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The unique features of flexoelectric and dielectric effectsinvestigated, and
exploited for a variety of functions, in a wide range of heldal liquid crystal
systems, including non-chiral, cholesteric and blue phase

Electrooptic techniques are developed to measure flexoel@arameters in
non-chiral and cholesteric liquid crystals using twistesnatic and Grandjean
geometries respectively. A crystal rotation method, andgua lock-in ampli-
fier, is used to enable the measurement of a very smallof 0.011 CN'm~1,

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

A methodological framework for inducing stable Uniform hgi Helix align-

ment is developed based on weak homeotropic alignment tomsliand a
method to bias the helicoidal axis orientation; a seriesppr@aches within
this framework are demonstrated, including nano-groonéetfaces, periodic
boundaries conditions, in-plane fields, and mould-tengplahicro-channels.
The latter approach is potentially commercially viabledab-millisecond elec-
trooptic technology.

The contribution to a cholesteric material’s effectivelelogric permittivity of
flexoelectric polarization is formulated, and an abilitysioitch a cholesteric
between Grandjean and lying-helix configurations basecherdispersion in
the flexoelectric polarization and resultant relaxatiodiglectric properties is
demonstrated. The flexoelectric contribution to dielecprermittivity is ex-
ploited to enable switching in bistable reflective displaysl alignment of the
Uniform Lying Helix.

The existence of a flexoelectric contribution to Kerr swiichin blue phases
is demonstrated, and a semi-empirical model for the efiedeveloped. The
effect is the first known example of a non-polar flexoeleghtameffect. In-

dependent flexoelectric and dielectric contributions terkssvitching in blue

phases are measured experimentally by measuring the ihthiredringence as
a function of driving frequency in flexoelectric- and didlec-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 ligargstal systems and their use in
material characterisation and technology. Chapter 1 egplkey concepts in liquid crystals
that will be required by the non-specialist to understar@wiork to follow, including an
introduction to the liquid crystal phase, the continuunottyeof liquid crystals including
elastic, electric, flexoelectric and optical propertieigniid crystals, analytical approaches
to modelling distortions in chiral liquid crystals, and seegomment on numerical methods
and types of liquid crystal display.

Chapter 2: Measurement of Flexoelectricky Techniques to measure flexoelectric
properties are investigated in both chiral and non-chiealngetries. Analytical and numer-
ical models of dielectric and flexoelectric switching in tsieric liquid-crystal structures
with in-plane switching (IPS) electric fields are employedahalyse angle-of-incidence-
dependent transmission of Grandjean structures. Adopfiamperturbative driving regime,
and measurement of bott &and 29 harmonic transmission amplitudes, allows the detailed
and simultaneous measurement of distortions arising froth flexoelectric and dielectric
interactions, at electric fields as little as 0.01 Viim The method is applied to measure
the flexoelectric parametee,(— e3)/(K; + K3) and the dielectric distortion parameter
Ael K5 in E7 liquid crystal and a bimesogen mixture MDA-1245 opsaed for the chiral-
flexoelectrooptic effect, and the method is extended usiggeater-wave plate to enhance
the sensitivity in cases where the birefringence of theaeid small. The extended method
is used to measure a value ef (- e3)/(K; + K3) as small as 0.011 CNm~.

A crystal rotation method is further employed to measyre- e; in non-chiral liquid
crystals using a Twisted Nematic (TN) cell with in-planeattie fields. The method miti-
gates the static changes in the internal electric field dukdanfluence of charge carriers
by determining the field implicitly from electrooptic data.

Chapter 3: Enhancement of Flexoelectric Switchirghe chiral flexoelectro-optic ef-
fect is a candidate for realising sub-millisecond elecipdic technologies. Two approaches
to enhancing the switching are discussed. The effect of idledlric distortion on flexo-
electric switching in cholesteric liquid crystals is intigated for cases where the liquid
crystal has both positive and negative dielectric anigytrd\n experimental technique to
measure the influence of the dielectric distortion on theofectric switching is devel-
oped, and the theoretical framework is found to be condi$tera chiral nematic mixture
E7+3.5%R5011. The optimal liquid-crystal parameters tst lexploit the effect are ex-
plored, and an enhancement in the flexoelectric switchigéeasf up to a degree is demon-
strated numerically.

A second approach is described that exploits the elastiggne systems where the
pitch is constrained to be other than the natural pitch ofctiaesteric liquid crystal. An
analytical expression for the flexoelectric tilt is deriviedthe general case that the con-
strained and natural pitch are not equal. It is found thatdmstraining a cholesteric mate-
rial to have a pitch that is shorter than the natural pitche@mancement of up to 2.3 times
can be achieved theoretically. The likelihood of realidimig level of enhancement exper-
imentally is considered, given the requirement of a polymegtwork to provide the pitch
constraint and the resultant effect this may have on theckinig).

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

viii



lenge is the alignment quality of the ULH. Here, a methodwalgramework is developed
for successful formation of the ULH, that relies on the usa @feak homeotropic align-
ment condition, which destabilises the Grandjean alignmedative to the ULH alignment,
in conjunction with an agent that breaks the degeneracyeintiform lying helicoidal axis
orientation. Within this framework, a series of techniqgaes demonstrated, including the
use of nano-grooved surface profiles, in-plane electridsigberiodic boundary conditions
and micron-scale polymer channels fabricated using a mtemigblating technique. The
latter approach is found to produce the best quality aligrend is suggested as a com-
mercially viable technology. It is demonstrated experitatiy and theoretically that the
helicoidal axis aligns parallel to the channels in theseadsv

Chapter 5: Flexoelectric Polarization Dispersiefr The contribution of flexoelectric
polarisation to the dielectric susceptibility in helicaldiquid crystals is formulated for the
static equilibrium case, and further in the case of a timgiag field. A dispersion of
the dielectric permittivity due to the frequency responséexoelectric switching is de-
scribed. The special case of a negative dielectric anigginematic material is considered
and experimentally shown to agree with the analytical thediris further demonstrated
how relaxation of the flexoelectric contribution to the ditic tensor in this special case
can be exploited to switch between states in cholestetadigrystal structures by altering

the applied time-dependent field amplitude)# < 0 and((f;l%g) > —Acgg. Consequen-
tially, a new and versatile mechanism for driving betweeest in liquid crystal systems is
demonstrated.

The switching mechanism is applied to develop a reflectiv@esteric display device.
Flexoelectric polarisation allows the device to be swittheo a weakly-scattering focal-
conic state at low frequencies, while at higher frequendies device is driven into the
reflective Grandjean state. The non-conventional dugfeecy effect allows driving be-
tween states in both directions. The cross-over frequeaicye as low as 200 Hz, orders of
magnitude smaller than other dual-frequency effects. @evof various reflective colours
are demonstrated, and have favourable contrast ratiosingeangles, and switching be-
haviours at room temperature. The technique potentiafly@d a greater flexibility in
surface alignment conditions, driving schemes, mateahmeters and use of polymer
networks in cholesteric devices than other switching mgghd-inally, the implications of
the switching technique for other liquid crystal technaésgare commented upon.

Chapter 6: Dielectric and Flexoelectric Kerr Effects in Blehases— The Kerr effect
in blue phase liquid crystals (BPLCs) could enable a vargdtpext-generation electro-
optic devices. The effect has until now been considered iag laie only to the dielectric
effect. However, here it is demonstrated that both flexaeteand dielectric effects con-
tribute to Kerr switching in BPLCs by comparing wide-temgiteire-range BPLCs without
polymer stabilisation having either dominant flexoelectni dielectric field interactions. It
iIs demonstrated experimentally that the flexoelectric aetéctric Kerr contributions can
act together or against each other, depending on the sigpe di¢lectric anisotropy, leading
to a suggestion for the engineering of Kerr-effect blue phraaterials. Using dimensional
considerations, a semi-analytical approximation to thetrifoution to the Kerr switching
in blue phases due to flexoelectricity is developed. Geamftctors relating analytical
approximations of the flexoelectric and dielectric conttibns to Kerr switching in blue
phases to experimentally measured values are determiméghawn to be similar in mag-
nitude in both cases. The wide-temperature range blue phatezials used are commented
upon, whose properties are drastically different from onetlaer, having been developed
independently using different approaches.
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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 materiabarsotropic, either prolate or
oblate, then the molecular symmetry can become manifelseahticroscopic scale to pro-
duce what are known as nematic liquid crystal phases. Thiesb@modynamically stable
phases that occur within a temperature range between anpsotiquid and a crystalline
solid, and although they are fluid, they can have a varietyriehtational and sometimes
positional order and associated anisotropic physicalgnas. The least ordered and most
common liquid crystal mesophase used in technology is gratbtropic calamitic nematic
phase, which consists of prolate molecules. The nematisepisacharacterised by having

orientational order but no positional order, as illustdatefig. 1.1.
: .u\'ufm" |

Figure 1.1: Molecules in a calamitic nematic. The averagentation of the molecules is
given by the directofi.

To describe such a phase, we can ignore individual moleoutéions and instead adopt

1



a set of macroscopic parameters. The nematic directoriel@nois a unit vector oriented

parallel to the average axis of molecules in a local regioalternatively, the time-averaged
axis of a single molecule. The macroscopic order paramgtectharacterises something
like the variance of the orientations of molecules with extpo the director. For a uniaxial

nematic,S is quantified by the mean of the second Legendre polynomial,
3 1
S = (Py(cosh)) = <§ cos” 0 — §> (1.2)

wheref is the angle of a molecule with respect to the local direfitofhe cosine function

produces the desired symmetry, and the coefficients allenotder parameter to take a
value of S = 0 for the isotropic case, anfl = 1 where all molecules are aligned without
deviation from the director. For nematic liquid cryst&lss somewhere between 0 and 1

and varies with temperature.

1.1.2 A Liquid Crystal Cell

, | ITO electrode

alignment layer

——
d ‘.\ liquid crystal film

e e === jlignment layer

ITO electrode
glass substrate

Figure 1.2: This illustration is not to scale. A liquid crgbktell is a composite structure
consisting of a liquid crystal film of thickneslsconfined between glass substrates that have
been treated with transparent conducting electrodes @jpuha¢nt layers. The illustration
here represents a planar liquid crystal alignment.

The nematic phase’s fluidity and anisotropy make is suitbdsl@ variety of different

technological applications. In order to utilise the ligeiystal, it is normally filled into a
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‘cell’, that is, two glass substrates separated by a smsiadced, such that a thin film
of liquid crystal is formed, as illustrated in figure 1.2. Tiilen thickness is determined by
the cell thickness, and is usually between 2 and 10 um, demegnod the application. This
thickness is often controlled using spacer particles ofaAkndiameter or another spacing
material. The substrate surfaces are usually treated wittriaty of additional functional
layers. A transparent conducting medium, such as indiunoxide (ITO) can be used
to apply voltages across the cell, and an alignment layetbeansed 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 tirector orientation is invari-
ant in space, i.e. the liquid crystal has a uniform directeldfi Distortions in the director
field have an elastic energy cost, the magnitude of which pexdéent on the type of dis-
tortion and varies from one liquid crystal to another. A noscopic continuum model has
developed over time which has proven highly successful atatiag the behaviour of lig-
uid crystals. Still one of the best and most lucid descrigiof the basic continuum model
for elastic energy is the original paper by Frank, whose lEastic energy equation is
ubiquitous in the field of liquid crystal science [1]. The pagliscusses elastic energy in
terms of possible types of director distortion away fronmigainiform, and then considers
energy-degenerate transformations that are inherenétogmatic symmetry to reduce the
elastic energy expression to key coordinate-independemgg terms.

The result of the process is that elastic energy in nematiadicrystals can be described
by a combination of three distortions: splay, twist and baddthematically, these distor-
tions are related to the director By - ii], [ - (V x 1)], and[i x (V x 1)] respectively,
and are illustrated in fig. 1.3.

An elastic energy density per unit volume of the system igigilgy the Frank-Oseen
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Figure 1.3: lllustration of splajv-ii] (left), twist [fi-(V x11)] (center) and benfdi x (V x11)]
(right) distortions of the director field.

elastic free energy [1],

felastlc( ) fsplay<ﬁ> + ftw1st< ) + fbend(ﬁ)

= KV AP 4 SRR (VX ) 4 SRR X (VxR (1.2)

which relates the different kinds of distortion to theirstla potential energy. The coeffi-
cientsK, K, and K3 are usually of the order of 10 pN, but their relative magrasigdary
from one material to another, and indeed are important dgsgameters in many liquid
crystal systemsk, is usually smaller tha’; and K.

There is another important elastic constant that Franktiiikesh but that is not often
considered. Ky, is called the ‘saddle splay’ elastic energy term, and is liswanitted
from considerations of the elastic energy when the dirdstoontinuous, because it can be
shown mathematically to be only important at surface iam$ or near defects. However,
at an interface between a liquid crystal and a surface, ths¢ common approach to model

the energy is by using a separate surface energy term, whildewdescribed presently.

1.2.2 Surface Energy

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

a variety of liquid crystal alignments to be energeticalydured. A polymer layer such
as polyimide or poly-vinyl alcohol, after rubbing with a tée cloth, can orient molecules
at the interface with the rubbing direction. If both subtgraurfaces are treated in this

way, and the cell is constructed such that the rubbing dmestare parallel, then a nematic
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will form planar alignment, so called because the molecatesn the plane of the cell (see
figure 1.2). In contrast, a surfactant treatment such asadaggg lecithin will favour molec-
ular orientations normal to the surface, called homeotropperpendicular alignment. To
produce an alignment condition, a solution of polymer ofaiant is usually pipetted onto
a glass substrate and subsequently spun at about 3000 rpmieinto achieve a uniform
thickness. Liquid crystal alignment is notoriously semsito differences in cleaning and
processes, and in the literature is sometimes referredda ast’ [2, 3]. A good reference
is the 1982 review on the subject by Jacques Cognard [3].

Using a simple model for homeotropic anchoring, for exampie can describe the

energy per unit area of the liquid crystal in contact with €aze as,

Wi
Waurface = 70(1 - (ﬁ : §)2) (13)

wherell is the surface anchoring strengthis the unit magnitude director, agds a unit
vector normal to the surface. Notice that in this expresslmsurface energy is minimised
if i - §is zero, i.e. if the director is normal to the surface inteefaThe surface anchoring
strength depends on the type of alignment used. Rubbedvootyalcohol, for example,
produces an anchoring strength of around 3 mJnbut lecithin is approximately 1000
times weaker. We will see this expression used in chaptehdrewve will see that surface

interactions must be carefully considered in liquid criysgahnologies.

1.3 Electric Properties
1.3.1 Dielectric Energy

In order to understand and model how a liquid crystal respaoctlectric fields, we must
first consider its electric susceptibility. From this we aiefine the electric displacement,
whose integral with respect to the electric field is the digle energy. Because liquid
crystals are anisotropic, we will see that the energy dependhe angle between the di-
rector and the field, and this means that electric fields carsbd to align the liquid crystal

detector, which we will see exploited in subsequent sestion



Liquid crystals are dielectric materials, that is, under #pplication of a field, electric
polarization occurs that acts to reduce the energy of thesyly reducing the electric flux.
Nematic liquid crystals in general have different susdeipiies parallel and perpendicular

to the director, and so we must express the susceptibility aiiensor,

xt 0 0
Xe = 0 XL 0 (14)
0 0 XH

wherey, andy; are the susceptibilities perpendicular and parallel toractior aligned

along an arbitrary-axis. Now, we can express the polarization as,
P =cox.E (1.5)

The polarization is therefore also a tensor, and a conseguathe anisotropy is that the
polarization is in general not parallel to the field direntiorhe electric displacement can
thus be defined,

D=¢E+P =¢c¢(I+ xe)E =¢¢c,E (1.6)

wherel is the identity matrix (multiplying a tensor by the identityatrix leaves the tensor
unchanged), and we have defined the relative permittiyjtwhich is also a tensor. Writing

this in full, we have,

g1 0 EIm
0 0 SH EZ
which can be written,
1 00 E, 00 O £,
D=cy|e |01 O0||E |[+]00 0 E, (1.8)
0 01 E, 0 0 Ae E,
which, becausé = (0,0, 1), can be written simply,
D =cpe  E +pAc(in- E)id (1.9)

whereAs = ¢ — ¢, and is called the dielectric anisotropy. The dielectricsatropy
varies from one material to another, and is an importantgiteeparameter for different
applications. The common liquid crystal E7 has = 13.7, bimesogenic mixtures often

haveAe ~ 0, and the negative material MLC-7029 has = —3.7.
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To obtain the dielectric energy, we must evaluate,

E
fdielectric = _/ D.dE (110)
0

and thus the dielectric energy is,

1 1 )
fdielectric = —5505LE2 - §€0A€(n : E)2 (111)

Note that only the second term is dependent upon the diredtmtation, and therefore the
first term is usually omitted when expressing the free enéfrbg free energy can therefore
be simply expressed as,

1 N
fdielectric = _§A€€O(n : E)2 (112)

From this we see that the dielectric free energy is minimiskdn the director is parallel
to the field for positive dielectric anisotropy, and perpenthr to the field for negative
dielectric anisotropy. This result means that an electatdfcan potentially be used to
reorient the liquid crystal director, if doing so will resith a smaller total free energy. In
this thesis, the ‘dielectric effect’ will be used to refertte reorientational torque on the

director due to the coupling of the dielectric anisotropyhe field.

1.3.2 Dispersion

The dielectric susceptibility of a material is a measurehef dipole moment induced per
unit volume per unit electric field. In liquid crystals thexee several contributing phenom-
ena; primarily an induced molecular dipole and an inducegufadion bias in the orien-
tations of permanent molecular dipoles. There is a corogldietween the mobilities of
molecular dipole reorientations and the time-dependehoeagroscopic induced electric
polarization [4, 5, 6], and this means that the dielectrmcgptibility is dependent on field
frequency. The frequency-dependent dielectric constadergoes drops in magnitude,
known as a ‘relaxations’, that are centred on characteffistguencies associated with the
time dependence of particular contributions to the sudmépt Relaxation in the dielec-
tric constant as a function of frequency is also known asedspn, and will be discussed

in detail in chapter 5.



1.3.3 Capacitance

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

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

A
C= erco s (1.13)

where A is the area of the cell the cell thickness and, the relative permittivity of the
dielectric medium within the cell. The relative permittiviof the liquid crystal can be
determined by measuring the cell’s capacitance before fiedthe cell is filled. Since the

permittivity of air is approximately the same as free spae=have,

_ Chied

r =

(1.14)

Cempty
Hence, by repeating the procedure for planar and homeatlbpialigned cells, one can
determine the parallel and perpendicular components digtiel crystal dielectric permit-
tivity.

Capacitance measurements can reveal other propertiegiaf trystals and are an im-
portant tool in liquid crystal research. Most commonly, agifance is measured as a func-
tion of the applied voltage, which can be used to measuréefasperties (see for example
reference [7]). Further, capacitance can be measured astdin of frequency, and this
allows for the study of dielectric relaxation phenomenaguid crystals (and indeed dielec-
tric media in general). This technique will be used in chaptewvhere a novel dielectric
dispersion effect in liquid crystals is exploited to switnétween states in a reflective liquid

crystal display technology.

1.3.4 Flexoelectricity

Although liquid-crystal molecules have different compotseof a permanent dipole mo-
ment parallel and perpendicular to the molecular axis, eahsence of an electric field
or bulk distortion, there is no net polarization in the nemahase. This is because the

equilibrium thermodynamic distribution of molecular ortations has rotational symmetry



about the director and is invariant under the inversiondi@mationii «+» —n, which pro-
vides the necessary nematic uniaxial symmetry. Howevegnvem electric field is applied,
the equilibrium distribution is disturbed and a bulk netgy@ation is induced. As we saw
in 81.3.1, the resulting coupling to the induced polarmateads to reorienting torque due
to the anisotropy in the polarizability, which is referredsas the ‘dielectric effect’.

However, the coupling between electric fields and direotorienting torques is further
complicated by an effect called flexoelectricity, which iest described by Meyer in 1969
[8]. If liquid crystal molecules have shape anisotropy,dgample the molecules are bent
(banana shaped) or wider at one end (pear shaped), then -inflelckd population bias
in molecular orientations reduces the molecular packirigiefcy, at a cost to the free
energy. This costin energy effectively reduces the md®palarizability and the resultant
dielectric torque on the molecules [9, 10]. However, thaitigcrystal can mitigate the
reduced packing efficiency by forming spontaneous cureatlistortion and as a result,
there is a coupling between electric fields and directoratume distortions.

Reciprocally, if a curvature distortion is present, a spaebus population bias in dipole
orientations occurs that results in electric polarizatemillustrated by figures 1.4 and 1.5.
This polarization produces an internal field at a free eneapt, that effectively increases

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

Figure 1.4: Banana shaped and pear shaped molecules paekyalhen there is no net
polarization. Molecular dipole moments are representearbyws.

The free energy associated with flexoelectric polarizatembe expressed as,

fﬂexo(ﬁ) - _Pﬂexo -E (115)
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Figure 1.5: A bend or splay distortion breaks the symmetrgipble moment orientations
and gives rise to a flexoelectric polarization.

wherePg.,, IS given by,
Phexo = e101(V - 01) + €3(V x 1) x i (1.16)

wheree; andes are the bend and splay flexoelectric coefficients in the aigMeyer
sign convention for flexoelectric polarization [8]. Pugithis together with the elastic and

dielectric free energy contributions gives an expressiotife total free energy density,

1 1 1
F(h) =5 K[V i) + i - (V<) +q)* + 5 K[ x (V )]
1
- 5gOAg(ﬁ ‘E)? — [e1(V - 0) + e3(V x ) x it - E (1.17)

With this single expression, one can model very accuratdarge variety of device be-
haviours, and derive useful analytical expressions foryrsgecific distortions, as we will
see in subsequent sections. Note that the flexoelectricilbotion is dependent on the field
and is therefore dependent on the sign of the field, howelverdielectric contribution is
dependent on the square of the field, and is therefore indiepef the sign of the field.
This will become an important distinction later on.

Finally, the flexoelectric effect can be expressed alsorimgeof the resultant torque on

the director [11, 12, 13]. The flexoelectric torque can beesgpedii x hgexo) Where,
hiexo = (1 — €3) (E(V - ) — (VO A)E) — (e1 + €3)(f - V)E (1.18)

and is the flexoelectric contribution to the molecular fielthe molecular field describes

the change in the energy of the system for changes in diregemtation. By representing
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flexoelectricity in this way we see that the flexoelectrienatction is split into a part that
depends upon field gradients in whieh + e3 is important (sometimes called gradient
flexoelectricity), and a part that depends on the field magdeitn whiche; —e3 is important.
We will see in chapter 2 that the measurement;adr e; individually is very difficult, and

in general the approach is to measure combinations of eitheres or e; — es.

1.4 Optical Properties

The anisotropic nature of liquid crystals gives them birgfence, and the ability to control
the optic-axis orientation using electric fields is conesrifor electro-optic technology.

Here are presented some important concepts to underseasdhbequent work.

1.4.1 Polarization and Birefringence

The refractive index. of a non-magnetic material is related to its relative diglepermit-
tivity e, via,

n =/ (1.19)

Since the dielectric permittivity is frequency dependéns, different at optical frequencies
than at the voltage frequencies that are used to drive liquistal devices. There are also
dispersion phenomena within the range of optical freque@nd therefore the refractive
index varies with the wavelength of light.

Because liquid crystal materials are anisotropic, theyiraigeneral also birefringent.
Birefringence is characterised by the difference in reivadndices parallel and perpendic-
ular to the optic axisj\n = n.—n,. Polarization components of light travelling parallel and
perpendicular to the optic axis travel at different veli@sthrough the liquid crystal, result-
ing in a phase lag between the polarization components tiaaiges the light’'s polarization
state.

Consider an electromagnetic wave with angular frequen@nd wavevectok,, prop-

agating in thez direction in free space having equal components of its etefield E in

11



bothz andy directions, described by,
E.(z,t) = Eycos(koz — wt) (1.20)

Ey(z,t) = Eycos(koz — wt +0) (1.21)

wherekE is a field amplitude and is equivalent to a difference in phase betweentlaad

y field components. In the case wheére- nm wheren = 0,1,2. . ., the wave is said to be
linearly polarized, because the field vector stays in theesalame through time and space.
If the waves are perfectly out of phase, i®= 7, then the wave is said to be circularly
polarized, and the field vector rotates about#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 frorhdt of free space, and this
means that the wavevectbrin the medium changes proportional to the refractive index.
A wave propagating in the direction through a birefringent material whose optic asis
in the y direction, will haver andy components of the electric field affected by different

refractive indices corresponding to those perpendiculdrarallel to the optic axis;

E.(z,t) = Eycos(nykoz — wt) (1.22)
Ey(z,t) = Eycos(n|koz — wt) (1.23)
which can be rewritten as,
E.(z,t) = Eycos(n, koz — wt) (1.24)
E,(z,t) = Eycos(ng koz — wt + Ankgz) (1.25)

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

the wave’sr andy field components (the phase retardation) changes by an amoun

0 = Ankyz (1.26)

thereby altering the polarisation state of the wave.

12



Here we have considered light incident normal to the optigad, however, in many sit-
uations we would like to know the refractive index experesheshen the light is not normal
to the optical axis. The ordinary and extra-ordinary waviesge parallel and perpendicular
to the optic axis respectively) travelling though a unidri@dium experience a refractive
index given byn = n,, for the ordinary component and,

. (cos2 ¢ . sin? gb)_ (1.27)

2 2
L L

NI

for the extraordinary component, whepds the angle between the optic axis and the di-
rection of light propagation. Note that at= 0, the refractive index for both ordinary and
extraordinary components are equabitg and atyp = 7/2, the extraordinary component
hasn = n, as expected. For a more detailed description of the projeawgeatt light through

uniaxial media, see Yeh and Gu [14].

1.4.2 Jones Matrices

When dealing with the propagation of light through birefigmt media, it is often conve-
nient to exploit a matrix formulation of polarization stateAll polarization states can be
expressed in terms of a 2-by-1 complex column vector reptegez- andy-components
of the E-field. The phase of the component is given by the inversgetainof the real and
imaginary parts, while the amplitude is simply the magratedlthe complex number. For

example, linear and circular polarization states can berttes] by,

1 1
linear = E [ _11 } circular = E l 1 ] (1.28)

Here, the factoi /+/2 gives the vector a magnitude bf Note in the case of a linear state,
both components are real and therefore represent compahanare in phase. In contrast,
the circular polarization state is representedcbgndy-components being out of phase by
7/2. A further feature of this representation is that any pakgtion state can be described
by the linear superposition of two orthogonal componenks¢civmeans that one can always
transform a given polarization state in order to descritye ierms of components parallel

and perpendicular to a given coordinate axis.
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This kind of representation is powerful for calculatingq@ation states after light has
passed through various optical elements. Optical elensertds as polarizers, birefringent
slabs (wave plates), and rotation transformations can $&itbed by 2-by-2 matrices. Mul-
tiplying these matrices with the polarization state vegietds the transmitted polarization
state. For example, consider a linear polarizer that comlglattenuates thg-component
of E-field, acting on the circular polarization state descriimeglquation 1.28. The state can
be calculated by,

o olmli]-5l0) @29
in which the 2-by-2 matrix is the linear polarizer. Note tih@nismitted polarization state
becomes a linear polarization state.

Often, one wants to know the transmission amplitude of lggdsing through a wave
plate situated between orthogonally arranged (crossddjipers, whose optic axis makes
an angler /4 with the first polarizer. This situation represents manyluing a liquid crys-
tal that is uniformly aligned and observed between crosséatigers, either in a display, a
polarizing microscope, or with a laser and photo diode. Titodlem can be expressed in
terms of Jones matrices,

{0 0} { 905(5/2) —isin(§/2) } 1 { 1 } _ L{ 0 } (1.30)
0 1 —isin(0/2) cos(6/2) | 2|0 V2 | —isind/2
where the second matrix represents a wave plate with a pbtsdation) given by,

B 2w And

"=

(1.31)

whered is the thickness of the wave plate ahds the wavelength of incident light. The re-
sultant transmission amplitude is calculated by multipdythe resultant polarization vector

by its complex conjugate, giving,

T = w (1.32)

Note that Jones matrices are not, in general, commutaldes@the order of optical com-

ponents in an experiment is often crucial to the behaviotin@transmitted light.
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Finally, a couple of precautions should be observed whemguk»nes matrices. Jones
matrices model only the forward propagating wave, and cadeal with reflected com-
ponents. Further, Jones matrices do not accommodateivagan the optic axis or bire-
fringence of dielectric media in directions perpendicutathe light propagation vector. In
order to take account of reflected components and more coatgll geometries, a more ad-
vanced model must be employed. For example, the 4-by-4 Bamenatrix method takes
into account more components and can model a larger varietyuations [15]. We will
see in subsequent chapters that the Berreman method wildessary to model device op-
tics accurately in many of the experiments in this thesigydwer 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 aaemic molecules has a mini-
mum elastic energy when the director is uniform. Howeveahé molecules are chiral, or
a chiral dopant is added, the mirror symmetry is broken teguin a tendency for the di-

rector to rotate through space to form a helicoidal strict@uch a material is often called
a cholesteric. The director of a cholesteric material whuoslecoidal axis lies along the

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

cos
n= | sinf (1.33)
0

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

‘twist’ elastic energy term in equation 1.2 such that,
" ... . 9
fowist (1) = éKz[n -(V x 1)+ (] (1.34)

whereq is the chirality (or wavenumber of the unconstrained hélieast) of the liquid
crystal material, given by,

qg=— (1.35)
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Figure 1.6: The presence of chiral asymmetry results in atspeous helicoidal director
structure in which the director rotates in space.

whereP is the natural pitch of the material or the distance over whine director rotates
about the helicoidal axis byr. Due to the uniaxial nematic symmetry, the cholesteric
structure is periodic over a distan£g?2.

The pitch is controlled primarily by the concentration ofrehadditive. Many chiral ad-
ditives have been designed to maximise the induced clyinaiih the minimum concentra-
tion, in order to reduce the effect on other properties sggbhase transition temperatures.

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

HTP = L (1.36)

P x concentration

although the twisting power also depends on the host liguyistal. A high-HTP material
R5011, which is used often in this thesis, has a HTR df x 108 m~1,

For many applications, it is useful to be able to align thelesteric axis in a variety of
orientations with respect to a liquid crystal cell. Planggrament will favour a state with
the helicoidal axis perpendicular to the glass substrafé=n called Grandjean alignment
[18] (and sometimes Uniform Standing Helix (USH) alignm§i]). Through a variety

of processes, a state in which the helicoidal axis is in theg@bf the cell can be obtained,
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either in a uniform direction, called Uniform Lying Helix ({1{) alignment [20], or ran-
domly oriented, sometimes called focal conic alignmente &lignment of in-plane states,
and especially the Uniform Lying Helix state, is the subpathapter 4. Polarizing optical

microscope pictures of the different alignment texturessimown in 81.6.3.

1.5.2 Blue Phases

In some cases, where the pitch of the cholesteric matersaha! (S 500 nm), there ex-
ist one or more of what are known as blue phases, in the temopenagion between the
isotropic and cholesteric phase. Three thermodynamissdiigle blue phases are known
to exist; BPI, BPIl and BPIII, in order of increasing tempera (see figure 1.7) [21, 22].
Whilst in the cholesteric phase the director twists unifiyrin a single direction along
the helicoidal axis, the blue phases consist of arrangesrantylinders in which the di-
rector twists in a radial direction from the cylinder centréhese arrangements are not
topologically compatible with a continuous director sture, and as a result a network of
non-continuous line-defects in the director field occur.| BRd BPII have body-centred
cubic and simple cubic symmetry of the director structurbkilevBPIIl is amorphous. A

visual representation of the cubic phases can be foundxéonple, in reference [23].

Isotropic R
Blue Phase Il
Increasin
Blue Phase Il &
temperature
Blue Phase |
Cholesteric

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

When first discovered, the blue phases were only found to iex@svery narrow temper-
ature range (less than@) [24]. However, recent developments have widened thipézm
ature range, in some cases to ovet@@or pure materials [25] and even greater in polymer

stabilised structures [26]. These developments have gikenphases potential application
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and have allowed their electrooptic characteristics to beeneasily examined, which will

be the subject of chapter 6.

1.6 Chiral Liquid Crystal Optics

This thesis is concerned with the exploration and explioitedf the surprising variety of op-
tical and electro-optical behaviours of helicoidal ligenrystals. In this section is presented
a brief overview of key optical behaviours of these struesyand includes a description of
particular geometries and technologies that exploit th€he particular optical behaviour
of a cholesteric material is dependent primarily on theorafithe pitch to the wavelength
of light within the liquid crystal,nP/), and here, three special regimes are dealt with in
turn.

As noted above, when a cholesteric liquid crystal is aligwél its helicoidal axis uni-
formly perpendicular to bounding cell substrate surfattes,called Grandjean alignment.
The transmission of such a device as a function of the intidawelength is shown in figure
1.8. The behaviour of the transmission as a function of veaxgth can be split broadly into
three regimes: where the wavelength is much shorter thapititie called the wave-guide
or Maugin regime; where the wavelength is about the sameeapitbh, called selective
reflection or the Bragg regime; and where the wavelength ishnhonger than the pitch,

called the circular birefringence regime.

1.6.1 Maugin Regime

In the case thah <« nP, then a cholesteric layer will guide the light polarizatistate
about the helix axis. Consequently, liquid crystals in thecalled Mauguin regime with
multiple pitches have extremely large optical rotations.

A useful example of the Mauguin regime is the Twisted Nem@tig) cell, in which the
surfaces are treated with planar alignment layers that bese rubbed at 9Go each other.
When filled with a nematic with a pitch much greater than thié tbéckness, the liquid

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

parallel to one of the rubbing directions will be guided atitne 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, thé 8Gsted structure is placed
between parallel polarizers as shown in figure 1.9. The jzal@gon state of light travelling
through the first polarizer is rotated by“9@ue to the liquid crystal twist, and is therefore
attenuated by the analyser, producing an opaque stateutficient voltage is applied then
the liquid crystal director becomes homeotropic, thereestiying the twisted structure

and allowing the light to pass through to produce a highéymitting display state.

1.6.2 Bragg Regime

In the case that.P > \ > n,P, for light propagating parallel to the helicoidal axis ther
is a selective Bragg reflection of circularly polarized lighat is of the same handedness

as the twist of the cholesteric, while the other circularyguized component of the light
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Figure 1.9: lllustration of the TN liquid crystal display . (left) Surface conditions
impose a 90rotation of the director across the device. Linear polariight is guided by
90 and blocked by a second, parallel analyser. (right) A vatagplied across the device
causes the director to become homeotropic; the liquid arpstlonger rotates the polariza-
tion state, and the light is transmitted. Hence, the trassion is electrically controllable.

is transmitted. The reflection occurs because the helioattsire is a periodic dielectric
interface that promotes the constructive interferenceefiécted components, resulting in
a photonic band-gap that prevents the propagation of lighé structure can therefore be
described as a one-dimensional photonic crystal for aquéati circular polarization. The

centre of the Bragg band-gap corresponds to,
P
ABragg = 5 (ne + nyo) (2.37)

If the refractive indices are known, measuring the transiomsspectrum and observing the
midpoint in the Bragg reflection band is a standard methodésermining the cholesteric
pitch P [27].

The Bragg Regime has also been successfully exploited dkeetres display technol-
ogy [28, 29, 30], which will be discussed in detail in chafevhere a cholesteric material
is used to produce a reflective display. In the Grandjeae,stedvelengths that coincide
with the Bragg reflection band that are of the same handedsetbge cholesteric helicoid
are reflected to produce a bright reflective state. One or mreesses are then used to

create a transmitting state in which the helicoidal axisasafel to the cell. The Bragg

20



regime has also been exploited for mirrorless liquid clyséad-edge lasing [31, 32]. The
unique properties of cholesteric liquid crystals potdhtiallow for the electric control of

lasing wavelengths [33, 34].

1.6.3 Circular Regime

In the case thak > n P, then the light will not be guided. Instead, the cholesteraterial
becomes optically uniaxial with a negative birefringennd with the optic axis parallel to
the helicoidal axis [35]. Because the liquid crystal comsazhiral compounds, the material
in this regime also exhibits optical activity, with a specifotatory power given by,

p— —m2(x)2p i (1.38)

as given in reference [14]. Optical polarizing micrographsuch a material, whose pitch
is much less than optical wavelengths, are shown in figur@. INbte that the term ‘tex-
ture’ refers to the appearance of a particular liquid ciystate under polarizing optical

microscopy.

The refractive index component perpendicular to the heladaxis is given by,

ny = ,/% (1.39)

such that the cholesteric has refractive index componeves dpy,

nq . o
ny || y/5(n2+n2)

wheren,; andn, are the refractive index components parallel and perpetatito the heli-

(1.40)

coidal axis respectively.

One can simply represent the optics by considering the stesie as a uniaxial material
with a negative birefringence. Using a Jones matrix approas we saw in §1.4.2, one
can then calculate the transmission between crossed zaraifor a Uniform Lying Helix

device, which is given by,

(1.41)

2

1 A effec ived
T = —sin®*(2y) sin” (M%)
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Figure 1.10: Polarizing optical microscope photographigoid crystal textures in which
the cholesteric hasaP < \. (a) The Grandjean texture, in which the helicoidal axis is
oriented normal to the cell. The texture appears blue dukdmptical rotatory power of
the material, which rotates shorter blue wavelengths ni@e longer red ones as per equa-
tion 1.38. (b) The focal conic texture, in which the heliaidxis forms small, randomly
oriented domains of uniform orientation. (c) and (d) shoetmiform Lying Helix (ULH)
texture, in which the helicoidal axis is uniformly alignedthe plane of the cell at an angle
of x = w/4 andx = 0 to the polarizer respectively. The transmission depends wpas
per equation 1.41.

wherey is the angle that the material’s optic axis makes with thapotr,d is the thickness
of the liquid crystal layer) is the wavelength of incident light anlin.gective = 71 — 12
and is the effective birefringence of the cholesteric. Tdwtdr1/2 accounts for unpolarized

incident light.
Determining the Optic Axis of a ULH structure

From equation 1.41, we can see that the transmission is deggerunder the transformation
X — x + 7/2. It can therefore be difficult to know the optic axis, and #fere helicoidal
axis, orientation within a device. A useful method for detaring the orientation is to

position the ULH between crossed polarizers in series withira(2um) homeotropically
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aligned cell. At normal incidence, the homeotropicallygakd cell has no effective bire-
fringence, however, as it is rotated out of the plane of tHanoers and ULH device, about
an axis at 45 degrees to the polarizers, its effective lnngénce increases. The ULH optic

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

_ L . o [ TANefectived =~ TANEd
T'= 5 sin”(2x) sin ( SR v, (1.42)
whereny is the effective birefringence of the homeotropic devigeeq by,
cos?a  sin® 3
Anyg = ( > + = ) — N, (1.43)

anda here is the angle that the optic axis of the homeotropic @aviakes with the normal
to the ULH device and polarizers. As the homeotropic dewceiated out of the plane,
the retardation will either add or subtract from the ULH rdgdion, and whether there is
an increase or decrease in the resultant transmissionsetieaJLH optic axis.

The regime where\ > nP has potential application in a variety of fast-switching

electrooptic technologies, as will be discussed in subssioghapters.

1.6.4 Optics of the Blue Phases

Blue phase materials in whichi > n P are optically isotropic due to their cubic or amor-
phous symmetry, and exhibit optical rotatory powers muchlEnthan their cholesteric
counterparts [21]. In the case whevex n P, Bragg reflections occur in BPI and BPII, in a
close analogue to the cholesteric phase. While the chaoleptease reflects in only a single
direction, however, the cubic symmetry of the blue phasesenttaem three-dimensional
photonic crystals that reflect light incident from all ditieos. The optics and electrooptics
of blue phases, as well as their application potential, belldiscussed in more detail in
chapter 6.

In short pitch liquid crystals in which blue phases existisisometimes difficult to
distinguish between Grandjean and blue phases using aizmo¢amicroscope, as both
appear optically isotropic. One way to distinguish easdyween them is to tilt the cell.

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

however, which has no birefringence, no such light leakadjeoacur.

1.7 Dielectric Effects in Chiral Systems

The dielectric interaction produces a quadratic electiodpierr) effect in blue phase sys-
tems, and a Kerr-type induced biaxiality in the cholestphase, which will be discussed
in the next section. Dielectric interactions can also belusaeorient the helicoidal axis,
which will be described in 81.7.2, and at larger field strésgthe dielectric interaction
unwinds the helix completely, which will be discussed in/B3. The exploitation of each
of these processes in technology will also be commented ¢ flExoelectric effect in

cholesteric liquid crystals is dealt with separately ing1.

1.7.1 In-Plane Distortion

In a cholesteric material that is subject to a field appliegeedicular to the helicoidal axis,
there will be a torque that distorts the director towardgratient parallel or perpendicular
to the field in the plane in which the directors are uniformthis section, the amplitude of
the in-plane distortion that arises due to this torque ismeined, following the derivation
in the publication by the present author [36].

In order to deal with field effects in cholesteric liquid daissystems, it is useful to
express the elastic and dielectric energy from equati¢harid 1.12 in terms of the in-plane
angle of the director. Consider an ideal cholesteric stimegtwhose pitch is constrained
such thatP = P,, whereF, is the natural pitch, and whose helicoidal axis is paratiehe

z-axis. The director is given by,

Ny cos
n=|mn, | = | sinf (1.44)
n, 0

where the twist component of the undistorted cholesterniecttir (z) = ¢gz. The free

energy of the system is given by,

F(ﬁ) = felastic + fdielectric (145)
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where,

1 1 1
felastic = éKl[V ) + 5[(2[1“1 (Vx )+ q*+ §K3[ﬁ x (V x i)]? (1.46)

1 .
fdielectric = _§A550(n : E)2 (147)

as was described in 81.2 and 81.3 on elastic and electrieprep of nematics in equations
1.2 and 1.12. If we apply a field such tiat= F,x, substituting our expression farfrom

equation 1.44 into equations 1.46 and 1.47, we get,

1 a0 ?

felastic = §K2 <& - Q) (148)
1 P

fdielectric - _§A550Ex sin” 6 (149)

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

dielectric interaction causes a perturbatiod such that,
0(z) = qz + 6y sin(2q=z) (1.50)
wheref, is the twist distortion perturbation amplitude. This gives

? = q + 2q0y cos(2qz) (1.51)
2

We would like to know an expression fég, which we will find by minimising the total
energy with respect té,. In order to do this we must first find a form éf(i1) that can be
integrated over a pitch length to find the total energy. Ldirasconsider the elastic energy.

Substituting?d/0z from equation 1.51 into 1.48 we have,
1
felastic = §K2 (4(]20(2] COSQ(2(]Z)) (152)
and using a double-angle identity, we can write,
1
felastic = §K2 (2(]20(2](1 + COS(4(]Z))) (153)
Now let us consider the dielectric energy. Substitutiigom 1.50 into 1.49, we have,
1 2 .. 9 .
faielectric = —QASSOE sin” (qz + 0y sin(2qz)) (1.54)
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Again using a double-angle identity, we can write,
Jdiclectric = —iAE&OEz (1 — cos (2gz + 200 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,

1
Faieloctric = —ZA&:OEQ (1 — cos(2gz) cos (26, sin(2gz)) + sin(2¢z) sin (26, sin(2¢z)))

(1.57)
If we take the approximation thég is small, we can then write,
faielectric = —iAssOEQ (1 — cos(2qz) + 26, sin2(2qz)) (1.58)
and using a double-angle identity a final time we have,
Jdiclectric = —iAegoEQ (14 6y — cos(2qz) — cos(4qz)) (1.59)

Now in order to calculate the total energy, we must integita¢eenergy density over a half
pitch repeating unit of the structur®/2 = = /q. Any cos andsin terms integrate to zero,

and we have,

m/q m/q
/ F(ﬁ)dz = / felastic + fdielectricdz
0 0
m 02 1 2

Now, minimising with respect t6, we have,

) T/q

1
— F(f)dz = 2K5¢%0) — ~AeegE* = 0 (1.61)
99y J, 4
which can be rearranged fég to get,

Aegy

Oo(E) = SKog?

(1.62)

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

250 nm and with a field of 1 V umt is calculated using this expression to be 0.2 degrees.
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twist distortion
56 (radians)

Figure 1.11: Simulated twist distortion about the heliebakis (0 = 0(z) — gz from equa-
tion 1.63) for a 180 segment of pitch 250 nm, with the application of 0 Vpin{dotted),
0.1 Vunt! (dashed) and 0.2 Vum (solid line).

Finally, 6, is substituted back into equation 1.50 to obtain an expwadsr the equilibrium

twist component of the director,

A
8K2q2E sin (2¢z) (1.63)

0(z) =~ qz +
The twist distortion of the director due to the dielectriteiraction in a 180single repeat-
ing unit with a field perpendicular to the helix axis is shownfigure 1.11 for common
cholesteric liquid crystal parameters.

As was described in 81.6.3, a Grandjean structure whosk itshort relative to the
wavelength of light acts as an optically anisotropic honmageis layer whose optic axis co-
incides with the helicoidal axis. The twist distortion doghe dielectric interaction induces
optical biaxiality, i.e. breaks the uniaxial optical symmyeof the cholesteric such that the
material has three refractive indices corresponding teetlorthogonal directions. The ef-
fective biaxial refractive index components of a shortIpittolesteric can be determined
by considering the average of the perpendicular and phcalteponents of the permittivity,

and the corresponding local ordinary and extraordinamaoéive indicesn, andn,, over

one pitch length. Hence, we have effective biaxial refiecindex components,

ny v/ (n2 cos? 0 + n2sin? )
ny | = | \/(n2sin?6 + n2cos? ) (1.64)
ns No
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wheren, n, andng are the refractive indices correspondingitq y- and z-axes respec-
tively. As we saw in the derivation from equation 1.54 to 1.6& average ofin? ¢, and

following a similar processos? #, whered is given by equation 1.50, can be shown to be,

(sin®0) ~ — (1 + 6)

N = DN =

(cos?0) =~ = (1 — 6) (1.65)

Substituting these into 1.64 and rearranging, we can write,
n2+n2 n2—n

ny \/ \/1 - 00 n2+n2

/— z,nz 1.66

\/ + 90 Zernz ( )

wheref, is as in equation 1.62.

The resultant biaxial refractive index components can lesl wgith numerical Jones
or Berreman optics to determine transmission charadt=istWe will see in chapter 2
how this can be used to measuxe/K,. Note that, is dependent upoi’? and induced
optical biaxiality is therefore a Kerr-type effect. Intstiagly, this effect in cholesteric
liquid crystals has been proposed as a display technology38]. The Kerr effect is
defined agv?-dependent field-induced birefringence, and Kerr effecsadso important in

blue-phase liquid crystals, which will be discussed in ¢aag.

1.7.2 Dielectric Helix Reorientation

In the above derivation of the twist distortion, we consatkthe case where the field is
applied perpendicular to the helix. However, there are aberrof other dielectric effects
that we should consider and that have been exploited inajigpkchnology, including the
dielectric effect on the helicoidal axis orientation.

For a material withAs > 0, the dielectric energy is minimised when the director is
parallel to an applied field, antl- E = 1, as we saw in 81.3.1. In the case of an undistorted
cholesteric material, the director can never be uniforndyapel to the field. However,

the dielectric energy is minimum where as much of the diregarallel to the field
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as possible, which occurs then the helicoidal axis is petfigetar to the field. We can
determine the difference in energy between cases whereetlooidal axis is parallel and
perpendicular to the field by considering the dielectricrgpdérom 81.3.1, which is given

by,
1
fdielectric = _§A550(ﬁ : E)2 (167)

Let us allowE = E_x. For the case that the helicoidal axis is parallel to the field= 0
and therefore/icicctric = 0. On the other hand, if the field is perpendicular to the héliab

axis, such that, for example, = cos(qz), then the dielectric energy becomes,
1 2 2
fdielectric = _§A€€O COs ((JZ)Em (168)

Averaging over a half pitch repeating unit of the helicoide van takecos?(qz)) = 1/2,

and so the energy becomes simply,
1 2
fdielectric = _ZAgf‘:OEx (169)

Hence, we have quantified the difference in energy betweetnibicases. If the liquid crys-
tal is not otherwise confined, then a reorienting torque dube dielectric effect will align
the helicoidal axis perpendicular to the field in the case pbsitive dielectric anisotropy.
We will see in chapter 4 that this effect has been used to ahgitesteric liquid crystals.

In the case of a negative dielectric anisotrofy, < 0, then the difference in energy
between the two alignment cases is reversed, such thatlibeitial axis will align parallel
to the field. This has also been used to align liquid crystesye will discuss in chapter 4
on alignment of the Uniform Lying Helix, and also in chaptewbere the dielectric effect
is exploited with a negative dielectric anisotropy to algrandjean geometry to create a
reflective display.

In this section, we have described how the dielectric irtéra can cause a reorienting
torgue in cholesteric materials by considering a case irchvthie pitch is fixed. However,

in the next section the dielectric interaction’s influencetlve pitch is considered.
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Figure 1.12: lllustration of helix unwinding for a positidéelectric anisotropy cholesteric
material having a field applied perpendicular to the helixe pitch of the material increases
with increasing field, before becoming completely unwoumdikelds above a critical field
E..

1.7.3 Dielectric Helix Unwinding

We have so far considered a fixed-pitch cholesteric havimgzavo dielectric anisotropy in
the presence of an electric field. However, if one allows titehgo vary in order to min-
imise the free energy, then the pitch increases to allowagreegree of director alignment
parallel to the field. At a critical field, the helix completeinwinds to become uniformly
parallel to the field, as illustrated in figure 1.12. Thisicat field can be calculated by
considering the free energy equation in a similar fashiothéapproach used in 81.7.1,

and was independently derived by Meyer and de Gennes [3% 4@,

Ly S
Py V Acggg

(1.70)

wherePF, here is the natural helicoidal pitch.

Helix unwinding is used in several reflective cholestersptiy technologies [30, 28],
which are further discussed in chapter 5. Essentially, iblectric effect is used to orient a
cholesteric with positive dielectric anisotropy with theliboidal axis perpendicular to the
cell to achieve a first display state. A second state can theatbessed via the application
of a large field, which completely unwinds the helix. On remloef the field from the

unwound state, depending on the surface alignment usetgthe crystal then relaxes to
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the Grandjean state, thereby allowing the switching betwite® different states [41, 42,
43, 44, 45, 46).

1.8 Flexoelectricity in Chiral Systems

In 81.3.4 we saw that molecular shape anisotropy resultscoupling between director
curvature distortions and electric polarization; a pheaonam called flexoelectricity. In this
section, we will see how flexoelectric polarization in chggstems couples to electric field
components perpendicular to the helicoidal axis to producsation of the director about

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

1.8.1 The Chiral Flexoelectric Effect

From 81.3.4, recall that flexoelectric polarization is gi\sy,
Phexo = e10(V - 1) + e5(V x 1) X i (1.71)

which gives the relationship between bend and splay distertand electric polarization.
In the case of a uniform field, and provided that# e3, the flexoelectric polarization can
be maximised by forming a periodic splay-bend combineddisin, as illustrated in figure

1.13.

PRI
A

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

In a chiral nematic at equilibrium with no applied fields otqrtzation, there is a natural
twist distortion that results in a periodic helicoidal diter structure, as illustrated in the left

of figure 1.14. The planes perpendicular to the helicoida agntain a uniform director
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Figure 1.14: A Bouligand plane in the tilted helix structsr®ws the splay-bend distortion

that couples to a field via the flexoelectric effect. At zerddfiehere is no splay or bend
distortion.

orientation. However, if the director is tilted about ansagerpendicular to the helicoidal
axis, then planes containing the director exhibit the micieplay-bend structure that we

encountered in figure 1.13, and therefore contain flexagtgoolarization. The period of
the splay-bend is given by
P
sin ¢

where P is the cholesteric pitch and is the director tilt angle as defined in the right of

Psplay—bend = (l . 72)

figure 1.14. Note that fop = 7/2, Pyay-bena = P and the structure is pure splay-bend
with no twist at all. The periodic splay-bend that ariseshimthe plane that is at an angle
¢ to the helicoidal axis was first noted by Bouligand, and ise¢f@e known as a Bouligand
plane [47].

Now, while tilting the director results in some flexoelectpolarization and therefore
sets up an internal electric field, by the converse process) a tilt can be induced by
the application of a field perpendicular to the helicoidabax he resultant tilt angle is
a balance between the elastic and flexoelectric free enérdyll analytical treatment of

this effect was first developed by Patel and Meyer [48, 49,51 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 theetitor of a cholesteric liquid
crystal due to flexoelectricity [51, 52]. The method desesilthe director in terms of a
spherical coordinate system, uses this director in thedneegy expression for liquid crys-
tal elastic and flexoelectric energy from equation 1.17rayes this energy over a repeating
unit of the cholesteric structure to determine the relatbtal energy, and then minimises
this total energy with respect to the flexoelectric tilt angl The dynamics are then also
considered.

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

n is described by,

Ny COS qz
n=|mn, | = | singz (2.73)
n, 0

In the case where there is no flexoelectric tilt. If we allow&ilt ¢ about they-axis and

assume a fixed pitch, this is modified to,

Ny COS qz COS ¢
n=|n, | = sin qz (1.74)
n, — €0s ¢z Sin ¢

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

omitting the dielectric energy term, we get,
1 2 .. 9 .92 1 2 2 1 2 2 : 2
F= §K1q sin” gz sin” ¢ + §K2q (1 — cos @) +§K3(q cos” gz sin” ¢)
—FE(e1qsin® gz sin ¢ — e cos® gz sin @) (2.75)

whereE = E,. Since we want to know the tilt angtewhen the total free energy of the

whole system is minimum, we average over a whole number ofies using the fact that,
c 2 2 1
(sin® qz) = (cos” qz) = 5 (1.76)
and so the average energy volume density is,
1 2 .2 1 2 2 1 :
(F) = Z(Kl + K3)q” sin” ¢ + 552 (1 —coso)” — 5(61 — e3)Egqsing (1.77)
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In order to determine the value gfthat minimises the total energy (assuming a fixgd

we take the differential and minimise by setting equal t@zer

_8(%2) = %(Kl — 2K, + K3)q” sin ¢ cos ¢ + Kpq” sin ¢ — %(61 —e3)Eqcos g =0 (1.78)

which can be rearranged fein ¢,

€1 — €3 Ky —2K, + K3 |
E — 1.79
2K2q 2K2 Sanb ( )

tan ¢ =

Finally, for small angles, we can approximate and simphiy éxpression for the tilt angle,

€1 — €3 E
E)y= —"— 1.80
B = T (1.80)
and this is sometimes expressed as,
b= F (1.81)
= % :

wheree = L(e; — e3) and K = 1(K; + K3). < is called the flexoelastic ratio, and is
considered a figure of merit in the production of materialsigiged to have optimal chiral
flexoelectric switching properties.

We can see that the flexoelectric tilt angle is proportionabath the fieldE and the
difference in flexoelectric coefficients; — es;. This is in contrast to the amplitude of the
twist distortion due to the dielectric effect that we dedve §81.7.1 which is proportional

to E2. In the next section, the dynamics of the chiral flexoeleaffect are considered.

1.8.3 Characteristic Time

Liquid crystal's are viscous fluids, and therefore a traosifrom an undistorted state to a
distorted state with the application of a field takes a chiarestic time. The liquid crystal is
an over-damped linear system, and we might imagine thatitheacteristic time is depen-
dent upon the damping (viscosity), the elastic constart,the characteristic length scale
of the distortion. In liquid crystal devices, all of these anportant design parameters. In
particular, the characteristic length scale of the flexttele distortion in chiral nematics

depends on the pitch, which means that devices that exblio&l dlexoelectricity can have
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much faster response times than devices exploiting naaaystems, whose characteris-
tic length scale is usually the device thickness. Here, Weviathe derivation by Rudquist
for the dynamics of the chiral flexoelectric effect.

The dynamics of the flexoelectric effect in cholesteric iéberystals can be formulated
by considering that in an over-damped linear system, treeabthange of a variable, for
example the flexoelectric tilt anglg is proportional to the rate of change of energwith
respect to that variable, i.e.,

op  10f

T (1.82)

where~ is a damping coefficient that corresponds to the liquid etygscosity. Taking the
previous expression favf /0¢ of our system from equation 1.78, we find that the above

expression becomes,

0 1 1
—’y&—f = 5([(1 + Kg)ngb — 5(61 —e3)qE (1.83)

This equation has the step-response solution,

t

O(t) = do(l—e7) (1.84)

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

electric tilt angle given by,
€1 — €3 1)

F)=——7-— 1.85
bo(E) K, +Ksq (1.83)
andr is the characteristic time given by,
2y
T=— 1.86
(K1 + K3)q® (1.86)

where~ is a viscosity. The characteristic timecorresponds to the time taken for the tilt
angle to reach within /e of the equilibrium value, and is proportional #5. Hence, the re-
sponse time is heavily dependent on the pitch. A typical medtesed in the work presented
in this thesis, E7 doped with 3.5% of a high twisting powerahidopant R5011, has a pitch
of 250 nm,K;+ K3 = 27 pN, and a characteristic time of~ 60 us, which gives a viscosity

~v ~ 0.3 Pa.s. In comparison, a device that switches a non-chiranmatn a typical cell
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Figure 1.15: lllustration of a Uniform Lying Helix (ULH) ckl The cell is treated to en-
courage a short-pitch cholesteric to align with the hetlebiaxis in the plane of the cell.
Transparent conducting electrodes are coated on the gladbow the application of an
electric field perpendicular to the helicoidal axis to proela flexoelectrically driven rota-
tion of the optical axis.

of thickness equal to 4 um, would have a characteristic sitctime of~ 5 ms; over one
hundred times slower. For this reason, electrooptic telciyies that exploit fast-switching
cholesteric liquid crystals have been hotly researcheddawdloped. In the next section,

we consider such an electrooptic device.

1.8.4 The Chiral Flexoelectro-optic Effect
Uniform Lying Helix

In 81.8.1, we discussed how a field applied perpendiculanédelicoidal axis of a chol-
esteric material will rotate the director about the fieldedtron due the coupling of the field
with flexoelectric polarization. For a material in whigl® < A, this manifests as a rotation
of the optic axis of the material.

Figure 1.15 shows a Uniform Lying Helix (ULH) arrangemen®]2in which the he-
licoidal axis of a short-pitch cholesteric is aligned unifoand perpendicular to glass cell
substrates. Transparent conducting electrodes on thentbpatom substrate surfaces are
used to apply a voltage across the liquid crystal. The rasufitructure acts as a wave plate
whose optic axis orientation can be controlled electrycath the flexoelectric effect. When

placed between crossed polarizers, the transmissionas ¢y

(1.87)

1 A effec ived
T = 2 sin’(2y % 29) sin’ (M%)
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where, as before, the flexoelectric tilt angle is given by,

€1 — €3 E
= —— 1.88
¢ K1+K3 q ( )

The transmission behaviour is illustrated in figure 1.16¢ fgivenw, the max-

7I-Ancffrzctivcd
— )
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2X t¢ 45 67.5 90

Angle between optic axis and polarizer, x (degrees)

Figure 1.16: The transmission of a ULH device between crbpséarizers. The ULH cell
acts as a wave plate whose optic axis makes an apgles. The maximum transmitted
intensity occurs af + ¢ = 45° and is equal t(% sin%%) as per equation 1.87

imum transmitted intensity occurs where the optic axis i$5tto the polarizer, with the
greatest light modulation due to the flexoelectric tiltyat= 22.5. For small flexoelectric
tilt angles, the transmission is modulated proportiongh®applied voltage. By measuring
the tilt-angle as a function of voltage, one can therefoteutate particular flexoelectric
properties of the liquid crystal, as will be discussed inptha?2.

The linear electrooptic effect produced by the ULH has ssveesirable properties
from a display engineering perspective [53, 54, 55, 56, 2], & he effect is very fast,
becauser o P? (from equation 1.86). Short pitches can therefore offerattaristic

switching times of the order of tens of microseconds. Theatlflexoelectrooptic effect in
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Optic axis Optic axis

Figure 1.17: lllustration of the Grandjean alignment anddedectric tilt. If the pitch is
much shorter than the wavelength, then the macroscopic agit tilts with the flexoelec-
tric tilt angle, thereby producing an effective birefrimge.

the ULH geometry is also effected by a voltage applied adiessell, unlike some in-plane
switching geometries that rely on patterned electrodesatteamore expensive to produce.
The primary problem with the ULH as a technology at presettias the ULH is difficult
to align uniformly, and as will be discussed in chapter 4, enfggctions in the alignment
of the ULH cause a problem for the device contrast. One swiltas been to avoid the
ULH altogether by exploiting instead a Grandjean geometiso known as the Uniform

Standing Helix [58, 19].
Uniform Standing Helix

The Uniform Standing Helix (USH) arrangement, also know@eandjean alignment [18],
was introduced in 81.5.1, and is related to the ULH, howedwertkelicoidal axis is oriented
normal to the plane of the cell, rather than in the plane otd#le The arrangement forms
spontaneously in cells with planar surface alignment kayérelectrodes are arranged on
the surface of one substrate such that they can create arfifld plane of the device, then
the applied field will again be perpendicular to the heliebigkis and flexoelectric tilt will

be induced (see figure 1.17). If this device is placed betveeessed polarizers under the
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condition that the pitch is much shorter than optical wawgths, then in the field off state it
will appear black if viewed at normal incidence. With an apgffield, the optic axis, which

is initially parallel to the helix axis, will tilt and therefe provide an effective birefringence
across the layer and the transmission will again follow équal.87. The USH therefore

has the potential to be exploited for electrooptic techgpld.9].

1.9 Types of Liquid Crystal Display

We have already looked at two examples of liquid crystalldisdevices. Firstly, in 81.6.1
the Twisted Nematic was described, which is still used in yndisplay applications in-
cluding computer monitors and small information displagsfor example, calculators and
microwave ovens. Secondly, the Uniform Lying Helix was daolnced in 81.8.4, which
although not yet commercially exploited, could improve oanyaspects of existing tech-
nology. This latter technology will be studied in furthertaié in subsequent chapters,
especially in chapter 4, which is concerned with the unkesbissue of ULH alignment. In
chapter 5, we will also look at Bragg-reflecting cholestezzhnologies that are in commer-
cial production and describe a method based on flexoelggtiinat provides a new way to
switch between stable states in such devices. Finally,apten 6 blue phase liquid crystal
display technology will also briefly be touched upon.

There are many different liquid crystal display technoésgon the market and in de-
velopment, however this section will describe briefly the twost ubiquitous transmissive
display technologies available today, and some notes anreigc driving schemes and

optical compensation films.

1.9.1 Vertically Aligned Nematic

The Vertically Aligned Nematic (VAN) technology incorpdes a homeotropic alignment
configuration with a material in whiche < 0. The cell has no effective birefringence
when there is no field applied, owing to the homeotropic alignt, and between crossed

polarizers exhibits zero transmission at normal incideridee top and bottom substrates
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are treated so as to allow a voltage to be applied acrossdbl Icrystal layer. As the
field increases, the liquid crystal director reorients pegicular to the field, in order to

minimise the dielectric energy given by
1 .
fdielectric = _§A€€O<n : E) (189)

In so doing, the effective birefringence across the liquigstal device increases, and re-
sults in a transmission between crossed polarizers (asguime tilt is at 45 degrees to the
polarizer), according to

1
T = 5 sin? § (1.90)

where/ is the phase retardation of the layer. If the layer and malteirefringence are
chosen correctly, then a phase retardation &f can be produced, thereby maximising the
possible transmission contrast between off and on states.

Devices made using the VAN architecture have minimum switghimes of the order
of milliseconds. The switching time is controlled by the @evthickness, viscosity and

elastic parameters of the liquid crystal.

1.9.2 In-Plane Switching

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

a liquid crystal withAe > 0, and with the director homogeneously aligned in the plane of
the cell. Electrodes on a single substrate surface, sepkbgta small distance, are used
to apply a field also in the plane of the device, typically atdégrees to the equilibrium
director orientation at zero field. The field produces a tergn the liquid crystal via the
dielectric interaction described in 81.3.1, that reosahe director parallel to the field. The
cell is positioned between crossed polarizers, such tleazeno-field equilibrium director
orientation is parallel to one of the polarizers. The traission for such a device (assuming

that it produces a phase retardatiornr@® for optimum contrast), is given by

T = %sin2(2x) (1.91)
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wherey is the angle that the optic axis makes with the polarizer.ddem the equilibrium
state with zero field, the transmission is zero. As a fieldti®atuced, the director is rotated
andy increases thereby increasing the transmission.

A device made using the IPS architecture has a similar resspiime to the VAN, and is
again controlled by the device thickness, liquid crystatesity and elastic constants. De-
vices are often constructed with a patterned alignmenttsire that alternates the in-plane
orientation of the director alignment, in order to improkie off-axis viewing properties of

the display.
1.9.3 Thin Film Transistors

Addressing schemes are methods to address and contratiumalipixels in a liquid crystal

display with a voltage in order to facilitate switching. Taeare many different methods
of addressing, which will not be described here. Howeveshiuld be understood that
the present methods for addressing liquid crystal disptagsire Thin-Film-Transistors
(TFTs) which can hold charge in order to provide a field aceoBquid crystal pixel until

the pixelis again addressed by a voltage pulse. The use of W& been critical in allowing
large arrays of pixels and the size and resolutions of modispiays, however they do put
constraints on various aspects of liquid crystal displayimeeering. The most important is
that TFTs cannot sustain high voltages, and so for any nevatpeal liquid crystal mode,

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

than about 10 V.

1.10 Numerical Methods

The modelling of liquid crystals is a vibrant area of curreegéearch, and they are mod-
elled at a variety of levels. In order to predict macroscqggaperties of new liquid crystal
molecules and mixtures, molecular models are under dewedap[59]. However, for mod-
elling at the level of device behaviour where the macroscppperties are known, contin-

uum models must be used. These deal with macroscopic geartitch as the directaér
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and flexoelectric, dielectric and elastic constants.

Ericksen-Leslie-Parodi theory [60, 61, 62] is a liquid ¢atcontinuum model which
has been successful in modelling device behaviour [63]s Ththen used in conjunction
with Jones-Matrix [64] or Berreman [15] optics, which wengroduced in 81.4.2, in order
to simulate measurable quantities such as the transmitisiongh the device. Detailed
descriptions of these methods can be found elsewhere [$Bub& is appropriate to give
a brief qualitative explanation here.

The approach is to first define a coordinate system of thediquystal cell. In most
literature, the cell plane is defined to be the-plane and to be the axis normal to the cell
surface, although other coordinate systems can be emptmehding on the application.
An initial director field is then described based on knownideyproperties. This director
field is discretised by representing it as a matrix of finiteotation with each element
containing director components of the director field. Arceie field is also defined. The

free energy described by

1 1 1
F() =5 Ki[V -0 + S K[ (V< ) + g + S K[ x (7 x a)]?
1
- 550A5(ﬁ ‘E)? — [e1(V - 0) + e3(V x ) x @] - E (1.92)

(see the end of §1.3.4) which considers bulk elastic, dieteand flexoelectric energy, is
then used in conjunction with appropriate surface energyessions in a Euler-Lagrange

energy minimisation routine. The routine is based on theelEluhgrange equation given

af 0 aof '\
T (78 (%)> =0 (1.93)

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

by, (in one dimension)

functiond(z).

Finite difference approximations are used to calculateatiar field differentials at el-
ements in the director field matrix for use within the equadioA resultant torque on the
director field is calculated for each matrix point, and theclior is adjusted by an amount

proportional to the torque and a ‘time step’ parameter. Ahesdage the electric field is cal-
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culated based on the current director field, the dielectritfiexoelectric properties and the
applied voltage for use in the next iteration. This processpeated until there is negligible
change in the director field with further iteration.

Once a director field has been simulated, either Jones oeBarm optics are employed.
The director structure is divided into a finite number of siregent slices. The correspond-
ing Jones or Berreman matrices for the slices are then usk@winput polarization matrix
to calculate transmission properties. Jones optics cdakeinto account reflections, but is
useful for simulations of transmission at normal incidetocine cell. Berreman optics takes
account of reflected light components, and can be used tdatienoff-axis transmissions,
however, the method is more complicated to implement andiregigreater computational
resources.

This method is useful for director fields that are topolotjyceontinuous. However,
the behaviour of defects in the liquid crystal director fiedchot adequately represented.
At defect sites, the order parameter changes, and the esesfjthe distortions at these
points are therefore not well approximated by a standardirmoum approach, because
the continuum theory does not account for changes in théiela®perties under these
conditions. However, modelling the behaviour and free gieerassociated with defects
has been attempted through the use of Q-tensor models, wicicides the order parameter

and its relation to distortions [67, 68].

1.11 Conclusion

In this chapter, the fundamental concepts required to @taled the chapters that follow
have been described. The nematic phase and its elastitriel®aed optical properties
have been described using a continuum approach. Chiradllaystals, their behaviour
in electric fields, and their electrooptic behaviours hdse aeen introduced, and we have
discussed some of their applications.

This thesis is concerned with the study and utilisation esthbehaviours in helicoidal

liquid crystal systems for the purposes of measurementraedgineering novel function-
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alities for technological application. As such, each chaplescribes a key problem for
helicoidal liquid crystal technology and tackles it by dieygng techniques for exploiting
the electrical, elastic and optical properties of helieblajuid crystals. In the next chapter,
the problem of measurement of flexoelectricity is discusbeth in chiral and non-chiral
liquid crystal systems, which is an important capabilityhia development and optimisation

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

Measurement of Flexoelectricity

2.1 Introduction

The current generation of liquid crystal displays almost@sively utilise Twisted Nematic,
Vertically Aligned Nematic (VAN), or In-Plane SwitchingRB) technologies, which were
introduced in the last chapter. While having enjoyed wideag success over the last few
decades, the next generation of displays will demand fanatities impossible with these
technologies. A key limitation is the transmission modolatswitching time, which is
fundamentally limited by device thickness, liquid crystacosity, and elastic constants.
Significantly improved switching times would enable a varigf new display functionali-
ties.

Currently, each display pixel is divided into three primagiour sub-pixels. A colour
filter is placed over each sub-pixel, which is illuminateshirbehind by a white light source.
As a consequence, most of the incident light’s power is atted in the filter. Furthermore,
the spacial resolution of the sub-pixels must be three titnasof the display. However,
an alternative method is to temporally, rather than sggtialodulate the primary colour
transmission intensities; a method called field-sequieatilour. The white back-light is
replaced by one that cycles through red, green and blue (R@B)ary colours, thereby
saving the energy that was previously attenuated by coltiardfi(a critical advantage in
mobile devices). Furthermore, since only a single pixe¢éauired to modulate all primary
colours, the displayed image resolution is improved. Tgeaof colours (known as the

colour gamut) could also be improved by selecting a largenbmer of back-illuminating
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colours, without jeopardising the spatial resolution @& tlmage. Although field-sequential
systems improve energy efficiency and resolution, they oelyast switching to prevent
the spatial separation of colours when moving ones eye sithesscreen [69]. Spatial
separation of colours is sometimes apparent in projediatsise field-sequential systems.

The proliferation of 3D display technology could also be $ted using field-sequential
technology. Current technologies often require the usewvdar special glasses. These
systems work in one of two ways. In one system, each dispial @ split further into two
sub-pixels, corresponding to left- and right- eyes. Thé#right sub-pixels are covered in
polarizers that attenuate orthogonal circular polarmastates, that match corresponding
polarizers in the lenses of glasses covering the correcblefight eye of the user. In
this way, only one of the left/right sub-pixels is visible bgch eye, thereby enabling a
stereoscopic 3D image. Problems with this system are the sarthose encountered with
the primary colour filter system: there is an attenuatioms lasthe polarizing filters, and
a reduction in the image resolution, as two sub-pixels agaired for each display pixel.
The second system uses a field sequential approach, in wigdkft and right images are
temporally interlaced. Known as ‘active’ 3D, glasses woyntlee users contain electro-
optic liquid crystal light shutters that attenuate the imagtended for the opposite eye.
Again, due to the limited speed of liquid crystal devicegrénis the potential for left/right
image cross-talk (which produces what is known as a ‘ghgsarntefact) [70], and due
to the limited frame rate that is possible with current systeusers often report viewing
discomfort [71].

Auto-stereoscopic systems (i.e. without the need for gigsare an emerging technol-
ogy. Faster sequential-transmission systems offer aigoltd providing unique images for
the eyes of one or potentially multiple users in successidrere have also been systems
developed to accommodate multiple focal planes, whichideo& more realistic illusion of
depth [72]. Faster liquid crystal devices allow more infatian to be projected to the user,
enabling functionalities that were impossible before. Afrmm displays, there are a vari-

ety of other electrooptic applications that require fastionlation times, including wireless
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and fibre-optic communications, imaging and photonics.t kasid crystal technologies
are therefore of critical importance.

The chiral flexoelectro-optic effect, which was introduée®1.8.4, offers the poten-
tial to improve switching times by one or more orders of magie. However, there are
a number of issues preventing the commercialisation ofé¢blkriology. The development
of bimesogenic liquid crystals and their mixtures, whick aptimised for flexoelectric
switching, has allowed optic-axis rotation anglest@.5° (and in some casek45°[73])
[74, 56, 75, 76, 57]. Full transmission modulation is therefachievable (c.f. equation
1.87), however, bimesogenic mixtures are highly viscoussitl require further develop-
ment. To develop the technology and materials further,stéml studying distortions in
cholesteric structures are required. Therefore, the fasgtqf this chapter describes a new
technique that is highly sensitive to electro-elastic peters, including the flexoelastic
ratio introduced in chapter 1, and the ‘dielectro-elastétio Acs,/ K.

While methods to measure flexoelectric, dielectric andtiiel@arameters in cholesteric
systems are of great importance, there has also been miemregthods that utilise non-
chiral systems. Chiral dopants can alter the propertiesroixéure, potentially including
flexoelectric parameters [77]. High twisting power dopdrage allowed measurements of
flexoelectric parameters using cholesteric systems withh gmall concentrations of chiral
dopant, and suggest that flexoelectric parameters areyitdglilependent on chirality itself
[77], at least in nematic materials such as E7, although ureasents in non-chiral systems
have large associated error. However, interest in measuntsnof flexoelectricity in non-
chiral systems has been sparked by the investigation ofdmetmaterials, which exhibit
unusual flexoelectric and other properties and form speaias chiral domains even when
the mixtures themselves have no chiral molecules [78, 7988082]. The literature has
not discussed the influence of chiral dopants on the nemhatisgs of bent-core materials.
It has been suggested that the inclusion of chiral dopatdghhese mixtures may obscure
unique behaviour of the enantiomerically symmetric mateyiand so methods for measur-

ing flexoelectric parameters that rely on chiral materiaég/rhe inappropriate [83]. The
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second part of this chapter is therefore concerned with teasorement of flexoelectric-
ity in non-chiral systems. The specifics of chiral and noiratisystems demand different
experimental approaches, and in the rest of 82.1, a couplebminary concepts are com-

mented upon.

2.1.1 Flexoelectric Torque

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

the resultant torque on the director fiefdx hg.,,, where,
hﬂexo = (61 - 63) (E(V ' ﬁ) - (V & ﬁ>E) - (61 + 63)(fl . V)E (21)

This groups the flexoelectric coefficients into terms asged with homogeneous and gra-
dient electric fields [11]. Experiments are usually destgte measure either; — e3 or
e1 + esz. In all the geometries considered in the present chaptdrjrateed in this thesis,

the homogeneous field regime is dealt with, whare- e; is important.

2.1.2 Field Frequency and Charge Carriers

Methods to measure flexoelectricity are numerous. Somg eartlies tried to measure
the flexoelectric polarization indirectly by measuring #féect on distortions caused by
magnetic fields [84], or directly under forced mechanicatatitions [85] (which has also
been more recently attempted [86]). These methods oftestupeomeasurements that are
not consistent with one another or with more recent methtiaslétter case differing by
three orders of magnitude). In the last decade howeveritdratlire has converged almost
unanimously on electrooptic techniques in one of two reginvdth either AC or quasi-
DC electric fields. Which driving frequency is employed dege upon the characteristic

switching time of the cell, given by,

ol
T= Sk (2.2)

wherev is a viscosity,K is an elastic parameter angs a characteristic length-scale of the

distortion. For non-chiral or weakly chiral geometriesluting the Twisted Nematic (TN)
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and Hybrid Aligned Nematic (HAN), this characteristic léhgcale is the device thickness
(with 7 ~ milliseconds). However, for chiral systems this lengthlsds half the pitch of
the material, which can be an order of magnitude or more sm#dbn the cell thickness
(with 7 ~ tens of microseconds).

Charge carriers can migrate in DC fields and alter the fieldrenment [87]. There-
fore, if a low or quasi-DC driving frequency is used, the effef charge carriers on the
field must be taken into account when measuring flexoelégtrithe consequence for the
measurement of flexoelectricity in non-chiral systems baldiscussed in the second part
of the present chapter. Further, it will be discussed in térap that charge carriers play
a major role at frequencies well below 500 Hz, where theiugrice becomes apparent in
capacitance measurements and must be accounted for.

In the case of highly chiral systems however, which is thgesiilof the next section, the
liquid crystal can be studied using field frequencies wheeege carriers have a negligible

influence on the internal field strength.

2.2 Chiral Systems: Uniform Lying Helix Method

The most common method to measure- e3 is to align liquid crystal in the quasi-stable
ULH texture and analyse transmission between crossedipaiaf48, 73, 49, 50, 51, 88,
75, 89]. The flexoelectric parameter,— e3, can be determined by measuring the rotation

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

1 Aegroct
T = 5 sin’(2x + 20) sin” (W) (2.3)
where,
€1 — €3 \%
Ey=1"% " 2.4

whereV is the applied voltage amplitude, adds the device thickness (see 81.8.2 for a
derivation). To determine the optic axis rotation, whichresponds to the flexoelectric tilt
angle¢, a ULH device is prepared by capillary filling the materiabi studied into a cell

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

here an example of a chiral liquid crystal mixture E7 with @186 of chiral dopant R5011
is used, which results in a cholesteric with a pitch of 250 ima, cell whered = 5 um. A
ULH texture forms spontaneous on cooling from the isotrapithe nematic phase under
the application of a 70 Hz square-wave voltage of approxetga0 V..

A square-wave voltage of a period substantially longer tharcharacteristic flexoelec-
tric switching time is applied to the cell, and the deviceared between crossed polarizers
using a polarizing microscope fitted with a photo diode. Tékis first rotated such that
the helicoidal axis is at approximately 45 degrees to thanmar, which corresponds to a
maximum transmission amplitude (see figure 1.16). Thescelientation is then refined
such that the photo diode response is symmetric for bothip@sind negative voltage am-
plitudes, as shown in figure 2.1. The cell is then rotated b$ @2grees, at which point the
flexoelectric effect will have an approximately linear @teoptic response, and the trans-
mission will depend on the field polarity, as shown in figur2 @eft) (see again figure
1.16). The cell is then rotated, such that the transmissiothe negative voltage takes the
value that the transmission for the positive voltage wasteethe rotation, as in figure 2.2
(right). This rotation, corresponding 29, 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 ULHidewvith its optic axis at 22.5
degrees observed through a polarizing microscope. (rightheasure the the flexoelectric
tilt angle ¢, the cell is rotated such that the transmission amplitu@mgas by an amount
corresponding to the peak-to-peak amplitude of the sighannat 22.5 degrees.
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Figure 2.3: Flexoelectric tilt angle as a function of fieldesigth, used to determine the
flexoelastic ratice/ K.
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The measured tilt angle is plotted and shows a linear ineredth the applied voltage
in figure 2.3. From the slope of the line, which is equabtt/V', the flexoelastic parameter

can be determined by rearranging equation 2.4 to give

€1 — €3 _<Z>d
K+ ks v

(2.5)
whereq = 27/ P. In this case, the flexoelastic rat@K for E7+3.5%R5011 is determined
to be 0.45 Cm!N—1.

Usually this method, as has been done here, relies on Patdlayer’s analytic small-
angle approximation to the flexoelectric tilt in which is @rent the assumption that the
flexoelectric effect is large in relation to the dielectriteet, and that the structure is an
ideal and unconstrained helicoid (see §81.8.2) [48, 49, %], Bor small fields, this is a
good approximation. Castles has shown that the method, ekessuted with care, can be
used to deduce the flexoelectric parameter e; with an uncertainty as small as 2% [89].
However, it is difficult to analyse flexoelectric and dielgcteffects independently. Fur-
thermore, the measurement«f— e3 may not be accurate because the topological incom-
patibility of the structure with homogeneous surface atignt layers distorts the structure
from being ideal, and because of the difficulty of forming foaneous ULH textures. In
particular, for materials that have small or negative dieie anisotropy, forming the ULH
using conventional methods is sometimes not possitifer these reasons, the following
section describes a new method that instead utilises a {&@mdrrangement, which is in-
herently stable and uniform in cells with planar alignmet.in-plane field is applied, and
a lock-in amplifier and a rotation method are used to extrgorimation about both flexo-
electric and dielectric distortions. The method is therepged to enhance the sensitivity

by using a quarter-wave plate.

1A method for ULH alignment that does not depend on the apjidicaf fields is used in §4.4.2 to measure
flexoelectric properties of a negative dielectric anisogriiquid 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 flexaeleeffect were described. The
flexoelectric effect causes a tilt in the optic axis of a stpith cholesteric that is propor-
tional to £’ (see 81.8.4), and the dielectric distortion causes ananeptlistortion resulting
in optical biaxiality that is proportional té&? (see 81.7.1). In this study, these analytical
models are employed to analyse angle-of-incidence-degmenchnsmission of Grandjean
structures with in-plane electric fields. The stable Graadjstructure has the advantage
of being uniform and compatible with homogeneous alignniayers. It is also a struc-
ture of particular technological interest in both flexoélecand dielectric driving regimes
[19, 37, 38]. Adoption of a perturbative driving regime, anéasurement of botH*1and
224 harmonic transmission amplitudes relative to a sinusaidaing field, allows the de-
tailed and simultaneous measurement of distortions grfsom both flexoelectric and di-
electric interactions, at electric fields as little as 0.1nV!. The method is applied to
measure the flexoelectric parameter — e;3)/(K; + K3) and the dielectric distortion pa-
rameterAe /K, in E7 liquid crystal and a bimesogen mixture MDA-1245 opsed for the
chiral-flexoelectrooptic effect. The method is then exsshtb increase the sensitivity in
systems with small birefringence by using a quarter-waegeplQWP), and used to mea-
sure these parameters in a material with an extra-ordynemhll flexoelastic parameter of

0.011 CN''m~L.

2.3.1 Device Preparation

E7 liquid crystal is doped with 3.5% by weight of commergiadivailable chiral dopant
R5011 from Merck. The resultant mixture has a cholestetithpaf 250 nm, as measured
using a spectrometer (method described in 81.6.2). Thisungixs capillary filled in the
isotropic phase into an 8 um spaced, anti-parallel aligediditat uses 1 mm thick glass,
and allowed to form a Grandjean texture. To produce a unifgautric field, a2 mm gap is
etched into an indium-tin-oxide layer on one of the substsairfaces. The large electrode

gap relative to the cell thickness ensures field unifornmtihie region onto which the laser
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Figure 2.4: A numerical simulation of the electrostaticsaof 8 um thick liquid crystal
device. The simulation shows a cross-section through thieeewhich has a potential
difference between electrodes separated by 2 mm on thasetibstrate surface.

is incident, and the cell’s surface alignment is parallehmapplied field direction.

2.3.2 Modelling the Electric Field

At frequencies of 1 kHz or greater, the effect of charge essrcan be neglected, and the
electric-field strength is determined by the device geoyreatid dielectric properties. The
electric field between parallel-plate electrodes sepdiayea distance is V'/d, whereV is
the potential difference between electrodes. It can be shibat for the field between two

thin in-plane electrodes this modifies to,

2
E. (thin electrodes) = —% = 0.6366 x % (2.6)
T

However, the presence of liquid-crystal and glass diglelayers enhances the field.

To determine the internal field strength, a finite-elemertkpge, COMSOL Multi-
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Figure 2.5: The simulated electric field is plotted as a fiomcof distance away from the
electrode edge across the electrode gap, using the simiulata also used in figure 2.4.
There is a potential difference of 2 V between the electradéle simulation. Although
the field is very large and non-uniform near the electrodeesdthere is a high degree of
field uniformity around the centre of the electrode gap.

physics, was used to model field behaviour in the environrahguid-crystal-glass and
glass-air interfaces. In this model, the cholesteric nitesas treated as a uniform uniaxial
anisotropic dielectric medium, with dielectric constaessimated based on known dielec-
tric properties of analogous liquid-crystal mixtures. Hmaulated static field is shown in
figure 2.4. The simulation shows that the field is affectedngygresence of the dielectric

interfaces, and for the device described, the simulatiggests a field of,

v
B, = 0.7015 x — 2.7)

at the centre of the electrode gap. Further, figure 2.5 shiogvBdld strength as a function
of distance away from the electrode edge. Although the fretdeiases rapidly towards the
electrode edge, in the region of interest at 1 mm away fronetéetrode in the centre of
the electrode gap, the field has a high degree of uniformity.9ddown, the simulation also
suggests that the field does not vary significantly acrossehliehickness in the region of

interest.
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Figure 2.6: A schematic representation of the Grandjeatioot experiment. The arrange-
ment allows the measurement of the transmission betwesseaxi@olarizers as a function
of angle of incidence.

2.3.3 The Crystal Rotation Method

Here, a Grandjean cell with in-plane electrodes is utiliggtth a crystal-rotation method.
The method measures the transmission of a device as a famdtangle of incidence and
is very sensitive to out-of-plane rotations in the opticsadfia device. For this reason, it has
previously been used in several liquid crystal applicatioRor example, Bauet al used
the crystal rotation method to measure surface pretiltesgl liquid-crystal devices to an
accuracy of 0.9/90]. The method is also employed in the measurement of flextrecity

in DC driven TN cells with in-plane fields in work contribugirto this thesis [91, 92],
which will be described in 82.4. In an IPS Grandjean geom#teycrystal rotation method
is sensitive to the out-of-plane rotation in the optic axasulting from the flexoelectric
interaction, and can therefore be used to study flexoetdottaviour.

A schematic of the experimental arrangement is shown indigu. The cell is placed
in the path of a 633-nm-wavelength Helium-Neon (HeNe) lastween crossed polarizers
on a computer-controlled rotation stage. A lens weakly $esuthe laser to a 50 um spot
and a photo diode detects the light intensity after the aealy

The liquid crystal device is arranged on the rotation stag¢hat the planar surface
alignment and applied field are parallel to the rotation axid perpendicular to the plane
defined by the incident laser beam and the cell normal (theepdd incidence). Referring

to the geometry illustrated in figure 2.7, the device is medrso that the axis of rotation is
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Figure 2.7: An illustration of the chiral-flexoelectric efft in a Grandjean cell. The flexo-
electric tilt ¢ is a rotation of the director about the applied in-plane faitection.

the z-axis. Flexoelectric tilt is therefore in the plane of inergte, resulting in a maximum
change in the transmission between crossed polarizers avheld is applied. The crossed
polarizers are at 45 degrees to the plane of incidence. Tisisres a maximum change in
transmission because the projection of the optic axis dmqoblarizer always makes an

angle of 45 degrees to the polarizer axis as the device igbta

2.3.4 Electro-optic Measurements
Studying Response to Sine-Modulated Fields

As described in 81.6.3, the Grandjean device acts as a ahlairefringent slab, with the
optic axis normal to the cell. As was described in 81.4, thagmission of such a device

with zero applied field has transmission between crossetipets given by,

. An ffecti d
T _ 2 ™ effective 28
- ( A cos o ) (2:8)

wheren.gective IS the angle-of-incidence dependent effective birefrimmgeof the Grandjean

device, given by,

NI

— 2.9

Ao — (cosz(oz + &) N sin?(a + gb)) N

and a here is the angle of incidence of light onto the devieeandn, are the effective

refractive indices perpendicular and parallel to the logdial axis as defined by equation
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Figure 2.8: (top) Anillustration of the transmission as adiion of angle of incidence for a
Grandjean device placed between crossed polarizers. Ataiancidence the transmission
is close to zero, because the optic axis of the material sllpato the incident light. As
the angle of incidence increases, the transmission ineseas the effective birefringence
of the device increases. Under the application of posithe @egative electric fields, the
incident angle dependent transmission shifts due to thedlextric tilt in the optic axis
of the device. The shift in the curve shown here is exaggerfateillustrative purposes.
(bottom) Under the application of field of the forfi = FE;sin (wt), the transmission
amplitude at an angular frequency of(the ' harmonic) can be measured, and gives a
direct measure of the change in the transmission due to theeflectric tilt in the optic
axis.

1.40 in chapter 1, ang is the tilt in the optic axis due to flexoelectricity. At norma
incidencepn = 0 and thereforeé\n getive = 0 and7T = 0. AS o increases, the transmission
increases, as illustrated in figure 2.8 (top), which showadmission of the Grandjean
device between crossed polarizers as a function of anglecafance.

Under the application of a field, the optic axis tilts due tadlelectricity. This tilt shifts
the symmetry axis of the transmission as a function of anfjleadence, as is illustrated,
again, in figure 2.8 (top). By measuring this shift, one cardfore determine and, using
equation 2.5, therefore determifg — e3)/(K; + K3). In order to measure precisely the

shift in the symmetry axis, and to avoid the influence of i@isine-modulated field with a
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Figure 2.9: (top) The transmission as a function of the anglacidence of a Grandjean
device between crossed polarizers is shown. With the agfit of a field, the dielectric
interaction causes director distortion that is the sampdeitive and negative electric fields.
The effect on the transmission as a function of angle of e is illustrated (red dashed
line). The shift shown in the transmission as a function gfl@ef incidence has again been
exaggerated for illustrative purposes. (bottom) THearmonic transmission measures the
shift in the transmission that depends Bh

frequency greater than 500 Hz is applied to the cell, and tiygitude of the photo-diode
response at the same frequency is measured using a lockpirfiamThe amplitude of the

15 harmonic at a particular angle of incidence depends on ffezeice in the transmission
between positive and negative applied fields, as illusdratdéigure 2.8.

As mentioned earlier, the dielectric distortion causesnaplane distortion resulting in
optical biaxiality that is proportional t&? (see §1.7.1). The effect of this on the angle
dependent transmission is shown in figure 2.9. Since thedé interaction depends on
E?, the response is the same for both positive and negativéedpilds. For a field of
amplitudeFE, described by

E = Ejsin (wt) (2.10)
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the response is therefore expected to have the form,

T = Tysin? (wt)

= %(1 — cos (2wt)) (2.11)

Hence, the 2! harmonic, which is the component of the photo diode respahsegice the
driving frequency, is sensitive to the in-plane distortthre to the dielectric interaction.

The 24 harmonic response, however, is also influenced by flexoalitgt Some
224 harmonic response occurs due to the flexoelectric tilt imthEoidal axis if the trans-
mission at that point is not in the linear part of the anglpatelent transmission curve. In
materials with very small\e, 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 Grandjed the characteristic re-
sponse time can be measured by determining the time for #p@nse to reach withit/e

of the final value after a field-polarity inversion. A small piitude ensures that we are in a
linear regime. For E7 at room temperature with 250 nm piteis, ¢haracteristic time is 60
us, and for MDA-1245 at 3T with 290 nm pitch itis 1.4 ms.

Care should be taken to scale correctly between lock-in ifiempbutput and the trans-
mission modulation. The finite switching time of the liquid/stal means that under a
constantly changing field, the director will never reachildoium. The amplitude of the
response will therefore be reduced. For a sinusoidal dyivimitage of angular frequency
w and a characteristic switching time of the liquid crystathe amplitude is reduced such

that
1

V1 4+ w?r?

whereV is the photo diode output voltage amplitude afds the output in the limitvr —

V=1, (2.12)

0. For E7 the switching time of 60 ps is small relative to therahteristic time of the

harmonic, and so this effect is small. For example, if digmivith a frequency of 1 kHz, the

60



second harmonic has = 6300 s™!, and sol//V;, = 1.07. However, MDA-1245 is more
viscous and consequently this effect is much greater. FOAMPA5 driven at 513 Hz,

havingr = 1.4 ms, for the second harmonic/V;, = 8.9.
Fresnel Reflections at Glass-Air Interfaces

So far we have neglected to consider the effect on the trassoni of reflections at the
air-glass interfaces of the cell. Rather than include thglaiss interfaces in the Berreman
numerical optics simulation, here, the Fresnel equatioaesrstead used to calculate the
transmitted amplitude as a function of angle of incidendeede interfaces. The simulated
transmission in the data presented in the next section tesrhedified to account for this

effect.

2.3.5 Results and Discussion

Figure 2.10 (top left) shows experimental field-off angépdndent transmission along with
analytical- and numerical-model simulations for E7 + 3.8%.R5011. Parameters used
in fitting are summarised in table 2.1. At normal incidenceréhis a small transmission
due to the optical rotation of the chiral Grandjean struetimeasured to bg°), which
is not present in the analytical model. This is because tlayacal model treats the
cholesteric as an optically uniaxial medium, without takeccount of the optical activ-
ity of the cholesteric material (see 81.6.3). The field-cdhsmission is used to determine
And whereAn = n, — n,, by changing this parameter in the model until the outpuhef t
model is consistent with the experimental incident-ardgpendent transmission.

The fitting was done manually (i.e. without an automatedfittioutine). The trans-
mission as a function of angle of incidence is first used termieine the device thickneds
by varying this parameter in the simulation until the trarssion produced by the model is
as close as possible to the experimental transmission. @iscdetermined, electro-elastic
parameterg/ K and As/K5 can then be included as fitting parameters. Harmonics of the
angle-dependent transmission relative to the drivingagmt which are sensitive to changes

in the electro-elastic parameters, can be extracted frensithulation using finite differ-
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Figure 2.10: The normalised transmission (top) hhrmonic transmission amplitude (cen-
tre) and 2¢ harmonic transmission amplitude (bottom) for E7 + 3.5 wR%011 (left) and
MDA-1245 (right) are shown as a function of angle of incidend sample of the data are
shown as circles, while the solid blue line shows numerizalation and the dashed red
line shows the analytic approximation using fitting parametescribed in the text.

ence approximations to the angle-dependent transmissi@nfanction of voltage. The

simulated 1 and 24 harmonics are determined using the finite-difference apprations

given by,
T'(Ep) ~ % (Te=p0) — T(p=—50)) (2.13)
and,
T"(Ey) ~ i (Tte=r0) + T=-r0) = 2T(5=0)) (2.14)

respectively, wheré, is the applied field amplitude.
The 1 kHz transmission modulation amplitude under the appbn of a 1 kHz sine-

modulated electric field of amplitude 0.075 Vphis shown as a function of angle of inci-
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Table 2.1: Parameters used in analytical and numerical lmadged with the Grandjean
rotation experiment.

Material And (um) @—i(pN*l) 75 (CN'm™Y)  E(Vum™')  Pitch P (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). ilyoducing the ratie:/ K
as a fitting parameter, the best fit occurs whHsd = 0.454+ 0.02 CN''m~! for E7 + 3.5
w.t.% R5011 at 2%C. This corresponds to a value@f — e3 of 12.24 0.6 pCntL.

The 24 harmonic (the 2 kHz transmission modulation amplitude utide same 0.075
Vum~! 1 kHz driving field) for E7 + 3.5 w.t.% R5011 is shown in figurel@.(bottom-
left). In this case, the ratide/K,, which affects the twist distortion (see equation 1.62),
is adopted as a fitting parameter, with a best fit\af K, = 2.7 pN~t. Merck (a supplier
of E7) has measurede of E7 of 13.7, which, considering the measured valué\efK,
here gives a value oK, of 5.1 pN. Merck has measuréd, independently to be 6.5 pN.
The discrepancy between these two measured valuds fonay be due to differences in
temperature when the measurements were taken or variatiadhe ratios of constituent
components of different E7 mixtures.

The same procedure has been used with a bimesogen mixture N2B3\ (provided
by Merck Chemicals Ltd.) that was developed to have largeoélectric properties and
small dielectric anisotropy. Figure 2.10 (right) shows trensmission and*1 and 2'¢
harmonic transmission amplitudes as a function of angle@tience for MDA-1245. The
material displays a pronounced flexoelectric response aosdpo E7, withe/ K of 2.0 +
0.2 CN~'m~!. Because the dielectric anisotropy is very small, thfelfarmonic response
at 0.07 Vunt! is dominated by the flexoelectric response, but is condistigh Ac being
relatively small with an upper bound ake/K, of 1.5 pN*.

Hence, analysing the transmission and harmonic compomértse transmission of
Grandjean cells between crossed polarizers driven with &i@,fhas enabled the measure-

ment of dielectric and flexoelectric properties of cholastkquid crystal materials. In the
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Figure 2.11: The experimental arrangement from figure 2s6bde@en modified to include
a quarter-wave plate (QWP) before the device. The QWP erisahe sensitivity of the
detection of small changes in birefringence.

next section, a modification to the technique is made in aimenhance 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 &@ffen blue phases will be de-
scribed in which a material with an extremely small flexoglearameter was used, and
in a relatively thin cell of 5 um. The material is a mixture ohematic host liquid crys-
tal FCU-LCM10 with 21 wt% chiral dopant FCU-NYCL (provided reng Chia Univer-
sity, Taiwan). The material's small flexoelectric switchimotivated a modification to the
Grandjean rotation method in order to increase the seitgit measurements in systems
where the birefringence of the device is small. In order teséesitive to small birefrin-
gence, a quarter-wave plate can be used [93]. Consider smission between crossed
polarizers given by,

T = % sin® (T + ) (2.15)

wherel is the retardation due to a wave plate anithe retardation due to a liquid crystal
device (and is assumed to be small). The valuE tifat provides the greatest sensitivity to
changes i is that where)*T /95 = 0. Using a double-angle formula and differentiating,
we find

0*T

Frie cos(2T) cos(2d) + sin(2T) sin(24) = 0 (2.16)
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Figure 2.12: Calculated transmission aritlHarmonic transmission amplitude for a thin
Grandjean cell observed between crossed polarizers (@jcanwithout and ((b) and (d))

with a quarter-wave plate included in the experimentalrayeanent shown in figure 2.11.
The quarter-wave plate enhances the sensitivity in the uneaent of changes in birefrin-
gence at small angles of incidence in devices with smalfioiigence, which is apparent
by the large slope of the®lharmonic in (d) compared to (c) at small angles of incidence.

Now, sinced is small, we can write,
cos(2I') =0 (2.17)

which has the solution that = 7 /2, which is equal to a quarter-wave. Thus, when a greater
sensitivity is required, a quarter-wave plate (which piithe required retardationof2)
can be used in the experimental arrangement, as shown ie Bglt.

Figure 2.12 shows the calculated transmission ahdarmonic transmission amplitude
for a Grandjean device witR = 250 nm, (e; —e3) /(K1 + K3) =0.01CN'm~!, d = 5 um,
An = 0.1 and where\ = 633 nm andE = 0.2 Vum~!, in the experimental arrangement
in figure 2.11, without (left) and with (right) a quarter-veaglate. The glass-air interfaces
have not been considered in the calculations of the trassonior £ harmonic in this

case. Figure 2.12 (a) shows the transmission of the devitte ma quarter-wave plate.
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Figure 2.13: The transmission (top):* harmonic transmission amplitude (centre) and
24 harmonic transmission amplitude (bottom) for FCU-LCM10w#26FCU-NYCL are
shown as a function of angle of incidence. A sample of the daahown as circles, while
the solid blue line shows the numerical simulation. The expental arrangement used
includes a quarter-wave plate to improve the sensitivity.

There is no transmission at normal incidence, becauseghepropagates parallel to the
optic axis of the cholesteric. Because the device is ralbtithin, and the birefringence is
small, the transmission does not reach a maximum at larggesnThe 1 harmonic for

the same device, also with no quarter-wave plate, is shodigure 2.12 (c). The harmonic

shows little change as a function of angle of incidence betwe20 and20 degrees. On
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the other hand, figure 2.12 (b) shows the transmission witlaater-wave plate included.
The transmission is 0.5 at normal incidence. Small changbgeéfringence cause a larger
change in the transmission, which is demonstrated bythgatmonic of the quarter-wave
plate case shown in 2.12 (d). The slope of thehhrmonic response with respect to angle
of incidence is much greater betwee0 and20 degrees than in the case without a quarter-
wave plate. Crucially, this feature allows less uncertaintthe parameters of the model
that best fits the experimental data, allowing a more preuisasurement in this case.

A similar procedure to that described in §2.3.4 is undertakélising a lock-in ampli-
fier and measuring*Land 2'¢ harmonic components of the transmission as a function of
angle of incidence of Grandjean-aligned cells, which fotJAGCCM10+21wt%FCU-NYCL
at room temperature are shown in figure 2.13. The numerisalfitw the flexoelastic and
dielectro-elastic ratios to be determined. In this cagé = 11 + 0.6 mCN~'m~! and
Ae/K, = 0.8 +0.04 pN~1. Thus, using this method has allowed the measurement of a

flexoelastic ratio as small as 0.01 Chin—!

2.3.7 Grandjean Rotation Method Conclusion

A new technique for measuring the flexoelastic parametér, and the parameteke / K,
has been developed by considering the influence of flexomlestd dielectric distortions
on the transmission of short pitch Grandjean-aligned tquystal devices as a function of
angle of incidence between crossed polarizers. Includipggater-wave plate in the appa-
ratus can enhance the sensitivity in cases where the dexgca bmall birefringence. The
technigue is sensitive enough to allow the measurementigfas small as 0.01 CNm—1,

at fields as small as 0.01 Vurh making the technique a powerful tool for probing chiral
flexoelectric switching behaviour and measuring importdaracteristics of elastic, flexo-
electric and dielectric liquid-crystal properties. In thext section, a related crystal rotation

method is adopted to measure flexoelectricity in achiraiesys.
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2.4 Achiral Systems: Twisted Nematic Rotation Method

As was discussed in the introduction to this chapter, thaseldeen recent interest in the
measurement of flexoelectricity in some unique non-chorabghiral) systems. However,
non-chiral systems respond slowly to electric fields, anflesmelectrooptic switching can
only be achieved with low field frequencies. This can causgration of charge carriers
within the device and this introduces uncertainty in thelltest internal field strength [94].
The influence of charge carriers on the internal field sttentdy vary with applied voltage
and over the duration of the experimental measurement.

Low frequency or DC fields have been used in a variety of naraetéystems to measure
flexoelectricity although it is rare that the effect of chaucparriers is taken into account.
A widely cited method by Dozov [95, 96, 97], involving DC irgpe fields in a HAN
geometry, is subject to this problem. Prestlalso used a non-chiral method involving a
homeotropically aligned liquid-crystal phase grating][3hd flexoelectrooptic studies of
TN structures have been conducted using a variety of me{88¢d400]. Measurements of
e1 — e are often inconsistent between different quasi-DC expamisy casting doubt on the
reliability of these methods.

The method presented here utilises the TN IPS (field in pladewce) geometry, and
is an attempt to overcome the difficulties of ionic influengesbmultaneously studying in-
plane and out-of-plane distortions in the helicoidal dinue, in analogy to the Grandjean
crystal rotation technique in the previous section. Like @randjean structure, the TN
has a helicoidal director structure whose axis is normah&dell substrates. The most
important difference between the Grandjean and TN crystaltion methods is that the
in-plane rotation of the director, rather than being useth&asure the dielectric proper-
ties of the liquid crystal, is instead used to determine ttternal field, and the dielectric
properties of the liquid crystal must therefore be measimeependently. By studying the
in-plane distortion, which is the result of the dielectntaraction, one can deduce the inter-
nal field strength if the dielectric anisotropy of the ligaiystal is known. The out-of-plane

distortion, which is due to the flexoelectric interactioant¢hen be used to measure the flex-
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Figure 2.14: Simulated zenithal and azimuthal componeirttsediquid-crystal director as
a function of thez-axis through the thickness of the cell at applied field8 @ashed);+10
(solid line) and—10 (dotted) Vmnt! for a 100 pm cell with a small surface pretilt angle,
filled with E7 liquid crystal. The flexoelectric differencg,—es, is setto 10 pCm'. At zero
applied field there is no zenithal tilt in the director, and #zimuthal angle varies linearly
from 45 to —45 degrees for the TN. As a field is applied, theradsiced a zenithal tilt,
the sign of which is dependent on the field direction, andel®a change to the azimuthal
component distribution with respect to thexis due to the dielectric interaction.

oelectric properties of the liquid crystal once the intéfredd has been determined from
the dielectric interaction. In this way, the field is knowirinsically from the electro-optic

data, and the effect of ionic impurities on the field streragth in principle, therefore taken
into account. Another major difference between the Graardpnd TN methods is the use
of a quasi-DC field, which means that lock-in amplifier tecjug@s to measure harmonic

components are inappropriate.

2.4.1 TN Measurements

Figure 2.14 shows simulated zenithal and azimuthal liguydtal director angles across a
100 pm thick 90 degree TN cell filled with E7 liquid crystal tiwstrong surface anchoring
conditions in the cases where in-plane electric fields,of 10 Vmm~—! and—10 Vmm™!
are applied parallel to the orientation of the director & oell surface. The zenithal angle
is defined as the out of plane tilt in the director about thdiaddield direction, and the
azimuthal angle is defined as the angle the director makas #® helicoidal axis, which

here is parallel to the-axis. The director structure in these cases is also iltestrin figure
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Figure 2.15: The simulated director structure of a TN ceshewn under the application of
DC and AC fields. An AC field results in a dielectrically-indtin-plane distortion of the

director. In the case of a DC field, there is an additional fgdthrity dependent tilt in the
director due to flexoelectricity.

2.15. The numerical simulation uses a single-dimensiomahnisation of the liquid-crystal
free energy,

1 1 1
P(8) = Ky[V AP + SI[A - (V X 0) + g + Sl x (V x )]
1

- 5gOAg(ﬁ ‘E)? — [e1(V - 1) + e3(V x ) x it - E (2.18)

which was first given in 81.3.4. The dielectric interacti@uses the director through the
device to rotate solely azimuthally to maximi&e E. The flexoelectric interaction on the
other hand causes a zenithal tilt of the director out of tlaa@lof the cell, which is analo-
gous to the flexoelectric tilt in the chiral-flexoelectridesdt, and reverses with a reversal of
the field direction, as is illustrated by figures 2.14 and 2AtShe surfaces of the cell, there
is no tilt due to the strong planar anchoring condition, bettilt is larger towards the centre

of the cell thickness. It has also been shown that the zdffiéxaelectric tilt of the director
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structure has a negligible effect on the azimuthal dieledistortion [100]. In principle the
cell’s internal field strength should be determinable iredefent of flexoelectric effects by
measuring this azimuthal dielectric distortion using &f@aptic techniques [99].

Ewingset al [99] analysed the transmission of a TN IPS device betweesse po-
larizers at two obliqgue angles of incidence as a functionppliiad voltage. The electric
field was assumed to vary in proportion to the applied voltagel the constant of pro-
portionality and the parametey — e; were determined by comparing the transmission at
different voltages with a numerical simulation. They répdie; — e3 for E7 to be 9.3t
0.3 pCn1!, although this was revised to 12411.0 pCn7! in a later paper using a similar
method [101]. A second method, by Tidetyal [100], again used the TN IPS geometry but
analysed the conoscopic transmission at discrete appitabes. Here, the field was again
assumed to vary in proportion to the applied voltage, ancctmestant of proportionality
was determined using conoscopic images taken with thecgtialn of a 1 KHz Alternating
Current (AC) field, which couples only to the dielectric irgtetion. A Direct Current (DC)
field was then used to determing— e; for E7 to be 9+ 1 pCnt 1.

The switching time is slow for TN devices, of the order of set®for a 50 um thick
cell. In order to circumvent the uncertainty of the field dadgdn migration, rather than
relying on knowledge of the device geometry and the voltgg@ied, as is the case in the
ULH method, Ewings attempted to determine the internal figldlicitly from transmis-
sion data, by observing the effect of the in-plane distortioe to the dielectric effect on
the transmission. However, Ewings makes the assumptionht@anfluence of charge car-
riers on the proportionality between the applied voltage #e internal field is constant.
This may well not be the case. Tidey’s conoscopic techniG@@][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, incidegieasiependent transmission of

the TN IPS geometry is measured using a crystal rotationodetBy measuring the trans-
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Figure 2.16: A schematic of the experimental arrangemenENAPS device is placed on

a rotation stage such that its transmission can be meassitbd angle of incidence varies.
The orientations of the polarizers and the surface plamgmmlent treatment directions are
also shown. A right-handed coordinate system is in use, lamd-axis is defined as the
axis normal to the cell, and the coordinate system is definedlation to the cell’'s frame

of reference.

mission as a function of angle of incidence over a wide rarigagles, there is less possi-
bility of degeneracy between the output of models with défe sets of parameters, than in
an experiment at which only two angles of incidence are ainoRather than using multiple
voltages, and assuming that the field is proportional to tiitage applied, here, a single
voltage magnitude is chosen and the device behaviour iswdibas a function of angle of
incidence. As mentioned before, the crystal rotation mg¢isaoutinely used to measure
small surface-induced director tilt-angles in homogemsdmuid-crystal cells with a preci-
sion of 0.1 degrees, and has been extended to TN cells [AQ)phuntil 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 device® a
rotated between crossed polarizers, such that the anglkiel Wght travelling normal to
the polarizers is incident on the deviée will vary. The experimental arrangement shown
in figure 2.16 can be used to measure the transmission as ttofun€ angle of incidence.
The rotation stage allows the angle of incidence to be ctettoThe transmissiori, in

TN devices varies symmetrically about an an@lewhere there is the greatest difference
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Figure 2.17: Simulated transmission through crossed pelar as a function of the angle
of incidence g, for a 10 um thick TN cell filled with E7 liquid crystal in the pgrimental
arrangement shown in figure 2.16. The symmetry point coomdgtod,, and can be used
to determine the surface induced pretilt.

in optical path length between the ordinary and extraorglirays (figure 2.17). This angle
is related to the surface-induced zenithal tilt anglg,of the liquid crystal director, which

remains constant from one surface to the other througheuteh. Numerical methods are
required to determiney from 6,. The high precision with whicld, can be determined

makes this a very precise method for measuriggwhich is equal to the surface pretilt
angle of the alignment layers.

Baur points out that the axis of rotation of the device musth@sen correctly in order
for 0, to be found [90]. The TN geometry, should be rotated aboutxéreormal to the
plane defined by the light incident on the device and the threat the centre of the cell.
The cell should be placed between crossed polarizers whalsezation directions are
parallel and normal to this plane. This is so that the ligim@sdent and propagates through
the liquid crystal at 45 degrees to the optic axis for maximitansmission modulation as a
function of angle of incidence.

Figure 2.18 shows the simulated transmission as a funcfidimecangle of incidence,
T(#0), through a 100 um thick TN cell filled with E7 under the appiica of electric fields
of strength (2QpVmm~1, (b) 10Vmm~! AC, (c) +10Vmm~! and (d)—10Vmm~!, where,
for the DC field cases;, — e3 is set to 10 pCm!. The switch-on time for such a cell is
of the order of a second, and so an AC field whose polarity segcignificantly faster

than once a second, for example a field frequency of 100 Hi,ceilple to the field-
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Figure 2.18: Simulated transmission as a function of théeaoigincidence,I'(9), through
a 100um thick TN cell filled with E7 with an applied in-plane field cd\0Vmm~!, (b)
10Vmm~! AC, (c) +10Vmm~! and (d)—10Vmm~1.
polarity-independent dielectric interaction but not tieddipolarity-dependent flexoelectric
interaction. This case is simulated by switching off the diglectric effect in the model
and is shown in figure 2.18 (b). The simulation uses a humeanaamisation of the free
energy given in Equation 2.18 to model the director striec{gee §1.10), in conjunction
with 4-by-4 Berreman optics [15] to simulate transmissieeg(81.4.2).

Using the simulation, it is possible to change the strengtthe dielectric and flexo-
electric interaction independently in order to understdredresultant effect off’'(¢). The
strength of the flexoelectric interaction — dependentband therefore field-polarity de-

pendent — influences the zenithal tilt of the director andefege shiftsr'(0) in the-axis,
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effectively changing,. The strength of the dielectric interaction on the otherchan
dependent orz? and therefore field-polarity independent — scal&8) in the f-axis, in-
creasing the angle between the first transmission minimaach side of the symmetry
point, rather than significantly changifig. In this way, the influence of the dielectric and
flexoelectric interactions are decoupled and can be detedhseparately. For greatest sen-
sitivity to both £ ande; — e3, one must choose the appropriate field to apply. Since the
strengths of the flexoelectric and dielectric interactiom lanearly and quadratically field-
dependent respectively, there is an optimal field strendrevthe interactions are similar
in magnitude, and can be determined with the greatest dexreertainty. If the field
strength is too small, the dielectric interaction is smalll &s measurement less precise.
Too large however, and the dielectric interaction inhibis flexoelectric tilt, reducing the
precision of the tilt measurement. 10 Vmns found numerically to be optimum for the
device modelled in figure 2.18, where there is the greatesitbaty to both flexoelectric
and dielectric interactions.

Having found the optimal field strength that allows the beshpromise between sen-
sitivity to flexoelectric and dielectric distortions, thaan be used as the basis for choosing
what voltage to apply. Then, the strengths of the flexoeteaind dielectric interactions
can be determined by altering the parameteende; — e; 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 incideric@,), can be measured using
the experimental arrangement shown in figure 2.16. In a afmaifrangement to that used
in the Grandjean rotation method in 82.3, a TN cell is moumied computer-controlled

rotation-stage between crossed polarizers which allowsrabof the angle of incidence

of a laser on the cell. Crossed polarizers are set perpdad@uad parallel to the plane of
incidence, while the TN cell is mounted with its surface aligent at 45 degrees to the

andy-axes, such that the liquid crystal director in the centré¢hef TN cell is parallel to
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Figure 2.19: An illustration of the two electrode structurérO electrodes produce larger
field strengths near electrode edges, which may result imaareement of the influence
of ions on the internal field strength.

the incident plane. The laser passes through a beam-spditpgovide a reference signal.
To ensure that a region is probed over which the device tleisgniquid crystal alignment
and electric field are uniform, a lens is used to weakly fotwestieam to a diameter of
approximately 50 um at the cell. In order to create a TN aligninthe cell is constructed
from glass substrates that are treated with a unidiredtionzbbed PVA layer, which is

known to produce low pretilt angles [3]. 32 um PET-plastiacgr material is used to set
the cell thickness. Electrodes were produced in two diffeveays. In the first experiment,
a 4 mm channel is etched into Indium Tin Oxide (ITO) treateasgl The wideness of
the electrode gap relative to the cell thickness ensuresfaromfield distribution (as was

discussed in 82.3). In the second experiment, circularsesestion wire was used. The
regions near ITO electrode edges have high field strengtheserhigh field regions may
enhance the influence of ions on the internal field, possipiyjecting ions into the liquid

crystal [102], which is undesirable. By using a circularssection electrode in the form

of thin wires, it was thought that this influence may be redusee figure 2.19).
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Figure 2.20: The measured angle-dependent transmissefifcell filled with E7 in the
case where (a) a positive field is applied using ITO elecsatel, (b) a negative field is
applied. A sample of the measurements are shown as circldgha best-fit theoretical
angle-dependent transmission is shown as a continuousTine parameters used in the
simulated angle-dependent transmissions are shown g 22|

2.4.4 Results

Figure 2.20 shows experimental incident-angle-depentiansmissiony’(¢), for E7 lig-
uid crystal under the application of positive and negatppliad fields for cells with ITO
electrodes, and figure 2.21 shows corresponding data for eellidontaining BLO87. The
position of the symmetry point),, of the angle-dependent transmission depends on the
magnitude and polarity of the applied field. The dependencine field polarity is solely
due to the flexoelectric effect, which is further evidencgdhe fact that under the appli-
cation of an AC field, () does not shift, but only scales in tleaxis such that the first
minima on each side of the symmetry point become furthertagsaiseen in figure 2.21.
As noted above, the large fields at the electrode edges coblhee the ion influence
on the field. Therefore, experiments were repeated usiglair cross section wire elec-
trodes. The incident-angle-dependent transmission fog-electrode cells containing E7

and BLO87 are shown in figures 2.22 and 2.23 respectively.
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Figure 2.21: Incident-angle-dependent transmission fércé&lls containing BLO87 with
ITO in-plane electrodes with (a) zero field, (b) AC field, (&gative field, and (d) positive
field. Again, circles are measured values and the black mootis line is the numerical
simulation. The parameters used for the simulated angierttient transmissions using the
method described in the text are shown in table 2.2.

A spectrometer that can measure the transmission of thatagflvelengths in the range
of 400 to 800 nm can be used to determihedependently by analysing the fabry-perot
fringes in the transmission of an empty cell, where befofmdlwith liquid crystal, the
cell gap is assumed to have the dielectric properties of $pee. This interferometric
method can be used to determih&o a precision of 100 nm, based on how accurately one
can measure the positions of Fabry-Perot fringes. Howdverincident-angle-dependent
transmission of the filled cell with no field applied can alsoused to determine the thick-

nessd by includingd as a fitting parameter in a numerical simulation and findirgvédue
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Figure 2.22. Experimental transmission as a function ofeang§incidence for a TN cell
filled with E7, with applied voltages of (a) 0 V, (b) +40 V and ¢d0 V. In this case, elec-
trodes were made using wire. Again, circles are measuresand the black continuous

line is the numerical simulation.

of d that best reproduces the experimental transmission inabe with zero applied field.
The best-fit numerical simulation is sensitive to changeg @i 10 nm. Using this latter
method for determining overcomes variation that can arise from its weak dependemce
position in the cell, variation by up to 10 nm with temperatdiuctuations, and a slight
change when filling the cell. However, the transmission ddpen the produchnd, and
so using the transmission of the liquid crystal as a functibangle of incidence between
crossed polarizers to measuteneans that the accuracy @fs limited by the accuracy of
An (which is also temperature dependent). The incident-adgpendent transmission of
the filled cell with no field applied is also used to determiggthe pretilt angle due to the
liquid crystal alignment layer) by adopting, as another fitting parameter.

The parameterg anday, once determined, were then kept fixed in further simulation
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Figure 2.23:. Experimental transmission as a function ofeang§incidence for a TN cell

filled with BLO87, with applied voltages of (a) 0 V, (b) +50 V @ufc) -50 V. Again, elec-

trodes were made using wire. The parameters used in theatioru(solid line) are used to
measure flexoelastic and properties of the material.

where the strength of the flexoelectric and dielectric exttons were allowed to vary in
order to best fit the experimental field-on data. The fieldngiile £ and flexoelectric pa-
rametere; — e; were then calculated from the best-fit values of the strengtithe two
interactions. The values of oy, F ande; — e; for E7 and BL087 determined from this
procedure are shown in table 2.2. Values of the dielectlastie and refractive index pa-
rameters, which are kept constant in the simulations, wepplsed by the manufacturer
Merck and are also given in table 2.2.

Uncertainty in the values of the elastic constants, digleahisotropy and birefringence
cause an uncertainty in the measured valug efe; due to the dependence of the fitting on
these parameters. Using the numerical fitting procedureridbesl, values of these parame-
ters were perturbed in order to determine the corresporthiagge in the measured value

of e; — e3. A 5% increase in the values of the elastic constants leaditmidar increase in
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Table 2.2: The pretilt angle,, thicknesgl, flexoelectric parameter —e3, and field strength
E that were found by fitting numerical simulations to expenma¢data for cells filled with
E7 and BL087 using ITO electrodes using the procedure destin the text. The values
used for the dielectric anisotropy, ordinary and extrawady refractive indices and elastic
constants are also listed.

Parameter description Symbol E7 BLO087 Unit
Splay elastic coefficient K11 10.7 12.1 pN
Twist elastic coefficient Ky 6.5 5.9 pN
Bend elastic coefficient K 16 23.7 pN
Dielectric anisotropy Ae 13.7 20.5

Ordinary refractive index N 1.52 1.52
Extraordinary refractive index Ne 1.73 1.74

Surface induced pretilt angle % 3.6 0.7 mrad
Cell thickness d 35.8 46.8 m

Internal electric field strength

best-fit value for positive field data E,ositive ~ 10.7 8.2 vmnt!
Internal electric field strength

best-fit value for negative field datal egarive —14.4 8.2 vmm!
Flexoelectric difference best-fit

value for positive field data e1—e3 84 10.8 pCm!
Flexoelectric difference best-fit

value for negative field data €] — e3 7.2 10.8 pCm!
Flexoelastic parameter el K 0.30 0.31 Cm!N!

the measured; — e3; a 5% increase in the dielectric anisotropy causes a 2.5%¢ase in
the measured; — e3; and an increase in the birefringence by an amount that sjoorels
to a change in the temperature 6f&uses a change in the measwed- e; of ~ 2.5%.
Combining these errors in quadrature gives an overall taicgy ine; — e3 of ~ 7.5%.

Using ITO electrodes, the result of the numerical data §tgrocedure found, —e; for
E7 tobe 7.8 1.0 pCn1! and for BLO87 to be 10.8- 1.0 pCn1! at 25 degrees centigrade.
This gives(e; — e3)/(K71 + K33) — often callede/ K and used as a figure-of-merit for
materials optimised for the chiral-flexoelectric effect +0030 4 0.04 Cnv!N~! for E7
and 0.314 0.03 CnT!N~! for BLO87.

The uncertainty arises from the uncertainty in the valués®physical parameters used
in the simulation, and differences between best-fit valdas 6- e; obtained from trans-

mission data collected for positive and negative appliedtek fields and between multiple
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experimental runs. For example, as seen in table 2.2, foh&average of the values of
e; — e3 determined in positive and negative field cases is 7.8 pCthe measured values
are approximately 7% to either side of this value. This wastbto be typical between
multiple experimental runs. If this error is combined in dragure with the uncertainty of
7.5% due to uncertainty in the values of physical paramétetsvas mentioned previously,
then the total standard error is approximately 10%.

Independent analysis of the incident-angle-dependemsitngssion of the devices with
wire electrodes found values of — e; for E7 of 7.2+ 1.0 pCn1! and for BLO87 of 9.4
+ 1.0 pCnrt at 25 °C. These values are consistent with those found using ITQreties,
which suggests that if there is a difference in the ionic &rfice on the measurement, it
is not significant within the experimental error. The measwents here using TN crystal
rotation methods show inconsistency with measurementgube Grandjean structure in

82.3. This will be further commented on in the next section.

2.4.5 Influence of lons

Although the internal fields were determined implicitlyrfindhe transmission data, it is in-
teresting to compare this with an estimate. One can estitmatféeld by using the analytical
solution for the field half way between two parallel wirestthee separated by a distance

D and of radius: in free space, with an applied voltagelofgiven by,

2 V
Erees ace — T 7oy X = 2.19
freesp In (D;a) D ( )
and for whereD = 4 mm anda = 40 pm,
e
Efreespace ~ (.44 x 5 (220)

As was seen in numerical simulations of the field in §2.3 atigglc interfaces can enhance
the internal field, and a larger value may be expected thangikian by equation 2.19,
however, in the absence ionic influences, the field would aaxpected to be greater than

E =V/D, which is the case for parallel plate electrodes. If we dddifield factory, given
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by,
Emeasure
~y = tneasured (2.21)

E freespace

then for the case wWher&, cosured = FEfreespace theny = 1, and for the case where

FEreasured = V/ D, theny = 2.3. We may therefore expect that,
1<v<23 (2.22)

What is found is that values ofin the wire-electrode experiments are within the expected
range, however there is some variation in the value, whichlveandicative of the influence
of charge carriers on the internal field strength.

It is interesting to note that there is a greater variatiofwken different experimental
runs for E7, which is known to contain a lot of ionic impurg&je¢han for BLO87, which is a
newer material and is less ionic. Whilst it is thought heed the TN crystal rotation method
Is robust against the static influence of charge carriefigrdnces in measured values of
e1 — eg between different experimental runs may arise from changése internal field
during the runs, which lasted 4 minutes. A more precise nreasent using this method
could potentially be made if the data were collected over@teh time period, which
would minimise the change in the internal field during theadatllection period. A study
of the change in the internal field over time would allow a mewgable time period to be
chosen. The value @f, — e3 determined in the TN crystal rotation method presented here
for E7 is lower than the corresponding value measured byhkeet al [101] using a TN
experiment with E7, which may reflect the way in which the figicength was determined
and the influence of ions. The valueqf— e3; presented here is however consistent with
the corresponding conoscopic measurement from Tédey[100], which reported a value
of 94+ 1 pCnrl.

Curiously, the value o#; — e; determined here with the TN crystal rotation method
is inconsistent with the corresponding measurement in trendean geometry in 82.3,
which determined; — e; to be 12.2+ 0.6 pCnt!. This is in contrast to work by Salter

et al In a further measurement using a TN experiment similar tootieeused by Kischka,
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Salter found 12.2- 1.0 pCnt! [77], and in that work, they found consistency between
methods using both chiral and non-chiral techniques. Ihésdfore an open question as
to exactly why there is inconsistency between the TN and eam methods presented

in this chapter, although as has been suggested, the istemsy may be explained with a

more detailed examination of the influence of ions.

Unfortunately, a detailed study of the influence of ions itsale the scope of this the-
sis. lonic behaviours have been extensively studied by amiggsthe transient current on
applying voltages to liquid crystals [103, 104]. These sadhave revealed that ions can
be injected from electrode edges [102], are often alreadggnt in liquid crystal mixtures
[105], can stick onto electrodes [106], and that their mtbik coupled to the director
orientation [107]. A more detailed consideration of thefeats, and possibly monitoring
the transient current during flexoelectric measurementddgrovide valuable insight and

allow a more accurate measurement of flexoelectricity inclunal systems.

2.4.6 Final Remarks

It has been demonstrated that the crystal rotation methodeased to measure the differ-
ence in flexoelectric parameters— e; of nematic liquid crystals in TN cells. The method
determines the strength of the dielectric and flexoeleatteractions simultaneously, and
therefore allows an independent measure of the interndl fiébwever, the dynamical and
hysteretic effects of ions, and other complicated ion behayis probably the cause of
variation between experimental runs. Indeed, materialsatre known to contain less ions
have been found to produce more consistent results. Althdlegoelectricity is not ex-
pected to vary with chirality [77], here it has been found tha measured values of — e3
in this study for E7 are significantly smaller than those meas in chiral-doped E7 using
the ULH and Grandjean methods described in 82.2 and §2.8c¢tggly. This discrepancy
may also be a result of a naive treatment of ionic effects.

The crystal rotation method used with the TN geometry is reessitive with materials

that exhibit moderate flexoelectric and dielectric fieldemactions. This is because the
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method relies on a similar amount of distortion from eacledffn order to measure both
the field strength and the flexoelectric distortion simwtaunsly. This could be a significant
limitation, since many materials of interest exhibit vemyad| dielectric anisotropy and large
e1 — e3. However, a reasonable estimate of the flexoelectric ptigseasf low-ionic-content
materials could be made by modifying the analysis to allonestimate of the electric
field, rather than determining the field from transmissiotadarhis could be done, for
example, by considering the geometry and dielectric ptogseof the device and solving
the electrostatic equations using a numerical modellirdkage, as was used in §2.3.2 in
relation to the Grandjean geometry.

With the increasing demand for field-sequential displaytetogies that may exploit
the chiral-flexoelectrooptic effect, and the interest im+ohiral systems, the development
of techniques to measure flexoelectric parameters is ofragnt necessity. The TN crystal
rotation method provides a unigue way to measyre ez in non-chiral materials that has
benefits over other non-chiral methods, including the fil#yi of determining the field

implicitly from electrooptic data.

2.5 Conclusion

In this chapter, a variety of techniques have been develémedheasuring flexoelectric
properties of both chiral and non-chiral liquid crystal eré&ls. The Grandjean method
described in the first half of this chapter allows the measerg of both flexoelastic and
dielectro-elastic properties of cholesteric materiatsl the technique is used in later chap-
ters to characterise material parameters. The non-chiah&thod described in the second
half has been an attempt to more accurately measure flexoelpoperties in non-chiral
systems, by attempting to take into account the effect o€ionpurities on the internal field
environment. Particularly with the present interest inrdpaeous chirality in bent-core ma-
terials, methods to measure properties of non-chiral syst@re of particular importance,
and the challenge of dealing with ionic content is still gieg.

As will be discussed in the next chapter, the techniquesldpgd here can be exploited
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further to look more closely at the details of flexoelectrgtshing in Grandjean structures.
Up until now, the electric field has been kept small in ordeminimise non-linear effects

that can occur when there are large distortions. In the retter, the method is developed
further to look at how dielectric distortion can suppresgmnance 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 ch@ptée chiral flexoelectrooptic
effect has potential for use in ultra-fast display techg@s. From an engineering perspec-
tive, a large rotation in the cholesteric optic axis with aaximum applied field strength is
favourable, so that a maximum transmission modulation esachieved with voltages that
are within the range of what can be applied using thin-filmgrstor technology= 10 V).

As was described in §1.8.2, the flexoelectric tilt angle campproximated by,

€1 — €3 P

S ) 1
Ll oy o 3.1)

wheree; andes are the flexoelectric coefficients as originally defined byybte8], K;
and K3 are the splay and bend elastic coefficiertss the pitch of the cholesteric material,
and I is the electric field component perpendicular to the hetiabaxis. Notice that this
equation does not depend on either the dielectric anisptfon or on the twist elastic
coefficientK,. In order to maximise the rotation in the cholesteric opkisagiven byg,,

it can be seen from equation 3.1 that it is desirable eitherdieaseP, or to increase the
flexo-elastic ratide; — e3)/(K; + K3) of the liquid crystal material. The value @f can
in principle be increased arbitrarily by selecting an appiate chiral dopant concentration,
however there are other constraints on this parameter. Tble ghould be as small as
possible in order to minimise the switching response timieictvis proportional toP?.

Another constraint orP? from an engineering perspective, is that the material meshb
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the ‘circular regime’ (see 81.6.3) so as to not cause unwiaBtagg or diffraction effects.
Within the circular regime, the liquid crystal also exh#bdptical activity, with an optical
rotary power that is proportional tB* (see equation 1.38). Optical activity results in light
leakage between crossed polarizers, and because optargl power is also proportional to
A~4, itis difficult to compensate the rotation for all visible vedengths. For these reasons,
cholesteric materials designed for flexoelectrooptic i@ppbns tend to have a pitch less
than 300 nm.

Since the pitch is limited by other engineering requireragtite usual method for in-
creasingyy is to develop materials with large; — e3)/(K; + K3). Materials have been
developed that exhibit switching angles at appropriatehdgéngths and field strengths ad-
equate for technological applications [74, 56, 75, 76, Bidwever, these materials include
bimesogens, which tend to greatly increase the viscosiytlagrefore increase the switch-
ing time (which is proportional to viscosity). Furthermpas will be discussed in chapter 4,
bimesogenic materials do not respond well to homeotropgnalent conditions, which
may be necessary for a commercially viable method to aligmuttiform lying helix. Meth-
ods to enhance the switching capability without increashwe flexo-elastic ratio would
therefore allow greater flexibility in material parametsush as the viscosity, allowing im-
provement in switching time, or would allow flexibility in ddional mixture components
that are conducive to ULH alignment (which is discussed iptér 4).

This chapter is concerned with how flexoelectro-optic switg in cholesteric struc-
tures can be enhanced without using eitReor (e; — e3)/(K; + K3). The derivation of
the flexoelectric tilt angle, given in equation 3.1, which was described in §1.8.2, made
some assumptions. Firstly, it assumed thatis small, and therefore that the dielectric
energy term in the free energy can be ignored. It has beenrkifomsome time that a
positive dielectric anisotropy suppresses the flexoeteswitching [19], however in §3.2,
this behaviour is explored further and it is shown that thededitric coupling of the field to
materials with negative dielectric anisotropy can imprtheswitching angle. The Grand-

jean rotation method, described previously in 82.3, is tathpo measure the dielectric
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influence on flexoelectric switching, and the technique @iad to a chiral nematic mix-
ture E7+3.5%R5011. The optimal liquid-crystal parameterbest exploit the dielectric
enhancement in flexoelectric switching are explored nuradly, and a potential enhance-
ment of up to a degree is demonstrated.

Another assumption made in the derivationsgfoy Rudquist and others, on which the
derivation in 81.8.2 is based, is that the pitch is fixed andfiree to vary [50, 52]. How-
ever, there is no significant difference between the expmes$or ¢, that are derived under
assumptions of a pitch that is fixed [50, 52] or a pitch thatee fto change in order to min-
imise the total free energy [48], especially for small sWitg angles, and accommodating
a pitch that is free to vary is therefore not considered here.

A final assumption that is made in the derivationgfis that the imposed, fixed pitch
is equal to the cholesteric material’s natural pitch. In yneases, this assumption is likely
to be a fairly good one, however there may be situations irchvthis is not the case. For
example, the pitch of a material is, in general, a functiorteohperature. If a polymer
network is used to stabilise a cholesteric structure atfaréiit temperature to when it is
being switched, then the polymer network will impose a piticat is different from the
natural pitch of the liquid crystal. In 83.3, the derivatioiny, that was presented in §1.8.2
is generalised to the case where the imposed pitch may lezeaftffrom the natural pitch
of the cholesteric. The effect on the flexoelectric switghamgle is explored theoretically,
and methods to observe or exploit the effect are suggested.

Consider the total free energy, given by,

1 1 1
F(n) :éKl[V -h)” + QKQ[ﬁ‘ (V x i) +q]* + §K3[ﬁ x (V x i)]?
- %50A5(ﬁ VE)? = [ea(V - 2) + e5(V x @) x 1] - B (3.2)

which was first given in §1.3.4. Notice that parameters eeldd the dielectric and twist-
elastic energy terma\e and K, are present in this free energy equation but are absent from
the common expression @f, given in equation 3.1. By considering scenarios in which
there is an unusual twist or dielectric energy, however, lefind that these terms do

affect flexoelectric tilt, contrary to what is implied by exjion 3.1, which does not include
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Ae or K,. To summarise: in 83.2 the dielectric term in the free enésgyonsidered, in
which Ae is important; and in 83.3 the elastic twist energy term isstdered, in which
K, is important, and it is shown that both can potentially beduseenhance flexoelectric

switching.

3.2 Using Negative Dielectric Anisotropy Liquid Crystals

Chiral flexoelectric phenomena, discussed in 81.8.1, haea interesting both from a the-
oretical perspective, and also for potential electro@ppplications. The recent improve-
ment in flexo-elastic parameters in bimesogenic liquid talgsopens potential not only
for the realisation of electro-optic devices that explo# thiral flexoelectro-optic effect,
including displays, but also for studying new electro-cgtieffects that arise due to an in-
creased parameter space that is physically accessibleagsdigcussed in the introduction
to this chapter, the chiral flexoelectric tilt anglg, is usually given by equation 3.1. While
this linear, small-angle approximation is good for manyaitons, previous assumptions
that are common in the literature on chiral flexoelectrigitye rise to significant deviations
from real behaviour [108]. For example, dielectric and fleleotric distortions are not, in
general, decoupled, with the result that flexoelectriggifton-uniform along the helicoidal
axis and non-linear with respect to field strength [108, 1@&terials designed for flexo-
electric switching are usually engineered to have smalédigc anisotropy {\¢) to avoid
any reduction in flexoelectric tilt due to this coupling [28]. However, negativé\e ma-
terials have not been considered in this context. Here,demonstrated numerically that
negative anisotropy can lead to an enhanced electro-dfgt & some systems. A numer-
ical simulation is used to model device behaviour, and thdehis tested with E7 nematic
liquid crystal. Finally, the implications of dielectridglenhanced flexoelectric switching

for device applications is commented upon.
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3.2.1 Effect of Dielectric Anisotropy

For materials with zerd\¢, the flexoelectric tilt angle approximately follows equati3.1
and is linear with the applied field strength at small anglé tilt is due to the flexoelectric
torque on the director, which results from a reduction inftee energy contribution from

flexoelectricity, given by,
fﬂexoelectric - _<€1ﬁ(v . ﬁ) + 63(V X fl) X fl) -E (33)

wherei is the local unit-magnitude director, aitlis a field applied perpendicular to the
cholesteric helicoidal axis (see §1.3.4).

The free energy associated with the dielectric couplingpédfield is given by,
1 ~ 2
fdielectric = _§A550(n ’ E) (34)

wheree, is the permittivity of free space (a derivation is provided§1.3.1). As was
described in detail in 81.7.1, in the case of a non-z&tothe dielectric coupling to a field
applied perpendicular to the helicoidal axis induces adisin that causes a rotation of the

director about this axis, such that the director will haveaagle about the helicoidal axis

given by,
0(z) = qz + 6y sin(2q=z) (3.5)
wheref, is given by,
_ Aegg
0o(F) = Ko (3.6)

and thez-axis is the helicoidal axis (using the coordinate systeremin figure 3.1).

The flexoelectric tilt and dielectric distortion in the heglidal director structure have a
negligible influence on each other at small distortion asiglEhis is demonstrated by the
fact that both numerical methods (that take both effects amcount simultaneously) and
analytical methods (that assume the effects are indep&naeed in chapter 2 to model
the electrooptic behaviour resulting from dielectric arekdlelectric distortions, produce
almost identical results at small field strengths where th®dion angles are small. How-

ever, at larger distortion angles this is not the case andigirens based on an analytical
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Figure 3.1: The local dielectric anisotropy couples to tke&lfto distort the helix and alter
the local effective pitch. This change in pitch in turn cagpto the flexoelectric polariza-
tion, altering the flexoelectric tilt angle as illustratetihe relative effect of the dielectric
distortion on the local effective pitch is illustrated byethnes in the diagram that show
the distance between positions along the helicoidal axasialhich the director makes an
angle of 45 to the direction lateral to the field direction. A positiXx reduces the local ef-
fective pitch and therefore the flexoelectric tilt anglejsassommonly observed (illustrated
in the centre). A negativAe material, however, increases the local effective pitcld, ian
some cases can enhance the tilt angle (illustrated riglefaBse the tilt is not uniform, the
angle¢ is defined here as the angle the director is deflected abofiettalirection at the
point at which the director is perpendicular to the field. Bistortion and tilt angles have
been exaggerated for illustrative purposes.

treatment begin to deviate from real device behaviour. &loee, a numerical approach
that can allow for the dielectric, flexoelectric and elastomtributions to the free energy
simultaneously, is required to examine behaviour in thggme.

To help understand how the dielectric effect influences t#eo#lectric distortion, a
schematic representation of a single repeating unit of éeshkeric director structure (half
a pitch) is shown in figure 3.1. For materials with positike, the dielectric coupling
tends to deflect the director towards being parallel withfigld. Note that the pitch of the
twisted region effectively becomes smaller in such a dgbwatFrom equation 3.1, we can
see that for a shorter pitch, we expect a reduced flexoaddtrangle, and this is indeed
what is observed in this region for positive materials [108, 19]. However, for a negative
Ae material, the director tends to deflect towards being peticatar with the field. In
this case, the pitch of the twisted region effectively beeerfarger, and we may expect
an increased flexoelectric tilt in this region with respectie zeroAes case. The tilt also

becomes non-uniform along the helicoidal axis, and for thé&son, the angle is defined

92



Ae <0

Ae >0

v

E

Figure 3.2: An illustration of as a function of the electric field for cases where the dielec-
tric anisotropyAe, is either positive, zero, or negative. In the negathtecase, there may
be an enhancement ofrelative to the zerd\e case.

here as the angle the director is deflected about the fieldtdireat the point at which the
director is perpendicular to the field (see figure 3.1).

Additionally, whereas the flexoelectric coupling and assted distortion is propor-
tional to £ (see equation 3.1) the dielectric interaction dependszér(equation 3.4).
Therefore the dielectric distortion of the structure arsdnfluence ory is non-linear, and
is therefore expected to introduce a non-linear term(il). The situation is illustrated in
figure 3.2. ForAe = 0, ¢(E) is linear. For positive\e the dielectric interaction reduces
¢ below this level as the field increases, and for negaveve might expect an increase
in ¢ as the field increases (although at larger fields it will s@turate). This potential tilt

enhancement could have useful implications for deviceiegipbns.

3.2.2 Measuring the Dielectric Effect on Flexoelectric Tt

In order to probe this behaviour experimentally, the inotdengle dependent electro-optic
behaviour of Grandjean cholesteric structures is studmettuthe application of a driving
field of the form,

E = Eysin (27 ft) (3.7)

whereF is the field amplitude and is the field frequency. The approach was described in

the last chapter (82.3) where it was used to determine bdtbfepiane linear flexoelectric
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and in-plane quadratic dielectric electrically inducestalitions. In the last chapter, it was
emphasised that the field applied be sufficiently small ireofdr the linear and quadratic
distortion effects to be decoupled. However, as is illusttan figure 3.2, it is expected that
as the field increases, dielectric distortions can influehc&he curvature iy as a func-
tion of applied field has a cubic-like functional form, andhdse probed by considering the
3*4 harmonic, which is sensitive to such non-linearities intla@smission as a function of
voltage, in a similar way that the linear and quadratic behawan be probed by consid-
ering the 1* and 29 harmonics, as was described in chapter 2 (§2.3.5). A siioulaf the
34 harmonic as a function of incident angle is shown in figure Bl&re, a numerical rou-
tine is used to determine the director structure under fipdieation, and then a standard
anisotropic optical modelling routine is used to extraetdmplitude of the transmission at
static field strengths of = E, andE = E;/2, whereE = 0.3 Vum~!. The 3¢ harmonic
in the transmission relative to the driving frequency camtbe approximated by using a

central-finite-difference method to calculate the thirffledential, such that,

T"(Eo) ~ = (—2T(e=r0/2) + T(=E0) = T(p=—p0) + 2T (5=—£0/2)) (3.8)

=

The 34 harmonic is given as a function of angle of incidence to iasesthe sensitivity
with respect to experimental measurements, by providiaggel set of data. The results of
numerical simulations in figure 3.3 show that when = 0, the third harmonic is negligible
due to the near-linear relationship betweeand E. However, third harmonic is present
whenAe # 0, and as might be expected from the schematic illustratiofigures 3.1 and
3.2, its sign depends on the sign&t. This shows that in this field regim&s suppresses
and enhances as expected.

Following the method discussed in detail in §2.3, figure Bdvws experimental trans-
mission and 1, 2°¢ and 3¢ harmonic transmission amplitudes as a function of angle of
incidence for a device filled with E7+3.5%R5011 chiral namaguid crystal (the same
device was used in 82.3, and a description of the preparafithre device can be found in
8§2.3.1). A frequency of 1013 Hz is used to drive the liquidstay. This frequency is large

enough for the effects of ions on the field to be negligablal{ssussed in §2.1.2). The ex-

94



4
---Ae=-13.7

g _gw 2t — A =+13.7
§§_8§ = =NAe=0
s8Eg O
™ 5 2f

_4 1 1 N

-100 -50 0 50 100

Angle of incidence (degrees)

Figure 3.3: A numerical simulation of thé‘3Harmonic transmission amplitude as a func-
tion of the angle of incidence onto a cell, for a field of ampdi¢ 0.3 Vunt. The red line
simulates the expected parameters for E7, while the bleesiimulates the same parame-
ters except for an inversion df= from positive to negative. The black line is for zeta.
The third harmonic is very sensitive to curvature in the graission as a function of field
strength, and so is a useful experimental tool for obserthaglielectric influence on chiral
flexoelectric switching.

Table 3.1: Fitting parameters used in the numerical sinariahown in figure 3.4. The
simulated transmission is sensitive to small changes Betharameters, and so 3 significant
figures have been given for these cases. However, this igpggentative of the precision
of measurements of these parameters, for which only thevicstigures are significant.

And (um) SEC(FN-'mT!) 2= (CN~'m™')  E (Vum™!  Pitch P (nm)

1.93 18.6 0.472 0.28 254

perimental harmonic amplitudes have been multiplied bjofscthat take into account the
finite switching time of the liquid crystal, which is calctga using equation 2.12 in 82.3.4
of chapter 2. A numerical fit is shown for each harmonic, fromal key liquid crystal
parameters are determined through their use as fitting deasn The transmission is used
to determine the product of the material’s optical birefence and device thicknegsnd.
The ¥ Harmonic is used to measure the flexo-elastic paranteter e3)/(K; + K3) and
the 214 Harmonic can be used to measure the dielectro-elastic paeahes,/K,. Ta-
ble 6.1 shows the parameters used in the simulation. Thel&monic does not require
further fitting, but shows that the dielectric distortiorc@ntributing to a non-linearity in

exactly as expected.
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Figure 3.4: Transmission and*12"¢ and 3¢ harmonic transmission amplitudes relative
to a driving frequency of 1013 Hz, as a function of angle ofdeace for E7+3.5%R5011
cholesteric mixture. The transmission is used to meaduré, and the T harmonic to
measure the flexo-elastic parameiger— e3) /(K + K3). The 24 harmonic is sensitive to
the dielectro-elastic parameter related to the in-plastdion due to the dielectric effect,
Aegy/K,. Once these parameters have been determined, theaBnonic requires no
further fitting, but shows that the dielectric distortiorcantributing to a non-linearity .
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Figure 3.5: A numerical simulation af (in degrees) against the Patel and Meyer linear
approximation of the flexoelectric tilt angle given in eqaat3.1 (in degrees). The three
plots show the behaviour for different magnitudes of thetmmparameter, for positive
and negative cases. The= 0 case is also shown. (&| = xg; = 10.5, (b) || = 1.05,

(c) || = 0.105. The plots illustrate the influence of the dielectric anigpy on¢. In cases
wherek is negative, there is some enhancement at some angles.
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3.2.3 Maximising Director Tilt Enhancement

While the experimental data show that the case for E7+3.53%AR% well represented by
the theory, it is important to investigate the negativeregime to explore the behaviour of
any enhancement in the flexoelectric tilt. In order to do,thisvill be useful to consider
a dimensionless control parameter that describes thaveeslifexoelectric and dielectric
distortions in a cholesteric liquid crystal. By combininguations 3.1 and 3.5, we can

express a dimensionless dielectric- to flexoelectricediin ratio

90 A€€0(K1 + K3)2
Qb% 8K2(€1 - 63)2 S

which gives the relative strength of the dielectric and fidgotric distortions in a particular
liquid crystal material.

Figure 3.5 shows results from a numerical simulatiorpdas defined in figure 3.1)
against the Patel and Meyer linear approximation for theofdectric tilt angle gy, given
in equation 3.1, for three different values ©f In figure 3.5 (a),x is evaluated for the
parameters of E7, anglis determined numerically and shown as the solid red line. ddt-
dashed black line correspondsite= 0, and the dashed blue line corresponds te —rkg;.
Note in figure 3.5 (a), that while a material with= 0 follows closely the linear relation
given by the Patel and Meyer approximation, the dielectstodtion reduces the maximum
tilt angle drastically for E7-like materials. Interestipga material with a negative value
of x of the same magnitude as E7 does indeed show a slight enhantestative to when
x = 0 for tilt angles up to~ 10 degrees. However, the tilt angle is still reduced regativ
to whenk = 0 at larger angles. Figure 3.5 (c) shows a numerical simuidto wherex
is evaluated with parameters associated with bimesogeerialat whose properties have
been engineered for flexoelectric switching. These masdnae very small\e and hence
a smallx compared with E7. There is only a small perturbation from«the 0 case. Figure
3.5 (b) illustrates an intermediate value|gf. In this intermediate case, there is a notable
enhancement in the case thais negative, showing an enhancement of up to a degree at

approximately 25 degrees.
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Figure 3.6: A numerical simulation @f in the case wherg, = 22.5 degrees, against the
control parametet. For positives, the dielectric distortion always reduceselative to the

r = 0 case. However, a negativecan enhance up to a degree. A further increase in the
magnitude of a negative reducesy. This means there is an optimal valuexoét which
the tilt angle is maximised.

To explore the optimal value @f, figure 3.6 shows as a function of, for the test case
where the tilt angle at = 0 is 22.5 degrees. For positive the tilt angle is reduced relative
to thex = 0 case. However, we see that for negativethe tilt angle can be enhanced
by approximately a degree. A further increase in the mageitef a negative:, however,
leads to a reduction in, with the result that there is a maximum enhancement p@skibl

a given desired tilt angle.

3.2.4 Conclusion and Discussion

It has been shown that the dielectric distortion in cholestejuid crystals influences the
magnitude of the flexoelectric tilt at the point where theedior is perpendicular to the
field. In particular, a negative dielectric anisotrofy;, can in some situations enhance the
flexoelectric tilt at this point. For example, a materiallwite = —3.3, K7 + K3 = 29.7
PN, K3 = 6.0 pN ande; — e; = 18 pCm! would result ink = —1.77, and this would lead
to an enhancement of 1 degreeggt= 22.5 degrees relative to a material with zeta.
This is a small difference, and so it is unlikely that it woblel a major consideration when
engineering materials for optimal flexoelectro-optic siihg.

A usual concern when using negatitxe materials, is that they have a tendency to ori-

ent with the helicoidal axis parallel to the field to minimibe dielectric energy given in
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equation 3.4, as has been described in 81.7.2. However,lldsendescribed in detail in
chapters 4 (84.3.1) and 5 (85.2.1), flexoelectric polanratan contribute to the dielectric
permittivity perpendicular to the helicoidal axis, andhaillow this component of the per-
mittivity to be greater than the component parallel to thichalal axis if the liquid crystal

parameters satisfy the condition,

g teL gl t+eL 1 (61—63)2
T LT TS 3.10
2 L 2 o\ 2 Ky (3.10)

In this case, the applied field will not reorient the negative cholesteric material, and

some enhancement of the flexoelectric switching is potiypassible.

In the next section, the effect of helix constraint on fleeadlic tilt is examined.

3.3 Using Constraint of the Cholesteric Pitch

In the last section, the effect of dielectric distortion axbflelectric switching of cholesteric
liquid crystals was explored. It was suggested that in the® c# a negative dielectric
anisotropy, the dielectric effect causes an increase irdte effective pitch, which in
turn can enhance the flexoelectric switching angle by up tegesk in some situations.
Because this enhancement is only small, it is unlikely tcobee an important engineering
consideration. In this section, a completely different rapgh is taken. The influence
on the flexoelectric switching of imposing a pitch on a cht@dgs material other than its
natural pitch is explored. First, the derivation of the flebeztric tilt, ¢y, that was presented
in 81.8.2 is generalised for the case in which the naturahtty, ¢ = 27 /P, is different
from a ‘constrained’ chirality, defined ag, = 27/ Pinposed, Where P, oseq iS the imposed
pitch. It is found that for a given imposed pitch, a materighva longer natural pitch will
result in a significantly larger tilt angle, calculated tougeto a factor of 2.3 for parameters
corresponding to a bimesogenic liquid crystal. Suggestare given as to how the effect

may be measured and exploited.
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3.3.1 Generalisingy, to Cases Where; # ¢,

Adapting the derivation by Rudquist [51, 52] (c.f. the datien given in §1.8.2), the di-
rector of a constrained helicoid, where the imposed pit&h,.s.q, IS in general not equal
to the natural pitch of the cholesteric material, with itidwdal axis parallel to the-axis,

can be described by,

Ny COS (% COS @
n=|n, | = sin g.2 (3.11)
n, — COS (2 Sin ¢

wheregq. is the constrained chirality, given iy = 27/ Piposed, @nde is the angle of the
director tilt about thej-axis (see figure 1.14 in chapter 1 for an illustration of tirector
and coordinate system). By using these components iof the free energy expression

given in equation 3.2, and omitting the dielectric energynteve get,

1 1 1
F = Kig? sin® gezsin® ¢ + 5K (g = e 005 6)° + 5 K(qf cos” gez sin® 6)

— E(e1q.sin? gz sin ¢ — e3 cos? g,z sin ¢) (3.12)

Since we want to know the tilt angle when the total free energy of the whole system is

minimum, we average over a whole number of pitches usingatietiiat,

1
(sin® g.2) = (cos® q.2) = 3 (3.13)

and so the average volume energy density is,
1 9 . o 1 5 1 )
(F) = {0 + Ky)alsin® ¢+ S Ka(q = qecos¢)’ — 5 (e —e)Bgesing  (3.14)

In order to determine the value gfthat minimises the total energy (assuming a fixgd

we take the differential and minimise by setting equal t@zer

F 1 1
a(’<3¢> - §(K1 — 2K+ K3)q; sin ¢ cos ¢ + Kaqqe sin ¢ — 5(61 —e3)Eq.cos ¢ =0 (3.15)

which can be rearranged fein ¢,

€1 — €3 (K1 — 2Ky + K3)q. .
t = E — 3.16
an ¢ 2o 2 ag sin ¢ ( )
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Finally, for small angles we can make the approximation thatp ~ sin¢ ~ ¢, and

simplify the expression for the tilt angle,

q K1+K3 (61 —eg)E
- — ——+1 =" 3.17
(qc oK, ) = g (3:17)

which can be written,

-1
¢o(E) = 7[2 . Zg : {1 + 7[(12?[(3 <q2 - 1)} (3.18)
which gives the flexoelectric tilt angle in the case that theural and imposed pitches are
not the same. This result has been previously derived byBamnes [109, 110]. When
g = q, we see that equation 3.18 will simplify back to the previoesult for ¢, from
equation 3.1. Hence, we find that the tilt angle is expectetifter from the unconstrained
case by a factor that is independentfof which is given by the expression in the curly

brackets in equation 3.18.

3.3.2 The Influence of Pitch Constraint and Different Elastc Parame-
ters

It is interesting to look at the behaviour one might expeotrfrequation 3.18. Figure
3.7(a) shows), as a function of the applied field strength, according to #gn&B.18, in
the case where parameters are those corresponding to Eig whe- e3)/(K; + K3) =
0.46 CN~'m~! (based on the measured value from chapter 2, 82.2)4kig) / (K| + K3) =
0.48 (based on values provided by the material supplier, Mefok)different values of the
ratio ¢/q., at an imposed pitch of 250 nm. For comparison, 3.7(b) alswsky,(F), but
using parameters corresponding to a bimesogenic matehniedefe; — e3)/(K; + K3) =
1.1 CN'm~! (based on a measurement by Castles [111] of a bimesogeraciatased in
chapter 6), an@2K,) /(K + K3) = 0.56 (based on a measurement éf, + K3) in chapter
6 and a value of<; from the literature), also for an imposed pitch of 250 nm. Tigares
show that there is a significant increaseirwheng/q. < 1. In the case that/q. = 0, there
is a factor of 1.9 enhancementdy compared with the/q. = 1 case for E7 parameters,
and a factor of 2.3 enhancement for parameters correspptalthe bimesogenic material

used in chapter 6.
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Figure 3.7: The flexoelectric tilt angle of the director inretesteric liquid crystal is shown
as a function of the strength of a field applied perpendidald&hne helicoidal axis, in cases
where the natural cholesteric pitch is unequal to the imgppgteh, based on the analytically
derived equation 3.18, where the imposed pitch is 250 nmcdses where parameters
correspond to those of (a) nematic E7 and (b) a bimesogeniriaaalso used in chapter
6. There is a significant enhancement of the tilt angle as eifumof applied field strength
in the cases where the natural pitch is significantly longantthe imposed pitch, and the
sensitivity of ¢, to the ratiog/q. is dependent upon the ratiaK,) /(K + K3), which is
further illustrated in figure 3.8.

The difference in the factors corresponding to E7 and theebogenic material are due
to the sensitivity ofp, to the ratio(2K,)/(K; + K3). Figure 3.8 shows), against the
ratio ¢/q. under the application of a constant field of 0.1 Vimfor different values of
the ratio(2K,) /(K + K3). Wheng/q. = 1, then the system is insensitive to differences
in (2K,)/(K; + K3), however, it can be seen in figure 3.8 that for valueg/af towards
zero, the ratiq2K,)/(K; + K3) has a larger influence aopy. Therefore, if we are to use
pitch constraint in order to enhance the flexoelectric dvifig angle, then it is best to use
materials with large<, and smallk’; + K3, as can also be seen from equation 3.18.

To think intuitively about this result, we can imagine thatthe director of the chol-
esteric tilts due to flexoelectricity, the pitch of the twidtthe structure becomes longer

such that,

Rm ose
Pyiy = —mposed (3.19)
cos ¢
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Figure 3.8: The flexoelectric tilt angle of the director inretesteric liquid crystal is shown
for a fixed field strength of 0.1 Vum, as a function of the ratio of/q., for a range of
values of the elastic rati®K,)/(K; + K3), for the case where the value of the flexo-
elastic parameter is given by (a) 0.46 Cish—! (corresponding to that of E7) and (b) 1.1
CN~!m~! (corresponding to that of a bimesogenic material also us@thapter 6.) Note
that (2K,)/(K; + K3) for E7 is 0.48 and for the bimesogen material is approxirgatel
0.56, although a range of values are shown to illustrate éimeigl behaviour. These plots
show that in order to maximise the enhancement in the flegtvedeswitching due to pitch
constraint, then it is favourable to have a lafgerelative toK; + K.

and the pitch of the bend-splay pattern gets shorter suth tha

Pipose
Pbend—splay = SIIIi (b d (320)

as illustrated in figure 3.9. Sineg — e; couples to bend-splay, the free energy due to flex-
oelectricity is minimised whe®,enq-spiay IS Minimised, and hence whefy is maximised.

In contrast, the bend and splay elastic energy are minim@h A, q-spiay 1S Maximised,
and hence whem, is maximised. Ignoring for a moment the twist elastic freergy,
referring to the free energy given in equation 3.2, for sraaljles, the flexoelectric free
energy (the last two terms in the free energy) goes downdiyneath increasingp,, while

the bend-splay combined elastic energy (the first and temdXgoes up quadratically with
¢o. Hence, in the absence of a twist energy term, at some valyg tie flexoelectric and
bend-splay elastic energy is balanced, and an equilibrigins reached. The bend-splay
elastic energy is reducedif; + K is reduced, therefore, a larger equilibriggoccurs if

K + K5 is small.
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Figure 3.9: An illustration of a cholesteric structure watkiniform tilt ¢ in the director. (a)
The axis normal to the director, and along which there is attinithe director. The pitch of
the twist is approximated by equation 3.19. (b) The heliabaxkis of the structure, which
is defined as the axis normal to planes of uniform directoe planes of uniform director
have a periodicity along the helicoidal axis with a chamastie pitch, P,poseq- (C) This
line is a cross section of a plane of pure bend-splay in thexthr. The bend-splay director
pattern has a periodicity along this axis approximated lmag&qn 3.20.

In addition to this, the twist elastic energy also depends@nThe twist energy is
minimised whenP,;s; = P, i.e., when the twist in the structure is equal to the natural
pitch. If the system is constrained such that the imposeuth pst shorter than the natural
pitch, the twist energy can decreasepgsncreases. A larger value éf, will increase the
free energy associated with a difference betwBeand P,;s;, and hence, a larget, will
provide a larger enhancement in cases whége < 1.

In the case that the factor in curly brackets in equation & ¥@ro, then the cholesteric

structure without a field applied becomes unstable. Forhbéesteric to remain stable, the

parameters must satisfy the condition that,

2K2 q
1+ ——F7"7(—-1 > 0 3.21
{ K1+K3 <QC )} ( )

and we can rearrange this to write,

K+ K > (1 - 2) 2K, (3.22)
e

If this condition is not met, then the reduction in twist ¢él@agnergy from increasing, is
greater than the cost in bend-splay elastic energy, andietste that is pure bend-splay

is lower in energy than the twisted structur@he twisted structure is therefore unstable.

A similar threshold between bend-splay and twist structiias been considered in the pi-cell in order to

104



It should be noted that liquid crystal materials generadiysdy this inequality. In order to
maximise the enhancement due to the helix constraint, ﬁte;g%% should be as large

as possible, but still satisfy the inequality in equatia223.

3.3.3 The Use of Polymer Networks for Pitch Constraint

Of course, one may ask how realistic a scenario in whieh = 0 is. In a recent paper
[113], a polymer network was produced in a highly chiral eystin which the remain-
ing liquid crystal was removed using a solvent and then wulawith a non-chiral liquid
crystal. The non-chiral liquid crystal was found to ‘tentefahe structure of the polymer
network, that is, to form the same structure and periodastyhe polymer network, whose
structure had been taken from the chiral liquid crystal malte Hence, in this situation,
the conditiong/q. = 0 was indeed realised, albeit in a blue phase rather than asteadic
geometry. It would be interesting to repeat a similar preaesng a ULH device, such that
one could observe the effect of the templated liquid crisstedtural pitch on the resultant
flexoelectric switching characteristics.

It is known that polymer networks tend to reduce the flexdeleswitching angle in
cholesteric materials [114, 115]. It is not known at presed@ctly how the polymer net-
work will influence the elastic properties of the liquid dsfs It may be that in order to
stabilise and impose a pitch that is significantly differeain the natural pitch of the liquid
crystal, a concentration of polymer network would be reggithat would be so large as to
prohibitively reduce the flexoelectric switching capalilWithout further experiments, or
accommodating the influence of the network into the theamgrnains an open question

for further work.

measurdss by Brimicombe [112]. The pi cell can be considered as a systemhich the pitch is constrained
due to the surface alignment condition. Since liquid cigataually have a larger combinatidf, + K3 than
2K, then a twist state in a pi cell is lower in energy than a bepldysstate. However, there is a threshold
at which a voltage applied parallel to the helicoidal axili @hange the lowest energy state to the bend-splay
state, due to the dielectric coupling. A combination of thieshold effect and the flexoelectric effect used in
polymer stabilised cholesteric structures could potéptige 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 aodtlsteric under the application of

a field applied perpendicular to the helicoidal axis has lgpmreralised to the case where
the pitch may be constrained to be other than the naturdi.pltice result of the derivation
suggests that there is a significant enhancement of up tda fafc2.3 in the tilt angle as

a function of applied field strength in cases where the nhpiteh is significantly longer
than the imposed pitch. The sensitivity @f to the ratiog/q. is dependent upon the ratio
(2K,)/(K1 + Ks). In order to maximise the enhancement due to the constré@ut.ea
large ratio(2K,)/(K, + K3) is favourable. These results should be taken with caution,
however, as in order to produce a strong constraint comdiagpolymer network may be
required, whose additional influence on the switching ahgkenot been considered.

A constraint condition in whicly/q. = 0 has been demonstrated in blue phases via the
use of polymer networks [113]. In chapter 6, the effect ofdkdectric switching in blue
phase systems with no polymer networks is investigateds fibund in that chapter that
flexoelectricity contributes to Kerr switching in blue pkas Enhancement of flexoelec-
tric switching in templated blue phase systems in whigh. = 0 may therefore also be

interesting to investigate in a further study.

3.4 Conclusion

In this chapter, the dielectric and twist-elastic energyntein the free energy equation
(equation 3.2) have been considered in the context of emmatite flexoelectric switching
of cholesteric liquid crystals. In 83.2, the effect of dethic distortions on the flexoelectric
tilt angle in the director was investigated, and it was foandherically that although a pos-
itive dielectric anisotropy always reduces the flexoelediit, the tilt can be enhanced by
up to a degree in some situations in which a negative digteaniisotropy material is used.
A technique for observing the coupling of dielectric and dlebectric effects in cholesteric
liquid crystals based on electrooptic measurements of di@an structures was developed

and a numerical simulation of the liquid crystal electraofitehaviour was shown to be
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consistent with experimental electrooptic behaviour dfatbdoped E7 liquid crystal, in
which a positive dielectric anisotropy reduces the flexcteletilt angle. The enhancement
possible by using the dielectric coupling to the tilt angl@ot large enough to be a serious
consideration for technological application.

In 83.3, the derivation of the flexoelectric tilt in a cholest under the application of a
field perpendicular to the helicoidal axis was generalisedaises where the natural pitch
and imposed pitch are not equal. Such cases can exist wheeitha polymer network
formed with a pitch that is different from the liquid crystaitch. It was found that theo-
retically a significant enhancement of the flexoelectricciluld be achieved by imposing
a pitch significantly shorter than the natural pitch of thggiid crystal. The sensitivity of
the enhancement in the tilt with respect to such pitch camgtis strongly dependent on
the ratio of twist and splay-bend elastic consta(#,)/(K; + K3). In order to produce
the greatest enhancement, this ratio should be maximisegeytr, a question remains as
to the effect of a polymer network on the switching, as it isWwn that polymer networks
reduce the flexoelectric switching angles in cholestequitl crystals [114, 115], and this
effect has not been taken into account in the analysis.

While in this chapter, enhancement of chiral flexoelectwitching has been investi-
gated, in the next chapter, a different aspect of chiral #éeairic technology will be ad-
dressed: Uniform Lying Helix (ULH) alignment. The ULH is tineost heavily researched
potential method for exploiting the chiral flexoelectraopffect in display applications,
but development is hindered because of the difficulty in fagnand making stable, ideal
ULH structures. Chapter 4 will discuss the key problemsyipres work on the subject, and

the development of a series of new approaches to ULH alighmen
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Chapter 4

Uniform Lying Helix Alignment

4.1 Introduction

As we saw in chapter 1, flexoelectric polarisation inducest antthe director about an
electric field applied perpendicular to a cholesteric lihjarystal helicoidal axis. If the
pitch is much less than the wavelength of light, then theidigquystal acts as a uniaxial
wave plate, whose optic axis orientation can be controllig afield transverse to the film
via a flexoelectrically induced rotation of the directom& its conception, this high-speed,
linear and in-plane electrooptic effect has elicited agieal of research interest, especially
when exploited in the Uniform Lying Helix (ULH) geometry [5816, 19, 117, 108], which
was introduced in §1.8.4.

As noted earlier, the development of materials optimisedtlie flexoelectric effect
mean that rotation angles &f22.5° (and in some cases45°[73]) can be readily obtained
with switching times typically of microseconds [74, 56, 7, 57]. This development
would allow the possibility of large area, wide-viewingeg®, grey-scale, field-sequential
colour, video rate and glasses-free multi-user time-iplgixied autostereoscopic 3D display
technologies, however most methods for ULH alignment dgonaduce an adequate align-
ment quality, and new insights into this problem are in gresed [54, 53, 118, 119, 120,
42,121, 122]. The alignment quality has a direct impact enlackest state of the liquid
crystal between crossed polarizers, which is critical t@aak’s optical contrast between
bright and dark states. Improvements to ULH alignment teghes are therefore of critical

importance.
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This chapter is therefore concerned with the key challefglbl alignment. Some im-
portant issues are discussed first, and how the ULH can be stalie with homeotropic
surface alignment conditions is described. Previous nustfior ULH alignment are re-
viewed, and inform a series of new approaches to ULH formatat produce stable ULH
textures without any polymer stabilisation, which will besgribed in the rest of the chapter.
The first method utilises periodic boundary conditions tdarmly align weakly-chiral ne-
matic liquid crystal textures in 84.2. The use of in-plané@sing fields is then commented
upon in 84.3. In 84.4, a combination of homeotropic surfdgmment and unidirectional
nano-grooves made by a relatively simple and low-cost m®eadopted. Finally, in 84.5
micron-scale channels are created using a replica-maptdichnique, and shown exper-
imentally and theoretically to promote a high quality ULHgalment with the helicoidal

axis oriented parallel to the channels.

4.1.1 Surface Energy

Different alignment conditions can promote different ahgents of cholesteric liquid crys-
tals within devices (see figure 1.10 in 81.6.3). In devicds wianar surface anchoring, the
Grandjean texture, in which the helicoidal axis is perpeuldir to the confining surfaces,
is the most stable and lowest energy state. Planar ancheasgfor example, adopted in
§2.3 to promote a Grandjean structure. The Grandjean stau the lowest in energy be-
cause the director is uniformly in the plane of the liquidsta cell, and can meet the planar
alignment condition while remaining undistorted (assugrtime cell thickness is an integer
number of half-pitch lengths). The director of the ULH sture, however, is not uniformly
in the plane of the cell, and distortion and/or defect linesun near the surfaces due to
the planar surface anchoring condition, resulting in adafgee energy density [123]. As
a result, alignment of ULH structures on planar surfacestssiable and quickly reverts
back to a Grandjean alignment, which reduces the free energy

In the case of homeotropic anchoring however, the situasitess clear. Homeotropic

anchoring is not compatible with either Grandjean or ULKgaihents, and so in both cases
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elastic distortion and an increase in free energy densitywatur. The total free energy per
unit area is given by,

VVtotal = Wsurface + Wbulk + Wdefects (41)

wherelV,, i is the bulk energy per unit areB/,.¢..ts iS the defect energy per unit area, and

Wsurtace 1S the surface energy per unit area, where,

Wsurface = %(1 - (ﬁ ' §)2) (42)

where W is the surface anchoring strengifn,is the unit magnitude director, aridis a
unit vector normal to the surface (see 81.2.2). In the limitery weak homeotropic an-
choring, there are no defects or elastic distortions duateraction with the surface, and
hencelVyue = Waeteets = 0 andWigta = Wiwrtace. FUrthermore, for the planar Grandjean
geometry in this situatiori}..., = Wy/2, because at all positiors- § = 0. On the other
hand,W...c. fOr the ULH isW, /4, because in some places along the helix, the director is
homeotropic and therefore compatible with the homeotropidition. Hence, in the limit
of weak homeotropic anchoring the ULH is lower in energy tttemGrandjean geometry.
In fact, for weak anchoring, the total free energy of the @jaan increases at twice the rate
with respect tdl, as the ULH. Importantly, this means that the ULH can be maalelet
by employing weak homeotropic anchoring. Experimentallis well known that weak
homeotropic anchoring tends to promote the finger-print bHUWextures in cholesteric
materials [124, 125], and this effect is illustrated in figudr.1.

Stronger surface anchoring causes director distortiodsaanassociated elastic free
energy cost, in both the cases of ULH and Grandjean georsetiethe limit of strong
anchoring, the Grandjean will saturate when the defeet-theector field is completely
homeotropic at the surface interface. The ULH, howevemtsiirectly topologically com-
patible with uniform homeotropic alignment, and in the liwfi strong homeotropic anchor-
ing defect lines form, which further contribute to the eryeod the system, at which point
the director in the ULH can also be completely homeotropihatsurface interface. Both

the ULH and Grandjean structures on homeotropic alignnmemive considerable elastic
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Figure 4.1: Non-chiral nematic liquid crystal E7 was allaise mix with chiral-doped
E7 within a cell that had been treated with weak homeotropgnaent layers on top
and bottom substrate surfaces, resulting in a gradien&romcentration of chiral dopant
increasing from left to right. The image shows a polarizingrnyscope image of the cell,

and demonstrates that homeotropic alignment promotes erfingt texture over a range
of helical pitch lengths.

distortion near the surfaces. In the Grandjean case thisowih reorientation from the
homeotropic surface to the bulk planar state over the estirace area. In the ULH case
the distortion is less uniform, but is substantial in thanity of the defect. If we therefore
assume that the elastic energy per unit area is similar in baH and Grandjean cases,
then we might suggest that the additional energy of the tkiefe¢che ULH case means that
the total energy of the ULH saturates at a higher level tharGhandjean, as illustrated in
figure 4.2.

A second situation is in fact also possible that does notlwevdefects. Instead, the
ULH structure can form a continuous distortion, involvingegion of reverse twist, near
the surface interface with a period equal to the pitch, arah d$bat in some areas there
is even a region in which the director twists in the opposiese to the natural chirality
[123]. Such a deformation has a large free energy densitiyywaruld also suggest that the
ULH is more costly in energy than the Grandjean case [123]. Xlriously, there has not
been any published experimental data to show a cross-oegrergy of the two structures
at larger anchoring strengths, as homeotropic alignmesmgrglly form ULH configura-

tions on cooling from isotropic [124]. This may suggest thatneotropic anchoring agents
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Figure 4.2: An illustration of the total energy per unit anéa,., as a function of the
homeotropic anchoring strength, for ULH and Grandjean geometries. In the limit of
small Wy, Wi.ar 1S proportional tolV,. Due to its partial compatibility with homeotropic
anchoring W, for the ULH rises slower than that for the Grandjean geomé#étgrefore

in this region the ULH is lower in energy and stable relativdhie Grandjean geometry.
However, at largéV,,, the ULH W, Saturates at a larger energy than that of the Grand-
jean due to distortion and the creation of defect lines. Aaai IV occurs where both
configurations are equal in energy. Note that the behavibur,g., at intermediary values

of W, are not well represented by the plot, but modelling of thealvedur in this region is
beyond the scope of this work.

available are not strong enough for such a cross-over to berodd experimentally. We
also generally observe that under flow, devices with horoeatralignment conditions tend
to form stable Grandjean-like textures. It may be the caaehbth Grandjean and ULH ge-
ometries are quasi-stable, and the history of the devicgp@eature or flow history) is more
important than which state is the global energy minimum itedeining which geometry

is formed.

What is observed experimentally is consistent with the alaigcussion. Planar an-
choring causes the Grandjean texture to form spontaneawmsbooling (figure 4.3(a)),
while a weak homeotropic anchoring surface treatment {gdeasing lecithin) promotes
a randomly oriented ULH (focal conic) texture (figure 4.3(bHere, a second problem
that must be overcome in order to form a desired ULH texturebmseen: orientational
degeneracy. Whilst the weak homeotropic anchoring favolts alignment, the observed

texture has no preferred direction. To promote a singlegpredl ULH alignment direction,
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Figure 4.3: Polarizing microscope images of the Grandjeatute (left) which has been
promoted with planar surface anchoring, and the focal caxizire (right) which arises on
cooling a short pitch cholesteric from isotropic where thbstrates have been treated with
a weak homeotropic anchoring condition.

an orientational-degeneracy breaking agent or conditierefore must be employed.

Most of the alignment techniques described in this chagtgran homeotropic align-
ment conditions to produce a ULH alignment. It should be agt@wever, that liquid crys-
tal materials designed to have large flexoelectric coeffisismnamely bimesogenic and bent-
core liquid crystals, do not respond well to homeotropigranent conditions [126, 78], in-
cluding lecithin, which is used throughout the work presénit this chapter, and that this
problem has not been addressed. However, successful hapieclignment of bent-core
liquid crystals using trichloroocta-decyl silane in hepdnas been reported elsewhere [78].

In the next section, previous methods of ULH alignment asewised. While in the
work presented in subsequent sections, a homeotropicnadighcondition is adopted in
combination with a variety of methods for breaking the diétional degeneracy, this ap-
proach is in contrast to the most common method for ULH aligntm the literature, which
adopts planar alignment conditions and exploits the dieteceorientation of positive di-

electric anisotropy materials under an applied field.

4.1.2 Previous Methods

Attempts at solving the problem of ULH alignment have beemearous but with varying
and limited success. Many of the methods have producedmabkoalignment, however,

for most technological applications, either the alignnieag not been of sufficient quality,
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or the complex surface treatments and processes involeedarsuitable for economical
mass production. Here, methods that have been tried in gtenpibe described, and the

work in this chapter that attempts to address these probieliise introduced.
Planar Alignment Methods

The most common method for ULH alignment is to use planamatignt surface layers
and cool from the isotropic phase in the presence of a trasswectric field. Due to the
dielectric effect, the transverse field makes the ULH faeduwver the Grandjean geome-
try (see 81.7.2) [127]. A more uniform alignment can also baamed by exploiting the
electrohydrodynamic effect [42]. However, as was disadissehe previous section, the
ULH is not stable in cells with planar surface conditionsg aapidly reverts to a Grand-
jean geometry on field removal. To prevent this, polymeriBsation is often employed
[54]. A liquid-crystal host will have been mixed with a re@etmesogen, which can then be
polymerised in-situ using ultra-violet radiation. Theukant polymer forms a network that
stabilises the ULH from reverting to the more stable Graawgructure after the field is re-
moved. Polymer network can be formed throughout the liguoydtal or be localised to the
surfaces to improve switching characteristics [53, 119jisTmethod is reliable, however
forming the ULH using a transverse field prior to polymeiisatoes not yield a sufficient
alignment quality. Furthermore, polymer networks haveitamtthl disadvantages, leading
to larger switching voltages and potentially reducing thgaal contrast by having residual
birefringence [114, 115] and introducing light scatter§1229]. No polymer networks are
used in this thesis.

In a related method, Gardiner used in-plane fields with planahoring to produce the
ULH before polymerisation to stabilise against revertioghte Grandjean structure [122].
This method proves particularly effective, although ag#ie requirement of polymer net-
work is sub-optimal. In 84.3, the method is repeated and thi@ issues discussed, before
a modification to the method is demonstrated that allows thid td remain stable on re-

moval of the field without polymer stabilisation. Experintaty it is shown that both the
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flexoelectric and dielectric effects can be exploited tgrathe ULH with in-plane fields.
Homeotropic Alignment Methods

In work by Komitov, periodic boundary conditions were usalternating between homeo-
tropic and planar alignment [118, 120]. The idea is to malehtopology of the periodic
ULH directer orientation next to the alignment surface. Kwom suggests that as long
as the planar regions are shorter than the pitch of the mhteso that Grandjean does
not form above them, then it is not vital that the periodiaiythe boundary condition
is commensurate with the material’s pitch [118]. The plamgions act as a symmetry-
breaking agent that promotes a single direction of ULH atignt. This general principle,
of orientational symmetry breaking, is addressed in allknat ULH alignment. In order
to understand Komitov’s approach, in 84.2 a related appresmg long-pitch materials
is presented. Although long-pitch materials are not ugualhsidered in flexoelectrooptic
ULH technology, they have the advantage that the structamebe observed clearly using
polarizing microscopy.

Carboneet al used periodic surface structures to encourage seedirgdfriepological
discontinuities, reducing the energy of the ULH relativéite Grandjean structures by re-
ducing the energy of these lines [121]. The structures wayadated using laser-scanning
lithography; an effective but expensive technique thatappropriate for mass production.
In 84.4, nano-grooves are fabricated using a polishing @amg to produce a ULH align-
ment by what may be a similar mechanism. The process is chmehpaald be scaled for
application.

In another study by Carboret al. a highly ordered and stable ULH alignment was
achieved using homeotropic alignment in polymer chanri&d$ [The channels break the
in-plane orientational degeneracy, resulting in the ueitional ULH being the lowest en-
ergy configuration. By far the most uniform ULH texture in fiterature, the method also
requires additional processing and complexity, making#uitable for industrial-scale pro-

duction. In 84.5, similar channels are produced using arigpler process involving surface
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glass [ [
template glass coated in PDMS glass substrate
spin-coated with lecithin

Figure 4.4. A schematic illustration of the stages involuegroducing periodic surface
alignment conditions (not to scale). (a) A cast is made ofadd diffraction grating with

a pitch of a 6.6 pm using polydimethylsiloxane (PDMS). (bp$§3 that has been coated
in PDMS is spin-coated at 3000 rpm for 30 seconds with 0.1 we@ithin disolved in
propanol. The PDMS cast is lightly pressed against the PDMf$ed glass, and lecithin is
partially transfered onto the tips of the cast. (c) The WlaR®MS cast is pressed against
a clean glass substrate, and the lecithin on the cast ideéradsto the glass resulting in a
striped periodic lecithin print. The process is repeatedfeecond substrate, and a liquid
crystal cell is assembled using the substrates.

relief structures. Similar structures are already use@mroercial displays, demonstrating
the potential viability of the technology [130].
In the next section, a periodic-boundary printing techeicuused with long pitch ma-

terials.

4.2 Printed Periodic Boundary Conditions in Long-Pitch
Systems

While Komitov’s work, in which periodic alignment conditis were created, was suc-
cessful at producing a ULH texture, the alignment qualityswat of a sufficient quality
for most display applications. In the brief study descrilethis section, a print-transfer
technique is adopted, illustrated in figure 4.4, to produperéodic homeotropic boundary
condition. A relatively large-pitch periodic print struce of 6.6 pm was chosen, with a
chiral nematic material with a similar periodic length sab allow the helicoidal struc-
ture to be observable with polarizing microscopy. Althowgte should be careful when
extrapolating results between very different scales otedteric pitch, the motivation for
using long-pitch materials is to gain insight into alignrhehliquid crystals on periodic

substrates.
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Figure 4.5: Polarizing microscope photographs of a celhwériodic homeotropic bound-
ary conditions (pitch 6.6 um) filled with chiral-doped nemd7 whose pitch is approxi-

mately commensurate with the pitch of the boundary conditad 60C. (a) Some areas of
the cell show a fingerprint texture consistent with homgatrgurface conditions. In other
areas, the boundary conditions have aligned the liquida@irpelicoidal axis perpendicular
to the lecithin stripes. (b) and (c) show such alignment whiee lecithin stripes are parallel
and at 45 to the analyser respectively.

Nematic liquid crystal E7 was doped with 0.7 wt% chiral addaR5011, resulting
in a long pitch of14.8 + 0.8 um at room temperature (corresponding torar@tation of
the director). The material was engineered to have a piteghly commensurate with the
6.6 um printed lecithin substrates. A cell of thickness ggethan 30 um, with periodic
boundary conditions on both top and bottom substrate sesfatade using the printing
technique, was filled with the mixture. On cooling from thetispic phase to 60 some
areas of the cell show a fingerprint texture, shown in figus€ad. The fingerprint texture, in
which the helicoidal axis is perpendicular to the subss;atea consequence of homeotropic
boundary conditions [124, 125], and has no prefered heladaxis orientation. In other
areas of the cell, the liquid crystal has been influenced éyériodic boundary conditions,
shown in 4.5(b) and (c). Discontinuous boundaries appe@vdsn regions of uniform
alignment. These discontinuities might arise becausadhbéllcrystal pitch and boundary-
condition periodicity are not exactly commensurate.

A second cell, of thickness 20 um made in the same way and fili¢d the same
14.8 pum pitch liquid crystal mixture, is shown in figure 4.6.16&v magnification image
shows a large region of aligned texture, with much largetadises between discontinuous
boundaries. By holding the liquid crystal close to the necaigbtropic transition temper-

ature and varying the temperature slowly, the texture wasddo become more uniform.
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Figure 4.6: Low magnification polarizing microscope photghs of a second cell with
periodic boundary conditions and filled with chiral-doped @ = 14.8 um) where (a)

the periodic striped boundaries are parallel with the podéarand (b) at 45 (c) Shows a

slightly higher magnification and a rotation of 22t6 the polarizer.

Although the pitch was not measured for this material as atfan of temperature, it is ex-
pected to vary slightly. The fluctuating pitch with variatgin temperature may contribute
to the alignment quality.

This study has shown that periodic homeotropic boundarditions heavily influence
the director orientation and can result in a uniformly orgehlying-helix texture. While
detailed conclusions cannot be drawn from this limited gtddfects have been observed in
the ULH structures here. Itis likely that shorter pitch gyss would also contain alignment
defects. This may suggest why the work by Komitov using shidh materials did not
produce a high quality alignment, although more work is neglito know with certainty.

In the next section, a different method for ULH alignmentxamined, and we return

to short-pitch systems.

4.3 In-Plane Switching Fields

In this section, Gardiner’s method (reference [122]) forHU&lignment that relies on the
application of in-plane switching (IPS) fields using intgithted electrode structures is
examined and extended. The method is demonstrated to wolothb flexoelectric- and

dielectric-dominated materials, and differences betwberalignment mechanism in these
two types of materials is commented upon. ULH structuresemasing the technique re-

vert to the Grandjean texture on removal of the field in celihwlanar alignment. It is
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Figure 4.7: An illustration (not to scale) of the structufe-Plane Switching (IPS) in-
terdigitated electrodes, which are etched onto a glasgrstsurface in order to produce
an electric field in the plane of a liquid crystal cell. IPSattedes used in this study are
separated by 9 um and are 5 um wide.

demonstrated that this problem can be mitigated by usingak\wemeotropic alignment
condition, which destabilises the Grandjean in favour eflihng helix geometry, as was

discussed in 84.1.1.

4.3.1 Theory
Fields Produced by Interdigitated Electrodes

In-Plane Switching (IPS) cells contain a series of intatdigd electrodes that are etched
onto one glass substrate surface, as illustrated in figureAlvoltage difference between
alternating electrodes results in a non-uniform field witla@e component in the plane
of the device. A simulation of the electric potential anddjeflone using a commercial
electrostatics finite-element software package (COMSOlLtifphysics), is shown in figure
4.8, and shows several significant features. There is a tamggonent of the field in the
plane of the device between the electrodes, however, thieifiagion-uniform and much
stronger near the electrode edges. The field also has arf-plaree 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 choleéstanaterial (ZLI-4792
+ 2.7 wt% R5011), an electric field produces a reorientinguerthat promotes the align-

ment of the helicoidal axis perpendicular to the field, whighimises the dielectric energy.
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Figure 4.8: A numerical simulation of the electric field {)edind electric potential (right)
in a 5 um thick device with interdigitated electrodes. Thaiwdation shows a cross-section
of a single repeating unit of 28 um, in which the electrodessaparated by 9 um and are 5
pum wide. The simulations show that there is a large compaofahe field in the plane of
the device, however, above the electrodes there is alsdiealeromponent.

This effect is discussed in 81.7.2, where it was shown tleatlifierence in energy between
alignment of the helicoidal axis parallel and perpendictdahe field (ignoring any flexo-

electric polarization) is given by,

1
5feffective - ZASE‘:OEQ (43)

For typical material parameters for a mono-mesogenicdiguystal \e = 10) and a field
of 10 Vunt?, we find thatd f.gective = 250 PV 3.

The field that is produced by interdigitated electrodesywshia figure 4.8, has in-plane
and out-of-plane components. The only orientation thasfes$ the condition that the
helicoidal axis is perpendicular to the field at all posisos where the helicoidal axis is
oriented parallel to the electrodes. However, if the fieldeugniformly in the plane of the
device, then the helicoidal axis could take any orientatinat is perpendicular to the field,
which could also be out of the plane of the device. Thereftire,inhomogeneity of the
field is a crucial feature of the device to allow a uni-diren@al ULH alignment. Indeed,
in cells that have standard ITO electrodes on top and bottaonder to produce a uniform

transverse field, a focal-conic with the ULH oriented rantiom the plane of the device
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is commonly observed for materials with positive dielecemisotropy and relatively small

flexoelectric coefficients when a field is applied [41, 42,4&,45, 46].
Flexoelectric Dominated Cholesteric Materials in Electrc Fields

The very small dielectric anisotropy of bimesogenic matsrprecludes the above mecha-
nism for ULH alignment in fields produced by interdigitategldis. However, it has previ-
ously been demonstrated that fields produced by intertigitalectrodes can also be used
to reorient the helicoidal axis of cholesteric materialshwarge flexoelectric parameters
but small dielectric anisotropy [122]. In this case, a d#f® mechanism of alignment is
likely.

For a cholesteric material in which there is no flexoelegiatarization, the effective di-
electric permittivity along the helicoidal axis4s , and perpendicular to the helicoidal axis
is (¢ +€.)/2. However, we will see in chapter 5 that flexoelectric polatian enhances
the effective dielectric permittivity perpendicular teethelicoidal axis of a cholesteric (this

result is derived in the main section on this topic in 85.8)ah amount,

_ 1 [ (ex—es)?
Eflexo = o (2(K1 + Kg)) (44)

Therefore, the difference between the effective pernititigparallel and perpendicular to

the helicoidal axis is given by,

gl +e Ae
A<€eﬂ“ective =& — (% + eﬂexo) = - <7 + eﬂexo) (45)

Bimesogenic materials have a very small dielectric anigxytrbut a larges; — es3. For
bimesogenic materials this enhancement in the effectivmigtevity due to flexoelectricity
can make the helicoidal axis orientation perpendiculah&ofield lower in energy. Hence,
a cholesteric bimesogenic material can be reoriented @sfredd whose frequency is suf-
ficiently small to couple to flexoelectric polarization. Thee energy difference between

parallel and perpendicular alignment of the helicoidasaxith the field is given by,

1 1 (e1 — e3)?
= > Acemetiveto B2 = ~ [ Acgg + 25 ) g2 4.6
0f = 5 Aettective 4 < O R K (4.6)
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The flexoelectric interaction produces a term in the eféectielectric anisotropy of the
material of the same form as the dielectric effect, and foezecan also be used to reorient
the helicoidal axis. Since the bimesogenic material has~ 0, only the second term is
important. Estimating typical parameters for bimesogemiderials ¢, — e; = 10 pCnt!,
K, + K3 =10 pN) then for a field strength d@ = 10 Vum!, we find,§ f = 25 pyvm=3,
This is ten times smaller than tli¢ = 250 uyWm~2 in the previous case of a typical positive
dielectric anisotropy, mono-mesogenic liquid crystall aimerefore 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 satessurfaces that produce
a uniform transverse field, filled with a bimesogenic matetize application of a field
that couples to the flexoelectric polarization results imeaf conic texture, in which the
helicoidal axis is perpendicular to the field but randomlented in the plane of the cell.
The behaviour is shown in chapter 5, figure 5.6(a) and (d)s Behaviour is analogous to
the same experiment using mono-mesogenic materials deddri the last section. Again,
this suggests that the inhomogeneity in the field produceohteydigitated electrodes is
crucially important for ULH alignment in these devices.

Here, it has been shown that both the flexoelectric effectthadlielectric coupling to
a positiveAc gives the cholesteric a negative effective dielectric anagpy, in which the
permittivity along the helicoidal axis is smaller than tpatpendicular. In both cases, how
the effective dielectric anisotropy resulting from the teféects could be used to uniformly
orient the helicoidal axis in cells with interdigitated efl®des has been explained. In ad-
dition, the crucial role of the field inhomogeneity produdsdnterdigitated electrodes has
been discussed. In the next section, interdigitated cedlpepared with mono-mesogenic
and bimesogenic materials, and shown to exhibit the expdmbaviour. The method is
then further extended in order to promote stability of theHJiexture when the field is
removed by the use of homeotropic alignment layers, whictatidise the Grandjean ge-

ometry relative to the ULH, as was discussed in 84.1.1.
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Figure 4.9: Polarizing optical microscope photographs pfrbplanar IPS cells filled with
cholesteric material ZLI-4792+2.7wt%R5011. (a) On cogliom the isotropic phase, the
Grandjean texture forms. The application of 1Q,\am~! at 1 kHz results in a ULH texture,
which is shown here with the helicoidal axis (b) parallel &odat 45 to the polarizer. (d)
One second after the field is removed, the ULH reverts to a dean texture, due to the
planar surface alignment.

4.3.2 Experimental

Dielectric Dominated Mono-mesogenic Liquid Crystal

Figure 4.9 shows optical polarizing microscope photogsapia 5 pum thickness, planar-
aligned IPS cell (electrode width 5 um, gap between elees@®jum), containing a positive
dielectric anisotropy, mono-mesogenic cholesteric me#L1-4792 doped with 2.7 wt%
R5011. On cooling from isotropic, the planar Grandjeanuexforms owing to the planar
surface alignment. With the application of 1Q,Mum~! at 1 kHz a ULH texture forms,
in agreement with the theory. On removal of the field, theitigerystal reverts to the

Grandjean texture within approximately one second, showiigure 4.9 (d).
Flexoelectric Dominated Bimesogenic Liquid Crystal

Figure 4.10 shows polarising microscope photographs okéme type of interdigitated
electrode cell filled with low-dielectric-anisotropy bismgen mixture MDA-4407 mixed

with 1.8 wt% of chiral dopant R5011. On application of 20 Viimdefects form and
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Figure 4.10: Polarizing optical microscope photograplmvihg a high-viscosity bimeso-
genic cholesteric mixture (a) forming just below the neédtropic transition temper-
ature, (b) having formed the Grandjean, which in the abseheay fields is the lowest
energy state, (c) on application of 2Q,\um~! at 100 Hz, where the cell has been rotated
such that the field is applied parallel with the polarize},®ith the same conditions as (c)
but rotated by 45 and (e) and (f) are taken immediately after the field is remdovThe
field promotes the ULH alignment, which remains for up to 6€osels before reverting to
the Grandjean structure.

a ULH texture forms, in agreement again with the above dsouns As suggested from
the discussion in the theory, a larger field was indeed reduw switch the liquid crystal,
which corresponds to the estimates for the effective diffee in free energy in the two
systems between parallel and perpendicular alignmentedfiéficoidal axis with the field.
A minimum field required to switch the liquid crystal into aifomm lying helix alignment
in either dielectric or flexoelectric dominated materialswot measured, however.

On removal of the field, the ULH texture remains for some tifBecause the bimeso-
genic mixture has a high viscosity, it takes a relativelygdime to return to the Grandjean
texture. This is illustrated in figure 4.11, which shows thene texture as in 4.10(e) and

(), rotated to 22.5 just after and two minutes after the field was removed.
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Figure 4.11: Polarizing optical microscope photograptesashg the same texture as in
4.10(e) and (f). (a) On removal of the field, the ULH texturmagns, however, (b) after
2 minutes, begins to revert to the Grandjean texture. Thevidenced by the small blue
regions that grow over time.

Stabilising the ULH using Homeotropic Alignment Conditions

While the two examples and discussion above have showndkiatlbxoelectric and dielec-
tric effects can be used to orient the ULH in cells with intgitéted electrodes, the resultant
ULH geometry is not stable against reverting to the Grandgesometry on removal of the
field. In order to overcome this problem, Gardener suggdbedse of polymer stabilisa-
tion. However, as was discussed in 84.1.1, a homeotrogomknt can stabilise the ULH
from reverting to the Grandjean, and in this section, thisrahtive approach is adopted.
Figure 4.12 shows analogous polarizing microscope imagé#sase in figure 4.9, of
cells containing the mono-mesogenic ZLI-4792 mixture,thig time with a homeotropic
alignment condition created using lecithin. In contrasthi® case with planar alignment
however, which returns to the Grandjean geometry withirr@gmately one second after
removing the field, in the case of homeotropic anchoring thél lemains stable indefi-
nitely. This is a poignant advantage, as it removes the remuant for a polymer network,
making the method far less complicated, and this is the firet homeotropic alignment
has been used to create a stable alignment after using dana-field to produce ULH

alignment.
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Figure 4.12: Polarizing optical microscope photograph® @im homeotropic IPS cells
filled with cholesteric material ZLI-4792+2.7wt%R5011) @n cooling from isotropic, a
focal conic alignment, in which the helicoidal axis is in fflane of the cell within randomly
oriented domains, forms spontaneously due to the homeaotsopndary condition. (b) On
application and removal of 10,V ,um™! at 1 kHz, a reorientation of the helicoidal axis
occurs that results in a ULH texture, which is dark betwe@s®ed polarizers in this case
where the helicoidal axis is parallel to the polarizer, aryjdb¢ight in the case where the cell
is rotated by 45 The texture is stable against reverting back to the Gramdjexture.

4.3.3 Conclusion

In this section, by considering the effective dielectricrpitivity of the cholesteric struc-
ture, a theory of how interdigitated electrode structuras lbe used for ULH alignment
using in-plane fields has been developed, both in materiatse/field interactions are pri-
marily flexoelectric- or dielectric-dominated, for the fitsne. It has been shown that the
inhomogeneity of the field produced by interdigitated elsaes is critical to allow the for-
mation of the ULH using this method. Devices have been detrates to exhibit the pre-
dicted behaviour using positive dielectric anisotropynmenesogenic liquid crystal, and
small dielectric anisotropy, highly flexoelectric bimesog liquid crystal mixtures. Fur-
ther, a homeotropic alignment condition has been demdesdtta prevent the cholesteric
from reverting to Grandjean alignment after the field is reath without the requirement
of polymer stabilisation.

However, the alignment quality produced by this method i®rianately still inade-
quate for most applications, which require dark black stéeallow for a large contrast
between on and off states. In the next section, a differeptageh is taken based on the

pinning of topological defects using surface structurgsrtomote ULH alignment.
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4.4 Nano-Grooved Surface Structures

In this section, ULH devices are described that exploit tbe of homeotropic alignment
layers (to destabilise the Grandjean relative to the ULH{, anidirectional nano-grooved

relief structures (to break the orientational degenerdtigeoULH axis direction).

4.4.1 Device Preparation

To produce unidirectional nano-grooved relief structutesim thick slide glass substrates
are polished by hand with 6 um diamond lapping compound. rEigul3 is an Atomic
Force Micrograph (AFM) of the resultant scratched surfaa#ile from such a process,
and shows a variation in depth of approximately 10 to 30 nre glass is washed using a
series of stages: Decon to remove oil from the lapping comgpode-ionized water for 20
minutes, iso-propylalcohol for 20 minutes, acetone for 2Qutes, and finally de-ionized
water again for 20 minutes, all at 8D and under sonication. A solution of 0.1% lecithin in
chloroform is spin-coated at 3000 rpm for 30 s onto the pelisglass, which is known to
promote a weak homeotropic surface anchoring conditionTBg substrates are left for 5
minutes at room temperature before being assembled intlh asoeg ultra-violet-curable
glue, which has been mixed with spacer balls in order to aehgedesired cell thickness.
The cell’s thickness is subsequently measured interfetrocadly using a spectrometer.

Nematic liquid-crystal mixture E7Xe = 13.7) and the negative dielectric anisotropy
nematic MLC-7029 A¢ = —3.66), both from Merck, are doped with 3.5% by weight of
high twisting-power, commercially available chiral adeBtR5011 (Merck), resulting in a
cholesteric with a pitch of 250 nm for E7 and 270 nm for MLC-3G2 room temperature.
The pitch is deduced from the Bragg reflection band in thestrassion spectrum when
aligned in the Grandjean geometry [27] (see §1.6.2). Thenads are then capillary filled
into cells while in the isotropic phase.

Note that negative dielectric anisotropy materials suddia€-7029 are normally diffi-
cult to align in a ULH structure, because the common methappfying a transverse field

while cooling into the cholesteric phase from the isotrcggiste cannot be used. The ten-
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Figure 4.13: An AFM image of the grooved structure obtaingditudirectionally polishing
a glass surface with 6 um lapping compound (left), and th&aserdepth profile perpen-
dicular to the polishing direction (right). The variatiam depth is of the order of tens of
nanometres.

dency in this scenario is to form the Grandjean state (sée@land hence, ULH methods
for measuring the flexoelectric response of negative dieteamaterials have previously not

been attempted.

4.4.2 Results and Discussion

ULH formation

The presence of a blue phase appears to be critical to thefimmof ULH in the devices
in this study. The liquid-crystal is slowly cooled from trs®tropic into a blue phase (figure
4.14 (a)), which is present at 83 in chiral-doped E7. On cooling to 52, a birefringent
texture forms simultaneously and uniformly over the entioservational area (figure 4.14
(b)). This texture may be a wetting phenomenon, wherebyrdldlyer of ULH precipitates
out from the blue phase on the alignment surface. On furth@irgy, the bulk ULH texture
appears from seed-points before spreading over the emtiréfigure 4.14 (c) to (f)). The
apparent relation between a blue phase and ULH formatiorbese been commented
upon by Cole<t al [56].

The ease with which a ULH texture is obtained is dependentetintiickness, with

thinner cells forming ULH more readily. Cooling quickly éts in a poor ULH texture,
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Figure 4.14: A series of 0 magnification polarizing microscope images showing the
formation of the ULH as the cell is cooled from %2 in the blue phase (a) to 52 (f).
The exposure time has been increased in (a) in order to abdeevblue phase, which is
relatively dark. The device thickness in this case is 6.5 wmdh is consistent with the
final yellow colour of the ULH texture in (f)). The optic axi$ the ULH texture is oriented

at 45 with respect to the analyser.

except in extremely thin cells{{ 1 um). However, a range of cells have been produced
using this method that exhibit spontaneous ULH alignmeantying in thickness from 1 to
7 um, that are stable over at least 3 weeks with no degradatelignment quality.

Figure 4.15 shows polarizing microscope images of cellfiokhess 2 um and 6.5 um
containing E7+3.5% R5011 and of thickness 5.1 um contailMb@-7029+3.5% R5011,
at angles where the optic axis of the ULH is oriented’aa@d 45 with respect to the anal-
yser. The images are consistent with a ULH liquid crystalcttire that acts as a uniaxial

layer whose transmission depends upon,

A effec ived
T = sin?(2y) sinz(m#) 4.7)

wherey is the angle of the optical axis with respect to the analysefg...iv. iS the effective
birefringenced is the layer thickness, andis the wavelength of incident light (see §1.8.4).
Defects in the alignment reduce the optical contrast, esleby reducing the quality of

the dark states shown in figure 4.15. Photographs shown irefijid 6, not taken through
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Figure 4.15: 56 magnification polarizing microscope images of ULH cells maging
the method described in the text. Cells are of thickness 2g)mar{d (b) and 6.5 um (c)
and (d), both filled with E7+3.5% R5011, and of thickness 5Srilfilled with negativeAe
material MLC-7029+3.5% R5011 (e) and (f). The optic axisngmted at 0 ((a), (c) and
(e)) and 45 ((b), (d) and (f)) to the analyser.

a microscope, of a 2 um thick cell containing chiral-dopecbE#veen crossed polarizers

show that the uniform texture can extend over a large ardaecfé|l.
ULH Helicoidal Axis Orientation

The helicoidal axis direction relative to the groove directwas determined by comparing
with textures of known helix orientation. The same E7+3%®R6011 mixture was cap-
illary filled into a 7 um thick planar aligned cell. The cell svaooled from the isotropic
phase under the application of a transverse electric figibwthe unwinding threshold.
The ULH texture obtained bares close resemblance to thoséned using the method
described using nano-grooved surfaces, and the helictiicdtion was determined by in-
creasing the field to the unwinding field. At this point, linefelcts that run perpendicular to
the helicoidal direction form, and thereby reveal the letidirection. The resultis that the
helicoidal axis is perpendicular to the scratches in ouscé&his result is further supported
by conoscopic image data (see figure 4.17). The conoscofacwire obtained using a

commercial conoscopic system (Eldim) by placing the tegtogebetween crossed polaris-
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Figure 4.16: Photographs ef 2um thick cell filled with chiral-doped E7, rotated such that
the optic axis of the ULH material is at @Qleft) and 45 (right) to the analyser. The ULH
alignment extends over the majority of the cell.

(b) d)

Figure 4.17: Simulated conoscopic transmission up fodBaxis transmission of a uni-
axial slab with its axis oriented (a) vertically and (c) lzamtally, used to determine the
orientation of the helicoidal axis relative to the surfaapding direction. The simulated
slab’'sAnd is chosen to match that of the ULH device under investigat{bpand (d) are
corresponding experimental conoscopic transmissiorh®tli_H device. The false colour
corresponds to the normalised transmission, with red sparding to a maximum. The
data are consistent with the helicoidal axis running pedpperar to the grooves created
through a lapping process, which is used to align and ssatiie ULH texture.

ers and illuminating it with an isotropic, homogeneous beghkt taken from a commercial
liquid crystal display. Corresponding simulations wergiead out using the standard 4-by-
4 Berreman optical modelling technique [15].

Lines of surface anchoring breaking, which are perpendidol the helicoidal axis, are
therefore parallel to the nano-grooves of the cells in this\s There are two hypotheses
as to why this may be the case, and a combination of the twaaspalssible. The first hy-
pothesis is that the scratches provide seeding sites thiadqte surface anchoring breaking
in a single direction. This hypothesis is based on the nwakstudy in reference [121],

that found that similar structures reduce the energy of the @t the liquid crystal glass
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interface. The second hypothesis is that alignment of thel WLa single direction results
in a minimisation in the elastic frustration caused near @oulating surface profile. This
phenomenon was first described by Berreman [131] in the ddke alignment of nematic
liquid crystals on polished surfaces, where the theory umdbto result in the nematic di-
rector aligning parallel to the grooves. Although the caka bWLH structure aligned on
similar grooves that have been treated with a weak homeotatignment condition is dif-

ferent from the case demonstrated by Berreman, a similacipie could be in effect. The
planar oriented regions of the ULH structure have a lowestelaenergy when oriented
parallel to the grooves (and therefore with the helicoidas arientation perpendicular to
the grooves). In the case that the first hypothesis is cottean it is interesting to point out
that the periodicity of the scratches (being random in oget#s not required to be com-
mensurate with the pitch of the material in order to promogingle orientation of ULH

(an observation also made by Komitov in relation to ULH fotim@a on periodic structures

[118]).
Electro-optic Studies

In order to characterise the devices’ electrooptic respsyribe cells are placed in the path of
a laser between crossed polarizers, such that the unpedtogiic axis is oriented at 22.5
to the analyser. This ensures maximum intensity modulaéind a linear optical switching
regime (see 8§2.2). External indium-tin-oxide (ITO) eledis are used to apply a transverse
electric field to the ULH cells. This is because ITO cannot&edon glass substrates unless
it is deposited after the polishing process, which is inemment and unnecessary for the
purposes of this study. The transmitted intensity undeagi®ication of symmetric square
and triangular voltage amplitudes are shown in figure 4.18 5 pum thick cell filled with
E7 + 3.5% R5011, measured using a photo diode. The cells@il aHinear transmission
amplitude with respect to the driving voltage, which is tgliof the flexoelectric effect at
small field strengths in these materials, and the charatteswitching time for E7 P =

250 nm) at room temperature (measured as the time for the aaltismission to reach/e
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Figure 4.18: The electrooptic response of a 6.5 um thickfitleltl with cholesteric mixture
E7 + 3.5% R5011, aligned in the ULH goemetry using a combamadif surface polishing,
weak homeotropic anchoring and slow cooling. The cell'setidependent transmission
modulation under the application of a 1 kHz square-moddlatdtage (top), which is ap-
plied to the external surfaces of the cell, is used to medhereharacteristic switching time
of the device. The electro-optic switching under the agpion of a triangle-modulated
driving voltage demonstrates a linear switching of theitigerystal (bottom).
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Figure 4.19: The tilt angle for doped E7 and MLC-7029 as ationf the field strength,
calculated from electrooptic data. The response is limetris field range, which is typical
for the flexoelectrooptic effect.
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of its equilibrium value after a field-polarity reversal)a8 ps.
Measurement of Flexoelectric Properties

Figure 4.19 shows switching angles as a function of appledd &trength for chiral-doped
E7 (P = 250 nm) and the negative dielectric anisotropy material MLQI QP = 270 nm).
By considering equation 2.4, the data from figure 4.19 cansed to determine a value of
the flexoelastic parametét; —e;) /(K + K3) of 0.46 CnT!N~! for E7 (which is consistent
with previous measurements of the parameter in the sameiatiate§2.2 and §2.3) and
0.14 CnTiN~! for MLC-7029 (see §2.2). Using values &f + K5 provided by the material
supplier (Merck) of 26.9 pN for E7 and 31 pN for MLC-7029,— e; is determined to be
12.551.3x 10712 pCm~! for E7 and 4.3:0.4 x 1012 pCm! for MLC-7029. The dominant
source of error is uncertainty in the field strength, whiclkatculated by considering the
dielectric properties and thickness of the glass and ligmydtal layers, and the applied
voltage.

This is the first measurementaf—e; of a material with a negative dielectric anisotropy
of this magnitude ever attempted using a ULH method, and dstrates a useful feature

of the ULH alignment technique here; that it does not regihiecapplication of a field.

4.4.3 Conclusion of Nano-Grooves Method

In this section, it has been demonstrated that by applyingakvihomeotropic alignment
layer to a unidirectionally scratched glass surface, tientational degeneracy of the ULH
alignment can be broken to promote a single preferred daectULH textures obtained in
this work form spontaneously without an electric field or fflowduced alignment, are stable
over long periods of time, repeatable, and may be used wdhtive dielectric anisotropy
materials, which up until now have been very difficult to aligrhe cells display a linear
and sub-millisecond flexoelectrooptic response.

Periodic surface line structures have been shown elsewbestabilise the ULH and
promote a single direction by seeding the lines of surfaahamng breaking associated

with the topological incompatibility of the ULH confined bpmogeneous alignment layers
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[121]. The quasi-random surface structure created by lnaljsthe glass may act as the
necessary line structures to seed a unidirectional ULH &bion as the cells cool from
the blue phase. Similar nano-grooved structures have bemmsto align nematic liquid
crystals via an alternative mechanism [131]. This alteveatnechanism could also be
important, which would suggest that planar regions of thélléxture have a lower elastic
deformation if they align with the director parallel to theogves. The helicoidal axis is
perpendicular to the grooved surface treatment, in sumbdiniese hypotheses.

It is interesting to note differences between the methodrdeed here in which scratch-
ed surfaces provide orientational bias for the ULH, and tlbekvby Carboneet al which
employed a method for creating polymer channels [55]. Infonmer, the ULH helicoidal
axis aligns perpendicular to the scratches. In the latterhtlicoidal axis aligns parallel to
the micro-channels. There may be an intermediary geometnhich both mechanisms for
ULH alignment are co-existent. If the alignment surface tpambves that were much larger
than the nano-scale scratches in the present work, adjgoemtes on opposite substrates
could effectively create micro-channels if the cell gapev@mnall enough, and the helicoidal
axis would then align parallel to the grooves, via the sameh@aeism of alignment as the
polymer channels method employed by Carbone. In the nexibsesuch channels are
fabricated using a mould-templating technique and are showesult in a high-quality

ULH alignment.

4.5 Mould-Templated Micro-Channels

While the previous method was successful at producing Uligshalent, the quality of the
alignment and ease with which it can be implemented limégplication potential. In this
section, an altogether different approach is undertakewas discussed in the last section,
there has been one method for ULH alignment described intdrature that has produced
a particularly high quality alignment. Carboeatal produced a reliable ULH texture, which
was stable under thermal cycling and required no field- orfleduced alignment [55]. The

work employed a method for creating micro-channels usingnapticated process reported
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elsewhere [132], however the technique employed was togkoated for commercial
exploitation.

A key difference between the micro-channels method and otle¢hods is the ratio of
the surface in contact with the liquid crystal to the bulkurak of the liquid crystal. This is
hypothesised to be an important characteristic of the @afitis to produce a high quality
ULH alignment. Itis likely that using less complicated madis could reproduce the quality
of alignment in the work by Carbone, as long as these metmatsase the surface relative
to the bulk liquid crystal.

In this section, a relatively straight-forward mouldingheique is employed to produce
similar channels to the work by Carbone [55]. Replica-mmgdechniques have long been
applied to create small structures, and recently, the uslydimethylsiloxane (PDMS)
has proved successful for use in surface relief structuesgyded for liquid crystal align-
ment applications, and especially to promote bistabili8d, 134, 135]. Surface structures
can provide greater functionality, in some cases allowamgriultiple stable configurations,
providing new possibilities for alignment. Moulding teéhues can produce structures that
increase the surface area in contact with the liquid crystative to the bulk, which may be
a key characteristic to allow high-quality alignment in Udivices where other techniques
have failed. Furthermore, similar relief structures aready used in commercial bistable
liquid crystal devices (notably the Zenithally Bistablerggic Device (ZBND), which also
exploits a flexoelectric effect [130]), which demonstratesir economic viability. By con-
sidering the case of weak homeotropic anchoring, it is enpthhow the channels promote

a high-quality texture.

4.5.1 Theory

Square Channels

While it is known that weak homeotropic anchoring promotearedomly oriented ULH
texture [124, 125], it is not necessarily clear why chanméts homeotropic anchoring

would favour a single direction of the ULH. Consider a chdnvith a square cross-section
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and with weak homeotropic anchoring on each surface irderfathin the channel. In the
case of weak homeotropic anchoring, there are negligilbigieldistortions or defects due
to surface interactions with a cholesteric material, aredsihwrface energy per unit area is
given by,

Wo

Wsurface = 7(1 - (ﬁ ’ §)2) (48)

as was given previously in equation 4.2. Let us defineztlagis parallel to the channel.
In the case of a cholesteric material whose helicoidal axigairallel to the channel, the

director can be expressed as,

Ny cos 0
ﬁparaﬂel = Ny = sin 6 (49)
n, 0

wheref = gz. A cross section of the channel at an arbitrary value ofveals a plane
in which the director orientation does not vary. The direct@kes an anglé with two

of the surfaces, antl0 — # with the other two, as illustrated in figure 4.20. Therefore,
the average surface energy density per unit area (usingiequa8) taken over all four

bounding surfaces of the cross-section, is given by,

W = 2 (1 —cos? 041 sin 9) -7 (4.10)

This is true for all values of due to the relatiosin? 6 + cos?> 6 = 1. Now let us consider
a cholesteric material whose helicoidal axis lies perpandr to the channels, along, for

example, ther-axis, and whose director can be expressed,

Ny 0
ﬁperpendicular = Ny = sin 6 (4 1 1)
n, cos 0

wheref = gx, as illustrated in figure 4.20(b). For surfaces parallehet-axis, we have
(f-8)% = 0, and for surfaces parallel to theaxis, we havén -§)? = (sin?(gz)). Therefore
the average surface energy density per unit area taken bf@ursbounding surfaces of the

cross-section, using equation 4.8, is given by,

. 1 W, W, 3W,
Wslglyffgce:dlcular _ 5 <70 + 70 (1 — <SiIl2 qx>)> = haddl (412)
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90-6

Figure 4.20: An illustration of a square cross-section ofanmel filled with a cholesteric
liquid crystal where the surfaces represent weak homeiotbmundaries. The director field
is represented inside the cross-section for the cases \{@jére- ¢z i.e. the helicoidal axis

is parallel with the channel, and (B)= ¢z i.e. the helicoidal axis is perpendicular to the
channel. By considering the surface energy in each casm ibe shown that case (a) has a
smaller total surface energy.

Here, it has been assumed that the pitch is much less thahdneel width, which allows
the use of the average over an integer number of cholesi&iclpngths.

Hence we find thatyPeperdicular ppparaliel _ 1 5 \which means that in the case of a
weak homeotropic anchoring, the surface energy is significdower for a cholesteric
whose helicoidal axis is parallel to the channel than for whese axis is perpendicular.
The channels break the orientational degeneracy in ULHhalent energy, and therefore

promote a spontaneous ULH alignment parallel to the channel
Circular Channels

Incidentally, we can arrive at the same result for circalarss-section channels. Circu-
lar channels are interesting because they are charaict@fistapillary tubes and photonic
band-gap fibres. Such structures filled with liquid crysealdnbeen suggested for a variety
of applications, including sensing [136], communicatifit$s/] and lasing [138]. DNA can
form cholesteric phases, and there has been interest ig bhble to align the cholesteric
structure to study the DNA [139, 140]. Alignment of chirajuid crystal within circular

channels has been studied before [141], although the ragimbich the cholesteric pitch
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is much smaller than the capillary diameter was not consitlefor all of these reasons, it
is interesting to consider the case of a short-pitch chetiesivithin circular channels with
homeotropic boundary conditions.

In the case of a circular capillary of diamet&rwith its axis parallel to the-axis, we

can describe,

Sy cos g:c)
S=| s, | = | cos %y) (4.13)
S, 0

Now consideringi,..ai. from equation 4.9, we find that,

soaN2 2 2 (T .2 2 (T
(- §)° =cos” (qz) cos (d:c) + sin” (¢z) cos <dy)

™

+ cos (qz) cos (Ea:> sin (¢z) cos (gy> (4.14)

which, summing ovet, y andz directions we find that,

w/q pd 1
/ / (i - 8)*dadydz = (4.15)
z=0 Jzx,y=0 2

Substituting into equation 4.8, we find thidt.t... = Wy /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 thennoel, we can consider
Nperpendicular 1N €CUAation 4.9 and find that,

(0 -8)? = sin? (qx) cos? <gy> (4.16)

which, in this case, summing over y and z directions, gives 1/4. Substituting this into
equation 4.8, we find thdl/,,,.t.c. = 3W5/8, 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 witiebtropic boundary con-

ditions can also be used to align the helicoidal axis pdrallthe channel.

4.5.2 Experimental

In contrast to the polymer channels in work by Carbenal that were created post cell-

assembly by UV exposure and subsequent polymerizationsafcive mesogen component
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Figure 4.21: A schematic illustration of the process by Whacmicro-grooved substrate
surface is produced (not to scale). (a) A mould of a blazedsgthffraction grating with
pitch of 6.6 um is made using polydimethylsiloxane (PDM$).4nd (c) A drop of ultra-
violet (UV) photo-curable glue is placed onto a glass sastrand the PDMS mould is
placed on top, such that the glue acquires the structureeofibuld. (d) Once the glue
is cured and the mould removed, the substrate is spin coa®@Da rpm for 30 seconds
with 0.1 w.t.% of lecithin in isopropyl alcohol, which is kmm to promote a homeotropic
alignment [3]. (e) Finally, the cell is constructed usingtef the micro-grooved substrates,
creating the required polymer channels for ULH alignment.

in the liquid crystal mixture, here a periodic triangulaliekpattern is produced on both
top and bottom glass substrates prior to cell assembly, thattonce assembled, the cell
exhibits a similar polymer channel structure, with a roygdquare cross-section. The pro-
cedure is illustrated and described in figure 4.21, and figl#2 shows a scanning electron
micrograph of the resultant grooved surface structure. grbeved surface substrates are
subsequently spin-coated for 30 seconds at 3000 rpm with.t4 of lecithin disolved

in isopropanol, which, as noted before, is known to provideeak homeotropic align-

ment [3]. The cell is assembled without a spacer, and filletth &i cholesteric mixture
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Figure 4.22: A scanning electron micrograph of a crossi@edf the relief structure cre-
ated using the method illustrated in figure 4.21. The cressien is revealed after cleaving
the glass substrate along a direction perpendicular torth@vgd structure.

ZLI14792+2.7w.t.% R5011 chiral dopant (natural helicoigath of mixture = 320 nm at
room temperature) while heated to the isotropic phase. Olngp the cholesteric material
spontaneously adopts a ULH texture.

Figure 4.23 shows polarizing optical microscope imagedigiad-crystal cell prepared
using the mould-templating technique. The cell shows a hagél of extinction when the
optic axis of the ULH is parallel to the polarizer (figure 4&8, which results in a large
contrast relative to when rotated to 45 degrees with regpehe polarizer (figure 4.23(b)).
The apparent stripes from top-left to bottom-right visibieiigure 4.23(b) are due to the
grooves on the top and bottom surfaces not being exactlji@acaeach other. The grooved
pattern on top and bottom substrate surfaces thereforaalés between being aligned and
in phase, and not aligned and out of phase, with a length sedégmined by the groove
width and the angle between top and bottom substrates. Oménwhe grooves on top
and bottom are in phase does the resultant structure fornamneh which may explain
the bands of light-leakage visible in figure 4.23(a). Theoges run from bottom-left to
top-right in 4.23(b). The ULH texture returns on thermal loyg between isotropic and
cholesteric phase, and does not require the presence od a fiel

The cell gap thickness in cells with grooved structuresfficdit to determine using the

common method of analysing Fabry-Perot fringes of emptig cé&his is due to the added
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Figure 4.23: Optical polarizing microscope images (4X mfagation, crossed polarizers)
of a cell assembled from grooved substrates made using alremiplating technique, and
homeotropic surface anchoring. The cell is filled while thegenial is in the isotropic phase
and allowed to cool into the ULH without any field applicatiarhe photographs show the
same cell with the optic axis (a) parallel to the polarized én) at 45 degrees rotation.

complexity of the grooved polymer structure. None-thes|@s cells that do spontaneously
form a ULH texture, the white colour of the resultant bire§eént structure when viewed
between crossed polarizers with white illuminating lighuggests a cell thickness of less
than 5 microns. In thicker cells, a ULH texture does not saoebusly form, and the liquid
crystal often adopts a Grandjean state, as shown in figude 4.2

In order to determine the optic axis orientation, and heheeadrientation of the he-
licoidal axis relative to the channels, the device was olekemwith white light between
crossed polarizers in series with a variable retarder (§e&3). The colour of the trans-
mitted light with the optical axis of the variable retarderallel and perpendicular to the
channels reveals the optic axis of the device by compariegdhour with a Michel-Levy
chart [142] (see 81.6.3 for the method). This provided cordtion that the helicoidal axis
runs parallel to the channels, supporting the discussiGd if.1.

Devices made using the technique exhibit the expected flesiveoptic response (a
description of the electrooptic behaviour of ULH devicegiien in 82.2), shown in figure
4.25. In order to apply a transverse field to the liquid cry$T@ coated glass was used to
make the liquid crystal cells. Note that in this case, a stieshdematic has been used, which

responds well to the homeotropic aligning lecithin laydrisTmeans that the modulation is

142



Figure 4.24: Optical polarizing microscope images (4X nifigation, crossed polarizers)
of a cell assembled from grooved substrates made using adremiplating technique,
and homeotropic surface anchoring. In this case, the celloise than 20 um thick, and a
Grandjean structure forms. The photographs show the salin@ittethe micro-grooved
structure (a) parallel to the polarizer and (b) at 45 degretzdion.
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Figure 4.25: The electro-optic response of a Uniform Lyingliiddevice created using
the replica-moulded surface relief structure substratesneasured using a photo diode,
Is shown under the application of a square-wave drivingaggt The device is placed
between crossed polarizers with the helicoidal axis of théildriented at 22.5 degrees
to the analyser. The electrooptic response is charadteofthe chiral flexoelectrooptic
effect, with a response time of less than 100 ps. The largag®lamplitude of 100 V is
used because the electrodes are positioned external telthara so the field across the
liquid crystal is small relative to the voltage.
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small, compared with materials that have been optimisetlédroelectrooptic switching.

4.5.3 Conclusion of Micro-Channels Method

It has been shown how a replica-moulding technique can letosgeate micro-channels,
which align the helicoidal axis of a Uniform Lying Helix strture parallel with the channels
by breaking the degeneracy in the surface energy of thediédicaxis orientation. Cells

made using the technique show a high level of extinction betwcrossed polarizers, pro-
viding the potential for greatly improved contrast for @hiflexoelectrooptic technologies
compared with other ULH alignment methods. Furthermore,fitocess is inexpensive,
having the potential to be scaled for commercial applicetioClosely related structures
have already been commercially exploited in bistable tdaurystal devices, demonstrating

their economic viability [130].

4.6 Conclusion

Summary

In this chapter, a methodological framework for succeddfill alignment has been devel-
oped in which a weak homeotropic anchoring is used to ddstalthe Grandjean align-
ment relative to uniform lying helix alignment, allowingasie ULH alignment without
the need for polymer networks, and an additional agent id teséreak the degeneracy in
the uniform lying helicoidal axis orientation in the planktloe cell. A series of different
methods for ULH alignment within this framework have beevestigated. First, Periodic
homeotropic alignment conditions have been used to aligfesteric materials with rela-
tively long pitches P = 14.8 um). Defects in the alignment were attributed to difference
between the characteristic length scale of the printecc&ire and the cholesteric pitch.
Second, in-plane switching fields were shown theoretically experimentally to align the
ULH via a combination of flexoelectric and dielectric fielderactions, and it was shown
how the inhomogeneity of the field produced by interdigdagéectrodes is critical to the

alignment method. The method was further extended to peostable ULH alignment by
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using homeotropic surface conditions. Third, nano-grdostrface structures were fab-
ricated using a polishing compound, and found to break thentational degeneracy in
the ULH alignment orientation when used in cells with homeic alignment. Since the
method does not rely on electric field to produce the aligrimiénvas possible to align
a negative dielectric anisotropy cholesteric materialiclallowed the first measurement
of a negative dielectric anisotropy material’s flexoeleguroperties using a ULH method.
Finally, it was shown theoretically how micro-channels @her circular of square cross
section can produce ULH alignment by using surface energygiderations. A mould-
templating technique was used to produce micro-groovedtsatbs that formed channels
when assembled to make cells. Cholesteric liquid crystatffinto the cells was found to

form a high-quality ULH alignment.
Final Remarks

Interest in the Uniform Lying Helix has waxed and waned irerdcyears as industry has
tried and failed in cycles to solve the alignment problend @search has moved to and fro
between flexoelectricity in cholesteric structures anceptotential fast-switching liquid
crystal technologies, such as ferroelectric and blue EhE=E]. With the work on ULH
alignment presented here, there is now a serious case fogtaévelopment further. Relief
structures similar to the ones used in this work, are a préegmology, having been used
in over 5 million ZBD device§ 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 addressthdtimaterials that exhibit
the large flexoelastic ratios required for the technologylt® also be those that do not re-
spond well to homeotropic alignment layers, which in thigkware key to destabilising the
Grandjean texture and allowing the ULH as the lowest enengyiguration. One solution is
to develop a homeotropic alignment and liquid crystal caorabon that works together and
produces the required homeotropic alignment conditiohbpter 5, a bimesogen mixture

iIs mixed with a mono-mesogenic material and is found to redpeell to a homeotropic

1According to their websitent t p: / / www. zbdsol uti ons. com ).
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alignment condition made using lecithin. Therefore, it rhaythat a combination of bime-
sogenic and mono-mesogenic materials will provide a goodpromise between align-
ment and flexoelectrooptic switching. As has been mentigmedously, bent-core liquid
crystals, which also do not typically respond to homeot@iignment, have been found to
respond well to trichloroocta-decyl silane in heptane [7Bjerefore, there is hope that a
working combination of liquid crystal and homeotropic aligent method can be found.

In the next chapter, a method for exploiting dielectric aratdkelectric effects in heli-
coidal liquid crystals to allow state switching between @&ljgan and ULH or focal conic
configurations is described. The method relies on dispersithe dielectric properties of a
cholesteric material due to the contribution from the flégowic susceptibility. In addition,

the application of the technique to reflective cholesteahthology is demonstrated.
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Chapter 5

Flexoelectric Polarization Dispersion

5.1 Introduction

The previous chapters have been concerned with three kag egkated to helicoidal lig-
uid crystal systems: the measurement of liquid crystalrpatars using electrooptic tech-
niques; the enhancement of flexoelectric switching in cktel&c structures; and the align-
ment of the Uniform Lying Helix. There is a change of focushirstchapter, in which a new
and versatile mechanism for allowing switching betweetestan cholesteric liquid crystals
is described. The technique exploits the finite response ¢iithe chiral flexoelectric effect
and how this influences a material’s frequency-dependefeatric properties.

In the first half of the chapter, the contribution of flexoétecpolarisation to the di-
electric susceptibility in helicoidal liquid crystals isrimulated for the static equilibrium
case, and further in the case of a time-varying field. Theiapease of a negative dielec-
tric anisotropy nematic material is considered and expemiadly shown to agree with the
analytical theory. It is further demonstrated how relaxatof the flexoelectric contribu-
tion to the dielectric tensor in this special case can beoibgal to switch between states in
cholesteric liquid crystal structures by altering the &ptime-dependent field amplitude
under certain conditions. Counter examples are also givesrevhe material’s parameters
are outside of the required constraints, and switching eetvstates is not possible.

In the second half of the chapter, the exploitation of theafin reflective cholesteric
technology is demonstrated. Flexoelectric polarisatitmme the device to be switched into

a weakly-scattering focal-conic state at low frequenaimdsle at higher frequencies, the de-
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Figure 5.1: Aniillustration of possible rotations of moléxsi (left) about the short axis and;
(right) about the long axis. Rotation of the dipoles asdedavith the molecules contribute
to the polarizability of liquid crystal materials. The pofation due to molecular rotation
about the short axis takes a longer time to develop undemplcation of a field than the

component due to rotations about the long axis, due to tiereifce in rotational viscosity
about these axes.

vice is driven into the reflective Grandjean state. This nonventional dual-frequency ef-
fect allows driving between states in both directions. Assrover frequency as low as 300
Hz is demonstrated, orders of magnitude smaller than cdiovext dual-frequency effects,
which typically have cross-over frequencies between 153nkiHz [144, 145, 146]. De-
vices of various reflective colours are produced that hax@uia@able contrast ratios, viewing
angles, and switching behaviours at room temperature. dttenique potentially affords
a greater flexibility in surface alignment conditions, dnyy schemes, material parameters

and use of polymer networks in reflective cholesteric desdhan other switching methods.
5.2 Cholesteric State Switching using Flexoelectric Dispe
sion

5.2.1 Theory

Dielectric Dispersion in Liquid Crystals

Frequency-dependent dielectric relaxation in polar tiguias been extensively studied and

results from a correlation between the mobilities of molacudlipole reorientations and

148



the time-dependence of macroscopic induced electric igatéon [4, 5, 6]. As was briefly
introduced in 81.3.2, in calamitic nematic liquid crystaleveral dielectric relaxation phe-
nomena have been studied [147, 148]. Since nematic matar@luniaxial, the dielectric
permittivity is a tensor quantity, and the susceptibilighde considered as having several
contributing mechanisms, each with respective time depecids. In general, at optical
frequencies, there is a complicated dispersion relatiahdkepends on electron mobilities
within molecules. However, at lower frequencies, the malkecdipoles can rotate and
orient with an electric field. For uniaxial nematic matesjabne can consider two such
rotations; about the long and short axes of the moleculd|usdrated in figure 5.1. The
rotation about the long axis is much faster, and in commomrtmperature thermotropic
nematic liquid crystals, there is a relaxation at betwedh&t@l 700 MHz due to this effect.
This is in contrast to the rotation about the short axis, Whalaxes typically between 10
kHz and 10 MHz [149, 150], and indeed materials have beemerged to relax at frequen-
cies as low as 1 kHz [151]. The relaxation in the dielectricyptivity component parallel

to the director can be described by,

€s

€ = Coo t 1+ w?7?

(5.1)

wheree, is in this case the permittivity at frequencies much gretitan the relaxation
frequency but lower than potential relaxation phenomesaaated with contributions to
the dielectric permittivity that are not related to the siggsion of the rotation of dipoles
about the short axis of the molecules,is the contribution te| due to the rotation of
dipoles about the short axis in the limit of low frequengyis the angular frequency of the
driving electric field ¢ = 27 f wheref is the frequency), and, is the characteristic time
associated with the rotation of dipoles about the short dkis is much greater than the
relaxation frequency, then the denominator in equatiorb®domes much greater than 1,
and the contribution te; due to the rotation of dipoles about the short axis is susgaks
If as a result of the relaxation;; becomes less than,, then the dielectric anisotropy,

Ae = ¢ — €, changes sign. Since the dielectric energy is proportitmétie dielectric
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Figure 5.2: An illustrative plot showing an analytical mbdéthe dielectric permittivity
parallel and perpendicular to the liquid crystal directér.relaxation model of the form
given in equation 5.1 is used, using parameters based ompaeganted in reference [151]
for a dual-frequency liquid crystal. The relaxation in theléctric permittivity parallel to
the liquid crystal director causese to change sign at the point at whiefande , cross
over. There is no relaxation i, in the range of frequencies shown.

anisotropy by,
1
fdielectric = _§A550(ﬁ : E)2 (52)

then materials can be reoriented depending on the driveguincy as a result of the re-
laxation. Such materials are known as ‘dual-frequencyliticcrystals, because they can
be reoriented by applying different field frequencies [15Phe behaviour of ande, is
illustrated in figure 5.2, using models of the form given ih.F?arameters are based on data
presented in reference [151] for a dual-frequency liquydtal. The parallel permittivity

has a relaxation at approximately 1 kHz, and crosses ovegratpendicular permittivity.
Dielectric Dispersion due to Flexoelectricity in Cholestac Systems

In cholesteric liquid crystals, the combination of a dipahel shape anisotropy of molecules
leads to a chiral-flexoelectric polarization in the pregen€ an electric field [48] (see
81.3.4). This polarization contributes to the permitinatf the material, although it is not
usually considered in this context. In this section, theatkfilexoelectric contribution to

the permittivity perpendicular to the helicoidal axis ik derived, and in 84.3.1, how this
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contribution contributes to the free energy associateti Wie helicoidal axis orientation
within a field was described. However, in this chapter, exalmn of the relaxation in the
permittivity due to chiral flexoelectric polarization walso be considered, and exploited to
produce a novel ‘dual-frequency’ effect in cholesterialdjcrystals.

The bend-splay distortion that is flexoelectrically coulte the electric polarization is
a macroscopic reorientation of the nematic director fiehdl, @kes a correspondingly large
time, since it is dependent on a secondary coupling of thiesigeractions of anisotropic
molecules, and not on the primary statistical correlatiorction relating molecular dipole
reorientations to polarization, which happens on a muchtehtime scale. Indeed, the
flexoelectric polarization typically relaxes out at betwe0 Hz and 2 kHz, depending
strongly on the chiral pitch and other material parameters.

We can consider the cholesteric as having a chiral but uaiaymmetry where the axis
of symmetry is the helicoidal axis. If the system is desigeadh that the difference in
permittivity parallel and perpendicular to the helicoidals undergoes a sign reversal as a
result of a frequency dependent relaxation of the flexoetecontribution to the dielectric
permittivity, then this system has the potential to be shatt between states where the
helicoidal axis is either parallel or perpendicular to tleédfi For example, the system may
be switched between the so-called Uniform Lying Helix andr@ljean states, which were
introduced in 81.6.3. The work presented here is the first tinns switching ability has
been considered or demonstrated, and provides a uniqueunetianality for technological
applications.

In the next sections, the flexoelectric polarization is ed&xed and its frequency
-dependent contribution to the dielectric permittivitytbé material is derived. The condi-
tions that allow for state switching are described. Furthes relaxation is demonstrated
experimentally in a material that has been engineered te ti@/necessary condition for
state switching. Finally, the switching between Uniformiriy Helix and Grandjean states
using a transverse field is demonstrated. The implicationwdrious technological ap-

plications are commented upon, and include dual-mode amsftective displays. The
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application to reflective display technology is develope@&5.3. Flexoelectric dispersion
will also be considered in chapter 6, where it will be used ®asure flexoelectric and

dielectric contributions to the Kerr effect in blue phasgild crystals.
Chiral Flexoelectric Effect

Consider, as we did in 81.8.2, a cholesteric liquid crystabse director is described by,
Ny COS qz COS ¢

n=|n, | = sin gz (5.3)

— €Oos ¢z sin ¢

with a field applied perpendicular to its helicoidal axis cRéfrom equation 1.77 in 81.8.2,

that the free energy per unit length averaged over one pittheohelicoid under the ap-

plication of an electric field, after considering elasticldlexoelectric contributions to the

free energy, for small angles, is approximated by,

(1~ P 2oy ey — )2 (5.4)

where¢ is the angle of the director about the applied field (where 0 when £ = 0),
e; andes are the coefficients for flexoelectric polarization as availy defined by Meyer
[8], K1 and K3 are the splay and bend elastic coefficients respectiyédya wave number
corresponding to the chirality of the cholesteric matemald £ is the electric field com-
ponent perpendicular to the helicoidal axis. Minimisingstivith respect tap gives the
well-known form for the tilt in the director about the comnt of the field perpendicular

to the helicoid axis from §1.8.2, given by,

€1 — €3 E

<Z):[(14-[(35

(5.5)

This is the static equilibrium solution. Now, if we allow far time varying field, and
assume that the rate of changedins proportional to the change ify), mediated by a

viscous dissipation parameter, we can write,

9¢ _ o{f)
—’YE = 8—<Z> (5.6)
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where~ is the viscous dissipation parameter, which here we assoime & constant. Sub-

stituting the free energy given in equation 5.4 into 5.6 wd fimat,

0 K K
2 (%q% B - eg>g) (5.7)

For now, if we consider a time-varying field of the forfh= Eyc™* and a corresponding
flexoelectric tilt of the formp = ¢oe’?, wherei is the imaginary number andglis an angular

frequency, then we can substitute this into equation 5. Aartd,

= —%(61 — 63)E0 (58)

which can be rearranged to arrive at the steady state dsujll@sponse given by,
(e1—es3)
(K1+K3)q
1+ zw(i(KlJrKS)qQ)

Note that for small frequency, the denominator tends towards unity and we recover the

bo = Ep (5.9)

static equilibrium form given in equation 5.5. Howeveruas—+ oo, we find thatp, — 0.
This means that the flexoelectric switching is suppresséar@ge enough driving frequen-

cies.
Chiral Flexoelectric Polarization
The flexoelectric polarization is given by,
P fexoelectric = €10(V - 1) + e3(V x 01) x 11 (5.10)

wheren is the unit-magnitude local director [8]. By substitutirigetcholesteric director
given in equation 5.3 into equation 5.10, taking the avemagg one pitch length and rear-

ranging for¢g, we find that,

2(P)
Q(el - 63)
where (P) is the component of the flexoelectric polarization that isafiel to the field,

¢=— (5.11)

averaged over one pitch of the helicoid. We can again confliidecase where there is a

time-varying field, and hence find that,

()
2(K1+K3)
1+ zw(i(KﬁKg)qQ)
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Now, the relative dielectric permittivity is of the form,

B 1 9(P)
sr(w) = Es0 T aa—E (513)

where the second term on the right hand side is the extrailbotiom to the relative permit-
tivity due to flexoelectricity. The, for a field applied perpendicular to the helicoidal axis
is given by,

Eoo = %(6” +e1) (5.14)

and is the dielectric permittivity contribution of the mag at frequencies much higher than
the relaxation frequency for the flexoelectric distortibaot(for frequencies lower than any
further relaxations in permittivity of or ¢, ). Substituting the time-dependent expression

for (P) given in equation 5.12, we find the relative permittivityem by,

Eflexo
1 + 1w Texo

(W) = €00 + (5.15)

which has reald) and imaginary{’) components given by,

Eflexo

_— A
1 -+ (wrﬂexo)2 (5 6)

g =eo +
and,
/7 WTHexoE flexo

= 5.17
&, 1+ (WTﬂeXO)Q ( )

Eflexo = ! <M> (518)

respectively, where,

20 \ 2(K7 + K3)
which is also the contribution to the relative permittivilye to the equilibrium flexoelectric

polarization in the limit thav — 0, and,

2y

—(K1 iy (5.19)

Tflexo =

is the time constant corresponding to the flexoelectricrdaution to the relative permittiv-
ity. The critical frequency, which defines the relaxatioreiff) due to flexoelectricity, is

therefore given by,
2

fo = (K + K) (5.20)

- Ay

Figure 5.3 illustrates the behavioura&fwith typical liquid crystal parameters.
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Figure 5.3: An illustrative plot showing the behaviour oétfelative permittivity perpen-
dicular to the helicoidal axis of a cholesteric materialtteég form given in equation 5.16,
using typical liquid crystal parameters. The contributiorthe permittivity due to chiral
flexoelectric polarizationsg.., given in equation 5.18, relaxes at a frequency given by
equation 5.20, and., is given by equation 5.14.

Switching Between States

Now that key quantities related to the frequency dependeteatric properties of the sys-
tem have been derived, we can describe how the relaxatibe ipermittivity perpendicular

to the helicoidal axis can be used to switch the helicoided b&tween being perpendicular
and parallel with the electric field. In the case that theduédial axis is perpendicular to

the field, we see from equation 5.16 thaf itk f. then the relative permittivity is given by,
Er(f<fo) = Eoo T Eflexo (5.21)
and for f > f., the relative permittivity is reduced to,

wheree, is given by equation 5.14. Furthermore, in the case that #liedidal axis is

parallel to the field, the relative permittivity is just, independent of the frequency. This
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means that if the system is engineered in such a way that,
€oo < €1 < €oo + Eflexo (5.23)

or, writing the expression out in full,

8|+€L<€L<€||+8l+1<(61_63)2> (5.24)

2 2 o \ 2(K; + K3)

then we can ensure that by altering the frequency with whietaddress the liquid crystal,
the lowest energy state will change between that with thiedidal axis perpendicular, and
that with the helicoidal axis parallel, to the field. By sw#utinge, from each part, it can
be seen that a consequence of the above inequality is\hat 0, whereAe = ¢ — <.
That is, the material must have a negative dielectric aropgt Further, we can extract the

condition that,
(e1 — e3)®
———— > —Aee 5.25
(K, £ K) 0 (5.25)
which constrains the relative strength of the dielectrid #@xoelectric interactions.
As was discussed in chapter 4 (see 84.3.1), one can alsohgiwfterence in the free

energy between the orientations of the helicoidal axisljghend perpendicular to the field,

1 1 (61 — 63)2
ZA . F2 — - [ A A N 2 2
5f - 9 Eeffective€0 A ( €€p Kl F’g (5 6)

whereAc gective IS the effective macroscopic dielectric anisotropy of thelesteric mate-
rial (ando f is not to be confused with the driving frequengy,
Finally, the frequency at which the states will cross oveemergy will be where | is

equal to the real part af. given in equation 5.16, such that,

Eflexo
= - =0 5.27
gL €00 T+ 1 (WTﬂexo>2 ( )

Using the relationf = 27w, equation 5.27 can be rearranged foto give an expression

for the cross-over frequency,

1 (2000
flexo g (5.28)

Jler=ey = 27 Th —Aeg
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which, by substituting expressions for, £gexo, aNd e, from equations 5.14, 5.18 and

5.19, can be written,

2 2

q (e1 —e3)
e =y = —(K; + K —1 5.29
f( 1 r) 47_(_7( 1 3)\/_ 2550(F(1 ng) ( )

Notice that this cross-over frequency is in general not etguthne critical frequency given
in equation 5.20, and thdts must be negative for there to be real solutions. In ordetfer t

cross-over frequency to be equal to the relaxation frequehthe flexoelectric switching,

(61 — 63)2 .
\/_A%O(K1 ! (5.30)

we must have,

which can be written as,

Eflexo = —AE (5.31)

In this section, how flexoelectricity contributes to theléatric properties of cholesteric
materials has been described. Further, it has been showhytisalecting a material with
parameters that satisfy inequality 5.24, and by varyingdtineng frequency, one can con-
trol which state, either with the helicoid axis parallel @rpendicular to the applied field,
has the lowest energy. In the next section, how this can etosevitch between states in

a cholesteric liquid crystal device is demonstrated expemnitally.

5.2.2 Experimental

In this section, measurements of the capacitance of a dasieefunction of frequency is
used to show the relaxation in the permittivity due to flerosicity described in the last
section. The flexoelectrooptic switching time while in theHUgeometry is shown to coin-
cide with the characteristic relaxation frequency of theazdtance measurements. Finally,
switching between Uniform Lying Helix and Grandjean geamestis demonstrated. Cases
where the parameters of the liquid crystal do not allow gwitg between states are also

demonstrated.

157



1.51:[“ T
g, = Grandjean
o Uniform Lying Helix

flc.\ 1.45¢ ---Model ULH
by —Model Grandjean
(8]
% 1.4¢c0000000
g
@
=1
O 1.35f

1.3 !

10° 10° 10°

frequency (Hz)

Figure 5.4: Capacitance measured as a function of frequiemay 5um cell filled with a

highe; — e3, negativeAe material in both Uniform Lying Helix and Grandjean geomesri

In the ULH geometry, the data show a relaxation in the effectlielectric properties of
the material as the flexoelectric switching is suppresséuighier frequencies. Analytical
relaxation models are also shown, and for the ULH is of thenfgiven in equation 5.32,
and for the Grandjean is of the form given in equation 5.33e mamerical 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 casipg 40% by weight of negative
Ae nematic material MLC-7029 and 60% of high — e3, low Aeg, chiral-doped bimeso-
gen mixture MDA-1245 (both from Merck), having a pitch of apgmately 600 nm, was
capillary filled while in the isotropic phase into a cell winti-parallel rubbed polyimide
alignment layers. The cell is of thickness 5 um, and has mein-oxide on both substrate
surfaces in order to apply a transverse field to the liquidtady A Uniform Lying Helix
alignment was obtained by applying a 4 Vpim100 Hz square wave driving field, which
is thought to align the ULH by a combination of interactiorimthe alignment layer and an
electrohydrodynamic effect [153, 42]. On removal of theffj¢he ULH is stable for several
minutes before starting to revert to a Grandjean texturer@n@jean geometry in the same
cell was obtained with the application of 4 Vai 2 kHz square wave driving field. Figure
5.4 shows the measured capacitance of the cell as a fundticegaency for both ULH and
Grandjean geometries. The amplitude of the signal usedhéocapacitance measurements

was 100 mV, which is not large enough to switch the state otétle A relaxation model
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Table 5.1: Parameters measured by fitting the analyticabsaiven in equations 5.32 and
5.33 to the data, and converting capacitances into pewitigs using the standard relation
(see 81.3.3). The time constants and empty cell capacitecaso given.

€flexo oo g1 TF (US) X (US) CO (pF)
0.9 77 7.9 350 5.6 176

of the form,
o Ca + C(b
14+ 2nfre)? 1+ (2nf1x)?

is used to fit the ULH capacitance data (c.f. equation 5.16¢quation 5.32, the parameter

Cuu(f)

(5.32)

C, is proportional to the low-frequency contribution to théative dielectric permittivity
due to flexoelectricitys g.0, andrr corresponds tag.,,. The parameter), is proportional
to e, from equation 5.14. The reason for the second relaxatiomutated in the denom-
inator of the second term, is that the resistance of the I'EOteldes causes the measured
capacitance to reduce to zero at very high frequengi€0(kHz). The parametety is the
time constant associated with this effect.

From the theory, the Grandjean capacitance is not expeotedry with frequency,

however, a model of the form,

Ce

CGrandjean(f) = W

(5.33)

is again used to account for the effect of the ITO resistandegh frequencies. The pa-
rameterC. is proportional to= ;. The values ot”,, C}, andC.. by converting to values of
permittivity usinge, = C'/Cy, where(, is taken as the empty cell capacitance, are used to
determinesq..., €5, ande respectively (see §1.3.3). The results are summarisedbia ta
5.1, along with the time constants andr.

The capacitance data show that for this material, there édaxation in the dielectric
properties of the material when in the ULH geometry, such tha permittivity crosses
over that of the Grandjean geometry at a frequency of apprataly 700 Hz. Using the
relaxation model, we find the characteristic time of thexaleon is 350 ys. This is sup-

ported by electrooptic measurements of switching in the Wjddmetry, presented in fig-

159



1 S
S 05 E
) Or 5
> -0.5¢ =
g Tt 3
S 1400 o
=2 200 8
= 10 B
S 172005
: , , ) ]-400 &

-2 -1 0 1 2 3

time (ms)

Figure 5.5: Electrooptic data of the ULH (bottom) being énwvith a 1 \,,,, square wave
(top). The characteristic time of the switching is meastiodae 330 ps, which is consistent
with relaxation frequency observed in the capacitance efd#vice, and shows that the
dispersion is due to flexoelectricity.

ure 5.5, which show a flexoelectric switching time constdm@30 us. Using the values
Of Thexos €lexo @ANAAe determined, together with equation 5.29, would suggesbsseover
frequency ok 750 Hz, in good agreement with the observed value in figure 5.4.

The capacitance data and electrooptic measurements hia@isdged that there is a
relaxation in the relative permittivity of the cholester@aterial, and that this relaxation
is due to the suppression in the flexoelectric switching gh irequencies. It has further
been demonstrated that the effective permittivity as atfancof field frequency of the
cholesteric material perpendicular to the helicoidal axsses over the permittivity par-
allel to the helicoidal axis. This allows a change in the Istvenergy state of the liquid
crystal at a cross-over frequency. Crucially, this chamgeaé lowest energy configuration
allows driving between lying helix and Grandjean configioraé, opening up a previously
unexploited method for switching between states that hawsiderable technological im-

portance. In the next section, the ability to switch betwstates using the method is

demonstrated.
Switching Between States

Figure 5.6 shows polarizing microscope images of the defacevhich capacitance and

electrooptic characteristics have already been examiiéeé. default state of the device,
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Figure 5.6: Polarizing optical micrographs taken at 10X mfagation of the three textures
that have been accessed in this work using the mechanismilbebc(a) The Grandjean
texture, accessed using 2 kHz, 20,V applied transverse to the liquid crystal film. The
ULH texture, accessed by applying 100 Hz and 2Q Mrom either Grandjean or focal
conic textures, with its optic axis at (b) 45and (c) O to the polarizer. (d) The focal conic
texture, accessed by applying a 300 Hz, 20V

shown in figure 5.6(a), is the Grandjean geometry. From thee are two other states that
are easily accessible. With the application of a 100 Hz sjuaave field of amplitude 4
Vum~!, the cell will spontaneously form the ULH, shown in figure (®)6and (c), if left
with this driving regime for several seconds. Since the nedtbas a negative dielectric
anisotropy, the dielectric torque due to the microscopateditric anisotropy cannot be re-
sponsible for the reorientation of the helicoidal axis toitb¢he plane of the device, and
therefore flexoelectricity must be responsible. It is tHuugat the ULH forms due to an
electrohydrodynamic effect, in which flow is induced by thewament of charge carriers,
and results in a uniform helix orientation alignment thatiated to the direction of the pla-

nar surface treatment [153, 42]. Such electrohydrodynaffécts are not present at field
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frequencies above approximately 200 Hz. On removal of the, fiee texture will begin to
revert slowly to the Grandjean texture after several miuttarting from the Grandjean
texture, if a field of frequency 300 Hz is applied, then rattiian form the ULH, the cell
will form the focal conic texture, shown in figure 5.6(d). $hihay be because at this fre-
guency electrohydrodynamic effects, which appear to bemapt in promoting a uniform
helix axis orientation, are suppressed. By choosing a &equbetween 100 and 300 Hz,
it is possible to produce states that are intermediary batvwdl H and focal conic, with
varying degrees of bias in the orientation of the helicoadas towards a uniform direction.
From the ULH or focal conic, the cell can be driven back to thiar@jean geometry, with
the application of a 2 kHz field (where> f. _.,). Hence, we have the ability to drive the
liquid crystal between lying helix and Grandjean geomstrie

The time taken to switch between the Grandjean and focatdertures depends on
field strength. In the case of an applied field of 8.\am~*, switching in either direction
by modulating the frequency involves a fast initial switebgess that takes approximately
100 ms, and a longer settling of the texture as defect strestare formed or annihilate
that takes up to a second. In 85.3.1, this switching is exadhin more detail in a related
device.

In this section, the ability to switching between Grandjeswd ULH or focal conic
states, in a time of approximately 100 ms, simply by altetiregdriving frequency, has been
demonstrated in materials that have a negative dielectisoropy, and whose flexoelectric
polarization contribution can increase the effective ptiwity to be greater tham, . The
values of the parameters of the liquid crystal that allove twitching, which is due to
flexoelectric dispersion, must satisfy the inequality give equation 5.24. In the next
section, cases where the liquid crystal parameters do tisfys¢his inequality are also

considered for comparison.
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Figure 5.7: Capacitance as a function of frequency is shawvtwo control devices (left
and right) that are filled with materials whose parametersiatosatisfy the inequality in
equation 5.24 and hence to do not have a switching capabilite ULH and Grandjean
capacitances in these control cases do not cross over astefuof frequency. The central
plot is from a device filled with a material whose parametersdtisfy the inequality, in
which the capacitances do cross, and is presented for casuopar

Cases that Preclude Switching

In the previous sections, a single device that was filled withaterial with parameters that
satisfy equation 5.24 was examined. However, as contnats further examples that are
incapable of switching are provided here.

Figure 5.7 shows capacitance data for cells filled with tltifferent mixtures. In the
first case in 5.7(a), the mixture comprises 60 wt% MDA1245 4davt% BLO87. In this
case, there is a large flexoelectric contribution at low diesgries in the Uniform Lying
Helix (ULH) due to the MDA1245 (a requirement for switchingjowever, the BLO87 has
a positive dielectric anisotropy, which means that the Gjean state always has a lower
capacitance than the ULH state, and there is no possibflgyidching 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 saaterial whose capaci-
tance is also shown in figure 5.4 are repeated here for cosgpawith the control cases.
The material parameters satisfy equation 5.24; a 40 wt% MI297component gives the
material a negative dielectric anisotropy, and 60 wt% MDA3.2omponent allows a flexo-

electric contribution to the dielectric properties thasudficient to change which helicoidal
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axis orientation has the lowest energy state, therefoogvadty switching between states.
In the final case, shown in 5.7(c), the mixture comprises MLZY/(negative dielectric
anisotropy nematic) with 2.1 wt% R5011 chiral additive (taka the material a cholesteric).
In this case, the material has a negative dielectric ampgptfa requirement for switching),
however it does not have a sufficient flexoelectric contrdyuto lift the capacitance of the
ULH higher than the Grandjean state at low frequencies. eletiere is no cross-over in
dielectric properties as a function of frequency and no ipdgyg of switching in this case.
These examples further illustrate that the capability tagdwbetween Grandjean and
lying states relies on choosing parameters that satisfgteayu5.24. The ability to switch
between states has potential for application, and in 8mt&npial applications for such a

switching capability are discussed.

5.2.3 Discussion

The states that are achievable using the switching mecahasescribed in this work are
ones of considerable current and potential future apjpdican display and other electroop-
tic technology. By selecting the pitch of the material, theu@ljean geometry has been
proposed for ultra-fast transmissive displays [58, 191 has also been commercialised
as a reflective technology [28, 29, 30]. The focal conic texia optically isotropic and
weakly scattering, and has been suggested for use in refletiiplay technology, includ-
ing bistable modes [42, 144, 145, 146, 41, 43, 44, 45, 46,1158], The ULH has long been
developed for use as a transmissive display technologyog %5, 56, 57, 42], having ma-
jor advantages over existing technology, including subisecond switching times and the
possibility of having an in-plane rotation of the optic awighout the need for complicated
interdigitated electrode structures. Additionally, sshihg between states in cholesteric
materials has been proposed for use in privacy windows ghtshutters (using, for exam-
ple, polymer dispersed cholesteric liquid crystals) [156switchable diffraction gratings
[157] and in other optical components. The ability to swibdtween Grandjean and ly-

ing helix states, as demonstrated in this chapter, leadsetpatential of adding value to
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the body of research that has gone into the aforemention@dstkric technologies by al-
lowing the exploitation of multiple functionalities in angjle device and providing a new
mechanism for switching cholesteric liquid crystals.

In the next section, the use of switching based on flexoétedispersion in reflec-
tive cholesteric technologies is explored, and severatdeware demonstrated and charac-

terised.

5.3 Switching in Reflective Cholesteric Displays

Bistable reflective cholesteric liquid crystal displayheology usually relies on two key
states in its operation. The focal-conic state, in whichcti@esteric helicoidal axis is non-
uniform and forms randomly oriented domains, is weaklytecatg. When used in front of
a dark light-absorbing material, this state provides th&,den-reflective state. The second
state is the Grandjean geometry, in which the helicoida exuniformly perpendicular to
the cell normal. As was discussed in 81.6, the pitch can beerheuch that the material
reflects light of wavelengths commensurate with the pitdh of a cholesteric material with
average refractive index, by the relation\ = nP, thereby producing a bright, reflective
state.

Reflective displays that exploit these two states have beEsrarched for some time and
are commercially available [30, 28]. Typically, the chaégss material will have a positive
dielectric anisotropy, and with a transverse field a focalictexture forms. A mechanism
for recovering the Grandjean state is a key issue, and treare been three main ways
in which this has been achieved: thermal cycling; dieledtglix unwinding followed by
elastic relaxation; and utilising dual-frequency matesri&y heating the material, the pitch
can increase, making the Grandjean more stable, and atiavendevice to be switched
through an annealing process [154, 155]. The second metivollves applying a large
field that unwinds the helicoid into a uniformly homeotroptate [41, 42, 43, 44, 45, 46].
On removal of the field, the Grandjean state is recovereds iBhoften combined with a

polymer network in order to provide bistability or to spegxthe process [158]. Finally, by
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using a dual-frequency material, in which the contributiorthe material’s polarisability
due to the longitudinal molecular dipole component relatessufficiently small frequency
(usually about 15 to 35 kHz), the cholesteric material carswiiched to the Grandjean
state by driving at a frequency at which the material has atnegdielectric anisotropy
[144, 145, 146].

In this section, the mechanism described in 85.2 is explde the first time to pro-
duce the necessary switching between Grandjean and fatial states for use in reflective
display technology. Capacitance measurements are usedtagmonstrate the effect of
flexoelectric dispersion and how it is affected by pitch. Bl@@ments of transmission spec-
tra, switching times, contrast ratios and photographs efc#lls in both states accessible
using the technique are presented. The advantages of exgltéexoelectric polarization
over existing switching methods, which include permittangreater flexibility in choice
of surface alignment conditions, driving schemes, mdtpasameters and use of polymer
networks, are commented on. Finally, some suggestionsrakgdpgd for improving the

devices’ performance.

5.3.1 Experimental

A liquid crystal mixture comprising 40% by weight of a comriatly available negative
dielectric anisotropy room-temperature nematic MLC-7@2@ 60% by weight of high
flexoelectricity, bimesogenic MDA-10-4409 liquid crystalas doped with small amounts
of high-twisting-power chiral additive R5011, in order tbtain a range of desired pitch
lengths. The material has the parameters necessary fersstathing, that were described
in 85.2.1. Three mixtures were filled into planar-alignetlscand allowed to form the
Grandjean texture, and their Bragg reflection maxima, asured on a spectrometer, are
centered on 480, 540 and 590 nm (see 81.6.2). The mixturestiaem capilliary filled in the
isotropic phase into 5 micron thick cells, with homeotropicface alignment conditions,
that had been produced with conducting indium-tin-oxidecebdes on top and bottom

substrate surfaces in order to apply an electric field. This icontrast to most reflective
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Figure 5.8: Photographs taken of three cells filled with malewith different proportions
of chiral dopant that can be switched by exploiting flexoeledlispersion between (a) the
Grandjean state, accessed by driving the cell with 5 kHz, 10 Mm~!, and (b) the weakly
scattering focal conic state, after the application of 1Q,\um~! at 100 Hz. The textures
are stable on removal of the field.
cholesteric technologies, which commonly use planar sarddignment conditions to allow
the planar Grandjean state to be accessed via an elastadtioe with the surface [41, 42,
43, 44, 45, 46]. Here, however, because this mechanism fitcheng is not relied upon, a
homeotropic anchoring has been chosen to demonstratectireolegy, which increases the
viewing angle without the need for a polymer network. All bétfollowing measurements
were taken at 2%.

On application of 5 kHz, 10 V,; um~*, the material is driven into the Grandjean tex-
ture. This is because at this frequency, the flexoelectntrdmtion to the dielectric proper-
ties is suppressed, and the component of the effective tietitgiparallel to the helicoidal

axis of the cholesteric material is larger than the compbperpendicular. Consider the

relative free energy of the cholesteric within the field,a\by,

1 1 (61 — 63)2
= A o2 == (A — ) E? .34
5f 9 Eeffective€0 A ( €gg + Kl n Kg (5 3 )

which was also given in 85.2.1. For the free energy given lmaggn 5.34 to be minimised,
ignoring the flexoelectric term that includés, — e3) (because it is suppressed at high

frequency due to the finite switching time of the flexoelecpolarization) and considering
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that Ac is negative, the helicoidal axis must be parallel to the fidlde Grandjean state is
stable for long periods once the field is removed. This is bgedhe surface interaction is
weak, and causes minimal reorientation of the liquid cty$thotographs of the devices in
figure 5.8(a) show a range of colours of the Bragg-reflectgu that can be achieved in the
Grandjean state.

On application of 100 Hz, 10 V., um™!, the devices are driven into the focal conic
state, shown in figure 5.8(b), which is also stable for longquks. Again, referring to
equation 5.34, at low frequencies, the flexoelectric ppédion contribution to the effective
dielectric anisotropy of the cholesteric material is larti@n the magnitude of the contri-
bution arising from the contribution from term that incled&s, and so the free energy is
minimised when the helicoidal axis is perpendicular to thelied field.

Since the materials have pitches that are commensuratepiital wavelengths, they
reflect visible light while in the Grandjean state, as wasulised in 81.6.2. The Bragg be-
haviour in the Grandjean state and scattering efficienclyarfdcal conic state is illustrated
by transmission spectra of the devices, shown in figure Sn@ledthe application of 5 kHz,
the three devices show dips in transmission consistentavBinagg reflecting Grandjean
texture, and the Bragg behaviour is completely absent dmeedlls are driven into the
focal conic state, where they have almost identical trassiom characteristics, consistent
with a weakly scattering focal conic state. The states ardircoed with polarizing mi-
croscopy. These cells therefore demonstrate switchingdwst reflective and transmitting
states across a range of possible wavelengths.

To demonstrate the cross-over in the dielectric propedidise two stable states due to
dispersion in the flexoelectric polarisation, frequenepehdent capacitance, in the vicin-
ity of the cross-over frequency, is shown in figure 5.10. Thess-over frequency was
derived in 85.2.1 and given in equations 5.28 and 5.29. Ajueacies below the cross-
over frequency, for a given material, the focal conic stae & larger capacitance than the
Grandjean state, and at frequencies above the cross-egeeincy, the focal conic capaci-

tance is lower than the Grandjean. A larger capacitanceéspllarger effective dielectric
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Figure 5.9: The transmission spectrum of the devices uhéeaplication of 10 \,, pm~*

at 5 kHz (solid lines) and 100 Hz (dashed lines). The specgaansistent with a Bragg
reflecting Grandjean state when driven with 5 kHz, and witreakdy scattering focal conic
state when driven with 100 Hz. Blue, black and red lines spoad to cells with measured
Bragg peaks of 480, 540 and 590 nm respectively.

permittivity, and the larger component of the permittiwityl have a tendency to reorient
parallel to the applied field, in order to minimise the eliecpotential energy. Materials
with different pitches show slightly different cross-ovezquencies of 460, 370 and 300
Hz for materials with Bragg reflection peaks centred on 480, &d 590 nm respectively.
Recall from equation 5.29, that the cross-over frequefacy_..y  1/P?. Therefore, we
expect thatf(., —.,)(nP)* = constant, wherenP is the Bragg reflection peak frequency.
The three pitch cases shown in figure 5.10 all hve_.,,(nP)* = 1.05 x 10® Hz(nm)?,
within 2% of one another.

Note that while the cross-over frequency is pitch dependieainequality that describes
the constraints on the liquid crystal parameters that altovgtate switching via flexoelec-
tric dispersion, given in equation 5.24, does not invoheeqilich, and therefore the ability to
switch between states is unaffected by pitch variation. @dwer, the cross-over frequency
in these cells is between 300 and 500 Hz, orders of magnitmdéles than the typicad
relaxation frequency in specially engineered dual-fregyanaterials used in this context

[145, 146].
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Figure 5.10: Capacitance as a function of frequency (usiigraV test voltage) for cells
filled with mixtures whose Bragg reflection maxima centre 80,440 and 590 nm, while
in stable focal conic and Grandjean states. The capaciiametated to the dielectric per-
mittivity via C' = Coeegrective Where e gective 1S given by equation 5.16 in the case of the
focal conic and by equation 5.14 in the case of the Grandjedess Dispersion in the flex-
oelectric polarisability causes a cross-over in the freqgyedependent dielectric properties
of the focal conic and Grandjean states at a frequency tiperats on pitch (see equation
5.29) at between 300 and 500 Hz, enabling a frequency-askttesvitching between the
two states.

To demonstrate further the relationship between the swigchehaviour and the chol-
esteric pitch, a planar surface treated cell was capillegfsimultaneously from each side
with different two liquid crystal mixtures, each comprigiof 40 wt% MLC-7029 and 60
wt% of MDA-10-4409 liquid crystal, and therefore having thppropriate condition for
switching via flexoelectric dispersion, but differing inici dopant concentration so as to
have Bragg reflection maxima at 940 and 480 nm. Filling thé siglultaneously with
two different mixtures from opposite sides results in aeifitial region in which the two
materials mix, and the concentration of chiral dopant asdltant pitch varies over the cell.
Polarizing microscope images of this cell are shown in figufiel. The cell shows a pitch

variation that results in discrete pitch jumps in the Graadjstate, due to the planar surface

170



Figure 5.11: Optical polarizing microscope photograplesadll in which there is a gradient
in the chiral dopant, which results in discrete pitch jumgslevthe liquid crystal is in the

Grandjean state. An applied field of 32, um~! is applied with a frequency of (a) 5 kHz,
(b) 200 Hz and (c) 200 Hz a moment later, (d) 110 Hz, and (e) 50MHe field switches the
Grandjean into a focal conic state when the frequency isvbéle cross-over frequency,
which depends upon the pitch.

constraint, which only allows half-integer numbers of pés across the cell thickness. As
the driving frequency is decreased from 5 kHz to 50 Hz, thessimver frequency is passed
and switching to the lying-helix state occurs, first for ti@-pitch region in which the
cross-over frequency is high, and then the shorter pitclomsg until the entire cell has
switched to the lying helix state at 50 Hz.

To study the electrooptic characteristic of the switchiadight emitting diode with a
peak frequency of 525 nm was used to illuminate at normablamte the liquid-crystal
device with a Bragg reflection peak centred on 540 nm. Thererpeatal arrangement is
shown in figure 5.12. A black, light-attenuating structuraswositioned behind the de-
vice, which was driven between focal conic and Grandjeatestaith the application of
10 V,,sum! that cycled between 100 Hz and 5 kHz. The cell pixel was imamed a
photo diode in order to measure the reflected intensity asteatggle of approximately 15
degrees, which was chosen to avoid directly reflected ligim the glass-air interface of the

cell reaching the photo diode. The normalised reflectioansity as a function of time is
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Figure 5.12: A schematic diagram of the experimental aearent used to measure the
electrooptic characteristics of the device with a Braggeatibn peak centred on 540 nm.
Light from a light emitting diode (LED), columnated by a lens incident at O degrees
onto the liquid crystal device. An image of the device is feedi onto a photo diode, such
that the photo diode, device, and LED make an angle &f The green line illustrates the
path of the light taken from the LED to the photo diode, howetree device while in the
Grandjean geometry reflects light over a wide range of ar(gletsshown).

shown in figure 5.13. The transition from Grandjean to focatic state is remarkably fast
at under 5 ms, however the focal conic to Grandjean tramgiias a characteristic switching
time (the time for the intensity to readhe of its value after a change in the driving fre-
quency) of 520 ms. These times are typical of switching betwfecal conic to Grandjean
states reported elsewhere using other switching mechanison example, switching from
the focal conic to the Grandjean via an intermediary unwdwrdeotropic state takes about
300 ms or more [159], and traditional dual frequency maletiave been reported to al-
low switching from focal conic to Grandjean states of betw240 and 450 ms, depending
on surface alignment treatments [146]. Switching from @faan to focal conic has been
reported to be of the order of milliseconds, using both alive switching mechanisms
[159, 146], similar to the switching time of 5 ms in our systenthe reflected intensities
of Grandjean and focal conic states provide a reasonabteasbmnatio of 5:1.
Measurements of the reflected intensity at angles other1bahave not been taken.
However, from inspection of the cells under illuminationcan be seen that the devices
reflect light over relatively wide viewing angle. The widegémobserved in devices with
homeotropic surface alignment is in contrast to deviceh plidnar alignment, which only

show strong reflection at angles equal to the incident arfglgedllumination.
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Figure 5.13: The normalised intensity of reflected light,iakhis normally incident on
the device, at a reflection angle of 15 degrees (see figurg,Sdt2he cell with a Bragg
reflection peak of 540 nm, as a function of time. The cell isragdsed with 10 V,um*
that cycled between 100 Hz and 5 kHz.

In the next section are some suggestions to further imptoveevices’ performance.

5.3.2 Discussion

Improving Switching Times

Whilst it has been demonstrated that flexoelectric disparsan be exploited in reflective
cholesteric display technology, there are many ways tlet#vices studied in this work
could be improved upon.

The switching time from focal conic to Grandjean states is/\s&tow, for example.
Consistent with the discussion in 81.7.2, it is suggestatttiis switching time is related

to the restoring torque on the director, which is related&odielectric energy given by,
1 2
Fdielectric - _§A€€OE (535)

The switching time is therefore dependent on field strengthdielectric anisotropy. The
speed with which the device switches from the Grandjeandddbal conic state, on the
other hand, is fast at under 5 ms. It may be possible to reche@id@xoelectric bimeso-
genic component of the mixture in order to provide a greaggiative dielectric anisotropy
without compromising dual-frequency switching functibtyain order to mitigate this on-

off-on switching asymmetry, as long as the inequality inatpn 5.24 remains satisfied.
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Furthermore, the bimesogenic component of the mixtured has a very large viscosity,
which further increases the switching time.

There have also been a variety of techniques reported iit¢natlre to improve switch-
ing times in reflective cholesteric technologies, inclypiihe use of polymer networks and
recently, the exploitation of Helfrich instabilities [1p0t may well be that the use of one or
more of these techniques in combination with the presehni@ogy will produce the best
performance, and this provides a platform for further itigegion. Indeed, within this work
(although not presented here), Helfrich-like states ({pbgflexoelectrically rather than di-
electrically induced, since in this work a negative digliecanisotropy material is used)
have been observed to exist in cells with planar alignmendlitimns, and may also be ac-
cessed in devices that can exploit flexoelectric disperfgipatate switching in cholesteric
systems. These states have been shown to provide switdimeg in reflective cholesteric

cells of the order of 10 ms.
Summary

In this section, a new method for driving between focal camd Grandjean states in reflec-
tive, bistable cholesteric display technology has beenahstnated. The technique exploits
the dispersion in the dielectric properties of the matediz to the relaxation in flexo-
electric polarisability, which enables the selection afdfbconic or Grandjean states using
appropriate driving frequencies. The dual-frequencyctffeas a cross-over frequency of
between 300 and 500 Hz in cells demonstrated here, depeowlé&me pitch of the material,
orders of magnitude lower than other dual-frequency effdoevices made using the tech-
nique show bistability, a contrast ratio of reflected intgnsf 5:1, a switching time from
focal conic to Grandjean of 520 ms, and from Grandjean tol fomaic of under 5 ms, and
wide viewing angles, without any polymer networks. The tegbe allows a much greater
flexibility in the choice of other parameters, includingfsge alignment condition, driving
scheme, material parameters (in comparison with dualigegqy materials) and polymer

network stabilisation. The technique shows potential Bredlopment and application, po-
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tentially in combination with techniques reported in rethiiterature, such as the use of

polymer networks. A reduction in the viscosity would grgattduce the switching time.

5.4 Conclusion

By considering the contribution to the dielectric permuitif of cholesteric liquid crystals,
which has before been neglected from consideration in teeture, a novel and versatile
mechanism for controlling twisted liquid crystal struasarbased on dispersion in flexo-
electric polarization has been described; applicatiodisidte transmissive, reflective, multi-
functional and bistable displays, electrooptics in tetepminications, scientific electrooptic
components, novel meta-materials and photonics.

Helicoidal liquid crystal systems have secured a strongketgposition in reflective
(e.g. Magink) and transmissive (e.g. Twisted Nematic)ldispechnologies. Furthermore,
helicoidal systems have long been touted within the field-agi@ing the functionalities re-
quired for the next generation of displays including colsaquential, video rate, reflective
and auto-stereoscopic 3D, and the commercial potentiflesig functionalities has thus far
been unexploited. The new and versatile method for switchetween states in helicoidal
liquid crystal systems presented in this chapter potdptefords a substantial flexibility
in device parameters and associated cost reduction ofrexigichnologies, and unlocks
novel technologies by providing a previously impossibledtionality.

A key component of any liquid crystal technology is switdhimetween one or more
states. Up until now, there is an almost exclusive utilganf a liquid crystal’s dielectric
anisotropy to effect state switching, which is intrinsigahdependent of field polarity and
therefore cannot be field-driven in both directions. Théiegue presented in this chapter
exploits flexoelectricity, allowing field-driven switchgrbetween multiple and potentially
stable states. This added functionality unlocks the valitkinva vast body of technol-
ogy research related to helicoidal liquid crystal systesnsl provides a key mechanism to
be incorporated into the arsenal of tools available to adiguystal device engineer. The

Key advantages are: a cost reduction of existing technedodor example, by potentially
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avoiding the need for polymer networks; unlocking the wydedported yet untapped po-
tential of helicoidal systems, including ultra-fast svaiteg, wide viewing angles, cheaper
electrode structures, reduced power consumption, inedei@solution, reflective, bistable
and multifunctional technologies; and providing a new naggtm for field-driven switch-
ing between multiple transmissive or reflective statexrdihg flexibility in design and
previously impossible functionality.

Flexoelectric dispersion, which in this chapter has beguoied to switch between
states in cholesteric liquid crystal cells, will in the nekiapter instead be exploited to mea-
sure independently the flexoelectric and dielectric cbntions to electro-optic switching
in blue phase liquid crystals. Blue phase liquid crystalsicl are currently being heav-
ily researched for their unique application potential, elesely related to the cholesteric
structures that this thesis has been concerned with thukléavever, the flexoelectrooptic
effect in blue phases has up until now been neglected in theatlure, as the symmetry
of the blue phase does not allow polar switching as it doesencholesteric phase. We
will see in the next chapter that flexoelectric dispersiom abow the electrooptic effects
arising from dielectric and flexoelectric interactions e tolue 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 digseLiethnology, having completely
eradicated the market for cathode-ray tubes in displaysweder, as was discussed in
82.1, fast-switching liquid crystal devices could potaltyi enable a variety of new func-
tionalities in displays and other technologies. In 81.8&r¢ was a description of how
short pitch cholesteric liquid crystals could potentigilpvide faster electro-optic switch-
ing. Cholesteric materials have been suggested for usategitechnology by exploiting
either dielectric distortions in a Grandjean arrangem®8t 19] or flexoelectric distortions
within a Uniform Lying Helix arrangement [53, 54, 55, 56, 32].

However, the Kerr effect in Blue Phase Liquid Crystals (BB).Gas also been reported
as potentially enabling fast-switching technologies [1832]. The Kerr effect is a field-
squared dependent induced birefringence, and the Kertaiansf a material is defined

as,
on

K=—
AE?

(6.1)

wheredn is the induced birefringence andis the wavelength of incident light, ané
is the field strength. BPLCs, which were introduced in 81.5u2 thermodynamically
stable mesophases that exist between chiral-nematic at@pg& phases. Three such

phases are known to exist; BPI, PBIl and BPIIl have body-@®mt cubic, simple cubic
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and amorphously arranged periodic defect-line structueggectively [21, 22]. Short pitch
BPLCs have several desirable qualities with regard to disptchnology. They are op-
tically isotropic with relatively large Kerr constants cpared to solid-state or isotropic
liquid materials. Because they are optically isotropidwro field applied, rich black dis-
play states with wide-viewing-angles and minimal opticainpensation can be achieved
between crossed polarizers. Presently, in order to achagearable viewing angle proper-
ties, displays require multiple domains of liquid crystaterial oriented in orthogonal di-
rections, and this requires expensive patterned alignarahelectrode structures. BPLCs,
on the other hand, require no alignment layers since thegreally isotropic and the opti-
cal axis of the Kerr birefringence is determined by the aggpfield direction [26]. This is a
distinct advantage, because as was discussed in chaptgmnnent in other potential fast
switching liquid crystal technologies, such as uniforrmtyihelix alignment, has proved
particularly problematic. Furthermore, BPLCs can prodacpolarization-independent
electrically-tunable phase retardation, which is requifer high-efficiency holographic
imaging and optical communications applications [163,]18%ese electrooptic phenom-
ena all occur with sub-millisecond switching times [165). dddition, BPI and BPII, due
to the cubic symmetry, act as self-organizing three-dinwerad photonic band-gap devices,
which have been suggested for a variety of applicationsidiot wavelength tunable lasers
[166, 167, 32].

There remain a number of significant issues precluding tpéo#ation of blue phases
in technology. The Kerr constants of BPLCs, although latigean many other materials, are
currently too small to allow full light modulation at voltag suitable for use with commer-
cially available thin-film-transistors [161]. Adapted fnoGerber [168], the Kerr constant

in liquid crystals can be estimated by,

An [ Aceq
Ky~ 20 6.2
i~ ( = ) 6.2)

The subscript of{; has been added here to emphasize that this estimate doek@aict

count of flexoelectricity (the ‘d’ standing for ‘dielectraontribution’). The normal method

of increasing the Kerr constant is to engineer materialb \aitge dielectric anisotropies,
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which increases the dielectric coupling to the field, or Matige An. However, such materi-
als tend to have high viscosity, which severely increaseswitching time of the materials
[169].

Curiously, flexoelectrooptic phenomena in blue phases arennich discussed in the
literature [170]. In the cholesteric phase, the flexoeledffect causes a rotation in the
director about a field applied perpendicular to the heliabéckis, as was discussed in §1.8.4.
In short-pitch cholesteric liquid crystals, the optic asiparallel to the helicoidal axis, and a
rotation in the director due to flexoelectricity causes atioh in the optical axis. However,
due to the cubic or amorphous symmetry, the blue phase isatigtisotropic. For every
local region in which the helicoidal axis is oriented in atgadar direction, there is a
second region oriented orthogonally, resulting in a neicaptsotropy. Hence, a rotation
in the director due to flexoelectricity in one region of the®& is optically compensated
by a second region with the same structure but at 90 degrdés trst, and so no polar
flexoelectrooptic effect is possible [23]. However, the dlebectric effect still couples to
director curvature distortion in blue phase systems, amdpcaduce a Kerr effect. Kerr
effects arising from flexoelectricity are not consideregquation 6.2, but may provide a
valuable approach to engineering BPLCs with larger Keristamts.

In this chapter, by examining blue phase materials with @#ifgrent flexoelectric and
dielectric properties, experimentally it is demonstratet: i) both flexoelectric and dielec-
tric effects contribute to BPLC Kerr switching) both effects are found to have a similar
influence on the magnitude of the Kerr effect; amjithat the flexoelectric and dielectric
Kerr contributions combine constructively in the case wehire dielectric anisotropy is
positive;iv) and destructively in the case where the dielectric aropytis negative. The
flexoelectric and dielectric contributions are measureexploiting the suppression in the
flexoelectric switching at high frequencies; an effect twas also exploited in the last
chapter to achieve control of state switching in cholestsystems. An analytical model
for flexoelectric Kerr switching in BPLCs is developed in gy to Gerber's equation

(equation 6.2) in 86.5.2. Furthermore, these analyticalefsare developed further by the
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inclusion of empirically determined geometric factorsttrelate the dimensionally consis-
tent combination of liquid crystal parameters to the experitally measured flexoelectric
and dielectric contributions to the Kerr constant.

In addition, the different approaches to the thermostgbdf the wide-temperature-
range BPLCs used in this study are discussed, and impordaateters relating to flexo-
electric and dielectric Kerr effects are characterisedaly, the consequence of these new
insights into PBLC Kerr switching for the engineering of egls for the next generation
of electro-optic technologies is discussed. The potemtfalence of order-electricity and

gradient-flexoelectricity on Kerr switching in BPLCs is@lemarked upon.

6.2 Comparison of Wide-Temperature Blue Phase Mate-
rials

In order to study the flexoelectric and dielectric contribas to Kerr switching, two very
different wide-temperature-range BPLC materials are @reqh a high-viscosity flexo-
electric-dominated bimesogenic mixture (mixture F) hgvin large flexo-elastic ratio,
(e; — e3)/(K, + K3), of 1.1 CN"'m~! and a very small, negative dielectric anisotropy
of —0.083 is compared to a dielectric-dominated mixture hagif@v viscosity, extremely
small flexo-elastic ratio of 0.011 CNm~! and a positive dielectric anisotropy of 1.6. In
this section, the different approaches to producing a wheenostability in BPLCs used
in this study are discussed and key parameters related tweflotric 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 unest supplied by the Uni-
versity of Cambridge, of five components; a chiral dopantwit% BDH1281 [171], and
24 wt% each of FFO50FF, FFO70FF, FFO90OFF and FFO110FF, whergructure of
FFO-n-OFF is given in reference [25], which has a cholestgitch of~ 250 nm at room

temperature. This material, which here will be refered tonagure F, undergoes a phase
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transition on cooling from isotropic to an unidentified bjalease at 57C that is stable over

a wide temperature range. The bimesogenic components lggvenixture a high flexo-

electric susceptibility, which is thought to provide thestability of the blue phases by
reducing the free energy near defects [172]. The high vigco$ bimesogenic mixtures

also improves the metastability of blue phases outside @f thermodynamically stable
temperature range.

The flexo-elastic ratio of mixture F was measured by F. Cagtlniversity of Cam-
bridge) using a standard Uniform Lying Helix method (see2§20 be 1.1 CN'm~! at
40°C and does not vary significantly with temperature.

Here, the dielectric properties were calculated from fesgpy-dependent capacitance
measurements at 40shown in figure 6.1 (a). The dielectric properties can beuded by
considering that a cell’s capacitance is given®y= ¢,£0V/d, wheree, is the effective
relative permittivity of the liquid crystal (see §1.3.3)h& relative permittivity is assumed
to be equal ta; when the cell is in the Grandjean state. As was discussed ia deiail
in 85.2.2, while in the ULH state, the effective relative ipétivity is a combination of
£ = (e1 + ¢)/2 and an additional contribution due to the flexoelectric poébility of
the material. The flexoelectric effect is suppressed atdrigfequencies, resulting in a
relaxation in the capacitance as a function of frequencyithavident in figure 6.1. By
dividing the capacitances of the cell in these states bynigyecell capacitance, in which
it is assumed that for aig,, = 1, and using a model of the form given in equation 5.32 in
chapter 5, one can determine the dielectric anisotropyeofitjuid crystalAc = ¢ —¢,.
For mixture FFAe = —0.083, andé = 5.7 at 40C. Because\e = —0.083 is small, its
relative magnitude may be highly sensitive to changes irp&Fature [126].

Incidentally, the capacitance data also allow for the mesamant of the flexoelectric
contribution to the permittivity of the ULH at low frequenayhich for material F is found

to beécgeo = 0.51. As was discussed in 85.2 44, IS related to flexoelectric and elastic

Eflexo = ! (M> (63)

parameters by the relation,

g0 \ 2(K1 + K3)
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Figure 6.1: The capacitance as a function of frequency ftis ¢empty cell capacitance
0.18 nF) filled with (a) material F at 4C and (b) material D at 2&. An analytical model
of the form given in equation 5.32 (solid lines) is used toed®mine the dielectric and
flexoelectric properties of the materials, includifg. A relaxation in the capacitance in
(a) when in the ULH configuration is consistent with the s@sgion of the flexoelectric
polarization at higher frequencies. In the case of (b),&l&no such relaxation, and thus
no evidence of substantial flexoelectric polarization.

By considering the value of/ K measured using the ULH method, one can therefore infer
thate, — e; = 7.8 pCN~! and thatK; + K3 = 7.1 pN. The large value of/ K is therefore
due to a relatively small value df; + K3 in this mixture (c.f. for mono-mesogenic E7,
K1+ K3 =27 pN). This may be due to a smatl;, 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 mixtyrovided by Feng Chia
University, Taiwan, of a nematic host liquid crystal FCUMCO and a relatively weak left-
hand chiral dopant FCU-NYCL, whose helical twisting povwgeri20 um~*. The dielectric
anisotropy of the pure nematic host is 2.7 at room temperatuith a birefringence of 0.1
at A\ = 550 nm (both measured by Feng Chia University [174]). The roteti viscosity
of the nematic host is estimated to be less than 100-snR&4]. After adding 8 wt%
chiral dopant, the mixture exhibits a cubic blue phase inrg warrow temperature range

[174]. The temperature range of the blue phases become widlerincreasing chiral-
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dopant concentration, and with 21 wt% and 24 wt% chiral dgpére mixtures exhibit
phase sequences (alli@) Isotropic 35 BPIII 28 BP121.1 N* and Isotropic 32 BPIII 16°B

< 20, respectively [174]. The approach to producing a large phase temperature range
for this dielectric-dominated material is in contrast tattladopted for the flexoelectric-
dominated material F. The thermostability of blue phasesdegn shown to correlate with
a reduction in the dielectric anisotropy and an increasééndlastic constants [175]. In
addition, a chiral dopant with good solubility can extend temperature range of the blue
phase [176]. The chiral dopant used in this mixture redulcesriscosity of the nematic
host [174]. The viscosity is correlated with the order pagtan and a reduction in the
order parameter might reduce the free energy around théndison. In this study, the
21 wt% chiral-doped mixture ~ 250 nm), which here will be refered to as mixture D, is
used because it has a favourable phase sequence includiogftit blue phases. However,
in some cases, data are also presented for the 24 wt% miwtoieh is refered to as mixture
D2.

The flexoelectric response of mixture D is too small to measising a standard ULH
technique, and so was measured using the Grandjean rotagéittrod with a quarter-wave
plate (the method and data for mixture D is presented in 82.3he mixture exhibits an
extremely small flexo-elastic ratio of 0.011 Chn—! at room temperature. The dielectric
properties of mixture D were determined from the capac#aas a function of frequency
shown in figure 6.1 (b), with the result that = 1.6 and(e, +¢)/2 = 4.5 at 25C. The
chiral dopant dilutant in this mixture reducés relative to the pure host material. Note
that the capacitance of the cell in the ULH state does not shoaticeable relaxation as a

function of frequency, which is consistent with the matésismall flexo-elastic ratio.

6.2.3 The Relative Distortion due to Dielectric and Flexo&ctric Field
Interactions

While it is expected that the two materials in this study, B &n behave very differently
in electric fields due to being either dielectric or flexo#fiecdominated, it will be useful

to quantify this difference. To achieve this, consider #lative flexoelectric and dielectric
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distortions in a cholesteric liquid crystal. A field applipdrpendicular to the helicoidal
axis causes a rotation of the director about the field dwadtiue to flexoelectricity given
by (see §1.8.2),

€1 — €3 1)

do(E) = K1k q (6.4)

The dielectric interaction also causes a director rotaatthough the rotation is not uniform
(being a function of position along the helicoidal axis) amdh the plane of the director.
The maximum in-plane rotation due to the dielectric distortas was derived in 81.7.1, is

given by,

0o(E) = ot (%) (6.5)

By combining equations 6.5 and 6.4, we can express a dim@as®dielectric- to flexo-

electric-distortion ratio,
. 90 A€€0(K1 + K3)2

e gb_% - 8K2(€1 — 63)2 (66)

which gives the relative strength of the dielectric and fidgotric distortions in a particular
liquid crystal material (this quantity was also consideirethe context of the coupling of
dielectric and flexoelectric effects in cholesteric liqaigstals in chapter 3). The values of
« for material D and F aréx 10 and—4 x 10~2 respectively. Here it has been assumed that
for the bimesogenic material K, = 2 pN, which is taken from measured and calculated
values of similar materials [177, 173, 19]. Thus, these Iplu@se materials’ dielectric- to
flexoelectric-distortion ratios differ by a factor ®6°, making them particularly suited to

comparing the contribution to Kerr switching arising frohettwo field-distortion effects.

6.3 Measurement of the Kerr Constant

In order to determine the materials’ Kerr constants, thelfsgjuared dependence of the
birefringence was measured using cells within the expertedl@rrangement shown in fig-
ure 6.2. Cells were made using an ITO electrode on one of th&sie surfaces, in which
a 2 mm gap had been etched in order to apply a uniform in-plaite fThe same electrode

structure was adopted in chapter 2 to investigate flexa&eswitching in Grandjean and
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Figure 6.2: A schematic of the experimental arrangemert tsmeasure both the magni-
tude of the Kerr constant and the individual contributiomgihte Kerr constant due to flex-
oelectric and dielectric field distortions. A circular pokation is generated using a linear
polarizer and quarter-wave plate. A liquid crystal cellwliPS-type electrodes is followed
by an analyser set at 45 degrees to the applied electric fieddtibn, and a photo-diode
detects the transmitted intensity.

twisted nematic cells. A numerical study in 82.3.2 found thach an electrode structure
produces a highly uniform field. The cell is positioned suwt the in-plane field direction
makes an angle of 45 degrees to the analyser.

The normalised transmission is given by,

(6.7)

T = sin® <% + Wd/\nd)

where ther /4 is the retardation due to the quarter-wave plate, &ana the induced bire-

fringence. For smalin, this can be approximated as,

1  7wond
T=—+—— )
5 + 3 (6.8)

whered is the device thickness. The cell was driven with a sine-rfaidd field (with a
frequency well below the relaxation frequency of the flegotic switching) of the form

E = Eysin(wt). From equation 6.1, and substituting 61 we find that,
on = AK E] sin® (wt) (6.9)

Substituting this into equation 6.8 and using a double-@afayimula, we find that,

1 d
7=+ %KE@ (1 — cos(2wt)) (6.10)
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In order to extract this component formally, we can perforRoarier series calculation for

the 2w component, i.e. we can multiply bys(2wt),
1 md : 9
T cos(2wt) = 3 cos(2wt) + 7KEO (cos(2wt) — cos?(2wt)) (6.11)

From equation 6.10, we know that the transmission is a fancthat includes a term
—Tp cos(2wt), whereTj is the transmission amplitude at an angular frequend@gwofSub-

stituting this for7" in the above expression and taking the time average, we faid th

d
T, = %KES (6.12)

which is the amplitude of thew frequency component of the transmission. This can be

rearranged fof,

= :d—jgg (6.13)
which putsK in terms of measurable and known quantities. To determgnthe output of
the photo diode in the experimental arrangement in figureseahalysed using a lock-in
amplifier, which can measure the amplitude of thefrequency component of the photo
diode output)j, to a high level of accuracy. From equation 6.8, it can be seainwhen
there is no field-induced birefringence (at= 0) then the transmission is equal to 0.5. The

transmission amplitudé&, can thus be determined by,

Vo

Th =
* T 2V,

(6.14)

wherel is the amplitude of thew frequency component of the photo diode output voltage,
andVg_, is the photo diode output voltage whéh= 0. The cell thickness], is measured
by analysing Fabry-Perot fringes in a transmission spectofl cells before filling with
liquid crystal.

The birefringence is shown as a function)df? in figure 6.3. The values of the Kerr
constants are then the slopes of these lines (see equatip@aBd are summarised in table
6.1 for materials D and F, which havé = 0.13 nmV-2 and K = 0.022 nmV~2 respec-

tively.
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Figure 6.3: The induced birefringence is shown as a funatfohZ? for materials D and
F. The slopes correspond to the Kerr constants. The bigefnoe was determined by
analysing the transmission between crossed polarizergewées with uniform in-plane
fields in series with a quarter-wave plate, as shown in figu2e 6

Table 6.1: A summary of the physical parameters of the BPL@&nads used in this study.
The Kerr constant for the materials, which have been medsigiag the method described
in 86.3, are given in the final column.

Ae FeR e K v T K
Material F —0.083 11  —4x102 ~06 185(T=50C) 0.022
Material D 1.6 0.011 %10° ~ 0.1 23(T=34C) 0.13
Unit CN-!m-! Pas us nmv-2

In this section, a technique for measuring the Kerr constanhas been described, and
the method has been used to meaguna both flexoelectric and dielectric dominated blue
phase materials. In the next section, a technique is desdlapd applied to measure the

independent contributions # 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 ine Phases

In chapter 5, the suppression of flexoelectric switchindgiolesteric materials as a function

of frequency was described in detail. In 85.2, it was fourat th cholesteric materials,
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there is a relaxation in the flexoelectric tilt angle as a fiomcof driving frequency at a
characteristic frequency given by,

2

fﬂexoelectric = 4q— (Kl + KB) (6 . 15)
Ty

where~ is a viscosity.

The lattice parameter of blue phase systems is roughly thme & the pitch in the
cholesteric phase at the same temperature [178, 179]. foherdlexoelectric distortion
in blue phase systems is likely to have a similar relaxati@guency to the analogous

cholesteric phase,

q2

b
o~ — (K + K 6.16
fﬂexoelectrlc 471_7 ( 1+ 3) ( )

although it may be slightly different due to the differemusture of the blue phase. In the
rest of this chapter, the assumption will be made tffat . ;.c.ic = SfAexoelectric, @and thatr

is equal to the time constant associated with the suppressifiexoelectric switching in
blue phases.

We may expect that the contribution of flexoelectric distortto the Kerr effect in
BPLCs will be absent at frequencies in exces$@f,ci.ctric. ON the other hand, the dielec-
tric polarization, as was also discussed in chapter 5, is&jlg not suppressed below fre-
quencies of MHz [149, 150]. Hence, the dielectric contiitnuto the Kerr effect in BPLCs
will not be suppressed at frequencies well above the rataxiequency of the flexoelectric
contribution. This is the key to distinguish between the twatributions experimentally.
By observing Kerr switching as a function of frequency, axation in the flexoelectric
contribution is observed, and at driving frequencies mueigr than/gecoclectric, ONly the
dielectric contribution remains.

Let us express the Kerr constant as a sum of flexoelectric imhetttic contributions,
K(w) = K{ + Kq (6.17)

whereK is the Kerr constant associated with the dielectric effaetlK? is the frequency-

dependent Kerr constant associated with the flexoeledtecte From §85.2.1, we found that
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the flexoelectric tilt angle is frequency dependent, antttt@amplitude of the tilt angle in

a sine-modulated field is given by,

¢

=" 6.18
¢0 1+ w27f2 ( )

whereg is the flexoelectric tilt in the static field case,is the driving frequency and, =
1/27 faexoelectric (C.f. €quation 5.9). We might expect that the flexoelectdotdbution to
Kerr switching in blue phases depends upon the flexoelestritching, and so in a similar

fashion we can write,

K
K)= —— 6.19
f 1+ wQTfQ ( )
and hence, we can write,
K
K =— 4+ K 6.20

which gives the frequency-dependent Kerr constant in terinfiexoelectric and dielectric
contributions.
The flexoelectric contribution to Kerr switching resultsrfr flexoelectric distortion, and

while the resultant induced birefringence is independétti@polarity of the field, the un-

derlying distortion is field polarity dependent. At freqees larger than the flexoelectric
switching relaxation frequency, the magnitude of the fléxcteic distortion is proportional
to the time-average of the field, which for an AC field with z&6 component is zero.
Hence, the flexoelectric distortion, and associated fleaet contribution to Kerr switch-
ing, is suppressed at large driving frequencies. On the bdied, the dielectric contribution
to Kerr switching results from distortion due to the dieteceffect, which is the same for
positive and negative fields. At large frequencies, theedielc distortion amplitude is pro-
portional to the time-average of the square of the field, @ntlean-squared field. Hence, the
distortion due to the dielectric effect, and associated Kettching, will not be suppressed
at large field frequencies. There will be a relaxation in iheetaveraged transmission as
a function of the driving frequency of a BPLC device betweesssed polarizers due to
the relaxation in the flexoelectric contribution to the Kewitching, however the dielec-

tric contribution will not produce such a relaxation. In erdo probe this behaviour, the
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frequencyw of a driving voltage signal is varied, and the driving signamplitude is mod-
ulated using a relatively low modulation frequengy; one that is well below the relaxation
frequency. A lock-in amplifier measures the amplitude oftthesmission at the modula-
tion frequency, which is effectively equal to the time-aged transmission if the driving
signal were not modulated. Using a lock-in amplifier to measihie amplitude of the mod-
ulated signal allows a much greater level of precision thaasuaring the time-average of
the photo diode output directly, since the lock-in ampliian detect amplitudes as small
as tens of microvolts or less. Using this method, it is pdedio measure the transmission
amplitude at the modulation frequency as a function of dgvirequency, and from this
to determine the independent flexoelectric and dielectndributions to Kerr switching in
blue phases. In the next section, a mathematical treatnieginé @bove discussion will be

presented.

6.4.2 Determining Flexoelectric and Dielectric Kerr Contibutions
Using a Modulated Driving Signal

Let us take a field described by,
B : .9 (Wm
E = Ejsin(wt) sin (—2 t) (6.21)

in which w is a test angular frequency that will be varied, angdis a fixed modulating
frequency wherey,, < 27 fexoctectric- |f this field is applied to a liquid crystal whose Kerr

behaviour is described by, = AK E?, then the birefringence is given by,
on = MK E} sin®(wt) sin* (%%) (6.22)
which, using suitable double-angle formulae, can be esps

1 1
on = AK E3 sin®(wt) <g —3 cos(wmt) + 3 cos(met)) (6.23)

From equation 6.23, it can be seen thatwill have frequency components @t w,, and
2wy,. From equation 6.20, it is also clear that the flexoelectictcbution to X' depends
uponw. Therefore, by varying, it is possible to analyse the magnitude of the Kerr bire-

fringence as a function of frequency by measuring the aogsitof either thev,, or 2w,
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frequency component of the birefringencewif, and2w,, are well below the relaxation
frequency associated in the suppression in flexoelectrtribmition to the Kerr switching.
In order to study the birefringence, the liquid crystal cangdbaced between crossed
polarizers with a quarter-wave plate as shown in figure 6h2 tfansmission, assuming
is small, is again given by,
1 wond

y 6.24
5T (6.24)

From equation 6.23, it can be seen thatdhefrequency component has a larger amplitude
(% compared tc% for the 2w,,, component). Experimentally, it will be possible to measure
this component using a lock-in amplifier, which can accuyateeasure a given frequency
component of a photo diode output signal. After substiguéin from equation 6.23 into
equation 6.24 to find the transmission under the applicatiafield of the form in equation
6.21, we can again perform a Fourier series calculatios titme for thew,, component, by

multiplying by cos(wt),

1 3 1
T cos(wnt) = 5 cos(wmt) + md K E} sin?(wt) <§ cos(wmt) — 5 cos? (wit)

+ % cos (2w t) Cos(wmt)> (6.25)

By considering equation 6.23 and 6.24, we know thahcludes a term-T7;" cos(wpnt),
whereTj" is the amplitude of they,, component of the transmission. Therefore, if we take
the time-average of equation 6.25, such that(wt) = cos?(wyt) = 1/2, we get,

wd ( K

Ty =——ss
O 4 \ 14w

- Kd) E} (6.26)
whereT" is the amplitude of the transmission at the modulation fesgyw,,, and the full
form of K given in equation 6.20 has been used. The key differencedeetequation 6.26
and the result in equation 6.12, is that the modulation feegy at which the measurement
is being madeyw,,, is independent of the frequency that is variedallowing the precise
measurement of transmission at a range of frequencies dvehwlexoelectric switching

is suppressed. By varying and measuring the amplitude of tlg frequency component

of the transmission, we can therefore observe a relaxatidha Kerr switching due to
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Figure 6.4: The response of devices with interdigitatedtedeles under the application
of sine-modulated AC fields of the form in equation 6.21 shngnthe difference between
the Kerr behaviour of flexoelectric- and dielectric-domethblue phase liquid crystals.
Material D where (a)v = 1.1kHz, w,, = 110 Hz, (b)w = 11kHz, w,, = 1.1kHz. Material

F where (cw = 630 Hz, w,, = 63 Hz, (d)w = 6.3 kHz andw,, = 630 Hz. For illustration,
the ratio ofw to w,,, has been kept constant in order to observe both frequencygauoents

in the plots. Whem /27 is greater tharfgexociectric, the flexoelectric-dominated material has
a suppressed Kerr response due to the finite switching tirtieedfexoelectric effect, as can
be seen in (d). Dielectric-dominated materials howevetinae to show a Kerr response
that depends ol 2 even at high frequencies, as can be seen in (b).

flexoelectricity. From equation 6.26, if we take the ratioAen the transmission amplitude

at low and high values af, we can rearrange for the ratio %/ K, to get,

K _ T3 (27w < fhexoelectric)
Kd TOm(Qﬂ'w > fﬂexoelectriC>

1 (6.27)

Hence, by measuring the transmitted intensity at freq@sngreater than and less than
filexoelectric, WE can determine the rati; / 4. In practice, rather than taking measurements
of the transmission amplitude at only two driving frequesciequation 6.26 will instead be
used as an analytical model to compare with experimentagimnéssion as a function af,

and the ratiai;/ K4 andr; will be introduced as fitting parameters.
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Interdigitated Versus Wide-Electrode-Gap IPS Cells

In order to investigate experimentally the Kerr relaxatimhaviour as a function of fre-
guency, it must be possible in the experimental arrangetoaqply a range of frequencies,
including large frequencies, since the relaxation in theoldectric switching is expected
to occur at several kHz. However, the maximum frequencydhamplifier is capable of
at a particular voltage is determined by its slew rate — thatie greatest rate of change of
voltage,0V/0t. Wide-electrode-gap cells used in the measurement of taéKerr con-
stant, K — which can also be considered as the Kerr constant in thdrkguency limit

— require very large voltages for modest field strengthsabseZ « V/a, wherea here

is the electrode gap. By using interdigitated electroddsckvwere introduced in §4.3.1,
a smaller voltage is required to produce the same field stndvgrause the gap between
electrodes is smalk{ 10 um), and the device behaviour can therefore be studiedielh m
greater field frequencies.

However, interdigitated electrode cells, while convenien allowing the application
of large field frequencies, are inappropriate for measutiegabsolute Kerr constants,,
using the arrangement in figure 6.2. The relationship betwke transmission and the
birefringence, given in equation 6.8, assumes that theeerggion of the device on which
light is incident has the same induced birefringence. th¢giated cells, however, only
switch liquid crystal between electrodes, and above thetreldes little or no birefringence
is induced. Therefore, in order for the birefringence to éetmined from the transmission
of a device with interdigitated electrodes, a ‘fill-factetthe ratio of switched to unswitched
area —would have to be included. However, this factor is notn. Furthermore, the non-
uniformity of the field due to interdigitated electrodesgq<$.3.1) could complicate the
measurement further, since the Kerr constant is defineddtior to a uniform field strength
in equation 6.1. For these reasons, cells with single, widerelectrode gaps were used
to measure the absolute valuegfin 86.3, which produce a uniform field and allow the
entire region of the cell on which the laser is incident toengnce the same field strength.

On the other hand, when observing the Kerr behaviour as agifumof frequency, since
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we are only interested in the relative transmission at lod laigh frequencies, we do not
require to know the fill-factor that relates the transmisdimthe birefringence, and hence,
interdigitated electrodes, which allow for the applicatad much greater field frequencies,

may be used.

6.4.3 Experiment and Analysis

The photo-diode response of a device with interdigitatedtebdes, within the experimental
arrangement shown in figure 6.2, under the application ofld éethe form in equation
6.21 is shown in figure 6.4. When the frequency is much grehger the flexoelectric
relaxation frequency, the flexoelectric contribution ipgressed. In material F, the Kerr
response is almost completely suppressed in figure 6.4 édpusek’; is dominant and
the dielectric contributionk 4, is small. However, in the dielectric-dominated mixture D,
although the high-frequency component of the transmission is suppressed, the amplitude
of the photo-diode response at the modulation frequencpébanged between figure 6.4
(@) and (b), becausk; is very small.

To determine the rati&’;/ K4, a lock-in amplifier was used to meas(ig as a function
of w for BPLC materials F, D and D2, shown in figure 6.5. As discdsB#ing an analytical
model of the form in equation 6.26 allows the rakip/ K 4 to be determined, and thus allows
the relative dielectric and flexoelectric contributionstihe Kerr switching to be studied,
which has not previously been possible. The meas#higds, is shown in table 6.2.

The characteristic switching time of the Kerr effect in nmegtleD and D2 was measured
independently by observing transmission under the agpicaf bursts of 200 kHz AC (an
example is shown in figure 6.6), to be 23 ps &@G4nd 320 ps at 2& for material D and
23 us for material D2 at 3C. However, as is expected, there are no relaxations camesp
ing to these characteristic times in figure 6.5. This showsttine dielectric response does
indeed depend on the square of the time-averaged higheneguu) component of the
field, in contrast to the flexoelectric Kerr response thatigpsessed at high frequency. Ma-

terial D does not exhibit a significant relaxation due to thepsession of the flexoelectric
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Figure 6.5: The normalised transmission amplitude at theutadion frequency/;", is
shown as a function of the driving frequencyunder the application of a field of the form
E = Eysin(wt) sin® (“2t), in both flexoelectric and dielectric dominated BPLC matisti
on alog-log scale. A relaxation model of the form given in&tipn 6.26 (solid line) is used
to determine the ratio of the flexoelectric and dielectriotabutions to the Kerr switching,
Ki/K,4. A point at which the flexoelectric and dielectric contriloms combine to give
K =0, and therefore at which" = 0, is evident in the model at between 4 and 5 kHz.

switching, which corresponds to its smajl — e;. The sensitivity of the lock-in amplifier
provides an upper limit on the ratig; / K4 in material D of 0.01 (summarised in table 6.2).
In the case of the flexoelectric dominated material, the kmedjative dielectric aniso-
tropy leads to a negative induced birefringence, and thezed negative value k3. On
the other hand, the flexoelectric response contributegipelgito K, and K; is positive.
Material F shows a strong relaxation in the Kerr switchintwai time constant; = 185ys,
determined from fitting the model of the form in equation 6.28 the frequency increases
and the flexoelectric contribution is suppressed, there frieguency at which the total
frequency-dependent Kerr constant is equal to zero. Thig @evident in the log-log
plot by the downward spike in the model. By settiRgfrom equation 6.20 equal to zero,

and rearranging, we can determine the frequency at whicbdlextric and dielectric con-
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Figure 6.6: The output of a photo diode is shown for a celldiNgth material D within
the experimental arrangement shown in figure 6.2, undergpkcation of pulses of AC at
200 kHz. The photo diode response is used to determine tmaatbastic response time of
the Kerr effect in the dielectric-dominated blue phaseesyst

Table 6.2: The ratios of contributions to the Kerr switchthge to flexoelectric and dielec-
tric effects in blue phase materials D and F, measured ubm@xtperiment described in
86.4. The total Kerr constant, measured using the expetiaestribed in 86.3, is also

given. The values of the flexoelectric and dielectric cdmitions,; and K4, are deduced
by combining results from both experiments.

Ki/Kqy KnmV=2?) Kg(nmV=2) K;(nmV-?)

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,

i S (6.28)

Using the measured valuegf.., and K/ K4, we find thatfx_, = 4.7 kHz. At frequencies
greater than thigy is negative. However, in this experiment, the lock-in afgiimeasures
only the absolute amplitude of the transmission at the naihu frequency, and so the

measured amplitude of the transmission is a positive nuraBeshown in figure 6.5.
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Rearranging equation 6.17, we get,

K K
Kf= ——
1+% 14 [;{g_ﬂ (6.29)

d

Ky =

From the measurement of the total Kerr consti@nising wide-electrode-gap devices (dis-
cussed in 86.3) and the ratio &f;/ K4 using interdigitated devices, absolute Kerr contri-
butions arising due to dielectric and flexoelectric effexdn therefore be determined. For
mixture F, kg = —7.4 x 107* nmV~2 and K; = 2.3 x 1072 nmV~2; for mixture D,
Kq=0.13nmV-2andK; < 1 x 103 nmV~2 (these values are summarised in table 6.2
and later in table 6.3). Mixture F’s negative valuerf is consistent with a material with a

negative dielectric anisotropy [180].

6.4.4 Summary

In this section, a method for measuring the independentibomtibns to Kerr switching in
BPLCs arising from flexoelectric and dielectric effects basn described. The total Kerr
effect was first measured using cells with wide electrodeisga Secondly, the ratio of the
flexoelectric and dielectric contributions to Kerr switeiwas determined using devices
with interdigitated electrodes by measuring transmisa®ia function of driving field fre-
guency, using an amplitude modulated driving signal. Wherfriequencyf < faexoelectrics
the flexoelectric polarization contributes to the Kerr effeand whenf > facoctectric the
flexoelectric switching is suppressed due to dispersioherflexoelectric polarization and
only the dielectric effect remains. The method has been tseétermine the Kerr con-
stants, K4 and K, arising from dielectric and flexoelectric field interactsorespectively,
in both flexoelectric- and dielectric-dominated BPLCs.dseen demonstrated that in the
case of a negative dielectric anisotropy, the total Kerrstamt, /<, is less tharnk;. In the
next section, the results are discussed in relation to oalestimates of{y and K¢, and
the flexoelectric and dielectric effects are found to haviendar influence on the magnitude
of the Kerr effect. Additionally, the consequence of these msights 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 of K4 calculated using Gerber’s estimation in equation 6.2 apevehalongside the
experimentally determined values for material F and D inet@3. To calculate the esti-
mates An was estimated to be 0.07 for both materials by inspectingttith of the Bragg
reflection bands of transmission spectra while in the chetiesphase in a Grandjean ge-
ometry (see 81.6.2). For material D, the Gerber estimate,aé a factor of 10 greater than
the measured value. This discrepancy is likely a result @&cagetric factor that is absent in
the estimation. The Gerber estimate for the Kerr constaaguation 6.2 was deduced by
considering that the induced birefringence depends on arggrbalance between elastic
distortions and director reorientation due to the field [L&8Ilevant parameters were then
organised into a dimensionally consistent combinatiotheuit taking account of geometric

factors. If one includes a geometric factor, we may modig/t6.write

An [ Ace
Ky~ Gy {—2 ( - 0)} (6.30)
2

where GG, is the geometric factor. The measurg&d of material D suggests thdt, is
approximately 0.1, however, it is interesting to compaiie thith other blue phase Kerr
measurements from the literature. Figure 6.7 shows med$(ery constants of several
polymer-stabilised blue phase systems reported in [168inagthe value of the Gerber
estimate calculated using equation 6.2. To calculate estidiKerr constants, typical values
were taken for the pitch (250 nm), wavelength of incidertili@33 nm) and elastic constant
(6 pN), as these are not provided in the paper [169]. The g¥bpdinear regression of the
measured Kerr values against the estimated ones providesiarate of+4, giving a value
of 0.026. This estimation is a factor of 4 smaller than théibested by the measurement of
mixture D given in table 6.3.

However, it is known that polymer networks increase theatiffe elastic constants of

the liquid crystal [169]. Since the Kerr switching is invelsproportional tok; (equation
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Figure 6.7: Experimentally measured values of the Kerr @omsk, for a series of poly-
mer stabilised blue phase systems, taken from referen®}, [AGainst estimates based on
Gerber’s approximation to Kerr switching, which does ndéetaccount of geometric fac-
tors [168]. The slope of the linear regression provides éimase of the geometric factor
Gq. The estimate o7, is likely to be smaller than in systems without polymer natwo
stabilisation, due to the influence of the polymer networklaneffective elastic constants
of the material.

6.30), an increase in the effective valuefof would reduce the slope of the line in the plot
in figure 6.7 and therefore reduce the determined valde;oh polymer stabilised systems,
since the dimensional estimate is made based on the vakiedadfthe liquid crystal without
a polymer network. Polymer stabilised blue phase systeentharefore expected to have a
smaller value of~4, which could explain the difference between the valué;gfdeduced
from the polymer stabilised systems in the reference and‘thgetermined for material D,
which does not have a polymer network.

For material F, there is a large discrepancy between theewailu<, calculated us-
ing Gerber’s estimation, and the experimentally deterchivelue of K3. The dielectric
anisotropy measured at 4 a Grandjean geometry using capacitance measurements was

used in the calculation for the estimate, howeligrwas experimentally determined in the
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Table 6.3: Experimental values and corresponding estsnamg dimensional consider-
ations for flexoelectric and dielectric Kerr constants armsarised. Estimated values,
ignoring geometric factors, are calculated using equat®B80 and 6.32. The values em-
phasized with red boxes are those from which the geometiofs GGy andG,, are deter-
mined.

Material F Material D Unit
K4 (experimental) —0.00074 nmV—2
K, (estimated) —0.063 1.2 nmV 2
K (experimental) 0.023 <0.001 nmV~2
K; (estimated) 0.21 0.00021 nmV~—2

blue phase at 5C. SinceAce is close to zero for Material F, changes in the temperature
may have a large effect on the relative magnitudéef The dielectric anisotropy in bime-
sogenic materials is known to increase with increasing tratpre, and can even undergo
a change of sign near the nematic-to-isotropic transitewnperature [126]. An absolute
change in the value ake of the order of 0.1 over TQas reported in reference [126] for a
similar bimesogenic liquid crystal, can account for theetipancy 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 contribos, an estimated value @f;
can be formulated using a similar process undertaken byag§tb8]. One can immedi-
ately produce a dimensionally consistent estimat& dby considering the definition of the

dimensionless quantity given in equation 6.6. Rearranging equation 6.6 we can write

) 631
s{e5 ]

where the terms on the top and bottom relate to the dielemtcflexoelectric distortion.

K =

Comparison with equation 6.2, and replacing the dieledigtortion terms with the flexo-

electric distortion terms, we then arrive at a dimensignatinsistent estimate for the Kerr
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contribution from flexoelectric distortion,

An (e —e )’ (6.32)
A2 \ Ky + K3 '

where(G: is again a geometric factor (and absorbs the facta iof equation 6.31). The

K; = Gy

experimentally determined values i&f are summarised along with estimates based on 6.32
(but ignoring the geometric factor) for material D and F ihléa6.3. From the ratio of the
experimental value to the estimated value of material F, né thatG; is also approxi-
mately 0.1.

Interestingly, this result suggests that flexoelectric dietectric effects have a similar
influence on the magnitude of the Kerr effect in blue phasdss Gould have important
implications for the engineering of large-Kerr-constahtebphase materials. There is a
trade-off between a material’s dielectric or optical atigpy and the liquid crystal viscos-
ity, which results in a trade-off between electrooptic msge and switching time. However,
here it has been demonstrated that the Kerr response cantipliyealso be improved by ex-
ploiting flexoelectricity. Therefore materials may be eragred that exploit both dielectric
and flexoelectric effects in order to maximise the Kerr resgeo although it should also be
noted that bimesogenic liquid crystals, while having addigxo-elastic ratio, are also rel-
atively viscous. We may summarise the combined flexoeteatrd dielectric contribution

to the Kerr effect in blue phases by the expression,

ASSQ €1 — €3 )2
G + G| ———= 6.33
o {m+& (6.33)

An
K= —
Ag?

which provides an expression for the total Kerr constantloé Iphase liquid crystals due
to both dielectric and flexoelectric distortions, and pdea an entirely new insight for the
engineering of Kerr-optimised blue phase materials.

Finally, the estimated value &f; for material D, shown in table 6.3, is tiny, owing to the
very low flexoelectric response in this material. The estéma consistent with the upper

limit on K; found experimentally.

IPreliminary numerical simulations undertaken by Elsto1]lof the a BPI structure using a director
continuum model with Berreman optics has suggested thaibmetric factors’s andG4 are similar to one
another in magnitude and substantially less than 1, cemsistith the experimentally determined values.
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6.5.3 Other Field Effects

So far we have considered the effect of flexoelectricity dval dielectric interaction on
Kerr switching in blue phase liquid crystals. However, othleenomena may be important.
BPLCs are materials whose dielectric properties and diremtientation have a cubic or
amorphous symmetry, and include a network of topologictadines [21, 22]. As such,
gradient flexoelectricity may influence the Kerr responseadi&nt flexoelectric polariza-
tion is proportional t@;, + e3 and gradients itk (see 81.3.4), but there has been no attempt
to separate the effects ef — e3 ande; + e3 on the Kerr constant in this study.

The presence of a network of defects, in which the order pet@mof the liquid crystal
changes dramatically, allow for field effects that invole torder parameter, known as
‘order electricity’ [182, 183, 184]. These field effects nago contribute to the Kerr effect
in blue phase systems and have not been considered in ttys stu

Finally, the present study has not addressed differendesrinbehaviour between BPI,
PBII or PBIII. Itis likely that the geometric factors;; andG4, may have some dependence

on the type of blue phase geometry.

6.6 Conclusion

In this chapter, flexoelectric and dielectric contribusdo Kerr switching in blue phase
liquid crystals have been considered. An electro-optibrnege has been developed to de-
termine the individual contributions to the Kerr constairthe two effects, which have been
denotedk; and K. It has been shown that the influence on the blue phase Kestarutrof
flexoelectric and dielectric effects combine construdyive the case where the dielectric
anisotropy is positive, and destructively in the case ofatigg dielectric anisotropy. Fur-
ther, analytical estimates of Kerr switching based on dsrmaral considerations have been
considered for both flexoelectric and dielectric field iat#ions, and experimental results
have been used to infer ‘geometric’ factors that relateglessimates to the Kerr constant.
The results suggest that both flexoelectricity and the dieéeinteraction have a similar

influence on the magnitude of the Kerr effect in blue phaséesys, which will inform
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the development of large-Kerr-constant blue phase m#daeaelectro-optic technologies.
The development of blue phase materials with large Kerrteons could enable a variety of
new technologies, including field-sequential colour aedesiscopic displays and projectors
[26, 185], high-speed optical communications componel@g] and liquid-crystal-over-
silicon (LCOS) devices including adaptive optics and hodqipic projectors [186, 163].
Furthermore, with the new insight that flexoelectricity trdsutes to Kerr switching, novel
devices that utilise both Kerr switching in the blue phasere mode of operation, and
the flexoelectrooptic effect in the cholesteric phase incisé mode of operation, could
potentially be developed, adding to the possibilities lalde to the liquid crystal device
engineer.
The next and final chapter concludes by summarising and dggiwgether the work in

this thesis.
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Chapter 7

Conclusions

This thesis has been concerned with flexoelectric and drelgghenomena in a wide range
of helicoidal liquid crystal systems, including non-chireholesteric and blue phases. The
dielectric and flexoelectric effects both involve the reatation of the dipole moments of
liquid crystal molecules by the action of electric fieldswewer, their individual behaviours
are unique: Flexoelectric distortion depends on the fieldniy, dielectric distortion does
not; The dielectric energy is proportional to the squareheffteld and is minimised when
the angle between the director and the field is minimised odimiaed (depending on the
sign of the dielectric anisotropy), while the flexoeleceitergy is proportional to the field
and is minimised when the director curvature distortion &xmmised; In helicoidal liquid
crystals, the dielectric effect results in a distortionhie tlirector about the helicoidal axis,
while the flexoelectric effect results in a distortion abthé field axis. These differences
produce a rich set of phenomena, which this thesis has egland that provide a unique
tool-set for the engineer, inviting innovation and apdica.

In long pitch and non-chiral liquid crystal systems, the diebectric tilt in helicoidal
twisted nematic structures allows the measurement of flegtsec parameters in these sys-
tems. The in-plane rotation due to the dielectric effecgvputes an alternative way to
deduce the internal field in the twisted nematic structuithaut relying on knowledge of
the applied voltage. In a similar way, the approximate irestejence of the flexoelectric and
dielectric distortions in cholesteric structures allows@que measurement opportunity, as

one can extract information about both flexoelectric antedtec liquid crystal properties
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simultaneously. In cholesteric materials, the flexoeiecttation of the director about the
applied field provides a fast optic axis rotation that is mdipnal to the field, potentially
allowing a multitude of new display and other electrooptindtionalities that rely on fast-
switching. Similarly, the dielectric distortion causestmlesteric material to become opti-
cally biaxial, and may provide another potential fast-shihg technology. In blue phase
liquid crystals, both dielectric and flexoelectric distonts, due to the blue phase’s cubic or
amorphous symmetry, contribute to a Kerr effect that is ngrefater in these systems than
in non-liquid crystalline systems, and could provide yettaer potential fast-switching
technology.

As well producing a distortion and resultant electrooptigtshing, the flexoelectric
and dielectric effects also contribute to the dielectriogarties of liquid crystal materials.
Cholesteric liquid crystals tend to reorient with the heiial axis parallel to the field when
the liquid crystal has a negative dielectric anisotropy parpendicular to the field when
they have a positive dielectric anisotropy. In the past tiais been exploited to align the
Uniform Lying Helix, for example, by applying a field acros$iquid crystal device such
that the helicoidal axis of the initial Grandjean state adesits orientation to be perpendic-
ular to the field. The opposite situation has also been ebgulpwhereby a material with a
negative dielectric anisotropy can be forced into a Graamdgeometry with the application
of a field across the device. By considering the dielectriectfonly, switching the heli-
coidal axis in only one direction has been possible withesbrting to other reorienting
effects such as elastic interactions with polymer networkalignment surfaces. However,
by considering the flexoelectric polarization in terms &f gontribution to the dielectric
properties of the cholesteric liquid crystal for the firshd, the flexoelectric effect has pro-
vided a way to switch between orthogonal orientations oftftekcoidal axis. Due to the
dependence of the flexoelectric effect on the polarity offidld, at large enough frequen-
cies only the dielectric effect remains, as the flexoeledfiect is suppressed, resulting in
a dispersion in the effective dielectric permittivity perglicular to the helicoidal axis. By

selecting appropriate dielectric and flexoelectric prapsy this dispersion allows a dual
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frequency effect, in which states can be selected by chgrigafrequency of the address-
ing voltage signal. This has allowed a new method for switghietween states in reflective
cholesteric technology, permitting a greater flexibilitythe choice of material parameters,
and is likely to have many other technological applicatiorise states that can be accessed
using the dual frequency effect based on flexoelectric dsspe are ones of considerable
technological interest, that have not yet been fully exphhi This new switching function-
ality could add value to the body of technology researchedlto these states, by allowing
multifunctional devices that can be used in multiple stébeglifferent purposes, such as
devices that can operate in both transmissive and refledisypday modes.

The contribution to the effective permittivity of flexoetecity has been exploited not
only in reflective cholesteric technology, but also in afigagnt of the Uniform Lying Helix
using interdigitated electrodes that produce fields in thegof liquid crystal devices. It
has been demonstrated that both the dielectric and flexdeleantributions to the effective
permittivity of the cholesteric material can be used to mrige structure in the Uniform
Lying Helix geometry. In the past, the assumption has gdigdoaen that the dielectric
effect is required to provide an orienting torque. This is@yem if one is to align materials
with very small dielectric anisotropy, which do not coupleagly to the dielectric effect.
Exploiting the flexoelectric contribution to the permittivcircumvents this problem.

In blue phase liquid crystals, the Kerr effect has until nae considered a conse-
quence of only dielectric distortion. It has even been satggkin the literature that flexo-
electrooptic effects cannot occur in blue phases, inclylivear and Kerr-type effects [23].
This neglect of flexoelectricity in the literature is furtiitemonstrated by an often expressed
analytical approximation based on dimensional considerathat expresses the received
conceptions as to the parameters that are important in Metchsng in blue phases; Ger-
ber’s approximation. While this approximation does take iconsideration that the Kerr
constant of blue phase liquid crystals is proportional ®letitric anisotropy, it does not
consider at all flexoelectric effects. By considering th&ue property of the field-polarity

dependence of the flexoelectric distortion, and by congigehe resultant suppression in
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flexoelectric switching at large frequencies, it has beessiibe to measure independent
contributions to the Kerr constant of blue phases by probegswitching behaviour as a
function of frequency. This technique has allowed the mesamant of flexoelectric and
dielectric contributions, and inspired an additional teathe analytical approximation of
the Kerr constant in blue phases due to flexoelectricityithptoportional to the square of
the flexoelectric parameter, which will inform the enginegrof new blue phase materials.
The analysis further inspired a suggestion of other fieldat#f that may be unique to blue
phase systems compared with other liquid crystal systeatd) as order electricity and
gradient flexoelectricity, which provides a platform forther investigation into blue phase
Kerr switching.

In exploring these flexoelectric and dielectric phenomenaelicoidal liquid crystal
systems, several techniques have been developed anddagpiecrystal rotation method,
in which the transmission of devices is observed as a fumaifdhe angle of incidence,
Is sensitive to flexoelectric distortions in helicoidalstiures, which cause rotations of the
optic axis in the plane of incidence. The method has beeroggdlin the measurement of
flexoelectricity in twisted nematic and Grandjean cholestructures. In addition, the use
of a lock-in amplifier to study frequency components of tlmsmission of chiral systems
relative to a driving field has been used to provide sensitieasurements of subtle elec-
trooptic effects. In the case of a Grandjean geometry, teefarmonic of the transmission,
which is the component of the transmission that is propodido the field, is sensitive to
flexoelectric distortions and has enabled the measurenfiéekoelectric parameters. The
frequency component of the transmission at twice the dyifi@quency is sensitive to elec-
trooptic effects that depend on the square of the field. Asiagythis frequency component
of the transmission has allowed the measurement of thectlielelistortion induced optical
biaxiality of Grandjean structures with in-plane fieldsgameasurement of Kerr switching
in blue phases. Lock-in amplifier techniques have additipiteeen used to analyse more
subtle behaviour of liquid crystal switching, such as thernaction of dielectric and flexo-

electric distortion effects in cholesterics, which carulem enhancement of flexoelectric
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switching, and the details of flexoelectric and dielectoatributions to Kerr switching in
blue phases. Exploring how lock-in amplifier techniques lbarextended to study elec-
trooptic effects in other systems, such as elastomers drad bquid crystal phases, could
lead to the discovery of novel electrooptic and electratedgphenomena.

The role of surface energy in the spontaneous alignmentiédram lying helix struc-
tures has been explored. A methodological framework fouany uniform lying helix
alignment has been developed, based upon the use of wealtropie alignment to desta-
bilise Grandjean alignment relative to uniform lying hedifignment, in conjunction with a
method to break the degeneracy in the uniform lying heligladis orientation in the plane
of the cell. A series of different approaches within thisviework have been investigated,
including the use of nano-grooved surface profiles, inglalectric fields, periodic bound-
ary conditions and micron-scale polymer channels falegtatsing a mould-templating
technique. The latter approach was found to provide a higdl & alignment quality. The
approach could be a commercially viable way to exploit thiéoum lying helix in display
and other electrooptic technology, given the success ofadl@ bistable liquid crystal dis-
plays that already exploit structures made using a simikthod. The technique deserves
further development, considering the potential benefiisifsub-millisecond switching lig-
uid crystal technology.

Finally, additional theoretical studies have found thatdkdectric switching in chol-
esteric, and potentially blue phase, liquid crystals ccagddenhanced by constraining a
helicoidal pitch to be other than the natural pitch of thaiidgcrystal. This could poten-
tially be achieved through the use of a polymer network tha&ither formed at a different
temperature to the temperature at which the liquid crystaicd will be operated (since
pitch is temperature dependent), or by removing the liquydtal after polymer network
polymerisation and refilling with a liquid crystal with a téfent natural pitch. A thresh-
old effect, in which the liquid crystal will spontaneouslgapt a bend-splay rather than a
twisted structure, has been explored theoretically, wiiaependent on the ratio of bend,

splay and twist elastic constants. It was noted that thestiold effect between bend-splay
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and twist geometries is analogous to an effect in pi-ceflsylich the dielectric effect is
exploited to reduce the energy of the bend-splay state avgs ¢he twist-to-bend-splay
threshold in order to measure the twist elastic constarmt,itawas further noted that the
dielectric effect could therefore potentially be used tuce the analogous threshold effect
in constrained cholesteric structures. However, the etitany polymer network used to
constrain the liquid crystal has not been taken into accddititeoretical investigation into
the influence of a polymer network and an experimental ingagbn to explore potential
enhancement in switching or threshold switching effecth prnovide a platform for further
research.

In summary, the primary contributions of this work have beterapply the crystal ro-
tation method and lock-in amplifier techniques to invesgdmuid crystal behaviour and
develop new methods to measure key parameters in both enidahon-chiral liquid crys-
tals; to identify novel ways to enhance flexoelectrooptigddwing in cholesterics, either by
constraining pitch or via the coupling of the flexoelectritto the dielectric distortion in
materials with negative dielectric anisotropy; to deseffitr the first time the flexoelectric
polarization contribution to the effective permittivity oholesteric materials, the conse-
quence of which has been the invention of a new and versatiketsng mechanism in
cholesteric systems, including bistable reflective digpéehnology, and a new alignment
technique for cholesteric technologies; to develop a nulogical framework for suc-
cessful uniform lying helix formation, which has led to thevélopment of a technique that
potentially could be developed for commercial applicatioie to the quality of alignment
that can be achieved and the already proven commerciallityadi the technique in re-
lated technologies; and for the first time, to demonstrafeementally the existence of,
and develop a semi-empirical model for, the flexoelectriotgbution to Kerr switching
in blue phases, which is the first example of a non-polar fleaeoptic effect, and the
work will inform the design of new blue phase materials andldgotentially lead to new

possibilities for device engineering.
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