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The unique features of flexoelectric and dielectric effectsare investigated, and
exploited for a variety of functions, in a wide range of helicoidal liquid crystal
systems, including non-chiral, cholesteric and blue phases.

Electrooptic techniques are developed to measure flexoelectric parameters in
non-chiral and cholesteric liquid crystals using twisted nematic and Grandjean
geometries respectively. A crystal rotation method, and using a lock-in ampli-
fier, is used to enable the measurement of a very smalle/K of 0.011 CN−1m−1.

Enhancement in chiral-flexoelectric switching is demonstrated theoretically in
liquid crystals with negative dielectric anisotropy and insystems in which the
pitch is constrained to be other than the natural pitch.

A methodological framework for inducing stable Uniform Lying Helix align-
ment is developed based on weak homeotropic alignment conditions and a
method to bias the helicoidal axis orientation; a series of approaches within
this framework are demonstrated, including nano-grooved interfaces, periodic
boundaries conditions, in-plane fields, and mould-templated micro-channels.
The latter approach is potentially commercially viable forsub-millisecond elec-
trooptic technology.

The contribution to a cholesteric material’s effective dielectric permittivity of
flexoelectric polarization is formulated, and an ability toswitch a cholesteric
between Grandjean and lying-helix configurations based on the dispersion in
the flexoelectric polarization and resultant relaxation indielectric properties is
demonstrated. The flexoelectric contribution to dielectric permittivity is ex-
ploited to enable switching in bistable reflective displaysand alignment of the
Uniform Lying Helix.

The existence of a flexoelectric contribution to Kerr switching in blue phases
is demonstrated, and a semi-empirical model for the effect is developed. The
effect is the first known example of a non-polar flexoelectrooptic effect. In-
dependent flexoelectric and dielectric contributions to Kerr switching in blue
phases are measured experimentally by measuring the induced birefringence as
a function of driving frequency in flexoelectric- and dielectric-dominated wide-
temperature-range blue phase materials.
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0.3 Extended Abstract

Chapter 1: Introduction to Key Concepts— This thesis is concerned with dielectric and
flexoelectric electrooptic phenomena in helicoidal liquidcrystal systems and their use in
material characterisation and technology. Chapter 1 explores key concepts in liquid crystals
that will be required by the non-specialist to understand the work to follow, including an
introduction to the liquid crystal phase, the continuum theory of liquid crystals including
elastic, electric, flexoelectric and optical properties ofliquid crystals, analytical approaches
to modelling distortions in chiral liquid crystals, and some comment on numerical methods
and types of liquid crystal display.

Chapter 2: Measurement of Flexoelectricity— Techniques to measure flexoelectric
properties are investigated in both chiral and non-chiral geometries. Analytical and numer-
ical models of dielectric and flexoelectric switching in cholesteric liquid-crystal structures
with in-plane switching (IPS) electric fields are employed to analyse angle-of-incidence-
dependent transmission of Grandjean structures. Adoptionof a perturbative driving regime,
and measurement of both 1st and 2nd harmonic transmission amplitudes, allows the detailed
and simultaneous measurement of distortions arising from both flexoelectric and dielectric
interactions, at electric fields as little as 0.01 Vµm−1. The method is applied to measure
the flexoelectric parameter (e1 − e3)/(K1 + K3) and the dielectric distortion parameter
∆ε/K2 in E7 liquid crystal and a bimesogen mixture MDA-1245 optimised for the chiral-
flexoelectrooptic effect, and the method is extended using aquarter-wave plate to enhance
the sensitivity in cases where the birefringence of the device is small. The extended method
is used to measure a value of (e1 − e3)/(K1 +K3) as small as 0.011 CN−1m−1.

A crystal rotation method is further employed to measuree1 − e3 in non-chiral liquid
crystals using a Twisted Nematic (TN) cell with in-plane electric fields. The method miti-
gates the static changes in the internal electric field due tothe influence of charge carriers
by determining the field implicitly from electrooptic data.

Chapter 3: Enhancement of Flexoelectric Switching— The chiral flexoelectro-optic ef-
fect is a candidate for realising sub-millisecond electro-optic technologies. Two approaches
to enhancing the switching are discussed. The effect of the dielectric distortion on flexo-
electric switching in cholesteric liquid crystals is investigated for cases where the liquid
crystal has both positive and negative dielectric anisotropy. An experimental technique to
measure the influence of the dielectric distortion on the flexoelectric switching is devel-
oped, and the theoretical framework is found to be consistent for a chiral nematic mixture
E7+3.5%R5011. The optimal liquid-crystal parameters to best exploit the effect are ex-
plored, and an enhancement in the flexoelectric switching angle of up to a degree is demon-
strated numerically.

A second approach is described that exploits the elastic energy in systems where the
pitch is constrained to be other than the natural pitch of thecholesteric liquid crystal. An
analytical expression for the flexoelectric tilt is derivedin the general case that the con-
strained and natural pitch are not equal. It is found that by constraining a cholesteric mate-
rial to have a pitch that is shorter than the natural pitch, anenhancement of up to 2.3 times
can be achieved theoretically. The likelihood of realisingthis level of enhancement exper-
imentally is considered, given the requirement of a polymernetwork to provide the pitch
constraint and the resultant effect this may have on the switching.

Chapter 4: Uniform Lying Helix Alignment— The Uniform Lying Helix (ULH) archi-
tecture provides a sub-millisecond in-plane rotation of the optic axis with the application of
a transverse field, vital for the next generation of liquid crystal displays. The salient chal-

viii



lenge is the alignment quality of the ULH. Here, a methodological framework is developed
for successful formation of the ULH, that relies on the use ofa weak homeotropic align-
ment condition, which destabilises the Grandjean alignment relative to the ULH alignment,
in conjunction with an agent that breaks the degeneracy in the uniform lying helicoidal axis
orientation. Within this framework, a series of techniquesare demonstrated, including the
use of nano-grooved surface profiles, in-plane electric fields, periodic boundary conditions
and micron-scale polymer channels fabricated using a mould-templating technique. The
latter approach is found to produce the best quality alignment, and is suggested as a com-
mercially viable technology. It is demonstrated experimentally and theoretically that the
helicoidal axis aligns parallel to the channels in these devices.

Chapter 5: Flexoelectric Polarization Dispersion— The contribution of flexoelectric
polarisation to the dielectric susceptibility in helicoidal liquid crystals is formulated for the
static equilibrium case, and further in the case of a time-varying field. A dispersion of
the dielectric permittivity due to the frequency response of flexoelectric switching is de-
scribed. The special case of a negative dielectric anisotropy nematic material is considered
and experimentally shown to agree with the analytical theory. It is further demonstrated
how relaxation of the flexoelectric contribution to the dielectric tensor in this special case
can be exploited to switch between states in cholesteric liquid crystal structures by altering
the applied time-dependent field amplitude, if∆ε < 0 and (e1−e3)2

(K1+K3)
> −∆εε0. Consequen-

tially, a new and versatile mechanism for driving between states in liquid crystal systems is
demonstrated.

The switching mechanism is applied to develop a reflective cholesteric display device.
Flexoelectric polarisation allows the device to be switched into a weakly-scattering focal-
conic state at low frequencies, while at higher frequencies, the device is driven into the
reflective Grandjean state. The non-conventional dual-frequency effect allows driving be-
tween states in both directions. The cross-over frequency can be as low as 200 Hz, orders of
magnitude smaller than other dual-frequency effects. Devices of various reflective colours
are demonstrated, and have favourable contrast ratios, viewing angles, and switching be-
haviours at room temperature. The technique potentially affords a greater flexibility in
surface alignment conditions, driving schemes, material parameters and use of polymer
networks in cholesteric devices than other switching methods. Finally, the implications of
the switching technique for other liquid crystal technologies are commented upon.

Chapter 6: Dielectric and Flexoelectric Kerr Effects in Blue Phases— The Kerr effect
in blue phase liquid crystals (BPLCs) could enable a varietyof next-generation electro-
optic devices. The effect has until now been considered as being due only to the dielectric
effect. However, here it is demonstrated that both flexoelectric and dielectric effects con-
tribute to Kerr switching in BPLCs by comparing wide-temperature-range BPLCs without
polymer stabilisation having either dominant flexoelectric or dielectric field interactions. It
is demonstrated experimentally that the flexoelectric and dielectric Kerr contributions can
act together or against each other, depending on the sign of the dielectric anisotropy, leading
to a suggestion for the engineering of Kerr-effect blue phase materials. Using dimensional
considerations, a semi-analytical approximation to the contribution to the Kerr switching
in blue phases due to flexoelectricity is developed. Geometric factors relating analytical
approximations of the flexoelectric and dielectric contributions to Kerr switching in blue
phases to experimentally measured values are determined, and shown to be similar in mag-
nitude in both cases. The wide-temperature range blue phasematerials used are commented
upon, whose properties are drastically different from one another, having been developed
independently using different approaches.

ix



Chapter 1

Introduction to Key Concepts

1.1 Liquid Crystals

1.1.1 The Nematic Phase

In the case that constituent molecules of a fluid material areanisotropic, either prolate or

oblate, then the molecular symmetry can become manifest at the macroscopic scale to pro-

duce what are known as nematic liquid crystal phases. These are thermodynamically stable

phases that occur within a temperature range between an isotropic liquid and a crystalline

solid, and although they are fluid, they can have a variety of orientational and sometimes

positional order and associated anisotropic physical properties. The least ordered and most

common liquid crystal mesophase used in technology is the thermotropic calamitic nematic

phase, which consists of prolate molecules. The nematic phase is characterised by having

orientational order but no positional order, as illustrated in fig. 1.1.

Figure 1.1: Molecules in a calamitic nematic. The average orientation of the molecules is
given by the director̂n.

To describe such a phase, we can ignore individual molecularmotions and instead adopt
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a set of macroscopic parameters. The nematic director, denoted n̂, is a unit vector oriented

parallel to the average axis of molecules in a local region, or alternatively, the time-averaged

axis of a single molecule. The macroscopic order parameter,S, characterises something

like the variance of the orientations of molecules with respect to the director. For a uniaxial

nematic,S is quantified by the mean of the second Legendre polynomial,P2,

S =
〈

P2(cos θ)
〉

=
〈3

2
cos2 θ − 1

2

〉

(1.1)

whereθ is the angle of a molecule with respect to the local directorn̂. The cosine function

produces the desired symmetry, and the coefficients allow the order parameter to take a

value ofS = 0 for the isotropic case, andS = 1 where all molecules are aligned without

deviation from the director. For nematic liquid crystalsS is somewhere between 0 and 1

and varies with temperature.

1.1.2 A Liquid Crystal Cell

Figure 1.2: This illustration is not to scale. A liquid crystal cell is a composite structure
consisting of a liquid crystal film of thicknessd confined between glass substrates that have
been treated with transparent conducting electrodes and alignment layers. The illustration
here represents a planar liquid crystal alignment.

The nematic phase’s fluidity and anisotropy make is suitablefor a variety of different

technological applications. In order to utilise the liquidcrystal, it is normally filled into a
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‘cell’, that is, two glass substrates separated by a small distance,d, such that a thin film

of liquid crystal is formed, as illustrated in figure 1.2. Thefilm thickness is determined by

the cell thickness, and is usually between 2 and 10 µm, depending on the application. This

thickness is often controlled using spacer particles of known diameter or another spacing

material. The substrate surfaces are usually treated with avariety of additional functional

layers. A transparent conducting medium, such as indium tinoxide (ITO) can be used

to apply voltages across the cell, and an alignment layer canbe used control the director

orientation at each surface interface.

1.2 Elastic Properties

1.2.1 Bulk Elastic Energy

The equilibrium state for a nematic liquid crystal is where the director orientation is invari-

ant in space, i.e. the liquid crystal has a uniform director field. Distortions in the director

field have an elastic energy cost, the magnitude of which is dependent on the type of dis-

tortion and varies from one liquid crystal to another. A macroscopic continuum model has

developed over time which has proven highly successful at modelling the behaviour of liq-

uid crystals. Still one of the best and most lucid descriptions of the basic continuum model

for elastic energy is the original paper by Frank, whose Frank elastic energy equation is

ubiquitous in the field of liquid crystal science [1]. The paper discusses elastic energy in

terms of possible types of director distortion away from being uniform, and then considers

energy-degenerate transformations that are inherent to the nematic symmetry to reduce the

elastic energy expression to key coordinate-independent energy terms.

The result of the process is that elastic energy in nematic liquid crystals can be described

by a combination of three distortions: splay, twist and bend. Mathematically, these distor-

tions are related to the director by[∇ · n̂], [n̂ · (∇ × n̂)], and[n̂ × (∇ × n̂)] respectively,

and are illustrated in fig. 1.3.

An elastic energy density per unit volume of the system is given by the Frank-Oseen

3



Figure 1.3: Illustration of splay[∇·n̂] (left), twist [n̂·(∇×n̂)] (center) and bend[n̂×(∇×n̂)]
(right) distortions of the director field.

elastic free energy [1],

felastic(n̂) = fsplay(n̂) + ftwist(n̂) + fbend(n̂)

=
1

2
K1[∇ · n̂]2 + 1

2
K2[n̂ · (∇× n̂)]2 +

1

2
K3[n̂× (∇× n̂)]2 (1.2)

which relates the different kinds of distortion to their elastic potential energy. The coeffi-

cientsK1, K2 andK3 are usually of the order of 10 pN, but their relative magnitudes vary

from one material to another, and indeed are important design parameters in many liquid

crystal systems.K2 is usually smaller thanK1 andK3.

There is another important elastic constant that Frank identified, but that is not often

considered.K24 is called the ‘saddle splay’ elastic energy term, and is usually omitted

from considerations of the elastic energy when the directoris continuous, because it can be

shown mathematically to be only important at surface interfaces or near defects. However,

at an interface between a liquid crystal and a surface, the most common approach to model

the energy is by using a separate surface energy term, which will be described presently.

1.2.2 Surface Energy

Depending on the treatment of the surface substrates withina cell, it is possible to allow for

a variety of liquid crystal alignments to be energetically favoured. A polymer layer such

as polyimide or poly-vinyl alcohol, after rubbing with a textile cloth, can orient molecules

at the interface with the rubbing direction. If both substrate surfaces are treated in this

way, and the cell is constructed such that the rubbing directions are parallel, then a nematic
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will form planar alignment, so called because the moleculesare in the plane of the cell (see

figure 1.2). In contrast, a surfactant treatment such as natural egg lecithin will favour molec-

ular orientations normal to the surface, called homeotropic or perpendicular alignment. To

produce an alignment condition, a solution of polymer or surfactant is usually pipetted onto

a glass substrate and subsequently spun at about 3000 rpm in order to achieve a uniform

thickness. Liquid crystal alignment is notoriously sensitive to differences in cleaning and

processes, and in the literature is sometimes referred to asan ‘art’ [2, 3]. A good reference

is the 1982 review on the subject by Jacques Cognard [3].

Using a simple model for homeotropic anchoring, for example, we can describe the

energy per unit area of the liquid crystal in contact with a surface as,

Wsurface =
W0

2

(

1− (n̂ · ŝ)2
)

(1.3)

whereW0 is the surface anchoring strength,n̂ is the unit magnitude director, and̂s is a unit

vector normal to the surface. Notice that in this expression, the surface energy is minimised

if n̂ · ŝ is zero, i.e. if the director is normal to the surface interface. The surface anchoring

strength depends on the type of alignment used. Rubbed poly-vinyl alcohol, for example,

produces an anchoring strength of around 3 mJm−2, but lecithin is approximately 1000

times weaker. We will see this expression used in chapter 4, where we will see that surface

interactions must be carefully considered in liquid crystal technologies.

1.3 Electric Properties

1.3.1 Dielectric Energy

In order to understand and model how a liquid crystal responds to electric fields, we must

first consider its electric susceptibility. From this we candefine the electric displacement,

whose integral with respect to the electric field is the dielectric energy. Because liquid

crystals are anisotropic, we will see that the energy depends on the angle between the di-

rector and the field, and this means that electric fields can beused to align the liquid crystal

detector, which we will see exploited in subsequent sections.
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Liquid crystals are dielectric materials, that is, under the application of a field, electric

polarization occurs that acts to reduce the energy of the system by reducing the electric flux.

Nematic liquid crystals in general have different susceptibilities parallel and perpendicular

to the director, and so we must express the susceptibility with a tensor,

χe =





χ⊥ 0 0
0 χ⊥ 0
0 0 χ‖



 (1.4)

whereχ⊥ andχ‖ are the susceptibilities perpendicular and parallel to a director aligned

along an arbitraryz-axis. Now, we can express the polarization as,

P = ε0χeE (1.5)

The polarization is therefore also a tensor, and a consequence of the anisotropy is that the

polarization is in general not parallel to the field direction. The electric displacement can

thus be defined,

D = ε0E+P = ε0(I+ χe)E = ε0εrE (1.6)

whereI is the identity matrix (multiplying a tensor by the identitymatrix leaves the tensor

unchanged), and we have defined the relative permittivityεr, which is also a tensor. Writing

this in full, we have,

D = ε0





ε⊥ 0 0
0 ε⊥ 0
0 0 ε‖









Ex

Ey

Ez



 (1.7)

which can be written,

D = ε0



ε⊥





1 0 0
0 1 0
0 0 1









Ex

Ey

Ez



+





0 0 0
0 0 0
0 0 ∆ε









Ex

Ey

Ez







 (1.8)

which, becausên = (0, 0, 1), can be written simply,

D = ε0ε⊥E+ ε0∆ε(n̂ ·E)n̂ (1.9)

where∆ε = ε‖ − ε⊥ and is called the dielectric anisotropy. The dielectric anisotropy

varies from one material to another, and is an important design parameter for different

applications. The common liquid crystal E7 has∆ε = 13.7, bimesogenic mixtures often

have∆ε ≈ 0, and the negative material MLC-7029 has∆ε = −3.7.

6



To obtain the dielectric energy, we must evaluate,

fdielectric = −
∫

E

0

D.dE (1.10)

and thus the dielectric energy is,

fdielectric = −1

2
ε0ε⊥E

2 − 1

2
ε0∆ε(n̂ ·E)2 (1.11)

Note that only the second term is dependent upon the directororientation, and therefore the

first term is usually omitted when expressing the free energy. The free energy can therefore

be simply expressed as,

fdielectric = −1

2
∆εε0(n̂ · E)2 (1.12)

From this we see that the dielectric free energy is minimisedwhen the director is parallel

to the field for positive dielectric anisotropy, and perpendicular to the field for negative

dielectric anisotropy. This result means that an electric field can potentially be used to

reorient the liquid crystal director, if doing so will result in a smaller total free energy. In

this thesis, the ‘dielectric effect’ will be used to refer tothe reorientational torque on the

director due to the coupling of the dielectric anisotropy tothe field.

1.3.2 Dispersion

The dielectric susceptibility of a material is a measure of the dipole moment induced per

unit volume per unit electric field. In liquid crystals thereare several contributing phenom-

ena; primarily an induced molecular dipole and an induced population bias in the orien-

tations of permanent molecular dipoles. There is a correlation between the mobilities of

molecular dipole reorientations and the time-dependence of macroscopic induced electric

polarization [4, 5, 6], and this means that the dielectric susceptibility is dependent on field

frequency. The frequency-dependent dielectric constant undergoes drops in magnitude,

known as a ‘relaxations’, that are centred on characteristic frequencies associated with the

time dependence of particular contributions to the susceptibility. Relaxation in the dielec-

tric constant as a function of frequency is also known as dispersion, and will be discussed

in detail in chapter 5.
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1.3.3 Capacitance

A liquid crystal cell comprising a liquid crystal layer sandwiched between two conducting

electrodes acts as a capacitor, with a capacitance given by,

C = εrε0
A

d
(1.13)

whereA is the area of the cell,d the cell thickness andεr the relative permittivity of the

dielectric medium within the cell. The relative permittivity of the liquid crystal can be

determined by measuring the cell’s capacitance before and after the cell is filled. Since the

permittivity of air is approximately the same as free space,we have,

εr =
Cfilled

Cempty

(1.14)

Hence, by repeating the procedure for planar and homeotropically aligned cells, one can

determine the parallel and perpendicular components of theliquid crystal dielectric permit-

tivity.

Capacitance measurements can reveal other properties of liquid crystals and are an im-

portant tool in liquid crystal research. Most commonly, capacitance is measured as a func-

tion of the applied voltage, which can be used to measure elastic properties (see for example

reference [7]). Further, capacitance can be measured as a function of frequency, and this

allows for the study of dielectric relaxation phenomena in liquid crystals (and indeed dielec-

tric media in general). This technique will be used in chapter 5, where a novel dielectric

dispersion effect in liquid crystals is exploited to switchbetween states in a reflective liquid

crystal display technology.

1.3.4 Flexoelectricity

Although liquid-crystal molecules have different components of a permanent dipole mo-

ment parallel and perpendicular to the molecular axis, in the absence of an electric field

or bulk distortion, there is no net polarization in the nematic phase. This is because the

equilibrium thermodynamic distribution of molecular orientations has rotational symmetry
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about the director and is invariant under the inversion transformationn̂ ↔ −n̂, which pro-

vides the necessary nematic uniaxial symmetry. However, when an electric field is applied,

the equilibrium distribution is disturbed and a bulk net polarization is induced. As we saw

in §1.3.1, the resulting coupling to the induced polarization leads to reorienting torque due

to the anisotropy in the polarizability, which is referred to as the ‘dielectric effect’.

However, the coupling between electric fields and director-reorienting torques is further

complicated by an effect called flexoelectricity, which wasfirst described by Meyer in 1969

[8]. If liquid crystal molecules have shape anisotropy, forexample the molecules are bent

(banana shaped) or wider at one end (pear shaped), then a field-induced population bias

in molecular orientations reduces the molecular packing efficiency, at a cost to the free

energy. This cost in energy effectively reduces the material’s polarizability and the resultant

dielectric torque on the molecules [9, 10]. However, the liquid crystal can mitigate the

reduced packing efficiency by forming spontaneous curvature distortion and as a result,

there is a coupling between electric fields and director curvature distortions.

Reciprocally, if a curvature distortion is present, a spontaneous population bias in dipole

orientations occurs that results in electric polarization, as illustrated by figures 1.4 and 1.5.

This polarization produces an internal field at a free energycost, that effectively increases

the material’s elastic constant. This effect has been expounded by Helfrich [9].

Figure 1.4: Banana shaped and pear shaped molecules pack closely when there is no net
polarization. Molecular dipole moments are represented byarrows.

The free energy associated with flexoelectric polarizationcan be expressed as,

fflexo(n̂) = −Pflexo · E (1.15)

9



Figure 1.5: A bend or splay distortion breaks the symmetry ofdipole moment orientations
and gives rise to a flexoelectric polarization.

wherePflexo is given by,

Pflexo = e1n̂(∇ · n̂) + e3(∇× n̂)× n̂ (1.16)

wheree1 and e3 are the bend and splay flexoelectric coefficients in the original Meyer

sign convention for flexoelectric polarization [8]. Putting this together with the elastic and

dielectric free energy contributions gives an expression for the total free energy density,

F (n̂) =
1

2
K1[∇ · n̂]2 + 1

2
K2[n̂ · (∇× n̂) + q]2 +

1

2
K3[n̂× (∇× n̂)]2

− 1

2
ε0∆ε(n̂ · E)2 −

[

e1n̂(∇ · n̂) + e3(∇× n̂)× n̂
]

· E (1.17)

With this single expression, one can model very accurately alarge variety of device be-

haviours, and derive useful analytical expressions for many specific distortions, as we will

see in subsequent sections. Note that the flexoelectric contribution is dependent on the field

and is therefore dependent on the sign of the field, however, the dielectric contribution is

dependent on the square of the field, and is therefore independent of the sign of the field.

This will become an important distinction later on.

Finally, the flexoelectric effect can be expressed also in terms of the resultant torque on

the director [11, 12, 13]. The flexoelectric torque can be expressed(n̂× hflexo) where,

hflexo = (e1 − e3)
(

E(∇ · n̂)− (∇⊗ n̂)E
)

− (e1 + e3)(n̂ · ∇)E (1.18)

and is the flexoelectric contribution to the molecular field.The molecular field describes

the change in the energy of the system for changes in directororientation. By representing
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flexoelectricity in this way we see that the flexoelectric interaction is split into a part that

depends upon field gradients in whiche1 + e3 is important (sometimes called gradient

flexoelectricity), and a part that depends on the field magnitude in whiche1−e3 is important.

We will see in chapter 2 that the measurement ofe1 or e3 individually is very difficult, and

in general the approach is to measure combinations of eithere1 + e3 or e1 − e3.

1.4 Optical Properties

The anisotropic nature of liquid crystals gives them birefringence, and the ability to control

the optic-axis orientation using electric fields is convenient for electro-optic technology.

Here are presented some important concepts to understand the subsequent work.

1.4.1 Polarization and Birefringence

The refractive indexn of a non-magnetic material is related to its relative dielectric permit-

tivity εr via,

n =
√
εr (1.19)

Since the dielectric permittivity is frequency dependent,it is different at optical frequencies

than at the voltage frequencies that are used to drive liquidcrystal devices. There are also

dispersion phenomena within the range of optical frequencies, and therefore the refractive

index varies with the wavelength of light.

Because liquid crystal materials are anisotropic, they arein general also birefringent.

Birefringence is characterised by the difference in refractive indices parallel and perpendic-

ular to the optic axis,∆n = ne−no. Polarization components of light travelling parallel and

perpendicular to the optic axis travel at different velocities through the liquid crystal, result-

ing in a phase lag between the polarization components that changes the light’s polarization

state.

Consider an electromagnetic wave with angular frequencyω, and wavevectork0, prop-

agating in thez direction in free space having equal components of its electric field E in
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bothx andy directions, described by,

Ex(z, t) = E0 cos(k0z − ωt) (1.20)

Ey(z, t) = E0 cos(k0z − ωt+ δ) (1.21)

whereE0 is a field amplitude andδ is equivalent to a difference in phase between thex and

y field components. In the case whereδ = nπ wheren = 0, 1, 2 . . ., the wave is said to be

linearly polarized, because the field vector stays in the same plane through time and space.

If the waves are perfectly out of phase, i.e.δ = π
2
, then the wave is said to be circularly

polarized, and the field vector rotates about thez-axis through space and time. In any other

case, the wave is said to be elliptically polarized.

In a dielectric medium, the permittivity is different from that of free space, and this

means that the wavevectork in the medium changes proportional to the refractive index.

A wave propagating in thez direction through a birefringent material whose optic axisis

in they direction, will havex andy components of the electric field affected by different

refractive indices corresponding to those perpendicular and parallel to the optic axis;

Ex(z, t) = E0 cos(n⊥k0z − ωt) (1.22)

Ey(z, t) = E0 cos(n‖k0z − ωt) (1.23)

which can be rewritten as,

Ex(z, t) = E0 cos(n⊥k0z − ωt) (1.24)

Ey(z, t) = E0 cos(n⊥k0z − ωt+∆nk0z) (1.25)

i.e. as the wave propagates through the birefringent material, the phase difference between

the wave’sx andy field components (the phase retardation) changes by an amount,

δ = ∆nk0z (1.26)

thereby altering the polarisation state of the wave.
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Here we have considered light incident normal to the opticalaxis, however, in many sit-

uations we would like to know the refractive index experienced when the light is not normal

to the optical axis. The ordinary and extra-ordinary waves (those parallel and perpendicular

to the optic axis respectively) travelling though a uniaxial medium experience a refractive

index given byn = no for the ordinary component and,

n =

(

cos2 φ

n2
o

+
sin2 φ

n2
e

)− 1

2

(1.27)

for the extraordinary component, whereφ is the angle between the optic axis and the di-

rection of light propagation. Note that atφ = 0, the refractive index for both ordinary and

extraordinary components are equal tono, and atφ = π/2, the extraordinary component

hasn = ne as expected. For a more detailed description of the propagation of light through

uniaxial media, see Yeh and Gu [14].

1.4.2 Jones Matrices

When dealing with the propagation of light through birefringent media, it is often conve-

nient to exploit a matrix formulation of polarization states. All polarization states can be

expressed in terms of a 2-by-1 complex column vector representing x- andy-components

of theE-field. The phase of the component is given by the inverse-tangent of the real and

imaginary parts, while the amplitude is simply the magnitude of the complex number. For

example, linear and circular polarization states can be described by,

linear =
1√
2

[

1
−1

]

circular =
1√
2

[

1
i

]

(1.28)

Here, the factor1/
√
2 gives the vector a magnitude of1. Note in the case of a linear state,

both components are real and therefore represent components that are in phase. In contrast,

the circular polarization state is represented byx- andy-components being out of phase by

π/2. A further feature of this representation is that any polarization state can be described

by the linear superposition of two orthogonal components, which means that one can always

transform a given polarization state in order to describe itin terms of components parallel

and perpendicular to a given coordinate axis.
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This kind of representation is powerful for calculating polarization states after light has

passed through various optical elements. Optical elementssuch as polarizers, birefringent

slabs (wave plates), and rotation transformations can be described by 2-by-2 matrices. Mul-

tiplying these matrices with the polarization state vectoryields the transmitted polarization

state. For example, consider a linear polarizer that completely attenuates they-component

of E-field, acting on the circular polarization state describedin equation 1.28. The state can

be calculated by,
[

1 0
0 0

]

1√
2

[

1
i

]

=
1√
2

[

1
0

]

(1.29)

in which the 2-by-2 matrix is the linear polarizer. Note the transmitted polarization state

becomes a linear polarization state.

Often, one wants to know the transmission amplitude of lightpassing through a wave

plate situated between orthogonally arranged (crossed) polarizers, whose optic axis makes

an angleπ/4 with the first polarizer. This situation represents many involving a liquid crys-

tal that is uniformly aligned and observed between crossed polarizers, either in a display, a

polarizing microscope, or with a laser and photo diode. The problem can be expressed in

terms of Jones matrices,

[

0 0
0 1

] [

cos(δ/2) −i sin(δ/2)
−i sin(δ/2) cos(δ/2)

]

1√
2

[

1
0

]

=
1√
2

[

0
−i sin δ/2

]

(1.30)

where the second matrix represents a wave plate with a phase retardationδ given by,

δ =
2π∆nd

λ
(1.31)

whered is the thickness of the wave plate andλ is the wavelength of incident light. The re-

sultant transmission amplitude is calculated by multiplying the resultant polarization vector

by its complex conjugate, giving,

T =
sin2(δ/2)

2
(1.32)

Note that Jones matrices are not, in general, commutable, and so the order of optical com-

ponents in an experiment is often crucial to the behaviour ofthe transmitted light.
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Finally, a couple of precautions should be observed when using Jones matrices. Jones

matrices model only the forward propagating wave, and cannot deal with reflected com-

ponents. Further, Jones matrices do not accommodate variations in the optic axis or bire-

fringence of dielectric media in directions perpendicularto the light propagation vector. In

order to take account of reflected components and more complicated geometries, a more ad-

vanced model must be employed. For example, the 4-by-4 Berreman matrix method takes

into account more components and can model a larger variety of situations [15]. We will

see in subsequent chapters that the Berreman method will be necessary to model device op-

tics accurately in many of the experiments in this thesis, however for a detailed discussion,

please refer to references [15, 16, 17].

1.5 Chirality in Liquid Crystals

1.5.1 Spontaneous Helicity

A liquid crystal mixture comprised of mirror-symmetric or racemic molecules has a mini-

mum elastic energy when the director is uniform. However, ifthe molecules are chiral, or

a chiral dopant is added, the mirror symmetry is broken resulting in a tendency for the di-

rector to rotate through space to form a helicoidal structure. Such a material is often called

a cholesteric. The director of a cholesteric material whosehelicoidal axis lies along the

z-axis, as illustrated in figure 1.6, can be described by,

n̂ =





cos θ
sin θ
0



 (1.33)

The natural twist can be accounted for in the elastic continuum model by modifying the

‘twist’ elastic energy term in equation 1.2 such that,

ftwist(n̂) =
1

2
K2[n̂ · (∇× n̂) + q]2 (1.34)

whereq is the chirality (or wavenumber of the unconstrained helical twist) of the liquid

crystal material, given by,

q =
2π

P
(1.35)
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Figure 1.6: The presence of chiral asymmetry results in a spontaneous helicoidal director
structure in which the director rotates in space.

whereP is the natural pitch of the material or the distance over which the director rotates

about the helicoidal axis by2π. Due to the uniaxial nematic symmetry, the cholesteric

structure is periodic over a distanceP/2.

The pitch is controlled primarily by the concentration of chiral additive. Many chiral ad-

ditives have been designed to maximise the induced chirality with the minimum concentra-

tion, in order to reduce the effect on other properties such as phase transition temperatures.

The dopant’s helical twisting power (HTP) is defined as,

HTP =
1

P × concentration
(1.36)

although the twisting power also depends on the host liquid crystal. A high-HTP material

R5011, which is used often in this thesis, has a HTP of≈ 1× 108 m−1.

For many applications, it is useful to be able to align the cholesteric axis in a variety of

orientations with respect to a liquid crystal cell. Planar alignment will favour a state with

the helicoidal axis perpendicular to the glass substrates,often called Grandjean alignment

[18] (and sometimes Uniform Standing Helix (USH) alignment[19]). Through a variety

of processes, a state in which the helicoidal axis is in the plane of the cell can be obtained,
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either in a uniform direction, called Uniform Lying Helix (ULH) alignment [20], or ran-

domly oriented, sometimes called focal conic alignment. The alignment of in-plane states,

and especially the Uniform Lying Helix state, is the subjectof chapter 4. Polarizing optical

microscope pictures of the different alignment textures are shown in §1.6.3.

1.5.2 Blue Phases

In some cases, where the pitch of the cholesteric material issmall (. 500 nm), there ex-

ist one or more of what are known as blue phases, in the temperature region between the

isotropic and cholesteric phase. Three thermodynamicallystable blue phases are known

to exist; BPI, BPII and BPIII, in order of increasing temperature (see figure 1.7) [21, 22].

Whilst in the cholesteric phase the director twists uniformly in a single direction along

the helicoidal axis, the blue phases consist of arrangements of cylinders in which the di-

rector twists in a radial direction from the cylinder centre. These arrangements are not

topologically compatible with a continuous director structure, and as a result a network of

non-continuous line-defects in the director field occur. BPI and BPII have body-centred

cubic and simple cubic symmetry of the director structure, while BPIII is amorphous. A

visual representation of the cubic phases can be found, for example, in reference [23].

Figure 1.7: The phase sequence in chiral nematic materials that exhibit all three known blue
phases. Not all materials exhibit all the phases.

When first discovered, the blue phases were only found to exist in a very narrow temper-

ature range (less than 2◦C) [24]. However, recent developments have widened this temper-

ature range, in some cases to over 40◦C for pure materials [25] and even greater in polymer

stabilised structures [26]. These developments have givenblue phases potential application
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and have allowed their electrooptic characteristics to be more easily examined, which will

be the subject of chapter 6.

1.6 Chiral Liquid Crystal Optics

This thesis is concerned with the exploration and exploitation of the surprising variety of op-

tical and electro-optical behaviours of helicoidal liquidcrystals. In this section is presented

a brief overview of key optical behaviours of these structures, and includes a description of

particular geometries and technologies that exploit them.The particular optical behaviour

of a cholesteric material is dependent primarily on the ratio of the pitch to the wavelength

of light within the liquid crystal,nP/λ, and here, three special regimes are dealt with in

turn.

As noted above, when a cholesteric liquid crystal is alignedwith its helicoidal axis uni-

formly perpendicular to bounding cell substrate surfaces,it is called Grandjean alignment.

The transmission of such a device as a function of the incident wavelength is shown in figure

1.8. The behaviour of the transmission as a function of wavelength can be split broadly into

three regimes: where the wavelength is much shorter than thepitch, called the wave-guide

or Maugin regime; where the wavelength is about the same as the pitch, called selective

reflection or the Bragg regime; and where the wavelength is much longer than the pitch,

called the circular birefringence regime.

1.6.1 Maugin Regime

In the case thatλ ≪ nP , then a cholesteric layer will guide the light polarizationstate

about the helix axis. Consequently, liquid crystals in the so-called Mauguin regime with

multiple pitches have extremely large optical rotations.

A useful example of the Mauguin regime is the Twisted Nematic(TN) cell, in which the

surfaces are treated with planar alignment layers that havebeen rubbed at 90◦ to each other.

When filled with a nematic with a pitch much greater than the cell thickness, the liquid

crystal will form a 90◦ twist. Linearly polarized light that is incident with its field vector
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Figure 1.8: Transmission is shown as a function of wavelength for Grandjean cells contain-
ing cholesteric materials of three different pitches. At UVwavelengths, the glass in the cell
is greatly absorbing. Bragg reflection bands are evident, whose positions are related to the
cholesteric pitch by equation 1.37. At longer wavelengths,the cell is highly transmissive in
the circular birefringence regime.

parallel to one of the rubbing directions will be guided about the helix axis so that linearly

polarized light with itsE field vector at 90◦ to that of the incident light’s field vector will

emerge.

To produce an electrooptic display using the TN, the 90◦ twisted structure is placed

between parallel polarizers as shown in figure 1.9. The polarization state of light travelling

through the first polarizer is rotated by 90◦ due to the liquid crystal twist, and is therefore

attenuated by the analyser, producing an opaque state. If a sufficient voltage is applied then

the liquid crystal director becomes homeotropic, thereby destroying the twisted structure

and allowing the light to pass through to produce a highly-transmitting display state.

1.6.2 Bragg Regime

In the case thatneP > λ > noP , for light propagating parallel to the helicoidal axis there

is a selective Bragg reflection of circularly polarized light that is of the same handedness

as the twist of the cholesteric, while the other circularly polarized component of the light
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Figure 1.9: Illustration of the TN liquid crystal display mode. (left) Surface conditions
impose a 90◦ rotation of the director across the device. Linear polarized light is guided by
90◦ and blocked by a second, parallel analyser. (right) A voltage applied across the device
causes the director to become homeotropic; the liquid crystal no longer rotates the polariza-
tion state, and the light is transmitted. Hence, the transmission is electrically controllable.

is transmitted. The reflection occurs because the helical structure is a periodic dielectric

interface that promotes the constructive interference of reflected components, resulting in

a photonic band-gap that prevents the propagation of light.The structure can therefore be

described as a one-dimensional photonic crystal for a particular circular polarization. The

centre of the Bragg band-gap corresponds to,

λBragg =
P

2
(ne + no) (1.37)

If the refractive indices are known, measuring the transmission spectrum and observing the

midpoint in the Bragg reflection band is a standard method fordetermining the cholesteric

pitchP [27].

The Bragg Regime has also been successfully exploited as a reflective display technol-

ogy [28, 29, 30], which will be discussed in detail in chapter5 where a cholesteric material

is used to produce a reflective display. In the Grandjean state, wavelengths that coincide

with the Bragg reflection band that are of the same handednessas the cholesteric helicoid

are reflected to produce a bright reflective state. One or moreprocesses are then used to

create a transmitting state in which the helicoidal axis is parallel to the cell. The Bragg
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regime has also been exploited for mirrorless liquid crystal band-edge lasing [31, 32]. The

unique properties of cholesteric liquid crystals potentially allow for the electric control of

lasing wavelengths [33, 34].

1.6.3 Circular Regime

In the case thatλ ≫ nP , then the light will not be guided. Instead, the cholestericmaterial

becomes optically uniaxial with a negative birefringence and with the optic axis parallel to

the helicoidal axis [35]. Because the liquid crystal contains chiral compounds, the material

in this regime also exhibits optical activity, with a specific rotatory power given by,

ρ =
πn2(∆n)2P 3

4λ4
(1.38)

as given in reference [14]. Optical polarizing micrographsof such a material, whose pitch

is much less than optical wavelengths, are shown in figure 1.10. Note that the term ‘tex-

ture’ refers to the appearance of a particular liquid crystal state under polarizing optical

microscopy.

The refractive index component perpendicular to the helicoidal axis is given by,

n2 =

√

ε⊥ + ε‖
2

(1.39)

such that the cholesteric has refractive index components given by,

[

n1

n2

]

=

[

no
√

1
2
(n2

e + n2
o)

]

(1.40)

wheren1 andn2 are the refractive index components parallel and perpendicular to the heli-

coidal axis respectively.

One can simply represent the optics by considering the cholesteric as a uniaxial material

with a negative birefringence. Using a Jones matrix approach, as we saw in §1.4.2, one

can then calculate the transmission between crossed polarizers for a Uniform Lying Helix

device, which is given by,

T =
1

2
sin2(2χ) sin2

(

π∆neffectived

λ

)

(1.41)
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Figure 1.10: Polarizing optical microscope photographs ofliquid crystal textures in which
the cholesteric has anP ≪ λ. (a) The Grandjean texture, in which the helicoidal axis is
oriented normal to the cell. The texture appears blue due to the optical rotatory power of
the material, which rotates shorter blue wavelengths more than longer red ones as per equa-
tion 1.38. (b) The focal conic texture, in which the helicoidal axis forms small, randomly
oriented domains of uniform orientation. (c) and (d) show the Uniform Lying Helix (ULH)
texture, in which the helicoidal axis is uniformly aligned in the plane of the cell at an angle
of χ = π/4 andχ = 0 to the polarizer respectively. The transmission depends uponχ as
per equation 1.41.

whereχ is the angle that the material’s optic axis makes with the polarizer,d is the thickness

of the liquid crystal layer,λ is the wavelength of incident light and∆neffective = n1 − n2

and is the effective birefringence of the cholesteric. The factor1/2 accounts for unpolarized

incident light.

Determining the Optic Axis of a ULH structure

From equation 1.41, we can see that the transmission is degenerate under the transformation

χ → χ + π/2. It can therefore be difficult to know the optic axis, and therefore helicoidal

axis, orientation within a device. A useful method for determining the orientation is to

position the ULH between crossed polarizers in series with athin (2µm) homeotropically
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aligned cell. At normal incidence, the homeotropically aligned cell has no effective bire-

fringence, however, as it is rotated out of the plane of the polarizers and ULH device, about

an axis at 45 degrees to the polarizers, its effective birefringence increases. The ULH optic

axis can be determined by considering that the transmissionof this system is given by,

T =
1

2
sin2(2χ) sin2

(

π∆neffectived

λ
+

π∆nHd

λ sinα

)

(1.42)

wherenH is the effective birefringence of the homeotropic device, given by,

∆nH =

(

cos2 α

n2
o

+
sin2 α

n2
e

)− 1

2

− no (1.43)

andα here is the angle that the optic axis of the homeotropic device makes with the normal

to the ULH device and polarizers. As the homeotropic device is rotated out of the plane,

the retardation will either add or subtract from the ULH retardation, and whether there is

an increase or decrease in the resultant transmission reveals the ULH optic axis.

The regime whereλ ≫ nP has potential application in a variety of fast-switching

electrooptic technologies, as will be discussed in subsequent chapters.

1.6.4 Optics of the Blue Phases

Blue phase materials in whichλ ≫ nP are optically isotropic due to their cubic or amor-

phous symmetry, and exhibit optical rotatory powers much smaller than their cholesteric

counterparts [21]. In the case whereλ ≈ nP , Bragg reflections occur in BPI and BPII, in a

close analogue to the cholesteric phase. While the cholesteric phase reflects in only a single

direction, however, the cubic symmetry of the blue phases make them three-dimensional

photonic crystals that reflect light incident from all directions. The optics and electrooptics

of blue phases, as well as their application potential, willbe discussed in more detail in

chapter 6.

In short pitch liquid crystals in which blue phases exist, itis sometimes difficult to

distinguish between Grandjean and blue phases using a polarizing microscope, as both

appear optically isotropic. One way to distinguish easily between them is to tilt the cell.

If the liquid crystal is in the Grandjean alignment, then tilting the cell will result in some
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effective birefringence and light leakage through crossedpolarizers. For the blue phase

however, which has no birefringence, no such light leakage will occur.

1.7 Dielectric Effects in Chiral Systems

The dielectric interaction produces a quadratic electrooptic (Kerr) effect in blue phase sys-

tems, and a Kerr-type induced biaxiality in the cholestericphase, which will be discussed

in the next section. Dielectric interactions can also be used to reorient the helicoidal axis,

which will be described in §1.7.2, and at larger field strengths, the dielectric interaction

unwinds the helix completely, which will be discussed in §1.7.3. The exploitation of each

of these processes in technology will also be commented on. The flexoelectric effect in

cholesteric liquid crystals is dealt with separately in §1.8.1.

1.7.1 In-Plane Distortion

In a cholesteric material that is subject to a field applied perpendicular to the helicoidal axis,

there will be a torque that distorts the director towards alignment parallel or perpendicular

to the field in the plane in which the directors are uniform. Inthis section, the amplitude of

the in-plane distortion that arises due to this torque is determined, following the derivation

in the publication by the present author [36].

In order to deal with field effects in cholesteric liquid crystal systems, it is useful to

express the elastic and dielectric energy from equations 1.2 and 1.12 in terms of the in-plane

angle of the director. Consider an ideal cholesteric structure, whose pitch is constrained

such thatP = P0, whereP0 is the natural pitch, and whose helicoidal axis is parallel to the

z-axis. The director is given by,

n̂ =





nx

ny

nz



 =





cos θ
sin θ
0



 (1.44)

where the twist component of the undistorted cholesteric director θ(z) = qz. The free

energy of the system is given by,

F (n̂) = felastic + fdielectric (1.45)
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where,

felastic =
1

2
K1[∇ · n̂]2 + 1

2
K2[n̂ · (∇× n̂) + q]2 +

1

2
K3[n̂× (∇× n̂)]2 (1.46)

fdielectric = −1

2
∆εε0(n̂ · E)2 (1.47)

as was described in §1.2 and §1.3 on elastic and electric properties of nematics in equations

1.2 and 1.12. If we apply a field such thatE = Exx̂, substituting our expression for̂n from

equation 1.44 into equations 1.46 and 1.47, we get,

felastic =
1

2
K2

(

∂θ

∂z
− q

)2

(1.48)

fdielectric = −1

2
∆εε0E

2
x sin

2 θ (1.49)

becauseθ is a function of onlyz. If the field amplitude is small, we can assume that the

dielectric interaction causes a perturbation toθ such that,

θ(z) = qz + θ0 sin(2qz) (1.50)

whereθ0 is the twist distortion perturbation amplitude. This gives,

∂θ

∂z
= q + 2qθ0 cos(2qz) (1.51)

We would like to know an expression forθ0, which we will find by minimising the total

energy with respect toθ0. In order to do this we must first find a form ofF (n̂) that can be

integrated over a pitch length to find the total energy. Let usfirst consider the elastic energy.

Substituting∂θ/∂z from equation 1.51 into 1.48 we have,

felastic =
1

2
K2

(

4q2θ20 cos
2(2qz)

)

(1.52)

and using a double-angle identity, we can write,

felastic =
1

2
K2

(

2q2θ20(1 + cos(4qz))
)

(1.53)

Now let us consider the dielectric energy. Substitutingθ from 1.50 into 1.49, we have,

fdielectric = −1

2
∆εε0E

2 sin2 (qz + θ0 sin(2qz)) (1.54)
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Again using a double-angle identity, we can write,

fdielectric = −1

4
∆εε0E

2 (1− cos (2qz + 2θ0 sin(2qz))) (1.55)

Now using the following identity,

cos(A+B) = cos(A) cos(B)− sin(A) sin(B) (1.56)

we can write,

fdielectric = −1

4
∆εε0E

2 (1− cos(2qz) cos (2θ0 sin(2qz)) + sin(2qz) sin (2θ0 sin(2qz)))

(1.57)

If we take the approximation thatθ0 is small, we can then write,

fdielectric = −1

4
∆εε0E

2
(

1− cos(2qz) + 2θ0 sin
2(2qz)

)

(1.58)

and using a double-angle identity a final time we have,

fdielectric = −1

4
∆εε0E

2 (1 + θ0 − cos(2qz)− cos(4qz)) (1.59)

Now in order to calculate the total energy, we must integratethe energy density over a half

pitch repeating unit of the structure,P/2 = π/q. Any cos andsin terms integrate to zero,

and we have,
∫ π/q

0

F (n̂)dz =

∫ π/q

0

felastic + fdielectricdz

=
π

q

(

K2q
2θ20 −

1

4
∆εε0E

2(1 + θ0)

)

(1.60)

Now, minimising with respect toθ0 we have,

∂

∂θ0

∫ π/q

0

F (n̂)dz = 2K2q
2θ0 −

1

4
∆εε0E

2 = 0 (1.61)

which can be rearranged forθ0 to get,

θ0(E) =
∆εε0
8K2q2

E2 (1.62)

The twist distortion perturbation amplitude for a common liquid crystal E7 with a pitch of

250 nm and with a field of 1 V µm−1 is calculated using this expression to be 0.2 degrees.
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Figure 1.11: Simulated twist distortion about the helicoidal axis (δθ = θ(z)−qz from equa-
tion 1.63) for a 180◦ segment of pitch 250 nm, with the application of 0 Vµm−1 (dotted),
0.1 Vµm−1 (dashed) and 0.2 Vµm−1 (solid line).

Finally, θ0 is substituted back into equation 1.50 to obtain an expression for the equilibrium

twist component of the director,

θ(z) ≈ qz +
∆εε0
8K2q2

E2 sin (2qz) (1.63)

The twist distortion of the director due to the dielectric interaction in a 180◦ single repeat-

ing unit with a field perpendicular to the helix axis is shown in figure 1.11 for common

cholesteric liquid crystal parameters.

As was described in §1.6.3, a Grandjean structure whose pitch is short relative to the

wavelength of light acts as an optically anisotropic homogeneous layer whose optic axis co-

incides with the helicoidal axis. The twist distortion due to the dielectric interaction induces

optical biaxiality, i.e. breaks the uniaxial optical symmetry of the cholesteric such that the

material has three refractive indices corresponding to three orthogonal directions. The ef-

fective biaxial refractive index components of a short pitch cholesteric can be determined

by considering the average of the perpendicular and parallel components of the permittivity,

and the corresponding local ordinary and extraordinary refractive indices,no andne, over

one pitch length. Hence, we have effective biaxial refractive index components,





n1

n2

n3



 =





√

〈n2
e cos

2 θ + n2
o sin

2 θ〉
√

〈n2
e sin

2 θ + n2
o cos

2 θ〉
no



 (1.64)
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wheren1, n2 andn3 are the refractive indices corresponding tox-, y- andz-axes respec-

tively. As we saw in the derivation from equation 1.54 to 1.59, the average ofsin2 θ, and

following a similar processcos2 θ, whereθ is given by equation 1.50, can be shown to be,

〈sin2 θ〉 ≈ 1

2
(1 + θ0)

〈cos2 θ〉 ≈ 1

2
(1− θ0) (1.65)

Substituting these into 1.64 and rearranging, we can write,





n1

n2

n3



 =













√

n2
e+n2

o

2

√

1− θ0

(

n2
e−n2

o

n2
e+n2

o

)

√

n2
e+n2

o

2

√

1 + θ0

(

n2
e−n2

o

n2
e+n2

o

)

no













(1.66)

whereθ0 is as in equation 1.62.

The resultant biaxial refractive index components can be used with numerical Jones

or Berreman optics to determine transmission characteristics. We will see in chapter 2

how this can be used to measure∆ε/K2. Note thatθ0 is dependent uponE2 and induced

optical biaxiality is therefore a Kerr-type effect. Interestingly, this effect in cholesteric

liquid crystals has been proposed as a display technology [37, 38]. The Kerr effect is

defined asE2-dependent field-induced birefringence, and Kerr effects are also important in

blue-phase liquid crystals, which will be discussed in chapter 6.

1.7.2 Dielectric Helix Reorientation

In the above derivation of the twist distortion, we considered the case where the field is

applied perpendicular to the helix. However, there are a number of other dielectric effects

that we should consider and that have been exploited in display technology, including the

dielectric effect on the helicoidal axis orientation.

For a material with∆ε > 0, the dielectric energy is minimised when the director is

parallel to an applied field, and̂n ·E = 1, as we saw in §1.3.1. In the case of an undistorted

cholesteric material, the director can never be uniformly parallel to the field. However,

the dielectric energy is minimum where as much of the director is parallel to the field
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as possible, which occurs then the helicoidal axis is perpendicular to the field. We can

determine the difference in energy between cases where the helicoidal axis is parallel and

perpendicular to the field by considering the dielectric energy from §1.3.1, which is given

by,

fdielectric = −1

2
∆εε0(n̂ · E)2 (1.67)

Let us allowE = Exx̂. For the case that the helicoidal axis is parallel to the field, nx = 0

and thereforefdielectric = 0. On the other hand, if the field is perpendicular to the helicoidal

axis, such that, for example,nx = cos(qz), then the dielectric energy becomes,

fdielectric = −1

2
∆εε0 cos

2(qz)E2
x (1.68)

Averaging over a half pitch repeating unit of the helicoid, we can take〈cos2(qz)〉 = 1/2,

and so the energy becomes simply,

fdielectric = −1

4
∆εε0E

2
x (1.69)

Hence, we have quantified the difference in energy between the two cases. If the liquid crys-

tal is not otherwise confined, then a reorienting torque due to the dielectric effect will align

the helicoidal axis perpendicular to the field in the case of apositive dielectric anisotropy.

We will see in chapter 4 that this effect has been used to aligncholesteric liquid crystals.

In the case of a negative dielectric anisotropy,∆ε < 0, then the difference in energy

between the two alignment cases is reversed, such that the helicoidal axis will align parallel

to the field. This has also been used to align liquid crystals,as we will discuss in chapter 4

on alignment of the Uniform Lying Helix, and also in chapter 5where the dielectric effect

is exploited with a negative dielectric anisotropy to aligna Grandjean geometry to create a

reflective display.

In this section, we have described how the dielectric interaction can cause a reorienting

torque in cholesteric materials by considering a case in which the pitch is fixed. However,

in the next section the dielectric interaction’s influence on the pitch is considered.
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Figure 1.12: Illustration of helix unwinding for a positivedielectric anisotropy cholesteric
material having a field applied perpendicular to the helix. The pitch of the material increases
with increasing field, before becoming completely unwound for fields above a critical field
Ec.

1.7.3 Dielectric Helix Unwinding

We have so far considered a fixed-pitch cholesteric having non-zero dielectric anisotropy in

the presence of an electric field. However, if one allows the pitch to vary in order to min-

imise the free energy, then the pitch increases to allow a greater degree of director alignment

parallel to the field. At a critical field, the helix completely unwinds to become uniformly

parallel to the field, as illustrated in figure 1.12. This critical field can be calculated by

considering the free energy equation in a similar fashion tothe approach used in §1.7.1,

and was independently derived by Meyer and de Gennes [39, 40]to be,

Ec =
π2

P0

√

K2

∆εε0
(1.70)

whereP0 here is the natural helicoidal pitch.

Helix unwinding is used in several reflective cholesteric display technologies [30, 28],

which are further discussed in chapter 5. Essentially, the dielectric effect is used to orient a

cholesteric with positive dielectric anisotropy with the helicoidal axis perpendicular to the

cell to achieve a first display state. A second state can then be accessed via the application

of a large field, which completely unwinds the helix. On removal of the field from the

unwound state, depending on the surface alignment used, theliquid crystal then relaxes to
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the Grandjean state, thereby allowing the switching between two different states [41, 42,

43, 44, 45, 46].

1.8 Flexoelectricity in Chiral Systems

In §1.3.4 we saw that molecular shape anisotropy results in acoupling between director

curvature distortions and electric polarization; a phenomenon called flexoelectricity. In this

section, we will see how flexoelectric polarization in chiral systems couples to electric field

components perpendicular to the helicoidal axis to producea rotation of the director about

the field direction. We will then look at some potential technologies that exploit the effect.

1.8.1 The Chiral Flexoelectric Effect

From §1.3.4, recall that flexoelectric polarization is given by,

Pflexo = e1n̂(∇ · n̂) + e3(∇× n̂)× n̂ (1.71)

which gives the relationship between bend and splay distortions and electric polarization.

In the case of a uniform field, and provided thate1 6= e3, the flexoelectric polarization can

be maximised by forming a periodic splay-bend combined distortion, as illustrated in figure

1.13.

Figure 1.13: Tear shaped molecules have the greatest flexoelectric polarization when in this
periodic spay-bend distortion.

In a chiral nematic at equilibrium with no applied fields or polarization, there is a natural

twist distortion that results in a periodic helicoidal director structure, as illustrated in the left

of figure 1.14. The planes perpendicular to the helicoidal axis contain a uniform director
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Figure 1.14: A Bouligand plane in the tilted helix structureshows the splay-bend distortion
that couples to a field via the flexoelectric effect. At zero field, there is no splay or bend
distortion.

orientation. However, if the director is tilted about an axis perpendicular to the helicoidal

axis, then planes containing the director exhibit the periodic splay-bend structure that we

encountered in figure 1.13, and therefore contain flexoelectric polarization. The period of

the splay-bend is given by

Psplay-bend =
P

sinφ
(1.72)

whereP is the cholesteric pitch andφ is the director tilt angle as defined in the right of

figure 1.14. Note that forφ = π/2, Psplay-bend = P and the structure is pure splay-bend

with no twist at all. The periodic splay-bend that arises within the plane that is at an angle

φ to the helicoidal axis was first noted by Bouligand, and is therefore known as a Bouligand

plane [47].

Now, while tilting the director results in some flexoelectric polarization and therefore

sets up an internal electric field, by the converse process, such a tilt can be induced by

the application of a field perpendicular to the helicoidal axis. The resultant tilt angleφ is

a balance between the elastic and flexoelectric free energy.A full analytical treatment of

this effect was first developed by Patel and Meyer [48, 49, 50]and further developed by
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Rudquist [51] to include the dynamics.

1.8.2 Flexoelectric Tilt Angle

Here we follow the derivation by Rudquist of the tilt in the director of a cholesteric liquid

crystal due to flexoelectricity [51, 52]. The method describes the director in terms of a

spherical coordinate system, uses this director in the freeenergy expression for liquid crys-

tal elastic and flexoelectric energy from equation 1.17, averages this energy over a repeating

unit of the cholesteric structure to determine the relativetotal energy, and then minimises

this total energy with respect to the flexoelectric tilt angle φ. The dynamics are then also

considered.

Consider the axis and director field in figure 1.14. The director for the undistorted helix

n̂ is described by,

n̂ =





nx

ny

nz



 =





cos qz
sin qz
0



 (1.73)

In the case where there is no flexoelectric tilt. If we allow for a tilt φ about they-axis and

assume a fixed pitch, this is modified to,

n̂ =





nx

ny

nz



 =





cos qz cosφ
sin qz

− cos qz sin φ



 (1.74)

By using these components ofn̂ in the free energy expression given in equation 1.17, and

omitting the dielectric energy term, we get,

F =
1

2
K1q

2 sin2 qz sin2 φ+
1

2
K2q

2(1− cosφ)2 +
1

2
K3(q

2 cos2 qz sin2 φ)

−E(e1q sin
2 qz sinφ− e3 cos

2 qz sinφ) (1.75)

whereE = Ey. Since we want to know the tilt angleφ when the total free energy of the

whole system is minimum, we average over a whole number of pitches using the fact that,

〈sin2 qz〉 = 〈cos2 qz〉 = 1

2
(1.76)

and so the average energy volume density is,

〈F 〉 = 1

4
(K1 +K3)q

2 sin2 φ+
1

2
K2q

2(1− cosφ)2 − 1

2
(e1 − e3)Eq sinφ (1.77)
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In order to determine the value ofφ that minimises the total energy (assuming a fixedq),

we take the differential and minimise by setting equal to zero,

∂〈F 〉
∂φ

=
1

2
(K1 − 2K2 +K3)q

2 sinφ cosφ+K2q
2 sinφ− 1

2
(e1 − e3)Eq cos φ = 0 (1.78)

which can be rearranged fortanφ,

tanφ =
e1 − e3
2K2q

E − K1 − 2K2 +K3

2K2
sinφ (1.79)

Finally, for small angles, we can approximate and simplify the expression for the tilt angle,

φ(E) =
e1 − e3
K1 +K3

E

q
(1.80)

and this is sometimes expressed as,

φ =
e

Kq
E (1.81)

wheree = 1
2
(e1 − e3) andK = 1

2
(K1 + K3). e

K
is called the flexoelastic ratio, and is

considered a figure of merit in the production of materials designed to have optimal chiral

flexoelectric switching properties.

We can see that the flexoelectric tilt angle is proportional to both the fieldE and the

difference in flexoelectric coefficients,e1 − e3. This is in contrast to the amplitude of the

twist distortion due to the dielectric effect that we derived in §1.7.1 which is proportional

toE2. In the next section, the dynamics of the chiral flexoelectric effect are considered.

1.8.3 Characteristic Time

Liquid crystal’s are viscous fluids, and therefore a transition from an undistorted state to a

distorted state with the application of a field takes a characteristic time. The liquid crystal is

an over-damped linear system, and we might imagine that the characteristic time is depen-

dent upon the damping (viscosity), the elastic constant, and the characteristic length scale

of the distortion. In liquid crystal devices, all of these are important design parameters. In

particular, the characteristic length scale of the flexoelectric distortion in chiral nematics

depends on the pitch, which means that devices that exploit chiral flexoelectricity can have
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much faster response times than devices exploiting non-chiral systems, whose characteris-

tic length scale is usually the device thickness. Here, we follow the derivation by Rudquist

for the dynamics of the chiral flexoelectric effect.

The dynamics of the flexoelectric effect in cholesteric liquid crystals can be formulated

by considering that in an over-damped linear system, the rate of change of a variable, for

example the flexoelectric tilt angleφ, is proportional to the rate of change of energyf with

respect to that variable, i.e.,
∂φ

∂t
= −1

γ

∂f

∂φ
(1.82)

whereγ is a damping coefficient that corresponds to the liquid crystal viscosity. Taking the

previous expression for∂f/∂φ of our system from equation 1.78, we find that the above

expression becomes,

−γ
∂φ

∂t
=

1

2
(K1 +K3)q

2φ− 1

2
(e1 − e3)qE (1.83)

This equation has the step-response solution,

φ(t) = φ0(1− e−
t

τ ) (1.84)

whereφ(t) is the tilt angle as a function of time,φ0 is the equilibrium value of the flexo-

electric tilt angle given by,

φ0(E) =
e1 − e3
K1 +K3

E

q
(1.85)

andτ is the characteristic time given by,

τ =
2γ

(K1 +K3)q2
(1.86)

whereγ is a viscosity. The characteristic timeτ corresponds to the time taken for the tilt

angle to reach within1/e of the equilibrium value, and is proportional toP 2. Hence, the re-

sponse time is heavily dependent on the pitch. A typical material used in the work presented

in this thesis, E7 doped with 3.5% of a high twisting power chiral dopant R5011, has a pitch

of 250 nm,K1+K3 = 27 pN, and a characteristic time ofτ ∼ 60 µs, which gives a viscosity

γ ∼ 0.3 Pa.s. In comparison, a device that switches a non-chiral material in a typical cell
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Figure 1.15: Illustration of a Uniform Lying Helix (ULH) cell. The cell is treated to en-
courage a short-pitch cholesteric to align with the helicoidal axis in the plane of the cell.
Transparent conducting electrodes are coated on the glass to allow the application of an
electric field perpendicular to the helicoidal axis to produce a flexoelectrically driven rota-
tion of the optical axis.

of thickness equal to 4 µm, would have a characteristic switching time of∼ 5 ms; over one

hundred times slower. For this reason, electrooptic technologies that exploit fast-switching

cholesteric liquid crystals have been hotly researched anddeveloped. In the next section,

we consider such an electrooptic device.

1.8.4 The Chiral Flexoelectro-optic Effect

Uniform Lying Helix

In §1.8.1, we discussed how a field applied perpendicular to the helicoidal axis of a chol-

esteric material will rotate the director about the field direction due the coupling of the field

with flexoelectric polarization. For a material in whichnP ≪ λ, this manifests as a rotation

of the optic axis of the material.

Figure 1.15 shows a Uniform Lying Helix (ULH) arrangement [20], in which the he-

licoidal axis of a short-pitch cholesteric is aligned uniform and perpendicular to glass cell

substrates. Transparent conducting electrodes on the top and bottom substrate surfaces are

used to apply a voltage across the liquid crystal. The resultant structure acts as a wave plate

whose optic axis orientation can be controlled electrically via the flexoelectric effect. When

placed between crossed polarizers, the transmission is given by

T =
1

2
sin2(2χ± 2φ) sin2

(

π∆neffectived

λ

)

(1.87)
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where, as before, the flexoelectric tilt angle is given by,

φ =
e1 − e3
K1 +K3

E

q
(1.88)

The transmission behaviour is illustrated in figure 1.16. For a given∆neffectived
λ

, the max-

Figure 1.16: The transmission of a ULH device between crossed polarizers. The ULH cell
acts as a wave plate whose optic axis makes an angleχ + φ. The maximum transmitted
intensity occurs atχ+ φ = 45◦ and is equal to1

2
sin2(π∆neffectived

λ
) as per equation 1.87

imum transmitted intensity occurs where the optic axis is at45◦ to the polarizer, with the

greatest light modulation due to the flexoelectric tilt atχ = 22.5◦. For small flexoelectric

tilt angles, the transmission is modulated proportional tothe applied voltage. By measuring

the tilt-angle as a function of voltage, one can therefore calculate particular flexoelectric

properties of the liquid crystal, as will be discussed in chapter 2.

The linear electrooptic effect produced by the ULH has several desirable properties

from a display engineering perspective [53, 54, 55, 56, 57, 42]. The effect is very fast,

becauseτ ∝ P 2 (from equation 1.86). Short pitches can therefore offer characteristic

switching times of the order of tens of microseconds. The chiral flexoelectrooptic effect in
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Figure 1.17: Illustration of the Grandjean alignment and flexoelectric tilt. If the pitch is
much shorter than the wavelength, then the macroscopic optic axis tilts with the flexoelec-
tric tilt angle, thereby producing an effective birefringence.

the ULH geometry is also effected by a voltage applied acrossthe cell, unlike some in-plane

switching geometries that rely on patterned electrodes that are more expensive to produce.

The primary problem with the ULH as a technology at present isthat the ULH is difficult

to align uniformly, and as will be discussed in chapter 4, imperfections in the alignment

of the ULH cause a problem for the device contrast. One solution has been to avoid the

ULH altogether by exploiting instead a Grandjean geometry,also known as the Uniform

Standing Helix [58, 19].

Uniform Standing Helix

The Uniform Standing Helix (USH) arrangement, also known asGrandjean alignment [18],

was introduced in §1.5.1, and is related to the ULH, however the helicoidal axis is oriented

normal to the plane of the cell, rather than in the plane of thecell. The arrangement forms

spontaneously in cells with planar surface alignment layers. If electrodes are arranged on

the surface of one substrate such that they can create a field in the plane of the device, then

the applied field will again be perpendicular to the helicoidal axis and flexoelectric tilt will

be induced (see figure 1.17). If this device is placed betweencrossed polarizers under the
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condition that the pitch is much shorter than optical wavelengths, then in the field off state it

will appear black if viewed at normal incidence. With an applied field, the optic axis, which

is initially parallel to the helix axis, will tilt and therefore provide an effective birefringence

across the layer and the transmission will again follow equation 1.87. The USH therefore

has the potential to be exploited for electrooptic technology [19].

1.9 Types of Liquid Crystal Display

We have already looked at two examples of liquid crystal display devices. Firstly, in §1.6.1

the Twisted Nematic was described, which is still used in many display applications in-

cluding computer monitors and small information displays on, for example, calculators and

microwave ovens. Secondly, the Uniform Lying Helix was introduced in §1.8.4, which

although not yet commercially exploited, could improve on many aspects of existing tech-

nology. This latter technology will be studied in further detail in subsequent chapters,

especially in chapter 4, which is concerned with the unresolved issue of ULH alignment. In

chapter 5, we will also look at Bragg-reflecting cholesterictechnologies that are in commer-

cial production and describe a method based on flexoelectricity that provides a new way to

switch between stable states in such devices. Finally, in chapter 6 blue phase liquid crystal

display technology will also briefly be touched upon.

There are many different liquid crystal display technologies on the market and in de-

velopment, however this section will describe briefly the two most ubiquitous transmissive

display technologies available today, and some notes on electronic driving schemes and

optical compensation films.

1.9.1 Vertically Aligned Nematic

The Vertically Aligned Nematic (VAN) technology incorporates a homeotropic alignment

configuration with a material in which∆ε < 0. The cell has no effective birefringence

when there is no field applied, owing to the homeotropic alignment, and between crossed

polarizers exhibits zero transmission at normal incidence. The top and bottom substrates
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are treated so as to allow a voltage to be applied across the liquid crystal layer. As the

field increases, the liquid crystal director reorients perpendicular to the field, in order to

minimise the dielectric energy given by

fdielectric = −1

2
∆εε0(n̂ · E) (1.89)

In so doing, the effective birefringence across the liquid crystal device increases, and re-

sults in a transmission between crossed polarizers (assuming the tilt is at 45 degrees to the

polarizer), according to

T =
1

2
sin2 δ (1.90)

whereδ is the phase retardation of the layer. If the layer and material birefringence are

chosen correctly, then a phase retardation ofπ/2 can be produced, thereby maximising the

possible transmission contrast between off and on states.

Devices made using the VAN architecture have minimum switching times of the order

of milliseconds. The switching time is controlled by the device thickness, viscosity and

elastic parameters of the liquid crystal.

1.9.2 In-Plane Switching

In-plane switching (IPS) technology uses a different approach. A cell is constructed with

a liquid crystal with∆ε > 0, and with the director homogeneously aligned in the plane of

the cell. Electrodes on a single substrate surface, separated by a small distance, are used

to apply a field also in the plane of the device, typically at 45degrees to the equilibrium

director orientation at zero field. The field produces a torque on the liquid crystal via the

dielectric interaction described in §1.3.1, that reorients the director parallel to the field. The

cell is positioned between crossed polarizers, such that the zero-field equilibrium director

orientation is parallel to one of the polarizers. The transmission for such a device (assuming

that it produces a phase retardation ofπ/2 for optimum contrast), is given by

T =
1

2
sin2(2χ) (1.91)
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whereχ is the angle that the optic axis makes with the polarizer. Hence, in the equilibrium

state with zero field, the transmission is zero. As a field is introduced, the director is rotated

andχ increases thereby increasing the transmission.

A device made using the IPS architecture has a similar response time to the VAN, and is

again controlled by the device thickness, liquid crystal viscosity and elastic constants. De-

vices are often constructed with a patterned alignment structure that alternates the in-plane

orientation of the director alignment, in order to improve the off-axis viewing properties of

the display.

1.9.3 Thin Film Transistors

Addressing schemes are methods to address and control individual pixels in a liquid crystal

display with a voltage in order to facilitate switching. There are many different methods

of addressing, which will not be described here. However, itshould be understood that

the present methods for addressing liquid crystal displaysrequire Thin-Film-Transistors

(TFTs) which can hold charge in order to provide a field acrossa liquid crystal pixel until

the pixel is again addressed by a voltage pulse. The use of TFTs has been critical in allowing

large arrays of pixels and the size and resolutions of moderndisplays, however they do put

constraints on various aspects of liquid crystal display engineering. The most important is

that TFTs cannot sustain high voltages, and so for any new operational liquid crystal mode,

full intensity modulation must be achievable at modest addressing voltages, typically less

than about 10 V.

1.10 Numerical Methods

The modelling of liquid crystals is a vibrant area of currentresearch, and they are mod-

elled at a variety of levels. In order to predict macroscopicproperties of new liquid crystal

molecules and mixtures, molecular models are under development [59]. However, for mod-

elling at the level of device behaviour where the macroscopic properties are known, contin-

uum models must be used. These deal with macroscopic quantities such as the director̂n
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and flexoelectric, dielectric and elastic constants.

Ericksen-Leslie-Parodi theory [60, 61, 62] is a liquid crystal continuum model which

has been successful in modelling device behaviour [63]. This is then used in conjunction

with Jones-Matrix [64] or Berreman [15] optics, which were introduced in §1.4.2, in order

to simulate measurable quantities such as the transmissionthrough the device. Detailed

descriptions of these methods can be found elsewhere [65, 66] but it is appropriate to give

a brief qualitative explanation here.

The approach is to first define a coordinate system of the liquid crystal cell. In most

literature, the cell plane is defined to be thex, y-plane andz to be the axis normal to the cell

surface, although other coordinate systems can be employeddepending on the application.

An initial director field is then described based on known device properties. This director

field is discretised by representing it as a matrix of finite resolution with each element

containing director components of the director field. An electric field is also defined. The

free energy described by

F (n̂) =
1

2
K1[∇ · n̂]2 + 1

2
K2[n̂ · (∇× n̂) + q]2 +

1

2
K3[n̂× (∇× n̂)]2

− 1

2
ε0∆ε(n̂ · E)2 −

[

e1n̂(∇ · n̂) + e3(∇× n̂)× n̂
]

· E (1.92)

(see the end of §1.3.4) which considers bulk elastic, dielectric and flexoelectric energy, is

then used in conjunction with appropriate surface energy expressions in a Euler-Lagrange

energy minimisation routine. The routine is based on the Euler-Lagrange equation given

by, (in one dimension)
∂f

∂θ
− ∂

∂x

(

∂f

∂
(

∂θ
∂x

)

)

= 0 (1.93)

which gives a set of functions that correspond to the minimumenergy solutions to a general

functionθ(x).

Finite difference approximations are used to calculate director field differentials at el-

ements in the director field matrix for use within the equations. A resultant torque on the

director field is calculated for each matrix point, and the director is adjusted by an amount

proportional to the torque and a ‘time step’ parameter. At each stage the electric field is cal-
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culated based on the current director field, the dielectric and flexoelectric properties and the

applied voltage for use in the next iteration. This process is repeated until there is negligible

change in the director field with further iteration.

Once a director field has been simulated, either Jones or Berreman optics are employed.

The director structure is divided into a finite number of birefringent slices. The correspond-

ing Jones or Berreman matrices for the slices are then used with an input polarization matrix

to calculate transmission properties. Jones optics cannottake into account reflections, but is

useful for simulations of transmission at normal incidenceto the cell. Berreman optics takes

account of reflected light components, and can be used to simulate off-axis transmissions,

however, the method is more complicated to implement and requires greater computational

resources.

This method is useful for director fields that are topologically continuous. However,

the behaviour of defects in the liquid crystal director fieldis not adequately represented.

At defect sites, the order parameter changes, and the energies of the distortions at these

points are therefore not well approximated by a standard continuum approach, because

the continuum theory does not account for changes in the elastic properties under these

conditions. However, modelling the behaviour and free energies associated with defects

has been attempted through the use of Q-tensor models, whichincludes the order parameter

and its relation to distortions [67, 68].

1.11 Conclusion

In this chapter, the fundamental concepts required to understand the chapters that follow

have been described. The nematic phase and its elastic, electric and optical properties

have been described using a continuum approach. Chiral liquid crystals, their behaviour

in electric fields, and their electrooptic behaviours have also been introduced, and we have

discussed some of their applications.

This thesis is concerned with the study and utilisation of these behaviours in helicoidal

liquid crystal systems for the purposes of measurement and in engineering novel function-
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alities for technological application. As such, each chapter describes a key problem for

helicoidal liquid crystal technology and tackles it by developing techniques for exploiting

the electrical, elastic and optical properties of helicoidal liquid crystals. In the next chapter,

the problem of measurement of flexoelectricity is discussed, both in chiral and non-chiral

liquid crystal systems, which is an important capability inthe development and optimisation

of materials for flexoelectric technology, and for materials research in general.
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Chapter 2

Measurement of Flexoelectricity

2.1 Introduction

The current generation of liquid crystal displays almost exclusively utilise Twisted Nematic,

Vertically Aligned Nematic (VAN), or In-Plane Switching (IPS) technologies, which were

introduced in the last chapter. While having enjoyed widespread success over the last few

decades, the next generation of displays will demand functionalities impossible with these

technologies. A key limitation is the transmission modulation switching time, which is

fundamentally limited by device thickness, liquid crystalviscosity, and elastic constants.

Significantly improved switching times would enable a variety of new display functionali-

ties.

Currently, each display pixel is divided into three primary-colour sub-pixels. A colour

filter is placed over each sub-pixel, which is illuminated from behind by a white light source.

As a consequence, most of the incident light’s power is attenuated in the filter. Furthermore,

the spacial resolution of the sub-pixels must be three timesthat of the display. However,

an alternative method is to temporally, rather than spatially, modulate the primary colour

transmission intensities; a method called field-sequential colour. The white back-light is

replaced by one that cycles through red, green and blue (RGB)primary colours, thereby

saving the energy that was previously attenuated by colour filters (a critical advantage in

mobile devices). Furthermore, since only a single pixel is required to modulate all primary

colours, the displayed image resolution is improved. The range of colours (known as the

colour gamut) could also be improved by selecting a larger number of back-illuminating
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colours, without jeopardising the spatial resolution of the image. Although field-sequential

systems improve energy efficiency and resolution, they relyon fast switching to prevent

the spatial separation of colours when moving ones eye across the screen [69]. Spatial

separation of colours is sometimes apparent in projectors that use field-sequential systems.

The proliferation of 3D display technology could also be boosted using field-sequential

technology. Current technologies often require the user towear special glasses. These

systems work in one of two ways. In one system, each display pixel is split further into two

sub-pixels, corresponding to left- and right- eyes. The left/right sub-pixels are covered in

polarizers that attenuate orthogonal circular polarization states, that match corresponding

polarizers in the lenses of glasses covering the correct left or right eye of the user. In

this way, only one of the left/right sub-pixels is visible byeach eye, thereby enabling a

stereoscopic 3D image. Problems with this system are the same as those encountered with

the primary colour filter system: there is an attenuation loss in the polarizing filters, and

a reduction in the image resolution, as two sub-pixels are required for each display pixel.

The second system uses a field sequential approach, in which the left and right images are

temporally interlaced. Known as ‘active’ 3D, glasses worn by the users contain electro-

optic liquid crystal light shutters that attenuate the image intended for the opposite eye.

Again, due to the limited speed of liquid crystal devices, there is the potential for left/right

image cross-talk (which produces what is known as a ‘ghosting’ artefact) [70], and due

to the limited frame rate that is possible with current systems, users often report viewing

discomfort [71].

Auto-stereoscopic systems (i.e. without the need for glasses) are an emerging technol-

ogy. Faster sequential-transmission systems offer a solution to providing unique images for

the eyes of one or potentially multiple users in succession.There have also been systems

developed to accommodate multiple focal planes, which provide a more realistic illusion of

depth [72]. Faster liquid crystal devices allow more information to be projected to the user,

enabling functionalities that were impossible before. Apart from displays, there are a vari-

ety of other electrooptic applications that require fast modulation times, including wireless
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and fibre-optic communications, imaging and photonics. Fast liquid crystal technologies

are therefore of critical importance.

The chiral flexoelectro-optic effect, which was introducedin §1.8.4, offers the poten-

tial to improve switching times by one or more orders of magnitude. However, there are

a number of issues preventing the commercialisation of the technology. The development

of bimesogenic liquid crystals and their mixtures, which are optimised for flexoelectric

switching, has allowed optic-axis rotation angles of±22.5◦ (and in some cases±45◦[73])

[74, 56, 75, 76, 57]. Full transmission modulation is therefore achievable (c.f. equation

1.87), however, bimesogenic mixtures are highly viscous and still require further develop-

ment. To develop the technology and materials further, tools for studying distortions in

cholesteric structures are required. Therefore, the first part of this chapter describes a new

technique that is highly sensitive to electro-elastic parameters, including the flexoelastic

ratio introduced in chapter 1, and the ‘dielectro-elastic’ratio∆εε0/K2.

While methods to measure flexoelectric, dielectric and elastic parameters in cholesteric

systems are of great importance, there has also been interest in methods that utilise non-

chiral systems. Chiral dopants can alter the properties of amixture, potentially including

flexoelectric parameters [77]. High twisting power dopantshave allowed measurements of

flexoelectric parameters using cholesteric systems with only small concentrations of chiral

dopant, and suggest that flexoelectric parameters are negligibly dependent on chirality itself

[77], at least in nematic materials such as E7, although measurements in non-chiral systems

have large associated error. However, interest in measurements of flexoelectricity in non-

chiral systems has been sparked by the investigation of bent-core materials, which exhibit

unusual flexoelectric and other properties and form spontaneous chiral domains even when

the mixtures themselves have no chiral molecules [78, 79, 80, 81, 82]. The literature has

not discussed the influence of chiral dopants on the nematic phases of bent-core materials.

It has been suggested that the inclusion of chiral dopants into these mixtures may obscure

unique behaviour of the enantiomerically symmetric materials, and so methods for measur-

ing flexoelectric parameters that rely on chiral materials may be inappropriate [83]. The
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second part of this chapter is therefore concerned with the measurement of flexoelectric-

ity in non-chiral systems. The specifics of chiral and non-chiral systems demand different

experimental approaches, and in the rest of §2.1, a couple ofpreliminary concepts are com-

mented upon.

2.1.1 Flexoelectric Torque

As was introduced in chapter 1, flexoelectricity can be conveniently described in terms of

the resultant torque on the director field,n̂× hflexo, where,

hflexo = (e1 − e3)
(

E(∇ · n̂)− (∇⊗ n̂)E
)

− (e1 + e3)(n̂ · ∇)E (2.1)

This groups the flexoelectric coefficients into terms associated with homogeneous and gra-

dient electric fields [11]. Experiments are usually designed to measure eithere1 − e3 or

e1 + e3. In all the geometries considered in the present chapter, and indeed in this thesis,

the homogeneous field regime is dealt with, wheree1 − e3 is important.

2.1.2 Field Frequency and Charge Carriers

Methods to measure flexoelectricity are numerous. Some early studies tried to measure

the flexoelectric polarization indirectly by measuring theeffect on distortions caused by

magnetic fields [84], or directly under forced mechanical distortions [85] (which has also

been more recently attempted [86]). These methods often produce measurements that are

not consistent with one another or with more recent methods (the latter case differing by

three orders of magnitude). In the last decade however, the literature has converged almost

unanimously on electrooptic techniques in one of two regimes; with either AC or quasi-

DC electric fields. Which driving frequency is employed depends upon the characteristic

switching time of the cell, given by,

τ =
γl2

π2K
(2.2)

whereγ is a viscosity,K is an elastic parameter andl is a characteristic length-scale of the

distortion. For non-chiral or weakly chiral geometries including the Twisted Nematic (TN)
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and Hybrid Aligned Nematic (HAN), this characteristic length-scale is the device thickness

(with τ ∼ milliseconds). However, for chiral systems this length-scale is half the pitch of

the material, which can be an order of magnitude or more smaller than the cell thickness

(with τ ∼ tens of microseconds).

Charge carriers can migrate in DC fields and alter the field environment [87]. There-

fore, if a low or quasi-DC driving frequency is used, the effect of charge carriers on the

field must be taken into account when measuring flexoelectricity. The consequence for the

measurement of flexoelectricity in non-chiral systems willbe discussed in the second part

of the present chapter. Further, it will be discussed in chapter 5 that charge carriers play

a major role at frequencies well below 500 Hz, where their influence becomes apparent in

capacitance measurements and must be accounted for.

In the case of highly chiral systems however, which is the subject of the next section, the

liquid crystal can be studied using field frequencies where charge carriers have a negligible

influence on the internal field strength.

2.2 Chiral Systems: Uniform Lying Helix Method

The most common method to measuree1 − e3 is to align liquid crystal in the quasi-stable

ULH texture and analyse transmission between crossed polarizers [48, 73, 49, 50, 51, 88,

75, 89]. The flexoelectric parameter,e1 − e3, can be determined by measuring the rotation

in the optical axis of the cell as a function of the applied voltage using the formula,

T =
1

2
sin2(2χ± 2φ) sin2

(

π∆neffectived

λ

)

(2.3)

where,

φ(E) =
e1 − e3
K1 +K3

V

qd
(2.4)

whereV is the applied voltage amplitude, andd is the device thickness (see §1.8.2 for a

derivation). To determine the optic axis rotation, which corresponds to the flexoelectric tilt

angleφ, a ULH device is prepared by capillary filling the material tobe studied into a cell

containing transparent conducting electrodes on top and bottom substrates. To illustrate,
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Figure 2.1: A typical photo diode output for a ULH device observed with a polarizing
microscope having its optic axis at 45 degrees to the polarizer and being driven by a square-
wave voltage. The transmission of the device is independentof the polarity of the field, c.f.
figure 1.16.

here an example of a chiral liquid crystal mixture E7 with 3.5wt% of chiral dopant R5011

is used, which results in a cholesteric with a pitch of 250 nm,in a cell whered = 5 µm. A

ULH texture forms spontaneous on cooling from the isotropicto the nematic phase under

the application of a 70 Hz square-wave voltage of approximately 20 Vrms.

A square-wave voltage of a period substantially longer thanthe characteristic flexoelec-

tric switching time is applied to the cell, and the device observed between crossed polarizers

using a polarizing microscope fitted with a photo diode. The cell is first rotated such that

the helicoidal axis is at approximately 45 degrees to the polarizer, which corresponds to a

maximum transmission amplitude (see figure 1.16). The cell’s orientation is then refined

such that the photo diode response is symmetric for both positive and negative voltage am-

plitudes, as shown in figure 2.1. The cell is then rotated by 22.5 degrees, at which point the

flexoelectric effect will have an approximately linear electrooptic response, and the trans-

mission will depend on the field polarity, as shown in figure 2.2 (left) (see again figure

1.16). The cell is then rotated, such that the transmission for the negative voltage takes the

value that the transmission for the positive voltage was before the rotation, as in figure 2.2

(right). This rotation, corresponding to2φ, is recorded and the measurement is repeated for

a series of voltage amplitudes.
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Figure 2.2: (left) A typical photo diode response to a ULH device with its optic axis at 22.5
degrees observed through a polarizing microscope. (right)To measure the the flexoelectric
tilt angleφ, the cell is rotated such that the transmission amplitude changes by an amount
corresponding to the peak-to-peak amplitude of the signal when at 22.5 degrees.
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Figure 2.3: Flexoelectric tilt angle as a function of field strength, used to determine the
flexoelastic ratioe/K.
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The measured tilt angle is plotted and shows a linear increase with the applied voltage

in figure 2.3. From the slope of the line, which is equal toφd/V , the flexoelastic parameter

can be determined by rearranging equation 2.4 to give

e1 − e3
K1 +K3

=
φd

V
q (2.5)

whereq = 2π/P . In this case, the flexoelastic ratioe/K for E7+3.5%R5011 is determined

to be 0.45 Cm−1N−1.

Usually this method, as has been done here, relies on Patel and Meyer’s analytic small-

angle approximation to the flexoelectric tilt in which is inherent the assumption that the

flexoelectric effect is large in relation to the dielectric effect, and that the structure is an

ideal and unconstrained helicoid (see §1.8.2) [48, 49, 50, 51]. For small fields, this is a

good approximation. Castles has shown that the method, whenexecuted with care, can be

used to deduce the flexoelectric parametere1 − e3 with an uncertainty as small as 2% [89].

However, it is difficult to analyse flexoelectric and dielectric effects independently. Fur-

thermore, the measurement ofe1 − e3 may not be accurate because the topological incom-

patibility of the structure with homogeneous surface alignment layers distorts the structure

from being ideal, and because of the difficulty of forming homogeneous ULH textures. In

particular, for materials that have small or negative dielectric anisotropy, forming the ULH

using conventional methods is sometimes not possible1. For these reasons, the following

section describes a new method that instead utilises a Grandjean arrangement, which is in-

herently stable and uniform in cells with planar alignment.An in-plane field is applied, and

a lock-in amplifier and a rotation method are used to extract information about both flexo-

electric and dielectric distortions. The method is then extended to enhance the sensitivity

by using a quarter-wave plate.

1A method for ULH alignment that does not depend on the application of fields is used in §4.4.2 to measure
flexoelectric properties of a negative dielectric anisotropy liquid crystal MLC-7029 using a ULH method.
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2.3 Chiral Systems: Grandjean Rotation Method

In chapter 1, analytical models of the optics of the flexoelectric effect were described. The

flexoelectric effect causes a tilt in the optic axis of a short-pitch cholesteric that is propor-

tional toE (see §1.8.4), and the dielectric distortion causes an in-plane distortion resulting

in optical biaxiality that is proportional toE2 (see §1.7.1). In this study, these analytical

models are employed to analyse angle-of-incidence-dependent transmission of Grandjean

structures with in-plane electric fields. The stable Grandjean structure has the advantage

of being uniform and compatible with homogeneous alignmentlayers. It is also a struc-

ture of particular technological interest in both flexoelectric and dielectric driving regimes

[19, 37, 38]. Adoption of a perturbative driving regime, andmeasurement of both 1st and

2nd harmonic transmission amplitudes relative to a sinusoidaldriving field, allows the de-

tailed and simultaneous measurement of distortions arising from both flexoelectric and di-

electric interactions, at electric fields as little as 0.01 Vµm−1. The method is applied to

measure the flexoelectric parameter(e1 − e3)/(K1 + K3) and the dielectric distortion pa-

rameter∆ε/K2 in E7 liquid crystal and a bimesogen mixture MDA-1245 optimised for the

chiral-flexoelectrooptic effect. The method is then extended to increase the sensitivity in

systems with small birefringence by using a quarter-wave plate (QWP), and used to mea-

sure these parameters in a material with an extra-ordinarily small flexoelastic parameter of

0.011 CN−1m−1.

2.3.1 Device Preparation

E7 liquid crystal is doped with 3.5% by weight of commercially available chiral dopant

R5011 from Merck. The resultant mixture has a cholesteric pitch of 250 nm, as measured

using a spectrometer (method described in §1.6.2). This mixture is capillary filled in the

isotropic phase into an 8 µm spaced, anti-parallel aligned cell that uses 1 mm thick glass,

and allowed to form a Grandjean texture. To produce a uniformelectric field, a 2 mm gap is

etched into an indium-tin-oxide layer on one of the substrate surfaces. The large electrode

gap relative to the cell thickness ensures field uniformity in the region onto which the laser
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Figure 2.4: A numerical simulation of the electrostatics ofan 8 µm thick liquid crystal
device. The simulation shows a cross-section through the device, which has a potential
difference between electrodes separated by 2 mm on the bottom substrate surface.

is incident, and the cell’s surface alignment is parallel tothe applied field direction.

2.3.2 Modelling the Electric Field

At frequencies of 1 kHz or greater, the effect of charge carriers can be neglected, and the

electric-field strength is determined by the device geometry and dielectric properties. The

electric field between parallel-plate electrodes separated by a distanced is V /d, whereV is

the potential difference between electrodes. It can be shown that for the field between two

thin in-plane electrodes this modifies to,

Ez(thin electrodes) =
2

π

V

d
= 0.6366× V

d
(2.6)

However, the presence of liquid-crystal and glass dielectric layers enhances the field.

To determine the internal field strength, a finite-element package, COMSOL Multi-

54



Figure 2.5: The simulated electric field is plotted as a function of distance away from the
electrode edge across the electrode gap, using the simulated data also used in figure 2.4.
There is a potential difference of 2 V between the electrodesin the simulation. Although
the field is very large and non-uniform near the electrode edges, there is a high degree of
field uniformity around the centre of the electrode gap.

physics, was used to model field behaviour in the environmentof liquid-crystal-glass and

glass-air interfaces. In this model, the cholesteric material was treated as a uniform uniaxial

anisotropic dielectric medium, with dielectric constantsestimated based on known dielec-

tric properties of analogous liquid-crystal mixtures. Thesimulated static field is shown in

figure 2.4. The simulation shows that the field is affected by the presence of the dielectric

interfaces, and for the device described, the simulation suggests a field of,

Ez ≃ 0.7015× V

d
(2.7)

at the centre of the electrode gap. Further, figure 2.5 shows the field strength as a function

of distance away from the electrode edge. Although the field increases rapidly towards the

electrode edge, in the region of interest at 1 mm away from theelectrode in the centre of

the electrode gap, the field has a high degree of uniformity. Not shown, the simulation also

suggests that the field does not vary significantly across thecell thickness in the region of

interest.
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Figure 2.6: A schematic representation of the Grandjean rotation experiment. The arrange-
ment allows the measurement of the transmission between crossed polarizers as a function
of angle of incidence.

2.3.3 The Crystal Rotation Method

Here, a Grandjean cell with in-plane electrodes is utilisedwith a crystal-rotation method.

The method measures the transmission of a device as a function of angle of incidence and

is very sensitive to out-of-plane rotations in the optic axis of a device. For this reason, it has

previously been used in several liquid crystal applications. For example, Bauret al used

the crystal rotation method to measure surface pretilt angles in liquid-crystal devices to an

accuracy of 0.1◦[90]. The method is also employed in the measurement of flexoelectricity

in DC driven TN cells with in-plane fields in work contributing to this thesis [91, 92],

which will be described in §2.4. In an IPS Grandjean geometry, the crystal rotation method

is sensitive to the out-of-plane rotation in the optic axis resulting from the flexoelectric

interaction, and can therefore be used to study flexoelectric behaviour.

A schematic of the experimental arrangement is shown in figure 2.6. The cell is placed

in the path of a 633-nm-wavelength Helium-Neon (HeNe) laserbetween crossed polarizers

on a computer-controlled rotation stage. A lens weakly focuses the laser to a 50 µm spot

and a photo diode detects the light intensity after the analyser.

The liquid crystal device is arranged on the rotation stage so that the planar surface

alignment and applied field are parallel to the rotation axisand perpendicular to the plane

defined by the incident laser beam and the cell normal (the plane of incidence). Referring

to the geometry illustrated in figure 2.7, the device is mounted so that the axis of rotation is
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Figure 2.7: An illustration of the chiral-flexoelectric effect in a Grandjean cell. The flexo-
electric tiltφ is a rotation of the director about the applied in-plane fielddirection.

thez-axis. Flexoelectric tilt is therefore in the plane of incidence, resulting in a maximum

change in the transmission between crossed polarizers whena field is applied. The crossed

polarizers are at 45 degrees to the plane of incidence. This ensures a maximum change in

transmission because the projection of the optic axis onto the polarizer always makes an

angle of 45 degrees to the polarizer axis as the device is rotated.

2.3.4 Electro-optic Measurements

Studying Response to Sine-Modulated Fields

As described in §1.6.3, the Grandjean device acts as a uniaxial birefringent slab, with the

optic axis normal to the cell. As was described in §1.4, the transmission of such a device

with zero applied field has transmission between crossed polarizers given by,

T = sin2

(

π∆neffectived

λ cosα

)

(2.8)

whereneffective is the angle-of-incidence dependent effective birefringence of the Grandjean

device, given by,

∆neffective =

(

cos2(α + φ)

n2
1

+
sin2(α + φ)

n2
2

)− 1

2

− n1 (2.9)

andα here is the angle of incidence of light onto the device,n1 andn2 are the effective

refractive indices perpendicular and parallel to the helicoidal axis as defined by equation
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Figure 2.8: (top) An illustration of the transmission as a function of angle of incidence for a
Grandjean device placed between crossed polarizers. At normal incidence the transmission
is close to zero, because the optic axis of the material is parallel to the incident light. As
the angle of incidence increases, the transmission increases as the effective birefringence
of the device increases. Under the application of positive and negative electric fields, the
incident angle dependent transmission shifts due to the flexoelectric tilt in the optic axis
of the device. The shift in the curve shown here is exaggerated for illustrative purposes.
(bottom) Under the application of field of the formE = E0 sin (ωt), the transmission
amplitude at an angular frequency ofω (the 1st harmonic) can be measured, and gives a
direct measure of the change in the transmission due to the flexoelectric tilt in the optic
axis.

1.40 in chapter 1, andφ is the tilt in the optic axis due to flexoelectricity. At normal

incidence,α = 0 and therefore∆neffective = 0 andT = 0. Asα increases, the transmission

increases, as illustrated in figure 2.8 (top), which shows transmission of the Grandjean

device between crossed polarizers as a function of angle of incidence.

Under the application of a field, the optic axis tilts due to flexoelectricity. This tilt shifts

the symmetry axis of the transmission as a function of angle of incidence, as is illustrated,

again, in figure 2.8 (top). By measuring this shift, one can therefore determineφ and, using

equation 2.5, therefore determine(e1 − e3)/(K1 + K3). In order to measure precisely the

shift in the symmetry axis, and to avoid the influence of ions,a sine-modulated field with a
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Figure 2.9: (top) The transmission as a function of the angleof incidence of a Grandjean
device between crossed polarizers is shown. With the application of a field, the dielectric
interaction causes director distortion that is the same forpositive and negative electric fields.
The effect on the transmission as a function of angle of incidence is illustrated (red dashed
line). The shift shown in the transmission as a function of angle of incidence has again been
exaggerated for illustrative purposes. (bottom) The 2nd harmonic transmission measures the
shift in the transmission that depends onE2.

frequency greater than 500 Hz is applied to the cell, and the amplitude of the photo-diode

response at the same frequency is measured using a lock-in amplifier. The amplitude of the

1st harmonic at a particular angle of incidence depends on the difference in the transmission

between positive and negative applied fields, as illustrated in figure 2.8.

As mentioned earlier, the dielectric distortion causes an in-plane distortion resulting in

optical biaxiality that is proportional toE2 (see §1.7.1). The effect of this on the angle

dependent transmission is shown in figure 2.9. Since the dielectric interaction depends on

E2, the response is the same for both positive and negative applied fields. For a field of

amplitudeE0 described by

E = E0 sin (ωt) (2.10)
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the response is therefore expected to have the form,

T = T0 sin
2 (ωt)

=
T0

2
(1− cos (2ωt)) (2.11)

Hence, the 2nd harmonic, which is the component of the photo diode responseat twice the

driving frequency, is sensitive to the in-plane distortiondue to the dielectric interaction.

The 2nd harmonic response, however, is also influenced by flexoelectricity. Some

2nd harmonic response occurs due to the flexoelectric tilt in thehelicoidal axis if the trans-

mission at that point is not in the linear part of the angle-dependent transmission curve. In

materials with very small∆ε, the flexoelectric contribution can dominate and make mea-

surement of the dielectric distortion less sensitive.

Response Time

By applying a small-amplitude square wave to the Grandjean cell, the characteristic re-

sponse time can be measured by determining the time for the response to reach within1/e

of the final value after a field-polarity inversion. A small amplitude ensures that we are in a

linear regime. For E7 at room temperature with 250 nm pitch, this characteristic time is 60

µs, and for MDA-1245 at 37◦C with 290 nm pitch it is 1.4 ms.

Care should be taken to scale correctly between lock-in amplifier output and the trans-

mission modulation. The finite switching time of the liquid crystal means that under a

constantly changing field, the director will never reach equilibrium. The amplitude of the

response will therefore be reduced. For a sinusoidal driving voltage of angular frequency

ω and a characteristic switching time of the liquid crystalτ , the amplitude is reduced such

that

V = V0
1√

1 + ω2τ 2
(2.12)

whereV is the photo diode output voltage amplitude andV0 is the output in the limitωτ →

0. For E7 the switching time of 60 µs is small relative to the characteristic time of the

harmonic, and so this effect is small. For example, if driving with a frequency of 1 kHz, the
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second harmonic hasω = 6300 s−1, and soV/V0 = 1.07. However, MDA-1245 is more

viscous and consequently this effect is much greater. For MDA-1245 driven at 513 Hz,

havingτ = 1.4 ms, for the second harmonic,V/V0 = 8.9.

Fresnel Reflections at Glass-Air Interfaces

So far we have neglected to consider the effect on the transmission of reflections at the

air-glass interfaces of the cell. Rather than include the air-glass interfaces in the Berreman

numerical optics simulation, here, the Fresnel equations are instead used to calculate the

transmitted amplitude as a function of angle of incidence atthese interfaces. The simulated

transmission in the data presented in the next section has been modified to account for this

effect.

2.3.5 Results and Discussion

Figure 2.10 (top left) shows experimental field-off angle-dependent transmission along with

analytical- and numerical-model simulations for E7 + 3.5 w.t.% R5011. Parameters used

in fitting are summarised in table 2.1. At normal incidence there is a small transmission

due to the optical rotation of the chiral Grandjean structure (measured to be5◦), which

is not present in the analytical model. This is because the analytical model treats the

cholesteric as an optically uniaxial medium, without taking account of the optical activ-

ity of the cholesteric material (see §1.6.3). The field-off transmission is used to determine

∆nd where∆n = ne − no, by changing this parameter in the model until the output of the

model is consistent with the experimental incident-angle-dependent transmission.

The fitting was done manually (i.e. without an automated fitting routine). The trans-

mission as a function of angle of incidence is first used to determine the device thicknessd,

by varying this parameter in the simulation until the transmission produced by the model is

as close as possible to the experimental transmission. Onced is determined, electro-elastic

parameterse/K and∆ε/K2 can then be included as fitting parameters. Harmonics of the

angle-dependent transmission relative to the driving voltage, which are sensitive to changes

in the electro-elastic parameters, can be extracted from the simulation using finite differ-

61



−60 −40 −20 0 20 40 60
0

0.2

0.4

0.6

0.8

1
T

ra
ns

m
is

si
on

(a
rb

itr
ar

y 
un

its
)

Angle of incidence (degrees)

 E = 0

−60 −40 −20 0 20 40 60
−0.01

−0.005

0

0.005

0.01

1st
 h

ar
m

on
ic

 
 tr

an
sm

is
si

on
 a

m
pl

itu
de

Angle of incidence (degrees)

−60 −40 −20 0 20 40 60

−1

0

1

x 10
−4

2nd
 h

ar
m

on
ic

 
 tr

an
sm

is
si

on
 a

m
pl

itu
de

Angle of incidence (degrees)

−60 −40 −20 0 20 40 60
0

0.2

0.4

0.6

0.8

1

T
ra

ns
m

is
si

on
(a

rb
itr

ar
y 

un
its

)

Angle of incidence (degrees)

 E = 0

−60 −40 −20 0 20 40 60
−0.04

−0.02

0

0.02

0.04

1st
 h

ar
m

on
ic

 
tr

an
sm

is
si

on
 a

m
pl

itu
de

Angle of incidence (degrees)

−60 −40 −20 0 20 40 60
−4

−2

0

2

4
x 10

−4

2nd
 h

ar
m

on
ic

 
tr

an
sm

is
si

on
 a

m
pl

itu
de

Angle of incidence (degrees)

Figure 2.10: The normalised transmission (top), 1st harmonic transmission amplitude (cen-
tre) and 2nd harmonic transmission amplitude (bottom) for E7 + 3.5 w.t.%R5011 (left) and
MDA-1245 (right) are shown as a function of angle of incidence. A sample of the data are
shown as circles, while the solid blue line shows numerical simulation and the dashed red
line shows the analytic approximation using fitting parameters described in the text.

ence approximations to the angle-dependent transmission as a function of voltage. The

simulated 1st and 2nd harmonics are determined using the finite-difference approximations

given by,

T ′(E0) ≈
1

2

(

T(E=E0) − T(E=−E0)

)

(2.13)

and,

T ′′(E0) ≈
1

4

(

T(E=E0) + T(E=−E0) − 2T(E=0)

)

(2.14)

respectively, whereE0 is the applied field amplitude.

The 1 kHz transmission modulation amplitude under the application of a 1 kHz sine-

modulated electric field of amplitude 0.075 Vµm−1 is shown as a function of angle of inci-
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Table 2.1: Parameters used in analytical and numerical models used with the Grandjean
rotation experiment.

Material ∆nd (µm) ∆ε
K2

(pN−1) e1−e3
K1+K3

(CN−1m−1) E (Vµm−1) PitchP (nm)

E7 1.940 2.7 0.45 0.075 250
MDA-1245 1.155 <1.5 2.0 0.070 290

dence for E7 + 3.5 w.t.% R5011 in figure 2.10 (centre-left). Byintroducing the ratioe/K

as a fitting parameter, the best fit occurs whene/K = 0.45± 0.02 CN−1m−1 for E7 + 3.5

w.t.% R5011 at 25◦C. This corresponds to a value ofe1 − e3 of 12.2± 0.6 pCm−1.

The 2nd harmonic (the 2 kHz transmission modulation amplitude under the same 0.075

Vµm−1 1 kHz driving field) for E7 + 3.5 w.t.% R5011 is shown in figure 2.10 (bottom-

left). In this case, the ratio∆ε/K2, which affects the twist distortion (see equation 1.62),

is adopted as a fitting parameter, with a best fit of∆ε/K2 = 2.7 pN−1. Merck (a supplier

of E7) has measured∆ε of E7 of 13.7, which, considering the measured value of∆ε/K2

here gives a value ofK2 of 5.1 pN. Merck has measuredK2 independently to be 6.5 pN.

The discrepancy between these two measured values forK2 may be due to differences in

temperature when the measurements were taken or variationsin the ratios of constituent

components of different E7 mixtures.

The same procedure has been used with a bimesogen mixture MDA-1245 (provided

by Merck Chemicals Ltd.) that was developed to have large flexoelectric properties and

small dielectric anisotropy. Figure 2.10 (right) shows thetransmission and 1st and 2nd

harmonic transmission amplitudes as a function of angle of incidence for MDA-1245. The

material displays a pronounced flexoelectric response compared to E7, withe/K of 2.0±

0.2 CN−1m−1. Because the dielectric anisotropy is very small, the 2nd harmonic response

at 0.07 Vµm−1 is dominated by the flexoelectric response, but is consistent with ∆ε being

relatively small with an upper bound on∆ε/K2 of 1.5 pN−1.

Hence, analysing the transmission and harmonic componentsof the transmission of

Grandjean cells between crossed polarizers driven with AC field, has enabled the measure-

ment of dielectric and flexoelectric properties of cholesteric liquid crystal materials. In the
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Figure 2.11: The experimental arrangement from figure 2.6 has been modified to include
a quarter-wave plate (QWP) before the device. The QWP enhances the sensitivity of the
detection of small changes in birefringence.

next section, a modification to the technique is made in orderto enhance the sensitivity in

devices with very small birefringence.

2.3.6 Enhancing the Sensitivity with a Quarter-Wave Plate

In chapter 6, a study of the dielectric and flexoelectric effects in blue phases will be de-

scribed in which a material with an extremely small flexoelectric parameter was used, and

in a relatively thin cell of 5 µm. The material is a mixture of anematic host liquid crys-

tal FCU-LCM10 with 21 wt% chiral dopant FCU-NYCL (provided by Feng Chia Univer-

sity, Taiwan). The material’s small flexoelectric switching motivated a modification to the

Grandjean rotation method in order to increase the sensitivity of measurements in systems

where the birefringence of the device is small. In order to besensitive to small birefrin-

gence, a quarter-wave plate can be used [93]. Consider a transmission between crossed

polarizers given by,

T =
1

2
sin2 (Γ + δ) (2.15)

whereΓ is the retardation due to a wave plate andδ the retardation due to a liquid crystal

device (and is assumed to be small). The value ofΓ that provides the greatest sensitivity to

changes inδ is that where∂2T/∂δ2 = 0. Using a double-angle formula and differentiating,

we find
∂2T

∂δ2
= cos(2Γ) cos(2δ) + sin(2Γ) sin(2δ) = 0 (2.16)
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Figure 2.12: Calculated transmission and 1st harmonic transmission amplitude for a thin
Grandjean cell observed between crossed polarizers ((a) and (c)) without and ((b) and (d))
with a quarter-wave plate included in the experimental arrangement shown in figure 2.11.
The quarter-wave plate enhances the sensitivity in the measurement of changes in birefrin-
gence at small angles of incidence in devices with small birefringence, which is apparent
by the large slope of the 1st harmonic in (d) compared to (c) at small angles of incidence.

Now, sinceδ is small, we can write,

cos(2Γ) = 0 (2.17)

which has the solution thatΓ = π/2, which is equal to a quarter-wave. Thus, when a greater

sensitivity is required, a quarter-wave plate (which produces the required retardation ofπ/2)

can be used in the experimental arrangement, as shown in figure 2.11.

Figure 2.12 shows the calculated transmission and 1st harmonic transmission amplitude

for a Grandjean device withP = 250 nm,(e1−e3)/(K1+K3) = 0.01 CN−1m−1, d = 5 µm,

∆n = 0.1 and whereλ = 633 nm andE = 0.2 Vµm−1, in the experimental arrangement

in figure 2.11, without (left) and with (right) a quarter-wave plate. The glass-air interfaces

have not been considered in the calculations of the transmission or 1st harmonic in this

case. Figure 2.12 (a) shows the transmission of the device with no quarter-wave plate.
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Figure 2.13: The transmission (top), 1st harmonic transmission amplitude (centre) and
2nd harmonic transmission amplitude (bottom) for FCU-LCM10+21wt%FCU-NYCL are
shown as a function of angle of incidence. A sample of the dataare shown as circles, while
the solid blue line shows the numerical simulation. The experimental arrangement used
includes a quarter-wave plate to improve the sensitivity.

There is no transmission at normal incidence, because the light propagates parallel to the

optic axis of the cholesteric. Because the device is relatively thin, and the birefringence is

small, the transmission does not reach a maximum at larger angles. The 1st harmonic for

the same device, also with no quarter-wave plate, is shown infigure 2.12 (c). The harmonic

shows little change as a function of angle of incidence between−20 and20 degrees. On
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the other hand, figure 2.12 (b) shows the transmission with a quarter-wave plate included.

The transmission is 0.5 at normal incidence. Small changes in birefringence cause a larger

change in the transmission, which is demonstrated by the 1st harmonic of the quarter-wave

plate case shown in 2.12 (d). The slope of the 1st harmonic response with respect to angle

of incidence is much greater between−20 and20 degrees than in the case without a quarter-

wave plate. Crucially, this feature allows less uncertainty in the parameters of the model

that best fits the experimental data, allowing a more precisemeasurement in this case.

A similar procedure to that described in §2.3.4 is undertaken, utilising a lock-in ampli-

fier and measuring 1st and 2nd harmonic components of the transmission as a function of

angle of incidence of Grandjean-aligned cells, which for FCU-LCM10+21wt%FCU-NYCL

at room temperature are shown in figure 2.13. The numerical fits allow the flexoelastic and

dielectro-elastic ratios to be determined. In this case,e/K = 11 ± 0.6 mCN−1m−1 and

∆ε/K2 = 0.8 ± 0.04 pN−1. Thus, using this method has allowed the measurement of a

flexoelastic ratio as small as 0.01 CN−1m−1

2.3.7 Grandjean Rotation Method Conclusion

A new technique for measuring the flexoelastic parametere/K, and the parameter∆ε/K2,

has been developed by considering the influence of flexoelectric and dielectric distortions

on the transmission of short pitch Grandjean-aligned liquid crystal devices as a function of

angle of incidence between crossed polarizers. Including aquarter-wave plate in the appa-

ratus can enhance the sensitivity in cases where the device has a small birefringence. The

technique is sensitive enough to allow the measurement ofe/K as small as 0.01 CN−1m−1,

at fields as small as 0.01 Vµm−1, making the technique a powerful tool for probing chiral

flexoelectric switching behaviour and measuring importantcharacteristics of elastic, flexo-

electric and dielectric liquid-crystal properties. In thenext section, a related crystal rotation

method is adopted to measure flexoelectricity in achiral systems.
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2.4 Achiral Systems: Twisted Nematic Rotation Method

As was discussed in the introduction to this chapter, there has been recent interest in the

measurement of flexoelectricity in some unique non-chiral (or achiral) systems. However,

non-chiral systems respond slowly to electric fields, and soflexoelectrooptic switching can

only be achieved with low field frequencies. This can cause migration of charge carriers

within the device and this introduces uncertainty in the resultant internal field strength [94].

The influence of charge carriers on the internal field strength may vary with applied voltage

and over the duration of the experimental measurement.

Low frequency or DC fields have been used in a variety of non-chiral systems to measure

flexoelectricity although it is rare that the effect of charge carriers is taken into account.

A widely cited method by Dozov [95, 96, 97], involving DC in-plane fields in a HAN

geometry, is subject to this problem. Prostet al also used a non-chiral method involving a

homeotropically aligned liquid-crystal phase grating [98], and flexoelectrooptic studies of

TN structures have been conducted using a variety of methods[99, 100]. Measurements of

e1−e3 are often inconsistent between different quasi-DC experiments, casting doubt on the

reliability of these methods.

The method presented here utilises the TN IPS (field in plane of device) geometry, and

is an attempt to overcome the difficulties of ionic influence by simultaneously studying in-

plane and out-of-plane distortions in the helicoidal structure, in analogy to the Grandjean

crystal rotation technique in the previous section. Like the Grandjean structure, the TN

has a helicoidal director structure whose axis is normal to the cell substrates. The most

important difference between the Grandjean and TN crystal rotation methods is that the

in-plane rotation of the director, rather than being used tomeasure the dielectric proper-

ties of the liquid crystal, is instead used to determine the internal field, and the dielectric

properties of the liquid crystal must therefore be measuredindependently. By studying the

in-plane distortion, which is the result of the dielectric interaction, one can deduce the inter-

nal field strength if the dielectric anisotropy of the liquidcrystal is known. The out-of-plane

distortion, which is due to the flexoelectric interaction, can then be used to measure the flex-
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Figure 2.14: Simulated zenithal and azimuthal components of the liquid-crystal director as
a function of thez-axis through the thickness of the cell at applied fields of0 (dashed),+10
(solid line) and−10 (dotted) Vmm−1 for a 100 µm cell with a small surface pretilt angle,
filled with E7 liquid crystal. The flexoelectric difference,e1−e3, is set to 10 pCm−1. At zero
applied field there is no zenithal tilt in the director, and the azimuthal angle varies linearly
from 45 to –45 degrees for the TN. As a field is applied, there isinduced a zenithal tilt,
the sign of which is dependent on the field direction, and there is a change to the azimuthal
component distribution with respect to thez-axis due to the dielectric interaction.

oelectric properties of the liquid crystal once the internal field has been determined from

the dielectric interaction. In this way, the field is known intrinsically from the electro-optic

data, and the effect of ionic impurities on the field strengthare, in principle, therefore taken

into account. Another major difference between the Grandjean and TN methods is the use

of a quasi-DC field, which means that lock-in amplifier techniques to measure harmonic

components are inappropriate.

2.4.1 TN Measurements

Figure 2.14 shows simulated zenithal and azimuthal liquid crystal director angles across a

100 µm thick 90 degree TN cell filled with E7 liquid crystal, with strong surface anchoring

conditions in the cases where in-plane electric fields of0, +10 Vmm−1 and−10 Vmm−1

are applied parallel to the orientation of the director at one cell surface. The zenithal angle

is defined as the out of plane tilt in the director about the applied field direction, and the

azimuthal angle is defined as the angle the director makes about the helicoidal axis, which

here is parallel to thez-axis. The director structure in these cases is also illustrated in figure
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Figure 2.15: The simulated director structure of a TN cell isshown under the application of
DC and AC fields. An AC field results in a dielectrically-induced in-plane distortion of the
director. In the case of a DC field, there is an additional field-polarity dependent tilt in the
director due to flexoelectricity.

2.15. The numerical simulation uses a single-dimensional minimisation of the liquid-crystal

free energy,

F (n̂) =
1

2
K1[∇ · n̂]2 + 1

2
K2[n̂ · (∇× n̂) + q]2 +

1

2
K3[n̂× (∇× n̂)]2

− 1

2
ε0∆ε(n̂ · E)2 −

[

e1n̂(∇ · n̂) + e3(∇× n̂)× n̂
]

· E (2.18)

which was first given in §1.3.4. The dielectric interaction causes the director through the

device to rotate solely azimuthally to maximisen̂ · E. The flexoelectric interaction on the

other hand causes a zenithal tilt of the director out of the plane of the cell, which is analo-

gous to the flexoelectric tilt in the chiral-flexoelectric effect, and reverses with a reversal of

the field direction, as is illustrated by figures 2.14 and 2.15. At the surfaces of the cell, there

is no tilt due to the strong planar anchoring condition, but the tilt is larger towards the centre

of the cell thickness. It has also been shown that the zenithal flexoelectric tilt of the director
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structure has a negligible effect on the azimuthal dielectric distortion [100]. In principle the

cell’s internal field strength should be determinable independent of flexoelectric effects by

measuring this azimuthal dielectric distortion using electrooptic techniques [99].

Ewingset al [99] analysed the transmission of a TN IPS device between crossed po-

larizers at two oblique angles of incidence as a function of applied voltage. The electric

field was assumed to vary in proportion to the applied voltage, and the constant of pro-

portionality and the parametere1 − e3 were determined by comparing the transmission at

different voltages with a numerical simulation. They reported e1 − e3 for E7 to be 9.3±

0.3 pCm−1, although this was revised to 12.1± 1.0 pCm−1 in a later paper using a similar

method [101]. A second method, by Tideyet al [100], again used the TN IPS geometry but

analysed the conoscopic transmission at discrete applied voltages. Here, the field was again

assumed to vary in proportion to the applied voltage, and theconstant of proportionality

was determined using conoscopic images taken with the application of a 1 KHz Alternating

Current (AC) field, which couples only to the dielectric interaction. A Direct Current (DC)

field was then used to determinee1 − e3 for E7 to be 9± 1 pCm−1.

The switching time is slow for TN devices, of the order of seconds for a 50 µm thick

cell. In order to circumvent the uncertainty of the field due to ion migration, rather than

relying on knowledge of the device geometry and the voltage applied, as is the case in the

ULH method, Ewings attempted to determine the internal fieldimplicitly from transmis-

sion data, by observing the effect of the in-plane distortion due to the dielectric effect on

the transmission. However, Ewings makes the assumption that the influence of charge car-

riers on the proportionality between the applied voltage and the internal field is constant.

This may well not be the case. Tidey’s conoscopic technique [100] does not consider the

influence of charge carriers.

2.4.2 Crystal Rotation Method in TN Devices

In the technique developed in the present study, incident angle-dependent transmission of

the TN IPS geometry is measured using a crystal rotation method. By measuring the trans-
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Figure 2.16: A schematic of the experimental arrangement. ATN IPS device is placed on
a rotation stage such that its transmission can be measured as the angle of incidence varies.
The orientations of the polarizers and the surface planar alignment treatment directions are
also shown. A right-handed coordinate system is in use, and the z-axis is defined as the
axis normal to the cell, and the coordinate system is defined in relation to the cell’s frame
of reference.

mission as a function of angle of incidence over a wide range of angles, there is less possi-

bility of degeneracy between the output of models with different sets of parameters, than in

an experiment at which only two angles of incidence are chosen. Rather than using multiple

voltages, and assuming that the field is proportional to the voltage applied, here, a single

voltage magnitude is chosen and the device behaviour is observed as a function of angle of

incidence. As mentioned before, the crystal rotation method is routinely used to measure

small surface-induced director tilt-angles in homogeneous liquid-crystal cells with a preci-

sion of 0.1 degrees, and has been extended to TN cells [90], but up until now it has not been

used to measure flexoelectricity in TN devices.

In the work by Bauret al [90], antiparallel-planar and TN liquid-crystal devices are

rotated between crossed polarizers, such that the angle at which light travelling normal to

the polarizers is incident on the device,θ, will vary. The experimental arrangement shown

in figure 2.16 can be used to measure the transmission as a function of angle of incidence.

The rotation stage allows the angle of incidence to be controlled. The transmission,T , in

TN devices varies symmetrically about an angleθx, where there is the greatest difference
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Figure 2.17: Simulated transmission through crossed polarizers as a function of the angle
of incidence,θ, for a 10 µm thick TN cell filled with E7 liquid crystal in the experimental
arrangement shown in figure 2.16. The symmetry point corresponds toθx, and can be used
to determine the surface induced pretilt.

in optical path length between the ordinary and extraordinary rays (figure 2.17). This angle

is related to the surface-induced zenithal tilt angle,α0, of the liquid crystal director, which

remains constant from one surface to the other throughout the cell. Numerical methods are

required to determineα0 from θx. The high precision with whichθx can be determined

makes this a very precise method for measuringα0, which is equal to the surface pretilt

angle of the alignment layers.

Baur points out that the axis of rotation of the device must bechosen correctly in order

for θx to be found [90]. The TN geometry, should be rotated about an axis normal to the

plane defined by the light incident on the device and the director at the centre of the cell.

The cell should be placed between crossed polarizers whose polarization directions are

parallel and normal to this plane. This is so that the light isincident and propagates through

the liquid crystal at 45 degrees to the optic axis for maximumtransmission modulation as a

function of angle of incidence.

Figure 2.18 shows the simulated transmission as a function of the angle of incidence,

T (θ), through a 100 µm thick TN cell filled with E7 under the application of electric fields

of strength (a)0Vmm−1, (b) 10Vmm−1 AC, (c) +10Vmm−1 and (d)−10Vmm−1, where,

for the DC field cases,e1 − e3 is set to 10 pCm−1. The switch-on time for such a cell is

of the order of a second, and so an AC field whose polarity switches significantly faster

than once a second, for example a field frequency of 100 Hz, will couple to the field-
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Figure 2.18: Simulated transmission as a function of the angle of incidence,T (θ), through
a 100µm thick TN cell filled with E7 with an applied in-plane field of (a) 0Vmm−1, (b)
10Vmm−1 AC, (c)+10Vmm−1 and (d)−10Vmm−1.

polarity-independent dielectric interaction but not the field-polarity-dependent flexoelectric

interaction. This case is simulated by switching off the flexoelectric effect in the model

and is shown in figure 2.18 (b). The simulation uses a numerical minimisation of the free

energy given in Equation 2.18 to model the director structure (see §1.10), in conjunction

with 4-by-4 Berreman optics [15] to simulate transmission (see §1.4.2).

Using the simulation, it is possible to change the strength of the dielectric and flexo-

electric interaction independently in order to understandthe resultant effect onT (θ). The

strength of the flexoelectric interaction — dependent onE and therefore field-polarity de-

pendent — influences the zenithal tilt of the director and therefore shiftsT (θ) in theθ-axis,

74



effectively changingθx. The strength of the dielectric interaction on the other hand —

dependent onE2 and therefore field-polarity independent — scalesT (θ) in theθ-axis, in-

creasing the angle between the first transmission minima on each side of the symmetry

point, rather than significantly changingθx. In this way, the influence of the dielectric and

flexoelectric interactions are decoupled and can be determined separately. For greatest sen-

sitivity to bothE ande1 − e3, one must choose the appropriate field to apply. Since the

strengths of the flexoelectric and dielectric interaction are linearly and quadratically field-

dependent respectively, there is an optimal field strength where the interactions are similar

in magnitude, and can be determined with the greatest degreeof certainty. If the field

strength is too small, the dielectric interaction is small and its measurement less precise.

Too large however, and the dielectric interaction inhibitsthe flexoelectric tilt, reducing the

precision of the tilt measurement. 10 Vmm−1 is found numerically to be optimum for the

device modelled in figure 2.18, where there is the greatest sensitivity to both flexoelectric

and dielectric interactions.

Having found the optimal field strength that allows the best compromise between sen-

sitivity to flexoelectric and dielectric distortions, thiscan be used as the basis for choosing

what voltage to apply. Then, the strengths of the flexoelectric and dielectric interactions

can be determined by altering the parametersE ande1−e3 in the model until the simulated

transmission is as close to the data as possible.

2.4.3 Experimental

The transmission as a function of the angle of incidence,T (θ), can be measured using

the experimental arrangement shown in figure 2.16. In a similar arrangement to that used

in the Grandjean rotation method in §2.3, a TN cell is mountedon a computer-controlled

rotation-stage between crossed polarizers which allows control of the angle of incidence

of a laser on the cell. Crossed polarizers are set perpendicular and parallel to the plane of

incidence, while the TN cell is mounted with its surface alignment at 45 degrees to thex-

andy-axes, such that the liquid crystal director in the centre ofthe TN cell is parallel to
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Figure 2.19: An illustration of the two electrode structures. ITO electrodes produce larger
field strengths near electrode edges, which may result in an enhancement of the influence
of ions on the internal field strength.

the incident plane. The laser passes through a beam-splitter to provide a reference signal.

To ensure that a region is probed over which the device thickness, liquid crystal alignment

and electric field are uniform, a lens is used to weakly focus the beam to a diameter of

approximately 50 µm at the cell. In order to create a TN alignment, the cell is constructed

from glass substrates that are treated with a unidirectionally rubbed PVA layer, which is

known to produce low pretilt angles [3]. 32 µm PET-plastic spacer material is used to set

the cell thickness. Electrodes were produced in two different ways. In the first experiment,

a 4 mm channel is etched into Indium Tin Oxide (ITO) treated glass. The wideness of

the electrode gap relative to the cell thickness ensures a uniform field distribution (as was

discussed in §2.3). In the second experiment, circular cross-section wire was used. The

regions near ITO electrode edges have high field strengths. These high field regions may

enhance the influence of ions on the internal field, possibly by injecting ions into the liquid

crystal [102], which is undesirable. By using a circular cross-section electrode in the form

of thin wires, it was thought that this influence may be reduced (see figure 2.19).
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Figure 2.20: The measured angle-dependent transmission ofa TN cell filled with E7 in the
case where (a) a positive field is applied using ITO electrodes and, (b) a negative field is
applied. A sample of the measurements are shown as circles, and the best-fit theoretical
angle-dependent transmission is shown as a continuous line. The parameters used in the
simulated angle-dependent transmissions are shown in table 2.2.

2.4.4 Results

Figure 2.20 shows experimental incident-angle-dependenttransmission,T (θ), for E7 liq-

uid crystal under the application of positive and negative applied fields for cells with ITO

electrodes, and figure 2.21 shows corresponding data for a TNcell containing BL087. The

position of the symmetry point,θx, of the angle-dependent transmission depends on the

magnitude and polarity of the applied field. The dependence on the field polarity is solely

due to the flexoelectric effect, which is further evidenced by the fact that under the appli-

cation of an AC field,T (θ) does not shift, but only scales in theθ axis such that the first

minima on each side of the symmetry point become further apart, as seen in figure 2.21.

As noted above, the large fields at the electrode edges could enhance the ion influence

on the field. Therefore, experiments were repeated using circular cross section wire elec-

trodes. The incident-angle-dependent transmission for wire-electrode cells containing E7

and BL087 are shown in figures 2.22 and 2.23 respectively.
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Figure 2.21: Incident-angle-dependent transmission for TN cells containing BL087 with
ITO in-plane electrodes with (a) zero field, (b) AC field, (c) negative field, and (d) positive
field. Again, circles are measured values and the black continuous line is the numerical
simulation. The parameters used for the simulated angle-dependent transmissions using the
method described in the text are shown in table 2.2.

A spectrometer that can measure the transmission of the cellat wavelengths in the range

of 400 to 800 nm can be used to determined independently by analysing the fabry-perot

fringes in the transmission of an empty cell, where before filling with liquid crystal, the

cell gap is assumed to have the dielectric properties of freespace. This interferometric

method can be used to determined to a precision of 100 nm, based on how accurately one

can measure the positions of Fabry-Perot fringes. However,the incident-angle-dependent

transmission of the filled cell with no field applied can also be used to determine the thick-

nessd by includingd as a fitting parameter in a numerical simulation and finding the value
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Figure 2.22: Experimental transmission as a function of angle of incidence for a TN cell
filled with E7, with applied voltages of (a) 0 V, (b) +40 V and (c) -40 V. In this case, elec-
trodes were made using wire. Again, circles are measured values and the black continuous
line is the numerical simulation.

of d that best reproduces the experimental transmission in the case with zero applied field.

The best-fit numerical simulation is sensitive to changes ind of 10 nm. Using this latter

method for determiningd overcomes variation that can arise from its weak dependenceon

position in the cell, variation by up to 10 nm with temperature fluctuations, and a slight

change when filling the cell. However, the transmission depends on the product∆nd, and

so using the transmission of the liquid crystal as a functionof angle of incidence between

crossed polarizers to measured means that the accuracy ofd is limited by the accuracy of

∆n (which is also temperature dependent). The incident-angle-dependent transmission of

the filled cell with no field applied is also used to determineα0 (the pretilt angle due to the

liquid crystal alignment layer) by adoptingα0 as another fitting parameter.

The parametersd andα0, once determined, were then kept fixed in further simulations
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Figure 2.23: Experimental transmission as a function of angle of incidence for a TN cell
filled with BL087, with applied voltages of (a) 0 V, (b) +50 V and (c) -50 V. Again, elec-
trodes were made using wire. The parameters used in the simulation (solid line) are used to
measure flexoelastic and properties of the material.

where the strength of the flexoelectric and dielectric interactions were allowed to vary in

order to best fit the experimental field-on data. The field strengthE and flexoelectric pa-

rametere1 − e3 were then calculated from the best-fit values of the strengths of the two

interactions. The values ofd, α0, E ande1 − e3 for E7 and BL087 determined from this

procedure are shown in table 2.2. Values of the dielectric, elastic and refractive index pa-

rameters, which are kept constant in the simulations, were supplied by the manufacturer

Merck and are also given in table 2.2.

Uncertainty in the values of the elastic constants, dielectric anisotropy and birefringence

cause an uncertainty in the measured value ofe1−e3 due to the dependence of the fitting on

these parameters. Using the numerical fitting procedure described, values of these parame-

ters were perturbed in order to determine the correspondingchange in the measured value

of e1 − e3. A 5% increase in the values of the elastic constants lead to asimilar increase in

80



Table 2.2: The pretilt angleα0, thicknessd, flexoelectric parametere1−e3, and field strength
E that were found by fitting numerical simulations to experimental data for cells filled with
E7 and BL087 using ITO electrodes using the procedure described in the text. The values
used for the dielectric anisotropy, ordinary and extraordinary refractive indices and elastic
constants are also listed.

Parameter description Symbol E7 BL087 Unit

Splay elastic coefficient K11 10.7 12.1 pN
Twist elastic coefficient K22 6.5 5.9 pN
Bend elastic coefficient K33 16 23.7 pN
Dielectric anisotropy ∆ǫ 13.7 20.5
Ordinary refractive index no 1.52 1.52
Extraordinary refractive index ne 1.73 1.74
Surface induced pretilt angle α0 3.6 0.7 mrad
Cell thickness d 35.8 46.8 µm
Internal electric field strength
best-fit value for positive field data Epositive 10.7 8.2 Vmm−1

Internal electric field strength
best-fit value for negative field dataEnegative –14.4 –8.2 Vmm−1

Flexoelectric difference best-fit
value for positive field data e1 − e3 8.4 10.8 pCm−1

Flexoelectric difference best-fit
value for negative field data e1 − e3 7.2 10.8 pCm−1

Flexoelastic parameter e/K 0.30 0.31 Cm−1N−1

the measurede1 − e3; a 5% increase in the dielectric anisotropy causes a 2.5% increase in

the measurede1 − e3; and an increase in the birefringence by an amount that corresponds

to a change in the temperature of 5◦ causes a change in the measurede1 − e3 of ∼ 2.5%.

Combining these errors in quadrature gives an overall uncertainty in e1 − e3 of ∼ 7.5%.

Using ITO electrodes, the result of the numerical data fitting procedure founde1−e3 for

E7 to be 7.8± 1.0 pCm−1 and for BL087 to be 10.8± 1.0 pCm−1 at 25 degrees centigrade.

This gives(e1 − e3)/(K11 + K33) — often callede/K and used as a figure-of-merit for

materials optimised for the chiral-flexoelectric effect — of 0.30± 0.04 Cm−1N−1 for E7

and 0.31± 0.03 Cm−1N−1 for BL087.

The uncertainty arises from the uncertainty in the values ofthe physical parameters used

in the simulation, and differences between best-fit values of e1 − e3 obtained from trans-

mission data collected for positive and negative applied electric fields and between multiple
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experimental runs. For example, as seen in table 2.2, for E7 the average of the values of

e1 − e3 determined in positive and negative field cases is 7.8 pCm−1, the measured values

are approximately 7% to either side of this value. This was found to be typical between

multiple experimental runs. If this error is combined in quadrature with the uncertainty of

7.5% due to uncertainty in the values of physical parametersthat was mentioned previously,

then the total standard error is approximately 10%.

Independent analysis of the incident-angle-dependent transmission of the devices with

wire electrodes found values ofe1 − e3 for E7 of 7.2± 1.0 pCm−1 and for BL087 of 9.4

± 1.0 pCm−1 at 25 ◦C. These values are consistent with those found using ITO electrodes,

which suggests that if there is a difference in the ionic influence on the measurement, it

is not significant within the experimental error. The measurements here using TN crystal

rotation methods show inconsistency with measurements using the Grandjean structure in

§2.3. This will be further commented on in the next section.

2.4.5 Influence of Ions

Although the internal fields were determined implicitly from the transmission data, it is in-

teresting to compare this with an estimate. One can estimatethe field by using the analytical

solution for the field half way between two parallel wires that are separated by a distance

D and of radiusa in free space, with an applied voltage ofV given by,

Efreespace =
2

ln
(

D−a
a

) × V

D
(2.19)

and for whereD = 4 mm anda = 40 µm,

Efreespace ≃ 0.44× V

D
(2.20)

As was seen in numerical simulations of the field in §2.3, dielectric interfaces can enhance

the internal field, and a larger value may be expected than that given by equation 2.19,

however, in the absence ionic influences, the field would not be expected to be greater than

E = V/D, which is the case for parallel plate electrodes. If we definea field factorγ, given
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by,

γ =
Emeasured

Efreespace
(2.21)

then for the case whereEmeasured = Efreespace then γ = 1, and for the case where

Emeasured = V/D, thenγ = 2.3. We may therefore expect that,

1 < γ < 2.3 (2.22)

What is found is that values ofγ in the wire-electrode experiments are within the expected

range, however there is some variation in the value, which may be indicative of the influence

of charge carriers on the internal field strength.

It is interesting to note that there is a greater variation between different experimental

runs for E7, which is known to contain a lot of ionic impurities, than for BL087, which is a

newer material and is less ionic. Whilst it is thought here that the TN crystal rotation method

is robust against the static influence of charge carriers, differences in measured values of

e1 − e3 between different experimental runs may arise from changesin the internal field

during the runs, which lasted 4 minutes. A more precise measurement using this method

could potentially be made if the data were collected over a shorter time period, which

would minimise the change in the internal field during the data collection period. A study

of the change in the internal field over time would allow a moresuitable time period to be

chosen. The value ofe1 − e3 determined in the TN crystal rotation method presented here

for E7 is lower than the corresponding value measured by Kischkaet al [101] using a TN

experiment with E7, which may reflect the way in which the fieldstrength was determined

and the influence of ions. The value ofe1 − e3 presented here is however consistent with

the corresponding conoscopic measurement from Tideyet al [100], which reported a value

of 9± 1 pCm−1.

Curiously, the value ofe1 − e3 determined here with the TN crystal rotation method

is inconsistent with the corresponding measurement in the Grandjean geometry in §2.3,

which determinede1 − e3 to be 12.2± 0.6 pCm−1. This is in contrast to work by Salter

et al In a further measurement using a TN experiment similar to theone used by Kischka,
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Salter found 12.2± 1.0 pCm−1 [77], and in that work, they found consistency between

methods using both chiral and non-chiral techniques. It is therefore an open question as

to exactly why there is inconsistency between the TN and Grandjean methods presented

in this chapter, although as has been suggested, the inconsistency may be explained with a

more detailed examination of the influence of ions.

Unfortunately, a detailed study of the influence of ions is outside the scope of this the-

sis. Ionic behaviours have been extensively studied by measuring the transient current on

applying voltages to liquid crystals [103, 104]. These studies have revealed that ions can

be injected from electrode edges [102], are often already present in liquid crystal mixtures

[105], can stick onto electrodes [106], and that their mobility is coupled to the director

orientation [107]. A more detailed consideration of these effects, and possibly monitoring

the transient current during flexoelectric measurements, could provide valuable insight and

allow a more accurate measurement of flexoelectricity in non-chiral systems.

2.4.6 Final Remarks

It has been demonstrated that the crystal rotation method can be used to measure the differ-

ence in flexoelectric parameterse1 − e3 of nematic liquid crystals in TN cells. The method

determines the strength of the dielectric and flexoelectricinteractions simultaneously, and

therefore allows an independent measure of the internal field. However, the dynamical and

hysteretic effects of ions, and other complicated ion behaviour, is probably the cause of

variation between experimental runs. Indeed, materials that are known to contain less ions

have been found to produce more consistent results. Although flexoelectricity is not ex-

pected to vary with chirality [77], here it has been found that the measured values ofe1−e3

in this study for E7 are significantly smaller than those measured in chiral-doped E7 using

the ULH and Grandjean methods described in §2.2 and §2.3 respectively. This discrepancy

may also be a result of a naive treatment of ionic effects.

The crystal rotation method used with the TN geometry is mostsensitive with materials

that exhibit moderate flexoelectric and dielectric field interactions. This is because the
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method relies on a similar amount of distortion from each effect in order to measure both

the field strength and the flexoelectric distortion simultaneously. This could be a significant

limitation, since many materials of interest exhibit very small dielectric anisotropy and large

e1 − e3. However, a reasonable estimate of the flexoelectric properties of low-ionic-content

materials could be made by modifying the analysis to allow anestimate of the electric

field, rather than determining the field from transmission data. This could be done, for

example, by considering the geometry and dielectric properties of the device and solving

the electrostatic equations using a numerical modelling package, as was used in §2.3.2 in

relation to the Grandjean geometry.

With the increasing demand for field-sequential display technologies that may exploit

the chiral-flexoelectrooptic effect, and the interest in non-chiral systems, the development

of techniques to measure flexoelectric parameters is of continuing necessity. The TN crystal

rotation method provides a unique way to measuree1 − e3 in non-chiral materials that has

benefits over other non-chiral methods, including the possibility of determining the field

implicitly from electrooptic data.

2.5 Conclusion

In this chapter, a variety of techniques have been developedfor measuring flexoelectric

properties of both chiral and non-chiral liquid crystal materials. The Grandjean method

described in the first half of this chapter allows the measurement of both flexoelastic and

dielectro-elastic properties of cholesteric materials, and the technique is used in later chap-

ters to characterise material parameters. The non-chiral TN method described in the second

half has been an attempt to more accurately measure flexoelectric properties in non-chiral

systems, by attempting to take into account the effect of ionic impurities on the internal field

environment. Particularly with the present interest in spontaneous chirality in bent-core ma-

terials, methods to measure properties of non-chiral systems are of particular importance,

and the challenge of dealing with ionic content is still pressing.

As will be discussed in the next chapter, the techniques developed here can be exploited
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further to look more closely at the details of flexoelectric switching in Grandjean structures.

Up until now, the electric field has been kept small in order tominimise non-linear effects

that can occur when there are large distortions. In the next chapter, the method is developed

further to look at how dielectric distortion can suppress orenhance flexoelectric switching

when larger fields are applied.
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Chapter 3

Enhancement of Flexoelectric Switching

3.1 Introduction

As was discussed in chapter 1 and the introduction of chapter2, the chiral flexoelectrooptic

effect has potential for use in ultra-fast display technologies. From an engineering perspec-

tive, a large rotation in the cholesteric optic axis with a minimum applied field strength is

favourable, so that a maximum transmission modulation can be achieved with voltages that

are within the range of what can be applied using thin-film transistor technology (≈ 10 V).

As was described in §1.8.2, the flexoelectric tilt angle can be approximated by,

φ0 =
e1 − e3
K1 +K3

P

2π
E (3.1)

wheree1 ande3 are the flexoelectric coefficients as originally defined by Meyer [8], K1

andK3 are the splay and bend elastic coefficients,P is the pitch of the cholesteric material,

andE is the electric field component perpendicular to the helicoidal axis. Notice that this

equation does not depend on either the dielectric anisotropy ∆ε, or on the twist elastic

coefficientK2. In order to maximise the rotation in the cholesteric optic axis, given byφ0,

it can be seen from equation 3.1 that it is desirable either toincreaseP , or to increase the

flexo-elastic ratio(e1 − e3)/(K1 + K3) of the liquid crystal material. The value ofP can

in principle be increased arbitrarily by selecting an appropriate chiral dopant concentration,

however there are other constraints on this parameter. The pitch should be as small as

possible in order to minimise the switching response time, which is proportional toP 2.

Another constraint onP from an engineering perspective, is that the material must be in
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the ‘circular regime’ (see §1.6.3) so as to not cause unwanted Bragg or diffraction effects.

Within the circular regime, the liquid crystal also exhibits optical activity, with an optical

rotary power that is proportional toP 3 (see equation 1.38). Optical activity results in light

leakage between crossed polarizers, and because optical rotary power is also proportional to

λ−4, it is difficult to compensate the rotation for all visible wavelengths. For these reasons,

cholesteric materials designed for flexoelectrooptic applications tend to have a pitch less

than 300 nm.

Since the pitch is limited by other engineering requirements, the usual method for in-

creasingφ0 is to develop materials with large(e1 − e3)/(K1 + K3). Materials have been

developed that exhibit switching angles at appropriate pitch lengths and field strengths ad-

equate for technological applications [74, 56, 75, 76, 57].However, these materials include

bimesogens, which tend to greatly increase the viscosity and therefore increase the switch-

ing time (which is proportional to viscosity). Furthermore, as will be discussed in chapter 4,

bimesogenic materials do not respond well to homeotropic alignment conditions, which

may be necessary for a commercially viable method to align the uniform lying helix. Meth-

ods to enhance the switching capability without increasingthe flexo-elastic ratio would

therefore allow greater flexibility in material parameterssuch as the viscosity, allowing im-

provement in switching time, or would allow flexibility in additional mixture components

that are conducive to ULH alignment (which is discussed in chapter 4).

This chapter is concerned with how flexoelectro-optic switching in cholesteric struc-

tures can be enhanced without using eitherP or (e1 − e3)/(K1 + K3). The derivation of

the flexoelectric tilt angleφ0 given in equation 3.1, which was described in §1.8.2, made

some assumptions. Firstly, it assumed that∆ε is small, and therefore that the dielectric

energy term in the free energy can be ignored. It has been known for some time that a

positive dielectric anisotropy suppresses the flexoelectric switching [19], however in §3.2,

this behaviour is explored further and it is shown that the dielectric coupling of the field to

materials with negative dielectric anisotropy can improvethe switching angle. The Grand-

jean rotation method, described previously in §2.3, is adapted to measure the dielectric
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influence on flexoelectric switching, and the technique is applied to a chiral nematic mix-

ture E7+3.5%R5011. The optimal liquid-crystal parametersto best exploit the dielectric

enhancement in flexoelectric switching are explored numerically, and a potential enhance-

ment of up to a degree is demonstrated.

Another assumption made in the derivation ofφ0 by Rudquist and others, on which the

derivation in §1.8.2 is based, is that the pitch is fixed and not free to vary [50, 52]. How-

ever, there is no significant difference between the expressions forφ0 that are derived under

assumptions of a pitch that is fixed [50, 52] or a pitch that is free to change in order to min-

imise the total free energy [48], especially for small switching angles, and accommodating

a pitch that is free to vary is therefore not considered here.

A final assumption that is made in the derivation ofφ0 is that the imposed, fixed pitch

is equal to the cholesteric material’s natural pitch. In many cases, this assumption is likely

to be a fairly good one, however there may be situations in which this is not the case. For

example, the pitch of a material is, in general, a function oftemperature. If a polymer

network is used to stabilise a cholesteric structure at a different temperature to when it is

being switched, then the polymer network will impose a pitchthat is different from the

natural pitch of the liquid crystal. In §3.3, the derivationof φ0 that was presented in §1.8.2

is generalised to the case where the imposed pitch may be different from the natural pitch

of the cholesteric. The effect on the flexoelectric switching angle is explored theoretically,

and methods to observe or exploit the effect are suggested.

Consider the total free energy, given by,

F (n̂) =
1

2
K1[∇ · n̂]2 + 1

2
K2[n̂ · (∇× n̂) + q]2 +

1

2
K3[n̂× (∇× n̂)]2

− 1

2
ε0∆ε(n̂ · E)2 −

[

e1n̂(∇ · n̂) + e3(∇× n̂)× n̂
]

· E (3.2)

which was first given in §1.3.4. Notice that parameters related to the dielectric and twist-

elastic energy terms,∆ε andK2, are present in this free energy equation but are absent from

the common expression ofφ0 given in equation 3.1. By considering scenarios in which

there is an unusual twist or dielectric energy, however, we will find that these terms do

affect flexoelectric tilt, contrary to what is implied by equation 3.1, which does not include
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∆ε or K2. To summarise: in §3.2 the dielectric term in the free energyis considered, in

which ∆ε is important; and in §3.3 the elastic twist energy term is considered, in which

K2 is important, and it is shown that both can potentially be used to enhance flexoelectric

switching.

3.2 Using Negative Dielectric Anisotropy Liquid Crystals

Chiral flexoelectric phenomena, discussed in §1.8.1, have been interesting both from a the-

oretical perspective, and also for potential electro-optic applications. The recent improve-

ment in flexo-elastic parameters in bimesogenic liquid crystals opens potential not only

for the realisation of electro-optic devices that exploit the chiral flexoelectro-optic effect,

including displays, but also for studying new electro-optical effects that arise due to an in-

creased parameter space that is physically accessible. As was discussed in the introduction

to this chapter, the chiral flexoelectric tilt angle,φ0, is usually given by equation 3.1. While

this linear, small-angle approximation is good for many situations, previous assumptions

that are common in the literature on chiral flexoelectricitygive rise to significant deviations

from real behaviour [108]. For example, dielectric and flexoelectric distortions are not, in

general, decoupled, with the result that flexoelectric tiltis non-uniform along the helicoidal

axis and non-linear with respect to field strength [108, 19].Materials designed for flexo-

electric switching are usually engineered to have small dielectric anisotropy (∆ε) to avoid

any reduction in flexoelectric tilt due to this coupling [76,19]. However, negative∆ε ma-

terials have not been considered in this context. Here, it isdemonstrated numerically that

negative anisotropy can lead to an enhanced electro-optic effect in some systems. A numer-

ical simulation is used to model device behaviour, and the model is tested with E7 nematic

liquid crystal. Finally, the implications of dielectrically enhanced flexoelectric switching

for device applications is commented upon.
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3.2.1 Effect of Dielectric Anisotropy

For materials with zero∆ε, the flexoelectric tilt angle approximately follows equation 3.1

and is linear with the applied field strength at small angles.The tilt is due to the flexoelectric

torque on the director, which results from a reduction in thefree energy contribution from

flexoelectricity, given by,

fflexoelectric = −(e1n̂(∇ · n̂) + e3(∇× n̂)× n̂) · E (3.3)

wheren̂ is the local unit-magnitude director, andE is a field applied perpendicular to the

cholesteric helicoidal axis (see §1.3.4).

The free energy associated with the dielectric coupling to the field is given by,

fdielectric = −1

2
∆εε0(n̂ · E)2 (3.4)

whereε0 is the permittivity of free space (a derivation is provided in §1.3.1). As was

described in detail in §1.7.1, in the case of a non-zero∆ε, the dielectric coupling to a field

applied perpendicular to the helicoidal axis induces a distortion that causes a rotation of the

director about this axis, such that the director will have anangle about the helicoidal axis

given by,

θ(z) = qz + θ0 sin(2qz) (3.5)

whereθ0 is given by,

θ0(E) =
∆εε0
8K2q2

E2 (3.6)

and thez-axis is the helicoidal axis (using the coordinate system given in figure 3.1).

The flexoelectric tilt and dielectric distortion in the helicoidal director structure have a

negligible influence on each other at small distortion angles. This is demonstrated by the

fact that both numerical methods (that take both effects into account simultaneously) and

analytical methods (that assume the effects are independent) used in chapter 2 to model

the electrooptic behaviour resulting from dielectric and flexoelectric distortions, produce

almost identical results at small field strengths where the distortion angles are small. How-

ever, at larger distortion angles this is not the case and predictions based on an analytical
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Figure 3.1: The local dielectric anisotropy couples to the field to distort the helix and alter
the local effective pitch. This change in pitch in turn couples to the flexoelectric polariza-
tion, altering the flexoelectric tilt angle as illustrated.The relative effect of the dielectric
distortion on the local effective pitch is illustrated by the lines in the diagram that show
the distance between positions along the helicoidal axis about which the director makes an
angle of 45◦ to the direction lateral to the field direction. A positive∆ε reduces the local ef-
fective pitch and therefore the flexoelectric tilt angle, asis commonly observed (illustrated
in the centre). A negative∆ε material, however, increases the local effective pitch, and in
some cases can enhance the tilt angle (illustrated right). Because the tilt is not uniform, the
angleφ is defined here as the angle the director is deflected about thefield direction at the
point at which the director is perpendicular to the field. Thedistortion and tilt angles have
been exaggerated for illustrative purposes.

treatment begin to deviate from real device behaviour. Therefore, a numerical approach

that can allow for the dielectric, flexoelectric and elasticcontributions to the free energy

simultaneously, is required to examine behaviour in this regime.

To help understand how the dielectric effect influences the flexoelectric distortion, a

schematic representation of a single repeating unit of a cholesteric director structure (half

a pitch) is shown in figure 3.1. For materials with positive∆ε, the dielectric coupling

tends to deflect the director towards being parallel with thefield. Note that the pitch of the

twisted region effectively becomes smaller in such a situation. From equation 3.1, we can

see that for a shorter pitch, we expect a reduced flexoelectric tilt angle, and this is indeed

what is observed in this region for positive∆ε materials [108, 19]. However, for a negative

∆ε material, the director tends to deflect towards being perpendicular with the field. In

this case, the pitch of the twisted region effectively becomes larger, and we may expect

an increased flexoelectric tilt in this region with respect to the zero∆ε case. The tilt also

becomes non-uniform along the helicoidal axis, and for thisreason, the angleφ is defined
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Figure 3.2: An illustration ofφ as a function of the electric field for cases where the dielec-
tric anisotropy,∆ε, is either positive, zero, or negative. In the negative∆ε case, there may
be an enhancement ofφ relative to the zero∆ε case.

here as the angle the director is deflected about the field direction at the point at which the

director is perpendicular to the field (see figure 3.1).

Additionally, whereas the flexoelectric coupling and associated distortion is propor-

tional to E (see equation 3.1) the dielectric interaction depends onE2 (equation 3.4).

Therefore the dielectric distortion of the structure and its influence onφ is non-linear, and

is therefore expected to introduce a non-linear term inφ(E). The situation is illustrated in

figure 3.2. For∆ε = 0, φ(E) is linear. For positive∆ε the dielectric interaction reduces

φ below this level as the field increases, and for negative∆ε we might expect an increase

in φ as the field increases (although at larger fields it will stillsaturate). This potential tilt

enhancement could have useful implications for device applications.

3.2.2 Measuring the Dielectric Effect on Flexoelectric Tilt

In order to probe this behaviour experimentally, the incident angle dependent electro-optic

behaviour of Grandjean cholesteric structures is studied under the application of a driving

field of the form,

E = E0 sin (2πft) (3.7)

whereE0 is the field amplitude andf is the field frequency. The approach was described in

the last chapter (§2.3) where it was used to determine both out-of-plane linear flexoelectric
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and in-plane quadratic dielectric electrically induced distortions. In the last chapter, it was

emphasised that the field applied be sufficiently small in order for the linear and quadratic

distortion effects to be decoupled. However, as is illustrated in figure 3.2, it is expected that

as the field increases, dielectric distortions can influenceφ. The curvature inφ as a func-

tion of applied field has a cubic-like functional form, and can be probed by considering the

3rd harmonic, which is sensitive to such non-linearities in thetransmission as a function of

voltage, in a similar way that the linear and quadratic behaviour can be probed by consid-

ering the 1st and 2nd harmonics, as was described in chapter 2 (§2.3.5). A simulation of the

3rd harmonic as a function of incident angle is shown in figure 3.3. Here, a numerical rou-

tine is used to determine the director structure under field application, and then a standard

anisotropic optical modelling routine is used to extract the amplitude of the transmission at

static field strengths ofE = E0 andE = E0/2, whereE0 = 0.3 Vµm−1. The 3rd harmonic

in the transmission relative to the driving frequency can then be approximated by using a

central-finite-difference method to calculate the third differential, such that,

T ′′′(E0) ≈
1

6

(

−2T(E=E0/2) + T(E=E0) − T(E=−E0) + 2T(E=−E0/2)

)

(3.8)

The 3rd harmonic is given as a function of angle of incidence to increase the sensitivity

with respect to experimental measurements, by providing a larger set of data. The results of

numerical simulations in figure 3.3 show that when∆ε = 0, the third harmonic is negligible

due to the near-linear relationship betweenφ andE. However, third harmonic is present

when∆ε 6= 0, and as might be expected from the schematic illustrations in figures 3.1 and

3.2, its sign depends on the sign of∆ε. This shows that in this field regime∆ε suppresses

and enhancesφ as expected.

Following the method discussed in detail in §2.3, figure 3.4 shows experimental trans-

mission and 1st, 2nd and 3rd harmonic transmission amplitudes as a function of angle of

incidence for a device filled with E7+3.5%R5011 chiral nematic liquid crystal (the same

device was used in §2.3, and a description of the preparationof the device can be found in

§2.3.1). A frequency of 1013 Hz is used to drive the liquid crystal. This frequency is large

enough for the effects of ions on the field to be negligable (asdiscussed in §2.1.2). The ex-
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Figure 3.3: A numerical simulation of the 3rd Harmonic transmission amplitude as a func-
tion of the angle of incidence onto a cell, for a field of amplitude 0.3 Vµm−1. The red line
simulates the expected parameters for E7, while the blue line simulates the same parame-
ters except for an inversion of∆ε from positive to negative. The black line is for zero∆ε.
The third harmonic is very sensitive to curvature in the transmission as a function of field
strength, and so is a useful experimental tool for observingthe dielectric influence on chiral
flexoelectric switching.

Table 3.1: Fitting parameters used in the numerical simulation shown in figure 3.4. The
simulated transmission is sensitive to small changes in these parameters, and so 3 significant
figures have been given for these cases. However, this is not representative of the precision
of measurements of these parameters, for which only the firsttwo figures are significant.

∆nd (µm) ∆εε0
K2

(FN−1m−1) e1−e3
K1+K3

(CN−1m−1) E (Vµm−1 PitchP (nm)

1.93 18.6 0.472 0.28 254

perimental harmonic amplitudes have been multiplied by factors that take into account the

finite switching time of the liquid crystal, which is calculated using equation 2.12 in §2.3.4

of chapter 2. A numerical fit is shown for each harmonic, from which key liquid crystal

parameters are determined through their use as fitting parameters. The transmission is used

to determine the product of the material’s optical birefringence and device thickness,∆nd.

The 1st Harmonic is used to measure the flexo-elastic parameter(e1 − e3)/(K1 +K3) and

the 2nd Harmonic can be used to measure the dielectro-elastic parameter∆εε0/K2. Ta-

ble 6.1 shows the parameters used in the simulation. The 3rd Harmonic does not require

further fitting, but shows that the dielectric distortion iscontributing to a non-linearity inφ

exactly as expected.
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Figure 3.4: Transmission and 1st, 2nd and 3rd harmonic transmission amplitudes relative
to a driving frequency of 1013 Hz, as a function of angle of incidence for E7+3.5%R5011
cholesteric mixture. The transmission is used to measure∆nd, and the 1st harmonic to
measure the flexo-elastic parameter(e1 − e3)/(K1 +K3). The 2nd harmonic is sensitive to
the dielectro-elastic parameter related to the in-plane distortion due to the dielectric effect,
∆εε0/K2. Once these parameters have been determined, the 3rd harmonic requires no
further fitting, but shows that the dielectric distortion iscontributing to a non-linearity inφ.
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Figure 3.5: A numerical simulation ofφ (in degrees) against the Patel and Meyer linear
approximation of the flexoelectric tilt angle given in equation 3.1 (in degrees). The three
plots show the behaviour for different magnitudes of the control parameterκ, for positive
and negative cases. Theκ = 0 case is also shown. (a)|κ| = κE7 = 10.5, (b) |κ| = 1.05,
(c) |κ| = 0.105. The plots illustrate the influence of the dielectric anisotropy onφ. In cases
whereκ is negative, there is some enhancement ofφ at some angles.
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3.2.3 Maximising Director Tilt Enhancement

While the experimental data show that the case for E7+3.5%R5011 is well represented by

the theory, it is important to investigate the negative∆ε regime to explore the behaviour of

any enhancement in the flexoelectric tilt. In order to do this, it will be useful to consider

a dimensionless control parameter that describes the relative flexoelectric and dielectric

distortions in a cholesteric liquid crystal. By combining equations 3.1 and 3.5, we can

express a dimensionless dielectric- to flexoelectric-distortion ratio

κ =
θ0
φ2
0

=
∆εε0(K1 +K3)

2

8K2(e1 − e3)2
(3.9)

which gives the relative strength of the dielectric and flexoelectric distortions in a particular

liquid crystal material.

Figure 3.5 shows results from a numerical simulation ofφ (as defined in figure 3.1)

against the Patel and Meyer linear approximation for the flexoelectric tilt angle,φ0, given

in equation 3.1, for three different values ofκ. In figure 3.5 (a),κ is evaluated for the

parameters of E7, andφ is determined numerically and shown as the solid red line. The dot-

dashed black line corresponds toκ = 0, and the dashed blue line corresponds toκ = −κE7.

Note in figure 3.5 (a), that while a material withκ = 0 follows closely the linear relation

given by the Patel and Meyer approximation, the dielectric distortion reduces the maximum

tilt angle drastically for E7-like materials. Interestingly, a material with a negative value

of κ of the same magnitude as E7 does indeed show a slight enhancement relative to when

κ = 0 for tilt angles up to≈ 10 degrees. However, the tilt angle is still reduced relative

to whenκ = 0 at larger angles. Figure 3.5 (c) shows a numerical simulation for whereκ

is evaluated with parameters associated with bimesogen materials, whose properties have

been engineered for flexoelectric switching. These materials have very small∆ε and hence

a smallκ compared with E7. There is only a small perturbation from theκ = 0 case. Figure

3.5 (b) illustrates an intermediate value of|κ|. In this intermediate case, there is a notable

enhancement in the case thatκ is negative, showing an enhancement of up to a degree at

approximately 25 degrees.
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Figure 3.6: A numerical simulation ofφ in the case whereφ0 = 22.5 degrees, against the
control parameterκ. For positiveκ, the dielectric distortion always reducesφ relative to the
κ = 0 case. However, a negativeκ can enhanceφ up to a degree. A further increase in the
magnitude of a negativeκ reducesφ. This means there is an optimal value ofκ at which
the tilt angle is maximised.

To explore the optimal value ofκ, figure 3.6 showsφ as a function ofκ, for the test case

where the tilt angle atκ = 0 is 22.5 degrees. For positiveκ, the tilt angle is reduced relative

to theκ = 0 case. However, we see that for negativeκ, the tilt angle can be enhanced

by approximately a degree. A further increase in the magnitude of a negativeκ, however,

leads to a reduction inφ, with the result that there is a maximum enhancement possible for

a given desired tilt angle.

3.2.4 Conclusion and Discussion

It has been shown that the dielectric distortion in cholesteric liquid crystals influences the

magnitude of the flexoelectric tilt at the point where the director is perpendicular to the

field. In particular, a negative dielectric anisotropy,∆ε, can in some situations enhance the

flexoelectric tilt at this point. For example, a material with ∆ε = −3.3, K1 + K3 = 29.7

pN,K2 = 6.0 pN ande1 − e3 = 18 pCm−1 would result inκ = −1.77, and this would lead

to an enhancement of 1 degree atφ0 = 22.5 degrees relative to a material with zero∆ε.

This is a small difference, and so it is unlikely that it wouldbe a major consideration when

engineering materials for optimal flexoelectro-optic switching.

A usual concern when using negative∆ε materials, is that they have a tendency to ori-

ent with the helicoidal axis parallel to the field to minimisethe dielectric energy given in
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equation 3.4, as has been described in §1.7.2. However, as will be described in detail in

chapters 4 (§4.3.1) and 5 (§5.2.1), flexoelectric polarization can contribute to the dielectric

permittivity perpendicular to the helicoidal axis, and will allow this component of the per-

mittivity to be greater than the component parallel to the helicoidal axis if the liquid crystal

parameters satisfy the condition,

ε‖ + ε⊥

2
< ε⊥ <

ε‖ + ε⊥

2
+

1

ε0

(

(e1 − e3)
2

2(K1 +K3)

)

(3.10)

In this case, the applied field will not reorient the negative∆ε cholesteric material, and

some enhancement of the flexoelectric switching is potentially possible.

In the next section, the effect of helix constraint on flexoelectric tilt is examined.

3.3 Using Constraint of the Cholesteric Pitch

In the last section, the effect of dielectric distortion on flexoelectric switching of cholesteric

liquid crystals was explored. It was suggested that in the case of a negative dielectric

anisotropy, the dielectric effect causes an increase in thelocal effective pitch, which in

turn can enhance the flexoelectric switching angle by up to a degree in some situations.

Because this enhancement is only small, it is unlikely to become an important engineering

consideration. In this section, a completely different approach is taken. The influence

on the flexoelectric switching of imposing a pitch on a cholesteric material other than its

natural pitch is explored. First, the derivation of the flexoelectric tilt,φ0, that was presented

in §1.8.2 is generalised for the case in which the natural chirality, q = 2π/P , is different

from a ‘constrained’ chirality, defined as,qc = 2π/Pimposed, wherePimposed is the imposed

pitch. It is found that for a given imposed pitch, a material with a longer natural pitch will

result in a significantly larger tilt angle, calculated to beup to a factor of 2.3 for parameters

corresponding to a bimesogenic liquid crystal. Suggestions are given as to how the effect

may be measured and exploited.
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3.3.1 Generalisingφ0 to Cases Whereq 6= qc

Adapting the derivation by Rudquist [51, 52] (c.f. the derivation given in §1.8.2), the di-

rector of a constrained helicoid, where the imposed pitch,Pimposed, is in general not equal

to the natural pitch of the cholesteric material, with its helicoidal axis parallel to thez-axis,

can be described by,

n̂ =





nx

ny

nz



 =





cos qcz cosφ
sin qcz

− cos qcz sin φ



 (3.11)

whereqc is the constrained chirality, given byqc = 2π/Pimposed, andφ is the angle of the

director tilt about they-axis (see figure 1.14 in chapter 1 for an illustration of the director

and coordinate system). By using these components ofn̂ in the free energy expression

given in equation 3.2, and omitting the dielectric energy term, we get,

F =
1

2
K1q

2
c sin

2 qcz sin
2 φ+

1

2
K2(q − qc cosφ)

2 +
1

2
K3(q

2
c cos

2 qcz sin
2 φ)

− E(e1qc sin
2 qcz sinφ− e3 cos

2 qcz sinφ) (3.12)

Since we want to know the tilt angleφ when the total free energy of the whole system is

minimum, we average over a whole number of pitches using the fact that,

〈sin2 qcz〉 = 〈cos2 qcz〉 =
1

2
(3.13)

and so the average volume energy density is,

〈F 〉 = 1

4
(K1 +K3)q

2
c sin

2 φ+
1

2
K2(q − qc cosφ)

2 − 1

2
(e1 − e3)Eqc sin φ (3.14)

In order to determine the value ofφ that minimises the total energy (assuming a fixedq),

we take the differential and minimise by setting equal to zero,

∂〈F 〉
∂φ

=
1

2
(K1−2K2+K3)q

2
c sinφ cosφ+K2qqc sin φ−

1

2
(e1−e3)Eqc cos φ = 0 (3.15)

which can be rearranged fortanφ,

tanφ =
e1 − e3
2K2q

E − (K1 − 2K2 +K3)qc
2K2q

sinφ (3.16)
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Finally, for small angles we can make the approximation thattanφ ≈ sin φ ≈ φ, and

simplify the expression for the tilt angle,
(

q

qc
− K1 +K3

2K2
+ 1

)

φ =
(e1 − e3)E

2K2q
(3.17)

which can be written,

φ0(E) =
e1 − e3
K1 +K3

E

q
·
{

1 +
2K2

K1 +K3

(

q

qc
− 1

)}−1

(3.18)

which gives the flexoelectric tilt angle in the case that the natural and imposed pitches are

not the same. This result has been previously derived by Parry-Jones [109, 110]. When

qc = q, we see that equation 3.18 will simplify back to the previousresult forφ0 from

equation 3.1. Hence, we find that the tilt angle is expected todiffer from the unconstrained

case by a factor that is independent ofE, which is given by the expression in the curly

brackets in equation 3.18.

3.3.2 The Influence of Pitch Constraint and Different Elastic Parame-
ters

It is interesting to look at the behaviour one might expect from equation 3.18. Figure

3.7(a) showsφ0 as a function of the applied field strength, according to equation 3.18, in

the case where parameters are those corresponding to E7, where (e1 − e3)/(K1 + K3) =

0.46CN−1m−1 (based on the measured value from chapter 2, §2.2) and(2K2)/(K1+K3) =

0.48 (based on values provided by the material supplier, Merck),for different values of the

ratio q/qc, at an imposed pitch of 250 nm. For comparison, 3.7(b) also showsφ0(E), but

using parameters corresponding to a bimesogenic material where(e1 − e3)/(K1 +K3) =

1.1 CN−1m−1 (based on a measurement by Castles [111] of a bimesogenic material used in

chapter 6), and(2K2)/(K1+K3) = 0.56 (based on a measurement of(K1+K3) in chapter

6 and a value ofK2 from the literature), also for an imposed pitch of 250 nm. Thefigures

show that there is a significant increase inφ0 whenq/qc < 1. In the case thatq/qc = 0, there

is a factor of 1.9 enhancement inφ0 compared with theq/qc = 1 case for E7 parameters,

and a factor of 2.3 enhancement for parameters corresponding to the bimesogenic material

used in chapter 6.
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Figure 3.7: The flexoelectric tilt angle of the director in a cholesteric liquid crystal is shown
as a function of the strength of a field applied perpendicularto the helicoidal axis, in cases
where the natural cholesteric pitch is unequal to the imposed pitch, based on the analytically
derived equation 3.18, where the imposed pitch is 250 nm, forcases where parameters
correspond to those of (a) nematic E7 and (b) a bimesogenic material also used in chapter
6. There is a significant enhancement of the tilt angle as a function of applied field strength
in the cases where the natural pitch is significantly longer than the imposed pitch, and the
sensitivity ofφ0 to the ratioq/qc is dependent upon the ratio(2K2)/(K1 + K3), which is
further illustrated in figure 3.8.

The difference in the factors corresponding to E7 and the bimesogenic material are due

to the sensitivity ofφ0 to the ratio(2K2)/(K1 + K3). Figure 3.8 showsφ0 against the

ratio q/qc under the application of a constant field of 0.1 Vµm−1, for different values of

the ratio(2K2)/(K1 + K3). Whenq/qc = 1, then the system is insensitive to differences

in (2K2)/(K1 + K3), however, it can be seen in figure 3.8 that for values ofq/qc towards

zero, the ratio(2K2)/(K1 + K3) has a larger influence onφ0. Therefore, if we are to use

pitch constraint in order to enhance the flexoelectric switching angle, then it is best to use

materials with largeK2 and smallK1 +K3, as can also be seen from equation 3.18.

To think intuitively about this result, we can imagine that as the director of the chol-

esteric tilts due to flexoelectricity, the pitch of the twistof the structure becomes longer

such that,

Ptwist =
Pimposed

cosφ
(3.19)
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Figure 3.8: The flexoelectric tilt angle of the director in a cholesteric liquid crystal is shown
for a fixed field strength of 0.1 Vµm−1, as a function of the ratio ofq/qc, for a range of
values of the elastic ratio(2K2)/(K1 + K3), for the case where the value of the flexo-
elastic parameter is given by (a) 0.46 CN−1m−1 (corresponding to that of E7) and (b) 1.1
CN−1m−1 (corresponding to that of a bimesogenic material also used in chapter 6.) Note
that (2K2)/(K1 + K3) for E7 is 0.48 and for the bimesogen material is approximately
0.56, although a range of values are shown to illustrate the general behaviour. These plots
show that in order to maximise the enhancement in the flexoelectric switching due to pitch
constraint, then it is favourable to have a largeK2 relative toK1 +K3.

and the pitch of the bend-splay pattern gets shorter such that

Pbend-splay =
Pimposed

sin φ
(3.20)

as illustrated in figure 3.9. Sincee1 − e3 couples to bend-splay, the free energy due to flex-

oelectricity is minimised whenPbend-splay is minimised, and hence whenφ0 is maximised.

In contrast, the bend and splay elastic energy are minimisedwhenPbend-splay is maximised,

and hence whenφ0 is maximised. Ignoring for a moment the twist elastic free energy,

referring to the free energy given in equation 3.2, for smallangles, the flexoelectric free

energy (the last two terms in the free energy) goes down linearly with increasingφ0, while

the bend-splay combined elastic energy (the first and third term) goes up quadratically with

φ0. Hence, in the absence of a twist energy term, at some value ofφ0, the flexoelectric and

bend-splay elastic energy is balanced, and an equilibriumφ0 is reached. The bend-splay

elastic energy is reduced ifK1 +K3 is reduced, therefore, a larger equilibriumφ0 occurs if

K1 +K3 is small.
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Figure 3.9: An illustration of a cholesteric structure witha uniform tiltφ in the director. (a)
The axis normal to the director, and along which there is a twist in the director. The pitch of
the twist is approximated by equation 3.19. (b) The helicoidal axis of the structure, which
is defined as the axis normal to planes of uniform director. The planes of uniform director
have a periodicity along the helicoidal axis with a characteristic pitch,Pimposed. (c) This
line is a cross section of a plane of pure bend-splay in the director. The bend-splay director
pattern has a periodicity along this axis approximated by equation 3.20.

In addition to this, the twist elastic energy also depends onφ0. The twist energy is

minimised whenPtwist = P , i.e., when the twist in the structure is equal to the natural

pitch. If the system is constrained such that the imposed pitch is shorter than the natural

pitch, the twist energy can decrease asφ0 increases. A larger value ofK2 will increase the

free energy associated with a difference betweenP andPtwist, and hence, a largerK2 will

provide a larger enhancement in cases whereq/qc < 1.

In the case that the factor in curly brackets in equation 3.18is zero, then the cholesteric

structure without a field applied becomes unstable. For the cholesteric to remain stable, the

parameters must satisfy the condition that,
{

1 +
2K2

K1 +K3

(

q

qc
− 1

)}

> 0 (3.21)

and we can rearrange this to write,

K1 +K3 >

(

1− q

qc

)

2K2 (3.22)

If this condition is not met, then the reduction in twist elastic energy from increasingφ, is

greater than the cost in bend-splay elastic energy, and a structure that is pure bend-splay

is lower in energy than the twisted structure1. The twisted structure is therefore unstable.

1A similar threshold between bend-splay and twist structures has been considered in the pi-cell in order to
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It should be noted that liquid crystal materials generally satisfy this inequality. In order to

maximise the enhancement due to the helix constraint, the ratio 2K2

K1+K3
should be as large

as possible, but still satisfy the inequality in equation 3.22.

3.3.3 The Use of Polymer Networks for Pitch Constraint

Of course, one may ask how realistic a scenario in whichq/qc = 0 is. In a recent paper

[113], a polymer network was produced in a highly chiral system in which the remain-

ing liquid crystal was removed using a solvent and then replaced with a non-chiral liquid

crystal. The non-chiral liquid crystal was found to ‘template’ the structure of the polymer

network, that is, to form the same structure and periodicityas the polymer network, whose

structure had been taken from the chiral liquid crystal material. Hence, in this situation,

the conditionq/qc = 0 was indeed realised, albeit in a blue phase rather than a cholesteric

geometry. It would be interesting to repeat a similar process using a ULH device, such that

one could observe the effect of the templated liquid crystal’s natural pitch on the resultant

flexoelectric switching characteristics.

It is known that polymer networks tend to reduce the flexoelectric switching angle in

cholesteric materials [114, 115]. It is not known at presentexactly how the polymer net-

work will influence the elastic properties of the liquid crystal. It may be that in order to

stabilise and impose a pitch that is significantly differentfrom the natural pitch of the liquid

crystal, a concentration of polymer network would be required that would be so large as to

prohibitively reduce the flexoelectric switching capability. Without further experiments, or

accommodating the influence of the network into the theory, it remains an open question

for further work.

measureK2 by Brimicombe [112]. The pi cell can be considered as a systemin which the pitch is constrained
due to the surface alignment condition. Since liquid crystals usually have a larger combinationK1 +K3 than
2K2, then a twist state in a pi cell is lower in energy than a bend-splay state. However, there is a threshold
at which a voltage applied parallel to the helicoidal axis will change the lowest energy state to the bend-splay
state, due to the dielectric coupling. A combination of thisthreshold effect and the flexoelectric effect used in
polymer stabilised cholesteric structures could potentially be used to create a unique electrooptic technology.
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3.3.4 Summary and Discussion

In this section, the derivation of tilt in the director of a cholesteric under the application of

a field applied perpendicular to the helicoidal axis has beengeneralised to the case where

the pitch may be constrained to be other than the natural pitch. The result of the derivation

suggests that there is a significant enhancement of up to a factor of 2.3 in the tilt angle as

a function of applied field strength in cases where the natural pitch is significantly longer

than the imposed pitch. The sensitivity ofφ0 to the ratioq/qc is dependent upon the ratio

(2K2)/(K1 + K3). In order to maximise the enhancement due to the constraint effect, a

large ratio(2K2)/(K1 + K3) is favourable. These results should be taken with caution,

however, as in order to produce a strong constraint condition, a polymer network may be

required, whose additional influence on the switching anglehas not been considered.

A constraint condition in whichq/qc = 0 has been demonstrated in blue phases via the

use of polymer networks [113]. In chapter 6, the effect of flexoelectric switching in blue

phase systems with no polymer networks is investigated. It is found in that chapter that

flexoelectricity contributes to Kerr switching in blue phases. Enhancement of flexoelec-

tric switching in templated blue phase systems in whichq/qc = 0 may therefore also be

interesting to investigate in a further study.

3.4 Conclusion

In this chapter, the dielectric and twist-elastic energy terms in the free energy equation

(equation 3.2) have been considered in the context of enhancing the flexoelectric switching

of cholesteric liquid crystals. In §3.2, the effect of dielectric distortions on the flexoelectric

tilt angle in the director was investigated, and it was foundnumerically that although a pos-

itive dielectric anisotropy always reduces the flexoelectric tilt, the tilt can be enhanced by

up to a degree in some situations in which a negative dielectric anisotropy material is used.

A technique for observing the coupling of dielectric and flexoelectric effects in cholesteric

liquid crystals based on electrooptic measurements of Grandjean structures was developed

and a numerical simulation of the liquid crystal electrooptic behaviour was shown to be
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consistent with experimental electrooptic behaviour of chiral-doped E7 liquid crystal, in

which a positive dielectric anisotropy reduces the flexoelectric tilt angle. The enhancement

possible by using the dielectric coupling to the tilt angle is not large enough to be a serious

consideration for technological application.

In §3.3, the derivation of the flexoelectric tilt in a cholesteric under the application of a

field perpendicular to the helicoidal axis was generalised to cases where the natural pitch

and imposed pitch are not equal. Such cases can exist where there is a polymer network

formed with a pitch that is different from the liquid crystalpitch. It was found that theo-

retically a significant enhancement of the flexoelectric tilt could be achieved by imposing

a pitch significantly shorter than the natural pitch of the liquid crystal. The sensitivity of

the enhancement in the tilt with respect to such pitch constraint is strongly dependent on

the ratio of twist and splay-bend elastic constants,(2K2)/(K1 +K3). In order to produce

the greatest enhancement, this ratio should be maximised. However, a question remains as

to the effect of a polymer network on the switching, as it is known that polymer networks

reduce the flexoelectric switching angles in cholesteric liquid crystals [114, 115], and this

effect has not been taken into account in the analysis.

While in this chapter, enhancement of chiral flexoelectric switching has been investi-

gated, in the next chapter, a different aspect of chiral flexoelectric technology will be ad-

dressed: Uniform Lying Helix (ULH) alignment. The ULH is themost heavily researched

potential method for exploiting the chiral flexoelectrooptic effect in display applications,

but development is hindered because of the difficulty in forming, and making stable, ideal

ULH structures. Chapter 4 will discuss the key problems, previous work on the subject, and

the development of a series of new approaches to ULH alignment.

107



Chapter 4

Uniform Lying Helix Alignment

4.1 Introduction

As we saw in chapter 1, flexoelectric polarisation induces a tilt in the director about an

electric field applied perpendicular to a cholesteric liquid crystal helicoidal axis. If the

pitch is much less than the wavelength of light, then the liquid crystal acts as a uniaxial

wave plate, whose optic axis orientation can be controlled with a field transverse to the film

via a flexoelectrically induced rotation of the director. Since its conception, this high-speed,

linear and in-plane electrooptic effect has elicited a great deal of research interest, especially

when exploited in the Uniform Lying Helix (ULH) geometry [58, 116, 19, 117, 108], which

was introduced in §1.8.4.

As noted earlier, the development of materials optimised for the flexoelectric effect

mean that rotation angles of±22.5◦ (and in some cases±45◦[73]) can be readily obtained

with switching times typically of microseconds [74, 56, 75,76, 57]. This development

would allow the possibility of large area, wide-viewing-angle, grey-scale, field-sequential

colour, video rate and glasses-free multi-user time-multiplexed autostereoscopic 3D display

technologies, however most methods for ULH alignment do notproduce an adequate align-

ment quality, and new insights into this problem are in greatneed [54, 53, 118, 119, 120,

42, 121, 122]. The alignment quality has a direct impact on the blackest state of the liquid

crystal between crossed polarizers, which is critical to a device’s optical contrast between

bright and dark states. Improvements to ULH alignment techniques are therefore of critical

importance.
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This chapter is therefore concerned with the key challenge of ULH alignment. Some im-

portant issues are discussed first, and how the ULH can be madestable with homeotropic

surface alignment conditions is described. Previous methods for ULH alignment are re-

viewed, and inform a series of new approaches to ULH formation that produce stable ULH

textures without any polymer stabilisation, which will be described in the rest of the chapter.

The first method utilises periodic boundary conditions to uniformly align weakly-chiral ne-

matic liquid crystal textures in §4.2. The use of in-plane switching fields is then commented

upon in §4.3. In §4.4, a combination of homeotropic surface alignment and unidirectional

nano-grooves made by a relatively simple and low-cost process is adopted. Finally, in §4.5

micron-scale channels are created using a replica-moulding technique, and shown exper-

imentally and theoretically to promote a high quality ULH alignment with the helicoidal

axis oriented parallel to the channels.

4.1.1 Surface Energy

Different alignment conditions can promote different alignments of cholesteric liquid crys-

tals within devices (see figure 1.10 in §1.6.3). In devices with planar surface anchoring, the

Grandjean texture, in which the helicoidal axis is perpendicular to the confining surfaces,

is the most stable and lowest energy state. Planar anchoringwas, for example, adopted in

§2.3 to promote a Grandjean structure. The Grandjean structure is the lowest in energy be-

cause the director is uniformly in the plane of the liquid crystal cell, and can meet the planar

alignment condition while remaining undistorted (assuming the cell thickness is an integer

number of half-pitch lengths). The director of the ULH structure, however, is not uniformly

in the plane of the cell, and distortion and/or defect lines occur near the surfaces due to

the planar surface anchoring condition, resulting in a larger free energy density [123]. As

a result, alignment of ULH structures on planar surfaces is not stable and quickly reverts

back to a Grandjean alignment, which reduces the free energy.

In the case of homeotropic anchoring however, the situationis less clear. Homeotropic

anchoring is not compatible with either Grandjean or ULH alignments, and so in both cases
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elastic distortion and an increase in free energy density will occur. The total free energy per

unit area is given by,

Wtotal = Wsurface +Wbulk +Wdefects (4.1)

whereWbulk is the bulk energy per unit area,Wdefects is the defect energy per unit area, and

Wsurface is the surface energy per unit area, where,

Wsurface =
W0

2

(

1− (n̂ · ŝ)2
)

(4.2)

whereW0 is the surface anchoring strength,n̂ is the unit magnitude director, and̂s is a

unit vector normal to the surface (see §1.2.2). In the limit of very weak homeotropic an-

choring, there are no defects or elastic distortions due to interaction with the surface, and

henceWbulk = Wdefects = 0 andWtotal = Wsurface. Furthermore, for the planar Grandjean

geometry in this situation,Wtotal = W0/2, because at all positionŝn · ŝ = 0. On the other

hand,Wsurface for the ULH isW0/4, because in some places along the helix, the director is

homeotropic and therefore compatible with the homeotropiccondition. Hence, in the limit

of weak homeotropic anchoring the ULH is lower in energy thanthe Grandjean geometry.

In fact, for weak anchoring, the total free energy of the Grandjean increases at twice the rate

with respect toW0 as the ULH. Importantly, this means that the ULH can be made stable

by employing weak homeotropic anchoring. Experimentally,it is well known that weak

homeotropic anchoring tends to promote the finger-print or ULH textures in cholesteric

materials [124, 125], and this effect is illustrated in figure 4.1.

Stronger surface anchoring causes director distortions and an associated elastic free

energy cost, in both the cases of ULH and Grandjean geometries. In the limit of strong

anchoring, the Grandjean will saturate when the defect-free director field is completely

homeotropic at the surface interface. The ULH, however, is not directly topologically com-

patible with uniform homeotropic alignment, and in the limit of strong homeotropic anchor-

ing defect lines form, which further contribute to the energy of the system, at which point

the director in the ULH can also be completely homeotropic atthe surface interface. Both

the ULH and Grandjean structures on homeotropic alignment involve considerable elastic

110



Figure 4.1: Non-chiral nematic liquid crystal E7 was allowed to mix with chiral-doped
E7 within a cell that had been treated with weak homeotropic alignment layers on top
and bottom substrate surfaces, resulting in a gradient in the concentration of chiral dopant
increasing from left to right. The image shows a polarizing microscope image of the cell,
and demonstrates that homeotropic alignment promotes a fingerprint texture over a range
of helical pitch lengths.

distortion near the surfaces. In the Grandjean case this will be a reorientation from the

homeotropic surface to the bulk planar state over the entiresurface area. In the ULH case

the distortion is less uniform, but is substantial in the vicinity of the defect. If we therefore

assume that the elastic energy per unit area is similar in both ULH and Grandjean cases,

then we might suggest that the additional energy of the defects in the ULH case means that

the total energy of the ULH saturates at a higher level than the Grandjean, as illustrated in

figure 4.2.

A second situation is in fact also possible that does not involve defects. Instead, the

ULH structure can form a continuous distortion, involving aregion of reverse twist, near

the surface interface with a period equal to the pitch, and such that in some areas there

is even a region in which the director twists in the opposite sense to the natural chirality

[123]. Such a deformation has a large free energy density, and would also suggest that the

ULH is more costly in energy than the Grandjean case [123, 121]. Curiously, there has not

been any published experimental data to show a cross-over inenergy of the two structures

at larger anchoring strengths, as homeotropic alignments generally form ULH configura-

tions on cooling from isotropic [124]. This may suggest thathomeotropic anchoring agents
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Figure 4.2: An illustration of the total energy per unit areaWtotal as a function of the
homeotropic anchoring strengthW0 for ULH and Grandjean geometries. In the limit of
smallW0, Wtotal is proportional toW0. Due to its partial compatibility with homeotropic
anchoring,Wtotal for the ULH rises slower than that for the Grandjean geometry, therefore
in this region the ULH is lower in energy and stable relative to the Grandjean geometry.
However, at largeW0, the ULHWtotal saturates at a larger energy than that of the Grand-
jean due to distortion and the creation of defect lines. A critical W crit

0 occurs where both
configurations are equal in energy. Note that the behaviour of Wtotal at intermediary values
of W0 are not well represented by the plot, but modelling of the behaviour in this region is
beyond the scope of this work.

available are not strong enough for such a cross-over to be observed experimentally. We

also generally observe that under flow, devices with homeotropic alignment conditions tend

to form stable Grandjean-like textures. It may be the case that both Grandjean and ULH ge-

ometries are quasi-stable, and the history of the device (temperature or flow history) is more

important than which state is the global energy minimum in determining which geometry

is formed.

What is observed experimentally is consistent with the above discussion. Planar an-

choring causes the Grandjean texture to form spontaneouslyon cooling (figure 4.3(a)),

while a weak homeotropic anchoring surface treatment (created using lecithin) promotes

a randomly oriented ULH (focal conic) texture (figure 4.3(b)). Here, a second problem

that must be overcome in order to form a desired ULH texture can be seen: orientational

degeneracy. Whilst the weak homeotropic anchoring favoursULH alignment, the observed

texture has no preferred direction. To promote a single preferred ULH alignment direction,
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Figure 4.3: Polarizing microscope images of the Grandjean texture (left) which has been
promoted with planar surface anchoring, and the focal conictexture (right) which arises on
cooling a short pitch cholesteric from isotropic where the substrates have been treated with
a weak homeotropic anchoring condition.

an orientational-degeneracy breaking agent or condition therefore must be employed.

Most of the alignment techniques described in this chapter rely on homeotropic align-

ment conditions to produce a ULH alignment. It should be noted, however, that liquid crys-

tal materials designed to have large flexoelectric coefficients, namely bimesogenic and bent-

core liquid crystals, do not respond well to homeotropic alignment conditions [126, 78], in-

cluding lecithin, which is used throughout the work presented in this chapter, and that this

problem has not been addressed. However, successful homeotropic alignment of bent-core

liquid crystals using trichloroocta-decyl silane in heptane has been reported elsewhere [78].

In the next section, previous methods of ULH alignment are discussed. While in the

work presented in subsequent sections, a homeotropic alignment condition is adopted in

combination with a variety of methods for breaking the orientational degeneracy, this ap-

proach is in contrast to the most common method for ULH alignment in the literature, which

adopts planar alignment conditions and exploits the dielectric reorientation of positive di-

electric anisotropy materials under an applied field.

4.1.2 Previous Methods

Attempts at solving the problem of ULH alignment have been numerous but with varying

and limited success. Many of the methods have produced reasonable alignment, however,

for most technological applications, either the alignmenthas not been of sufficient quality,
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or the complex surface treatments and processes involved are not suitable for economical

mass production. Here, methods that have been tried in the past will be described, and the

work in this chapter that attempts to address these problemswill be introduced.

Planar Alignment Methods

The most common method for ULH alignment is to use planar alignment surface layers

and cool from the isotropic phase in the presence of a transverse electric field. Due to the

dielectric effect, the transverse field makes the ULH favoured over the Grandjean geome-

try (see §1.7.2) [127]. A more uniform alignment can also be obtained by exploiting the

electrohydrodynamic effect [42]. However, as was discussed in the previous section, the

ULH is not stable in cells with planar surface conditions, and rapidly reverts to a Grand-

jean geometry on field removal. To prevent this, polymer stabilisation is often employed

[54]. A liquid-crystal host will have been mixed with a reactive mesogen, which can then be

polymerised in-situ using ultra-violet radiation. The resultant polymer forms a network that

stabilises the ULH from reverting to the more stable Grandjean structure after the field is re-

moved. Polymer network can be formed throughout the liquid crystal or be localised to the

surfaces to improve switching characteristics [53, 119]. This method is reliable, however

forming the ULH using a transverse field prior to polymerisation does not yield a sufficient

alignment quality. Furthermore, polymer networks have additional disadvantages, leading

to larger switching voltages and potentially reducing the optical contrast by having residual

birefringence [114, 115] and introducing light scatter [128, 129]. No polymer networks are

used in this thesis.

In a related method, Gardiner used in-plane fields with planar anchoring to produce the

ULH before polymerisation to stabilise against reverting to the Grandjean structure [122].

This method proves particularly effective, although again, the requirement of polymer net-

work is sub-optimal. In §4.3, the method is repeated and the main issues discussed, before

a modification to the method is demonstrated that allows the ULH to remain stable on re-

moval of the field without polymer stabilisation. Experimentally it is shown that both the
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flexoelectric and dielectric effects can be exploited to align the ULH with in-plane fields.

Homeotropic Alignment Methods

In work by Komitov, periodic boundary conditions were used,alternating between homeo-

tropic and planar alignment [118, 120]. The idea is to match the topology of the periodic

ULH directer orientation next to the alignment surface. Komitov suggests that as long

as the planar regions are shorter than the pitch of the material, so that Grandjean does

not form above them, then it is not vital that the periodicityof the boundary condition

is commensurate with the material’s pitch [118]. The planarregions act as a symmetry-

breaking agent that promotes a single direction of ULH alignment. This general principle,

of orientational symmetry breaking, is addressed in all work on ULH alignment. In order

to understand Komitov’s approach, in §4.2 a related approach using long-pitch materials

is presented. Although long-pitch materials are not usually considered in flexoelectrooptic

ULH technology, they have the advantage that the structure can be observed clearly using

polarizing microscopy.

Carboneet alused periodic surface structures to encourage seeding lines of topological

discontinuities, reducing the energy of the ULH relative tothe Grandjean structures by re-

ducing the energy of these lines [121]. The structures were fabricated using laser-scanning

lithography; an effective but expensive technique that is inappropriate for mass production.

In §4.4, nano-grooves are fabricated using a polishing compound to produce a ULH align-

ment by what may be a similar mechanism. The process is cheap and could be scaled for

application.

In another study by Carboneet al. a highly ordered and stable ULH alignment was

achieved using homeotropic alignment in polymer channels [55]. The channels break the

in-plane orientational degeneracy, resulting in the unidirectional ULH being the lowest en-

ergy configuration. By far the most uniform ULH texture in theliterature, the method also

requires additional processing and complexity, making it unsuitable for industrial-scale pro-

duction. In §4.5, similar channels are produced using a far simpler process involving surface
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Figure 4.4: A schematic illustration of the stages involvedin producing periodic surface
alignment conditions (not to scale). (a) A cast is made of a blazed diffraction grating with
a pitch of a 6.6 µm using polydimethylsiloxane (PDMS). (b) Glass that has been coated
in PDMS is spin-coated at 3000 rpm for 30 seconds with 0.1 wt% lecithin disolved in
propanol. The PDMS cast is lightly pressed against the PDMS coated glass, and lecithin is
partially transfered onto the tips of the cast. (c) The blazed PDMS cast is pressed against
a clean glass substrate, and the lecithin on the cast is transfered to the glass resulting in a
striped periodic lecithin print. The process is repeated for a second substrate, and a liquid
crystal cell is assembled using the substrates.

relief structures. Similar structures are already used in commercial displays, demonstrating

the potential viability of the technology [130].

In the next section, a periodic-boundary printing technique is used with long pitch ma-

terials.

4.2 Printed Periodic Boundary Conditions in Long-Pitch
Systems

While Komitov’s work, in which periodic alignment conditions were created, was suc-

cessful at producing a ULH texture, the alignment quality was not of a sufficient quality

for most display applications. In the brief study describedin this section, a print-transfer

technique is adopted, illustrated in figure 4.4, to produce aperiodic homeotropic boundary

condition. A relatively large-pitch periodic print structure of 6.6 µm was chosen, with a

chiral nematic material with a similar periodic length scale, to allow the helicoidal struc-

ture to be observable with polarizing microscopy. Althoughone should be careful when

extrapolating results between very different scales of cholesteric pitch, the motivation for

using long-pitch materials is to gain insight into alignment of liquid crystals on periodic

substrates.
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Figure 4.5: Polarizing microscope photographs of a cell with periodic homeotropic bound-
ary conditions (pitch 6.6 µm) filled with chiral-doped nematic E7 whose pitch is approxi-
mately commensurate with the pitch of the boundary condition, at 60◦C. (a) Some areas of
the cell show a fingerprint texture consistent with homeotropic surface conditions. In other
areas, the boundary conditions have aligned the liquid crystal helicoidal axis perpendicular
to the lecithin stripes. (b) and (c) show such alignment where the lecithin stripes are parallel
and at 45◦ to the analyser respectively.

Nematic liquid crystal E7 was doped with 0.7 wt% chiral addative R5011, resulting

in a long pitch of14.8 ± 0.8 µm at room temperature (corresponding to a 2π rotation of

the director). The material was engineered to have a pitch roughly commensurate with the

6.6 µm printed lecithin substrates. A cell of thickness greater than 30 µm, with periodic

boundary conditions on both top and bottom substrate surfaces made using the printing

technique, was filled with the mixture. On cooling from the isotropic phase to 60◦, some

areas of the cell show a fingerprint texture, shown in figure 4.5(a). The fingerprint texture, in

which the helicoidal axis is perpendicular to the substrates, is a consequence of homeotropic

boundary conditions [124, 125], and has no prefered helicoidal axis orientation. In other

areas of the cell, the liquid crystal has been influenced by the periodic boundary conditions,

shown in 4.5(b) and (c). Discontinuous boundaries appear between regions of uniform

alignment. These discontinuities might arise because the liquid crystal pitch and boundary-

condition periodicity are not exactly commensurate.

A second cell, of thickness 20 µm made in the same way and filledwith the same

14.8 µm pitch liquid crystal mixture, is shown in figure 4.6. Alow magnification image

shows a large region of aligned texture, with much larger distances between discontinuous

boundaries. By holding the liquid crystal close to the nematic-isotropic transition temper-

ature and varying the temperature slowly, the texture was found to become more uniform.
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Figure 4.6: Low magnification polarizing microscope photographs of a second cell with
periodic boundary conditions and filled with chiral-doped E7 (P = 14.8 µm) where (a)
the periodic striped boundaries are parallel with the polarizer and (b) at 45◦. (c) Shows a
slightly higher magnification and a rotation of 22.5◦ to the polarizer.

Although the pitch was not measured for this material as a function of temperature, it is ex-

pected to vary slightly. The fluctuating pitch with variations in temperature may contribute

to the alignment quality.

This study has shown that periodic homeotropic boundary conditions heavily influence

the director orientation and can result in a uniformly oriented lying-helix texture. While

detailed conclusions cannot be drawn from this limited study, defects have been observed in

the ULH structures here. It is likely that shorter pitch systems would also contain alignment

defects. This may suggest why the work by Komitov using short-pitch materials did not

produce a high quality alignment, although more work is required to know with certainty.

In the next section, a different method for ULH alignment is examined, and we return

to short-pitch systems.

4.3 In-Plane Switching Fields

In this section, Gardiner’s method (reference [122]) for ULH alignment that relies on the

application of in-plane switching (IPS) fields using interdigitated electrode structures is

examined and extended. The method is demonstrated to work for both flexoelectric- and

dielectric-dominated materials, and differences betweenthe alignment mechanism in these

two types of materials is commented upon. ULH structures made using the technique re-

vert to the Grandjean texture on removal of the field in cells with planar alignment. It is

118



Figure 4.7: An illustration (not to scale) of the structure of In-Plane Switching (IPS) in-
terdigitated electrodes, which are etched onto a glass substrate surface in order to produce
an electric field in the plane of a liquid crystal cell. IPS electrodes used in this study are
separated by 9 µm and are 5 µm wide.

demonstrated that this problem can be mitigated by using a weak homeotropic alignment

condition, which destabilises the Grandjean in favour of the lying helix geometry, as was

discussed in §4.1.1.

4.3.1 Theory

Fields Produced by Interdigitated Electrodes

In-Plane Switching (IPS) cells contain a series of interdigitated electrodes that are etched

onto one glass substrate surface, as illustrated in figure 4.7. A voltage difference between

alternating electrodes results in a non-uniform field with alarge component in the plane

of the device. A simulation of the electric potential and field, done using a commercial

electrostatics finite-element software package (COMSOL multi-physics), is shown in figure

4.8, and shows several significant features. There is a largecomponent of the field in the

plane of the device between the electrodes, however, the field is non-uniform and much

stronger near the electrode edges. The field also has an out-of-plane component, and is

purely out-of-plane directly above the electrodes.

Dielectric Dominated Cholesteric Materials in Electric Fields

In the case of the positive dielectric anisotropy cholesteric material (ZLI-4792

+ 2.7 wt% R5011), an electric field produces a reorienting torque that promotes the align-

ment of the helicoidal axis perpendicular to the field, whichminimises the dielectric energy.
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Figure 4.8: A numerical simulation of the electric field (left) and electric potential (right)
in a 5 µm thick device with interdigitated electrodes. The simulation shows a cross-section
of a single repeating unit of 28 µm, in which the electrodes are separated by 9 µm and are 5
µm wide. The simulations show that there is a large componentof the field in the plane of
the device, however, above the electrodes there is also a vertical component.

This effect is discussed in §1.7.2, where it was shown that the difference in energy between

alignment of the helicoidal axis parallel and perpendicular to the field (ignoring any flexo-

electric polarization) is given by,

δfeffective =
1

4
∆εε0E

2 (4.3)

For typical material parameters for a mono-mesogenic liquid crystal (∆ε = 10) and a field

of 10 Vµm−1, we find thatδfeffective = 250 µVm−3.

The field that is produced by interdigitated electrodes, shown in figure 4.8, has in-plane

and out-of-plane components. The only orientation that satisfies the condition that the

helicoidal axis is perpendicular to the field at all positions is where the helicoidal axis is

oriented parallel to the electrodes. However, if the field were uniformly in the plane of the

device, then the helicoidal axis could take any orientationthat is perpendicular to the field,

which could also be out of the plane of the device. Therefore,the inhomogeneity of the

field is a crucial feature of the device to allow a uni-directional ULH alignment. Indeed,

in cells that have standard ITO electrodes on top and bottom in order to produce a uniform

transverse field, a focal-conic with the ULH oriented randomly in the plane of the device

120



is commonly observed for materials with positive dielectric anisotropy and relatively small

flexoelectric coefficients when a field is applied [41, 42, 43,44, 45, 46].

Flexoelectric Dominated Cholesteric Materials in Electric Fields

The very small dielectric anisotropy of bimesogenic materials precludes the above mecha-

nism for ULH alignment in fields produced by interdigitated fields. However, it has previ-

ously been demonstrated that fields produced by interdigitated electrodes can also be used

to reorient the helicoidal axis of cholesteric materials with large flexoelectric parameters

but small dielectric anisotropy [122]. In this case, a different mechanism of alignment is

likely.

For a cholesteric material in which there is no flexoelectricpolarization, the effective di-

electric permittivity along the helicoidal axis isε⊥, and perpendicular to the helicoidal axis

is (ε‖ + ε⊥)/2. However, we will see in chapter 5 that flexoelectric polarization enhances

the effective dielectric permittivity perpendicular to the helicoidal axis of a cholesteric (this

result is derived in the main section on this topic in §5.2), by an amount,

εflexo =
1

ε0

(

(e1 − e3)
2

2(K1 +K3)

)

(4.4)

Therefore, the difference between the effective permittivity parallel and perpendicular to

the helicoidal axis is given by,

∆εeffective = ε⊥ −
(

ε‖ + ε⊥
2

+ εflexo

)

= −
(

∆ε

2
+ εflexo

)

(4.5)

Bimesogenic materials have a very small dielectric anisotropy, but a largee1 − e3. For

bimesogenic materials this enhancement in the effective permittivity due to flexoelectricity

can make the helicoidal axis orientation perpendicular to the field lower in energy. Hence,

a cholesteric bimesogenic material can be reoriented usinga field whose frequency is suf-

ficiently small to couple to flexoelectric polarization. Thefree energy difference between

parallel and perpendicular alignment of the helicoidal axis with the field is given by,

δf = −1

2
∆εeffectiveε0E

2 =
1

4

(

∆εε0 +
(e1 − e3)

2

K1 +K3

)

E2 (4.6)
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The flexoelectric interaction produces a term in the effective dielectric anisotropy of the

material of the same form as the dielectric effect, and therefore can also be used to reorient

the helicoidal axis. Since the bimesogenic material has∆ε ≈ 0, only the second term is

important. Estimating typical parameters for bimesogenicmaterials (e1 − e3 = 10 pCm−1,

K1 +K3 = 10 pN) then for a field strength ofE = 10 Vµm−1, we find,δf = 25 µVm−3.

This is ten times smaller than theδf = 250 µVm−3 in the previous case of a typical positive

dielectric anisotropy, mono-mesogenic liquid crystal, and therefore we may expect that a

larger field (by a factor of
√
10 = 3.16) will be required to produced the reorienting effect

in bimesogenic materials.

In cells with standard ITO electrodes on top and bottom substrate surfaces that produce

a uniform transverse field, filled with a bimesogenic material, the application of a field

that couples to the flexoelectric polarization results in a focal conic texture, in which the

helicoidal axis is perpendicular to the field but randomly oriented in the plane of the cell.

The behaviour is shown in chapter 5, figure 5.6(a) and (d). This behaviour is analogous to

the same experiment using mono-mesogenic materials described in the last section. Again,

this suggests that the inhomogeneity in the field produced byinterdigitated electrodes is

crucially important for ULH alignment in these devices.

Here, it has been shown that both the flexoelectric effect andthe dielectric coupling to

a positive∆ε gives the cholesteric a negative effective dielectric anisotropy, in which the

permittivity along the helicoidal axis is smaller than thatperpendicular. In both cases, how

the effective dielectric anisotropy resulting from the twoeffects could be used to uniformly

orient the helicoidal axis in cells with interdigitated electrodes has been explained. In ad-

dition, the crucial role of the field inhomogeneity producedby interdigitated electrodes has

been discussed. In the next section, interdigitated cells are prepared with mono-mesogenic

and bimesogenic materials, and shown to exhibit the expected behaviour. The method is

then further extended in order to promote stability of the ULH texture when the field is

removed by the use of homeotropic alignment layers, which destabilise the Grandjean ge-

ometry relative to the ULH, as was discussed in §4.1.1.
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Figure 4.9: Polarizing optical microscope photographs of 5µm planar IPS cells filled with
cholesteric material ZLI-4792+2.7wt%R5011. (a) On cooling from the isotropic phase, the
Grandjean texture forms. The application of 10 Vrmsµm−1 at 1 kHz results in a ULH texture,
which is shown here with the helicoidal axis (b) parallel and(c) at 45◦ to the polarizer. (d)
One second after the field is removed, the ULH reverts to a Grandjean texture, due to the
planar surface alignment.

4.3.2 Experimental

Dielectric Dominated Mono-mesogenic Liquid Crystal

Figure 4.9 shows optical polarizing microscope photographs of a 5 µm thickness, planar-

aligned IPS cell (electrode width 5 µm, gap between electrodes 9 µm), containing a positive

dielectric anisotropy, mono-mesogenic cholesteric mixture ZLI-4792 doped with 2.7 wt%

R5011. On cooling from isotropic, the planar Grandjean texture forms owing to the planar

surface alignment. With the application of 10 Vrmsµm−1 at 1 kHz a ULH texture forms,

in agreement with the theory. On removal of the field, the liquid crystal reverts to the

Grandjean texture within approximately one second, shown in figure 4.9 (d).

Flexoelectric Dominated Bimesogenic Liquid Crystal

Figure 4.10 shows polarising microscope photographs of thesame type of interdigitated

electrode cell filled with low-dielectric-anisotropy bimesogen mixture MDA-4407 mixed

with 1.8 wt% of chiral dopant R5011. On application of 20 Vµm−1, defects form and
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Figure 4.10: Polarizing optical microscope photographs showing a high-viscosity bimeso-
genic cholesteric mixture (a) forming just below the nematic-isotropic transition temper-
ature, (b) having formed the Grandjean, which in the absenceof any fields is the lowest
energy state, (c) on application of 20 Vrmsµm−1 at 100 Hz, where the cell has been rotated
such that the field is applied parallel with the polarizer, (d) with the same conditions as (c)
but rotated by 45◦, and (e) and (f) are taken immediately after the field is removed. The
field promotes the ULH alignment, which remains for up to 60 seconds before reverting to
the Grandjean structure.

a ULH texture forms, in agreement again with the above discussion. As suggested from

the discussion in the theory, a larger field was indeed required to switch the liquid crystal,

which corresponds to the estimates for the effective difference in free energy in the two

systems between parallel and perpendicular alignment of the helicoidal axis with the field.

A minimum field required to switch the liquid crystal into a uniform lying helix alignment

in either dielectric or flexoelectric dominated materials was not measured, however.

On removal of the field, the ULH texture remains for some time.Because the bimeso-

genic mixture has a high viscosity, it takes a relatively long time to return to the Grandjean

texture. This is illustrated in figure 4.11, which shows the same texture as in 4.10(e) and

(f), rotated to 22.5◦, just after and two minutes after the field was removed.
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Figure 4.11: Polarizing optical microscope photographs showing the same texture as in
4.10(e) and (f). (a) On removal of the field, the ULH texture remains, however, (b) after
2 minutes, begins to revert to the Grandjean texture. This isevidenced by the small blue
regions that grow over time.

Stabilising the ULH using Homeotropic Alignment Conditions

While the two examples and discussion above have shown that both flexoelectric and dielec-

tric effects can be used to orient the ULH in cells with interdigitated electrodes, the resultant

ULH geometry is not stable against reverting to the Grandjean geometry on removal of the

field. In order to overcome this problem, Gardener suggestedthe use of polymer stabilisa-

tion. However, as was discussed in §4.1.1, a homeotropic alignment can stabilise the ULH

from reverting to the Grandjean, and in this section, this alternative approach is adopted.

Figure 4.12 shows analogous polarizing microscope images to those in figure 4.9, of

cells containing the mono-mesogenic ZLI-4792 mixture, butthis time with a homeotropic

alignment condition created using lecithin. In contrast tothe case with planar alignment

however, which returns to the Grandjean geometry within approximately one second after

removing the field, in the case of homeotropic anchoring the ULH remains stable indefi-

nitely. This is a poignant advantage, as it removes the requirement for a polymer network,

making the method far less complicated, and this is the first time homeotropic alignment

has been used to create a stable alignment after using an in-plane field to produce ULH

alignment.
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Figure 4.12: Polarizing optical microscope photographs of5 µm homeotropic IPS cells
filled with cholesteric material ZLI-4792+2.7wt%R5011. (a) On cooling from isotropic, a
focal conic alignment, in which the helicoidal axis is in theplane of the cell within randomly
oriented domains, forms spontaneously due to the homeotropic boundary condition. (b) On
application and removal of 10 Vrmsµm−1 at 1 kHz, a reorientation of the helicoidal axis
occurs that results in a ULH texture, which is dark between crossed polarizers in this case
where the helicoidal axis is parallel to the polarizer, and (c) bright in the case where the cell
is rotated by 45◦. The texture is stable against reverting back to the Grandjean texture.

4.3.3 Conclusion

In this section, by considering the effective dielectric permittivity of the cholesteric struc-

ture, a theory of how interdigitated electrode structures can be used for ULH alignment

using in-plane fields has been developed, both in materials whose field interactions are pri-

marily flexoelectric- or dielectric-dominated, for the first time. It has been shown that the

inhomogeneity of the field produced by interdigitated electrodes is critical to allow the for-

mation of the ULH using this method. Devices have been demonstrated to exhibit the pre-

dicted behaviour using positive dielectric anisotropy, mono-mesogenic liquid crystal, and

small dielectric anisotropy, highly flexoelectric bimesogenic liquid crystal mixtures. Fur-

ther, a homeotropic alignment condition has been demonstrated to prevent the cholesteric

from reverting to Grandjean alignment after the field is removed, without the requirement

of polymer stabilisation.

However, the alignment quality produced by this method is unfortunately still inade-

quate for most applications, which require dark black states to allow for a large contrast

between on and off states. In the next section, a different approach is taken based on the

pinning of topological defects using surface structures topromote ULH alignment.
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4.4 Nano-Grooved Surface Structures

In this section, ULH devices are described that exploit the use of homeotropic alignment

layers (to destabilise the Grandjean relative to the ULH), and unidirectional nano-grooved

relief structures (to break the orientational degeneracy of the ULH axis direction).

4.4.1 Device Preparation

To produce unidirectional nano-grooved relief structures, 1 mm thick slide glass substrates

are polished by hand with 6 µm diamond lapping compound. Figure 4.13 is an Atomic

Force Micrograph (AFM) of the resultant scratched surface profile from such a process,

and shows a variation in depth of approximately 10 to 30 nm. The glass is washed using a

series of stages: Decon to remove oil from the lapping compound, de-ionized water for 20

minutes, iso-propylalcohol for 20 minutes, acetone for 20 minutes, and finally de-ionized

water again for 20 minutes, all at 50◦C and under sonication. A solution of 0.1% lecithin in

chloroform is spin-coated at 3000 rpm for 30 s onto the polished glass, which is known to

promote a weak homeotropic surface anchoring condition [3]. The substrates are left for 5

minutes at room temperature before being assembled into a cell using ultra-violet-curable

glue, which has been mixed with spacer balls in order to achieve a desired cell thickness.

The cell’s thickness is subsequently measured interferometrically using a spectrometer.

Nematic liquid-crystal mixture E7 (∆ε = 13.7) and the negative dielectric anisotropy

nematic MLC-7029 (∆ε = −3.66), both from Merck, are doped with 3.5% by weight of

high twisting-power, commercially available chiral additive R5011 (Merck), resulting in a

cholesteric with a pitch of 250 nm for E7 and 270 nm for MLC-7029 at room temperature.

The pitch is deduced from the Bragg reflection band in the transmission spectrum when

aligned in the Grandjean geometry [27] (see §1.6.2). The materials are then capillary filled

into cells while in the isotropic phase.

Note that negative dielectric anisotropy materials such asMLC-7029 are normally diffi-

cult to align in a ULH structure, because the common method ofapplying a transverse field

while cooling into the cholesteric phase from the isotropicstate cannot be used. The ten-
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Figure 4.13: An AFM image of the grooved structure obtained by unidirectionally polishing
a glass surface with 6 µm lapping compound (left), and the surface depth profile perpen-
dicular to the polishing direction (right). The variation in depth is of the order of tens of
nanometres.

dency in this scenario is to form the Grandjean state (see §1.7.2), and hence, ULH methods

for measuring the flexoelectric response of negative dielectric materials have previously not

been attempted.

4.4.2 Results and Discussion

ULH formation

The presence of a blue phase appears to be critical to the formation of ULH in the devices

in this study. The liquid-crystal is slowly cooled from the isotropic into a blue phase (figure

4.14 (a)), which is present at 53◦C in chiral-doped E7. On cooling to 52◦C, a birefringent

texture forms simultaneously and uniformly over the entireobservational area (figure 4.14

(b)). This texture may be a wetting phenomenon, whereby a thin layer of ULH precipitates

out from the blue phase on the alignment surface. On further cooling, the bulk ULH texture

appears from seed-points before spreading over the entire film (figure 4.14 (c) to (f)). The

apparent relation between a blue phase and ULH formation hasbefore been commented

upon by Coleset al [56].

The ease with which a ULH texture is obtained is dependent on cell thickness, with

thinner cells forming ULH more readily. Cooling quickly results in a poor ULH texture,
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Figure 4.14: A series of 10× magnification polarizing microscope images showing the
formation of the ULH as the cell is cooled from 54◦C in the blue phase (a) to 52◦C (f).
The exposure time has been increased in (a) in order to observe the blue phase, which is
relatively dark. The device thickness in this case is 6.5 µm (which is consistent with the
final yellow colour of the ULH texture in (f)). The optic axis of the ULH texture is oriented
at 45◦ with respect to the analyser.

except in extremely thin cells (≈ 1 µm). However, a range of cells have been produced

using this method that exhibit spontaneous ULH alignment, varying in thickness from 1 to

7 µm, that are stable over at least 3 weeks with no degradationin alignment quality.

Figure 4.15 shows polarizing microscope images of cells of thickness 2 µm and 6.5 µm

containing E7+3.5% R5011 and of thickness 5.1 µm containingMLC-7029+3.5% R5011,

at angles where the optic axis of the ULH is oriented at 0◦ and 45◦ with respect to the anal-

yser. The images are consistent with a ULH liquid crystal structure that acts as a uniaxial

layer whose transmission depends upon,

T = sin2(2χ) sin2(
π∆neffectived

λ
) (4.7)

whereχ is the angle of the optical axis with respect to the analyser,∆neffective is the effective

birefringence,d is the layer thickness, andλ is the wavelength of incident light (see §1.8.4).

Defects in the alignment reduce the optical contrast, especially by reducing the quality of

the dark states shown in figure 4.15. Photographs shown in figure 4.16, not taken through
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Figure 4.15: 50× magnification polarizing microscope images of ULH cells made using
the method described in the text. Cells are of thickness 2 µm (a) and (b) and 6.5 µm (c)
and (d), both filled with E7+3.5% R5011, and of thickness 5.1 µm filled with negative∆ε
material MLC-7029+3.5% R5011 (e) and (f). The optic axis is oriented at 0◦ ((a), (c) and
(e)) and 45◦ ((b), (d) and (f)) to the analyser.

a microscope, of a 2 µm thick cell containing chiral-doped E7between crossed polarizers

show that the uniform texture can extend over a large area of the cell.

ULH Helicoidal Axis Orientation

The helicoidal axis direction relative to the groove direction was determined by comparing

with textures of known helix orientation. The same E7+3.5wt%R5011 mixture was cap-

illary filled into a 7 µm thick planar aligned cell. The cell was cooled from the isotropic

phase under the application of a transverse electric field, below the unwinding threshold.

The ULH texture obtained bares close resemblance to those obtained using the method

described using nano-grooved surfaces, and the helicoidaldirection was determined by in-

creasing the field to the unwinding field. At this point, line defects that run perpendicular to

the helicoidal direction form, and thereby reveal the helicoid direction. The result is that the

helicoidal axis is perpendicular to the scratches in our cells. This result is further supported

by conoscopic image data (see figure 4.17). The conoscopic data were obtained using a

commercial conoscopic system (Eldim) by placing the test device between crossed polaris-
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Figure 4.16: Photographs of≈ 2µm thick cell filled with chiral-doped E7, rotated such that
the optic axis of the ULH material is at 0◦ (left) and 45◦ (right) to the analyser. The ULH
alignment extends over the majority of the cell.

Figure 4.17: Simulated conoscopic transmission up to 60◦ off-axis transmission of a uni-
axial slab with its axis oriented (a) vertically and (c) horizontally, used to determine the
orientation of the helicoidal axis relative to the surface lapping direction. The simulated
slab’s∆nd is chosen to match that of the ULH device under investigation. (b) and (d) are
corresponding experimental conoscopic transmission for the ULH device. The false colour
corresponds to the normalised transmission, with red corresponding to a maximum. The
data are consistent with the helicoidal axis running perpendicular to the grooves created
through a lapping process, which is used to align and stabilise the ULH texture.

ers and illuminating it with an isotropic, homogeneous back-light taken from a commercial

liquid crystal display. Corresponding simulations were carried out using the standard 4-by-

4 Berreman optical modelling technique [15].

Lines of surface anchoring breaking, which are perpendicular to the helicoidal axis, are

therefore parallel to the nano-grooves of the cells in this study. There are two hypotheses

as to why this may be the case, and a combination of the two is also possible. The first hy-

pothesis is that the scratches provide seeding sites that promote surface anchoring breaking

in a single direction. This hypothesis is based on the numerical study in reference [121],

that found that similar structures reduce the energy of the ULH at the liquid crystal glass
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interface. The second hypothesis is that alignment of the ULH in a single direction results

in a minimisation in the elastic frustration caused near an undulating surface profile. This

phenomenon was first described by Berreman [131] in the case of the alignment of nematic

liquid crystals on polished surfaces, where the theory is found to result in the nematic di-

rector aligning parallel to the grooves. Although the case of a ULH structure aligned on

similar grooves that have been treated with a weak homeotropic alignment condition is dif-

ferent from the case demonstrated by Berreman, a similar principle could be in effect. The

planar oriented regions of the ULH structure have a lower elastic energy when oriented

parallel to the grooves (and therefore with the helicoidal axis orientation perpendicular to

the grooves). In the case that the first hypothesis is correct, then it is interesting to point out

that the periodicity of the scratches (being random in our case) is not required to be com-

mensurate with the pitch of the material in order to promote asingle orientation of ULH

(an observation also made by Komitov in relation to ULH formation on periodic structures

[118]).

Electro-optic Studies

In order to characterise the devices’ electrooptic responses, the cells are placed in the path of

a laser between crossed polarizers, such that the unperturbed optic axis is oriented at 22.5◦

to the analyser. This ensures maximum intensity modulation, and a linear optical switching

regime (see §2.2). External indium-tin-oxide (ITO) electrodes are used to apply a transverse

electric field to the ULH cells. This is because ITO cannot be used on glass substrates unless

it is deposited after the polishing process, which is inconvenient and unnecessary for the

purposes of this study. The transmitted intensity under theapplication of symmetric square

and triangular voltage amplitudes are shown in figure 4.18 for a 6.5 µm thick cell filled with

E7 + 3.5% R5011, measured using a photo diode. The cells all show a linear transmission

amplitude with respect to the driving voltage, which is typical of the flexoelectric effect at

small field strengths in these materials, and the characteristic switching time for E7 (P =

250 nm) at room temperature (measured as the time for the cell’s transmission to reach1/e
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Figure 4.18: The electrooptic response of a 6.5 µm thick cellfilled with cholesteric mixture
E7 + 3.5% R5011, aligned in the ULH goemetry using a combination of surface polishing,
weak homeotropic anchoring and slow cooling. The cell’s time-dependent transmission
modulation under the application of a 1 kHz square-modulated voltage (top), which is ap-
plied to the external surfaces of the cell, is used to measurethe characteristic switching time
of the device. The electro-optic switching under the application of a triangle-modulated
driving voltage demonstrates a linear switching of the liquid crystal (bottom).
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Figure 4.19: The tilt angle for doped E7 and MLC-7029 as a function of the field strength,
calculated from electrooptic data. The response is linear in this field range, which is typical
for the flexoelectrooptic effect.
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of its equilibrium value after a field-polarity reversal) is60 µs.

Measurement of Flexoelectric Properties

Figure 4.19 shows switching angles as a function of applied field strength for chiral-doped

E7 (P = 250 nm) and the negative dielectric anisotropy material MLC-7029 (P = 270 nm).

By considering equation 2.4, the data from figure 4.19 can be used to determine a value of

the flexoelastic parameter(e1−e3)/(K1+K3) of 0.46 Cm−1N−1 for E7 (which is consistent

with previous measurements of the parameter in the same material in §2.2 and §2.3) and

0.14 Cm−1N−1 for MLC-7029 (see §2.2). Using values ofK1+K3 provided by the material

supplier (Merck) of 26.9 pN for E7 and 31 pN for MLC-7029,e1 − e3 is determined to be

12.5±1.3×10−12 pCm−1 for E7 and 4.3±0.4×10−12 pCm−1 for MLC-7029. The dominant

source of error is uncertainty in the field strength, which iscalculated by considering the

dielectric properties and thickness of the glass and liquidcrystal layers, and the applied

voltage.

This is the first measurement ofe1−e3 of a material with a negative dielectric anisotropy

of this magnitude ever attempted using a ULH method, and demonstrates a useful feature

of the ULH alignment technique here; that it does not requirethe application of a field.

4.4.3 Conclusion of Nano-Grooves Method

In this section, it has been demonstrated that by applying a weak homeotropic alignment

layer to a unidirectionally scratched glass surface, the orientational degeneracy of the ULH

alignment can be broken to promote a single preferred direction. ULH textures obtained in

this work form spontaneously without an electric field or flow-induced alignment, are stable

over long periods of time, repeatable, and may be used with negative dielectric anisotropy

materials, which up until now have been very difficult to align. The cells display a linear

and sub-millisecond flexoelectrooptic response.

Periodic surface line structures have been shown elsewhereto stabilise the ULH and

promote a single direction by seeding the lines of surface anchoring breaking associated

with the topological incompatibility of the ULH confined by homogeneous alignment layers
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[121]. The quasi-random surface structure created by polishing the glass may act as the

necessary line structures to seed a unidirectional ULH formation as the cells cool from

the blue phase. Similar nano-grooved structures have been shown to align nematic liquid

crystals via an alternative mechanism [131]. This alternative mechanism could also be

important, which would suggest that planar regions of the ULH texture have a lower elastic

deformation if they align with the director parallel to the grooves. The helicoidal axis is

perpendicular to the grooved surface treatment, in supportof these hypotheses.

It is interesting to note differences between the method described here in which scratch-

ed surfaces provide orientational bias for the ULH, and the work by Carboneet al which

employed a method for creating polymer channels [55]. In theformer, the ULH helicoidal

axis aligns perpendicular to the scratches. In the latter, the helicoidal axis aligns parallel to

the micro-channels. There may be an intermediary geometry,in which both mechanisms for

ULH alignment are co-existent. If the alignment surface hadgrooves that were much larger

than the nano-scale scratches in the present work, adjacentgrooves on opposite substrates

could effectively create micro-channels if the cell gap were small enough, and the helicoidal

axis would then align parallel to the grooves, via the same mechanism of alignment as the

polymer channels method employed by Carbone. In the next section, such channels are

fabricated using a mould-templating technique and are shown to result in a high-quality

ULH alignment.

4.5 Mould-Templated Micro-Channels

While the previous method was successful at producing ULH alignment, the quality of the

alignment and ease with which it can be implemented limit itsapplication potential. In this

section, an altogether different approach is undertaken. As was discussed in the last section,

there has been one method for ULH alignment described in the literature that has produced

a particularly high quality alignment. Carboneet alproduced a reliable ULH texture, which

was stable under thermal cycling and required no field- or flow-induced alignment [55]. The

work employed a method for creating micro-channels using a complicated process reported
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elsewhere [132], however the technique employed was too complicated for commercial

exploitation.

A key difference between the micro-channels method and other methods is the ratio of

the surface in contact with the liquid crystal to the bulk volume of the liquid crystal. This is

hypothesised to be an important characteristic of the device if it is to produce a high quality

ULH alignment. It is likely that using less complicated methods could reproduce the quality

of alignment in the work by Carbone, as long as these methods increase the surface relative

to the bulk liquid crystal.

In this section, a relatively straight-forward moulding technique is employed to produce

similar channels to the work by Carbone [55]. Replica-moulding techniques have long been

applied to create small structures, and recently, the use ofPolydimethylsiloxane (PDMS)

has proved successful for use in surface relief structures designed for liquid crystal align-

ment applications, and especially to promote bistability [133, 134, 135]. Surface structures

can provide greater functionality, in some cases allowing for multiple stable configurations,

providing new possibilities for alignment. Moulding techniques can produce structures that

increase the surface area in contact with the liquid crystalrelative to the bulk, which may be

a key characteristic to allow high-quality alignment in ULHdevices where other techniques

have failed. Furthermore, similar relief structures are already used in commercial bistable

liquid crystal devices (notably the Zenithally Bistable Nematic Device (ZBND), which also

exploits a flexoelectric effect [130]), which demonstratestheir economic viability. By con-

sidering the case of weak homeotropic anchoring, it is explained how the channels promote

a high-quality texture.

4.5.1 Theory

Square Channels

While it is known that weak homeotropic anchoring promotes arandomly oriented ULH

texture [124, 125], it is not necessarily clear why channelswith homeotropic anchoring

would favour a single direction of the ULH. Consider a channel with a square cross-section
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and with weak homeotropic anchoring on each surface interface within the channel. In the

case of weak homeotropic anchoring, there are negligible elastic distortions or defects due

to surface interactions with a cholesteric material, and the surface energy per unit area is

given by,

Wsurface =
W0

2

(

1− (n̂ · ŝ)2
)

(4.8)

as was given previously in equation 4.2. Let us define thez-axis parallel to the channel.

In the case of a cholesteric material whose helicoidal axis is parallel to the channel, the

director can be expressed as,

n̂parallel =





nx

ny

nz



 =





cos θ
sin θ
0



 (4.9)

whereθ = qz. A cross section of the channel at an arbitrary value ofz reveals a plane

in which the director orientation does not vary. The director makes an angleθ with two

of the surfaces, and90 − θ with the other two, as illustrated in figure 4.20. Therefore,

the average surface energy density per unit area (using equation 4.8) taken over all four

bounding surfaces of the cross-section, is given by,

W parallel
surface =

W0

4

(

1− cos2 θ + 1− sin2 θ

)

=
W0

4
(4.10)

This is true for all values ofz due to the relationsin2 θ + cos2 θ = 1. Now let us consider

a cholesteric material whose helicoidal axis lies perpendicular to the channels, along, for

example, thex-axis, and whose director can be expressed,

n̂perpendicular =





nx

ny

nz



 =





0
sin θ
cos θ



 (4.11)

whereθ = qx, as illustrated in figure 4.20(b). For surfaces parallel to they-axis, we have

(n̂ · ŝ)2 = 0, and for surfaces parallel to thex-axis, we have(n̂ · ŝ)2 = 〈sin2(qx)〉. Therefore

the average surface energy density per unit area taken over all four bounding surfaces of the

cross-section, using equation 4.8, is given by,

W perpendicular
surface =

1

2

(

W0

2
+

W0

2

(

1− 〈sin2 qx〉
)

)

=
3W0

8
(4.12)
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Figure 4.20: An illustration of a square cross-section of a channel filled with a cholesteric
liquid crystal where the surfaces represent weak homeotropic boundaries. The director field
is represented inside the cross-section for the cases where(a)θ = qz i.e. the helicoidal axis
is parallel with the channel, and (b)θ = qx i.e. the helicoidal axis is perpendicular to the
channel. By considering the surface energy in each case, it can be shown that case (a) has a
smaller total surface energy.

Here, it has been assumed that the pitch is much less than the channel width, which allows

the use of the average over an integer number of cholesteric pitch lengths.

Hence we find thatW perpendicular
surface /W parallel

surface = 1.5, which means that in the case of a

weak homeotropic anchoring, the surface energy is significantly lower for a cholesteric

whose helicoidal axis is parallel to the channel than for onewhose axis is perpendicular.

The channels break the orientational degeneracy in ULH alignment energy, and therefore

promote a spontaneous ULH alignment parallel to the channels.

Circular Channels

Incidentally, we can arrive at the same result for circular-cross-section channels. Circu-

lar channels are interesting because they are characteristic of capillary tubes and photonic

band-gap fibres. Such structures filled with liquid crystal have been suggested for a variety

of applications, including sensing [136], communications[137] and lasing [138]. DNA can

form cholesteric phases, and there has been interest in being able to align the cholesteric

structure to study the DNA [139, 140]. Alignment of chiral liquid crystal within circular

channels has been studied before [141], although the regimein which the cholesteric pitch
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is much smaller than the capillary diameter was not considered. For all of these reasons, it

is interesting to consider the case of a short-pitch cholesteric within circular channels with

homeotropic boundary conditions.

In the case of a circular capillary of diameterd, with its axis parallel to thez-axis, we

can describe,

ŝ =





sx
sy
sz



 =





cos
(

π
d
x
)

cos
(

π
d
y
)

0



 (4.13)

Now considerinĝnparallel from equation 4.9, we find that,

(n̂ · ŝ)2 =cos2 (qz) cos2
(π

d
x
)

+ sin2 (qz) cos2
(π

d
y
)

+ cos (qz) cos
(π

d
x
)

sin (qz) cos
(π

d
y
)

(4.14)

which, summing overx, y andz directions we find that,

∫ π/q

z=0

∫ d

x,y=0

(n̂ · ŝ)2dxdydz =
1

2
(4.15)

Substituting into equation 4.8, we find thatWsurface = W0/4, which is the same result as

for the square-cross-section channel in equation 4.10.

In the case that the helicoidal axis is perpendicular to the channel, we can consider

n̂perpendicular in equation 4.9 and find that,

(n̂ · ŝ)2 = sin2 (qx) cos2
(π

d
y
)

(4.16)

which, in this case, summing overx, y andz directions, gives 1/4. Substituting this into

equation 4.8, we find thatWsurface = 3W0/8, which is the same result as for the square-

cross-section channel in equation 4.10.

Hence, it has been shown that a circular cross section with homeotropic boundary con-

ditions can also be used to align the helicoidal axis parallel to the channel.

4.5.2 Experimental

In contrast to the polymer channels in work by Carboneet al that were created post cell-

assembly by UV exposure and subsequent polymerization of a reactive mesogen component
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Figure 4.21: A schematic illustration of the process by which a micro-grooved substrate
surface is produced (not to scale). (a) A mould of a blazed glass diffraction grating with
pitch of 6.6 µm is made using polydimethylsiloxane (PDMS). (b) and (c) A drop of ultra-
violet (UV) photo-curable glue is placed onto a glass substrate, and the PDMS mould is
placed on top, such that the glue acquires the structure of the mould. (d) Once the glue
is cured and the mould removed, the substrate is spin coated at 3000 rpm for 30 seconds
with 0.1 w.t.% of lecithin in isopropyl alcohol, which is known to promote a homeotropic
alignment [3]. (e) Finally, the cell is constructed using two of the micro-grooved substrates,
creating the required polymer channels for ULH alignment.

in the liquid crystal mixture, here a periodic triangular relief pattern is produced on both

top and bottom glass substrates prior to cell assembly, suchthat once assembled, the cell

exhibits a similar polymer channel structure, with a roughly square cross-section. The pro-

cedure is illustrated and described in figure 4.21, and figure4.22 shows a scanning electron

micrograph of the resultant grooved surface structure. Thegrooved surface substrates are

subsequently spin-coated for 30 seconds at 3000 rpm with 0.1w.t.% of lecithin disolved

in isopropanol, which, as noted before, is known to provide aweak homeotropic align-

ment [3]. The cell is assembled without a spacer, and filled with a cholesteric mixture
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Figure 4.22: A scanning electron micrograph of a cross-section of the relief structure cre-
ated using the method illustrated in figure 4.21. The cross-section is revealed after cleaving
the glass substrate along a direction perpendicular to the grooved structure.

ZLI4792+2.7w.t.% R5011 chiral dopant (natural helicoidalpitch of mixture = 320 nm at

room temperature) while heated to the isotropic phase. On cooling, the cholesteric material

spontaneously adopts a ULH texture.

Figure 4.23 shows polarizing optical microscope images of aliquid-crystal cell prepared

using the mould-templating technique. The cell shows a highlevel of extinction when the

optic axis of the ULH is parallel to the polarizer (figure 4.23(a)), which results in a large

contrast relative to when rotated to 45 degrees with respectto the polarizer (figure 4.23(b)).

The apparent stripes from top-left to bottom-right visiblein figure 4.23(b) are due to the

grooves on the top and bottom surfaces not being exactly parallel to each other. The grooved

pattern on top and bottom substrate surfaces therefore alternates between being aligned and

in phase, and not aligned and out of phase, with a length scaledetermined by the groove

width and the angle between top and bottom substrates. Only when the grooves on top

and bottom are in phase does the resultant structure form a channel, which may explain

the bands of light-leakage visible in figure 4.23(a). The grooves run from bottom-left to

top-right in 4.23(b). The ULH texture returns on thermal cycling between isotropic and

cholesteric phase, and does not require the presence of a field.

The cell gap thickness in cells with grooved structures is difficult to determine using the

common method of analysing Fabry-Perot fringes of empty cells. This is due to the added
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Figure 4.23: Optical polarizing microscope images (4X magnification, crossed polarizers)
of a cell assembled from grooved substrates made using a mould-templating technique, and
homeotropic surface anchoring. The cell is filled while the material is in the isotropic phase
and allowed to cool into the ULH without any field application. The photographs show the
same cell with the optic axis (a) parallel to the polarizer and (b) at 45 degrees rotation.

complexity of the grooved polymer structure. None-the-less, in cells that do spontaneously

form a ULH texture, the white colour of the resultant birefringent structure when viewed

between crossed polarizers with white illuminating light,suggests a cell thickness of less

than 5 microns. In thicker cells, a ULH texture does not spontaneously form, and the liquid

crystal often adopts a Grandjean state, as shown in figure 4.24.

In order to determine the optic axis orientation, and hence the orientation of the he-

licoidal axis relative to the channels, the device was observed with white light between

crossed polarizers in series with a variable retarder (see §1.6.3). The colour of the trans-

mitted light with the optical axis of the variable retarder parallel and perpendicular to the

channels reveals the optic axis of the device by comparing the colour with a Michel-Levy

chart [142] (see §1.6.3 for the method). This provided confirmation that the helicoidal axis

runs parallel to the channels, supporting the discussion in§4.5.1.

Devices made using the technique exhibit the expected flexoelectrooptic response (a

description of the electrooptic behaviour of ULH devices isgiven in §2.2), shown in figure

4.25. In order to apply a transverse field to the liquid crystal, ITO coated glass was used to

make the liquid crystal cells. Note that in this case, a standard nematic has been used, which

responds well to the homeotropic aligning lecithin layer. This means that the modulation is
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Figure 4.24: Optical polarizing microscope images (4X magnification, crossed polarizers)
of a cell assembled from grooved substrates made using a mould-templating technique,
and homeotropic surface anchoring. In this case, the cell ismore than 20 µm thick, and a
Grandjean structure forms. The photographs show the same cell with the micro-grooved
structure (a) parallel to the polarizer and (b) at 45 degreesrotation.

Figure 4.25: The electro-optic response of a Uniform Lying Helix device created using
the replica-moulded surface relief structure substrates,as measured using a photo diode,
is shown under the application of a square-wave driving voltage. The device is placed
between crossed polarizers with the helicoidal axis of the ULH oriented at 22.5 degrees
to the analyser. The electrooptic response is characteristic of the chiral flexoelectrooptic
effect, with a response time of less than 100 µs. The large voltage amplitude of 100 V is
used because the electrodes are positioned external to the cell, and so the field across the
liquid crystal is small relative to the voltage.
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small, compared with materials that have been optimised forflexoelectrooptic switching.

4.5.3 Conclusion of Micro-Channels Method

It has been shown how a replica-moulding technique can be used to create micro-channels,

which align the helicoidal axis of a Uniform Lying Helix structure parallel with the channels

by breaking the degeneracy in the surface energy of the helicoidal axis orientation. Cells

made using the technique show a high level of extinction between crossed polarizers, pro-

viding the potential for greatly improved contrast for chiral-flexoelectrooptic technologies

compared with other ULH alignment methods. Furthermore, the process is inexpensive,

having the potential to be scaled for commercial applications. Closely related structures

have already been commercially exploited in bistable liquid crystal devices, demonstrating

their economic viability [130].

4.6 Conclusion

Summary

In this chapter, a methodological framework for successfulULH alignment has been devel-

oped in which a weak homeotropic anchoring is used to destabilise the Grandjean align-

ment relative to uniform lying helix alignment, allowing stable ULH alignment without

the need for polymer networks, and an additional agent is used to break the degeneracy in

the uniform lying helicoidal axis orientation in the plane of the cell. A series of different

methods for ULH alignment within this framework have been investigated. First, Periodic

homeotropic alignment conditions have been used to align cholesteric materials with rela-

tively long pitches (P = 14.8 µm). Defects in the alignment were attributed to differences

between the characteristic length scale of the printed structure and the cholesteric pitch.

Second, in-plane switching fields were shown theoreticallyand experimentally to align the

ULH via a combination of flexoelectric and dielectric field interactions, and it was shown

how the inhomogeneity of the field produced by interdigitated electrodes is critical to the

alignment method. The method was further extended to produce stable ULH alignment by
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using homeotropic surface conditions. Third, nano-grooved surface structures were fab-

ricated using a polishing compound, and found to break the orientational degeneracy in

the ULH alignment orientation when used in cells with homeotropic alignment. Since the

method does not rely on electric field to produce the alignment, it was possible to align

a negative dielectric anisotropy cholesteric material, which allowed the first measurement

of a negative dielectric anisotropy material’s flexoelectric properties using a ULH method.

Finally, it was shown theoretically how micro-channels of either circular of square cross

section can produce ULH alignment by using surface energy considerations. A mould-

templating technique was used to produce micro-grooved substrates that formed channels

when assembled to make cells. Cholesteric liquid crystal filled into the cells was found to

form a high-quality ULH alignment.

Final Remarks

Interest in the Uniform Lying Helix has waxed and waned in recent years as industry has

tried and failed in cycles to solve the alignment problem, and research has moved to and fro

between flexoelectricity in cholesteric structures and other potential fast-switching liquid

crystal technologies, such as ferroelectric and blue phases [143]. With the work on ULH

alignment presented here, there is now a serious case for taking development further. Relief

structures similar to the ones used in this work, are a proventechnology, having been used

in over 5 million ZBD devices1, and here, such structures have been shown to produce a

highly reliable and stable ULH texture.

The remaining issue, which has thus far not been addressed, is that materials that exhibit

the large flexoelastic ratios required for the technology tend to also be those that do not re-

spond well to homeotropic alignment layers, which in this work are key to destabilising the

Grandjean texture and allowing the ULH as the lowest energy configuration. One solution is

to develop a homeotropic alignment and liquid crystal combination that works together and

produces the required homeotropic alignment condition. Inchapter 5, a bimesogen mixture

is mixed with a mono-mesogenic material and is found to respond well to a homeotropic

1According to their website (http://www.zbdsolutions.com/).
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alignment condition made using lecithin. Therefore, it maybe that a combination of bime-

sogenic and mono-mesogenic materials will provide a good compromise between align-

ment and flexoelectrooptic switching. As has been mentionedpreviously, bent-core liquid

crystals, which also do not typically respond to homeotropic alignment, have been found to

respond well to trichloroocta-decyl silane in heptane [78]. Therefore, there is hope that a

working combination of liquid crystal and homeotropic alignment method can be found.

In the next chapter, a method for exploiting dielectric and flexoelectric effects in heli-

coidal liquid crystals to allow state switching between Grandjean and ULH or focal conic

configurations is described. The method relies on dispersion in the dielectric properties of a

cholesteric material due to the contribution from the flexoelectric susceptibility. In addition,

the application of the technique to reflective cholesteric technology is demonstrated.
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Chapter 5

Flexoelectric Polarization Dispersion

5.1 Introduction

The previous chapters have been concerned with three key areas related to helicoidal liq-

uid crystal systems: the measurement of liquid crystal parameters using electrooptic tech-

niques; the enhancement of flexoelectric switching in cholesteric structures; and the align-

ment of the Uniform Lying Helix. There is a change of focus in this chapter, in which a new

and versatile mechanism for allowing switching between states in cholesteric liquid crystals

is described. The technique exploits the finite response time of the chiral flexoelectric effect

and how this influences a material’s frequency-dependent dielectric properties.

In the first half of the chapter, the contribution of flexoelectric polarisation to the di-

electric susceptibility in helicoidal liquid crystals is formulated for the static equilibrium

case, and further in the case of a time-varying field. The special case of a negative dielec-

tric anisotropy nematic material is considered and experimentally shown to agree with the

analytical theory. It is further demonstrated how relaxation of the flexoelectric contribu-

tion to the dielectric tensor in this special case can be exploited to switch between states in

cholesteric liquid crystal structures by altering the applied time-dependent field amplitude

under certain conditions. Counter examples are also given where the material’s parameters

are outside of the required constraints, and switching between states is not possible.

In the second half of the chapter, the exploitation of the effect in reflective cholesteric

technology is demonstrated. Flexoelectric polarisation allows the device to be switched into

a weakly-scattering focal-conic state at low frequencies,while at higher frequencies, the de-
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Figure 5.1: An illustration of possible rotations of molecules: (left) about the short axis and;
(right) about the long axis. Rotation of the dipoles associated with the molecules contribute
to the polarizability of liquid crystal materials. The polarization due to molecular rotation
about the short axis takes a longer time to develop under the application of a field than the
component due to rotations about the long axis, due to the difference in rotational viscosity
about these axes.

vice is driven into the reflective Grandjean state. This non-conventional dual-frequency ef-

fect allows driving between states in both directions. A cross-over frequency as low as 300

Hz is demonstrated, orders of magnitude smaller than conventional dual-frequency effects,

which typically have cross-over frequencies between 15 and35 kHz [144, 145, 146]. De-

vices of various reflective colours are produced that have favourable contrast ratios, viewing

angles, and switching behaviours at room temperature. The technique potentially affords

a greater flexibility in surface alignment conditions, driving schemes, material parameters

and use of polymer networks in reflective cholesteric devices than other switching methods.

5.2 Cholesteric State Switching using Flexoelectric Disper-
sion

5.2.1 Theory

Dielectric Dispersion in Liquid Crystals

Frequency-dependent dielectric relaxation in polar liquids has been extensively studied and

results from a correlation between the mobilities of molecular dipole reorientations and
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the time-dependence of macroscopic induced electric polarization [4, 5, 6]. As was briefly

introduced in §1.3.2, in calamitic nematic liquid crystals, several dielectric relaxation phe-

nomena have been studied [147, 148]. Since nematic materials are uniaxial, the dielectric

permittivity is a tensor quantity, and the susceptibility can be considered as having several

contributing mechanisms, each with respective time dependencies. In general, at optical

frequencies, there is a complicated dispersion relation that depends on electron mobilities

within molecules. However, at lower frequencies, the molecular dipoles can rotate and

orient with an electric field. For uniaxial nematic materials, one can consider two such

rotations; about the long and short axes of the molecule, as illustrated in figure 5.1. The

rotation about the long axis is much faster, and in common room temperature thermotropic

nematic liquid crystals, there is a relaxation at between 200 and 700 MHz due to this effect.

This is in contrast to the rotation about the short axis, which relaxes typically between 10

kHz and 10 MHz [149, 150], and indeed materials have been engineered to relax at frequen-

cies as low as 1 kHz [151]. The relaxation in the dielectric permittivity component parallel

to the director can be described by,

ε‖ = ε∞ +
εs

1 + ω2τ 2s
(5.1)

whereε∞ is in this case the permittivity at frequencies much greaterthan the relaxation

frequency but lower than potential relaxation phenomena associated with contributions to

the dielectric permittivity that are not related to the suppression of the rotation of dipoles

about the short axis of the molecules,εs is the contribution toε‖ due to the rotation of

dipoles about the short axis in the limit of low frequency,ω is the angular frequency of the

driving electric field (ω = 2πf wheref is the frequency), andτs is the characteristic time

associated with the rotation of dipoles about the short axis. If ω is much greater than the

relaxation frequency, then the denominator in equation 5.1becomes much greater than 1,

and the contribution toε‖ due to the rotation of dipoles about the short axis is suppressed.

If as a result of the relaxation,ε‖ becomes less thanε⊥, then the dielectric anisotropy,

∆ε = ε‖ − ε⊥, changes sign. Since the dielectric energy is proportionalto the dielectric
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Figure 5.2: An illustrative plot showing an analytical model of the dielectric permittivity
parallel and perpendicular to the liquid crystal director.A relaxation model of the form
given in equation 5.1 is used, using parameters based on datapresented in reference [151]
for a dual-frequency liquid crystal. The relaxation in the dielectric permittivity parallel to
the liquid crystal director causes∆ε to change sign at the point at whichε‖ andε⊥ cross
over. There is no relaxation inε⊥ in the range of frequencies shown.

anisotropy by,

fdielectric = −1

2
∆εε0(n̂ · E)2 (5.2)

then materials can be reoriented depending on the driving frequency as a result of the re-

laxation. Such materials are known as ‘dual-frequency’ liquid crystals, because they can

be reoriented by applying different field frequencies [152]. The behaviour ofε‖ andε⊥ is

illustrated in figure 5.2, using models of the form given in 5.1. Parameters are based on data

presented in reference [151] for a dual-frequency liquid crystal. The parallel permittivity

has a relaxation at approximately 1 kHz, and crosses over theperpendicular permittivity.

Dielectric Dispersion due to Flexoelectricity in Cholesteric Systems

In cholesteric liquid crystals, the combination of a dipoleand shape anisotropy of molecules

leads to a chiral-flexoelectric polarization in the presence of an electric field [48] (see

§1.3.4). This polarization contributes to the permittivity of the material, although it is not

usually considered in this context. In this section, the chiral-flexoelectric contribution to

the permittivity perpendicular to the helicoidal axis willbe derived, and in §4.3.1, how this
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contribution contributes to the free energy associated with the helicoidal axis orientation

within a field was described. However, in this chapter, exploitation of the relaxation in the

permittivity due to chiral flexoelectric polarization willalso be considered, and exploited to

produce a novel ‘dual-frequency’ effect in cholesteric liquid crystals.

The bend-splay distortion that is flexoelectrically coupled to the electric polarization is

a macroscopic reorientation of the nematic director field, and takes a correspondingly large

time, since it is dependent on a secondary coupling of the steric interactions of anisotropic

molecules, and not on the primary statistical correlation function relating molecular dipole

reorientations to polarization, which happens on a much shorter time scale. Indeed, the

flexoelectric polarization typically relaxes out at between 100 Hz and 2 kHz, depending

strongly on the chiral pitch and other material parameters.

We can consider the cholesteric as having a chiral but uniaxial symmetry where the axis

of symmetry is the helicoidal axis. If the system is designedsuch that the difference in

permittivity parallel and perpendicular to the helicoidalaxis undergoes a sign reversal as a

result of a frequency dependent relaxation of the flexoelectric contribution to the dielectric

permittivity, then this system has the potential to be switched between states where the

helicoidal axis is either parallel or perpendicular to the field. For example, the system may

be switched between the so-called Uniform Lying Helix and Grandjean states, which were

introduced in §1.6.3. The work presented here is the first time this switching ability has

been considered or demonstrated, and provides a unique new functionality for technological

applications.

In the next sections, the flexoelectric polarization is considered and its frequency

-dependent contribution to the dielectric permittivity ofthe material is derived. The condi-

tions that allow for state switching are described. Further, the relaxation is demonstrated

experimentally in a material that has been engineered to have the necessary condition for

state switching. Finally, the switching between Uniform Lying Helix and Grandjean states

using a transverse field is demonstrated. The implications for various technological ap-

plications are commented upon, and include dual-mode and transflective displays. The
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application to reflective display technology is developed in §5.3. Flexoelectric dispersion

will also be considered in chapter 6, where it will be used to measure flexoelectric and

dielectric contributions to the Kerr effect in blue phase liquid crystals.

Chiral Flexoelectric Effect

Consider, as we did in §1.8.2, a cholesteric liquid crystal whose director is described by,

n̂ =





nx

ny

nz



 =





cos qz cosφ
sin qz

− cos qz sin φ



 (5.3)

with a field applied perpendicular to its helicoidal axis. Recall from equation 1.77 in §1.8.2,

that the free energy per unit length averaged over one pitch of the helicoid under the ap-

plication of an electric field, after considering elastic and flexoelectric contributions to the

free energy, for small angles, is approximated by,

〈f〉 ≈ (K1 +K3)

4
q2φ2 + E(e1 − e3)

qφ

2
(5.4)

whereφ is the angle of the director about the applied field (whereφ = 0 whenE = 0),

e1 ande3 are the coefficients for flexoelectric polarization as originally defined by Meyer

[8], K1 andK3 are the splay and bend elastic coefficients respectively,q is a wave number

corresponding to the chirality of the cholesteric material, andE is the electric field com-

ponent perpendicular to the helicoidal axis. Minimising this with respect toφ gives the

well-known form for the tilt in the director about the component of the field perpendicular

to the helicoid axis from §1.8.2, given by,

φ =
e1 − e3
K1 +K3

E

q
(5.5)

This is the static equilibrium solution. Now, if we allow fora time varying field, and

assume that the rate of change inφ is proportional to the change in〈f〉, mediated by a

viscous dissipation parameter, we can write,

−γ
∂φ

∂t
=

∂〈f〉
∂φ

(5.6)
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whereγ is the viscous dissipation parameter, which here we assume to be a constant. Sub-

stituting the free energy given in equation 5.4 into 5.6 we find that,

−γ
∂φ

∂t
=

(

K1 +K3

2
q2φ+ E(e1 − e3)

q

2

)

(5.7)

For now, if we consider a time-varying field of the formE = E0e
iωt and a corresponding

flexoelectric tilt of the formφ = φ0e
iωt, wherei is the imaginary number andω is an angular

frequency, then we can substitute this into equation 5.7 andwrite,

γiωφ0 +
K1 +K3

2
q2φ0 = −q

2
(e1 − e3)E0 (5.8)

which can be rearranged to arrive at the steady state oscillating response given by,

φ0 = E0

(

(e1−e3)
(K1+K3)q

)

1 + iω
(

2γ
(K1+K3)q2

) (5.9)

Note that for small frequencyω, the denominator tends towards unity and we recover the

static equilibrium form given in equation 5.5. However, asω → ∞, we find thatφ0 → 0.

This means that the flexoelectric switching is suppressed atlarge enough driving frequen-

cies.

Chiral Flexoelectric Polarization

The flexoelectric polarization is given by,

Pflexoelectric = e1n̂(∇ · n̂) + e3(∇× n̂)× n̂ (5.10)

wheren̂ is the unit-magnitude local director [8]. By substituting the cholesteric director

given in equation 5.3 into equation 5.10, taking the averageover one pitch length and rear-

ranging forφ, we find that,

φ = − 2〈P 〉
q(e1 − e3)

(5.11)

where〈P 〉 is the component of the flexoelectric polarization that is parallel to the field,

averaged over one pitch of the helicoid. We can again consider the case where there is a

time-varying field, and hence find that,

〈P 〉(t) = E0e
iωt

(

(e1−e3)2

2(K1+K3)

)

1 + iω
(

2γ
(K1+K3)q2

) (5.12)
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Now, the relative dielectric permittivity is of the form,

εr(ω) = ε∞ +
1

ε0

∂〈P 〉
∂E

(5.13)

where the second term on the right hand side is the extra contribution to the relative permit-

tivity due to flexoelectricity. Theε∞ for a field applied perpendicular to the helicoidal axis

is given by,

ε∞ =
1

2
(ε‖ + ε⊥) (5.14)

and is the dielectric permittivity contribution of the material at frequencies much higher than

the relaxation frequency for the flexoelectric distortion (but for frequencies lower than any

further relaxations in permittivity ofε‖ or ε⊥). Substituting the time-dependent expression

for 〈P 〉 given in equation 5.12, we find the relative permittivity, given by,

εr(ω) = ε∞ +
εflexo

1 + iωτflexo
(5.15)

which has real (ε′r) and imaginary (ε′′r ) components given by,

ε′r = ε∞ +
εflexo

1 + (ωτflexo)2
(5.16)

and,

ε′′r =
ωτflexoεflexo
1 + (ωτflexo)2

(5.17)

respectively, where,

εflexo =
1

ε0

(

(e1 − e3)
2

2(K1 +K3)

)

(5.18)

which is also the contribution to the relative permittivitydue to the equilibrium flexoelectric

polarization in the limit thatω → 0, and,

τflexo =
2γ

(K1 +K3)q2
(5.19)

is the time constant corresponding to the flexoelectric contribution to the relative permittiv-

ity. The critical frequency, which defines the relaxation inεr(f) due to flexoelectricity, is

therefore given by,

fc =
q2

4πγ
(K1 +K3) (5.20)

Figure 5.3 illustrates the behaviour ofε′r with typical liquid crystal parameters.
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Figure 5.3: An illustrative plot showing the behaviour of the relative permittivity perpen-
dicular to the helicoidal axis of a cholesteric material, ofthe form given in equation 5.16,
using typical liquid crystal parameters. The contributionto the permittivity due to chiral
flexoelectric polarization,εflexo, given in equation 5.18, relaxes at a frequency given by
equation 5.20, andε∞ is given by equation 5.14.

Switching Between States

Now that key quantities related to the frequency dependent dielectric properties of the sys-

tem have been derived, we can describe how the relaxation in the permittivity perpendicular

to the helicoidal axis can be used to switch the helicoidal axis between being perpendicular

and parallel with the electric field. In the case that the helicoidal axis is perpendicular to

the field, we see from equation 5.16 that iff ≪ fc then the relative permittivity is given by,

ε′r(f≪fc) = ε∞ + εflexo (5.21)

and forf ≫ fc, the relative permittivity is reduced to,

ε′r(f≫fc) = ε∞ (5.22)

whereε∞ is given by equation 5.14. Furthermore, in the case that the helicoidal axis is

parallel to the field, the relative permittivity is justε⊥, independent of the frequency. This
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means that if the system is engineered in such a way that,

ε∞ < ε⊥ < ε∞ + εflexo (5.23)

or, writing the expression out in full,

ε‖ + ε⊥
2

< ε⊥ <
ε‖ + ε⊥

2
+

1

ε0

(

(e1 − e3)
2

2(K1 +K3)

)

(5.24)

then we can ensure that by altering the frequency with which we address the liquid crystal,

the lowest energy state will change between that with the helicoidal axis perpendicular, and

that with the helicoidal axis parallel, to the field. By subtractingε⊥ from each part, it can

be seen that a consequence of the above inequality is that∆ε < 0, where∆ε = ε‖ − ε⊥.

That is, the material must have a negative dielectric anisotropy. Further, we can extract the

condition that,
(e1 − e3)

2

(K1 +K3)
> −∆εε0 (5.25)

which constrains the relative strength of the dielectric and flexoelectric interactions.

As was discussed in chapter 4 (see §4.3.1), one can also give the difference in the free

energy between the orientations of the helicoidal axis parallel and perpendicular to the field,

δf =
1

2
∆εeffectiveε0E

2 =
1

4

(

∆εε0 +
(e1 − e3)

2

K1 +K3

)

E2 (5.26)

where∆εeffective is the effective macroscopic dielectric anisotropy of the cholesteric mate-

rial (andδf is not to be confused with the driving frequency,f ).

Finally, the frequency at which the states will cross over inenergy will be whereε⊥ is

equal to the real part ofεr given in equation 5.16, such that,

ε⊥ = ε∞ +
εflexo

1 + (ωτflexo)2
(5.27)

Using the relationf = 2πω, equation 5.27 can be rearranged forf to give an expression

for the cross-over frequency,

f(ε⊥=ε′r) =
1

2πτflexo

√

2εflexo
−∆ε

− 1 (5.28)
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which, by substituting expressions forε∞, εflexo, andτflexo from equations 5.14, 5.18 and

5.19, can be written,

f(ε⊥=ε′r) =
q2

4πγ
(K1 +K3)

√

(e1 − e3)2

−∆εε0(K1 +K3)
− 1 (5.29)

Notice that this cross-over frequency is in general not equal to the critical frequency given

in equation 5.20, and that∆ε must be negative for there to be real solutions. In order for the

cross-over frequency to be equal to the relaxation frequency of the flexoelectric switching,

we must have,
√

(e1 − e3)2

−∆εε0(K1 +K3)
− 1 = 1 (5.30)

which can be written as,

εflexo = −∆ε (5.31)

In this section, how flexoelectricity contributes to the dielectric properties of cholesteric

materials has been described. Further, it has been shown that by selecting a material with

parameters that satisfy inequality 5.24, and by varying thedriving frequency, one can con-

trol which state, either with the helicoid axis parallel or perpendicular to the applied field,

has the lowest energy. In the next section, how this can be used to switch between states in

a cholesteric liquid crystal device is demonstrated experimentally.

5.2.2 Experimental

In this section, measurements of the capacitance of a deviceas a function of frequency is

used to show the relaxation in the permittivity due to flexoelectricity described in the last

section. The flexoelectrooptic switching time while in the ULH geometry is shown to coin-

cide with the characteristic relaxation frequency of the capacitance measurements. Finally,

switching between Uniform Lying Helix and Grandjean geometries is demonstrated. Cases

where the parameters of the liquid crystal do not allow switching between states are also

demonstrated.
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Figure 5.4: Capacitance measured as a function of frequencyfor a 5µm cell filled with a
highe1− e3, negative∆ε material in both Uniform Lying Helix and Grandjean geometries.
In the ULH geometry, the data show a relaxation in the effective dielectric properties of
the material as the flexoelectric switching is suppressed athigher frequencies. Analytical
relaxation models are also shown, and for the ULH is of the form given in equation 5.32,
and for the Grandjean is of the form given in equation 5.33. The numerical values of the
parameters determined are summarised in table 5.1.

Dielectric relaxation due to flexoelectricity

To prepare a suitable device, a liquid crystal mixture comprising 40% by weight of negative

∆ε nematic material MLC-7029 and 60% of highe1 − e3, low ∆ε, chiral-doped bimeso-

gen mixture MDA-1245 (both from Merck), having a pitch of approximately 600 nm, was

capillary filled while in the isotropic phase into a cell withanti-parallel rubbed polyimide

alignment layers. The cell is of thickness 5 µm, and has indium-tin-oxide on both substrate

surfaces in order to apply a transverse field to the liquid crystal. A Uniform Lying Helix

alignment was obtained by applying a 4 Vµm−1, 100 Hz square wave driving field, which

is thought to align the ULH by a combination of interaction with the alignment layer and an

electrohydrodynamic effect [153, 42]. On removal of the field, the ULH is stable for several

minutes before starting to revert to a Grandjean texture. A Grandjean geometry in the same

cell was obtained with the application of 4 Vµm−1, 2 kHz square wave driving field. Figure

5.4 shows the measured capacitance of the cell as a function of frequency for both ULH and

Grandjean geometries. The amplitude of the signal used for the capacitance measurements

was 100 mV, which is not large enough to switch the state of thecell. A relaxation model
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Table 5.1: Parameters measured by fitting the analytical models given in equations 5.32 and
5.33 to the data, and converting capacitances into permittivities using the standard relation
(see §1.3.3). The time constants and empty cell capacitanceare also given.

εflexo ε∞ ε⊥ τF (µs) τX (µs) C0 (pF)

0.9 7.7 7.9 350 5.6 176

of the form,

CULH(f) =
Ca

1 + (2πfτF)2
+

Cb

1 + (2πfτX)2
(5.32)

is used to fit the ULH capacitance data (c.f. equation 5.16). In equation 5.32, the parameter

Ca is proportional to the low-frequency contribution to the relative dielectric permittivity

due to flexoelectricity,εflexo, andτF corresponds toτflexo. The parameterCb is proportional

to ε∞ from equation 5.14. The reason for the second relaxation, formulated in the denom-

inator of the second term, is that the resistance of the ITO electrodes causes the measured

capacitance to reduce to zero at very high frequencies (& 30 kHz). The parameterτX is the

time constant associated with this effect.

From the theory, the Grandjean capacitance is not expected to vary with frequency,

however, a model of the form,

CGrandjean(f) =
Cc

1 + (2πfτX)2
(5.33)

is again used to account for the effect of the ITO resistance at high frequencies. The pa-

rameterCc is proportional toε⊥. The values ofCa, Cb andCc by converting to values of

permittivity usingεr = C/C0, whereC0 is taken as the empty cell capacitance, are used to

determineεflexo, ε∞ andε⊥ respectively (see §1.3.3). The results are summarised in table

5.1, along with the time constantsτF andτX.

The capacitance data show that for this material, there is a relaxation in the dielectric

properties of the material when in the ULH geometry, such that the permittivity crosses

over that of the Grandjean geometry at a frequency of approximately 700 Hz. Using the

relaxation model, we find the characteristic time of the relaxation is 350 µs. This is sup-

ported by electrooptic measurements of switching in the ULHgeometry, presented in fig-
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Figure 5.5: Electrooptic data of the ULH (bottom) being driven with a 1 Vrms square wave
(top). The characteristic time of the switching is measuredto be 330 µs, which is consistent
with relaxation frequency observed in the capacitance of the device, and shows that the
dispersion is due to flexoelectricity.

ure 5.5, which show a flexoelectric switching time constant of 330 µs. Using the values

of τflexo, εflexo and∆ε determined, together with equation 5.29, would suggest a cross-over

frequency of≈ 750 Hz, in good agreement with the observed value in figure 5.4.

The capacitance data and electrooptic measurements have established that there is a

relaxation in the relative permittivity of the cholestericmaterial, and that this relaxation

is due to the suppression in the flexoelectric switching at high frequencies. It has further

been demonstrated that the effective permittivity as a function of field frequency of the

cholesteric material perpendicular to the helicoidal axiscrosses over the permittivity par-

allel to the helicoidal axis. This allows a change in the lowest energy state of the liquid

crystal at a cross-over frequency. Crucially, this change in the lowest energy configuration

allows driving between lying helix and Grandjean configurations, opening up a previously

unexploited method for switching between states that have considerable technological im-

portance. In the next section, the ability to switch betweenstates using the method is

demonstrated.

Switching Between States

Figure 5.6 shows polarizing microscope images of the devicefor which capacitance and

electrooptic characteristics have already been examined.The default state of the device,
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Figure 5.6: Polarizing optical micrographs taken at 10X magnification of the three textures
that have been accessed in this work using the mechanism described. (a) The Grandjean
texture, accessed using 2 kHz, 20 Vrms applied transverse to the liquid crystal film. The
ULH texture, accessed by applying 100 Hz and 20 Vrms from either Grandjean or focal
conic textures, with its optic axis at (b) 45◦, and (c) 0◦ to the polarizer. (d) The focal conic
texture, accessed by applying a 300 Hz, 20 Vrms.

shown in figure 5.6(a), is the Grandjean geometry. From this,there are two other states that

are easily accessible. With the application of a 100 Hz square wave field of amplitude 4

Vµm−1, the cell will spontaneously form the ULH, shown in figure 5.6(b) and (c), if left

with this driving regime for several seconds. Since the material has a negative dielectric

anisotropy, the dielectric torque due to the microscopic dielectric anisotropy cannot be re-

sponsible for the reorientation of the helicoidal axis to bein the plane of the device, and

therefore flexoelectricity must be responsible. It is thought that the ULH forms due to an

electrohydrodynamic effect, in which flow is induced by the movement of charge carriers,

and results in a uniform helix orientation alignment that isrelated to the direction of the pla-

nar surface treatment [153, 42]. Such electrohydrodynamiceffects are not present at field
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frequencies above approximately 200 Hz. On removal of the field, the texture will begin to

revert slowly to the Grandjean texture after several minutes. Starting from the Grandjean

texture, if a field of frequency 300 Hz is applied, then ratherthan form the ULH, the cell

will form the focal conic texture, shown in figure 5.6(d). This may be because at this fre-

quency electrohydrodynamic effects, which appear to be important in promoting a uniform

helix axis orientation, are suppressed. By choosing a frequency between 100 and 300 Hz,

it is possible to produce states that are intermediary between ULH and focal conic, with

varying degrees of bias in the orientation of the helicoidalaxis towards a uniform direction.

From the ULH or focal conic, the cell can be driven back to the Grandjean geometry, with

the application of a 2 kHz field (wheref > fε⊥=ε′r). Hence, we have the ability to drive the

liquid crystal between lying helix and Grandjean geometries.

The time taken to switch between the Grandjean and focal conic textures depends on

field strength. In the case of an applied field of 8 Vrmsµm−1, switching in either direction

by modulating the frequency involves a fast initial switch process that takes approximately

100 ms, and a longer settling of the texture as defect structures are formed or annihilate

that takes up to a second. In §5.3.1, this switching is examined in more detail in a related

device.

In this section, the ability to switching between Grandjeanand ULH or focal conic

states, in a time of approximately 100 ms, simply by alteringthe driving frequency, has been

demonstrated in materials that have a negative dielectric anisotropy, and whose flexoelectric

polarization contribution can increase the effective permittivity to be greater thanε⊥. The

values of the parameters of the liquid crystal that allow this switching, which is due to

flexoelectric dispersion, must satisfy the inequality given in equation 5.24. In the next

section, cases where the liquid crystal parameters do not satisfy this inequality are also

considered for comparison.
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Figure 5.7: Capacitance as a function of frequency is shown for two control devices (left
and right) that are filled with materials whose parameters donot satisfy the inequality in
equation 5.24 and hence to do not have a switching capability. The ULH and Grandjean
capacitances in these control cases do not cross over as a function of frequency. The central
plot is from a device filled with a material whose parameters do satisfy the inequality, in
which the capacitances do cross, and is presented for comparison.

Cases that Preclude Switching

In the previous sections, a single device that was filled witha material with parameters that

satisfy equation 5.24 was examined. However, as controls, two further examples that are

incapable of switching are provided here.

Figure 5.7 shows capacitance data for cells filled with threedifferent mixtures. In the

first case in 5.7(a), the mixture comprises 60 wt% MDA1245 and40 wt% BL087. In this

case, there is a large flexoelectric contribution at low frequencies in the Uniform Lying

Helix (ULH) due to the MDA1245 (a requirement for switching). However, the BL087 has

a positive dielectric anisotropy, which means that the Grandjean state always has a lower

capacitance than the ULH state, and there is no possibility of switching because there is no

change in which state has the lowest energy.

In the second case, shown in 5.7(b), the results from the samematerial whose capaci-

tance is also shown in figure 5.4 are repeated here for comparison with the control cases.

The material parameters satisfy equation 5.24; a 40 wt% MLC7029 component gives the

material a negative dielectric anisotropy, and 60 wt% MDA1245 component allows a flexo-

electric contribution to the dielectric properties that issufficient to change which helicoidal
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axis orientation has the lowest energy state, therefore allowing switching between states.

In the final case, shown in 5.7(c), the mixture comprises MLC7029 (negative dielectric

anisotropy nematic) with 2.1 wt% R5011 chiral additive (to make the material a cholesteric).

In this case, the material has a negative dielectric anisotropy (a requirement for switching),

however it does not have a sufficient flexoelectric contribution to lift the capacitance of the

ULH higher than the Grandjean state at low frequencies. Hence, there is no cross-over in

dielectric properties as a function of frequency and no possibility of switching in this case.

These examples further illustrate that the capability to switch between Grandjean and

lying states relies on choosing parameters that satisfy equation 5.24. The ability to switch

between states has potential for application, and in §5.3, potential applications for such a

switching capability are discussed.

5.2.3 Discussion

The states that are achievable using the switching mechanism described in this work are

ones of considerable current and potential future application in display and other electroop-

tic technology. By selecting the pitch of the material, the Grandjean geometry has been

proposed for ultra-fast transmissive displays [58, 19], and has also been commercialised

as a reflective technology [28, 29, 30]. The focal conic texture is optically isotropic and

weakly scattering, and has been suggested for use in reflective display technology, includ-

ing bistable modes [42, 144, 145, 146, 41, 43, 44, 45, 46, 154,155]. The ULH has long been

developed for use as a transmissive display technology [53,54, 55, 56, 57, 42], having ma-

jor advantages over existing technology, including sub-millisecond switching times and the

possibility of having an in-plane rotation of the optic axiswithout the need for complicated

interdigitated electrode structures. Additionally, switching between states in cholesteric

materials has been proposed for use in privacy windows and light shutters (using, for exam-

ple, polymer dispersed cholesteric liquid crystals) [156], in switchable diffraction gratings

[157] and in other optical components. The ability to switchbetween Grandjean and ly-

ing helix states, as demonstrated in this chapter, leads to the potential of adding value to
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the body of research that has gone into the aforementioned cholesteric technologies by al-

lowing the exploitation of multiple functionalities in a single device and providing a new

mechanism for switching cholesteric liquid crystals.

In the next section, the use of switching based on flexoelectric dispersion in reflec-

tive cholesteric technologies is explored, and several devices are demonstrated and charac-

terised.

5.3 Switching in Reflective Cholesteric Displays

Bistable reflective cholesteric liquid crystal display technology usually relies on two key

states in its operation. The focal-conic state, in which thecholesteric helicoidal axis is non-

uniform and forms randomly oriented domains, is weakly scattering. When used in front of

a dark light-absorbing material, this state provides the dark, non-reflective state. The second

state is the Grandjean geometry, in which the helicoidal axis is uniformly perpendicular to

the cell normal. As was discussed in §1.6, the pitch can be chosen such that the material

reflects light of wavelengthsλ commensurate with the pitchP of a cholesteric material with

average refractive indexn, by the relationλ = nP , thereby producing a bright, reflective

state.

Reflective displays that exploit these two states have been researched for some time and

are commercially available [30, 28]. Typically, the cholesteric material will have a positive

dielectric anisotropy, and with a transverse field a focal conic texture forms. A mechanism

for recovering the Grandjean state is a key issue, and there have been three main ways

in which this has been achieved: thermal cycling; dielectric helix unwinding followed by

elastic relaxation; and utilising dual-frequency materials. By heating the material, the pitch

can increase, making the Grandjean more stable, and allowing the device to be switched

through an annealing process [154, 155]. The second method involves applying a large

field that unwinds the helicoid into a uniformly homeotropicstate [41, 42, 43, 44, 45, 46].

On removal of the field, the Grandjean state is recovered. This is often combined with a

polymer network in order to provide bistability or to speed up the process [158]. Finally, by
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using a dual-frequency material, in which the contributionto the material’s polarisability

due to the longitudinal molecular dipole component relaxesat a sufficiently small frequency

(usually about 15 to 35 kHz), the cholesteric material can beswitched to the Grandjean

state by driving at a frequency at which the material has a negative dielectric anisotropy

[144, 145, 146].

In this section, the mechanism described in §5.2 is exploited for the first time to pro-

duce the necessary switching between Grandjean and focal conic states for use in reflective

display technology. Capacitance measurements are used again to demonstrate the effect of

flexoelectric dispersion and how it is affected by pitch. Measurements of transmission spec-

tra, switching times, contrast ratios and photographs of the cells in both states accessible

using the technique are presented. The advantages of exploiting flexoelectric polarization

over existing switching methods, which include permittinga greater flexibility in choice

of surface alignment conditions, driving schemes, material parameters and use of polymer

networks, are commented on. Finally, some suggestions are provided for improving the

devices’ performance.

5.3.1 Experimental

A liquid crystal mixture comprising 40% by weight of a commercially available negative

dielectric anisotropy room-temperature nematic MLC-7029and 60% by weight of high

flexoelectricity, bimesogenic MDA-10-4409 liquid crystal, was doped with small amounts

of high-twisting-power chiral additive R5011, in order to obtain a range of desired pitch

lengths. The material has the parameters necessary for state switching, that were described

in §5.2.1. Three mixtures were filled into planar-aligned cells and allowed to form the

Grandjean texture, and their Bragg reflection maxima, as measured on a spectrometer, are

centered on 480, 540 and 590 nm (see §1.6.2). The mixtures were then capilliary filled in the

isotropic phase into 5 micron thick cells, with homeotropicsurface alignment conditions,

that had been produced with conducting indium-tin-oxide electrodes on top and bottom

substrate surfaces in order to apply an electric field. This is in contrast to most reflective
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Figure 5.8: Photographs taken of three cells filled with materials with different proportions
of chiral dopant that can be switched by exploiting flexoelectric dispersion between (a) the
Grandjean state, accessed by driving the cell with 5 kHz, 10 Vrms µm−1, and (b) the weakly
scattering focal conic state, after the application of 10 Vrms µm−1 at 100 Hz. The textures
are stable on removal of the field.

cholesteric technologies, which commonly use planar surface alignment conditions to allow

the planar Grandjean state to be accessed via an elastic interaction with the surface [41, 42,

43, 44, 45, 46]. Here, however, because this mechanism for switching is not relied upon, a

homeotropic anchoring has been chosen to demonstrate the technology, which increases the

viewing angle without the need for a polymer network. All of the following measurements

were taken at 25◦C.

On application of 5 kHz, 10 Vrms µm−1, the material is driven into the Grandjean tex-

ture. This is because at this frequency, the flexoelectric contribution to the dielectric proper-

ties is suppressed, and the component of the effective permittivity parallel to the helicoidal

axis of the cholesteric material is larger than the component perpendicular. Consider the

relative free energy of the cholesteric within the field, given by,

δf =
1

2
∆εeffectiveε0E

2 =
1

4

(

∆εε0 +
(e1 − e3)

2

K1 +K3

)

E2 (5.34)

which was also given in §5.2.1. For the free energy given by equation 5.34 to be minimised,

ignoring the flexoelectric term that includes(e1 − e3) (because it is suppressed at high

frequency due to the finite switching time of the flexoelectric polarization) and considering
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that∆ε is negative, the helicoidal axis must be parallel to the field. The Grandjean state is

stable for long periods once the field is removed. This is because the surface interaction is

weak, and causes minimal reorientation of the liquid crystal. Photographs of the devices in

figure 5.8(a) show a range of colours of the Bragg-reflected light that can be achieved in the

Grandjean state.

On application of 100 Hz, 10 Vrms µm−1, the devices are driven into the focal conic

state, shown in figure 5.8(b), which is also stable for long periods. Again, referring to

equation 5.34, at low frequencies, the flexoelectric polarization contribution to the effective

dielectric anisotropy of the cholesteric material is larger than the magnitude of the contri-

bution arising from the contribution from term that includes∆ε, and so the free energy is

minimised when the helicoidal axis is perpendicular to the applied field.

Since the materials have pitches that are commensurate withoptical wavelengths, they

reflect visible light while in the Grandjean state, as was discussed in §1.6.2. The Bragg be-

haviour in the Grandjean state and scattering efficiency in the focal conic state is illustrated

by transmission spectra of the devices, shown in figure 5.9. Under the application of 5 kHz,

the three devices show dips in transmission consistent witha Bragg reflecting Grandjean

texture, and the Bragg behaviour is completely absent once the cells are driven into the

focal conic state, where they have almost identical transmission characteristics, consistent

with a weakly scattering focal conic state. The states are confirmed with polarizing mi-

croscopy. These cells therefore demonstrate switching between reflective and transmitting

states across a range of possible wavelengths.

To demonstrate the cross-over in the dielectric propertiesof the two stable states due to

dispersion in the flexoelectric polarisation, frequency-dependent capacitance, in the vicin-

ity of the cross-over frequency, is shown in figure 5.10. The cross-over frequency was

derived in §5.2.1 and given in equations 5.28 and 5.29. At frequencies below the cross-

over frequency, for a given material, the focal conic state has a larger capacitance than the

Grandjean state, and at frequencies above the cross-over frequency, the focal conic capaci-

tance is lower than the Grandjean. A larger capacitance implies a larger effective dielectric
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Figure 5.9: The transmission spectrum of the devices under the application of 10 Vrms µm−1

at 5 kHz (solid lines) and 100 Hz (dashed lines). The spectra are consistent with a Bragg
reflecting Grandjean state when driven with 5 kHz, and with a weakly scattering focal conic
state when driven with 100 Hz. Blue, black and red lines correspond to cells with measured
Bragg peaks of 480, 540 and 590 nm respectively.

permittivity, and the larger component of the permittivitywill have a tendency to reorient

parallel to the applied field, in order to minimise the electric potential energy. Materials

with different pitches show slightly different cross-overfrequencies of 460, 370 and 300

Hz for materials with Bragg reflection peaks centred on 480, 540 and 590 nm respectively.

Recall from equation 5.29, that the cross-over frequencyf(ε⊥=ε′r) ∝ 1/P 2. Therefore, we

expect thatf(ε⊥=ε′r)(nP )2 = constant, wherenP is the Bragg reflection peak frequency.

The three pitch cases shown in figure 5.10 all havef(ε⊥=ε′r)(nP )2 = 1.05 × 108 Hz(nm)2,

within 2% of one another.

Note that while the cross-over frequency is pitch dependent, the inequality that describes

the constraints on the liquid crystal parameters that allowfor state switching via flexoelec-

tric dispersion, given in equation 5.24, does not involve the pitch, and therefore the ability to

switch between states is unaffected by pitch variation. Moreover, the cross-over frequency

in these cells is between 300 and 500 Hz, orders of magnitude smaller than the typicalε‖

relaxation frequency in specially engineered dual-frequency materials used in this context

[145, 146].
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Figure 5.10: Capacitance as a function of frequency (using 100 mV test voltage) for cells
filled with mixtures whose Bragg reflection maxima centre on 480, 540 and 590 nm, while
in stable focal conic and Grandjean states. The capacitanceis related to the dielectric per-
mittivity via C = C0εeffective whereεeffective is given by equation 5.16 in the case of the
focal conic and by equation 5.14 in the case of the Grandjean states. Dispersion in the flex-
oelectric polarisability causes a cross-over in the frequency-dependent dielectric properties
of the focal conic and Grandjean states at a frequency that depends on pitch (see equation
5.29) at between 300 and 500 Hz, enabling a frequency-addressed switching between the
two states.

To demonstrate further the relationship between the switching behaviour and the chol-

esteric pitch, a planar surface treated cell was capillary filled simultaneously from each side

with different two liquid crystal mixtures, each comprising of 40 wt% MLC-7029 and 60

wt% of MDA-10-4409 liquid crystal, and therefore having theappropriate condition for

switching via flexoelectric dispersion, but differing in chiral dopant concentration so as to

have Bragg reflection maxima at 940 and 480 nm. Filling the cell simultaneously with

two different mixtures from opposite sides results in an interficial region in which the two

materials mix, and the concentration of chiral dopant and resultant pitch varies over the cell.

Polarizing microscope images of this cell are shown in figure5.11. The cell shows a pitch

variation that results in discrete pitch jumps in the Grandjean state, due to the planar surface
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Figure 5.11: Optical polarizing microscope photographs ofa cell in which there is a gradient
in the chiral dopant, which results in discrete pitch jumps while the liquid crystal is in the
Grandjean state. An applied field of 32 Vrms µm−1 is applied with a frequency of (a) 5 kHz,
(b) 200 Hz and (c) 200 Hz a moment later, (d) 110 Hz, and (e) 50 Hz. The field switches the
Grandjean into a focal conic state when the frequency is below the cross-over frequency,
which depends upon the pitch.

constraint, which only allows half-integer numbers of pitches across the cell thickness. As

the driving frequency is decreased from 5 kHz to 50 Hz, the cross-over frequency is passed

and switching to the lying-helix state occurs, first for the short-pitch region in which the

cross-over frequency is high, and then the shorter pitch regions, until the entire cell has

switched to the lying helix state at 50 Hz.

To study the electrooptic characteristic of the switching,a light emitting diode with a

peak frequency of 525 nm was used to illuminate at normal incidence the liquid-crystal

device with a Bragg reflection peak centred on 540 nm. The experimental arrangement is

shown in figure 5.12. A black, light-attenuating structure was positioned behind the de-

vice, which was driven between focal conic and Grandjean states with the application of

10 Vrmsµm−1 that cycled between 100 Hz and 5 kHz. The cell pixel was imagedonto a

photo diode in order to measure the reflected intensity at a test-angle of approximately 15

degrees, which was chosen to avoid directly reflected light from the glass-air interface of the

cell reaching the photo diode. The normalised reflection intensity as a function of time is
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Figure 5.12: A schematic diagram of the experimental arrangement used to measure the
electrooptic characteristics of the device with a Bragg reflection peak centred on 540 nm.
Light from a light emitting diode (LED), columnated by a lens, is incident at 0 degrees
onto the liquid crystal device. An image of the device is focused onto a photo diode, such
that the photo diode, device, and LED make an angle of 15◦. The green line illustrates the
path of the light taken from the LED to the photo diode, however, the device while in the
Grandjean geometry reflects light over a wide range of angles(not shown).

shown in figure 5.13. The transition from Grandjean to focal conic state is remarkably fast

at under 5 ms, however the focal conic to Grandjean transition has a characteristic switching

time (the time for the intensity to reach1/e of its value after a change in the driving fre-

quency) of 520 ms. These times are typical of switching between focal conic to Grandjean

states reported elsewhere using other switching mechanisms. For example, switching from

the focal conic to the Grandjean via an intermediary unwoundhomeotropic state takes about

300 ms or more [159], and traditional dual frequency materials have been reported to al-

low switching from focal conic to Grandjean states of between 240 and 450 ms, depending

on surface alignment treatments [146]. Switching from Grandjean to focal conic has been

reported to be of the order of milliseconds, using both alternative switching mechanisms

[159, 146], similar to the switching time of 5 ms in our systems. The reflected intensities

of Grandjean and focal conic states provide a reasonable contrast ratio of 5:1.

Measurements of the reflected intensity at angles other than15◦ have not been taken.

However, from inspection of the cells under illumination, it can be seen that the devices

reflect light over relatively wide viewing angle. The wide angle observed in devices with

homeotropic surface alignment is in contrast to devices with planar alignment, which only

show strong reflection at angles equal to the incident angle of the illumination.
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Figure 5.13: The normalised intensity of reflected light, which is normally incident on
the device, at a reflection angle of 15 degrees (see figure 5.12), for the cell with a Bragg
reflection peak of 540 nm, as a function of time. The cell is addressed with 10 Vrmsµm−1

that cycled between 100 Hz and 5 kHz.

In the next section are some suggestions to further improve the devices’ performance.

5.3.2 Discussion

Improving Switching Times

Whilst it has been demonstrated that flexoelectric dispersion can be exploited in reflective

cholesteric display technology, there are many ways that the devices studied in this work

could be improved upon.

The switching time from focal conic to Grandjean states is very slow, for example.

Consistent with the discussion in §1.7.2, it is suggested that this switching time is related

to the restoring torque on the director, which is related to the dielectric energy given by,

Fdielectric = −1

2
∆εε0E

2 (5.35)

The switching time is therefore dependent on field strength and dielectric anisotropy. The

speed with which the device switches from the Grandjean to the focal conic state, on the

other hand, is fast at under 5 ms. It may be possible to reduce the flexoelectric bimeso-

genic component of the mixture in order to provide a greater negative dielectric anisotropy

without compromising dual-frequency switching functionality, in order to mitigate this on-

off-on switching asymmetry, as long as the inequality in equation 5.24 remains satisfied.
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Furthermore, the bimesogenic component of the mixtures used has a very large viscosity,

which further increases the switching time.

There have also been a variety of techniques reported in the literature to improve switch-

ing times in reflective cholesteric technologies, including the use of polymer networks and

recently, the exploitation of Helfrich instabilities [160]. It may well be that the use of one or

more of these techniques in combination with the present technology will produce the best

performance, and this provides a platform for further investigation. Indeed, within this work

(although not presented here), Helfrich-like states (possibly flexoelectrically rather than di-

electrically induced, since in this work a negative dielectric anisotropy material is used)

have been observed to exist in cells with planar alignment conditions, and may also be ac-

cessed in devices that can exploit flexoelectric dispersionfor state switching in cholesteric

systems. These states have been shown to provide switching times in reflective cholesteric

cells of the order of 10 ms.

Summary

In this section, a new method for driving between focal conicand Grandjean states in reflec-

tive, bistable cholesteric display technology has been demonstrated. The technique exploits

the dispersion in the dielectric properties of the materialdue to the relaxation in flexo-

electric polarisability, which enables the selection of focal conic or Grandjean states using

appropriate driving frequencies. The dual-frequency effect has a cross-over frequency of

between 300 and 500 Hz in cells demonstrated here, dependenton the pitch of the material,

orders of magnitude lower than other dual-frequency effects. Devices made using the tech-

nique show bistability, a contrast ratio of reflected intensity of 5:1, a switching time from

focal conic to Grandjean of 520 ms, and from Grandjean to focal conic of under 5 ms, and

wide viewing angles, without any polymer networks. The technique allows a much greater

flexibility in the choice of other parameters, including surface alignment condition, driving

scheme, material parameters (in comparison with dual-frequency materials) and polymer

network stabilisation. The technique shows potential for development and application, po-
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tentially in combination with techniques reported in related literature, such as the use of

polymer networks. A reduction in the viscosity would greatly reduce the switching time.

5.4 Conclusion

By considering the contribution to the dielectric permittivity of cholesteric liquid crystals,

which has before been neglected from consideration in the literature, a novel and versatile

mechanism for controlling twisted liquid crystal structures based on dispersion in flexo-

electric polarization has been described; applications include transmissive, reflective, multi-

functional and bistable displays, electrooptics in telecommunications, scientific electrooptic

components, novel meta-materials and photonics.

Helicoidal liquid crystal systems have secured a strong market position in reflective

(e.g. Magink) and transmissive (e.g. Twisted Nematic) display technologies. Furthermore,

helicoidal systems have long been touted within the field as providing the functionalities re-

quired for the next generation of displays including colour-sequential, video rate, reflective

and auto-stereoscopic 3D, and the commercial potential of these functionalities has thus far

been unexploited. The new and versatile method for switching between states in helicoidal

liquid crystal systems presented in this chapter potentially affords a substantial flexibility

in device parameters and associated cost reduction of existing technologies, and unlocks

novel technologies by providing a previously impossible functionality.

A key component of any liquid crystal technology is switching between one or more

states. Up until now, there is an almost exclusive utilisation of a liquid crystal’s dielectric

anisotropy to effect state switching, which is intrinsically independent of field polarity and

therefore cannot be field-driven in both directions. The technique presented in this chapter

exploits flexoelectricity, allowing field-driven switching between multiple and potentially

stable states. This added functionality unlocks the value within a vast body of technol-

ogy research related to helicoidal liquid crystal systems,and provides a key mechanism to

be incorporated into the arsenal of tools available to a liquid crystal device engineer. The

Key advantages are: a cost reduction of existing technologies, for example, by potentially
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avoiding the need for polymer networks; unlocking the widely-reported yet untapped po-

tential of helicoidal systems, including ultra-fast switching, wide viewing angles, cheaper

electrode structures, reduced power consumption, increased resolution, reflective, bistable

and multifunctional technologies; and providing a new mechanism for field-driven switch-

ing between multiple transmissive or reflective states, affording flexibility in design and

previously impossible functionality.

Flexoelectric dispersion, which in this chapter has been exploited to switch between

states in cholesteric liquid crystal cells, will in the nextchapter instead be exploited to mea-

sure independently the flexoelectric and dielectric contributions to electro-optic switching

in blue phase liquid crystals. Blue phase liquid crystals, which are currently being heav-

ily researched for their unique application potential, areclosely related to the cholesteric

structures that this thesis has been concerned with thus far. However, the flexoelectrooptic

effect in blue phases has up until now been neglected in the literature, as the symmetry

of the blue phase does not allow polar switching as it does in the cholesteric phase. We

will see in the next chapter that flexoelectric dispersion can allow the electrooptic effects

arising from dielectric and flexoelectric interactions in the blue phase to be decoupled and

measured independently.
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Chapter 6

Dielectric and Flexoelectric Kerr Effects
in Blue Phases

6.1 Introduction

The liquid crystal mesophases are a quintessential disruptive technology, having completely

eradicated the market for cathode-ray tubes in displays. However, as was discussed in

§2.1, fast-switching liquid crystal devices could potentially enable a variety of new func-

tionalities in displays and other technologies. In §1.8.3 there was a description of how

short pitch cholesteric liquid crystals could potentiallyprovide faster electro-optic switch-

ing. Cholesteric materials have been suggested for use in display technology by exploiting

either dielectric distortions in a Grandjean arrangement [58, 19] or flexoelectric distortions

within a Uniform Lying Helix arrangement [53, 54, 55, 56, 57,42].

However, the Kerr effect in Blue Phase Liquid Crystals (BPLCs) has also been reported

as potentially enabling fast-switching technologies [161, 162]. The Kerr effect is a field-

squared dependent induced birefringence, and the Kerr constant of a material is defined

as,

K =
δn

λE2
(6.1)

whereδn is the induced birefringence andλ is the wavelength of incident light, andE

is the field strength. BPLCs, which were introduced in §1.5.2, are thermodynamically

stable mesophases that exist between chiral-nematic and isotropic phases. Three such

phases are known to exist; BPI, PBII and BPIII have body-centered cubic, simple cubic
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and amorphously arranged periodic defect-line structuresrespectively [21, 22]. Short pitch

BPLCs have several desirable qualities with regard to display technology. They are op-

tically isotropic with relatively large Kerr constants compared to solid-state or isotropic

liquid materials. Because they are optically isotropic with zero field applied, rich black dis-

play states with wide-viewing-angles and minimal optical compensation can be achieved

between crossed polarizers. Presently, in order to achievefavourable viewing angle proper-

ties, displays require multiple domains of liquid crystal material oriented in orthogonal di-

rections, and this requires expensive patterned alignmentand electrode structures. BPLCs,

on the other hand, require no alignment layers since they areoptically isotropic and the opti-

cal axis of the Kerr birefringence is determined by the applied field direction [26]. This is a

distinct advantage, because as was discussed in chapter 4, alignment in other potential fast

switching liquid crystal technologies, such as uniform lying helix alignment, has proved

particularly problematic. Furthermore, BPLCs can producea polarization-independent

electrically-tunable phase retardation, which is required for high-efficiency holographic

imaging and optical communications applications [163, 164]. These electrooptic phenom-

ena all occur with sub-millisecond switching times [165]. In addition, BPI and BPII, due

to the cubic symmetry, act as self-organizing three-dimensional photonic band-gap devices,

which have been suggested for a variety of applications including wavelength tunable lasers

[166, 167, 32].

There remain a number of significant issues precluding the exploitation of blue phases

in technology. The Kerr constants of BPLCs, although largerthan many other materials, are

currently too small to allow full light modulation at voltages suitable for use with commer-

cially available thin-film-transistors [161]. Adapted from Gerber [168], the Kerr constant

in liquid crystals can be estimated by,

Kd ≈ ∆n

λq2

(

∆εε0
K2

)

(6.2)

The subscript ofKd has been added here to emphasize that this estimate does not take ac-

count of flexoelectricity (the ‘d’ standing for ‘dielectriccontribution’). The normal method

of increasing the Kerr constant is to engineer materials with large dielectric anisotropies,
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which increases the dielectric coupling to the field, or withlarge∆n. However, such materi-

als tend to have high viscosity, which severely increases the switching time of the materials

[169].

Curiously, flexoelectrooptic phenomena in blue phases are not much discussed in the

literature [170]. In the cholesteric phase, the flexoelectric effect causes a rotation in the

director about a field applied perpendicular to the helicoidal axis, as was discussed in §1.8.4.

In short-pitch cholesteric liquid crystals, the optic axisis parallel to the helicoidal axis, and a

rotation in the director due to flexoelectricity causes a rotation in the optical axis. However,

due to the cubic or amorphous symmetry, the blue phase is optically isotropic. For every

local region in which the helicoidal axis is oriented in a particular direction, there is a

second region oriented orthogonally, resulting in a net optical isotropy. Hence, a rotation

in the director due to flexoelectricity in one region of the BLCS is optically compensated

by a second region with the same structure but at 90 degrees tothe first, and so no polar

flexoelectrooptic effect is possible [23]. However, the flexoelectric effect still couples to

director curvature distortion in blue phase systems, and can produce a Kerr effect. Kerr

effects arising from flexoelectricity are not considered inequation 6.2, but may provide a

valuable approach to engineering BPLCs with larger Kerr constants.

In this chapter, by examining blue phase materials with verydifferent flexoelectric and

dielectric properties, experimentally it is demonstratedthat: i) both flexoelectric and dielec-

tric effects contribute to BPLC Kerr switching;ii ) both effects are found to have a similar

influence on the magnitude of the Kerr effect; andiii ) that the flexoelectric and dielectric

Kerr contributions combine constructively in the case where the dielectric anisotropy is

positive; iv) and destructively in the case where the dielectric anisotropy is negative. The

flexoelectric and dielectric contributions are measured byexploiting the suppression in the

flexoelectric switching at high frequencies; an effect thatwas also exploited in the last

chapter to achieve control of state switching in cholesteric systems. An analytical model

for flexoelectric Kerr switching in BPLCs is developed in analogy to Gerber’s equation

(equation 6.2) in §6.5.2. Furthermore, these analytical models are developed further by the
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inclusion of empirically determined geometric factors, that relate the dimensionally consis-

tent combination of liquid crystal parameters to the experimentally measured flexoelectric

and dielectric contributions to the Kerr constant.

In addition, the different approaches to the thermostability of the wide-temperature-

range BPLCs used in this study are discussed, and important parameters relating to flexo-

electric and dielectric Kerr effects are characterised. Finally, the consequence of these new

insights into PBLC Kerr switching for the engineering of materials for the next generation

of electro-optic technologies is discussed. The potentialinfluence of order-electricity and

gradient-flexoelectricity on Kerr switching in BPLCs is also remarked upon.

6.2 Comparison of Wide-Temperature Blue Phase Mate-
rials

In order to study the flexoelectric and dielectric contributions to Kerr switching, two very

different wide-temperature-range BPLC materials are compared: a high-viscosity flexo-

electric-dominated bimesogenic mixture (mixture F) having a large flexo-elastic ratio,

(e1 − e3)/(K1 + K3), of 1.1 CN−1m−1 and a very small, negative dielectric anisotropy

of −0.083 is compared to a dielectric-dominated mixture havinga low viscosity, extremely

small flexo-elastic ratio of 0.011 CN−1m−1 and a positive dielectric anisotropy of 1.6. In

this section, the different approaches to producing a wide thermostability in BPLCs used

in this study are discussed and key parameters related to flexoelectric and dielectric Kerr

switching are characterised using a variety of techniques.

6.2.1 Flexoelectric-Dominated Blue Phase

The flexoelectric-dominated BPLC used in this study is a mixture, supplied by the Uni-

versity of Cambridge, of five components; a chiral dopant 4.2wt% BDH1281 [171], and

24 wt% each of FFO5OFF, FFO7OFF, FFO9OFF and FFO11OFF, wherethe structure of

FFO-n-OFF is given in reference [25], which has a cholesteric pitch of≈ 250 nm at room

temperature. This material, which here will be refered to asmixture F, undergoes a phase
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transition on cooling from isotropic to an unidentified bluephase at 51◦C that is stable over

a wide temperature range. The bimesogenic components give the mixture a high flexo-

electric susceptibility, which is thought to provide thermostability of the blue phases by

reducing the free energy near defects [172]. The high viscosity of bimesogenic mixtures

also improves the metastability of blue phases outside of their thermodynamically stable

temperature range.

The flexo-elastic ratio of mixture F was measured by F. Castles (University of Cam-

bridge) using a standard Uniform Lying Helix method (see §2.2) to be 1.1 CN−1m−1 at

40◦C and does not vary significantly with temperature.

Here, the dielectric properties were calculated from frequency-dependent capacitance

measurements at 40◦, shown in figure 6.1 (a). The dielectric properties can be deduced by

considering that a cell’s capacitance is given byC = εrε0V/d, whereεr is the effective

relative permittivity of the liquid crystal (see §1.3.3). The relative permittivity is assumed

to be equal toε⊥ when the cell is in the Grandjean state. As was discussed in more detail

in §5.2.2, while in the ULH state, the effective relative permittivity is a combination of

ε̄ = (ε⊥ + ε‖)/2 and an additional contribution due to the flexoelectric polarizability of

the material. The flexoelectric effect is suppressed at higher frequencies, resulting in a

relaxation in the capacitance as a function of frequency that is evident in figure 6.1. By

dividing the capacitances of the cell in these states by the empty cell capacitance, in which

it is assumed that for air,εr = 1, and using a model of the form given in equation 5.32 in

chapter 5, one can determine the dielectric anisotropy of the liquid crystal,∆ε = ε‖ − ε⊥.

For mixture F,∆ε = −0.083, and ε̄ = 5.7 at 40◦C. Because∆ε = −0.083 is small, its

relative magnitude may be highly sensitive to changes in temperature [126].

Incidentally, the capacitance data also allow for the measurement of the flexoelectric

contribution to the permittivity of the ULH at low frequency, which for material F is found

to beεflexo = 0.51. As was discussed in §5.2.1,εflexo is related to flexoelectric and elastic

parameters by the relation,

εflexo =
1

ε0

(

(e1 − e3)
2

2(K1 +K3)

)

(6.3)
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Figure 6.1: The capacitance as a function of frequency for cells (empty cell capacitance
0.18 nF) filled with (a) material F at 40◦C and (b) material D at 25◦C. An analytical model
of the form given in equation 5.32 (solid lines) is used to determine the dielectric and
flexoelectric properties of the materials, including∆ε. A relaxation in the capacitance in
(a) when in the ULH configuration is consistent with the suppression of the flexoelectric
polarization at higher frequencies. In the case of (b), there is no such relaxation, and thus
no evidence of substantial flexoelectric polarization.

By considering the value ofe/K measured using the ULH method, one can therefore infer

thate1 − e3 = 7.8 pCN−1 and thatK1 +K3 = 7.1 pN. The large value ofe/K is therefore

due to a relatively small value ofK1 + K3 in this mixture (c.f. for mono-mesogenic E7,

K1 +K3 = 27 pN). This may be due to a smallK3, which is characteristic of bimesogenic

liquid crystals [173].

6.2.2 Dielectric-Dominated Blue Phase

The dielectric-dominated BPLC used in this study is a mixture, provided by Feng Chia

University, Taiwan, of a nematic host liquid crystal FCU-LCM10 and a relatively weak left-

hand chiral dopant FCU-NYCL, whose helical twisting power is∼ 20 µm−1. The dielectric

anisotropy of the pure nematic host is 2.7 at room temperature, with a birefringence of 0.1

at λ = 550 nm (both measured by Feng Chia University [174]). The rotational viscosity

of the nematic host is estimated to be less than 100 mPa·s [174]. After adding 8 wt%

chiral dopant, the mixture exhibits a cubic blue phase in a very narrow temperature range

[174]. The temperature range of the blue phases become widerwith increasing chiral-
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dopant concentration, and with 21 wt% and 24 wt% chiral dopant, the mixtures exhibit

phase sequences (all in◦C) Isotropic 35 BPIII 28 BPI 21.1 N* and Isotropic 32 BPIII 16 BPI

< 20, respectively [174]. The approach to producing a large blue phase temperature range

for this dielectric-dominated material is in contrast to that adopted for the flexoelectric-

dominated material F. The thermostability of blue phases has been shown to correlate with

a reduction in the dielectric anisotropy and an increase in the elastic constants [175]. In

addition, a chiral dopant with good solubility can extend the temperature range of the blue

phase [176]. The chiral dopant used in this mixture reduces the viscosity of the nematic

host [174]. The viscosity is correlated with the order parameter, and a reduction in the

order parameter might reduce the free energy around the disclination. In this study, the

21 wt% chiral-doped mixture (P ∼ 250 nm), which here will be refered to as mixture D, is

used because it has a favourable phase sequence including the cubic blue phases. However,

in some cases, data are also presented for the 24 wt% mixture,which is refered to as mixture

D2.

The flexoelectric response of mixture D is too small to measure using a standard ULH

technique, and so was measured using the Grandjean rotationmethod with a quarter-wave

plate (the method and data for mixture D is presented in §2.3.6). The mixture exhibits an

extremely small flexo-elastic ratio of 0.011 CN−1m−1 at room temperature. The dielectric

properties of mixture D were determined from the capacitance as a function of frequency

shown in figure 6.1 (b), with the result that∆ε = 1.6 and(ε⊥ + ε‖)/2 = 4.5 at 25◦C. The

chiral dopant dilutant in this mixture reduces∆ε relative to the pure host material. Note

that the capacitance of the cell in the ULH state does not showa noticeable relaxation as a

function of frequency, which is consistent with the material’s small flexo-elastic ratio.

6.2.3 The Relative Distortion due to Dielectric and Flexoelectric Field
Interactions

While it is expected that the two materials in this study, F and D, behave very differently

in electric fields due to being either dielectric or flexoelectric dominated, it will be useful

to quantify this difference. To achieve this, consider the relative flexoelectric and dielectric
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distortions in a cholesteric liquid crystal. A field appliedperpendicular to the helicoidal

axis causes a rotation of the director about the field direction due to flexoelectricity given

by (see §1.8.2),

φ0(E) =
e1 − e3
K1 +K3

E

q
(6.4)

The dielectric interaction also causes a director rotation, although the rotation is not uniform

(being a function of position along the helicoidal axis) andis in the plane of the director.

The maximum in-plane rotation due to the dielectric distortion, as was derived in §1.7.1, is

given by,

θ0(E) =
∆εε0
8K2

(

E

q

)2

(6.5)

By combining equations 6.5 and 6.4, we can express a dimensionless dielectric- to flexo-

electric-distortion ratio,

κ =
θ0
φ2
0

=
∆εε0(K1 +K3)

2

8K2(e1 − e3)2
(6.6)

which gives the relative strength of the dielectric and flexoelectric distortions in a particular

liquid crystal material (this quantity was also consideredin the context of the coupling of

dielectric and flexoelectric effects in cholesteric liquidcrystals in chapter 3). The values of

κ for material D and F are7×103 and−4×10−2 respectively. Here it has been assumed that

for the bimesogenic material F,K2 = 2 pN, which is taken from measured and calculated

values of similar materials [177, 173, 19]. Thus, these bluephase materials’ dielectric- to

flexoelectric-distortion ratios differ by a factor of105, making them particularly suited to

comparing the contribution to Kerr switching arising from the two field-distortion effects.

6.3 Measurement of the Kerr Constant

In order to determine the materials’ Kerr constants, the field-squared dependence of the

birefringence was measured using cells within the experimental arrangement shown in fig-

ure 6.2. Cells were made using an ITO electrode on one of the substrate surfaces, in which

a 2 mm gap had been etched in order to apply a uniform in-plane field. The same electrode

structure was adopted in chapter 2 to investigate flexoelectric switching in Grandjean and
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Figure 6.2: A schematic of the experimental arrangement, used to measure both the magni-
tude of the Kerr constant and the individual contributions to the Kerr constant due to flex-
oelectric and dielectric field distortions. A circular polarization is generated using a linear
polarizer and quarter-wave plate. A liquid crystal cell with IPS-type electrodes is followed
by an analyser set at 45 degrees to the applied electric field direction, and a photo-diode
detects the transmitted intensity.

twisted nematic cells. A numerical study in §2.3.2 found that such an electrode structure

produces a highly uniform field. The cell is positioned such that the in-plane field direction

makes an angle of 45 degrees to the analyser.

The normalised transmission is given by,

T = sin2

(

π

4
+

πδnd

λ

)

(6.7)

where theπ/4 is the retardation due to the quarter-wave plate, andδn is the induced bire-

fringence. For smallδn, this can be approximated as,

T =
1

2
+

πδnd

λ
(6.8)

whered is the device thickness. The cell was driven with a sine-modulated field (with a

frequency well below the relaxation frequency of the flexoelectric switching) of the form

E = E0 sin(ωt). From equation 6.1, and substituting forE, we find that,

δn = λKE2
0 sin

2(ωt) (6.9)

Substituting this into equation 6.8 and using a double-angle formula, we find that,

T =
1

2
+

πd

2
KE2

0 (1− cos(2ωt)) (6.10)
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In order to extract this component formally, we can perform aFourier series calculation for

the2ω component, i.e. we can multiply bycos(2ωt),

T cos(2ωt) =
1

2
cos(2ωt) +

πd

2
KE2

0

(

cos(2ωt)− cos2(2ωt)
)

(6.11)

From equation 6.10, we know that the transmission is a function that includes a term

−T0 cos(2ωt), whereT0 is the transmission amplitude at an angular frequency of2ω. Sub-

stituting this forT in the above expression and taking the time average, we find that,

T0 =
πd

2
KE2

0 (6.12)

which is the amplitude of the2ω frequency component of the transmission. This can be

rearranged forK,

K =
2T0

πdE2
0

(6.13)

which putsK in terms of measurable and known quantities. To determineT0, the output of

the photo diode in the experimental arrangement in figure 6.2is analysed using a lock-in

amplifier, which can measure the amplitude of the2ω frequency component of the photo

diode output,V0, to a high level of accuracy. From equation 6.8, it can be seenthat when

there is no field-induced birefringence (atE = 0) then the transmission is equal to 0.5. The

transmission amplitudeT0 can thus be determined by,

T0 =
V0

2VE=0

(6.14)

whereV0 is the amplitude of the2ω frequency component of the photo diode output voltage,

andVE=0 is the photo diode output voltage whenE = 0. The cell thickness,d, is measured

by analysing Fabry-Perot fringes in a transmission spectrum of cells before filling with

liquid crystal.

The birefringence is shown as a function ofλE2 in figure 6.3. The values of the Kerr

constants are then the slopes of these lines (see equation 6.1), and are summarised in table

6.1 for materials D and F, which haveK = 0.13 nmV−2 andK = 0.022 nmV−2 respec-

tively.
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Figure 6.3: The induced birefringence is shown as a functionof λE2 for materials D and
F. The slopes correspond to the Kerr constants. The birefringence was determined by
analysing the transmission between crossed polarizers of devices with uniform in-plane
fields in series with a quarter-wave plate, as shown in figure 6.2.

Table 6.1: A summary of the physical parameters of the BPLC materials used in this study.
The Kerr constant for the materials, which have been measured using the method described
in §6.3, are given in the final column.

∆ε e1−e3
K1+K3

κ γ τ K

Material F −0.083 1.1 −4 × 10−2 ≈ 0.6 185 (T=50◦C) 0.022
Material D 1.6 0.011 7×103 ≈ 0.1 23 (T=34◦C) 0.13
Unit CN−1m−1 Pa·s µs nmV−2

In this section, a technique for measuring the Kerr constant,K, has been described, and

the method has been used to measureK in both flexoelectric and dielectric dominated blue

phase materials. In the next section, a technique is developed and applied to measure the

independent contributions toK arising from the flexoelectric and dielectric interactions.

6.4 Flexoelectric and Dielectric Contributions to the Kerr
Effect

6.4.1 Frequency Dependence of Flexoelectric Switching in Blue Phases

In chapter 5, the suppression of flexoelectric switching in cholesteric materials as a function

of frequency was described in detail. In §5.2, it was found that in cholesteric materials,
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there is a relaxation in the flexoelectric tilt angle as a function of driving frequency at a

characteristic frequency given by,

fflexoelectric =
q2

4πγ
(K1 +K3) (6.15)

whereγ is a viscosity.

The lattice parameter of blue phase systems is roughly the same as the pitch in the

cholesteric phase at the same temperature [178, 179]. Therefore, flexoelectric distortion

in blue phase systems is likely to have a similar relaxation frequency to the analogous

cholesteric phase,

fb
flexoelectric ≈

q2

4πγ
(K1 +K3) (6.16)

although it may be slightly different due to the different structure of the blue phase. In the

rest of this chapter, the assumption will be made thatfb
flexoelectric = fflexoelectric, and thatτf

is equal to the time constant associated with the suppression of flexoelectric switching in

blue phases.

We may expect that the contribution of flexoelectric distortion to the Kerr effect in

BPLCs will be absent at frequencies in excess offflexoelectric. On the other hand, the dielec-

tric polarization, as was also discussed in chapter 5, is typically not suppressed below fre-

quencies of MHz [149, 150]. Hence, the dielectric contribution to the Kerr effect in BPLCs

will not be suppressed at frequencies well above the relaxation frequency of the flexoelectric

contribution. This is the key to distinguish between the twocontributions experimentally.

By observing Kerr switching as a function of frequency, a relaxation in the flexoelectric

contribution is observed, and at driving frequencies much greater thanfflexoelectric, only the

dielectric contribution remains.

Let us express the Kerr constant as a sum of flexoelectric and dielectric contributions,

K(ω) = K0
f +Kd (6.17)

whereKd is the Kerr constant associated with the dielectric effect,andK0
f is the frequency-

dependent Kerr constant associated with the flexoelectric effect. From §5.2.1, we found that
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the flexoelectric tilt angle is frequency dependent, and that the amplitude of the tilt angle in

a sine-modulated field is given by,

φ0 =
φ

1 + ω2τ 2f
(6.18)

whereφ is the flexoelectric tilt in the static field case,ω is the driving frequency andτf =

1/2πfflexoelectric (c.f. equation 5.9). We might expect that the flexoelectric contribution to

Kerr switching in blue phases depends upon the flexoelectricswitching, and so in a similar

fashion we can write,

K0
f =

Kf

1 + ω2τ 2f
(6.19)

and hence, we can write,

K(ω) =
Kf

1 + ω2τ 2f
+Kd (6.20)

which gives the frequency-dependent Kerr constant in termsof flexoelectric and dielectric

contributions.

The flexoelectric contribution to Kerr switching results from flexoelectric distortion, and

while the resultant induced birefringence is independent of the polarity of the field, the un-

derlying distortion is field polarity dependent. At frequencies larger than the flexoelectric-

switching relaxation frequency, the magnitude of the flexoelectric distortion is proportional

to the time-average of the field, which for an AC field with zeroDC component is zero.

Hence, the flexoelectric distortion, and associated flexoelectric contribution to Kerr switch-

ing, is suppressed at large driving frequencies. On the other hand, the dielectric contribution

to Kerr switching results from distortion due to the dielectric effect, which is the same for

positive and negative fields. At large frequencies, the dielectric distortion amplitude is pro-

portional to the time-average of the square of the field, or the mean-squared field. Hence, the

distortion due to the dielectric effect, and associated Kerr switching, will not be suppressed

at large field frequencies. There will be a relaxation in the time-averaged transmission as

a function of the driving frequency of a BPLC device between crossed polarizers due to

the relaxation in the flexoelectric contribution to the Kerrswitching, however the dielec-

tric contribution will not produce such a relaxation. In order to probe this behaviour, the
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frequencyω of a driving voltage signal is varied, and the driving signal’s amplitude is mod-

ulated using a relatively low modulation frequencyωm; one that is well below the relaxation

frequency. A lock-in amplifier measures the amplitude of thetransmission at the modula-

tion frequency, which is effectively equal to the time-averaged transmission if the driving

signal were not modulated. Using a lock-in amplifier to measure the amplitude of the mod-

ulated signal allows a much greater level of precision than measuring the time-average of

the photo diode output directly, since the lock-in amplifiercan detect amplitudes as small

as tens of microvolts or less. Using this method, it is possible to measure the transmission

amplitude at the modulation frequency as a function of driving frequency, and from this

to determine the independent flexoelectric and dielectric contributions to Kerr switching in

blue phases. In the next section, a mathematical treatment of the above discussion will be

presented.

6.4.2 Determining Flexoelectric and Dielectric Kerr Contributions

Using a Modulated Driving Signal

Let us take a field described by,

E = E0 sin(ωt) sin
2
(ωm

2
t
)

(6.21)

in which ω is a test angular frequency that will be varied, andωm is a fixed modulating

frequency whereωm ≪ 2πfflexoelectric. If this field is applied to a liquid crystal whose Kerr

behaviour is described byδn = λKE2, then the birefringence is given by,

δn = λKE2
0 sin

2(ωt) sin4
(ωm

2
t
)

(6.22)

which, using suitable double-angle formulae, can be expressed,

δn = λKE2
0 sin

2(ωt)

(

3

8
− 1

2
cos(ωmt) +

1

8
cos(2ωmt)

)

(6.23)

From equation 6.23, it can be seen thatδn will have frequency components atω, ωm and

2ωm. From equation 6.20, it is also clear that the flexoelectric contribution toK depends

uponω. Therefore, by varyingω, it is possible to analyse the magnitude of the Kerr bire-

fringence as a function of frequency by measuring the amplitude of either theωm or 2ωm
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frequency component of the birefringence, ifωm and2ωm are well below the relaxation

frequency associated in the suppression in flexoelectric contribution to the Kerr switching.

In order to study the birefringence, the liquid crystal can be placed between crossed

polarizers with a quarter-wave plate as shown in figure 6.2. The transmission, assumingδn

is small, is again given by,

T =
1

2
+

πδnd

λ
(6.24)

From equation 6.23, it can be seen that theωm frequency component has a larger amplitude

(1
2

compared to1
8

for the2ωm component). Experimentally, it will be possible to measure

this component using a lock-in amplifier, which can accurately measure a given frequency

component of a photo diode output signal. After substituting δn from equation 6.23 into

equation 6.24 to find the transmission under the applicationof a field of the form in equation

6.21, we can again perform a Fourier series calculation, this time for theωm component, by

multiplying bycos(ωmt),

T cos(ωmt) =
1

2
cos(ωmt) + πdKE2

0 sin
2(ωt)

(

3

8
cos(ωmt)−

1

2
cos2(ωmt)

+
1

8
cos(2ωmt) cos(ωmt)

)

(6.25)

By considering equation 6.23 and 6.24, we know thatT includes a term−Tm
0 cos(ωmt),

whereTm
0 is the amplitude of theωm component of the transmission. Therefore, if we take

the time-average of equation 6.25, such thatsin2(ωt) = cos2(ωmt) = 1/2, we get,

Tm
0 =

πd

4

(

Kf

1 + ω2τ 2f
+Kd

)

E2
0 (6.26)

whereTm
0 is the amplitude of the transmission at the modulation frequencyωm, and the full

form ofK given in equation 6.20 has been used. The key difference between equation 6.26

and the result in equation 6.12, is that the modulation frequency at which the measurement

is being made,ωm, is independent of the frequency that is varied,ω, allowing the precise

measurement of transmission at a range of frequencies over which flexoelectric switching

is suppressed. By varyingω and measuring the amplitude of theωm frequency component

of the transmission, we can therefore observe a relaxation in the Kerr switching due to
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Figure 6.4: The response of devices with interdigitated electrodes under the application
of sine-modulated AC fields of the form in equation 6.21 showing the difference between
the Kerr behaviour of flexoelectric- and dielectric-dominated blue phase liquid crystals.
Material D where (a)ω = 1.1kHz,ωm = 110 Hz, (b)ω = 11kHz,ωm = 1.1kHz. Material
F where (c)ω = 630 Hz,ωm = 63 Hz, (d)ω = 6.3 kHz andωm = 630 Hz. For illustration,
the ratio ofω to ωm has been kept constant in order to observe both frequency components
in the plots. Whenω/2π is greater thanfflexoelectric, the flexoelectric-dominated material has
a suppressed Kerr response due to the finite switching time ofthe flexoelectric effect, as can
be seen in (d). Dielectric-dominated materials however continue to show a Kerr response
that depends onV 2 even at high frequencies, as can be seen in (b).

flexoelectricity. From equation 6.26, if we take the ratio between the transmission amplitude

at low and high values ofω, we can rearrange for the ratio ofKf/Kd, to get,

Kf

Kd

=
Tm
0 (2πω ≪ fflexoelectric)

Tm
0 (2πω ≫ fflexoelectric)

− 1 (6.27)

Hence, by measuring the transmitted intensity at frequencies greater than and less than

fflexoelectric, we can determine the ratioKf/Kd. In practice, rather than taking measurements

of the transmission amplitude at only two driving frequencies, equation 6.26 will instead be

used as an analytical model to compare with experimental transmission as a function ofω,

and the ratioKf/Kd andτf will be introduced as fitting parameters.
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Interdigitated Versus Wide-Electrode-Gap IPS Cells

In order to investigate experimentally the Kerr relaxationbehaviour as a function of fre-

quency, it must be possible in the experimental arrangementto apply a range of frequencies,

including large frequencies, since the relaxation in the flexoelectric switching is expected

to occur at several kHz. However, the maximum frequency thatan amplifier is capable of

at a particular voltage is determined by its slew rate – that is, the greatest rate of change of

voltage,∂V/∂t. Wide-electrode-gap cells used in the measurement of the total Kerr con-

stant,K – which can also be considered as the Kerr constant in the low-frequency limit

– require very large voltages for modest field strengths, becauseE ∝ V/a, wherea here

is the electrode gap. By using interdigitated electrodes, which were introduced in §4.3.1,

a smaller voltage is required to produce the same field strength because the gap between

electrodes is small (≈ 10 µm), and the device behaviour can therefore be studied at much

greater field frequencies.

However, interdigitated electrode cells, while convenient for allowing the application

of large field frequencies, are inappropriate for measuringthe absolute Kerr constants,K,

using the arrangement in figure 6.2. The relationship between the transmission and the

birefringence, given in equation 6.8, assumes that the entire region of the device on which

light is incident has the same induced birefringence. Interdigitated cells, however, only

switch liquid crystal between electrodes, and above the electrodes little or no birefringence

is induced. Therefore, in order for the birefringence to be determined from the transmission

of a device with interdigitated electrodes, a ‘fill-factor’– the ratio of switched to unswitched

area – would have to be included. However, this factor is not known. Furthermore, the non-

uniformity of the field due to interdigitated electrodes (see §4.3.1) could complicate the

measurement further, since the Kerr constant is defined in relation to a uniform field strength

in equation 6.1. For these reasons, cells with single, wide 2mm electrode gaps were used

to measure the absolute value ofK in §6.3, which produce a uniform field and allow the

entire region of the cell on which the laser is incident to experience the same field strength.

On the other hand, when observing the Kerr behaviour as a function of frequency, since
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we are only interested in the relative transmission at low and high frequencies, we do not

require to know the fill-factor that relates the transmission to the birefringence, and hence,

interdigitated electrodes, which allow for the application of much greater field frequencies,

may be used.

6.4.3 Experiment and Analysis

The photo-diode response of a device with interdigitated electrodes, within the experimental

arrangement shown in figure 6.2, under the application of a field of the form in equation

6.21 is shown in figure 6.4. When the frequency is much greaterthan the flexoelectric

relaxation frequency, the flexoelectric contribution is suppressed. In material F, the Kerr

response is almost completely suppressed in figure 6.4 (d), becauseKf is dominant and

the dielectric contribution,Kd, is small. However, in the dielectric-dominated mixture D,

although the high-frequencyω component of the transmission is suppressed, the amplitude

of the photo-diode response at the modulation frequency is unchanged between figure 6.4

(a) and (b), becauseKf is very small.

To determine the ratioKf/Kd, a lock-in amplifier was used to measureTm
0 as a function

of ω for BPLC materials F, D and D2, shown in figure 6.5. As discussed, fitting an analytical

model of the form in equation 6.26 allows the ratioKf/Kd to be determined, and thus allows

the relative dielectric and flexoelectric contributions tothe Kerr switching to be studied,

which has not previously been possible. The measuredKf/Kd is shown in table 6.2.

The characteristic switching time of the Kerr effect in material D and D2 was measured

independently by observing transmission under the application of bursts of 200 kHz AC (an

example is shown in figure 6.6), to be 23 µs at 34◦C and 320 µs at 25◦C for material D and

23 µs for material D2 at 31◦C. However, as is expected, there are no relaxations correspond-

ing to these characteristic times in figure 6.5. This shows that the dielectric response does

indeed depend on the square of the time-averaged high-frequency (ω) component of the

field, in contrast to the flexoelectric Kerr response that is suppressed at high frequency. Ma-

terial D does not exhibit a significant relaxation due to the suppression of the flexoelectric
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Figure 6.5: The normalised transmission amplitude at the modulation frequency,Tm
0 , is

shown as a function of the driving frequencyω, under the application of a field of the form
E = E0 sin(ωt) sin

2
(

ωm

2
t
)

, in both flexoelectric and dielectric dominated BPLC materials,
on a log-log scale. A relaxation model of the form given in equation 6.26 (solid line) is used
to determine the ratio of the flexoelectric and dielectric contributions to the Kerr switching,
Kf/Kd. A point at which the flexoelectric and dielectric contributions combine to give
K = 0, and therefore at whichTm

0 = 0, is evident in the model at between 4 and 5 kHz.

switching, which corresponds to its smalle1 − e3. The sensitivity of the lock-in amplifier

provides an upper limit on the ratioKf/Kd in material D of 0.01 (summarised in table 6.2).

In the case of the flexoelectric dominated material, the small, negative dielectric aniso-

tropy leads to a negative induced birefringence, and therefore a negative value ofKd. On

the other hand, the flexoelectric response contributes positively to K, andKf is positive.

Material F shows a strong relaxation in the Kerr switching with a time constantτf = 185µs,

determined from fitting the model of the form in equation 6.26. As the frequency increases

and the flexoelectric contribution is suppressed, there is afrequency at which the total

frequency-dependent Kerr constant is equal to zero. This point is evident in the log-log

plot by the downward spike in the model. By settingK from equation 6.20 equal to zero,

and rearranging, we can determine the frequency at which flexoelectric and dielectric con-
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Figure 6.6: The output of a photo diode is shown for a cell filled with material D within
the experimental arrangement shown in figure 6.2, under the application of pulses of AC at
200 kHz. The photo diode response is used to determine the characteristic response time of
the Kerr effect in the dielectric-dominated blue phase systems.

Table 6.2: The ratios of contributions to the Kerr switchingdue to flexoelectric and dielec-
tric effects in blue phase materials D and F, measured using the experiment described in
§6.4. The total Kerr constant, measured using the experiment described in §6.3, is also
given. The values of the flexoelectric and dielectric contributions,Kf andKd, are deduced
by combining results from both experiments.

Kf/Kd K(nmV−2) Kd (nmV−2) Kf (nmV−2)

material F −31.1 0.022 −0.00074 0.023
material D <0.01 0.13 0.13 <0.001

tributions combine to give zero Kerr switching,

fK=0 =
1

2πτflexo

√

−Kf

Kd
− 1 (6.28)

Using the measured value ofτflexo andKf/Kd, we find thatfK=0 = 4.7 kHz. At frequencies

greater than this,K is negative. However, in this experiment, the lock-in amplifier measures

only the absolute amplitude of the transmission at the modulation frequency, and so the

measured amplitude of the transmission is a positive number, as shown in figure 6.5.
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Rearranging equation 6.17, we get,

Kd =
K

1 + Kf

Kd

Kf =
K

1 +
[

Kf

Kd

]−1 (6.29)

From the measurement of the total Kerr constantK using wide-electrode-gap devices (dis-

cussed in §6.3) and the ratio ofKf/Kd using interdigitated devices, absolute Kerr contri-

butions arising due to dielectric and flexoelectric effectscan therefore be determined. For

mixture F,Kd = −7.4 × 10−4 nmV−2 andKf = 2.3 × 10−2 nmV−2; for mixture D,

Kd = 0.13 nmV−2 andKf < 1 × 10−3 nmV−2 (these values are summarised in table 6.2

and later in table 6.3). Mixture F’s negative value ofKd is consistent with a material with a

negative dielectric anisotropy [180].

6.4.4 Summary

In this section, a method for measuring the independent contributions to Kerr switching in

BPLCs arising from flexoelectric and dielectric effects hasbeen described. The total Kerr

effect was first measured using cells with wide electrode spacing. Secondly, the ratio of the

flexoelectric and dielectric contributions to Kerr switching was determined using devices

with interdigitated electrodes by measuring transmissionas a function of driving field fre-

quency, using an amplitude modulated driving signal. When the frequencyf ≪ fflexoelectric,

the flexoelectric polarization contributes to the Kerr effect, and whenf ≫ fflexoelectric the

flexoelectric switching is suppressed due to dispersion in the flexoelectric polarization and

only the dielectric effect remains. The method has been usedto determine the Kerr con-

stants,Kd andKf , arising from dielectric and flexoelectric field interactions respectively,

in both flexoelectric- and dielectric-dominated BPLCs. It has been demonstrated that in the

case of a negative dielectric anisotropy, the total Kerr constant,K, is less thanKf . In the

next section, the results are discussed in relation to analytical estimates ofKd andKf , and

the flexoelectric and dielectric effects are found to have a similar influence on the magnitude

of the Kerr effect. Additionally, the consequence of these new insights for the development

of BPLC materials is commented upon.
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6.5 Semi-Empirical Models of Flexoelectric and Dielectric
Kerr Contributions

6.5.1 Dielectric Contribution to Kerr Switching

Values ofKd calculated using Gerber’s estimation in equation 6.2 are shown alongside the

experimentally determined values for material F and D in table 6.3. To calculate the esti-

mates,∆n was estimated to be 0.07 for both materials by inspecting thewidth of the Bragg

reflection bands of transmission spectra while in the cholesteric phase in a Grandjean ge-

ometry (see §1.6.2). For material D, the Gerber estimate ofKd is a factor of 10 greater than

the measured value. This discrepancy is likely a result of a geometric factor that is absent in

the estimation. The Gerber estimate for the Kerr constant inequation 6.2 was deduced by

considering that the induced birefringence depends on an energy balance between elastic

distortions and director reorientation due to the field [168]. Relevant parameters were then

organised into a dimensionally consistent combination, without taking account of geometric

factors. If one includes a geometric factor, we may modify 6.2 to write

Kd ≈ Gd

[

∆n

λq2

(

∆εε0
K2

)]

(6.30)

whereGd is the geometric factor. The measuredKd of material D suggests thatGd is

approximately 0.1, however, it is interesting to compare this with other blue phase Kerr

measurements from the literature. Figure 6.7 shows measured Kerr constants of several

polymer-stabilised blue phase systems reported in [169] against the value of the Gerber

estimate calculated using equation 6.2. To calculate estimated Kerr constants, typical values

were taken for the pitch (250 nm), wavelength of incident light (633 nm) and elastic constant

(6 pN), as these are not provided in the paper [169]. The slopeof a linear regression of the

measured Kerr values against the estimated ones provides anestimate ofGd, giving a value

of 0.026. This estimation is a factor of 4 smaller than that estimated by the measurement of

mixture D given in table 6.3.

However, it is known that polymer networks increase the effective elastic constants of

the liquid crystal [169]. Since the Kerr switching is inversely proportional toK2 (equation
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Figure 6.7: Experimentally measured values of the Kerr constant,K, for a series of poly-
mer stabilised blue phase systems, taken from reference [169], against estimates based on
Gerber’s approximation to Kerr switching, which does not take account of geometric fac-
tors [168]. The slope of the linear regression provides an estimate of the geometric factor
Gd. The estimate ofGd is likely to be smaller than in systems without polymer network
stabilisation, due to the influence of the polymer network onthe effective elastic constants
of the material.

6.30), an increase in the effective value ofK2 would reduce the slope of the line in the plot

in figure 6.7 and therefore reduce the determined value ofGd in polymer stabilised systems,

since the dimensional estimate is made based on the value ofK2 of the liquid crystal without

a polymer network. Polymer stabilised blue phase systems are therefore expected to have a

smaller value ofGd, which could explain the difference between the value ofGd deduced

from the polymer stabilised systems in the reference and theGd determined for material D,

which does not have a polymer network.

For material F, there is a large discrepancy between the value of Kd calculated us-

ing Gerber’s estimation, and the experimentally determined value ofKd. The dielectric

anisotropy measured at 40◦ in a Grandjean geometry using capacitance measurements was

used in the calculation for the estimate, howeverKd was experimentally determined in the
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Table 6.3: Experimental values and corresponding estimates using dimensional consider-
ations for flexoelectric and dielectric Kerr constants are summarised. Estimated values,
ignoring geometric factors, are calculated using equations 6.30 and 6.32. The values em-
phasized with red boxes are those from which the geometric factors,Gf andGd, are deter-
mined.

blue phase at 50◦C. Since∆ε is close to zero for Material F, changes in the temperature

may have a large effect on the relative magnitude of∆ε. The dielectric anisotropy in bime-

sogenic materials is known to increase with increasing temperature, and can even undergo

a change of sign near the nematic-to-isotropic transition temperature [126]. An absolute

change in the value of∆ε of the order of 0.1 over 10◦, as reported in reference [126] for a

similar bimesogenic liquid crystal, can account for the discrepancy between the measured

and estimated values in table 6.3.

6.5.2 Flexoelectric Contribution to Kerr Switching

To provide a similar analysis of the flexoelectric contributions, an estimated value ofKf

can be formulated using a similar process undertaken by Gerber [168]. One can immedi-

ately produce a dimensionally consistent estimate ofKf by considering the definition of the

dimensionless quantityκ given in equation 6.6. Rearranging equation 6.6 we can write,

κ =

{

∆εε0
K2

}

8
{

e1−e3
K1+K3

}2 (6.31)

where the terms on the top and bottom relate to the dielectricand flexoelectric distortion.

Comparison with equation 6.2, and replacing the dielectricdistortion terms with the flexo-

electric distortion terms, we then arrive at a dimensionally consistent estimate for the Kerr
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contribution from flexoelectric distortion,

Kf = Gf

[

∆n

λq2

(

e1 − e3
K1 +K3

)2
]

(6.32)

whereGf is again a geometric factor (and absorbs the factor of8 in equation 6.31). The

experimentally determined values ofKf are summarised along with estimates based on 6.32

(but ignoring the geometric factor) for material D and F in table 6.3. From the ratio of the

experimental value to the estimated value of material F, we find thatGf is also approxi-

mately 0.11.

Interestingly, this result suggests that flexoelectric anddielectric effects have a similar

influence on the magnitude of the Kerr effect in blue phases. This could have important

implications for the engineering of large-Kerr-constant blue phase materials. There is a

trade-off between a material’s dielectric or optical anisotropy and the liquid crystal viscos-

ity, which results in a trade-off between electrooptic response and switching time. However,

here it has been demonstrated that the Kerr response can potentially also be improved by ex-

ploiting flexoelectricity. Therefore materials may be engineered that exploit both dielectric

and flexoelectric effects in order to maximise the Kerr response, although it should also be

noted that bimesogenic liquid crystals, while having a large flexo-elastic ratio, are also rel-

atively viscous. We may summarise the combined flexoelectric and dielectric contribution

to the Kerr effect in blue phases by the expression,

K =
∆n

λq2

[

Gd
∆εε0
K2

+Gf

(

e1 − e3
K1 +K3

)2
]

(6.33)

which provides an expression for the total Kerr constant of blue phase liquid crystals due

to both dielectric and flexoelectric distortions, and provides an entirely new insight for the

engineering of Kerr-optimised blue phase materials.

Finally, the estimated value ofKf for material D, shown in table 6.3, is tiny, owing to the

very low flexoelectric response in this material. The estimate is consistent with the upper

limit on Kf found experimentally.

1Preliminary numerical simulations undertaken by Elston [181] of the a BPI structure using a director
continuum model with Berreman optics has suggested that thegeometric factorsGf andGd are similar to one
another in magnitude and substantially less than 1, consistent with the experimentally determined values.
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6.5.3 Other Field Effects

So far we have considered the effect of flexoelectricity and the dielectric interaction on

Kerr switching in blue phase liquid crystals. However, other phenomena may be important.

BPLCs are materials whose dielectric properties and director orientation have a cubic or

amorphous symmetry, and include a network of topological defect lines [21, 22]. As such,

gradient flexoelectricity may influence the Kerr response. Gradient flexoelectric polariza-

tion is proportional toe1+ e3 and gradients inE (see §1.3.4), but there has been no attempt

to separate the effects ofe1 − e3 ande1 + e3 on the Kerr constant in this study.

The presence of a network of defects, in which the order parameter of the liquid crystal

changes dramatically, allow for field effects that involve the order parameter, known as

‘order electricity’ [182, 183, 184]. These field effects mayalso contribute to the Kerr effect

in blue phase systems and have not been considered in this study.

Finally, the present study has not addressed differences inKerr behaviour between BPI,

PBII or PBIII. It is likely that the geometric factors,Gf andGd, may have some dependence

on the type of blue phase geometry.

6.6 Conclusion

In this chapter, flexoelectric and dielectric contributions to Kerr switching in blue phase

liquid crystals have been considered. An electro-optic technique has been developed to de-

termine the individual contributions to the Kerr constant of the two effects, which have been

denotedKf andKd. It has been shown that the influence on the blue phase Kerr constant of

flexoelectric and dielectric effects combine constructively in the case where the dielectric

anisotropy is positive, and destructively in the case of negative dielectric anisotropy. Fur-

ther, analytical estimates of Kerr switching based on dimensional considerations have been

considered for both flexoelectric and dielectric field interactions, and experimental results

have been used to infer ‘geometric’ factors that relate these estimates to the Kerr constant.

The results suggest that both flexoelectricity and the dielectric interaction have a similar

influence on the magnitude of the Kerr effect in blue phase systems, which will inform
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the development of large-Kerr-constant blue phase materials for electro-optic technologies.

The development of blue phase materials with large Kerr constants could enable a variety of

new technologies, including field-sequential colour and stereoscopic displays and projectors

[26, 185], high-speed optical communications components [164] and liquid-crystal-over-

silicon (LCOS) devices including adaptive optics and holographic projectors [186, 163].

Furthermore, with the new insight that flexoelectricity contributes to Kerr switching, novel

devices that utilise both Kerr switching in the blue phase inone mode of operation, and

the flexoelectrooptic effect in the cholesteric phase in a second mode of operation, could

potentially be developed, adding to the possibilities available to the liquid crystal device

engineer.

The next and final chapter concludes by summarising and drawing together the work in

this thesis.
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Chapter 7

Conclusions

This thesis has been concerned with flexoelectric and dielectric phenomena in a wide range

of helicoidal liquid crystal systems, including non-chiral, cholesteric and blue phases. The

dielectric and flexoelectric effects both involve the reorientation of the dipole moments of

liquid crystal molecules by the action of electric fields, however, their individual behaviours

are unique: Flexoelectric distortion depends on the field polarity, dielectric distortion does

not; The dielectric energy is proportional to the square of the field and is minimised when

the angle between the director and the field is minimised or maximised (depending on the

sign of the dielectric anisotropy), while the flexoelectricenergy is proportional to the field

and is minimised when the director curvature distortion is maximised; In helicoidal liquid

crystals, the dielectric effect results in a distortion in the director about the helicoidal axis,

while the flexoelectric effect results in a distortion aboutthe field axis. These differences

produce a rich set of phenomena, which this thesis has explored, and that provide a unique

tool-set for the engineer, inviting innovation and application.

In long pitch and non-chiral liquid crystal systems, the flexoelectric tilt in helicoidal

twisted nematic structures allows the measurement of flexoelectric parameters in these sys-

tems. The in-plane rotation due to the dielectric effect, provides an alternative way to

deduce the internal field in the twisted nematic structure, without relying on knowledge of

the applied voltage. In a similar way, the approximate independence of the flexoelectric and

dielectric distortions in cholesteric structures allows aunique measurement opportunity, as

one can extract information about both flexoelectric and dielectric liquid crystal properties
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simultaneously. In cholesteric materials, the flexoelectric rotation of the director about the

applied field provides a fast optic axis rotation that is proportional to the field, potentially

allowing a multitude of new display and other electrooptic functionalities that rely on fast-

switching. Similarly, the dielectric distortion causes a cholesteric material to become opti-

cally biaxial, and may provide another potential fast-switching technology. In blue phase

liquid crystals, both dielectric and flexoelectric distortions, due to the blue phase’s cubic or

amorphous symmetry, contribute to a Kerr effect that is muchgreater in these systems than

in non-liquid crystalline systems, and could provide yet another potential fast-switching

technology.

As well producing a distortion and resultant electrooptic switching, the flexoelectric

and dielectric effects also contribute to the dielectric properties of liquid crystal materials.

Cholesteric liquid crystals tend to reorient with the helicoidal axis parallel to the field when

the liquid crystal has a negative dielectric anisotropy, and perpendicular to the field when

they have a positive dielectric anisotropy. In the past thishas been exploited to align the

Uniform Lying Helix, for example, by applying a field across aliquid crystal device such

that the helicoidal axis of the initial Grandjean state changes its orientation to be perpendic-

ular to the field. The opposite situation has also been exploited, whereby a material with a

negative dielectric anisotropy can be forced into a Grandjean geometry with the application

of a field across the device. By considering the dielectric effect only, switching the heli-

coidal axis in only one direction has been possible without resorting to other reorienting

effects such as elastic interactions with polymer networksor alignment surfaces. However,

by considering the flexoelectric polarization in terms of its contribution to the dielectric

properties of the cholesteric liquid crystal for the first time, the flexoelectric effect has pro-

vided a way to switch between orthogonal orientations of thehelicoidal axis. Due to the

dependence of the flexoelectric effect on the polarity of thefield, at large enough frequen-

cies only the dielectric effect remains, as the flexoelectric effect is suppressed, resulting in

a dispersion in the effective dielectric permittivity perpendicular to the helicoidal axis. By

selecting appropriate dielectric and flexoelectric properties, this dispersion allows a dual
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frequency effect, in which states can be selected by changing the frequency of the address-

ing voltage signal. This has allowed a new method for switching between states in reflective

cholesteric technology, permitting a greater flexibility in the choice of material parameters,

and is likely to have many other technological applications. The states that can be accessed

using the dual frequency effect based on flexoelectric dispersion are ones of considerable

technological interest, that have not yet been fully exploited. This new switching function-

ality could add value to the body of technology research related to these states, by allowing

multifunctional devices that can be used in multiple statesfor different purposes, such as

devices that can operate in both transmissive and reflectivedisplay modes.

The contribution to the effective permittivity of flexoelectricity has been exploited not

only in reflective cholesteric technology, but also in alignment of the Uniform Lying Helix

using interdigitated electrodes that produce fields in the plane of liquid crystal devices. It

has been demonstrated that both the dielectric and flexoelectric contributions to the effective

permittivity of the cholesteric material can be used to orient the structure in the Uniform

Lying Helix geometry. In the past, the assumption has generally been that the dielectric

effect is required to provide an orienting torque. This is a problem if one is to align materials

with very small dielectric anisotropy, which do not couple strongly to the dielectric effect.

Exploiting the flexoelectric contribution to the permittivity circumvents this problem.

In blue phase liquid crystals, the Kerr effect has until now been considered a conse-

quence of only dielectric distortion. It has even been suggested in the literature that flexo-

electrooptic effects cannot occur in blue phases, including linear and Kerr-type effects [23].

This neglect of flexoelectricity in the literature is further demonstrated by an often expressed

analytical approximation based on dimensional considerations that expresses the received

conceptions as to the parameters that are important in Kerr switching in blue phases; Ger-

ber’s approximation. While this approximation does take into consideration that the Kerr

constant of blue phase liquid crystals is proportional to dielectric anisotropy, it does not

consider at all flexoelectric effects. By considering the unique property of the field-polarity

dependence of the flexoelectric distortion, and by considering the resultant suppression in
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flexoelectric switching at large frequencies, it has been possible to measure independent

contributions to the Kerr constant of blue phases by probingthe switching behaviour as a

function of frequency. This technique has allowed the measurement of flexoelectric and

dielectric contributions, and inspired an additional termto the analytical approximation of

the Kerr constant in blue phases due to flexoelectricity thatis proportional to the square of

the flexoelectric parameter, which will inform the engineering of new blue phase materials.

The analysis further inspired a suggestion of other field effects that may be unique to blue

phase systems compared with other liquid crystal systems, such as order electricity and

gradient flexoelectricity, which provides a platform for further investigation into blue phase

Kerr switching.

In exploring these flexoelectric and dielectric phenomena in helicoidal liquid crystal

systems, several techniques have been developed and applied. The crystal rotation method,

in which the transmission of devices is observed as a function of the angle of incidence,

is sensitive to flexoelectric distortions in helicoidal structures, which cause rotations of the

optic axis in the plane of incidence. The method has been exploited in the measurement of

flexoelectricity in twisted nematic and Grandjean cholesteric structures. In addition, the use

of a lock-in amplifier to study frequency components of the transmission of chiral systems

relative to a driving field has been used to provide sensitivemeasurements of subtle elec-

trooptic effects. In the case of a Grandjean geometry, the first harmonic of the transmission,

which is the component of the transmission that is proportional to the field, is sensitive to

flexoelectric distortions and has enabled the measurement of flexoelectric parameters. The

frequency component of the transmission at twice the driving frequency is sensitive to elec-

trooptic effects that depend on the square of the field. Analysing this frequency component

of the transmission has allowed the measurement of the dielectric-distortion induced optical

biaxiality of Grandjean structures with in-plane fields, and measurement of Kerr switching

in blue phases. Lock-in amplifier techniques have additionally been used to analyse more

subtle behaviour of liquid crystal switching, such as the interaction of dielectric and flexo-

electric distortion effects in cholesterics, which can result in enhancement of flexoelectric
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switching, and the details of flexoelectric and dielectric contributions to Kerr switching in

blue phases. Exploring how lock-in amplifier techniques canbe extended to study elec-

trooptic effects in other systems, such as elastomers and other liquid crystal phases, could

lead to the discovery of novel electrooptic and electro-elastic phenomena.

The role of surface energy in the spontaneous alignment of uniform lying helix struc-

tures has been explored. A methodological framework for inducing uniform lying helix

alignment has been developed, based upon the use of weak homeotropic alignment to desta-

bilise Grandjean alignment relative to uniform lying helixalignment, in conjunction with a

method to break the degeneracy in the uniform lying helicoidal axis orientation in the plane

of the cell. A series of different approaches within this framework have been investigated,

including the use of nano-grooved surface profiles, in-plane electric fields, periodic bound-

ary conditions and micron-scale polymer channels fabricated using a mould-templating

technique. The latter approach was found to provide a high level of alignment quality. The

approach could be a commercially viable way to exploit the uniform lying helix in display

and other electrooptic technology, given the success of available bistable liquid crystal dis-

plays that already exploit structures made using a similar method. The technique deserves

further development, considering the potential benefits from sub-millisecond switching liq-

uid crystal technology.

Finally, additional theoretical studies have found that flexoelectric switching in chol-

esteric, and potentially blue phase, liquid crystals couldbe enhanced by constraining a

helicoidal pitch to be other than the natural pitch of the liquid crystal. This could poten-

tially be achieved through the use of a polymer network that is either formed at a different

temperature to the temperature at which the liquid crystal device will be operated (since

pitch is temperature dependent), or by removing the liquid crystal after polymer network

polymerisation and refilling with a liquid crystal with a different natural pitch. A thresh-

old effect, in which the liquid crystal will spontaneously adopt a bend-splay rather than a

twisted structure, has been explored theoretically, whichis dependent on the ratio of bend,

splay and twist elastic constants. It was noted that this threshold effect between bend-splay
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and twist geometries is analogous to an effect in pi-cells, in which the dielectric effect is

exploited to reduce the energy of the bend-splay state and cross the twist-to-bend-splay

threshold in order to measure the twist elastic constant, and it was further noted that the

dielectric effect could therefore potentially be used to induce the analogous threshold effect

in constrained cholesteric structures. However, the effect of any polymer network used to

constrain the liquid crystal has not been taken into account. A theoretical investigation into

the influence of a polymer network and an experimental investigation to explore potential

enhancement in switching or threshold switching effects, will provide a platform for further

research.

In summary, the primary contributions of this work have been: to apply the crystal ro-

tation method and lock-in amplifier techniques to investigate liquid crystal behaviour and

develop new methods to measure key parameters in both chiraland non-chiral liquid crys-

tals; to identify novel ways to enhance flexoelectrooptic switching in cholesterics, either by

constraining pitch or via the coupling of the flexoelectric tilt to the dielectric distortion in

materials with negative dielectric anisotropy; to describe for the first time the flexoelectric

polarization contribution to the effective permittivity of cholesteric materials, the conse-

quence of which has been the invention of a new and versatile switching mechanism in

cholesteric systems, including bistable reflective display technology, and a new alignment

technique for cholesteric technologies; to develop a methodological framework for suc-

cessful uniform lying helix formation, which has led to the development of a technique that

potentially could be developed for commercial applicationdue to the quality of alignment

that can be achieved and the already proven commercial viability of the technique in re-

lated technologies; and for the first time, to demonstrate experimentally the existence of,

and develop a semi-empirical model for, the flexoelectric contribution to Kerr switching

in blue phases, which is the first example of a non-polar flexoelectrooptic effect, and the

work will inform the design of new blue phase materials and could potentially lead to new

possibilities for device engineering.
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