangle inequality, Q is also bounded in terms of A, B and C only. [

we obtain that

We wish to construct WORS-like solutions for this 3D problem, with imposed
surface energies on the top and bottom plates. Recall that we may completely

describe these solutions in terms of two degree of freedom. In 3D, these solutions
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have the following form:

Q = ql(x,y,z)(nl XN —ng 1’12) + Q3<I,y,Z)(22 & 7 — n¥n —ng ® 1’12).
(3.2.31)

We shall adapt the methods in [62], for all values of A and ¢, to prove the existence

of WORS-type solutions satisfying these boundary conditions.

Proposition 3.2.13. For any A, € and A, there exists a solution of the form
(3.2.31), of the system (3.2.1), subject to the boundary conditions (3.1.2) and

(8.2.24), which satisfies the symmetry property

mle(x7ya Z) 2 07 fOT' any (ﬁ,y, Z) € V>

with ¢ = 0 along the square diagonals, and has q3 < 0 on V.

Proof. We use a similar approach to that used in Proposition 3.2.5. We define

the following quadrant of the 3D square well, V:
Vi={(z,y,2) e V: z,y > 0}.

Consider the associated LdG energy functional among the finite energy pairs
(q1,q5) € WH(Vi; R?):
Claval = [ [V +3Vas[av

L/ (3 +3) + C(q} +3¢3)* + 2Bas(q; — ¢3) } AV

2\ 2
z — ] dS
L Jravy <CI3 + 6 > ’

obtained by substituting the ansatz (3.2.31) into F,s. We minimize G, subject
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to the constraint g3 < 0 on V', and the following boundary conditions:

(ql,qg):(qlb,—%—) on (0% (0,e)NVe, q=0 on dV,\dV,

(3.2.32)
where the function ¢y, is defined by (3.2.5). As in Proposition 3.2.5, a routine
application of the direct method of the calculus of variations shows that a min-
imizer (q7,q3) exists. Without loss of generality, we may assume ¢; > 0 on V,;

otherwise we replace ¢ with |¢j|, and note that

Glar, a3] = Gllai|, 3)-

We claim that g5 < —9 for some strictly positive constant J, depending only on
A, B and C'. The proof of this claim follows the same argument as in Proposition
3.2.2. Consider a function ¢ € W'%(V,) such that ¢ > 0 in V,, and ¢ = 0
on 9V NV,. Then the admissible perturbation ¢z := ¢ — ty, for some small

parameter ¢ > 0, satisfies the following optimality condition

d

t=0

We deduce that

A2 uDYe! 54
o * - * % _ z T >
/w{ 6Vg3 - Vi Lf(ql,qg)w} AV — — /F<q3+ 6)90018_0,

NV4

(3.2.33)

where the function f(q7, ¢5) is defined in Proposition 3.2.2 and analogously, we
know that there exists a constant ¢ € (0, %) such that f(qi,¢s) > 0 for any ¢; € R
and any g3 € [—9,0]. We choose ¢ as in Proposition 3.2.2 and, due to (3.2.33),

we deduce that g3 < —0 in V.

Since ¢; is strictly negative, we can consider perturbations of the form ¢ :=
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g5 + ty, irrespective of the sign of ¢, provided that |¢| is sufficiently small. As a
consequence, (¢7,q3) solves the Euler-Lagrange system (3.2.4) on V, as well as

the boundary conditions

dhar =0, Ougs+ —F

4)ov, (
3L

o+ 56+> —0 on TNV, (3.2.34)

and d,q3 = 0 on OV, \ OV. We extend (¢7,¢;) to the whole of V' by reflections

about the planes {x = 0} and {y = 0}:

qi(z,y, 2) :=sign(xy)qi (|z], |y, 2), &;(z,y,2) = q;(|z], |yl, 2),

for any (z,y,2) € V' \ V. The functions ¢;, ¢;, defined as above, solve the Euler-
Lagrange system (3.2.4) on Q\ ({x = 0} U{y = 0}). Applying the same argument
based on elliptic regularity as in Proposition 3.2.2, shows that (¢}, ¢3) is a solution
of (3.2.4) on the whole of Q. Finally, using (3.2.4), (3.2.32) and (3.2.34), we can
check that the Q-tensor associated with (qf,¢5), as defined by (3.2.31), has all

the required properties. O

Proposition 3.2.14. There exists a positive number Ao (depending only on
A, B, C) such that, when A\ < Ay the system (3.2.1) has a unique solution that
satisfies the boundary conditions (3.1.2) and (3.2.24).

Proof. Consider the constant M := M (A, B, (') given by Proposition 1.4.2. Any
solution of the system (3.2.1), subject to the boundary conditions (3.1.2), (3.2.24),

must belong to the class
Xy ={QeW(V,8): Q<M on V, Q=Q, on 92 x (0,¢)}.

As in Proposition 3.2.3, it suffices to show that for any M > 0, there exists a
number A\g = A\o(M, A, B,C, L,2) such that, for A < Ay, the functional F) ; is

strictly convex in Xy. For any Qq, Qs € Xy, we have
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s (Ql;QZ> :/ {|V(Q1+Q2)|2+ —fi <Q1+Q2)} dv
w2 [ (B as
:/ 1{|VQ1|2 +|VQaf* — 1!V(Ql — Q2)|2} av
/ (Q1+Qz> dV+L/fs<Q1+Q2) dS
(3.2.35)

Since f4(Q) is a convex function of Q, then we have

L (B2 as < [ @)+ f@) as (3.2.36)

We now focus our attention to the bulk term, f,. Both Q; and Qs are equal to
Q, on the lateral surfaces of the well, 92 x (0,¢€), and hence, Q; — Q2 = 0 on

02 x (0,¢€). For a.e. fixed zg € (0,¢), by the Poincaré inequality on 2, we have

1Qu1( - 20) — Qal-, - 20| [720) < 1 Vay (Qu(- -, 20) — Qa2(-, -, 20))|[72(0
(3.2.37)

where ¢; > 0 is a constant that only depends on the cross-sectional geometry 2.

By integrating (3.2.37) with respect to 2z, we deduce that

/ Q- Qu2dV < cl(Q)/ IV(Q, — Qu)2dV. (3.2.38)
1% 1%

Since, |Q;] and |Qz| are bounded by M everywhere in V', we have

Jo

<Q1—|—Q2>

5 ~ 7M@) = Q)] AV < [[fillwaeimy [ 1Q) - QuP av

(3.2.39)

where By == {Q € S : |Q| < M} and || fy||w2(s,,) is a positive constant

that bounds the second derivatives of f;, in By, (in particular, ||fy||w2.c(5,,) only
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depends on M, A, B and C'). Combining (3.2.38) and (3.2.39), we find a positive

constant ¢y = ca(fy, Q, M) == c1(Q)]| fo||w2c(5,,) such that

(%) o

2 /V(fb<Q1> + fb(Qz)) dV + ¢ /V ‘V(Ql _ QZ)’Q dv

(3.2.40)

1
2

Using (3.2.36) and (3.2.40) to bound the right-hand side of (3.2.35), we obtain

Co )\2 1

) < ;(FA,s(Ql) + Fas(Qz)) + (L — 8> /V V(Q) — Qo) dV

Q +Q:

F/\,s< 9

8co

If we take A < \g := (L)lﬂ, then we have

fA,s (Ql;QQ> < ;(J—"}\,S(Ql) + .FA,s(QQ))

and the equality holds if, and only if, Q; = Q2. Thus proving that F) , is strictly

convex in the class Xy . O

We conclude that for A small enough, the LdG energy functional F) ; has at most
one critical point described by Q-tensor solutions of the form (3.2.31), where

(q1, q3) are the minimizers of the associated functional G from Proposition 3.2.13.

3.3 Summary

In this chapter we have analytically studied nematic equilibria on 3D square wells,
with an emphasis on the WORS as a function of the well size, characterized by A,
and the well height, denoted by e. Given the batch of papers on NLCs in square
wells [52], [61]-][63], which consider shallow wells and model equilibria on a 2D
square with tangent boundary conditions, it is natural to ask if the WORS is

relevant for 3D domains or if they are a 2D artefact. Our essential findings in this
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chapter show that the WORS is in fact a LdG critical point for 3D wells with
a square cross-section and experimentally relevant tangent boundary conditions
on the lateral surfaces. We have shown that the WORS exists, for arbitrary well
height, with both natural boundary conditions and realistic surface energies on
the top and bottom surfaces. In fact, for sufficiently small A, the WORS is the
global LdG minimizer for these 3D problems, exemplifying the 3D relevance of

the WORS for all temperatures below the nematic supercooling temperature.



Chapter 4

Numerical simulations of
three-dimensional nematic

equilibria in confinement

Recently, there has been substantial interest in new applications for NLCs, where
the typical confining geometry is microscopic. NLC systems of this size are often
difficult to study experimentally, motivating a numerical approach to studying
these problems. In this chapter, we build upon the analysis of nematic equilib-
rium solutions in 3D wells, in Chapter 3. We employ an energy-minimization
based numerical approach to compute novel equilibrium solutions for square and
rectangular 3D wells, and a Rayleigh-quotient iterative minimization method to
assess the stability of these solutions. In Chapter 3, we proved that for small
enough wells in three dimensions, the WORS is the unique global minimizer of
the LdG free energy, given two physically relevant boundary conditions. In this

chapter, we numerically compute the WORS in three dimensions, and study the
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effects of varying domain size and anchoring strengths on the lateral surfaces
of the well. For large enough wells, we numerically compute 3D diagonal and
rotated configurations (as seen in [60] and [61] in the 2D case), as well as novel
mixed equilibrium configurations that interpolate between two different diagonal
director profiles on the top and bottom plates. We also compute two stable
escaped configurations by employing weak anchoring conditions on the top and
bottom surfaces of the domain. Furthermore, we study the effects of choosing
a rectangular cross-sectional geometry for this 3D problem, and how the added

geometrical anisotropy changes the solution landscape.

4.1 The computational model

Recall that we take a three-dimensional domain V' =  x (0,€), where € is the
rescaled height of the well, €2 is the 2D cross-sectional domain, and I" := Q x {0, €}
is the union of the top and bottom surfaces of the well. We wish to (numerically)
minimize the rescaled LdG energy, F), defined in Chapter 3. As explained in
Chapter 1, we may describe the preferred directions of the constituent liquid
crystal molecules by the eigenvectors of the LdG Q-tensor (1.4.1), and the degree
of order about these preferred directions is given by the associated eigenvalues.

We consider the most general form of Q € Sy, in three dimensions:

Q(z,y,2) = qi(z,y, 2) (% V) + @(r,y,2) X0y +y @X)

+ ¢s3(z,y, 2)(22 X-y®79) (4.1.1)
+u(2,y,2)XQ2+20X) +¢:(2,y,2)(J®2+20Y),

where X, y and z are unit-vectors in the z-, y- and z-directions, respectively.

Instead of solving the Euler-Lagrange equations for F), we reduce the problem
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to that of finding solutions Q that make it stationary i.e., DF,(Q) = 0, where
DF,(Q) is the Fréchet derivative of F), evaluated at Q. To this end, we use an
energy-minimization based numerical method to find the minimizer of the current
system [65]. Furthermore, computing finite-energy Q-tensors is computationally
expensive. To remedy this problem, we may follow the approach of [95], by
analysing a function of the scalar coordinates q = (¢, ..., ¢s), rather than the
energy functional F, directly. This is because the macroscopic order parameter
Q € S is described by the unique representation Q = ¢; E;, where {E;}2_, is an
orthonormal basis of Sy, and ¢; = tr(QFE;) - forming an isometric isomorphism
between W12(V;Sy) and W2(V; R?). For Q-tensors of the form (4.1.1), the LdG
energy functional reduces to the following functional with respect to the scalar

functions ¢; € WH2(V; R):

Pl il = [ {IVal + Vel + 3Vas + [Vas* + Vs } av
)\2
+f/V{A(Q?+q§+3Q§+QZ+q§)
+ B (g5(—2a} — 263 + 263 + ¢} + ¢2) + 01 (@} — &) + 204145 )

+C(q} + & +363 + ¢} +62)°} dV (4.1.2)

For computational convenience, we take Q C R? to be a square with sides parallel
to the coordinate axes i.e., 2 = (=1, 1)2. We note that in the analysis of the
system, subject to infinite anchoring boundary conditions, it was necessary to
truncate the corners of 2. Without this truncation, the boundary condition leads
to a natural mismatch at the vertices of the well, leading to point defects at
each corner with infinite Dirichlet/elastic energy in 2D. This can be rectified by
introducing a scalar order parameter which vanishes at the point defects. In our
numerical simulations, we will employ a surface energy term that mimics the

behaviour of an infinite anchoring condition, for sufficiently large values of the
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anchoring coefficient. This is a more physically realistic modelling choice, and is
computationally convenient as it allows us to study solutions without excluding

the corners of the well [88]. More precisely, we minimize the LdG energy functional

AlQI+ [ f(Q)dS. (4.1.3)

We impose surface energies on 92 x (0, €), given by [52] in the non-dimensionlized

setting:

fs(Q):w(Q—g(x) <f<®§‘_;1>>2’ yo bl (4.1.4)

W | =
~——
N~
[ 3]

&

I

|

=

[S—y

Q) =w(Q-90) (3253
In this weak anchoring condition, we take w = % to be the non-dimensionalized
anchoring strength, where W is the surface anchoring on the lateral surfaces of the
well. We take the function g € C*°([—1,1]) so as to eliminate the discontinuity

at the corners. In our simulations we choose

g(s) =5y, Vse[-1+n1-9),  g(=1)=g(1)=0,

for a small, but fixed value, . The choice of g does not affect the numerical
results qualitatively. Note how the form of (4.1.4) enforces a preferred tangential
orientation on each of the lateral surfaces. Unless stated otherwise, we take
W = 10~2Jm 2, which is a suitable value to mimic strong anchoring on the
lateral sides of well [96]. In order to complement the analysis in Section 3.2.3, we
also impose finite tangential anchoring on the top and bottom surfaces, I', given
by

1 2
1@ = (o (@024 o) 0 (- 202) Q2

2) , (4.1.5)

where w, = WLz)‘ is the non-dimensionalized anchoring strength on I', W, is the

surface anchoring on I', and «,,7, > 0. The surface energy (4.1.5) favours Q-

tensors with Z as an eigenvector, with associated eigenvalue —%-, and hence this
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choice of surface energy induces planar boundary conditions on I'.

4.2 The numerical methods

In the Landau-de Gennes framework, numerical simulations of equilibrium con-
figurations within these confining geometries have so far been restricted to the
two-dimensional case [61], [62]. The extension to solving the full 3D system is
computationally expensive and hence, we employ an energy minimization based
numerical scheme which we describe in this section. To begin, we re-scale the

physical domain to be
V.=A{(z,y,2) | z €[0,27],y € [0,27],z € [-1,1]}.

Since Q € &y is a symmetric and traceless matrix, it may be written as a matrix

involving five scalar order parameters, p; € W'2(V;R), i =1,...,5:

p1 D2 Ds
Q=1p pa Ds
Ps Ps —P1— P4
The p; are simply linear combinations of the original ¢; scalar order parameters
in (4.1.1). We expand the p; in terms of special functions: Fourier series on & and

y, and Chebyshev polynomials on Z i.e.,

L-1 -1

pi(7,5,7) = S S X ()Y (5)Z2), (4.2.1)

I=1-L m=1-M n=0
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where L, M, N specify the truncation limits of the expanded series, and X; and

Y., are defined as

coslr, 1>0, cosmy, m >0,
Xi(z) = Yo (y) =

sin|l|z, 1<0, sin|mly, m <0.
The derivative of this periodic extension is continuous, and the smoothing function,
g € C*(]—1,1]), prevents any discontinuities that form around the corners of the
domain. Inserting the coefficients of the spectral expansion of Q, (4.2.1), into
the LdG free energy (4.1.3), we obtain a function of p = (pi™") € R, where
D= (2L —1)x(2M —1) x N. We wish to minimize this discretized energy using
numerical optimization methods which we shall describe below. By discretizing
the LdG free energy, with respect to p, we avoid any computation of nonlinear

terms in the Euler-Lagrange equations. By using the chain rule, and numerical

integration, we may obtain the derivatives of the discrete free energy required.

4.2.1 Limited-memory BFGS

Define the LdG free energy (4.1.3), with with respect to the discretized Q-tensor,
as F'(p). Minimizers of F(p) can be found by some standard optimization methods.
In any numerical optimization method, one key concept is that of a line search.
This is an iterative approach to find the local minimum of an objective function.

The iteration itself is given by

Pr+1 = Pr + axdy, (4.2.2)

where «y, is a positive scalar value called the ‘step length’, and a ‘search direction’,
dj. In our numerical method, we use the strong Wolfe conditions for our line

search requirements [97]. These conditions guarantee that the step length at the
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Eth iteration, ay, should give a sufficient decrease in the objective function F,

measured by
F(pk + Ckkdk) S F(pk) -+ ClOékVFdek, Cc1 € (0, 1) (423)

This condition enforces the reduction in F' to be proportional to the step length ay,
and the directional derivative VF{'dy. To avoid step lengths that are unacceptably
short, a second requirement is employed - typically referred to as the ‘curvature

condition’, which requires «; to satisfy the following inequality:
|VF(pk + Ozkdk)Tdk| Z CQ|Vngk|, Cy € (Cl, 1) (424)

This condition guarantees that, the gradient of the new objective function at
ag, is greater than c, times the original gradient, whilst excluding points that
are far from the stationary points. A backtracking approach ensures that these
line search conditions are fulfilled. In the following simulation, we mainly use
L-BFGS, which is a type of quasi-Newton method, and approximates the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm using a restricted amount of com-
puter memory [98]. The benefit of using a quasi-Newton method is that search
directions do not require the expensive computation of the Hessian (as in regular
Newton methods), but an approximation By, which is updated after each iteration.

The new Hessian approximation, By, is given by the following formula:

BysestBe  grgi
By = By — k k

) 4.2.5
S;{Bksk glzsk ( )

where the displacement vector, s, and change of gradient vector, g, are given by

Sk = Pk+1 — Pk, gk = VFy1 — VE. (4.2.6)



4.2. The numerical methods 90

Note that the Hessian approximation, according to (4.2.5), will satisfy the secant
equation Bjiii1sy = gx. This is a requirement of any quasi-Newton scheme in
order to simulate the properties of the true Hessian. In the BFGS method, each
update can be derived by imposing conditions on the inverses of the Hessian
approximations, Hy = B, !, The solution to the new approximation is then given

by the following formula

Hy1 = (I— prsigr ) Hi (I — prorsy) + prsisy, (4.2.7)

where p, = g;{%k. Provided a sufficiently good initial guess for the Hessian is
chosen, this method usually converges to a local minimizer, but it is not necessarily
guaranteed. Limited-memory BFGS (L-BFGS) is based on this updating formula,
but only stores recent information to construct the Hessian approximations, and
is therefore less computationally expensive. The L-BFGS algorithm uses the
curvature information from the m most recent iterations and, in our simulations,
we have m = 20 which is sufficient for our problem. We state the typical L-BFGS

algorithm below for clarity.

Choose starting point pg, integer m > 0;

k + 0;

repeat

Choose initial matrix Hp;

Compute d + —H,V F};

Compute pri1 < pr + ardg, where oy, satisfies the strong Wolfe
conditions (4.2.3);

if £ > m then

‘ Discard the vector pair {si_m, gx—m} from storage;
end
Compute and save Sg < Prs1 — Pk, gk = VFry1 — VEy;
k=Fk+1;

until convergence;
Algorithm 1: L-BFGS

Provided we have set a suitable initial guess, this algorithm runs until the termin-
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ation criterion ||V F|| < 107 is satisfied.

4.2.2 Stability of solutions

Given the twice Fréchet differentiable energy functional F(p), found numerically
by the procedure described above, we denote its Hessian by G(p) = V?F(p). A
point p is called a critical point of F(p), if ||VF(p)|| = 0 holds. A saddle point
of F(p) is any unstable critical point which is not a local extremum. As stated in
Morse theory, the index of a saddle point p is defined as the maximal dimension of
a subspace IC, on which the operator G(p) is negative definite. Similarly to [64],
we can justify the stability of an obtained solution p by computing the smallest

eigenvalue, A;, of Hessian matrix G(p) corresponding to p:

M= min (GEV.V) (4.2.8)

vA0,veRD (V. V)

where (-, ) is the standard inner product in RP. This optimization problem
corresponds to searching for index-1 saddle points numerically (see [66] for further
explanation on the numerical methodology of finding saddle point solutions). The
right-hand side of (4.2.8) is equivalent to taking general admissible perturbations
with respect to the five independent basis directions, and minimizing the second
variation of the discretized LdG energy, F(p), with respect to those perturbations
- a common approach to studying the stability of solutions in the calculus of
variations. If the smallest eigenvalue \; is positive, this indicates that the second
variation is positive for all admissible perturbations, and hence a solution is
(numerically) locally stable. Note that the optimization problem in (4.2.8) is

equivalent to minimizing (G(p)v, v), provided we impose the constraint (v, v) = 1.
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The associated Lagrangian function is then given by

(G(p)v, V)

{v,v)

L(vi€) = —&({v,v) = 1),

where ¢ is a Lagrangian multiplier. The dynamics of v is then given by the

equation

ov 0

ot~ ov

L(viE) = 27 (G(m" - £V> , (4.2.9)

(v, v)

where v > 0 is a relaxation parameter. Since we assume (v,v) = 1 always holds,

the dynamics in (4.2.9) should satisfy (v, %;’) = 0, which implies £ = %,

and hence we are left with the the following gradient flow equation for v:

ov_ V_<GV,V>V
%~ V) (G TN ) . (4.2.10)

The key idea behind this method is that the dynamic solutions evolve along a path
of decreasing energy, and hence converge to a stable equilibrium over long times
[99]. In our code, we find the smallest eigenvalue of the Hessian matrix G(p),
by solving (4.2.10), and Gv = G(p)v is approximated by a central difference
formula:

_VpF(p+tv) = VpF(p—tv)

G ~
(p)v 57 ,

for some small constant ¢. The approximation error here is O(¢). We can choose
~ to appropriately accelerate the convergence of the dynamic system (4.2.10) but

in our numerical simulations, we simply take v = 1.

4.2.3 Initial guesses

It was shown in [64], that for A large enough, there exist multiple stable states

within the two-dimensional setting. Therefore, a ‘close’ initial guess is important
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in achieving proper convergence in the 3D numerical procedure. The states we are
referring to are commonly called the diagonal and rotated configurations. These

are solutions described by Q-tensors of the form

I

I
Q:q<n®n—22>+Q3(2®2—3), (4.2.11)

where n = (cosf,sin#,0), and Iy, I3 are the identity matrices in two and three
dimensions, respectively. Furthermore, ¢ > 0, g3 < 0. What this means physically
is that, nematic molecules prefer to orient themselves perpendicular to the z-
direction i.e., molecules lie in the (z,y)-plane. In this chapter, we will frequently
refer to the two diagonal states as Dy, Dy, where the nematic director n roughly
aligns along one of the diagonals of 2. We also refer to the four possible rotated
states as Ry,..., Ry, where 6 rotates approximately 7 radians between a pair
of opposite edges. In our numerical simulations, when choosing an initial step
for the L-BFGS algorithm, we set Q = s, (n ® n — %13), where our choice of n
determines the director profile. In order to simulate any of the diagonal/rotated

configurations in the domain, we choose the director as follows:
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Configuration Director n(z,y, z)

(D1) 7(1,1,0)
(O’ ]‘70)7 X S 0’
1

(R1) -(1,1,0), z,y >0,
L (-1,1,0), x>0,y <0,
V2
(1,0,0), y =0,

(R2) 5(1,1,0), z,y <0,
%(—1,1,0), x>0,y <0,
(0,1,0), x>0,

(R3) 25(1,1,0), z,y <0,
4 (-1,1,0), r <0,y >0,
V2
(1,0,0), y <0,
1

(R4) ~(1,1,0), z,y >0,

%(—1, 1,0), x<0,y>0.

We frequently refer to these initial choices (configurations in the table above)

when presenting the numerical results.

4.3 Numerical results

In this section, we present Q-tensor solutions which minimize the discretized LdG
energy described in the previous section. We choose different initial guesses for

a solution Q in the L-BFGS algorithm, and plot the results. We regularly plot
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the biaxiality parameter 5%(Q) (defined in (1.4.11)), which takes values from
0 to 1, given by colours blue to red, respectively. We also plot the director n,
which is found by computing the eigenvector corresponding to the largest positive
eigenvalue of Q. Following [63] for the two-dimensional numerical study, we fix

the material constants in the LdG free energy to be typical values for the liquid

crystal MBBA, and choose A = —% where

B=0.64x10"Nm™2, C=035x10*Nm™2 L=4x10""N.

As expected from our analysis in Proposition 3.2.8, at this special temperature

we have g3 = —°F = —% everywhere. The two key dimensionless variables are
< 20 \2 h
A= , €= —,
L A

which describe the cross-sectional size and height of the well, respectively.

4.3.1 Strong anchoring on the lateral surfaces

In this section, we focus on nematic equilibria inside wells with strong anchoring
conditions on the lateral surfaces. More specifically, we find minimizers of the
LdG energy functional F) using the numerical scheme described above, subject to
infinite tangential Dirichlet conditions on 0Q2x (0, €). As described in the numerical
methods section, we mimic the strong anchoring condition by minimizing the
energy functional (4.1.3), with W = 10~2Jm 2 in (4.1.4). For the top and bottom
surfaces, we also take W, = 1072Jm ™2 in (4.1.5), which is sufficient to mimic the
natural boundary condition on I' from (3.2.2). We recall from Chapter 3, there
exist z-independent critical points of the Landau-de Gennes energy F,, subject to

natural boundary conditions on the top and bottom plates, indeed our numerical
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simulations throughout this section have |0,Q|* ~ 107'2.

For sufficiently small values of A%, we always get the WORS for arbitrary e, in
accordance with the uniqueness results for small A in Chapter 3. Since we run our
numerical simulations at the fixed temperature A = —Z ° . the WORS corresponds

— 35

(see [62]) to a solution of the form

Qwors(,y,2) =q(X@X—-—yQY) — %(22 RZ-xXx—-—yRyY). (4.3.1)
We plot the WORS for A2 = 5 and ¢ = 4 in Figure 4.1. This includes plots of (from
left to right): a 3D representation of the full solution; the biaxiality parameter;
the director profile; and the ¢; and ¢» components of the numerical solution Q
in (4.1.1). As expected, we see that g, is close to zero throughout the domain.
Each 2D plot is taken from the middle slice of the full 3D solution (z = §). Since

this solution is the global minimizer for \*> = 5, the choice of initial guess in the

numerical procedure does not affect the final solution.

8.9e-01

I 0.5

—o 5

-05
[ -8.9e-01

Figure 4.1: The 3D WORS with A\> =5 and ¢ = 4.

For relatively large values of A2, we find the well-known diagonal and rotated
solutions. More specifically, the diagonal solutions exist for A2 > 6, and the rotated
solutions exist for A2 > 29, in our simulations. If we consider the dimensionless
parameters A and ¢, as well as our choice of material-dependent parameters (based

on the typical values for the liquid crystal MBBA), diagonal solutions exist for
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wells with an edge-length on the order of 180nm, and rotated solutions exist for
wells with an edge-length on the order of 440nm. This is consistent with the
work by [52], where the authors report the WORS is observable for cells with
edge length A ~ 78 — 138nm with respect to the bare biaxial correlation length.
Another liquid crystal such as 5CB would typically take values B = 2.1 x 10% Jm™>
and C' = 1.7 x 10 Jm ™ (as in [96]), but this does not drastically change the order
of magnitude of our numerical findings with respect to molecular length scales. In
fact, as stated in [52], the size of well for which we would expect to see the WORS
does depend on temperature, with larger wells on the order of A ~ 240 — 420nm
exhibiting the WORS for larger temperatures. In our simulations, we have simply
taken A = —% to complement our analysis in Chapter 3, and a further exploration
of different temperature regimes would be an exciting avenue for future research.
These z-invariant solutions were numerically reported in [60] in two dimensions,
and are stable configurations in our simulations, for arbitrary well height, . These
solutions are presented in Figures 4.2 and 4.3, respectively, where A\ = 100 an
e = 4. We obtain the diagonal solution by choosing the (D1) initial guess, and the
rotated solution by choosing the (R1) initial guess. In both figures we plot: 3D
representations of the numerical solution; the biaxiality parameter; the director
profile n; and the contributions from the ¢, go scalar order parameters in (4.1.1).

B2

At the special temperature regime A = —2- we have ¢3 =

B .
Yol everywhere in

6C
these numerical solutions, as expected from our analysis in Chapter 3. We may
find the other diagonal and rotated configurations but they are equivalent under

rotation about the z-axis, so we do not present these plots for brevity.
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Figure 4.2: The 3D diagonal solution with A2 = 100 and e = 4.
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Figure 4.3: The 3D rotated solution with A = 100 and e = 4.

Interestingly, for e large enough, we observe locally stable solutions with mixed
diagonal profiles on the top and bottom plates. These are obtained by prescribing
the (D1) and (D2) initial conditions described earlier, on the top and bottom
surfaces of the domain, respectively. For example, we set Q = s, (n ®n — %13)
with

1(1,1,0), z>

€
V2 2

n(z,y,z) =

7(1,-1,0), z<3.
This leads to a 3D solution with two different diagonal profiles on the top and
bottom surfaces, with a mismatch at the centre of the well. In the middle slice,

the L-BFGS procedure converges to a BD-like profile (referring to the terminology

in [62]), where the corresponding Q-tensor is of the form

Qep=XRX—yJRY)+¢3(2Z2R2—XRX—-yQY).
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The two-dimensional BD solution is characterized by uniaxial bands of ¢; = 0
near a pair of parallel square edges. These ¢; = 0 nodal lines form transition

BQ

layers between two distinct values of ¢;. At the special temperature A = —27, we

B everywhere in the domain. We present these mixed 3D solutions

have g3 = —¢%

in Figures 4.4 and 4.5, for wells of height ¢ = 4, and where \*> = 100 and
10, respectively. By computing the smallest eigenvalue of the Hessian matrix
corresponding to these solutions, we find that they are numerically stable. Indeed,
these solutions actually have a lower energy than the rotated solutions seen
in Figure 4.3, for the same size of domain. In both figures, we plot: a 3D
representation of the mixed solution; the biaxiality parameter; and the director

profile. We show five cross-sections in the (z,y)-plane to illustrate how the

9e¢ € Te
’TG’Q’E’O’

profile changes in the z-direction. These cross-sections are at z = ¢
respectively. In Figure 4.4, we additionally present the ¢; and ¢ components
of the solution at the respective cross-sections. We see that ¢ = 0 at z = § in
both of these mixed solutions - an indicator that the solution resembles the BD
profile described above. Numerical simulations show that these mixed profiles
cease to exist when A% or € is too small. For example when A2 = 100, we
cannot observe such solutions for ¢ < 0.8. If we consider our choice of material-
dependent parameters, this would correspond to wells with A ~ 820 nm for roughly
h < 330nm. This does pose an interesting question, however - can wells of this
size be physically produced? As indicated by these numerical results, we may
only observe height invariant solutions for wells with sufficiently small height, and
we must consider wells with edge-length on the order of one hundred nanometers
for the WORS configuration to be numerically stable. This is a difficult system

to produce in practice however, as was discussed in [52], we may enhance the

stability of the WORS in larger domains if we consider higher temperatures, or
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even polymeric liquid crystals with a larger molecular length. Whilst we do not
consider these regimes numerically, this would be a very interesting topic of future
research which would shed light on the possibility of observing these interesting

equilibrium configurations in practice.
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Figure 4.4: A locally stable mixed diagonal solution for A* =
100 and € = 4 with 2D cross-sections (from left to

¢ € Te

right) at z =€, z = 35, 2 = §, 2 = {g and z = 0,

respectively.
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Figure 4.5: A mixed diagonal solution for A> = 10 and ¢ = 4.
Colours given by the biaxiality parameter and the
director orientation is given by white lines. Cross-
sectional heights as in Figure 4.4.

We can generate more 3D configurations by mixing combinations of the 2 diagonal
and 4 rotated configurations on the top and bottom surfaces, but these are
unstable according to our numerics. We may even simulate a repeated twist in
the director profile in the domain by taking the (D1) initial condition in the top
and bottom thirds of the well, and the (D2) condition elsewhere. More specifically,

to take Q = s (n ®n — %13) where

V2
n(w,y,2) =1 5(1,-1,0), §<z<¥
5(1,1,0), z<5.

however, the L-BFGS procedure converges to a z-invariant diagonal solution, as

in Figure 4.2.

4.3.2 'Weak anchoring on the lateral surfaces

In this section, we study the effect of weak anchoring conditions on the lateral

surfaces. Our main findings in this subsection are:
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o For a small enough anchoring strength coefficient, we lose the defect cross
structure of the WORS, and solutions approach a uniformly aligned nematic

director is preferred as we weaken the anchoring.

o The anchoring strength on the lateral surfaces has a stabilising effect on the
WORS, and this is corroborated by a bifurcation diagram as a function of

the cross-sectional size.

o We may tailor the defect pattern of the WORS by employing different

surface anchoring terms in the LdG free energy.

To begin, we minimize the LdG energy functional (4.1.3), where the strong an-
choring condition simulation on the top and bottom plates is preserved by taking
W, =10"2Jm 2 in (4.1.5). We vary the anchoring strength coefficient, W, in the
surface energy term (4.1.4), defined on 0 x (0,€). In Figures 4.6 — 4.8, we plot
numerical solutions for A2 = 5 and ¢ = 0.2, with W = 2 x 1073,1 x 1073 and
1 x 10~*Jm™2, respectively. As expected, W, is sufficiently large to mimic the
natural boundary conditions on I' from (3.2.2). Therefore, all of these numerical
solutions are z-invariant and thus, we present the 2D cross-sections from z = 3.
For each solution, we plot: the biaxiality parameter described by (1.4.11); the dir-

B

ector profile, n; and the ¢; and g, components of the solution. We have g3 = —¢%

throughout the well in each simulation. All three solutions are obtained by using
the (D1) initial condition. In the strong anchoring case (W = 1072Jm™?), we get
the WORS as expected, since the WORS is the unique critical point when A\? is
small enough. However, for W = 1073Jm 2, we get a diagonal-like solution in
which maximal biaxiality is achieved around the corners of the well. By further de-
creasing the anchoring strength, the nematic director is almost uniformly aligned

along the diagonal direction. Similar results were reported in [52]. According to



4.3. Numerical results 103

our numerical procedure, all three of these solutions are numerically stable.

79-01
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-7.9¢-01

Figure 4.6: A locally stable solution with A> = 5 and ¢ = 0.2 and

W =2x10"3Jm ?in (4.1.4).
I -6.8e-01 .I:gell

Figure 4.7: A locally stable solution with A*> = 5 and € = 0.2 and
W =10"3Jm ? in (4.1.4).
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Figure 4.8: A locally stable solution with A> = 5 and ¢ = 0.2 and
W =10""Jm ? in (4.1.4).

We see from Figures 4.6 — 4.8, that the numerical solution converges to a uniform
profile close to the initial guess, as the anchoring strength is weakened. By taking
different initial guesses in our code, we are able to find other, unstable states,
for W small enough. These solutions have ¢o = 0 everywhere in the well but
exhibit different defect patterns. In Figure 4.9, we plot the numerical solution for
W =10"*Jm 2, with A2 = 5 and € = 0.2, when an isotropic solution (Q = 0) was
chosen as the initial guess. For W small enough, we get a WORS-like solution

with strong biaxial regions near the lateral surfaces of the well. In Figure 4.10, we
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plot the numerical solution for W = 8 x 10~*Jm 2, also with A\ =5 and ¢ = 0.2,
where we take a uniform horizontal initial condition Q = s, (fc ®X — %13). For
W small enough, we get a BD-like solution with a pair of uniaxial bands across

two opposing sides of the well.
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Figure 4.9: An unstable numerical solution with A\*> = 5 and
e=02and W = 10~*Jm™? given an isotropic initial

guess (Q =0).
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Figure 4.10: An unstable numerical solution with A> = 5 and
e=02and W = 8 x 107*Jm? given a uniform
horizontal initial guess.

For W = 10~3Jm 2, we can get the WORS by further decreasing \2. However,
the WORS ceases to exist for W = 10~*Jm™2. Quantitatively, we can compute
bifurcation points A2, such that the WORS is the unique solution for A\* < A2,
as a function of anchoring strength W, shown in Figure 4.11. We can find \2
by decreasing A? till diagonal-like (D1) initial conditions converge to the WORS,
since diagonal solutions cease to exist for A2 < A\2. The result in Figure 4.11 is
computed with e = 0.2. However, this result is independent of €, as both diagonal
and the WORS are z-invariant solutions for A = —2=. By comparing with our

choice of values for L and C, we find that the WORS is the unique solution for
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wells with an edge-length, A, of the order ~ 60nm with an anchoring strength
W =5 x 10~*Jm? and, as indicated by the blue dashed line in Figure 4.11, the
WORS is the unique solution for wells smaller than A ~ 190 nm with a Dirichlet

boundary condition in a 2D square domain.
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Figure 4.11: Bifurcation points A\*, such that the WORS is the
unique solution for A < A2, as a function of anchor-
ing strength . The blue dashed line indicates the
bifurcation point of the WORS for Dirichlet bound-
ary condition in a 2D square domain (A\? ~ 6.4).

Another way to relax the surface anchoring is to consider the surface energy

c . 20N o oo\ o2
f:(Q)=w &(Qx-x—3s+) —i—”y‘(I—X@X)QX oy=—1,1;
9 \2 (4.3.2)
A A A A A 2
fs(Q)=w<a(Qy-y—38+) +9|1-329)Qy >; r=-11;
where w = % is the non-dimensionalized anchoring strength, and a > 0 and

v > 0 are constants. We minimize the LdG energy (4.1.3) with surface energy
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terms (4.3.2) and (4.1.5). Here, we fix W, = W = 10"2Jm™?, and vary the
constants a and . Note how the surface energy term (4.3.2) enforces a preferred
tangential boundary condition on the lateral surfaces of the domain. For example,
the condition on the planes y = —1,1 in (4.3.2) favours Q-tensors with an X
eigenvector, with corresponding eigenvalue of §s+. Furthermore, since the second
term in (4.3.2) can be zero if we take Q = s (2 ®z— %I), which also makes the
surface energy on the top and bottom plates (I') zero, we keep « non-zero to get
interesting defect patterns. In Figures 4.12 — 4.15, we show different configurations
in wells of size A\> = 5, and height € = 0.2, as we vary both « and 7. For each
of the four solutions, we use the (D1) configuration as the initial guess, and they
are locally stable according to our numerical check. In Figure 4.12, we choose
a =y = 1. We obtain a WORS-like solution with strong biaxial regions near the
corners of the square cross-section, and ¢, approximately zero everywhere. As we
reduce « in Figure 4.13, these biaxial regions extend to the edges of the square,
and therefore the lateral surfaces of the well, whilst the distinctive uniaxial cross
of the WORS is maintained. If we fix a and reduce ~, as presented in Figures 4.14
and 4.15, we see the nematic director (the leading eigenvector of the Q-tensor) is
no longer tangent to the square edges and the WORS ceases to exist - indicated
by non-zero gz In each plot, we show the middle slice (z = §) of the well, showing
the biaxiality parameter, the nematic director profile, ¢; and ¢o. In all of these

solutions, we have g3 = —Z everywhere in the domain. These examples show

6C
that the WORS ceases to exist if the anchoring on the lateral surfaces is weak
enough, and we always get a diagonal-like solution when the WORS ceases to
exist (the non-diagonal solutions like in Figures 4.9 and 4.10 are unstable). It

should be remarked that the diagonal-like solutions tend to be defect-free around

the corners with weak anchoring, as the nematic directors aren’t forced to be
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tangential to the square edges, and there is no biaxial-uniaxial or biaxial-isotropic

pos
o T
3 Ry

Figure 4.12: The stable WORS-like solution with A> = 5, ¢ = 0.2
and o =y =11in (4.3.2).

interface near the corners.
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Figure 4.13: A locally stable numerical solution with \*> = 5,
e=02and a=0.1,v=1in (4.3.2).
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Figure 4.14: A locally stable numerical solution with \*> = 5,
e=02and a=1,7v=0.21in (4.3.2).

Figure 4.15: A locally stable numerical solution with A2 = 5,
e=02and a=1,v=0.1in (4.3.2).
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4.3.3 Escaped solutions

In this subsection, we show that:

o By weakening the anchoring strength on the top and bottom surfaces of the
well, we may observe two stable configurations with a non-zero z-component,

which exhibit a +1-disclination line along the z-axis.

o These out-of-plane configurations cease to exist if either the well height, €,
is small enough or if the anchoring on the top and bottom plates, W,, is

large enough.

The numerical simulations so far have only presented solutions (4.1.1) that have
qs = g5 = 0, along with g3 < 0. This implies that solutions lie in the (x,y)-
plane and do not ‘escape’ to the z-direction. In [63], the authors show that
there exists two escaped solutions with non-zero ¢, and g5, and ¢3 > 0, in the
reduced 2D square domain, for relatively large A\2. Our simulations show that
these two escaped solutions can exist in 3D wells, for similar values of A2, if the
anchoring strength on the top and bottom plates is weak enough. We find that
these escaped solutions are locally stable according to our numerical check. As
done previously in this chapter, we minimize the LdG energy functional (4.1.3)
with surface energy terms (4.1.4) on 99 x (0,¢), and (4.1.5) on I'. We mimic
strong anchoring conditions on the lateral surfaces by taking W = 10~2Jm? in
(4.1.4). In this section, we weaken the anchoring on the top and bottom plates to

see if escaped solutions can exist in 3D. To this end, we take W, = 10~°Jm 2 in

(4.1.5).

Both of the stable escaped configurations that we present are taken with A> = 100,

and € = 4. We see that both are quite similar to the escaped configurations in a
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cylindrical cavity [100]. In both figures, we plot a 3D representation of the solution
by plotting both the biaxiality parameter (1.4.11), and the nematic director profile.
In the remaining plots, we take the middle 2D slice (z = §) of the domain. As
well as the biaxiality parameter and director profile, we plot all five of the scalar
order components of the Q-tensor solution in (4.1.1). We see that g3 > 0 in the
centre of the well. In Figure 4.16, we present an escaped configuration with a
—1-disclination line in the centre of the well along the z-axis and, in Figure 4.17,
we present an escaped configuration with a +1-disclination line in the centre of

the well. We see that the escaped solutions in Figures 4.16 and 4.17 cease to

9.2e-01
[ 05

-0

-0.5
[ -9.2e-01

al

7.1e-01 5.2e-01

8.20-01 8.26-01
Wos Moos
0 3

-0.5
[ -8.2e-01

) o

l -7.1e-01

-0.5
l -8.2e-01

Figure 4.16: Escaped configuration with —1-disclination line in
the center of the well where A\ = 100, ¢ = 4 and
W, =10"Jm? in (4.1.5).

exist if either, € is small enough, or if the anchoring W, is large enough. We can
compute the critical anchoring strength, W, on the top and bottom plates, for
which the escaped configurations cease to exist, as a function of e, for A2 = 100,
and this is shown in Figure 4.18. Comparing with our choice of values for L and
C', we can see that the escaped configurations lose (numerical) stability for an

anchoring strength, ., of 1076 Jm™2 for wells with a height, A, of ~ 80 nm, and
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Figure 4.17: Escaped configuration with +1-disclination line in
the center of the well where A\ = 100, ¢ = 4 and
W, =10""Jm? in (4.1.5).

7 x 107° Jm~? for wells with a height of ~ 3 pum.
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Figure 4.18: Critical anchoring strength W, in (4.1.5), for which

the escaped configurations lose stability as a func-
tion of e.
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4.3.4 Simulations in a rectangular domain

In this section, we build upon the analytical and numerical study of nematic
equilibrium solutions in three-dimensional square wells, by extending our numer-
ical search for 3D rectangular wells. To this end, we consider minimizers of the
rescaled LdG energy functional, Fy, in the 3D domain V = Q x (0,¢). However,

we take the 2D cross-section of the well to be
Q:={(z,y) eR*: [z < 1, |y| < 7},

where § > 0 represents the geometric anisotropy of the cross-sectional domain,
and measures the ratio of the side lengths of the rectangle. All other parts of
the computational model remain unchanged however, the y-coordinate should
be thought of with respect to the rescaling y := dy e.g., in the definition of the
surface energies (4.1.4). Clearly, when § = 1, we recover the square cross-sectional
domain as shown earlier in this chapter. We avoid values of the aspect ratio
0 < d < 1, since the solutions are equivalent, up to a rotation of 90° about the
z-axis, to those solutions with aspect ratio %. However it must be noted, that
due to choice of boundary conditions on ¢y, the sign of ¢ is reversed by taking
the aspect ratio %, instead of 4. This is essentially because transition lines for ¢y,
that separate the two distinct values on the boundary, traverse either the short,
or long edges of the rectangle, and so it is dependent on whether the rectangle is

‘portrait’ or ‘landscape’. All other solutions such as the biaxiality parameter, the

director profile, and ¢, remain unchanged. In this section, we show:

o For 0 # 1, we lose the defect cross-structure of the WORS, and the globally
minimizing solution corresponds to the 3D sBD2 profile (referring to the

terminology in [69]), with two bands of uniaxiality across each of the shorter
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rectangle edges.

o The geometrical anisotropy has a stabilising effect on the sBD2 profile and
lower energy rotated states, shown by a complete bifurcation diagram for

the various profiles, as a function of 9.

e The height of the well, and the geometric anisotropy, also have a stabilising
effect on mixed configurations which interpolate between diagonal and ro-
tated profiles. Novel mixed solutions, with mixed rotated cross-sectional

profiles, exist for ¢ and € large enough.

Similarly to the numerical simulations on 3D square wells, we consider Q-tensors
of the form (4.1.1) that minimize the LdG energy functional (4.1.3), subject to
surface anchoring conditions which mimic strong tangential boundary conditions
(W =W, = 1072Jm~? in (4.1.4) and (4.1.5)). The parameters A, B,C and L
remain at their fixed values, and we vary the key dimensionless parameters for the
size and height of the well: X\ and e, respectively. In these figures, we present a
3D representation of the solution, as well as the biaxiality parameter (1.4.11), the
nematic director profile, and the ¢; and g components of the Q-tensor solution.
We recall that the director profile is given by the eigenvector corresponding to the
largest eigenvalue of the numerical solution. All of these solutions exhibit almost
zero z-component (indeed in our simulations we have |0,Q|? ~ 107'2), which is
expected given such strong anchoring, W, on the top and bottom surfaces, I'. At

. o B2 o B . .
the special temperature, A = —2%, we have g3 = —¢5 everywhere in the domain.

For A\? large enough, there exist multiple stable states within the two-dimensional
setting. These states are similar in nature to that of a square well, however
the geometrical anisotropy of the rectangular well does lead to some differences.

As mentioned previously, the diagonal and rotated configurations are solutions
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described by Q-tensors of the form (4.2.11). The two diagonal (D; and D,) states
are distinguished by the nematic director, n = (cosf,sin6,0), which roughly
aligns along one of the diagonals of 2. The main difference involves the four
possible rotated states. These states prescribe the director angle, 8, to rotate
approximately 7 radians between a pair of opposite edges, as in the square case.
However, in a rectangular geometry, two of the rotated states (which we will refer
to as Ry and Rs) involve a director rotation about the shorter opposing sides,
meanwhile the remaining two rotated states (which we refer to as U; and Uy)
correspond to higher energy states, and involve a director rotation across the two
longer opposing sides [68]. We plot illustrations of the typical director formation

of these states in Figure 4.19.
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Figure 4.19: Director orientations for the D, R and U states in
a rectangular domain.

As before, when choosing an initial step for the L-BFGS algorithm, we set Q =
s+ (n @ n — $I3), where our choice of n determines the solution profile. The (D1)
and (D2) initial configurations remain unchanged in the rectangular geometry,
and are sufficient at finding diagonal solutions. In order to simulate any of the

rotated R and U configurations in the domain, we choose the director as follows:
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(0,1,0), z <0, (0,1,0), z >0,

(R1) 5(1,1,0),  w,y>0, (R2) 5(1,1,0),  w,y<0,
#(=11,0), >0,y <0, #(=11,0), z<0,y>0,
(1,0,0), y =0, (1,0,0), y <0,

(U1) 5(1,1,0), 2,y <0, (U2) 5(1,1,0),  x,y>0,
(=11,0), z>0,y<0, #(=11,0), <0,y >0.

For relatively large A2, we find the 6 possible diagonal and rotated states, for
arbitrary e. However, in our numerical simulations, we can only find the higher
energy U; and U, rotated states for 6 < 1.5. In Figures 4.20 — 4.22, we plot
three-dimensional solutions for A2 = 100, € = 4 and § = 1.45, where the 2D cross-
sections are taken from the middle slice (z = §). In Figure 4.20, we plot a diagonal
solution, where the (D1) initial guess was taken in the numerical procedure. We
plot a lower energy rotated state in Figure 4.21, where the (R1) initial guess was

chosen, and a higher energy rotated state in Figure 4.22, given the (U1) condition.

Figure 4.20: A 3D diagonal (D) solution in a rectangle with ¢ =
1.45, A2 =100 and € = 4.
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Figure 4.21: A 3D lower energy rotated (R) solution in a rect-
angle with 6 = 1.45, A2 =100 and ¢ = 4
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Figure 4.22: A 3D higher energy rotated (U) state in a rectangle
with § = 1.45, A2 = 100 and € = 4.
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For sufficiently small A2, we obtain a solution with nodal lines along the shorter
rectangular edges. This solution matches the description of the limiting profile in
a two-dimensional framework, described as the sBD2 solution in [69] where, at

the special temperature A = the corresponding Q-tensor is of the form

SC’

B

60( 2RZ-XQX—-yRY).

Qe =(XRX—-—yRY) —

This two-dimensional solution is characterized by nodal ¢; = 0 lines of uniaxiality.
These lines form transition layers between two distinct values of ¢;. In Figure 4.23,
we plot this solution profile in three dimensions, for A2 = 5, § = 1.45 and € = 4.
This profile is characterised by an approximately zero g,-component, everywhere

in the domain.

We know that for § = 1, the WORS is the unique global minimizer, for A2 small

enough. Similarly, for any § > 1, we can get the sBD2 solution for A\* small
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Figure 4.23: The 3D sBD2 state with § = 1.45, \> = 5 and € = 4.

enough. For example, when ¢ = 2, the sBD2 solution ceases to exist for A2 > 13.
Comparing with our choice of values for L and C, we see that wells of this size
would correspond to dimensions 270 x 550 nm?. Quantitatively, we can compute
bifurcation points A2, such that the sBD2 is the unique solution for A> < A2, as a
function of the geometric anisotropy 9, shown by the red markers in Figure 4.24.
We can find A2 by decreasing A? till diagonal-like (D1) initial conditions converge
to the sBD2, since diagonal solutions cease to exist for A> < A\2. This is difficult to
see numerically, but we may justify the loss of stability of the sBD2 by a sudden
increase in the go-component of the numerical solution. For clarity, we take 5\3 to

be the smallest well size, A2, such that

max_¢o(z,y) > 0.01.
(z,y)eQ

Furthermore, we observe an interesting interplay between the appearance of the
rotated states, and the geometric anisotropy . By choosing appropriate initial
conditions, we find both the R rotated states (for any J), and the U rotated
states (for 6 < 1.5), provided A? is sufficiently large. If A is too small, then
the numerical procedure converges to a diagonal state. To visualize this, we
can compute bifurcation points such that the rotated states lose their stability,
as a function of §. The blue markers in Figure 4.25 present the critical well

size, 5\3, such that the R rotated states lose their stability. The green markers
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Figure 4.24: Bifurcation points /:\3, such that the sBD2 is the
unique solution for A* < A2, as a function of 4.

in Figure 4.25 present the critical well size, ;\3, such that the higher energy U
rotated states lose their stability. Figure 4.25 also includes the bifurcation points
from Figure 4.24, for comparison. The results in these figures are computed with

e = 0.2. However, this is independent of ¢, since the diagonal, rotated and the

B2

sBD2 solutions are z-invariant for A = —30
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Figure 4.25: Bifurcation points 5\3, such that the rotated states
lose their stability for A> < A2, as a function of
geometric anisotropy J. Blue markers for the R
states and green markers for the U states. For ¢ >
1.5 we cannot obtain the U rotated states in our
numerical simulations. We include the bifurcation
points from Figure 4.24, shown by the red markers.

In the case § = 1, for € large enough, we find (numerically) locally stable mixed
3D solutions consisting of two distinct diagonal profiles on the top and bottom
surfaces of the well. These solutions exhibit a BD-type solution in the middle
cross-section of the domain. We now study the effect that geometric anisotropy
has on the stability of mixed 3D solutions. Similarly to when 6 = 1, we find a
locally stable mixed diagonal solution, with an sBD2-type profile in the middle

cross-section of the domain, for any 6 > 1, if € is large enough. For example, if
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we take 0 = 1.5 then we find mixed diagonal solutions for ¢ > 1.1. This mixed
solution can be obtained by taking a mixed initial condition Q = s, (n®n — %13)
with

D1), z>
n(z,y,z) = Y (4.3.3)

(D2), =z<

N

N

In Figure 4.26, we plot a mixed 3D diagonal solution, for A> = 100, § = 1.45

and ¢ = 4. We present the solution as a 3D representation, taking three 2D

€

cross-sections at z = ¢, 5,0. We also show: the biaxiality parameter; the director

profile; ¢1; and g at (from left to right) z = ¢, f—g, 5 I—g, 0.

Interestingly, for 6 and € large enough, we find another mixed 3D solution. This
solution consists of two distinct (R; and R») rotated configurations on the top
and bottom surfaces, with an sBD2-type profile in the middle cross-section of the
domain. These solutions are locally stable according to our numerical simulations.
In Figure 4.27, we plot a mixed 3D rotated solution, for A*> = 100, § = 1.45 and
e = 4. This mixed solution can be obtained by taking a mixed initial condition
Q = s;(n®n — i13), with

R1), 22>
n(z,y,z) = (1) (4.3.4)

(R2), z<t.
For € = 4, mixed rotated solutions lose their stability if § < 1.4. In both mixed
solutions, we see that q3 = —% throughout the domain and ¢ = 0 in the middle

cross-section of the well - a distinctive feature of the sBD2 profile.



4.3. Numerical results 120

W

e
1|
‘\

{
|
H\l\‘ ‘ \M\ \
‘ = LL} \Q‘&_f\_\z\;l

|

9.2e-01
[ 05

0 =
[ -0.5
-9.3e-01

8.9e-01
[ 0.5
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4.3. Numerical results 121

TTT

} u
I
Ll

9.2e-01

Fos
—0
05
LB -9.3e-01

8.8e-01
[ D.Se

-0.5
[ -8.8e-01

N
[

Figure 4.27: A locally stable mixed 3D rotated (R; and Ry)
solution in a rectangle with A2 = 100, ¢ = 4 and
0 = 1.45. Cross-sectional heights as in Figure 4.4.
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For ¢ and ¢ large enough, we find other mixed combinations, such as the mixed
D and R configuration. This solution, presented in Figure 4.28, consists of two
distinct nematic profiles on the top and bottom plates. On the top surface of
the well, we have a diagonal D; state, while on the bottom surface, we have a
rotated Ry state. This particular simulation was obtained by taking the (D1) and
(R2) initial configurations in the top and bottom halves of the well, respectively.
This mixed solution exhibits a different type of profile in the interior of the well,
but not at the middle slice (z = §). This profile involves one nodal ¢ = 0
line across a short edge of the rectangle, which separates two distinct values of
¢1- In Figure 4.28, we present the mixed diagonal and rotated solution by a 3D
representation, with 2D cross-sections at z = 4,1.53, and 0. We also plot: the
biaxiality parameter; the director profile; ¢;; and ¢y at the (asymmetric) cross-
sectional heights z = 4,1.8,1.53,1.26,0. We only observe solutions of this type if

¢ and J are large enough.

Indeed, all of these mixed 3D configurations exhibit some dependence on € and §.
In Figure 4.29, we plot the critical well-height, €., such that for € < ¢,, the mixed
solutions lose their stability, as a function of 9. We see that we can only find the
mixed rotated solutions, as in Figure 4.27, for § > 1.3, and mixed diagonal and
rotated solutions, as in Figure 4.28, for 6 > 1.9. These findings are in accordance

with the numerical study of mixed solutions for 6 = 1, in Section 4.3.1.
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Figure 4.28: A mixed 3D diagonal (D) and rotated (R) solu-

tion in a rectangle with 2

100, ¢ = 4 and

d = 2.1. 2D cross-sections (from left to right) at

4,1.8,1.53,1.26,0.

z =
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Figure 4.29: Bifurcation points €,, such that the mixed solutions
lose their stability for € < ¢,, as a function of §. The
red markers indicate the critical well heights for the
mixed diagonal solutions, the blue markers for the
mixed rotated solutions, and the green markers for
the mixed diagonal and rotated solutions.
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4.4 Summary

In this chapter, we have employed an energy minimization based numerical scheme
to simulate nematic equilibria, in three-dimensional confinement. In order to
complement the analysis of three-dimensional nematic equilibria in Chapter 3,
we have computed local minimizers of the LdG free energy in the absence of
external fields, in square wells of finite height. We imposed strong anchoring
conditions on the lateral surfaces, as well as surface energies on the top and
bottom surfaces with a large anchoring coefficient. We have also numerically
studied the stability of these solutions, by solving the dynamic equation of a
Rayleigh quotient corresponding to the Hessian of the computational solution.
This essentially determines the sign of the smallest eigenvalue of the Hessian,

which is sufficient at verifying (at least numerically) locally stable configurations.

We have presented solutions in a square with either a diagonal or rotated profile
in the (z,y)-plane for A large enough, or the 3D WORS for A small enough, for
arbitrary well height, as predicted by the analysis of LdG minimizers. We also
numerically demonstrated the existence of stable mixed 3D solutions with two
different diagonal profiles on the top and bottom well surfaces, for wells with
sufficiently large € and A\. These are again interesting from an applications point
of view, and are 3D solutions that are not covered by a purely 2D study. It is
interesting to see that whilst the BD solution is an unstable LdG critical point on
a 2D square domain, it interpolates between the two distinct diagonal profiles for
a stable mixed 3D solution. This was then followed by a numerical investigation
of the effect of surface anchoring on the WORS, exemplifying the relevance of this
solution in a 3D context. We showed that the WORS loses its stability, at smaller

values of well-size, as the anchoring strength on the lateral surfaces is reduced, and
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that the numerical procedure will converge to a uniform configuration, if anchoring
is weak enough. We completed our numerical investigation on square wells by
reporting two novel escaped configurations, given a weak anchoring condition on
the top and bottom surfaces of the well. These escaped configurations exhibit
+1-disclination lines in the centre of the well, along the z-axis, and are stable for
e large enough and W, small enough. Furthermore, the anchoring, W,, required
to find these stable escaped solutions, must decrease as we lower the height of the

well.

We have extended our numerical investigation to three-dimensional rectangular
wells. We considered minimizers of the LdG free energy, and the effects of the
geometric anisotropy 0, A and €, on the stability of equilibrium configurations
in this 3D geometry. We showed that for large enough A, we can find diagonal
and rotated states. However, the higher energy rotated (U) states may only be
found for § small enough. For A small enough, we always find the sBD2 limiting
profile in three dimensions, for arbitrary e. For A less than some critical value, the
diagonal and rotated states cease to exist. However, as ¢ increases, the U states
are increasingly hard to find, and the R states become easier to find. We present
a bifurcation diagram which demonstrates how these critical values of A change,
as a function of 9, for the D, R and U states. Interestingly, 0 has a stabilising
effect on the appearance of mixed solutions. For § and € large enough, we find
stable mixed 3D solutions not previously found in 3D square wells, such as mixed
combinations of the Dy, Dy, Ry, and R, states on the top and bottom surfaces.
This is different from the 3D square wells as only mixed diagonal solutions were
found to be stable, for € large enough. We complement this with bifurcation
diagrams for the mixed configurations, which illustrate the stabilising effect of §

and the well height.



Chapter 5

Elastic anisotropy in a 2D square

domain

In [60], the authors experimentally and numerically study NLCs inside periodic
arrays of 3D wells, with a square cross-section, such that the well height is
typically much smaller than the square cross-sectional length. In other words, the
authors speculate that the structural characteristics only vary in the plane of the
square cross-section, and are translationally invariant along the height of the well,
effectively reducing this to a two-dimensional (2D) problem. Hence, the authors
restrict attention to the bottom square cross-section of the well geometry, where
the square edge length is denoted by A, and typically on the micron scale. The
authors impose tangent boundary conditions (TBCs) on the well surfaces i.e., the
nematic directors, in the plane of the well surfaces, are constrained to be tangent
to those well surfaces. As we explained in Chapter 3, the authors observe two
classes of stable NLC states in this geometry: the diagonal (D) states, for which
the nematic director aligns along one of the square diagonals; and the rotated

(R) states, for which the director rotates by 7 radians between a pair of opposite



5.1. Model formulation 128

square edges. The typical nematic director profile for these states is shown in
Figure 2.2. In [52], [61], the authors model this square system within the 2D LdG
framework, where the elastic energy is an isotropic elastic energy - the Dirichlet
elastic energy. In this chapter, we study the same problem of NLCs on a 2D
square domain, with Dirichlet TBCs on the square edges, but with a two-term

anisotropic elastic energy as opposed to the isotropic energy.

We model the degree of elastic anisotropy by the anisotropy parameter, Ly. We
prove that, for A small enough, there exists a unique global minimizer of the
revised LdG energy, for all values of Ly. We show that with the addition of elastic
anisotropy to our model, the solution landscape is more complex, and the unique
global minimizer corresponds to either: (i) the ‘Ring’ solution with a +1-defect
at the square centre, for Ly small enough or; (ii) a ‘Constant’ solution, for Ly
large enough, which is constantly uniaxial with negative scalar order parameter
away from the edges of the square. This corresponds to a NLC system which
is uniformly aligned in the direction of the well height. We then categorise the
symmetries of these solutions in the A — 0 limit. We show that critical points of
the Landau-de Gennes energy are stable, for L, larger than some critical threshold
that depends on A. This analysis is then complemented by numerical simulations

and several bifurcation diagrams as a function of A, for different values of L.

5.1 Model formulation

As we described in Chapter 1, the LdG Q-tensor (1.4.1) describes the nematic
state of order. The eigenvectors of Q represent the averaged directions of preferred
molecular alignment, and the corresponding eigenvalues measure the degree of

order about these eigen-directions. In this chapter, we assume a 2D confining



5.1. Model formulation 129

geometry, € C R?, in the context of modelling thin 3D systems. Consider a 3D
well, such as

B:{(x,y,z) cR?: (z,9) €Q, z € (O,h)}>

where h < A, and A is a characteristic length scale associated with €2 e.g., edge
length of a regular 2D polygon. In this limit, one can assume (at least for modelling
purposes) that physically relevant Q-tensors are independent of the z-coordinate
i.e., the profiles are invariant across the height of the well, and that z is a fixed
eigenvector (see [70] and [71] for some rigorous analysis and justification). This
implies that we can restrict ourselves to Q-tensors with three degrees of freedom

(see (3.2.16)). For clarity, we consider

Q=q(ryY)EXX-yQY) + @, y)XRYy+IOX)

+33(2,Y)(22Q0Z2— XX —yQY), (5.1.1)

where X,y and z are unit vectors in the z-, y- and z-axis, respectively. The
degree of nematic order in the plane is captured by the scalar functions ¢;, and
@2, whereas g3 measures the out-of-plane order, such that positive (negative) g3
implies that the nematic director lies out of the plane (in the plane) of the square,
respectively. The TBCs will naturally constrain ¢3 to be negative on the square
edges, but ¢3 could be positive in the interior, away from the square edges, for

energetic reasons.

In the absence of a surface anchoring energy and external electric/magnetic fields,

the LdG free energy is given by

FIQI = [ £a(Q.VQ) + f,(Q)dA,

where f.; and f, are the elastic and thermotropic bulk energy densities, respectively.

We define our thermotropic energy density by (1.4.6), just as we did in the



5.1. Model formulation 130

preceding analysis, in Chapter 3. For clarity, we take
A B C
H(Q) = 5trQ2 — gtrQ?’ + Z(tr(;)?)?,

where A encodes the temperature of the system, and B,C > 0 are material-
dependent constants. We work with low temperatures, A < 0, for which f;, is
minimized by a continuum of uniaxial states of the form (1.4.7). In this model

problem, we consider a two-term elastic energy density given by

po |

fa(Q) = 5 (IVQP + Ly(divQ)*),

where L > 0 is an elastic constant, and Ly € (—1,00) is the “elastic anisotropy”
parameter. In terms of notation, we use |VQJ? := Q;;xQijx, and (divQ)? :=
Q5. Qik k> for i, 7,k = 1,2, 3, where the Einstein summation convention is assumed

and Qjjr = %(izj . Since we assume a 2D confining geometry, €2, we have that

Qij3 = 0, for all 1 < 4,5 < 3. Comparing the Q-tensor elastic constants above

with the Frank elastic constants described in (1.3.2), we see that L « Ky and

Ki—K>
K>

Ly x , where K7 = K3 (see [19]). This implies that, for our choice of elastic
energy density, splay and bend deformations of the nematic director (see Figure
1.9) are energetically expensive compared to out-of-plane twist deformations, for
Lo positive i.e., we would expect the physically observable states to have positive
g3 in the square interior, as Lo increases. Therefore, we would expect to see
competing effects between the TBCs on the square edges, and the preferred out-
of-plane director orientation in the square interior, for larger values of Ly. We may
consider the measured Frank elastic constants for real liquid crystals given in the

table below and, utilizing the relation to the elastic constants in the Landau-de

Gennes free energy in [19], estimate real values for the elastic anisotropy Ls.
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PAA at 120°¢ [9] | MBBA at 25°¢ [13]

K, 5% 10712N 6 x 10712N
K, | 38x10712N 3.8 x 10712N
Lo ~ 0.6 ~1.2

We non-dimensionalize the system using a change of variables, X = ¥, where A is
the characteristic edge length of Q. The rescaled LdG energy functional (up to a

multiplicative constant) is given by:

A=t [ {;v)—cczf + v + )\Lfb(Q)} m o (512)

where differentiation is with respect to the new rescaled coordinates, Q is the
rescaled domain in R?, and dA is the rescaled area element. We drop the ‘bars’
in the rest of this chapter, but all computations should be interpreted in terms of

the rescaled variables.

Next, we define the working domain and Dirichlet boundary conditions for this
model problem, although we believe that our methods can be generalised to
arbitrary 2D domains and other types of Dirichlet conditions. We focus on square
domains, building on the substantial work in [88], [62], [63], and following the
same approach as the one taken in Chapter 3. We impose Dirichlet tangent
boundary conditions on the square edges, which require the nematic director to
be tangent to the edges, necessarily creating a mismatch at the square vertices.
To avoid the discontinuities at the vertices, we take 2 C R? to be a truncated

unit square, whose edges are parallel to the coordinate axes:
Q:={(z,y) eR?: |z| < L, |yl < L, Je 4yl <2—n, |z —y| <2—n}

Provided n << 1, the truncation does not change the qualitative properties of the
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Cy
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Figure 5.1: The truncated unit square,  C R2.

LdG energy minimizers, away from the square vertices. The boundary, 9€), has
four “long” edges, parallel to the coordinate axes, which we define in a clockwise
fashion as (', . .., Cy, where (' lies parallel to the x-axis at y = 1. The truncation
creates four additional “short” edges of length v/27, parallel to the lines y = «
and y = —x, which we label as Sy,...,5; in a clockwise fashion, starting at the

top-left corner of the domain. The domain is illustrated in Figure 5.1.

We impose tangent uniaxial Dirichlet conditions on the long edges, consistent
with the experimentally and numerically investigated TBCs in [60], [61] and [52].
In particular, we fix the director to be n = (41,0) on the edges, C; and Cj,
and n = (0,£1) on Cy and C4. From a physical standpoint, this constitutes
strong (infinite) anchoring on the long edges. One could also model a weak (finite)
anchoring condition with an additional surface energy in the LdG free energy [19],

but that would make the analysis more complicated for the time being. We set

Q=Q on 09, (5.1.3)
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where

S_;,_(}A(@}A(—%I), (ZE,y)601UC3,

Qs(z,y) = (5.1.4)

St (}’®y—*I) (z,y) € CoUCy,
where I is the identity matrix in 3 dimensions. In particular, Q, minimizes the
thermotropic bulk potential on Ci,...,Cs. On the short edges, Si,...,Ss, we
effectively prescribe a continuous interpolation between the boundary conditions

on the associated long edges (5.1.4), given by:

g+ Eex-yoy) -3 (202-11),  (1,y) €S,
Jy—n)Ekex-y09) - % (202-11), (2,9 €S,
Qb(xay) =
g~z —y)ROX-§0Y) -5 (202-31),  (1,y) €S,
Jr—yEex-yoy) -5 (202-3), (v €S,
(5.1.5)
where g : [-n,n] = [, %] is a smoothing function, defined as
(v) = 2 <v<
v)=—uv - .
9 o nN=v=n

Although the boundary conditions (5.1.5) do not minimize f, on Si,...,Sy, and
do not respect TBCs, they are short by construction and are chosen purely for
mathematical convenience. Given the Dirichlet boundary conditions (5.1.4) and

(5.1.5), we define our admissible space to be
A:={QeW"(;:8): Q=Q, on 90}, (5.1.6)

where we recall Sy is the space of traceless symmetric 3 x 3 matrices. The energy

minimizers, indeed any critical point of the LdG energy (5.1.2), are solutions of
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the associated Euler-Lagrange equations:

L 2
AQij—"?Q (Qz’k,kj + Qjkki — 35iijl,kz)
)\2
A

{AQij - B (Qikaj _ ;@jtrQQ) n OQith‘Q2} | (5.1.7)

which comprise a system of up to five nonlinear, coupled partial differential equa-

tions. The terms %le,kl, and %trQQ, are simply Lagrange multipliers associated

with the tracelessness constraint. Given that we restrict ourselves to studying

Q-tensors of the form (5.1.1), the Euler-Lagrange equations (5.1.7), and the TBCs

(5.1.3), reduce to the following system of PDEs, and constraints, on the scalar

functions q1, go, g3:

L L
(1 + 22> AQI_’_?Q(Q&yy - QS,:m)

2

A
= f(h(A +2Bqs + 20(¢% + ¢5 + 3¢3)), (5.1.8)

L
(1 + 22) AQ2_L2q3,:py

)\2
= 7 0:(A+2Bgs +2C(q? + ¢2 + 3¢2)), (5.1.9)
L L
(1 + 62) AQB_FEQ(Ql,yy — Ql,zx — 2QZ,xy)
A2 A28
= T %(A— B + 2C (¢} + ¢5 + 343)) + 37(61% +q3),

(5.1.10)
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subject to the boundary conditions
=, (z,y) € CLUCy;
_%7 ('Tvy) eC’2UC'4;
g(x—'_y)v (ac,y)ESl;
@(z,y) = q(z,y) = (5.1.11)
9(y — ), (z,y) € 52
g(—z—y), (2,y) €55
g(%—y), (x,y) 6847
and
gz, y) = —%, and ¢ =0 on 0. (5.1.12)

It is easy to verify that the boundary conditions (5.1.11), and (5.1.12), are equi-

valent to the Dirichlet conditions in (5.1.3).

5.2 Numerical methods

In this chapter, we numerically compute the solutions of the nonlinear system
of equations (5.1.8)—(5.1.10), subject to the tangent Dirichlet boundary condi-
tions (5.1.11) and (5.1.12), which are necessarily critical points of (5.3.1). In
our simulations, we set the square vertices at (—1,41) and (+1,£1), such that
(91,42, 93) = (5,0, —%") on the square edges. We use the DOLFIN library [101],
from the popular open-source computing platform FEniCS [102], to solve the

weak formulation of (5.1.8)-(5.1.10) given by
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L L
0 :/Q {(1 + 22> Vi - Vo, + ?2 (G3 - Viy — @3 - Viz)
2

A
tTn (A +2Bq3 4+ 2C(q; + ¢5 + 3q§)) : vl} dA

L
0 :/ {(1 + 2) VQQ . VUQ — qu&x “ U2y
Q 2
2

A
+fq2 (A +2Bqs + QC(qf + qg + 3q§)) . vg} dA

L L
0 :/Q {(1 + 62> Vqs - Vs + f (Q1y  V3y — Qra Ve — 2Gaz - Vsy)

A2 A2B
+7 0 (A= Bas +20(¢7 + 03 +363)) - va + 5 (67 +43) - Us} dA

for arbitrary test functions vy, vy, v3 € Wy*(Q). We apply the finite element

method on a triangular mesh, with mesh-size h < ﬁ, for the discretization of
the square domain. This then defines a large, but finite-dimensional nonlinear
problem of the form: F(q) = 0, where q is the finite element approximation of
(q1, 92, q3), and F' is the sum of the integrals above. This nonlinear system is solved
using Newton’s method [103]. In Chapter 4, we described standard line search
algorithms and properties of quasi-Newton methods, which optimize the nonlinear
problem, without the expensive computation of the Hessian, G(q) = V2F(q). For
our purposes, Newton’s method is sufficient [104], [105], and DOLFIN automates
much of this computation using a linear LU solver for each iteration. The iterative
scheme has converged when the residual at an iteration k, ||F(qy)||, is less than

the absolute tolerance which we set to 1073, Due to the high multiplicity of the

solutions, convergence may be highly sensitive to the choice of initial condition.

We also check the stability of the solutions by numerically calculating the smallest

real eigenvalue, \q, of the Hessian G(q) of the computed solution, q, with three



5.2. Numerical methods 137

degrees of freedom using the LOBPCG (locally optimal block preconditioned
conjugate gradient) method [106]. This method follows a similar approach to the
Rayleigh quotient iterative minimization method explained in Chapter 4, where
A1 > 0 is essentially a signature of local stability, and the numerical solution is
unstable if A\; < 0. A full description of this iterative algorithm can be found in

[66).

In the figures of our numerical solutions, we regularly plot the scalar order para-
meter s> = ¢? + ¢, labelled by the colour chart, and the nematic director, n,

shown by white lines, where n is given by
) 1
n = (cosf,sind), 0= 5atan2(q2, Q). (5.2.1)

Here, the function atan2 is found in many modern programming languages and
atan2(y, x) returns the angle 6 between the ray to the point (x,y) and the positive
x-axis, confined to (—m, 7). These measures capture the nematic order parameter

for the system. In order to make comparisons with the numerical simulations in

[62], [63], and the results in Chapter 4, we fix B = 0.64 x 10*Nm™2, C' = 0.35 x

10*Nm ™2 and the special temperature A = —B—CQ, and we define the dimensionless

parameter

- 20 \?
A= .
L

We frequently refer to this rescaled parameter, which describes the cross-sectional
size of the domain, in our numerical simulations. We also compute bifurcation
diagrams as a function of A2, for various fixed values of L,. In these diagrams, we
plot solid lines to represent stable solution branches, and dashed lines correspond
to unstable branches. The numerical computation of the bifurcation diagrams re-

quires continuation techniques, for which we first locate different stable solutions,
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for fixed Ly and A2. Depending on the solution branch, we perform a increas-
ing/decreasing A\* sweep to produce these diagrams (we solve for a value of A, and
then use that numerical solution as the initial guess in the procedure to solve for
a larger/smaller \), and we plot two measures to distinguish between separate
solution branches: [ ¢ (1 + x +y) dedy and [, ¢2 (1 + 2 + y) dady. These par-
ticular measures were chosen in order to compare with the results in [64], [74]
for the Ly = 0 modelling scenario. The multiplier (1 + = 4 y) has been chosen
in order to distinguish between the symmetry of the diagonal solutions and the

Ring and WORS configurations.

5.3 Qualitative properties of the equilibrium

configurations

In [52], the authors numerically compute critical points of (5.1.2) with Ly = 0,
satisfying the Dirichlet boundary conditions (5.1.3), on the square cross-section
2, with edge length A. For A small enough, the authors report a new Well Order
Reconstruction Solution (WORS). The WORS has a constant set of eigenvectors,
X,¥y, and Z, which are the coordinate unit vectors. The WORS is further dis-
tinguished by a uniaxial cross, with negative scalar order parameter, along the
square diagonals. Physically, this indicates the nematic molecules prefer to be
in the plane of the square, there is a planar defect cross along the square diag-
onals, and the nematic molecules are disordered in the square plane along the
square diagonals. In [62], the authors analyse this system at the fixed temper-

B2

—35, at which, the WORS is a classical solution of the associated

ature A =
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Fuler-Lagrange equations given by:

e s B .o . . .
Qwors(z,y) =X X —yRYy) — @(2z®z—x®x—y®y).
There is a single degree of freedom, ¢ : Q2 — R, which satisfies the Allen-Cahn

equation

and exhibits the following symmetry properties:

g=0 on {y=z}U{y=—=z}, (¥ —2%)q(z,y) >0.

Notably, go = 0 everywhere for the WORS, which is equivalent to having a set of
constant eigenvectors in the plane of €2. They prove that the WORS is globally
stable for A small enough, and unstable for \ large enough, demonstrating a
pitchfork bifurcation in a scalar setting. Their analysis is restricted to the specific
temperature and, in Chapter 3, we have extended the analysis to all A < 0, with
Ly = 0. In this section, we analyse the equilibrium configurations with Ly # 0,
in the small A limit, including their symmetry properties. Notably, we show that
the cross-structure of the WORS does not survive with Ly # 0, in the following
propositions. Our first result concerns the existence of minimizers of the rescaled

LdG energy functional (5.1.2).

Proposition 5.3.1. There exists at least one solution to the FEuler-Lagrange
equations (5.1.7) of the form (5.1.1) in A, given the Dirichlet boundary conditions
(5.1.4) and (5.1.5), provided the functions q1, q2, q3 satisfy the PDE system (5.1.8)-
(5.1.10) subject to the boundary conditions (5.1.11) and (5.1.12).
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Proof. Our proof is analogous to Theorem 2.2 in [71]. Substituting the Q-tensor
ansatz (5.1.1) into the general form of the LdG energy (5.1.2), we let

)\2
Jaq1, q2, g3 3:/Qfez(CI1,Q2,Q3) + ffb(Ch,QQ,Q:s)dA, (5.3.1)

where we have substituted our Q-tensor (5.1.1) into our elastic and thermotropic

bulk energy densities to obtain

L L L
falqr, g2, q3) = <1 + ;) Vai|* + <1 + 22) IVao|* + (3+ 22) Vgs|?
+ Lo(q1y03y — Q1292 — ©yl3e — ©2a03y) + | L2|(Gyti e — Gy@2z), (5.3.2)

and

fo(@1. a2, a3) :=A(G + @ +363) + Cla} + a3 + 363)° + 2Bas (g5 + @5 — a43),
(5.3.3)

respectively. We prove the existence of minimizers of J in the admissible class
s
Ao = {(q1, %2, 33) € Wl’z(Q;R3) Cq1=Gb, @2 =0, g3 = —% on 90},

which will also be solutions of (5.1.7), in the admissible space A. Since the
boundary conditions (5.1.11) and (5.1.12) are piece-wise of class C!, we have
that the admissible space Ag is non-empty. The next step, is to check that J
is coercive in Ay. The elastic energy density can be rewritten as a function of

a1, G2, q3 € WH2(Q; R) in the following two ways (depending on the sign of Ly):

Ly
fa=IVa]> + |Vl +3|Vg|* + ?((ql,x + oy — G32) + (G — Gy — G3y)°)s

(5.3.4)

if Ly € [0,00), and
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fa =1+ Lo)(IVar]* + [Vl + 3| Vgs[*)

Ly
- ?((_q&x — 1,z — q2,y)2 + (q2,z - q1,y + q3,y)2 + 4|VQ3|2)a

(5.3.5)

if Ly € (—1,0). The difference between the expressions for f; in (5.3.4) and (5.3.5),
is a null Lagrangian, and hence can be ignored under the Dirichlet boundary
condition. Since we assume that 1 + Ly > 0, we see that the elastic energy
density can be written as the sum of non-negative terms, for any L, > —1 and,

furthermore,
fa(@r; @2, 45) = min{1, 1+ Lo} ([Vai]” + [Vas|* + 3[Vas|*) . (5.3.6)

Also, the bulk energy potential, f;,, is minimized along the boundary of the domain

by design and hence it also satisfies

s s
folar, g2, 93) > fb(i;r 0, —ﬁ) =: M,(A, B,C),

for some constant M;, depending only on A, B and C. Hence J[q1,qo,qs] is
coercive in Ay. Finally, we note that J is weakly lower semi-continuous on
W12(Q), which follows immediately from the fact that f; is quadratic and convex
in V(q1,¢2,q3). Thus, the direct method in the calculus of variations yields the
existence of a global minimizer of the functional J among the finite energy triplets
(q1, 2, q3) € WH2(Q; R?), satisfying the boundary conditions (5.1.11) and (5.1.12)
[57]. One can verify that the semilinear elliptic system (5.1.8)—(5.1.10) corresponds
to the Euler-Lagrange equations associated with J, and the minimizers for J are

C>=(2) N C%*(Q) solutions of (5.1.8)—(5.1.10). The corresponding Q-tensor is an

exact solution of the LdG Euler-Lagrange equations (5.1.7). O
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Now that we have proved the existence of a critical point of the LdG energy (5.1.2)
of the form (5.1.1), our next result constructs a symmetric critical point, for any
Ly > —1, for which ¢; = 0 on the square diagonals, and g = 0 on the coordinate
axes, where the axes are parallel to the square edges. Furthermore, the WORS is
simply a special case of this critical point with g = 0 everywhere in the square

domain, for Ly = 0.

Proposition 5.3.2. There exists a critical point, (¢}, q5,q3), of the energy func-
tional (5.8.1) in the admissible space Agy, for all X > 0, such that ¢; = 0 on the

square diagonals y = x and y = —x, and go =0 on z =0 and y = 0.
Proof. We follow the approach in [62] and in Proposition 3.2.2. We define the
following octant of a square, located in the positive quadrant of €2:

Q={(z,y) eQ:0<y<uz, 0<z <1}

The boundary conditions (5.1.11) and (5.1.12), on the whole of 2, are consistent

with the following boundary conditions on €,:

n=q ©2=0,qg=—"5 (r,y) €0 N

¢1 = 0yq2 = 0yq3 = 0, (z,y) € 09, N {y = z}; (5.3.7)

a1/(11 =(q2 = 81,613 = Oa (xay) € aﬁq N {y = 0}7

where 0, represents the outward normal derivative. We minimize the associated
LdG energy functional in €2, given by:

2

Jq1, a2, q3) = /Q fe(qr,q2,q3) + ffb(QI>Q27Q3) dA,

on the admissible space

A, = 1{(q1, ¢, q3) € WH(Q; R?) 1 (5.3.7)  is satisfied}.
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Figure 5.2: The reflected solution ¢§(z,y).

As the boundary conditions on ), are continuous and piecewise of class C!, we
have that 4, is non-empty. Furthermore, we have shown that J is coercive on
A,, and convex in the gradient V(qi, g2, ¢3). Thus, by the direct method in the
calculus of variations, we have the existence of a minimizer (¢}, ¢5,¢5) € A,. We
define a function ¢7 € ), by odd reflection of ¢} € €2, about the square diagonals,
and even reflection about z- and y-axis. An illustration of the reflected solution
q;(z,y) is given in Figure 5.2. We can do the same for the function ¢5 € Q, defined
by even reflections of ¢; about the square diagonals, and odd reflection about z-
and y-axis and lastly, for the function ¢3 € €2, defined by even reflections of ¢
about the square diagonals and the z- and y-axis. By repeating the arguments
in [90], and Proposition 3.2.2, we can prove that the new triple, (¢5,45,45), is a
weak solution of the associated Euler-Lagrange equation on €. One can verify

that (q¢7,45,¢3) is a critical point of J on Aj, with the desired properties. O

As we mentioned previously, the WORS is distinguished by its uniaxial cross
structure, with ¢; = 0 on the square diagonals, and ¢, = 0 in the square domain.

Our next result shows that the symmetric critical point from Proposition 5.3.2
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cannot have ¢, identically zero on the domain, for Ly # 0. This essentially proves
that the addition of anisotropy to the elastic energy destroys the perfect cross
symmetry of the WORS.

Proposition 5.3.3. For A < 0 and Ly # 0, the critical point constructed in

Proposition 5.5.2, denoted by (¢5, 45, q3), has non-constant g5 on 2, for all X > 0.

Proof. We proceed by contradiction. Assume that ¢; is constant on 2. Recalling
the boundary conditions (5.1.12), we necessarily have that ¢5 = 0 in 2. Substi-

tuting ¢5 = 0 into (5.1.9), we obtain

¢ (z,y) = F(z) + G(y),

for arbitrary real-valued functions F, G, with g3 = —°F on dQ. Therefore, ¢5 =

— % in €. Substituting ¢5 = 0 and ¢3 = —°F into (5.1.8) and (5.1.10) yields the

following reduced PDEs:

Gy + @ae = F(a7); (5.3.8)

qiyy - qig,:vac = g((]f) + 097 (539)

where f,g: R — R and (| is a constant given by:

. o) L 2\2 Bs, Cs%\ .,
s 2/\2 s\2
9(q1) = E(B — Csy)(47)7

A2S+ BS+ 052
S A ).
C LL2< T T o

By manipulating the equations (5.3.8) and (5.3.9), and taking second derivatives

by applications of the chain rule and product rule of differentiation, one can
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calculate

204} va)yy — 2065 y)ae = f(@) (65 ,)° — (4..)7) — ¢ (&) (¢5,)° + (65 .)%)
+ @@y — Caw) — 9 (@)@ + @) (5.3.10)
=g(q$)+Cy =f(q3)

From the symmetry properties of ¢j in Proposition 5.3.2, we have

Substituting this into (5.3.10), we obtain

(qucc:cyy - QQT,yyCL‘x)'(U,O) = (f/((ﬁ)cg”(o,o)
2A\%s Bs, Cs3

Bs. Csi
(2L2+L§)L2( R 6

(5.3.11)

If A+# —%, then the right hand side of equation (5.3.11) at (0,0) is non-zero

which, from the equality of mixed partial derivatives, leads to a contradiction. If

A= —%, then ¢5 = —% = — & and (5.3.9) reduces to

qiyy - qixz = 07
which implies that ¢; is of the following form:
qi(z,y) = Fi(z —y) + Fa(z + ),

for arbitrary real-valued functions F}, F». By construction of the symmetric
critical point from Proposition 5.3.2, we know that for any A > 0, ¢; satisfies the

symmetry property ¢;(z,y) = ¢;(z, —y) and hence,

Filz—y)+ F(r+y) = Fi(z+y) + F(r—y), V(z,y) € Q. (5.3.12)
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Subtracting Fy(x — y) + Fy(z + y) on both sides of the equality (5.3.12), we get

G(r —y) =F(z —y) — Fa(z —y)

=F(r+y) — FKr+y) =Gx+y), V(z,y) € Q.
Therefore, defining another real-valued function with zero derivative,
G(z) = Fi(2) — F»(2) = K, z € (—2,2),

for some constant K (as a result of the property G’ = —G’). Given this fact, the

function ¢; may now be rewritten as

This formulation cannot be extended continuously on the boundary since, for

(x,y) =(0,1), (—1,0) and (1,0), we have

AW+ A(-)-K=", 2R()-K=-"F 2R(1)-K=-F

which again, leads to the required contradiction. O

Proposition 5.3.4. There exists some critical edge length, A\g > 0, such that for
any A < Ao, the critical point, (q1,q2,qs), constructed in Proposition 5.5.2 is the

unique critical point of the LdG energy (5.3.1).

Proof. We adapt the uniqueness criterion argument in Lemma 8.2 of [91]. Let
(47,43, q3) be a global minimizer of energy functional J in (5.3.1), for some fixed
A > 0. Let (¢7°(x,9),¢3°(2,y),45°(z,y)) € Ao be such that f,(q5°,¢5°, ¢57) =

min f;, a.e. (2,y) € Q. Defining the always positive quantity, fy(q1,q,qs) =
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%(fb((h? q2, q3) — min fb(qla q2, QS>>7 where L is ﬁxed, we have

/Szfel(Qi\a(JQ/\a(JIg\) dA é/ﬂfel(Qi\aQZ/\aqé\)+)‘2f_lb(qi\7qg\7Q§\> dA
< [ fala®. a7 ) dA (5:3.13)
=Ms(A, B,C, Ls),

where Ms; > 0 is some constant, depending only on A, B,C and the elastic
anisotropy Lo. For more details, see Section 5.4.3. Thus, we restrict ourselves to

the following admissible space of Q-tensors:
1
Ayper = {Q e A: [ SIVQPAA < My(4, B,C, Lg)} .

We aim to prove the strict convexity of the LdG energy functional J in A,ppe,
Firstly, we note that the second derivatives of f;, are quadratic polynomials in
(¢1, G2, q3)- By an application of the relevant embedding theorem in [107] (Theorem
9.16 which implies that for a bounded domain € in RY with Lipschitz boundary,
for any u € CH(Q), ||ul|» < C||ullwr2, Vp € [N, 00), with constant C' depending
only on ), we have that there exists some constant ¢, depending only on A, B, C'

and (), such that

(/| |dA) <cO(A,B,C,Q)/Q|VQ|2dA§COMQ.

Utilizing the second order central finite difference formula for f;,, and by an
application of the Holder inequality we get, for any =,y € Aypper,

L (552 = S - shtaa < 5 sw ([ 15 |dA)$(/Q\x—y\4dA)%

-Aupper

C()MQ
< O 20—y,
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Thereforea for any (q17 q2, Q?))a <q~17 q~27 q~3) € Auppem we have

G+q G2t Q3+Cfs> 1 r, . . }
- - dA
/Q{fb( 9 ) 9 ) 2 2fb(Q1aQ27Q3) 2fb(Ql»Q2>Q3)

(5.3.14)
<allgn— G40 — @2, 03 — q~3\|%4

where ¢; = ¢1(2, A, B, C, Ly) > 0. We note that f; is positive definite quadratic
in the gradient of (q1, g2, qs), for all Ly > —1 (see (5.3.6)). By an application of
the Poincaré inequality, and by repeating the same arguments as above using the

relevant embedding theorem, we have for any (¢1, g2, 43), (1, G2, ¢3) € Aupper:

/Qfel(ﬁh —q1,G2 — 25 g3 — G3) dA
> min{l, 1+ LQ}/Q {IV(er = @) + V(g2 — @)1 + 3|V (g5 — G) P} dA
> min{1,1+ Ly} K(Q) (HQI — G52 + |lg2 — @z + 3||gs — Q~3HI2/VL2)

> (2 L)l — G1y @2 — G2, a3 — 3|74
(5.3.15)

for some constant ¢y, depending only on 2 and the sign of Ly. Using both (5.3.14)

and (5.3.15) we have, where q = (q1, ¢2, ¢3) and q = (¢1, ¢, @3):

J[q;rq]Z;J[HJ /felq q)dA
2 (ke q) ;fm) - 2h@ ) aa
g;J[qH;JH—Hq i+ Xl - all,
= Lla) + St~ Zlla—alii e (8 - ) la -l

Thus, J is strictly convex for the finite energy triplets (qi, ¢z, q3), for A < A\g :=

%, and has a unique critical point, for A < )\g. We deduce that the sym-

metric critical point, constructed in Proposition 5.3.2, is the unique minimizer

of J[q1,q2,q3] and, in fact, the unique global LdG energy minimizer (when we

consider Q-tensors with the full five degrees of freedom as opposed to this reduced
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setting, (5.1.1), with three degrees of freedom), for sufficiently small A. ]

Lemma 5.3.5. Suppose that (q1,q2,q3) € WH2(Q,R3) is the unique global min-
imizer of the energy (5.3.1), for A < \g given by Proposition 5.5.4. Then for any
Ly > —1, the function ¢ :  — R vanishes along the square diagonals y = x and

y = —x and the function g3 : 2 — R vanishes along y =0 and x = 0.

Proof. This is in fact an immediate consequence of Proposition 5.3.2 but we
present an alternative short proof based on symmetry observations. Suppose that
(q1,q2,q3) € WH2(Q,R?) is a global minimizer of the associated energy functional
J, in the admissible class Ay, for a given A > 0. Then (¢;(x,y), ¢2(2,v), ¢3(x,y)) is
a solution of the Euler-Lagrange system (5.1.8)—(5.1.10), subject to the boundary
conditions (5.1.11) and (5.1.12). It is easy to verify from applications of the chain

rule that the triples

(@ (=2,9), —@2(—2,9), 63(—2,9)), (q(z,—y), —q(z, —y), ¢3(x, —y)),

(—a1(y, ), q2(y, %), q3(y, x))

also solve the Euler-Lagrange system and are compatible with the imposed bound-
ary conditions. We combine this symmetry result with the uniqueness result
in Proposition 5.3.4 to get the desired conclusion. For example, we simply
use qi(x,y) = —q(y,z), with = y, to deduce that ¢;(x,z) = 0. Also,
G (—z,y) = qi(z,y), with x = y, yields that ¢;(z,—z) = ¢ (x,2) = 0. Fur-
thermore, we use the relation ¢o(x,y) = —g2(—2,y), with x = 0, to deduce that
¢2(0,y) = 0, and similarly, ¢:(z,y) = —q¢(x, —y), with y = 0, to deduce that
¢2(z,0) = 0. O

Corollary 5.3.6. For A <0 and Ly # 0, the unique global minimizer, (q1, q2,qs3),

given in Proposition 5.3.4 when A\ < Xo, also has the symmetry property q1(z,y) =
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G (—z,y) = qi(x,—y) in Lemma 5.3.5. If q3 is constant in Q then, in order

to satisfy the boundary conditions, we must have q3 = —% in Q. Therefore,

equations (5.1.8)—(5.1.9) become

Lo s Bs, , . OS2
<1+2>AQ1—L91<A—3+20(Q1+fb)+ R

Ly RS Bs, s o Cs%

From Proposition 5.3.4, we know that for A < X\(A, B,C, L, Ls), the solution is

unique, and hence we have qo = 0 in ). This directly contradicts the result of

Proposition 5.3.3, and thus we have qa and q3 non-constant throughout 2.

In Figure 5.3, we plot the unique stable solution of (5.1.8)-(5.1.10), with \? =

ZCL)‘Q = 5, for Ly = —0.5, 0, 1, 10. When L, = 0, the solution is the WORS
with o = 0 and g5 = —% = —% in Q. When Ly, = —0.5, 1, and 10, ¢ and
g3 are non-constant, as proven above. One can check that ¢; : 2 — R vanishes
along the square diagonals, ¥y = x and y = —z, and the function ¢, : 2 — R
vanishes along y = 0 and x = 0, as proven in Lemma 5.3.5. When Ly, = —0.5,1,
and 10, we observe a central +1-point defect in the profile of (g1, ¢2), and we
label this as the Ring™ solution. By comparing our elastic constants with those
in [71], and utilising the connection with the Frank elastic constants in [19], we
see that the Ly € (—1,0) regime corresponds to materials with K; < K, i.e.,
out-of-plane twist deformations are energetically expensive compared to splay
and bend deformations of the nematic director. This is substantiated by the

strictly negative value of g3 throughout the domain in the first row of Figure 5.3

- indicating the nematic molecules strongly prefer in-plane alignment.
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We perform a parameter sweep of A2, from 5 to 500, and find one of the symmetric
solution branches constructed in Proposition 5.3.2, such that ¢; : £ — R vanishes
along the square diagonals, y = r and y = —z, and ¢, : {2 — R vanishes along
y = 0 and 2 = 0. This branch is a continuation of the Ring™ branch. The solu-
tions with A2 = 500 are plotted in Figure 5.4. When L, = 0, we find the WORS
for all A > 0, although it is unstable for A\ large enough. When —1 < Ly < 0,
the solution exhibits a +1-defect at the square center, continued from the Ring™
branch and hence, we refer to it as the Ring™ solution. When L, is positive

and moderate in value, we recover the Ring™ solution branch and, the essential
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difference between Ring™ for positive and negative Lo, is that ¢z < —%* at the
center for negative Lo, but g3 > —%= for positive Ly. When L, is large enough,
we recover a solution which is approximately constant (0,0, %), away from the
square edges, as shown in the third row of Figure 5.4, for Ly = 10, and labelled
as the Constant solution branch in the remainder of this chapter. This is the only

stable solution in Figure 5.4, for A2 = 500.
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5.4 Asymptotic studies

In Figures 5.3 and 5.4, we present solutions of the Euler-Lagrange system (5.1.8)—
(5.1.10), in the small and large A regimes, for several values of Lo, and it is clear
that the solution landscape is affected by these parameters. For small A\, and
Ly # 0, we lose the uniaxial cross-structure of the WORS, and observe stable
Ring™ solutions with a central 41-point defect in the square. For large A, the
WORS and Ring™ lose their stability and, for large Lo, we find the Constant
solution. In this section, we study these solutions in three asymptotic limits: the
Ly — 0 limit, about the uniquely minimizing solution for small \; the Ly — oo

limit and; the A\ — oo limit, for Ly # 0.

5.4.1 The Ly — 0 limit for small \

B2

— 50 to facilitate comparison with the

We work at the special temperature, A =
results in [108], where the authors investigate solution landscapes with Ly = 0.

Notably, for Ly =0 and A = —%, reduced LdG solutions have g3 = —*+ = —%

for our choice of TBCs on 2D polygons, and it is natural to investigate the
effects of the elastic anisotropy parameter, Lo, in these 2D frameworks. We
consider solutions, (q1, g2, q3), of the Euler-Lagrange equations (5.1.8)—(5.1.10) at
the special temperature, satisfying ¢ = ¢, ¢o = 0, and ¢q3 = —%, on 0¥2. We
take a regular perturbation expansion of the functions ¢, ¢o, g3, in the Ly — 0
limit. The leading order approximation is given by the WORS, (q,0, —Z), where

6C

q satisfies the Allen-Cahn equation, as in [62]:

20\ (2 B
= q

Ag = 7 — 402> , g=q, on OS. (5.4.1)
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We may assume that ¢, ¢2, g3 can be expanded in powers of Lo, as follows:

(2, y) = q(x,y) + Laf (z,y) + ...
@(r,y) = Lag(z,y) + . .. (5.4.2)

B

for some functions f,g,h, which vanish on the boundary. Up to O(Ls), the

governing partial differential equations for f, g, h are given by:

Cx2 [, , B’

Af—L<4q f+(2f—Q)< _4CQ>>7 (5.4.3)
2002 [, B?

Ag=—7—9 (q - 402>, (5.4.4)
2002 ([, B2\ 1

where ¢ = q,, f = g = h =0, on 092. One can easily verify that system (5.4.3)—
(5.4.5) are the Euler-Lagrange equations for the following energy functional, with

respect to f, g and h:

1
Ffg.h) = [ {957+ 1991 + [VhE + S(auhy — oha) b dA

n 20\?
L

2 2
e - o - g+ @ +

107 402)—2]”2(]2} dA.

For X\ small enough, there exists a unique solution (f,g,h) € Wy (4 R?) of
the system (5.4.3)—(5.4.5), by following the approach in [91] to show that F
is strictly convex in VVO1 ’Q(Q;]R?’), for sufficiently small A\. Hence, for A small
enough, we have g = 0 on 2. Similarly to Proposition 5.3.5, we can check that

if (q(z,v), f(z,v),9(z,y), h(z,y)) is a solution of (5.4.1),(5.4.3)—(5.4.5), then the

quadruplets,

(_Q(ya l‘), _f(ya l‘), g(ya :L'), h(ya :L')), (Q(_xa y)7 f(_$v y)? g(_x> y)7 h(—iL‘, y))7
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are also solutions of (5.4.1),(5.4.3)—(5.4.5). Thus, we have f(z,y) = 0 on the
square diagonals, for A small enough. Hence, for A\ small enough, the cross
structure of the WORS is lost, mainly because of effects of Ly on the component

q3, as we show below.

From [69], the solutions of (5.4.1) with A = 0 (the limiting equations for small
A or equivalently, the leading order approximations in the asymptotic limit of
large elastic constant), are a good approximation to the solutions of (5.4.1), for

sufficiently small \. When A = 0, ¢ = g9 where

AQO(x7y) - 07 <I7y) € QJ

(5.4.6)
qo = qp, O 9.
The analytical solution of (5.4.6) is given by [68]:
St 4 —
= — —_— = k

where

) =i () (o (S0 (0

i (B0 (g (0= g (L)

When A = 0, the unique solution of (5.4.3)—(5.4.5)is f = fo =0, g = go =0, and
h = hg, where

A%:_g%w_%m% (5.4.8)
with boundary condition hy = 0 on 9€). In Figure 5.5, we plot the difference

between the solution of (5.1.8)—(5.1.10), (q1, g2, q3), and the A\ = 0 approximation

of the leading asymptotic term of (5.4.2), (qo, 0, =% + Laho).
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Figure 5.5: Error of the O(Ls) small A approxnnatlons Plots
(from left to r1ght) of ¢1 — qo, q2, and g3 + °F — Lahy,
respectively, with A2 = 0.01, Ly, = 0.1.

Proposition 5.4.1. The analytical solution of (5.4.8) is given by

ho(ey) = 3 s s (m”(“”)sm (M) (5.4.9)

3m2(m? + n?)? 2 2

m,n odd

where hy(0,0) is positive.

Proof. Firstly, we calculate the analytical solution of (5.4.8). Substituting (5.4.7)

into (5.4.8), we have

S4 — —
Ahy = — (S — Zaz)s
° k%d 3k7rsinh(k7r)( v )

which is the homogeneous Poisson equation on {2. For mathematical convenience,
we consider the transformations & = z+1, § = y+1, such that ho(2,9) : [0,2]* —

R. We apply a method of eigenfunction expansion,

) Z Z mn SIN (?) sin <%> ,

where F,,, are double Fourier sine series coefficients. Following standard Fourier

&)
Q@

series calculations, we obtain:

. 16symn . (mmz\ . [nny
ho(2,9)= > 3722 4 n2)? sin (T) sin (T) ;

m,n odd

which yields the desired series expansion (5.4.9). Substituting (z,y) = (0,0) into
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(5.4.9), we obtain

1
0.0 = 85 5 (17 g (1)

3w eda (M7 4 n?) 2 2
g X a0
S Bt B
_ Sg + 3325; mgjwd (mﬁnn?)?(_l)w (5.4.10)

We rewrite the summed term in (5.4.10), in terms of the positive and negative

terms, for s € N, s > 1:

3 Mgy

m>n odd (m2 + n2)2

_ ) Mgy ) Mgy

n odd,m=n+4s—2 (m2 + n2)2 n odd,m=n-+4s (m2 + 7’L2)2

> > My (5.4.11)

n odd,m=n-+4s—2 (m2 + n2)2

mn k22
(m2+n2)2 — (B2+12)

We now set k = m+mn, and [ = m —n. Therefore, we have 5 and,
for integers s,r > 1, p > 0. Since n is odd, we have k =m +n =2n+4s — 2 =
22p+1)+4s—2=4(p+s) =4r and | = m —n = 4s — 2. Substituting this into

(5.4.11), we obtain

mn min—2 k;2 _ l2 ke
L D DR |
n odd,m=n—+4s—2 (m2 + n2>2 k>l k=4r]=45—2 (k2 + 12)2
- kol hetri—ds—a (K2 + [?)?
1 | 2
> — = — -
- k:;r k? Tz:zl 1612 96

Hence, from (5.4.10), we have ho(0,0) > 2= 4 225 (—;%Z,) > 0. O
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5.4.2 The Ly — oo limit

Consider a regular perturbation expansion, in powers of L%, of the solutions,
41,42, q3, of the Euler-Lagrange system (5.1.8)—(5.1.10), subject to the boundary
conditions (5.1.11) and (5.1.12). Let p, o, 7 be the leading order approximations

of q1, g2, q3, respectively in the Ly — oo limit. Then we have:

1 1
QAP + §(Tyy — Tpa) =0, (5.4.12)
1
§A0 — Ty =0, (5.4.13)
1 1 1
gAT + 6<pyy - pzx) - go-a;y = 0, (5414)

with p = g, 0 =0, 7 = =%, on 0Q.

Proposition 5.4.2. The leading order system of Euler-Lagrange equations in the

Ly — oo limit, (5.4.12)-(5.4.14), is not an elliptic PDE system.

Proof. The system of equations (5.4.12)—(5.4.14) can be written as
Aoz + 2Bdogy + Cdoyy = 0,

where qo = (p, 0, 7), and

10 —1 0 0 0 10 1
A=lo0 L o], B=|o o i, C=]o 1 o0
5 0 3 0 —5 0 s 03

The system is said to be elliptic, in the sense of I1.G. Petrovsky [109], if the

determinant

|Aa® 4+ 2Bap + CB*| # 0,
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for any real numbers «, § # 0. We can check that for this system, we have
|Aa® + 2Baf + CB% = 0.
for any real numbers «, 8. Hence, the limiting problem (5.4.12)—(5.4.14) is not

an elliptic problem. O

Proposition 5.4.3. There is no classical solution, qu € C*(Q), of the limiting
problem (5.4.12)—(5.4.14), with the boundary conditions (5.1.11) (in the n — 0
limit) and (5.1.12), where n is the short edge length of the truncated unit square,
Q.

Proof. As Ly — oo, the minimizers (g1, g2, g3) of the energy J in (5.3.1), with f,

as in (5.3.4), are constrained to satisfy

fain(q1,G2,03) = (Qiz + Gy — B)> + (e — Gy — @3,)> =0, ae. (x,y) € Q,

subject to the Dirichlet TBCs, (5.1.11) and (5.1.12). Up to O(Ls), this corresponds

to the following PDEs for the leading order approximations, p, o, 7:

(p—=T)s+0,=0, (5.4.15)
o, —(p+71), =0, (5.4.16)
almost everywhere, subject to the same TBCs, p = ¢, 0 = 0, 7 = —°F, on 0Q.

As n — 0, the boundary conditions for p, o, T are piecewise constant, and hence
the tangential derivatives of p,o and 7 vanish on the long square edges. On
y = %1, the tangential derivative (p —7), = 0, hence we obtain o, = 0 in (5.4.15).
Similarly, we have 0, = 0 on x = £1. This implies that % = 0 on 012, where a%

is the outward pointing normal derivative, and we view the equation (5.4.13) to
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be of the form

Ao = f(x,y), gj = 0.
o9
By the Hopf Lemma, when g—g = 0 on the boundary, we have ¢ = 0. Following
the same arguments as in Proposition 5.3.3, this requires that 7 = —%, and
substituting 7 = —°# into equations (5.4.15) and (5.4.16), we obtain p, = p, = 0,

contradicting the boundary condition (5.1.11). Hence, there are no classical

solutions of the system (5.4.12)—(5.4.14). O

Although there is no classical solution of (5.4.12)—(5.4.14) subject to the imposed
boundary conditions, we can use finite difference methods to calculate a numerical
solution, see Figure 5.6. We label this solution, (p,o,7) = (0,0, %) on Q, as the

Constant solution, where p and 7 are discontinuous on 2.

] 015
08
01 05
04
005
03
o 02
01
005 N
o1
01
02
y 015 03

Figure 5.6: Solutions, p, o, 7, of the leading order Euler-Lagrange
system (5.4.12)—(5.4.14) in the Ly — oo limit. Plots
of (from left to right) p,o,7, and (z,y,7). Taken
from [2].

We now give a heuristic argument to explain the emergence of the Constant
solution in the interior of €2, as Ly — oo. Assuming p = a, 0 = b, and 7 = ¢, where
a,b,c € R are constants, we have fz, = 0 1in €, up to O(Ls). On the boundary,
using finite difference methods, the first derivatives e.g., p,, are calculated from

the difference between the interior value, and the value on the boundary i.e.,



5.4. Asymptotic studies 161

S
Plinterior _plboundary _ af(f TJF)

Pilr=—1 = . = —2=, where h is the size of the square mesh. We

compute the choices of a, b, and ¢, that ensure fy, = 0 on the boundary, below:

(a—l—si—c—Si)Q—l—bQZO onr = —1,

2 6
e E SHV ()2 = _
(—a 2—|—c+6)+(b)—0 onr=1,
b2+(—a+%—c—%)2:0 ony=-—1,
(—b)2+(a—%+c+%)2:0 ony=1,

and hence a = b = 0, ¢ = 5. Therefore, p = 0 = 0, 7 = %, is the unique
stable solution of (5.4.12)—(5.4.13), except for zero measure sets, and we label
(91,62, q3) = (0,0, %) as the physically relevant Constant solution, in the Ly — oo

limit. This is consistent with the numerical results in Figure 5.6.

5.4.3 The )\ — oo limit

The set of minimizers of the thermotropic bulk energy density, fy, in the (g1, g2, ¢3)-

plane can be written as S = S; U Sy, where

2 o 5% S+ S+
Sl: ((haQQaQB):(h +QQ217 q3:_€ ) SQZ (07073)

The A — oo limit is equivalent to the vanishing elastic constant limit, and the
bulk energy density, f;,, converges uniformly to its minimum value in this limit

[56).

Proposition 5.4.4. Let Q € R? be a simply connected bounded open set with
smooth boundary. Let (q7,q3,q2) be a global minimizer of J(qi,qo,qs) in the
admissible class Ay when Lo > —1. Then there exists a sequence \j, — 00 such

that (6%, 3%, 43*) — (¢5°, ¢5°, ¢5°) strongly in W2(Q; R?) where (¢7°, ¢5°, ¢3°) € S.
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If (¢°,45°,45°) €Sy, ie.,
470 = s cos(20%),  ¢5° = s,sin(20), ¢3° = ——

then 0> is a minimizer of

/Q [VO?dA, (5.4.17)
in the admissible class
Ag = {0 € W(Q);: 0 = 6, on 0Q},

where the boundary condition, 0y, is compatible with (q1,q2) on 0 by the relation

(que, q2p) = 5 (cos(20y),sin(26,)). Otherwise, (¢1°,¢5°,¢5°)(x,y) € Sy, i.e.,

S
(¢°, 5%, ¢5°) = (0,0, 3+>

Proof. Our proof is analogous to Lemma 3 of [56]. Firstly, we note that the limit-
ing solution, (¢5°, ¢5°, ¢5°), belongs to the admissible space Aj. As in Proposition
5.3.4, we can show that the W12norms of the (¢}, ¢3, ¢3)’s are uniformly bounded.
Hence, there exists a weakly convergent subsequence, (qi\k,qg‘k,qg),‘k), such that
(@, 5%, q3*) — (g}, gb,qd) in W2, for some (¢!, g3, ¢}) € Ag, as A\, — oo. Using
the lower semicontinuity of the W? norm with respect to the weak convergence,

we have that
/QIV(q%,qiq%)!QdA < /Q V(7% 45, 657 dA. (5.4.18)
The relation in (5.3.13) shows that
/Qﬁ(q?’“,QQ’%q?’“)dA < A%/ﬂfa(f]f",qg",qg‘))d/% =0 as A — oo,

where f, = +(fy—min f;). Since Fo(q1,q2,93) > 0, ¥(q1, g2, ¢3) € R?, we have that,
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on a subsequence Ay,

_ )\kj

Y A .
fb(q1 (xay>7Q2k7 (x7y)7q3kj (l’,y)) — 07

for almost all (z,7) € Q. We know that fy(q1,q2,¢3) = 0 if, and only if,
(¢1,G2,q3) € S. On the other hand, the sequence (q{\’“, qé\’“, qg’,\’“) converges weakly
in W2 and, on a subsequence, strongly in L? to (qi,qs,q3). Therefore, the
weak limit (qi,q3,¢3) is in the set S a.e. Q. If (¢f,q5,q3) is in the set S;, then
IV(gi, g3, ¢3)|° = s2|VO' %, where ¢f = s;cos(260') and ¢3 = sy sin(20"). Also,
recalling (¢7°, ¢5°,¢5°) € Sy, we have that |V (¢, ¢5°,¢3°)|* = s3|VO>[?, where
q° = sy c08(20°) and ¢° = s, sin(20°). If (¢i,4¢s,q3) is in the set Sy, then
(¢7°,65°,45°) = (41, 43.43) = (0,0, %). Combining (5.4.18) with the definition of

(45°,45°, ¢5°), we obtain that [, |[VO'|>dA = [, |V6>|? dA and therefore,

AIW(JT‘M?Q?)WAI/QIV(Qi,q;,qgl,)FdA

Ao Al A
§liminf/ |V(q1k7,QQk3793kj)|2dA
Q

)\kj — 00

Mo Aes Mk
< lim sup |V(q1kJ,CI2k];CI3kJ)|2dA

)\kj —o0 Y

< [ IV g g an,

PYSED VI v
which demonstrates that lim ||V(a1”, 657, a5 *)llr2) = IV (@5, 65°, 4| 12(0)-

Ak —00
kj

e, e Ak,
This, together with the weak convergence (¢, &2 0 &8 qs kﬂ) — (¢°, 45, 43°), suffices

PYEED VI VS
to show the strong convergence (¢, kj,qij,qJ’) — (¢5°,45°,¢5°) in WhH2. Since
Fo(g5°,45°, ¢3°) is constant for (¢{°, ¢5°, ¢3°) € Sy, we can recast our minimization

problem to minimizing the elastic energy alone i.e., minimization of the limiting

functional:
Joolq1, G2, q3) = /Qfel (q1,¢2,q3) dA.

Substituting ¢1 = % cos(26), g2 = % sin(26), and g3 = —%F, into J, we obtain a
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natural upper bound for the elastic energy density, which we utilized in (5.3.13):
Ly
Jn:2<1 )/‘wﬂdA
S+ + 2 Q’ |

The corresponding Euler-Lagrange equation for (5.4.17) is simply the Laplace
equation:

AG =0,

subject to 0 = 0, on OS2, where (q1,q2,q3) = (% cos(20;), %5 sin(26,), —°¢) on

092. O

For large X i.e., large square domains, there are two classes of stable equilibria
which are almost in the set S;. The diagonal (D) states are such that the nematic
director (in the plane) is aligned along one of the square diagonals. The rotated
(R) states are such that the director rotates by 7 radians between a pair of opposite
square edges. There are 2 rotationally equivalent D states, and 4 rotationally
equivalent R states, and the corresponding boundary conditions in terms of

above are given by 6, = 0P or 67 respectively, where

R _r —

0y =3, onx=—1,
op =75, onz ==l

R _ T _

0y =-—3, onw=1,

0P =0, ony =41,

0f =0, ony = =+1.

[ustrations of the typical director profile in the D and R states are presented in
Figure 2.2. In Figure 5.7, we plot a D and R solution with L, = 3.5 and A? = 1000.
These configurations correspond to solutions of the Euler-Lagrange system (5.1.8)—
(5.1.10). In these plots we show the order parameter and director pair, (s%,n),
as well as the gs-component of the solution. We see that g3 is approximately

constant on €, except for near the square vertices.
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Figure 5.7: The D and R solutions with L, = 3.5 and A\* = 1000.
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In Figure 5.8, we study the effect of increasing L, on a D state, with A = 1000.
When L, = 0, we see that ¢7 + ¢3 = %, g3 = —°F, almost everywhere on €. In
[74], the authors show that the limiting profiles, described in Proposition 5.4.4,
are a good approximation to the solutions of (5.1.8)-(5.1.10), for large A. The
differences between the limiting profiles and the numerically computed D solutions
concentrate around the vertices, for large A. A square vertex is referred to as
splay, or bend, according to whether the planar director rotates by 7, or —7,
radians along a circle centered at the vertex, oriented in an anticlockwise sense.
As L, increases, g3 deviates significantly from the limiting value ¢5° = —%F, near
the square vertices; the deviation being more significant near the bend vertices
compared to the splay vertices. Notably, the value of g3 near the vertices increases
as Ls increases and, from an optical perspective, we expect to observe larger

defects near the square vertices for more anisotropic materials, with Ly > 1, on

large square domains.

5.4.4 The novel pWORS

For all A > 0, and Ly = 0, the WORS is a solution of (5.1.8)—(5.1.10) given by
(q,0, —%), where ¢ satisfies (5.4.1). In Section 5.4.1, we study the Euler-Lagrange
equations, in the small A and small Ly limit, up to O(Ls); see (5.4.3)—(5.4.5).

However, g = 0 is a solution of (5.4.4) for all A, and so we need to consider terms
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Figure 5.8: The D solution with 2\ = 1000, and L, = 0,10, 30,
and 45, respectively.
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of O(L3) when dealing with the g component. We assume that the solution,

(q1,2,q3), of (5.1.8)-(5.1.10), can be expanded as follows:

¢1(z,y) = q(z,y) + Laf (2, y) + Lip(z,y) + ...
@2(2,y) = 0+ Log(z,y) + Lay(z,y) + ...

B

Using the O(Ls) equations in (5.4.3)—(5.4.5), with respect to the quadruples
(q, f,g,h), and rearranging, we can calculate the second order Euler-Lagrange
system given by the corresponding partial differential equations for ¢, v, u as

shown below:

1 20\2
Ag& + i(h’yy — h’xx) = I

{20 = ) +aB3f* + ¢* + 3h?)

“ier—a-a0 (- 255},

20 \2 1 B2
Ay —hgy = 7 {2qu+ (v—§g> ( 2—4—CQ>},
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1 20\? B
Apit gy = ) = 5000 = {20 (af = 1)

+(n-5n) 2, B e )

A ¢ 107 26 Loy = daz),
(5.4.21)

where ¢ = v = p =0, on 09). In Figure 5.9, we plot a branch of the ~ solutions of

(5.4.20). As X increases, we observe an increasing number of zeroes on the square

diagonals, where v = 0.

. 2 ] . 2 ] . 2 )
Z 551e-02 2 377e-02 2 434e-02

Figure 5.9: The O(L32) contribution of ¢, y, with A> = 5, 100
and 500 respectlvely

For any A > 0, we can use the initial condition (q1,q2,q3) = (¢ + Laf, L2g +
L3y, = + Lyh) to numerically find a new branch of unstable solutions, referred
to as pW ORS configurations in Figure 5.10. f, g, h,~y are the solutions of (5.4.3),
(5.4.4), (5.4.5), and (5.4.20), respectively. In the (¢1,g2) plane, the pWORS has a
constant set of eigenvectors away from the diagonals, and has multiple :t%—point
defects on the two diagonals, so that the pWORS is similar to the WORS, away
from the square diagonals. As )\ increases, the number of alternating +% and
—% point defects on the square diagonals increases, for the numerically computed
pWORS. This is mirrored by the function ~, in (5.4.20), that encodes the second
order effect of L, on the WORS.



5.5. Bifurcation diagrams 168

[s.vzns-nl

T0.13673

E-.’l.née-m

Euaze-m

0.0003197¢

E-A.nbe-m

|
! E}.me-m
| r

0.4573

[2.665e-04

F 143e-01

—-6.9688e-6

E-o.m;»m

9.1440-01

|
Emue-ul Es.vzue-nl

0.13673

[-3.1669-01

[ EAJJ:e-nl

E13.457907 -0 -0.00031978

ELsMe-ns E-y.\ue-m E-A_née-nl

Figure 5.10: The pWORS with L, = 3.5 and A\*> = 350, 1000
(top and bottom, respectively). We plot (from left
to right), s%, q1, ¢2, and g, respectively.

5.5 Bifurcation diagrams

As explained in Section 5.2, we use the open-source package FEniCS [103] to
perform all the finite-element simulations, numerical integration, and stability
checks in this chapter [102], [103]. In what follows, we compute bifurcation
diagrams for the solution landscapes, as a function of A2, for five different values

of L2.

For X\ small enough, say A < Ag, there is a unique solution for any value of Ls;
see the results in Section 5.4. For L, = 0, the unique stable solution, for A small
enough, is the WORS. The unique solution deforms to the Ring™, with a central
+1-point defect, for Ly = 1 and L, = 2.6. For Ly = 3 and Ly, = 10, the unique
solution is the Constant solution, on the grounds that this solution approaches
the constant state, (q1,¢2,¢3) — (0,0, %), in the square interior as A — oo. In
Figure 5.11, we plot the energies of the WORS, Ring™, and Constant solutions

for two distinct values of A%, as a function of L,. The energy is taken to be

T, 92, 93] — /Qmin JodA,
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where Jqi,q2,q3] is as in (5.3.1), and min f, = f(£5,0,—°F), so that the
energy is non-negative by definition. The WORS only exists for Ly = 0. The
Ring™ solution branch only gains stability for Ly large enough. The Constant
solution branch exists if L, is large enough, and the Ring™ and Constant solution
branches coexist for some values of Ly (Ly € [2.7,3.4] for A = 100, L, € [2.85,5.5]
for \2 = 200). When L, is large enough, the Constant solution has lower energy
than the Ring™ solution and, as L, further increases, the Ring™ solution ceases
to exist. When A < Ay, there is unique solution for any Ly (see Proposition 5.3.4),

which means the WORS, Ring™, and Constant solution branches are connected.

360
550 |
340
320 ¢
> 0 unstable WORS| | 9001 L7 © unstable WORS)|
g 300 / = = unstable Ring+| | g 7 = = unstable Ring+
< y) stable Ring+ c / stable Ring+
w ’ stable constant| | W ’ ——stable constant
80 | as0? 7
’ ’
’
260 , "
v
240 - - - 400
0 2 4 6 8 0 2 4 6 8
L, L,

Figure 5.11: Energy of the WORS, Ring™* and Constant solutions
verses Lo when A\? = 100 and 200, respectively.

As mentioned in Section 5.2, we distinguish between the distinct solution branches
by plotting the two measures [, ¢1(1 + x + y)dzdy, and [, ¢2(1 + = + y)dady. In
addition to the WORS, Ring™, and Constant solutions, there also exist the un-
stable Ring™, and unstable pWORS solution branches with the same symmetries,
which are indistinguishable by these measures. Hence, they appear on the same
solution branch for all L, > 0 in our bifurcation diagrams. The difference between
the Ring™, Ring~, WORS, Constant, and pWORS, can be spotted from the asso-

ciated go-profiles. If go < 0 on x =y and = > 0, the corresponding solution is the
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Ring™ solution. If ¢ > 0 on = y and x > 0, the corresponding solution is the
Ring~ solution. The Ring™ and Ring~ solutions also exist for Ly, = 0. If g, = 0,
the solution is either the WORS, or the Constant solution. If g5 has isolated zero

points on the square diagonals, the corresponding solution is the pWORS.

We numerically solve the Euler-Lagrange equations (5.1.8)-(5.1.10), with A2 = 0.1,
by using Newton’s method to obtain: the unique stable WORS with Ly = 0; the
Ring™ solution, with Ly = 1 and L, = 2.6 and; the Constant solution, with
Ly = 3 and Ly = 10. The initial condition is not important here, since the
solution is unique and the nonlinear term is small for A2 = 0.1. We perform an
increasing \ sweep for the WORS, Ring" and Constant solution branches, and
a decreasing A sweep for the diagonal D, and rotated R solution branches. The
stable Ring™ branch, with L, = 3, is obtained by taking the stable Ring™ branch,
with Ly = 2.6, as the initial condition for our numerical procedure. The unstable
WORS and Ring™ solutions are tracked by continuing the stable WORS and stable
Ring" solution branches. If the Ring™ branch is given by (qi, 2, g3) for a fixed
Ly > 0, then the initial condition for the unstable Ring™ solution is given by the
corresponding (g1, —@e, g3) solution, for any A > 0. The initial condition for the
unstable pWORS branch is given by (¢1, ¢z, q3) = (¢+ Laf, Lag+ L3y, =% + Loh),
where q, f, g, h,~y are the solutions of (5.4.3)—(5.4.5), and (5.4.20), respectively,

for any A > 0 (see Figure 5.10).

Consider the case Ly = 0. For A < \*, there is the unique WORS. For A = \*,
the stable WORS bifurcates into an unstable WORS, and two stable D solutions.
When A = A** > \*, the unstable WORS bifurcates into two unstable BD solution
branches, which are featured by isotropic lines or defect lines, localised near a
pair of opposite square edges. When A = A*** > \** unstable Ring® solutions

appear simultaneously. When L, = 0, the Ring® and Ring~ solutions have the
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same energy, and so they are indistinguishable in Figure 5.12. Each unstable BD
solution branch further bifurcates into two unstable R solutions. As A increases,
the unstable R solutions gain stability. The WORS has the highest energy amongst

the numerically computed solutions for Ly = 0, for large A.

Ring+

Ring—

WORS BD R D

i ‘\HT'E:‘ \‘:““H\h [

I

-
-

[ a,(Ixty)dxdy

Ja, (Itxty)dxdy

500 :
stable WORS

= = unstable WORS ”
400 [— — unstable BD P
— = unstable R
stable R
stable D
= = unstable Ring+
unstable Ring-

E,

0 50 100 150 200

Figure 5.12: Bifurcation diagram as a function of A2, and corres-
ponding energy (J — [ min f, dA) plot, for the LdG
model in square domain with Ly = 0.
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For L, = 1, the WORS ceases to exist and the unique solution, for A small enough,
is the stable Ring® solution. At the first bifurcation point, A = \*, the Ring™
solution bifurcates into an unstable Ring™ and two stable D solutions. At the
second bifurcation point, A = A\** > \*, the unstable Ring™ bifurcates into two
unstable BD solutions, and for A = A*** > \**  the unstable Ring™ and unstable
pWORS solution branches appear. The Ring™ and pWORS are always unstable.
When Ly # 0, the Ring™ solution has lower energy than the Ring™ solution. The
unstable pWORS has higher energy than the unstable Ring® solutions, when A
is large. The picture for large X\ is qualitatively similar to the Ly = 0 case, with
the BD solution branches bifurcating into two unstable R solutions, which gain

stability as A increases.
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The solution landscape for Ly = 1, and Ly, = 2.6, are qualitatively similar but,
for Ly = 2.6, the unique Ring™" solution, for small ), is stable for A\? < 200, and

the unstable pWORS and Ring™ appear for larger values of \.

For L, = 3, the unique stable solution for small A is the Constant solution, which

is stable for A2 < 200. We can clearly see that the Constant solution approaches

(q1,92,93) — (0,0, %) as A gets large. The BD and D solution branches which,

[, (I+xty)dxdy

Jq | (I+xty)dxdy

500
-
400
=300 o
2 -
] stable Ring+
ch 200 = = unstable Ring+
= = unstable BD
— — unstable R
stable R

stable D
= = unstable pWORS
— — unstable Ring-

0 50 100 150 200
XZ

Figure 5.13: Bifurcation diagram and energy plot for L, = 1.
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= = unstable pWORS
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Figure 5.14: Bifurcation diagram and energy plot for Ly, = 2.6.

for smaller values of Ly were connected to the unique solution branch for small
A, are now disconnected from the stable Constant solution branch. For A = \*,
the stable Ring™ solution appears and, for A = \** > \*, the unstable Ring~ and
pWORS appear. Similarly to the solution landscapes for smaller values of Lo, the
unstable BD bifurcate into two unstable R solutions which then gain stability for

larger .
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Figure 5.15: Bifurcation diagram and energy plot for Ly, = 3.

For L, = 10, the pWORS and Ring™ states disappear, and the Constant solu-

tion does not bifurcate to any known states. The BD and D branches remain

disconnected from the stable Constant branch. As ) increases, the BD branches

bifurcate into two unstable R branches, which gain stability for A\ large. As we

perform a decreasing A sweep for the D or BD solution branches, we cannot find

a D or BD solution for A < Ap or A < Agp, for A\p and Agp small enough. For L,



5.5. Bifurcation diagrams 176

large enough, the Constant solution has lower energy than the R and D solutions

for large A. For Ls large enough, we only observe the Constant solution branch.

Constant BD

[, (1+x+y)dxdy
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o 400
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Figure 5.16: Bifurcation diagram and energy plot for Ly = 10.
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To summarise, the primary effect of the anisotropy parameter, Lo, is on the unique
stable solution for small A\. The elastic anisotropy destroys the cross structure of
the WORS, and also enhances the stability of the Ring™ and Constant solutions.
A further interesting feature for large Lo, is the disconnectedness of the D and R
solution branches from the parent Constant solution branch. This indicates novel
hidden solutions for large Lo, which may have different structural profiles to the
discussed solution branches, and could be investigated in greater detail, in future

work.

In the next proposition, we prove a stability result which gives partial insight into
the stabilising effects of positive Lo. Let (q1, g2, g3) be an arbitrary critical point
of the energy functional (5.3.1). As is standard in the calculus of variations, we
say that a critical point is locally stable if the associated second variation of the
energy (5.3.1) is positive for all admissible perturbations, and is unstable if there
exists an admissible perturbation for which the second variation is negative. To
this end, we consider perturbations of the form Q + €V, where V vanishes at the
boundary, 0€2. In the following proposition, we prove the stability of these critical

points with respect to two classes of admissible perturbations V, for large Ls.

Proposition 5.5.1. For L, > ’\TQC(A, B,C,Q), where ¢ is some constant depend-
ing only on A, B,C and $Q, the critical points of the energy functional (5.3.1) in

the restricted admissible space

A* = {(Q17q2aq3) € AO : /Q |VQI|2 S Ml,A) |V(J2|2 S MZa/ﬂ |V(]3|2 S M3}

(where My, My, M3 are constants depending only on A, B and C'), are locally stable

with respect to the perturbations
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and

Proof. To begin, consider the admissible perturbation (5.5.2). The second vari-

ation of the LdG energy (5.3.1), with respect to this perturbation, is given by

52 Flus] = /Q (6 4 Lo)|Vus|? dA

/\2
-7 /Q 03 {6A — 12Bg5 + 7203 + 6C/(24? + 203 + 6¢3) } A,

where v3 € Wol 2(Q) By an application of the Poincaré inequality, and use of the
relevant embedding theorem as in Proposition 5.3.4, there exists some constant

co, which depends on the domain €2, such that

(6 + L2) K(S2)

2 _
/9(6+L2)\Vv3| dA = o)

(6 + L) 2
- A
L+ K(Q) , [vesfaa+

O L)y
2 T iy el

/ Vus[2 dA
Q

> Loco()|vsl|Zaq)

We will now restrict ourselves to studying critical points in the admissible space,
A, which respect the Dirichlet energy bounds for the scalar order parameters
q1,q2,q3. By applications of the Holder inequality, and further applications of
the embedding theorem and Poincaré inequality in A,, we have that there exists

some constant c¢;, depending only on A, B, C' and €2, such that

)\2
82 Flvs] > Lacol|vs| |74y — fcl(A,B, C, )|[vsl[Z1(q)

/\2
= (LQCO — L61> HU3H%4(Q) (553)

2

The quantity (5.5.3) is positive if, and only if, Ly > ’\Lc, where ¢ := o Similarly,

we may consider the admissible perturbation (5.5.1). The second variation of the
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energy (5.3.1), with respect to this perturbation, is given by

52.F[’01, UQ] = /9(2 + Lg)’V'U1|2 + (2 + LQ)lV/UQ‘2 + 2L2(’U1’z’l}2’y — Ul}y'UQ,x) dA
)\2
+ T /Q 2A + 4Bgs + 2C(2q7 + 245 + 6¢3) (v + v3) dA

)\2
+ o / 8C(qrv1 + gavs)? dA
I Jo (Ch 1T 42 2)
Since vy, vy € WOM(Q), the term
Ul,xUZ,y - Ul,yUZ,:c

is a null Lagrangian and hence, applying the same reasoning as before, we have

that there exist constants &g, &, depending only on A, B, C' and {2, such that

)\2
P> (16 - 6 ) (Il + lalloe) 654
The right hand side of (5.5.4) is positive if, and only if, Ly > )‘TZC where ¢ := 2—(1),
thus completing the proof. O

5.6 Summary

We study the effects of Ly, on stable nematic equilibria on a square domain, with
tangent boundary conditions - primarily focusing on the interplay between the
square edge length, A\, and the elastic anisotropy, Ls. We study LdG critical
points with three degrees of freedom: ¢; and ¢, which measure the degree of
nematic order in the plane of the square, and ¢35, which measures the degree of
out-of-plane order in terms of the eigenvalue about z. More specifically, g3 < 0

indicates that the nematic molecules prefer to align in the plane of the square,
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and g3 < 0 indicates they prefer to align in the z-direction. We use symmetry
arguments on an eighth of the square domain, to construct a LdG critical point
for which ¢; vanishes on the square diagonals, and ¢s vanishes on the coordinate
axes. The WORS is a special class of these critical points for Ly = 0, with ¢o =0
on the square domain. In particular, ¢g; cannot be identically zero for a reduced
LdG critical point, for Ly # 0. This symmetric critical point is the unique LdG
energy minimizer for A\ small enough, as follows from a uniqueness proof. There
are different classes of these symmetric critical points for large \. We perform
asymptotic studies in the small A, and large Lo, limits and provide good asymptotic
approximations for the novel Ring®™ and Constant solutions, both of which are
stable for small A and relatively large values of Ly, when these solutions exist.
We also provide asymptotic expansions for the novel unstable pWORS solution
branches, featured by alternating zeroes of g, on the square diagonals. The WORS,
Ring®, Constant, and pWORS belong to the class of symmetric critical points
constructed in Proposition 5.3.2. The large A-picture, for L, # 0, is qualitatively
similar to the Ly = 0 case, with the stable diagonal D and rotated R solutions.
The notable difference is the emergence of the competing stable Constant solution
for large Lo, which is energetically preferable to the D and R solutions, for large
Ly and large . This suggests that for highly anisotropic materials with large Lo,
the experimentally observable state is the Constant solution, with ¢? + ¢5 ~ 0 in
the square interior. In other words, the Constant state is almost perfectly uniaxial
with uniaxial symmetry along the z-direction, and will offer highly contrasting
optical properties compared to the D and R solutions. This offers novel prospects

for multistability for highly anisotropic materials.

Another noteworthy feature is the stabilising effect of Lo, as discussed in Sec-

tion 5.5. The Ring™ solution has a central +1-point defect in the square interior,
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and is unstable for Ly = 0. However, it gains stability as Lo increases, and ceases
to exist for very large positive values of Ly. We note some similarity with the work
on ferronematics in the next chapter, where the coupling between the nematic
director and an induced spontaneous magnetisation stabilises interior nematic
point defects, with L, = 0. It remains an open question as to whether elastic
anisotropy, or coupling energies (perhaps with certain symmetry and invariance
properties), can stabilise interior nematic defects, and help us tune the locations,

dimensionality and multiplicity of defects for tailormade applications.



Chapter 6

Ferronematic equilibria on 2D

polygons

The directional dependent properties of NLCs make them the preferred working
material of choice for a plethora of electro-optic devices [29]. In recent years, there
has been substantial interest in controlling nematic directors, and defects, by
embedded inclusions e.g., dispersed colloidal nanoparticles, geometric frustration
leading to complex self-assembled structures, new bio-materials, and topological
materials etc. [28], [110]-[112]. In this chapter, we focus on dilute suspensions
of magnetic nanoparticles (MNPs) in a nematic host. Here, the NLC-MNP
interactions can lead to a spontaneous magnetization in addition to the nematic
directors, in the absence of any external fields. The two effects: magnetization
and nematic directors, are coupled by means of a nemato-magnetic mechanical
coupling. This coupling is dictated by the surface treatment of the MNPs [75],
[113]. In a purely NLC confined system, the sharp vertices of polygons play a key
role in stabilising multiple optically contrasting states by the control of location,

and multiplicity, of defects [74]. These 2D polygons thus have the potential to
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become a new unit of liquid crystal display devices, and a full ferronematic system
has yet to be fully studied in these geometries. In this chapter, we choose the
square domain with right angle vertices, the hexagon with an even number of
obtuse angle vertices, and the pentagon with an odd number of vertices, as generic
examples of 2D polygons to systematically demonstrate how the confined nematic

system responds to the inclusion of MNPs.

We present various new solutions for these nemato-magnetic systems, as will
be described in the sections below, which are not reported for the pure nematic
system in [74]. We show that, by tuning the model parameters, we can control the
location of interior magnetic and nematic defects and the multiplicity of solutions,

and we numerically observe stable solutions supporting magnetic domain walls.

6.1 Model formulation

We study partially ordered 2D systems on a square, pentagon and hexagon,
with nematic orientational order and polar magnetic order, motivated by recent
studies of dilute ferronematic suspensions [81]. As mentioned in Chapter 5, 2D
polygons are an excellent approximation to shallow three-dimensional wells with
a 2D polygon cross-section, such that the well height is much smaller than the
polygon edge length. From a modelling perspective, it is reasonable to assume
that the structural details are invariant across the well height, and it suffices to
model the ferronematic profiles on the 2D polygonal cross-section; this reduced
2D approach can be rigorously justified (see [70], [63]). These 2D systems have
two macroscopic order parameters: (i) the nematic order parameter, the Landau-
de Gennes Q-tensor order parameter, defined by (1.4.1); and (ii) a polar order

parameter, described by the average spatial magnetization vector, M = (M, My),
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of the suspended MNPs without external magnetic fields. In two dimensions, the

reduced LdG Q-tensor order parameter can be written as [74]:
Q=52n®n-1),

where the nematic director, n = (cosf,sin @), describes the preferred in-plane
alignment of the nematic molecules, and S is the scalar order parameter which
measures the degree of orientational order about the planar director. Therefore,

Q has two independent components:

Q _ Qll QlQ ,
Q12 _Qll

where Q1; = S cos 260, and Q15 = Ssin20. In this framework, we will not detect
biaxial regions since trQ® = 0, and we have trQ? = |Q|*> = 2Q?, + 2Q3%,. We
assume that M is the spontaneous magnetization induced by the MNPs with
an internal magnetic moment, which interacts with n through surface anchoring
conditions on the MNP surfaces. We also will assume M has variable magnitude,
where magnetic vortices are defined by |M| = 0, and defective regions are identified

by reduced values of |M]|.

6.1.1 The effective ferronematic free energy

We model the experimentally observable profiles as minimizers of an appropriately
defined energy, as in [80], [81], which in turn builds on the free energy descriptions
in [79], [113], [114]. The proposed free energy has three essential contributions: a
conventional nematic free energy that includes an elastic term to penalise spatial
inhomogeneities, and a bulk term for temperature-dependent ordering transitions;

a magnetic energy that coerces a preferred value of |[M|, as in [113]-[115], and
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includes a Dirichlet energy density term to penalise arbitrary rotations between
M and —M; and crucially, a nemato-magnetic coupling energy parameterized by

a coupling parameter. To this end, we define the generalized total free energy by:

— 5 2 _ é 2 Q 242
FlQ,M] —/Q{ 5 VQ| 5 Q7+ 4(trQ ) }dA
+ [ {5Ivne - givae+ S| aa
—/ THOMTQM A,
Q 2

where () is our working domain, to be determined later. A is the same Landau
temperature coefficient from the fourth order bulk potential (1.4.6), with A =0
at some characteristic transition temperature for the NLC. Analogously, we take
a = oo(T —T,), where a > 0 is some constant, 7" is the absolute temperature in
the system, and T, is a critical temperature for the spontaneous magnetization.
C and [ are positive material-dependent constants, K > 0 is the nematic elastic
constant, and k > 0 is an elastic constant related to the magnetic stiffness. The
Dirichlet energy density for M is, mathematically speaking, a regularisation term
and does not introduce new physics into the problem for judicious parameter
choices. Lastly, v is the NLC-MNP coupling parameter, with py > 0 representing
some material-dependent constant related to the magnetic susceptibility of the
composite material [76], [81], [116]. We note that from the form of the nemato-
magnetic coupling energy density, —2%°M”"QM, positive y favours (n - M) =1,
so the nematic directors prefer to be parallel or anti-parallel to M, whereas negat-
ive 7y favours n- M = 0, so the directors tend to be perpendicular to M (see [81]).
From [82], both cases of positive and negative 7 are physically relevant, and v may
be an experimentally tunable parameter. In the dilute limit, the nemato-magnetic
coupling energy contribution is the homogenized limit of a Rapini-Papoular type of

surface anchoring energy on the MNP surfaces [83]. Furthermore, in this limit we
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do not see the individual MNPs, but rather account for the collective NLC-MNP
interactions mediated by the surface anchoring energies in terms of this effective
nemato-magnetic coupling energy. In principle, one could use homogenization
methods to compute effective nemato-magnetic coupling energies, for arbitrary
MNP shapes, and other types of MNP surface anchoring energies e.g., we expect
the coupling energies to be different for platelet-shaped MNPs, but we adopt the

simplest approach here.

We assume our domain to be a regular 2D polygon, with a physical edge length

given by A\. We then define the rescaled 2D coordinates, x := I, as well as
the rescaled nematic and polar magnetic order parameters, Q := ,/%Q, and

M = ,/%M, respectively. We can thus define the following dimensionless
ferronematic free energy for which we will minimize in the rest of this chapter:

N C

= [ {olvar+ jiar - ar) a

F1Q M]

(6.1.1)
¢ o Ty T CA 0.
+ [ 26|]VM|® + - |M| |IM|* ¢ dA
Q2 2
- [ SMTQMAA,
Q2
where (0 is the rescaled domain, V is the gradient with respect to the new rescaled
spatial coordinates X, and dA is the rescaled area element. We will drop the ‘bars’
in the rest of this chapter, for brevity, but all calculations should be thought of
with respect to these rescaled coordinates and order parameters. There are four

key dimensionless parameters above:

K K o*C oy | C af

DT T ST T

which represent the rescaled nematic elastic constant, the rescaled elastic constant

associated with the magnetic stiffness, a magnetic coherence length, and the
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rescaled nemato-magnetic coupling parameter, respectively. We work with low
temperatures (A, a < 0) so that the bulk favours an ordered nematic and magnetic

phase, with |Q| # 0, |M| # 0. The total bulk potential is given by
1
11QI" QP +€M|* — 26IMJ? — 26M7 QM

for which the corresponding stationary points (in terms of ¢ and &) are computed

in [117].

As is standard in the calculus of variations, the physically observable equilibria are
local or global minimizers of (6.1.1), subject to the boundary conditions. However,
unstable critical points of (6.1.1) play a crucial role in transition pathways between
distinct equilibria, see [118]. The critical points (stable or unstable) of (6.1.1) are

solutions of the associated Euler-Lagrange equations:

- c
LAQH = QQu1 — §(M12 — M3),
(AQ12 = QQra — M, My,

EOAM, = fMMl — c(Qui My + Q12Ms),

(6.1.2)
ElAMy = EM My — c(Qi2My — Qi M),

where A is the two-dimensional Laplacian operator, and Q = (%trQ2 — 1) and
M= (IM|*> — 1). The phenomenological parameters, {1, (5, £ and c, are typically
estimated from experimentally measured quantities, in the presence of external
magnetic fields [113], but the available data is limited. We investigate the sensitiv-
ity of the solution landscapes with respect to the rescaled elastic constants and c.
The elastic constants depend on the temperature, material-dependent constants
and the physical length A of the domain, and hence, they are tunable parameters.
The parameter ¢ depends on the ratios of material-dependent constants, and the

strength of the NLC-MNP interactions, so this could also be a tunable parameter.
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The last parameter, £, is the ratio of NLC material constants and MNP-dependent
constants, and again could be reasonably tuned in moderate regimes. For simpli-
city, we fix £ = 1, and assume that the re-scaled nematic and magnetic elastic
constants satisfy 1 = ¢, = (, unless stated otherwise. These choices improve
the efficiency of our numerical procedure, and allow us to capture the complex
solution landscapes. For a dilute system, we expect /5 to be (much) smaller than
{1, but the qualitative properties of the bifurcation diagrams remain unchanged
compared to the ¢; = ¢y case, with shifted bifurcation points. It now remains to

specify our choice of 2D domain, and boundary conditions for Q and M.

6.1.2 The working domains and boundary conditions

We focus on NLC-MNP systems in a square, pentagon, and hexagon; these three
examples are generic, and illustrate the role of geometry in defect-induced tailored
multistability. More specifically, we define our working domain, €2, to be a regular
N-sided polygon, centered at the origin and, in our model problem, we take
N =4,5,6. We note that the physical edge length, A\, has been absorbed into the

phenomenological parameters above. The polygon vertices are defined by

m (o (FEDY) g

for k=1,...,N. The polygon edges are labelled counterclockwise, as C1,...,Cy,

such that C; connects vy to vy, and so on.

Boundary conditions are a crucial consideration for confined systems. We impose
fixed Dirichlet tangent boundary conditions for Q and M, which requires both
the nematic director, n, and M, to be tangent to the edges of 2. Specifically, we

specify the boundary conditions for Q and M on the edges, Cy, for k =1,... N,
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as follows:

(Qu1p, Q) = (— cos (M‘l)) sin (27T(1N_2k)>> : (6.1.4)

and

BTN A CCES) RO L) R

These boundary conditions create a natural mismatch for the nematic director
at the polygon vertices, vg, making them natural candidates for defect sites [61],
[74], [88]. As was explored in previous chapters of this thesis, tangent boundary
conditions are well accepted for confined NLC systems, both experimentally and
theoretically; see [60]. We impose a fixed topologically non-trivial tangent bound-
ary condition for the spontaneous magnetization of the suspended MNPs. We
assume that M rotates by 27 radians around 02, which naturally leads to interior
magnetic vortices, offering a wonderful playground for exploring exotic solution
landscapes of these ferronematic systems. This is a purely theoretical choice for
the time being. For a dilute system, it is reasonable to assume that the boundary
conditions for the magnetization follow the tangent boundary conditions for the
nematic director. From an experimental perspective, in [119], the authors argue
that tangent boundary conditions for the spontaneous magnetization can arise
from energetic considerations. We speculate that, the boundary conditions for
the magnetization could be controlled, by applying an external magnetic field
to fix the orientation, and position, of the MNPs on the boundaries, followed
by the removal of the magnetic field, although this is largely open to the best
of our knowledge. There are multiple choices of boundary conditions for the
nematic director and the magnetization (including free boundary conditions for

the magnetization, or weak anchoring effects), but our choice of Dirichlet tangent
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boundary conditions offers rich possibilities, that could guide future experimental

studies on these lines.

6.1.3 Numerical methods

We numerically compute the solutions of the system (6.1.2), subject to the tangent

Dirichlet boundary conditions (6.1.4)-(6.1.5), which are necessarily critical points

of (6.1.1). In our simulations, we define the square domain separately from

the definition in (6.1.3). Here we set the square vertices at (—0.5,%0.5) and

(+0.5,40.5), such that

(Q11b7Q12b7M1b>M2b) =

<_170707 _1>7

<_170a07 1)7

(1,0,1,0),

(1,0,

_170)7

on x = 0.5;
on x = —0.5;
(6.1.6)
on y = 0.5;
on y = —0.5.

This is purely for computational convenience, and to make comparisons with the

numerical investigations in [81], and has no effect on the qualitative results. We

employ the same numerical procedure to compute the local minimizers of (6.1.1)

as in Chapter 5. For clarity, we use the DOLFIN library [101], from the popular

open-source computing platform FEniCS [102], to solve the weak formulation of

(6.1.2) (with £ = ¢; = {5 and £ = 1), given by

0= /QKVQH'VUH + (

2

QQu1 — E(Mlz — Mgz)) v dA,

0= /QEVQH : VUlz + (QQlQ — CMlMQ) V12 dA,

0= [ (VM- Vur + (NIM; = (Quii + Qu2Ma)) ur dA,

0= ,/QEVM2 . VUQ + (MMQ — C(ngMl — QHMQ)) U9 dA,



6.1. Model formulation 191

for arbitrary test functions vq1, v12, u1, uz. This nonlinear system is solved using
standard Finite Element Methods and Newton’s method [103], with a linear LU
solver for each iteration and with a tolerance set to le — 13. In our simulations,
we use a fixed triangular mesh for the domain, with Lagrange elements of order
1, for the spacial discretization. Due to the high multiplicity of the solutions,
convergence may be highly sensitive to the choice of initial condition. We will go
into more detail on the choice of initial condition in the next sections. We also
study the stability of the solutions by numerically calculating the smallest real
eigenvalue, \;, of the Hessian of the reduced energy (6.1.1) with four degrees of
freedom, Q11, Q12, My, and My, using the LOBPCG method, as summarized in
Chapter 5 (also, see [106]). Essentially, \; > 0 is a signature of local stability,
and the numerical solution is unstable, if A\; < 0. In the figures of our numerical
solutions, we regularly plot the scalar order parameter, S = /Q3%, + Q%,, labelled
by the colour chart, and the nematic director, n, shown by white lines, where n

is given by
) 1
n = (cosf,sinf), 0 = EataHQ(ng, Q11)- (6.1.7)

These measures capture the nematic order parameter for the system. We also
plot the magnetization profile, with |M| = /M + M2 labelled by the colour
chart, and the accompanying white arrows describe the magnetic orientation,
(M, Ms)/IM|, for M| # 0. We also compute bifurcation diagrams as a function
of ¢, the rescaled parameter which is inversely proportional to A2. We plot solid
lines to represent stable solution branches, and dashed lines correspond to unstable
branches. The numerical computation of bifurcation diagrams requires continu-
ation techniques, for which we first locate different stable solutions, for fixed ¢ and

¢. Depending on the solution branch, we perform a increasing/decreasing ¢ sweep
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to produce these diagrams, and we plot two measures to distinguish between

separate solution branches:

/QQ” (0.54 2z +y) dedy, and /Qng (0.5 4z +y) dzdy. (6.1.8)

We will now present our numerical findings for the square, hexagon, and pentagon.
We complement the investigation on a square with an asymptotic analysis of the
minimizers of (6.1.1), in the £ — 0 and ¢ — oo limits, which correspond to large

and small well-size limits, respectively.

6.2 Solution landscape on a square

We first recall the essential results for the purely nematic system (¢ = 0) in
a square domain from [64], where the authors track the Q-solutions of (6.1.2),
subject to (6.1.6), as a function of the square edge-length, A, at a fixed temperature.
For large £ or small A (£ > 0.1 or A < 10~"m approximately), there is a unique
WORS [52], distinguished by a pair of mutually orthogonal defect lines along
the square diagonals (with Q ~ 0). The WORS is a special case of the more
general Ring solution for N-sided polygons, reported in [74], and exists for all
¢ > 0 on a square domain, with tangent boundary conditions (6.1.6) for Q. As
¢ decreases, the WORS loses stability, and bifurcates into two stable diagonal
(D) solutions, for which n aligns along one of the square diagonals in the interior.
As ¢ further decreases, there is a further bifurcation point, with two unstable
BD solution branches bifurcating from the WORS branch. The BD solutions
have two defect lines, parallel to a pair of opposite square edges, and the BD
solutions further bifurcate into 4 unstable rotated (R) solutions, as ¢ decreases.

The nematic director, n, rotates by 7 radians between a pair of opposite square
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edges for a R solution, and there are 4 rotationally equivalent R solutions, related
by a Z-rotation. The R solutions gain stability as ¢ decreases, and for £ small
enough (¢ < 1073 or A > 107%m approximately), there are six distinct stable
nematic equilibria; 2 D solutions and 4 R solutions. We presented illustrations of

the typical nematic director profile in D and R solutions, in Figure 2.2.

These “small £” solutions can also be distinguished by the director orientation
at the domain vertices and, for the purposes of this chapter, we introduce some
terminology. The D solutions have two diagonally opposite splay vertices, such
that the corresponding director, n = (cos#,sin#), has a splay pattern near the
splay vertex. At a splay vertex, 6 rotates by %’T — m, where N is the number of
polygon edges. In contrast to the D solutions, each R solution has a pair of splay
vertices connected by a square edge. The director orientation on the remaining
vertices displays a bend pattern, and so we refer to these as bend vertices. Here,

0 rotates by QW” We include an illustration of a typical splay and bend vertex, in

W

Splay Bend

Figure 6.1.

Figure 6.1: Director orientation at a splay and bend vertex.

Our main results in this section include:

e The computation of solution landscapes for positive and negative coupling,
¢, as a function of ¢, with multistability being strongly enhanced in the

¢ < 0 regime, as ¢ decreases.
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o The existence of solutions with a pair of —i—% interior nematic point defects,
for ¢ small enough, coerced by the interior magnetic vortex at the square

center.

o Heuristic arguments for the multistability in “large” domains by considering

the asymptotic of minimizers in the ¢ — 0 limit.

o The unique energy minimizer loses the cross structure of the WORS in the
nematic profile, for ¢ large enough and ¢ # 0, and minimizers in the ¢ — oo

limit are shown to make good numerical approximations.

For the ferronematic configurations, (Q, M), we consider the ¢ > 0, and ¢ < 0,
cases separately. For positive ¢, we observe the coexistence of stable (Q,M)
profiles, with nematic defects pinned at the polygon vertices, and magnetic domain
walls along polygonal diagonals, and polygon edges, that separate distinct domains
of magnetization. These profiles maintain the typical D and R profiles for Q,
whilst M is coerced to align parallel to n. We present the numerical solutions
in Figure 6.2, for / = 1073 and ¢ = 0.25. In this figure, and all subsequent
figures, the nematic profiles are shown in the top row, and magnetization profiles
in the bottom row. These configurations are in accordance with the numerical
investigations of [81], and we find that solutions with magnetic domain walls

become increasingly difficult to find, as ¢ increases.
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Figure 6.2: The plots of two D and four R solutions with ¢ = 1073
and ¢ = 0.25.

We observe a novel feature for ¢ > 0 and ¢ small enough. By taking the D solution
(for ¢ = 0) as the initial condition in our numerical procedure, we find 2 solutions
with a pair of —|—% interior nematic point defects, along one of the square diagonals,
and a corresponding magnetic vortex at the square center. We refer to this class
of (Q,M)-solutions as the Peppa solution. The Peppa solutions are stable for
¢ = 0.25, and we speculate that they exist for all ¢ > 0 but are unstable for
¢ = 0. The corresponding M-profiles have a smeared out vortex along the line
connecting the nematic defect pair. We present the (Q, M)-profiles for the two

Peppa solutions in Figure 6.3, for ¢ = 0.25 and ¢ = 1073.
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Figure 6.3: The two Peppa solutions with ¢ = 1072 and ¢ = 0.25.

Our numerical observations for ¢ > 0 are an interesting example of how nemato-
magnetic coupling stabilises domain walls in M (for the D and R solutions in
Figure 6.2), and interior point defects in Q (for Peppa solutions in Figure 6.3).
We present the bifurcation diagram as a function of ¢, for ¢ = 0.25, in Figure 6.5.
In comparison with the bifurcation diagram for ¢ = 0, the qualitative features
are relatively unchanged for ¢ > 0, apart from the addition of the Peppa solution
branches. For ¢ = 0 and ¢ large enough, the unique Q-solution is the WORS
reported in [52], and the unique M-solution has a magnetic vortex of degree +1
(determined by the degree of the boundary conditions) at the square centre. For
¢ # 0 and ¢ finite, the WORS loses its defect cross structure, and collapses into the
unique Ring solution, with a circular nematic +1-degree point defect, analogous
to the magnetic vortex, at the square centre. We refer to this solution branch,
which is unique and globally stable for ¢ large enough, as the Ring branch. This
solution branch exists for all £ > 0, but loses stability as ¢ decreases. The Ring
solution branch is distinguished by )1; = 0 nodal lines along the square diagonals,
and Q12 = 0 along the coordinate axes, {x = 0} U {y = 0}. We present the Ring

solution for ¢ = 0.25, and ¢ = 0.05, in Figure 6.4. We include plots of Q, and
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the corresponding M profile, as well as the components (11, Q12, M7, and M.

As (¢ decreases, the Ring branch loses stability, and bifurcates into two stable D

Qll
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-1.0

Figure 6.4: The Ring solution for ¢ = 0.25 and ¢ = 0.05.
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solutions (with regards to the Q-solutions). The corresponding M-profiles have
domain walls (with reduced |[M|) along the corresponding square diagonals. As we
will explain below, these domain walls correspond to a w-rotation in the M-vector.
As ¢ decreases further, the unstable Ring branch bifurcates into two unstable
BD branches (with regards to the Q-solutions). Each BD solution bifurcates
into two unstable R solutions, which gain stability when ¢ is small enough. The
M-solutions, corresponding to the stable R solutions, exhibit a domain wall along
the square edge with the two splay vertices. The stable D solutions bifurcate into
two Peppa solution branches that have two —{—%—nematic defects along the square
diagonal, for ¢ small enough. We also present orthogonal 2D projections of the
bifurcation diagram, in Figure 6.5, which plot the two measures, (6.1.8), versus /,

respectively.
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Figure 6.5: Bifurcation diagram for (6.1.1) as a function of ¢ on
a square domain with ¢ = 0.25.
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The picture with negative ¢ is more complex. In this regime, n and M tend to
be perpendicular to each other in the polygon interior, and this naturally creates
fascinating boundary layers near the polygon edges. We effectively double the
number of stable states for small ¢, compared to the results in [74], for ¢ = 0.
These stable states are distinguished by vertex defects for Q, and vertex vortices
for M, and illustrate how ¢ < 0 strongly enhances multistability in the square.
Informally speaking, the symmetry between the splay vertices is broken in the
nematic D solution, rendering 4 different D profiles for negative ¢. One splay
vertex is more asymmetric than the other splay vertex, and the corresponding M-
profile orients perpendicular to the the nematic director (which follows a diagonal
D profile), with the magnetic vortex localised near the asymmetric splay vertex.
In the same vein, when ¢ is small enough, we find 8 stable R solution branches.
The reasoning for observing twice the number of R solutions for the Q-solution
profile, for negative ¢, is the same as for the D solutions. The symmetry between
the splay vertices is broken for the R solutions, with one splay vertex being more
defective/asymmetric than the other splay vertex. The corresponding M-profiles
again orient perpendicular to the nematic director, and the magnetic vortex
localises near the more asymmetric splay vertex. We plot the four D solutions,

and eight R solutions, in Figure 6.6, for ¢ = —0.25 and ¢ = 1073.
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Figure 6.6: The plots of four D and eight R solutions with ¢ =
1073 and ¢ = —0.25.
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Additionally, for small ¢, we find twice as many Peppa solutions as were found
for ¢ > 0. These stable (Q, M)-profiles are also distinguished by a pair of interior
—i—%—nematic point defects along one of the square diagonals, accompanied by
the interior magnetic vortex in the M-profile. The novelty for ¢ < 0 is that
we find two separate classes of these configurations, referred to as Peppa;, and
Peppa,, solutions, which have M pointing into, or out of, the interior magnetic
vortex, respectively. We present plots of the (Q, M)-profiles for the two Peppa,

m?

and two Peppa solutions in Figure 6.7, for ¢ = —0.25 and ¢ = 107%. The

out)
new Peppa;,, and Peppa,,, solutions, for ¢ = —0.25, are obtained by taking the
profiles (Q, (Ms, —M;)) and (Q, (—M,, My)), respectively as initial conditions,
where (Q, M = (M, Ms)) is the Peppa solution for ¢ = 0.25.
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Figure 6.7: Plots of the two Peppa;,, and two Peppa,,,, solutions
with £ = 1072 and ¢ = —0.25.

The case of negative c illustrates how we can use nemato-magnetic coupling to
break symmetry, increase the multiplicity of stable solutions (for small ¢), and
generate exotic permutations of defect profiles in Q and M, all of which offer new
prospects for engineered multistability. In Figure 6.9, we explore the solution

landscape as a function of ¢, for ¢ = —0.25. There are striking novelties here.
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For ¢ large, we observe the unique Ring branch, which is globally stable for
large ¢, and exists for all £ > 0. The Ring branch loses stability as ¢ decreases.
We note that the Ring profile for small ¢, and ¢ = —0.25, is different from its
positive coupling counterpart at ¢ = 0.25. This is essentially because n and M
tend to be perpendicular in the square interior, since ¢ < 0. In particular, the
Q-solution in the Ring branch adopts a hyperbolic-like central nematic defect
structure, in sharp contrast to the vortex structure, for ¢ = 0.25. The M-
profile has an interior magnetic vortex because of the topologically non-trivial
Dirichlet conditions, as explained above. We present the (Q,M)-profiles, and
the corresponding ()11, @12, M7, and M, components, for the Ring solution with
c = —0.25 and ¢ = 0.05, in Figure 6.8. As ¢ decreases, the Ring branch bifurcates

[ Ql2
05 [ 2.0e-02
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-0
-0.5 [ -0.01
-1.0 -2.0e-02

1.0
L.
—0
-0.5 -0.5
-1.0 [ -1.0

Figure 6.8: The Ring solution for ¢ = —0.25 and ¢ = 0.05.

into the 4 stable D solutions, presented in Figure 6.6. This is notably different
from the ¢ > 0 case. We no longer find unstable BD profiles for ¢ < 0, and
the 8 stable R configurations, and Peppa,,, Peppa,,, solution branches, are not
connected in our numerical search. The bifurcation diagram in Figure 6.9 once

again plots the measures (6.1.8) versus ¢, and we also plot the 2D orthogonal

projections below.
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Figure 6.9: Bifurcation diagram for (6.1.1) as a function of ¢ on
a square domain with ¢ = —0.25.
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6.2.1 The ¢ — 0 limit

In this section, we study the asymptotics of minimizers of (6.1.1), in the £ — 0
limit, which is relevant for macroscopic domains on the length scale of microns,
or larger. We have seen that, as ¢ decreases, the multiplicity of stable (Q, M)-
solutions in the square increases, and the solution landscape becomes increasingly
complicated. Recall that for ¢; = ¢ = ¢, £ = 1, the dimensionless free energy of

this NLC-MNP coupled system is given by:

FlaM = [ {avar + jiqr - 1aP | aa
+ /Q ; {€|VM|2 + ;|M|4 — |M|2} dA (6.2.1)

c
- /Q §{Q11(M12 — M3) + 2Q12 M My} dA.

In a 2D framework, we can parameterize Q and M as:
Q11 = Scos(20), Q2= Ssin(20), M, = Rcos(¢), My= Rsin(¢),

where 6, ¢, are orientation angles for n, and M, respectively. We note that
|Q|? = 252, and [M| = R. Substituting the parameterization above into (6.2.1),

we obtain,

1

_ 1 2 2 2}
gf[s,R,e,gb]_/Q{Qwa +252vo)? | da

+/Q{;]VR]2 + ;R2|V¢|2} dA
Al )
- /Q 2%5}%2 cos(2(6 — ¢)) dA.

For ¢ > 0 and small ¢, we numerically solved for two D solutions and four R

solutions, with nematic profiles similar to purely nematic solutions with zero

coupling, as seen in Figure 6.2. The M-profiles were less affected too, as they
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retain the interior central magnetic vortex, with some distortion. The case of small
¢ and ¢ < 0, where n prefers to align perpendicular to M, is more complicated.
The four D and eight R solutions we find in this regime, keep the nematic defect
sites pinned to the vertices of the square well, but the magnetic vortex in the
M-profile is coerced to a square vertex - breaking a line of symmetry. These
solutions were presented in Figure 6.6. Heuristically, the coupling energy density,
—5SR?cos(2(0 — ¢)), determines the preferred relative orientation of n and M.

If ¢ > 0, this term is minimized when
0=o+7k, keZ (6.2.2)

i.e., when the director angle, #, and the magnetization angle, ¢, differ by a multiple
of 7, so that (n-M) = +1. In particular, the coupling energy does not distinguish
between M and —M, and the energetic term, |VM|?, penalises such arbitrary

rotations. If ¢ < 0, the coupling energy is minimized when

2k+1

9=¢+< )m kel (6.2.3)

i.e., when the director angle, #, and the magnetization angle, ¢, differ by an odd

multiple of 7, so that n- M = 0.

In [117], the authors compute the minimizers, (S., R.), of the bulk potential
1 4 1 2) <1 4 1 2> c 9
=(-5"—= +(-R" — = - = 2(0 — .
f(S,R,0,0) <4S 25 4R 2R 2SR cos(2(0 — ¢))

They show that
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As ¢ — 0, for a fixed ¢, minimizers of (6.2.1) converge to appropriately defined
minimizers, (Q*, M*), where |Q*| = v/2S., |[M*| = R., almost everywhere away
from the polygon edges. This is in accordance with our numerical simulations
for small ¢ and ¢ = 40.25, where the value of S, and R, approach 1.1 in the
interior of the domain. We see that for ¢ = £0.25, S. ~ 1.07 and R. ~ 1.12. The
corresponding orientation angles, 8* and ¢*, are solutions of the Laplace equation
(A6 = 0 and A¢ = 0, respectively), and 0* and ¢* are related by (6.2.2) for ¢ > 0,

and (6.2.3) for ¢ < 0, respectively, away from the polygon edges.

We can illustrate these concepts by considering the diagonal solutions in Figure 6.2,
and the corresponding M-profiles with domain walls along the square diagonals.
For ¢ > 0 and small ¢, the preceding discussion suggests that # and ¢ only differ by
a multiple of 7 in the interior. Let ¢ = 0.25, and consider one of the D solutions.

The corresponding boundary conditions for 8 are

, T =405

0, y==0.5.

However, this does not agree with the boundary conditions for ¢, which are fixed

by the boundary condition on M, given by the Dirichlet conditions (6.1.6) i.e.,

0, y=0.5

m, y=—0.5;
¢ =

Zox=05

Comparing the boundary conditions for 6, for this D solution, and ¢ above, along
with the constraints imposed by (6.2.2), we deduce that § ~ ¢, for y > x, and
¢ ~ 0+ 7, for y < x. Hence, there is a m-wall in the corresponding M-profile

along x = y (see Figure 6.2). Analogous comments apply to the second D solution
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(the second column in the first two rows of Figure 6.2), where we observe a w-wall
in the M-profile, along y = —x, such that ¢ flips by 7 radians across the wall.
M = 0 on either side of the m-wall in these figures, so these domain walls separate
ordered magnetic polydomains. We refer to such w-walls as domain walls for
the remainder of this chapter. In Figure 6.2, there are also 4 stable R solutions,
labelled by say, R1,..., Rsy. These rotated states can be defined by their boundary

conditions on the director angle e.g.,

Ry: 0(x,£0.5) =0; 6(—0.5,y) = 3;; 0(0.5,y) = g,

Re: 0(£0.5,y) = g; 0(z,—0.5) = 0; 0(z,0.5) =,

Ry: O, £0.5) = 0 6(=0.5,) = 2: 6(0.5,y) = 32”
Ry: 60(£0.5,y) = z; 6(x,—0.5) = m; 0(x,0.5) = 0.

2

These boundary conditions are incompatible with the boundary conditions for ¢
in (6.1.6). In the ¢ — 0 limit, with fixed ¢ > 0, we need 0 and ¢ to differ by a
multiple of 7 almost everywhere. Comparing (6.1.6) with the above, we deduce
that the M-profile, corresponding to Ry, has a domain wall near the edge y = 0.5
i.e., ¢ rotates from ¢ = 0, to ¢ = 7, across a domain wall parallel to y = 0.5, as
can be clearly seen from the first column, of the fourth row, in Figure 6.2. In
other words, 6 ~ ¢ for y < 0.5, and ¢ =~ 6 + 7 on y = 0.5. Analogous remarks
apply to the M- profiles corresponding to Rs, ..., Ry, where we observe domain
walls along one of the square edges, such that 6 ~ ¢ on one side of the wall, and

|0 — ¢| = 7 on the other side that contains the square edge in question.

The Peppa solution branch for positive coupling, is an example of the nematic
profile being tailored by the magnetization profile. The boundary conditions
for ¢ are fixed in (6.1.6), but the boundary conditions for # are not fixed by

(6.1.6), except that 20 is a multiple of 27, on y = +0.5, and that 26 is an odd
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multiple of 7, on x = +0.5. In other words, # can also assume the topologically
non-trivial boundary conditions satisfied by ¢, and this is indeed observed in the
Peppa solution branch, for which the corresponding nematic director rotates by
2 radians along the boundary. The 27 rotation around the square perimeter
necessarily means that n must have interior topological defects, with a total
charge of +1. For topological and energetic reasons, the +1-defect splits into two
non-orientable +%-nematic defects in the interior, conserving the total topological
charge. This is allowed in the reduced LdG framework, since the Q-tensor includes
non-orientable director fields, outside the scope of a vector field description. By
contrast, the corresponding M-profile has a single interior +1-vortex due to

orientability constraints.

To summarize, for small ¢ and ¢ > 0, the D and R solution branches illustrate
that the nematic profile can generate domains walls in the M-profile, and the
Peppa solution branch demonstrates how the topologically non-trivial M-profile
can stabilise interior nematic point defects. The story with negative ¢ is more

complex and fascinating, as we describe below.

We consider the diagonal solutions in Figure 6.6, for ¢ = —0.25. Consider Dy,
such that the nematic director, n, is aligned along the square diagonal y = x. The
corresponding M vector tends to be perpendicular to n in the interior, so that
O~ %’T, or ¢ &~ —7, along y = z. Furthermore, the negative coupling breaks the
symmetry between the two diagonally opposite splay vertices at (0.5,0.5), and
(—0.5,—0.5). In the first column of the first row, the splay vertex at (0.5,0.5) is
“more defective” than the second splay vertex, in the sense that |Q(0.5,0.5) <
|Q|(—0.5,—-0.5), and in the first column of the second row we see that ¢ ~ ?jf
along y = x, for the corresponding M-profile. Similarly, in the third column of

the first and second rows, the splay vertex at (—0.5, —0.5) of the D; solution is
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more defective than the splay vertex at (0.5,0.5), and ¢ ~ —7 along y = =, for the
corresponding M-profile. Analogous remarks apply to the Dy solution, with two
splay vertices at (—0.5,0.5), and (0.5, —0.5), respectively, with ¢ ~ Z, or ¢ ~ 5,
along y = —z. These can be seen in the second and fourth columns, of the first
two rows, in Figure 6.6. The same reasoning applies to the 8 rotated solutions
in the last four rows of Figure 6.6, for ¢ = —0.25. Each of the rotated solutions
for the Q-profile is distinguished by two splay defects along one of the square
edges. For each rotated solution, we have 6 ~ 0, or 6 ~ 7, at the square centre,
which occurs when the two splay vertices are pinned to one of the edges, y = +0.5
or x = £0.5, respectively. Each possibility for the director angle generates two
possibilities for the corresponding M-profiles, and the approximate value of ¢,
seen in the fourth and sixth rows of Figure 6.6. For example, ¢ ~ 7 or 37” if
0 ~ 0 at the square centre, for the M-profile, since negative ¢ coerces 6 and ¢
to differ by an odd multiple of 7. For the same reason, ¢ ~ 0 or 7 when ¢ ~ 7.
The negative coupling further breaks the symmetry between the splay vertices, so
that one vertex is “more asymmetric” than the other. This doubles the number of

admissible rotated solutions. These heuristic arguments corroborate the existence

of 8 rotated (Q, M)-stable solution profiles for small ¢, with ¢ = —0.25.

Additionally, we find the Peppa solution branches with stable interior nematic
defects, as with positive c¢. For ¢ < 0, # and ¢ tend to differ by an odd multiple of

7 in the square interior, as £ — 0. In particular, this implies two choices for ¢ in

the square interior, resulting in the Peppa,,, and Peppa,,, branches. There are two

out
Peppa,;,, solution branches, since the nematic defect pair can align along one of
two square diagonals. Similarly, there are two Peppa,,, solution branches by the

same reasoning. The case of negative coupling strongly enhances multistability for

small ¢, effectively doubling the number of admissible stable states compared to
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positive coupling (compare Figures 6.5 and 6.9). We do not observe domain walls
in M for negative coupling, rather we observe magnetic vortices at the square
vertices, which are induced by the D and R nematic profiles. These corner defects
may act as distinguished sites/binding sites for devices based on such NLC-MNP

systems.

6.2.2 The / — oo limit

The ¢ — oo limit is relevant for small nano-scale domains. Mathematically, this
limit is much simpler than the ¢ — 0 limit, since we lose the nemato-magnetic
coupling contribution, in this limit. Referring to [69], the leading order equations,

in this limit, are:
AQ =0,
(6.2.4)
AM = 0,
subject to the Dirichlet conditions (6.1.6). The limiting solution is unique. It is
straightforward to recover the WORS for the Q-profile, and to show that there
is a magnetic vortex of degree +1 at the square centre (with M(0,0) = 0), for
the M-profile, in this limit. However, we see (at least numerically) that for ¢ # 0,
for sufficiently large but crucially, finite values of ¢, we lose the cross structure of
the WORS, and we have |Q12] # 0 in the interior of the square. This is precisely
the solution along the Ring branch for large ¢, in the bifurcation diagrams in
Figures 6.5 and 6.9, which is the unique energy minimizer in this limit. The
Ring solution branch is distinguished by ()11 = 0 nodal lines, along the square

diagonals, and Q12 = 0, along the coordinate axes, {x = 0} U {y = 0}, as shown
in Figures 6.4 and 6.8.
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Following the methods in [69], the limiting solution, (Qe, M), of (6.2.4) is an
excellent approximation to the solutions, (Q,, M), of (6.1.2), for fixed ¢, subject to
the same boundary conditions, for ¢ large enough i.e., [(Qg, My) — (Quo, 1\/IOO)|2 ~
e%' Hence, these solutions can be physically relevant for physically attainable, but
large values of ¢. The unique limiting solution, (Q.., M), remains an excellent
approximation to the Ring solution, even for values of ¢ as small as unity. We
demonstrate this by comparing two solutions along the Ring branch, for ¢ = 1
and ¢ = 100, denoted by (Q1,M;) and (Qi0, M100), respectively. The solution
(Q100, M1g0) is effectively identical to the limiting solution, (Qu, M) described
above, and serves as our numerical limiting solution. We define the components

of Q1, Q100, M1, and Mg, as:

(Q11, @12)],—; = Si(cos 26;,sin 26,),
(Q11, @12)|y—100 = S100(cos 260100, sin 261¢p),

(Ml, M2)|€:1 == Rl(COS ¢1, sin le),

(Mb M2) |z=100 = RlOO(COS ®100, Sin ¢100)-

In Figure 6.10, we plot the (Q;, M;) Ring solution profile, for ¢ = 0.25, the
constituent components Qq1, Q12, M1, My, and the differences between the dir-
ector and magnetization orientation angles, given by S1S109 sin(26190 — 26;) and
Ry Rygo sin(p100 — ¢1), respectively. We see that these differences are of the order
of 107, for both positive and negative values of ¢, from which we deduce that
(Qoos M) is a reliable approximation to (Qg, M,) along the Ring branch, for
(>1.
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Figure 6.10: The Ring solution with ¢ = 0.25. Plots in the first
row from left to right are: Qi; the @11 and Qo
components; and the difference 575199 sin(26100 —
201). The second row from left to right shows: the
corresponding Mjy; the M; and M profile; and the
difference RlRlOO Sin(gblo() — ¢1)

6.3 Ferronematics on 2D hexagons

Next, we consider a NLC-MNP suspension on a 2D regular hexagon, subject to
the Dirichlet conditions for Q and M in (6.1.4) and (6.1.5), for N = 6 respectively.
The purely nematic case, ¢ = 0, has been well studied in [74]. For large ¢; =
ly = ¢ and ¢ = 0, there is a unique Ring solution on the hexagon, for which the
corresponding Q and M profiles have a single +1-vortex at the centre of the well.
This Ring solution branch loses stability as ¢ decreases. In the limit of small 7,
with ¢ = 0, there are at least 15 different stable states, with topologically trivial

boundary conditions i.e.,
deg(ny, 0§2) = 0. (6.3.1)

This represents the winding number, or kink number (referring to the terminology

in [120]), of n; considered as a map from 92 into S*, where n, and Q, are related
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by the following:

Q= Qo Qe =(2n, ®@mn, —1I). (6.3.2)

Ql?b _Qllb

These 15 states are categorised by permutations of defects which are pinned to
the hexagon vertices. There are 6 vertices, two of which have +3i-charge (referred
to as the splay vertices), and four of which have —z-charge (referred to as the
bend vertices). We presented illustrations of the typical director orientation at
the splay and bend vertices, in Figure 6.1. These 15 solutions are split into 3
rotationally invariant classes: (i) the 3 Para states, where the splay defects are
opposite each other; (ii) the 6 Meta states, where the splay defects are separated
by one vertex; and (iii) the 6 Ortho states, where the splay defects are connected
by an edge. We give illustrations of the typical director orientation for a Para,

Meta and Ortho state in a hexagon, in Figure 6.11.

Figure 6.11: Nematic director orientation for the Para, Meta,
and Ortho states in a hexagon.

In [74], the authors show that as ¢ decreases, the unique Ring solution bifurcates
into either, the three stable Para states, or three unstable BD solution branches.
The BD solutions in a hexagon, much like in a square, serve as transition states
for the six Meta states, which gain stability, for ¢ small enough. As ¢ decreases

further, they find the six stable Ortho states.
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The main results of this section are as follows:

o Multistability is strongly enhanced in the negative coupling regime, as /¢
decreases, and the increase in the number of polygon vertices increases the

number of potential defect sites.

e In the ¢ > 0 regime, solutions with magnetic domain walls are hard to find

for £ = 1, and rely on a judicious interplay of ¢ and ¢ to be observed.

For a square domain, we observe diagonal (D) and rotated (R) solution branches
for ¢ small enough, for ¢ = 0.25, for which the corresponding M-profile exhibits a
domain wall either along a square diagonal, or along a square edge, respectively.
These domain walls are characterized by a sharp drop in |M| compared to the
surrounding values. It is evident that these domain wall M-profiles are increasingly
difficult to find in a hexagon for positive ¢, and in a pentagon as will be shown later.
Therefore, in contrast to a square domain, we lose the Para, Meta, and Ortho
solutions for ¢ > 0. We will explore this in greater detail, but magnetic domain
walls connecting pairs of diagonally opposite vertices for the Para-nematic state
on a regular hexagon, have greater length than their corresponding counterparts
on a square domain. Magnetic domain walls for Meta-nematic states have lesser
symmetry. Heuristically, this may explain the absence of magnetic domain walls

in stable (Q, M)-profiles on a hexagon, with ¢ = 0.25.

For positive ¢ and ¢ small enough, we only recover three Peppa solution branches,
featured by a pair of stable interior +%—nematic defects aligned along one of the
hexagon diagonals, near the center of the hexagon. There are three hexagon
diagonals, and hence there are three Peppa solution branches. The corresponding

M-profiles have a slightly smeared magnetic vortex along the line connecting the
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nematic defect pair. We can find the three Para solutions, for very small values
of ¢, but they quickly bifurcate into the Peppa solutions. To understand how the
splay defects evolve in the Para solution branch for ¢ > 0, we use the Para-nematic
solution (for ¢ = 0) as an initial condition, for small values of ¢ =5,6,7 x 1073,
¢ = 1074, to trace the Para branch using continuation methods. We present the
Q-profile of the numerical solutions in Figure 6.12. As we move from left to
right i.e., from ¢ = 5 x 1073 to ¢ = 7 x 1073, it is clear that the defects detach
from the splay vertices as ¢ increases, and migrate towards the hexagon interior,
aligning on one of the hexagon diagonals. The interior nematic defects localise
near the centre of the hexagon, yielding the Peppa solution branches. The Peppa
solution branches are clear examples of nematic profiles being tailored by the
magnetic profile. Namely, the central magnetic vortex coerces the creation of two
—i—%—stable interior nematic defects, due to the positive nemato-magnetic coupling

that favours co-alignment of n and M.
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Figure 6.12: The nematic Q-profile for ¢ = 107* and (from left
to right) ¢ = 5,6, 7 x 1073, respectively.

In Figure 6.13, we track the different solution branches as a function of ¢, with
¢ = 0.25, using the Ring solution, the Para, Meta and Ortho states as initial
conditions for the Q-solver. The Ring branch exists for all ¢ > 0, is unique and
globally stable for ¢ large enough, but loses stability as ¢ decreases, as expected by

analogy with the ¢ = 0 case. For ¢ small enough, we obtain the three stable Peppa
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solution branches, but we find no other stable configuration in this parameter
regime. Equally, our numerical methods are not exhaustive, and we may have
omitted certain solution branches e.g., high energy Meta and Ortho solution
branches. To visualize the different solution branches, we plot the two measures

(6.1.8), versus /.
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Figure 6.13: Bifurcation diagram for (6.1.1) as a function of ¢ on
a hexagon domain with ¢ = 0.25.

In the preceding simulations, we have assumed £ = 1 in (6.1.1). We conjecture
that smaller values of ¢ will coerce the Q-profile to tailor the M-profile, for ¢ > 0
i.e., the M-texture will be determined by n, leading to the creation of domain
walls in M. A smaller value of ¢ suppresses the magnetic energy and hence,
the nematic effects dominate in this regime. The domain walls are essentially a
consequence of the topologically non-trivial boundary conditions for M, so that

n-M = 1 on one side of the wall, and n-M = —1 on the other side of the wall i.e.,
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¢ jumps by 7 radians across the domain wall. In Figure 6.14, we take £ = 0.01,
¢ =5x107*, and use the Para, Meta and Ortho-nematic solutions (for ¢ = 0), and
the M-solution with a central magnetic vortex (for ¢ = 0), as initial conditions.
We do indeed recover the Para solution for the Q-profile, with two defects pinned
at a pair of diagonally opposite splay vertices, and the corresponding M-profile
has a clear domain wall along the diagonal connecting the splay vertices, for
¢ < 0.02. Analogous remarks apply to the Meta solutions, for which the M-profile
has a distinct domain wall along the line connecting the two splay vertices. In
other words, we can numerically find Meta solutions for which the Q-profile has
two splay vertices (separated by a vertex), and M has an associated domain wall,
for 0 < ¢ < 0.02. The Ortho solutions are easier to find for small £, with a
short magnetic domain wall along the hexagon edge connecting the two adjacent
splay vertices in the Q-solution. We find these Ortho solutions by continuation
methods for ¢ < 1. This domain wall is hard to see in our numerical simulations
as the sharp reduction in |[M| occurs extremely close to the edge of the domain.
However, we can clearly see that (M, Ms) (presented by white arrows in the
M-profile plot) does not satisfy the boundary conditions (6.1.5) along this edge,

and a magnetic domain wall is required in order to remedy this constraint.

We also note that these small ¢ solutions (in Figure 6.14) converge to different
values of S, and |M|, in the hexagon interior away from domain walls. This
is because, in the ¢ — 0 limit, minimizers of (6.1.1) with £& # 1 converge to

appropriately defined minimizers (Q*, M*), with |Q*| = v/2S., |M*| = R., where

3 1/3 3 1/3
S = M + 672 i 1 + 072 + M i i 1 + 672 .
14 16 27 26 4 16 27 26 ’
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Therefore, when £ = 0.01 and ¢ = 0.02, we have S, ~ 1.0 and R, ~ 1.74 (as seen
in the plots of the Para and Meta solutions in Figure 6.14), and when ¢ = 1, we
have S, ~ 7.15 and R, ~ 26.8 (as seen in the Ortho solution in Figure 6.14). The
reason S and M| do not achieve their maximum colorbar value in the hexagon

interior for the Ortho solution is due to numerical noise.
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Figure 6.14: Para and Meta solution profiles for ¢ = 0.02 and
Ortho solution profile for ¢ = 1, respectively with
£=001and £ =5 x 107%

We now focus on the negative ¢ regime in a hexagon. Here, as with a square
domain, we effectively double the number of stable states, in the small ¢ limit,
due to the broken symmetry between the splay vertices. We numerically observe
six Para, twelve Meta, and twelve Ortho-nematic states. The corresponding
M-profiles are distinguished by the location of the magnetic vortex at one of
the hexagon vertices (six possibilities) and the orientation of M, since M is
preferentially perpendicular to n in the hexagon interior, for ¢ < 0. For example,
there are six Para (Q, M)-states, corresponding to six possibilities for the location

of the, more asymmetric, splay vertex. For ¢ = 0, there are six Meta stable states



6.3. Ferronematics on 2D hexagons 219

for £ small enough, with two splay vertices separated by a vertex. When ¢ < 0,
the symmetry between the splay vertices is broken, and we obtain two stable Meta
states for each admissible splay vertex pair, yielding a total of 12 Meta states.

Analogous remarks apply to the Ortho solution branch.

We also observe three Peppa,,, and Peppa,,, solution branches, for ¢ small enough
and ¢ < 0, with pairs of stable interior —|—%-nematic defects along one of three
hexagon diagonals. The in-branches refer to inwards-pointing M-profiles, and out-
branches refer to outward-pointing M-profiles, from the central magnetic vortex.
In Figure 6.15, we plot a Peppa,,, and Peppa,,,, solution (the (Q, M) profiles), for
c=—0.1, withé =1and £ =5 x 1074
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Figure 6.15: Peppa,, and Peppa,,, solution profiles (from left to
right) for ¢ = —0.1, with ¢ = 1, and £ =5 x 107
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In Figure 6.16, we plot the solution landscape on the re-scaled hexagon, as a
function of ¢, for ¢ = —0.25. As before, we have a unique and globally stable
Ring solution branch for large ¢, which exists for all £ > 0, and loses stability as
¢ decreases. As with a square domain, the Ring branch bifurcates into the six
Para states, for £ small enough. Then as we decrease ¢, we find the three Peppa,,
and three Peppa,,, solution branches, which are disconnected in our numerical
simulation, which may possibly be a shortcoming of the numerical method which
is not picking up on higher energy configurations, or transition states. For /¢
smaller, we find the 12 Meta solution branches which are again disconnected. For
¢ =1 and negative coupling, we can only find the stable Ortho solutions for very
small values of ¢. In order to find these states numerically, for £ ~ 10~*, we must
reduce &, as in Figure 6.14 for the ¢ > 0 case. We do not find the 12 Ortho states

for c = —0.25 and ¢ > 10~*, and so they do not appear in our bifurcation diagram.
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Figure 6.16: Bifurcation diagram for (6.1.1) on a hexagon domain
as a function of ¢ with ¢ = —0.25.

We deduce that we can stabilise either interior nematic point defects, or magnetic
domain walls, depending on a judicious interplay of £ and ¢, and this interplay
depends on NV - the number of sides of the regular polygon. We will now investigate
the extent to which N can tailor the multistability of this ferronematic composite
system. So far we have studied N = 4,6, with high degrees of symmetry, and

thus it is a natural extension to consider a domain with an odd number for N.
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6.4 Ferronematics on 2D pentagons

We now consider a regular pentagon, with N = 5, and study the solution landscape
as a function of ¢, for positive ¢ and negative ¢, respectively. The case of ¢ = 0
has been well studied in [74]. For ¢ = 0 and ¢ large enough, there is a unique
Ring solution for the Q-solution (with a central +1-nematic defect), and a unique
M-profile with a degree +1 central vortex. This Ring branch is globally stable for
¢ large enough, exists for all £ > 0, and is unstable for ¢ small enough. For small
¢, there are at least 10 different stable solutions (with ¢ = 0) for the Q-solutions,
for topologically trivial boundary conditions (6.3.1). As with the hexagon, the
tangent boundary conditions, (6.1.4), naturally create a mismatch in n, at the
pentagon vertices, so that the vertices are natural candidates for nematic defects.
The different vertices are classified as “splay” and “bend” vertices, as presented
in Figure 6.1, and there are two splay, and three bend vertices for topologically
trivial boundary conditions in a pentagon. The 10 solutions are classified into
2 rotationally invariant classes: (i) the 5 Meta states, where the splay vertices
are separated by one vertex; and (ii) the 5 higher energy Ortho states, where the
splay vertices are connected by an edge. In [74], the authors show that for ¢ small
enough, the unique Ring solution bifurcates into either one of the five stable Meta
states, or one of five unstable BD solutions. For ¢ even smaller, they find the five
stable Ortho states. We give illustrations of the typical director orientation for a

Meta and Ortho state in a pentagon, in Figure 6.17.

The main results of this section show that:

e Solutions with magnetic domain walls are easier to find in a pentagon
than for a hexagon, indicating that they are observable for £ < (V) and

0 < ¢ < ¢(N), where N is the number of polygon edges.
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Meta

Figure 6.17: Nematic director orientation for the Meta, and Or-
tho states in a pentagon.

o There exist solutions with a pair of +% interior nematic point defects, for ¢
small enough, coerced by the interior magnetic vortex at the center of the
well, and these defects align parallel to a polygon edge due to the loss of

symmetry for N odd.

For positive ¢ in a hexagon, solutions which preserved the nematic profile, and
exhibit magnetic domain walls (with reduced |M]|), were hard to find. We could
only find solutions of this type for ¢, and &, small enough. Domain walls are easier
to find in pentagons. In Figure 6.18, we recover the Meta and Ortho-nematic
states in a pentagon, with ¢ = 0.05 for £ = 1, and ¢ small enough, which is not
observed in a hexagon. For ¢ small enough, the nematic profile is maintained, and
the corresponding M-profiles exhibit domain walls along straight lines connecting
the splay vertices. We take the Meta and Ortho-nematic solutions on a pentagon

for ¢ = 0 as the initial guesses, and fix £ =5 x 107* and & = 1.
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Figure 6.18: Meta and Ortho solutions in a pentagon for ¢ = 0.05,
0 =5x10"%

As we increase ¢, the qualitative features are similar to those for a hexagon. We
lose the Ortho and Meta states, and obtain stable Peppa solution branches for ¢
small enough, with two stable interior —|—%—nematic defects. For each Peppa branch,
the nematic defect pair is localised near the centre of the pentagon, parallel to one
of the pentagon edges. For this reason, we find five rotationally equivalent stable
Peppa solutions, for ¢ > 0. These solutions are similar to the Peppa solutions in
a square and hexagon, as the magnetic profile retains the central vortex, and are
examples of nematic profiles tailored by the magnetic profile. In Figure 6.19, we
plot the bifurcation diagram for the (Q, M)-solutions in a pentagon as a function
of £, for ¢ = 0.25. For ¢ large enough, we find the unique globally minimizing Ring
branch, which loses stability for £ small enough, as in a hexagon. For ¢ = 0.25 and
¢ =1, the Ring solution branch bifurcates into the five Peppa solution branches,
for ¢ large enough. We distinguish the solution branches by plotting the measures
(6.1.8), versus /.
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Figure 6.19: Bifurcation diagram for (6.1.1) as a function of ¢ on
a pentagon domain with ¢ = 0.25.

The case of negative ¢ is similar to the square and hexagon. The preferential
perpendicular co-alignment between n, and M, essentially doubles the number of
admissible stable states for negative coupling, in the ¢ — 0 limit. This provides an
ingenious mechanism for stabilising exotic point defects at polygon vertices and
in the interior, which could offer novel optical and material responses for future
applications. As described in Section 6.2.1 for the square, we lose the symmetry
between the splay vertices, and for small ¢. In Figure 6.20, we plot the bifurcation
diagram for the (Q,M)-solutions as a function of ¢, for ¢ = —0.25. For ¢ large
enough, we have the unique Ring solution, and this solution loses its stability
for ¢ small enough. The Ring solution branch bifurcates into the stable Meta
solution branches and, for ¢ smaller, we find the Peppa,,, Peppa,,, and Ortho

solution branches. The symmetry breaking of the splay vertices means we have 5
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stable Peppa,,, 5 stable Peppa,,;, 10 Meta and 10 Ortho stable solution branches.

These classes of solutions are analogous to those in a hexagon, for ¢ < 0.
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Figure 6.20: Bifurcation diagram (6.1.1) as a function of ¢ on a
pentagon domain with ¢ = —0.25.
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6.5 Summary

In this chapter, we have studied 2D systems with nematic orientational order,
and directional magnetic order, on regular 2D polygons, with Dirichlet conditions
for Q, and M, on the polygon edges. The Dirichlet conditions are special in the
sense that we impose a topologically non-trivial boundary condition on M, which
necessarily creates an interior magnetic +1-vortex for the M-profiles. Our work
is motivated by dilute ferronematic suspensions in 2D frameworks (see [80], [81],
[83]), and we study observable, physically relevant states, in terms of local or
global minimizers of an appropriately defined free energy. This approach may
apply more widely to model systems with polar, and apolar, order parameters.
The free energy has three contributions - a nematic energy, a magnetic energy, and
a nemato-magnetic coupling energy. There are four phenomenological parameters
in the free energy and, with some assumptions, we study the interplay between
two parameters: a re-scaled elastic constant, ¢, and a nemato-magnetic coupling
parameter, c. We study the solution landscapes on a 2D square, hexagon, and
pentagon, in terms of bifurcation diagrams for ¢ = 0.25 and ¢ = —0.25, as a
function of ¢. The asymptotics for large ¢ are well understood in terms of the
Ring branch, since there is a unique critical point/global minimizer of the free
energy, in the £ — oo limit. As ¢ decreases, the multiplicity of stable (Q, M)-
solutions increases, and the solution landscape becomes increasingly complicated.
The multistability can be partially understood for small ¢ (which correspond
to “large” domains on the micron scale or larger) in terms of boundary-value
problems for ¢, and relations between 6 and ¢, which define the nematic director

and magnetization vector, respectively.
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For ¢ = 0 and ¢ small enough, the polygon vertices act as defect sites for stable

w stable Q-states, on a regular

Q-profiles and in fact, there are at least
polygon with N sides. For positive ¢, that favours co-alignment between n and
M, the number of stable states decreases as ¢ increases, as £ — 0. In fact, we
conjecture that there are only N stable states on a polygon with N sides, for
odd N, and only % stable states for a polygon with N sides, for N even, in
the ¢ — 0 limit, and for large c¢. These stable states are featured by a pair of
stable interior +%—nematic point defects in the polygon interior, aligned either
parallel to a polygon edge (N odd), or along a polygon diagonal (N even). As
N — oo and ¢ — 0, we recover the solution landscape on a circle, with tangent
boundary conditions for the Q-profiles: infinitely many stable states, with an
interior nematic defect pair along one of the circle diagonals [121], for ¢ > 0,
and these states cannot be obtained for ¢ = 0. The M-profiles are less affected
in the regime of ¢ > 0 and small ¢, as they retain the interior central magnetic
vortex, with some distortion. We refer to these novel solution branches, with
interior nematic defect pairs, as Peppa solution branches for ¢ > 0 and small £.
Informally speaking, positive ¢ has the same effect as regularising the boundary,
or rounding off the vertices, so that the nematic defects detach from the polygon
vertices and localise near the polygon centre. Stable domain walls are observed in
the M-profile, for very small positive values of ¢, or small values of &, whilst the
corresponding Q-solutions retain their nematic profiles with defects pinned at the
polygon vertices. We deduce that we can stabilise either interior nematic point
defects, or magnetic domain walls, depending on a judicious interplay of ¢ and ¢,
and this interplay depends on N - the number of sides of the regular polygon. A
reasonable conjecture is that magnetic domain walls are observable for £ < £(N),

and 0 < ¢ < ¢(N), for the boundary conditions in (6.1.4) and (6.1.5). We expect
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that £&(N) and ¢(NV) are decreasing functions of N i.e., &(N) — 0, ¢(N) — 0
as N — oo, so that domain walls are increasingly difficult to find for coupled

systems.

The case of ¢ < 0, that favours (n-M) = 0 in the polygon interior, is more
complicated. The picture in the ¢ — oo limit (small nano-scale domains) is
qualitatively unchanged in terms of the unique Ring solution branch, but ¢ < 0
strongly enhances multistability in the ¢ — 0 limit. We obtain stable solution
branches with interior defects for both Q and M, and additionally, we also find
stable solution branches with point defects at the polygon vertices in both the
nematic and magnetic profiles. These solution branches with vertex defects, and
interior defects, co-exist, and could offer exciting optical and electro-magnetic
responses to light and external fields. Of course, the experimental tuning of ¢
is expected to be hugely challenging and perhaps a material property, and we
expect the case of positive ¢ to be more common in applications than negative c.
As mentioned in Section 6.1, one might expect 5 << ¢; for a dilute ferronematic
system. We have carried out preliminary numerical investigations by varying the
ratio %, with ¢, = 0.005, ¢ = 0.25, £ = 1. As this ratio decreases from unity, the
defects in the Peppa solution branch move towards the vertices, and we recover
the Para-nematic solution branch on a hexagon, which is not attainable for ¢, = ¢;
and ¢ = 0.25. However, we recover the Peppa solution branch for ¢, << ¢, for
large enough values of c¢. Hence, we argue that the solution branches for ¢, = /5

survive for /o << {1, for large values of c.

Our study is by no means exhaustive, but it does illustrate some generic features
of positive and negative ¢, and the roles of ¢ and the geometry, in terms of N.
We do not comment on physical relevance at this stage, but our methods have

applications to generic systems, with multiple order parameters, of which dilute
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ferronematics are an example [78], [82], [119]. Our numerical findings suggest that
we will observe multistability in this regime, with co-existence of stable solutions
supporting a variety of singular structures: magnetic domain walls, stable interior
magnetic and nematic defects, and boundary vortices, all of which depend on a
subtle interplay between N, ¢ and ¢. It may also be possible to stabilise multiple
interior defect pairs, or interior and boundary vortices simultaneously, with a
judicious interplay of the model parameters. Of course, we have neglected a num-
ber of crucial physical considerations e.g., elastic anisotropy, dipolar interactions,
weak anchoring, mixed anchoring, the topology of the boundary conditions and
flow effects, all of which offer new horizons for complex systems and tailor-made

applications.



Chapter 7

The nematic-isotropic phase
transition for a stochastic bulk

potential

In this short chapter, we model the classic bifurcation analysis of the nematic-
isotropic phase transition, as a function of temperature, within a stochastic mod-
elling framework. Following the theory of stochastic elasticity, introduced in the
papers by Mihai et al. [58], [59], we treat certain material-dependent terms as ran-
dom variables following a non-Gaussian distribution. We then study the effects of
stochasticity on the Landau-de Gennes order parameter, as a function of the tem-
perature, and how this influences the well-studied deterministic nematic-isotropic
phase transition in the Landau-de Gennes theory. In this preliminary research, we
will show that within this stochastic framework, the nematic-isotropic transition,
which occurs at some critical temperature in a deterministic setting, is modelled

by a probability distribution which quantitatively describes the ‘likelihood’ of
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observing an ordered nematic or isotropic fluid phase. This is believed to be of
wider interest as the material-dependent parameters, for which the classic bifurc-
ation analysis depends on, are difficult to measure in practice, and introduce an

inherent degree of randomness to the system.

We consider uniaxial Q-tensors of the form Q = s(n ® n — 3), where s € R

I
3
is the scalar order parameter which measures the degree of orientational order
about the director, n € S%2. We consider one of the simplest modelling scenarios
in the Landau-de Gennes theory - the nematic-isotropic phase transition for the

fourth order thermotropic bulk potential, f,(Q), given by (1.4.6). We recall the

following results on minimizers of this bulk potential, from Section 1.4.2, in the

B2

510+ the isotropic fluid phase, characterized by

deterministic setting: when A >

32

s = 0, is the unique global minimizer of f;; for 0 < A < 75,

f» is minimized by
either the isotropic state or a continuum of uniaxial nematic states with s = s

and; for A < 0, the isotropic state loses its stability.

7.1 Stochastic problem formation

We next consider a stochastic version of this minimization problem. Consider a
large number of NLC samples. Following the approach of [58], [59], we assume
that the material-dependent constants, B (which are experimentally measured
material-dependent quantities, [9]), are distributed according to a known probab-
ility function which appropriately models inherent uncertainties of this parameter
using only the available information of the mean value, and the variance, of the
measurements. For mathematical simplicity, we do not consider a liquid crys-
talline system with spatially inhomogeneous terms, such as the inclusion of an

elastic energy density term. Furthermore, we do not wish to introduce any thermal
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fluctuations by treating the temperature-dependent parameter A as a random
variable in this framework. As a simplest proof of concept study, we consider this
unbounded modelling problem for liquid crystals where either parameter, B > 0
or C' > 0, could be redefined in this way. We assume for any given temperature,
the parameter B is a second-order random variable, with finite mean value and

finite variance. To this end, we assume that

E[B]=B >0, E[logB]=v, suchthat |v|< +4oc. (7.1.1)

We do not believe there to be any physical relevance of the quantity v, but
simply we restrict the variance of the data for measured values of B to be finite.
Following the approach in [87], and the related papers in [58], [59], we base our
stochastic model on the notion of entropy of discrete probability distributions
initially introduced by [122], and employ the maximum entropy principle for
a discrete probability distribution, introduced by [86] i.e., of all the choices of
probability distribution that encode prior data, the best choice is the one with
largest entropy. Under the above constraints, we have that the material-dependent
parameter, B, follows a Gamma probability distribution with hyperparameters

p1, p2 > 0, satisfying

B = pips, Var(B) = pips.

The corresponding probability density function takes the form [84]

BPr—1ec—B/p2

2 " for B>, 7.1.2
p5 T (p1) ( )

9(B; p1, p2) =

where I' : R}, — R is the complete Gamma function:

_ teo z—1 _—t
['(z) = t* e " dt.
0
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We consider only the nematic-isotropic transition problem for uniaxial Q-tensors,
but other phase transitions can be studied in this way. Assuming A > 0 that is,
temperatures above the nematic super-cooling temperature, and that the material-
dependent parameter, B, follows the Gamma distribution defined by (7.1.2), with
hyperparameters pq, po > 0, then the probability of observing the isotropic state

only, at a given temperature A, is given by

Pi(A) =

V24AC

since it is the unique stable state in the range A > % ie, 0 < B < Vv24AC.
Since both the ordered nematic state, and isotropic state, are stable in the lower
temperature range 0 < A < % ie.,, V24AC < B < oo, the probability of

observing two states, at a given temperature A, corresponds to

From our understanding of the deterministic model, we would expect a high
probability of observing just one solution (the isotropic fluid state) for higher
temperatures, and we expect a high probability of observing two solutions (either
the isotropic or ordered nematic states) for temperatures near the nematic super-
cooling temperature. At temperatures below the nematic super-cooling temper-
ature (A < 0), the isotropic state loses its stability, however the ordered nematic
state corresponding to s = s_ is metastable in this temperature range. Therefore,
the probability of observing two possible NLC states, for A < 0, approaches unity,

which is what we see as we extend our results for A > 0 to the negative A region

(Pz(o) = 1)-
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7.2 Numerical results

For a given temperature A, we simulate the nematic-isotropic transition. In our
simulations, we have py = pél, and use fixed values for B and p; > 0. These
values would, in practice, be determined by the data obtained but, for now, we
fix p; = 40, and B = 0.64 x 10* '. We sample a number of Gamma distributed
values for B to simulate and plot a cumulative distribution function of the two
possible configurations. Again, in practice, the number of samples would be given
by the number of experimental observations. In our cumulative distribution plot,
we take the number of samples to be 100. We also include a tally of the number
of randomly generated samples that observe one (or two) solutions, as a function

of the temperature. This is calculated by the percentage of samples with A above

(or below) %, where B is Gamma distributed. As a direct comparison with
these simulated results, we plot the probabilities (7.1.3) and (7.1.4). What we
see is a clear competition between states across the nematic-isotropic transition
temperature. This competition is so far just for illustrative purposes, as the
probability distribution is heavily dependent on the variance of the data. In
Figure 7.1, we plot the analytical and simulated probabilities of observing either
one, or two, NLC states, as a function of the temperature, A > 0. We take
B2

C' = 0.35 x 10* and so the deterministic phase transition occurs at A = 210~ 490.

In the deterministic case, the possible equilibria of the thermotropic bulk potential
are well understood. However, if we are to assume that B follows the Gamma
distribution given by (7.1.2), then the bifurcation diagram is far from complete.
In our numerical simulations, we produce a stochastic bifurcation diagram as a

probability distribution, for the various nematic states, as a function of temper-

1B and p; would be determined by experimental data and our choices are simply for numerical
fitting.
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Figure 7.1: Probability distributions (7.1.3) and (7.1.4) given
by the blue and red solid lines, respectively. Sim-
ulated data is given by the yellow and purple lines.

The vertical dashed line represents the (deterministic)
nematic super-heating temperature, A = %.

ature, which is presented in Figure 7.2. The probability of observing either the
isotropic or nematic phase is also dictated by the relative energy well depths of
the thermotropic bulk potential. In the deterministic model, between the super-
heating temperature and the super-cooling temperature (0 < A < %), there is
a competition between the isotropic state and the ordered nematic state. In our
stochastic model, we assume that the probability of finding an ordered nematic

state, over the isotropic state, is

_ Jo(s1) = fols-)
fo(s4) + fo(0) — 2fp(s-)

where B follows the Gamma distribution (7.1.2). This represents the depth of

x 100%, (7.2.1)

the ordered nematic state critical point as a percentage of the total depths of

the two possible states. Therefore, when A = % and the two states have equal

energies, the probability is 50%. As expected, we see that s = 0 is for large
values of A, but as we approach A = 5—20, there is a competition between the
possible states. As A decreases, the probability of observing the isotropic state

decreases and, for A small enough, we only observe the ordered nematic state.

Since the order parameter of the nematic state depends on the material-dependent
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parameter B, the probability distribution is more spread out in this diagram. As
in Figure 7.1, we assume a number of experimental values and assume the variance
of data. In practice, this would be determined by actual findings. We take 1000
samples and assume that p; = 40, purely for illustrative purposes. We again take
B =0.64 x 10* and C = 0.35 x 10*, and B is generated from Gamma distribution
functions. For each value of the temperature, we plot the relative probabilities
of the order parameter s, given by stationary points of the bulk energy potential,
fo(s). As was indicated by the probability distributions shown in Figure 7.1,
we see a competition of states around the nematic super-heating temperature,
A= 5—20, where there is a small probability of observing the ordered nematic

state, for temperatures above this deterministic value.

In summary, we assume inherent variation, and material uncertainty, in a spatially
homogeneous liquid crystalline system. For mathematical simplicity, we consider
a system without an elastic energy density as a first step. Following the approach
of Mihai et al. [58], [59], we treat the parameter B, in the thermotropic bulk
potential, as a random variable following a non-Gaussian distribution which can
be derived from the maximum entropy principle in [87]. There is no obvious
reason why this distribution cannot apply to B, however it may be an interesting
research problem to consider random elastic or thermal effects. In contrast to the
deterministic nematic-isotropic phase transition, where a deterministic critical
temperature strictly separates the cases where either the isotropic fluid phase or
a stable ordered nematic phase occurs, for the stochastic problem, there are prob-
abilistic temperature intervals, where there is a quantifiable chance for both the
isotropic and nematic phases to be observed. We have numerically shown, assum-
ing B is Gamma distributed, that there is a probability, depending on the variance

of the data, that ordered nematic phases can be observed above the deterministic
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Figure 7.2: Completed probability distribution of the order para-
meter, s, as a function of temperature, A, when B
follows the Gamma distribution (7.1.2) with p; = 40,
B = 0.64 x 10*. C = 0.35 x 10*. The determin-
istic values are shown by the black lines (stable is
solid and unstable is dashed). We also include a 3D
surface plot of the same diagram.
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phase transition temperature, and that the scalar order parameter of the nematic
state varies due its dependence on this random parameter. These preliminary
findings present a new framework for studying liquid crystal phenomena, which
shows that it is possible to quantify, and study, the influence of inherent variation
in measured parameters and stochastic behaviour, not previously captured by

deterministic approaches.



Chapter 8

Conclusions and future work

The aim of this thesis has been to analyse, and present, the exotic defect structures
of nematic liquid crystalline systems in confinement, with different geometrical and
material properties. These systems are modelled using the Landau-de Gennes con-
tinuum theory, and long-time behaviour is described by complex boundary-value
problems for systems of coupled elliptic nonlinear partial differential equations.
We have been able to manipulate the location of defects and tailor the multiplicity
of equilibrium profiles by altering geometrical, material, and anchoring properties,
and present delicate bifurcation analyses using sophisticated numerical tools for
tracking solution branches. We now summarize each chapter, and discuss the

open problems and future avenues of research generated from this work.

In Chapter 3, we consider three-dimensional square wells with both tangent Dirich-
let boundary conditions, and physically relevant surface energies, in the Landau-de
Gennes theory. We have shown that for sufficiently small cross-sectional edge
length, A, the WORS constructed in [52] for the 2D problem is the global LdG

minimizer in the full 3D scenario. A natural extension of this work would include
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an analytical study of three-dimensional solutions that are not z-invariant, and
whether these solutions can be constructed by, or related to, the plethora of
two-dimensional LdG critical points on a square domain, reported in previous
work. In particular, we could include an isotropic inclusion, as in [63], for truly
three-dimensional confining geometries, or consider the exotic zoo of unstable equi-
libria in two-dimensional domains in [64] as transitional cross-sections of a stable
three-dimensional configuration. Another possible avenue for future research is
to consider how homeotropic boundary conditions on the lateral surfaces of a 3D
square well changes the solution landscape, which would be of both mathematical

and applications-oriented interest.

Chapter 4 of this thesis continues on from Chapter 3, by computing three-
dimensional nematic equilibria in confinement, using an energy minimization-
based numerical approach. We presented 3D solutions with diagonal or rotated
profiles in the plane of the well cross-section, for A large enough, and the 3D
WORS for A small enough, for arbitrary well height, €, corroborating our analysis
in Chapter 3. We also numerically demonstrate the existence of stable mixed 3D
solutions, which interpolate between two distinct diagonal profiles on the top and
bottom well surfaces, for wells with sufficiently large ¢ and A. We also extend
this numerical study for domains with a rectangular cross-section to address the
effects of geometrical anisotropy on confined NLC systems. In our numerical
scheme, we employed a one-dimensional optimal shrinking dimer method from
[66] to assess stability. This essentially determines the smallest eigenvalue of the
Hessian, associated with the numerical solution. In the future, one could utilize
the multi-dimensional approach of this work to discover new LdG critical points,
and determine the degree of instability (or amount of unstable directions), of

each configuration, such as the work in [121]. This would be of great interest
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for switching device applications, as it would give insight into possible transition
states between LdG minimizers, in three-dimensional scenarios. With regard to
the numerical search itself, an extension of this work would be to employ different
boundary conditions on the lateral surfaces of the computational domain, such as

homeotropic anchoring or mixed boundary conditions.

Chapter 5 focuses on a reduced two-dimensional study of nematic equilibria,
but with the addition of an anisotropic elastic energy term in the LdG free
energy. We study the interplay between the square edge length, A, and the elastic
anisotropy, Lo, considering LdG critical points with three degrees of freedom,
which measure the degree of nematic order in the plane of the square, and the
degree of out-of-plane order. We prove that for Ly # 0, we effectively lose the
defect cross structure of the WORS, and show the stabilising effect of large Lo on
solutions with almost constant uniaxial alignment out of the plane. Our results for
highly anisotropic materials (in the Ly — oo limit) are so far based on heuristic
arguments with respect to the choice of boundary conditions. An open problem
for the future would be to rigorously determine the true nature of the Constant
solution in this regime. As we have shown, the leading order approximations
of solutions, in this physically relevant limit, solve a non-elliptic system, and so
this a great mathematical challenge which we were unfortunately unable to solve.
Furthermore, our bifurcation diagrams in this chapter distinguish between the
different solution branches by taking two measures, as in [74], however for large
L,, and large \, we cannot distinguish between the Constant solution, the Ring™®
solutions, or the pWORS, and so other choices of measure could be considered
to give more insight into the nature of these distinctive profiles. In our stability
analysis we proved that, for Ly larger than some constant that depends on A, the

critical points of the LdG free energy are locally stable with respect to two special
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classes of admissible perturbations. In future work, it would be interesting to
prove similar results with respect to more general perturbations, as our numerical

investigations would suggest.

In Chapter 6, we consider a dilute suspension of magnetic nanoparticles in a
nematic liquid crystal host. We study the equilibrium configurations of an appro-
priately defined ferronematic free energy in a two-dimensional square, hexagon,
and pentagon. We have shown that we can stabilise either interior nematic point
defects, or magnetic domain walls, depending on a judicious interplay of the res-
caled elastic constant, ¢, the magnetic coherence, £, and the nemato-magnetic
coupling parameter, ¢, and this interplay depends on N - the number of sides of
the regular polygon. This work offers up several potential directions for studying
ferronematic equilibria with boundary defects. As in Chapter 5, one possibility
is to compute high-index saddle points, with the numerical approach in [66], to
determine transition pathways for the different equilibrium configurations. An-
other option would be to analyse the critical points on regular polygons, as in
[74], and prove stability results with respect to the domain edge length, and other
local parameters. Furthermore, we briefly consider solutions with a small &, and
a more rigorous study of this physically relevant parameter regime would be of

wider interest.

Finally in Chapter 7, we introduce a new methodology for studying nematic
equilibria by assuming certain material-dependent parameters, in the fourth-
order thermotropic bulk potential, follow a non-Gaussian probability distribution.
This preliminary research is based on the assumption that uncertainties in the
measurement of these parameters may alter the critical behaviour of the nematic-
isotropic phase transition in a deterministic framework. We argue that instead of

a phase transition occurring at some critical temperature, determined by concrete
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parameter choices, we observe a competition of liquid crystal states in a range of
temperature values, and this range is dependent on the mean value, and variance,
of experimental data. Our findings do not suggest any unexpected phenomena
for this simple problem but it does pave the way for future research in the wider
liquid crystal community. One potential approach would be to study the stochastic
Allen-Cahn equation with some added Gaussian space-time white noise term, as
in [123], to model the two-dimensional system in [62], in a stochastic setting.
Another approach is to employ similar modelling assumptions, following the work
of [58], to study the more complicated nematic-isotropic phase transition problem
for a sixth-order thermotropic bulk potential, which allows for biaxial nematic

configurations.
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