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Abstract

The main aim of this project was to characterise electrical and optical effects in

hybrid liquid crystals. Hybrid form of liquid crystals was achieved by using

photoconducting alignment layers in liquid crystals cells and also by includ-

ing ferroelectric, inorganic nanoparticles in the liquid crystal bulk. Such liquid

crystal systems show strong electro-optic and photorefractive effects. In order

to understand the optical performance of hybrid liquid crystals, it was essential

that the electrical response of the system to the incident illumination levels and

different amplitudes of applied electric field be understood.

In order to achieve enhanced electro-optic and photorefractive response,

nano size ferroelectric particles were added in of low concentration to differ-

ent nematic liquid crystals; BaTiO3 and Sn2P2S6 nanoparticles were added to

TL205, LC18523 and MLC6815 liquid crystals. The first liquid crystal selected

was chosen because of its low ionic content and the two latter ones as they

are well-known low refractive index liquid crystals that also show low birefrin-

gence.

The size and shape of these nanoparticles were characterised via three

different imaging techniques, namely Atomic Force Microscopy (AFM), Trans-

mission Electron Microscopy (TEM) and NanosightTM. It was observed that

the presence of the particles did not adversely affect the optical quality of the

cell, but instead show increased birefringence, dielectric anisotropy and clear-

ing temperature as well as decrease in the Freedericksz threshold.
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The gain coefficient, associated with the strength of beam coupling, caused

by the photorefractive effect was also increased with the inclusion of ferroelec-

tric nanoparticles. The gain coefficients were measured in two different geome-

tries, Raman-Nath and Bragg, corresponding to large and small grating spac-

ings, respectively. In all cases suspensions of ferroelectric nanoparticles led to

the increase of the measured gain coefficients as compared to the pure liquid

crystals. Beam coupling was initially measured with a DC electric field, as it is

a typical requirement to observe the effect. However, there are some disadvan-

tages of using a DC field as the movement of ions taking place on different time

scales leads to complex dynamics and modelling. Therefore, the use of a low

frequency AC field, instead of a DC field, was explored and strong two-beam

coupling was measured.

This project demonstrated the potential of nematic liquid crystals to serve

as a versatile and efficient base for functionalised, tailor-made optical materials,

ideal for beam steering and processing.
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CHAPTER 1

Introduction

The liquid crystal phase of matter was discovered by Friedrich Reinitzer in

1888. He observed a material that exhibited a cloudy white, viscous mesophase

between the solid and liquid state [1]. Reinitzer wrote to Otto Lehmann to

inform him of his discovery, Lehmann studied the material in the mesophase

and determined that it had a double refraction effect similar to a crystal, hence

he coined the phrase “fliessende krystalle”; liquid crystal [2]. The material in

question was cholesteryl benzoate, a thermotropic liquid crystal. For the next

80 years liquid crystals remained little more than a scientific curiosity, with few

institutions researching them and no attempt to tailor specific physical proper-

ties for an application [3].

The most well known application of liquid crystals is the liquid crystal

display (LCD). The work, which would eventually lead to the LCD, was also

the first reported work where a liquid crystal was doped with another mate-

rial. Shortly after finishing his Ph.D. studies George Heilmeier used the dye

pleochroic, and doped a nematic liquid crystal, butoxy benzoric acid, with it.

Pleochroic has cigar shaped molecules, which absorb light when the polarisa-

tion is aligned with its long axis, and transmits light when not. When put in

a nematic liquid crystal host, the dye moles aligned parallel to the director [4].

The suspension was placed between two transparent electrodes, and with an

1



CHAPTER 1

applied voltage the liquid crystal molecules could be reorientated. When the

director was at right angles to the incident light polarisation, the cell appeared

red. With the applied voltage the director aligned parallel, the cell was trans-

parent. The dye molecules were reorienting with the liquid crystal molecules.

This was the first demonstration of a photonics device using a doped liquid

crystal and led to further work in this field.

However, the early work with dyes encountered problems due to insta-

bility in applied fields over time, changes in surface orientation effects and the

need to heat the liquid crystal to maintain the nematic phase. For example,

to extend the temperature range so that the nematic phase was stable at room

temperature, a mixture of nematic liquid crystals belonging to a group called

Schiffs bases [5] was developed. This is “doping” of liquid crystals with each

other, which can not only alter the operating temperature range, but can affect

all their basic properties. These days it is common to mix different liquid crys-

tal molecules together to engineer a mixture with preferable properties for a

given application. It was the mixing of different nematic liquid crystals and the

doping of these mixtures with dye molecules that lead Heilmer to demonstrate

the first liquid crystal display in 1968 [6]. This sparked the interest in the liq-

uid crystal field of research that has seen it development into the phenomenon

it is today, allowing research such as that undertaken in this thesis on the use

of liquid crystals as optical and non linear materials for photonic processing of

light.

1.1 Liquid crystal doping

The early work on successful doping of liquid crystals and creating their mix-

tures demonstrated their potential to act as a matrix for different dopants, De

Gennes and Brochard considered doping liquid crystals with nanosized par-

2



CHAPTER 1

ticles with very specific properties. They proposed a theory of colloidal sus-

pensions of liquid crystals with magnetic nanoparticles. They suggested that

ferronematics, ferrocholesterics or Compensated colloids could be prepared by

mixing low concentrations of these particles in liquid crystals. In ferronematics

and ferrocholesterics all the particles are magnetized in one direction, colinear

with the director and compensated colloids would show no spontaneous mag-

netization. They predicted such colloidal suspensions would show remarkable

distortions and phase changes in low power external applied magnetic fields.

They also stated that similar effects could be expected in suspensions with polar

rod molecules in an external electric field [7].

At the time it was not possible to produce such particles. The theory re-

quired small particles to occupy a volume fraction of less than 10−3 of the whole

suspension. Large or high concentrations of particles would disrupt the liquid

crystal director instead of aligning with the director field. Although theoretical

work continued [8–13] it was not until 2002 that suspensions of ferromagnetic

particles in liquid crystals were produced [14]. In this work, needle-like, 1 µm

sized ferromagnetic nanoparticles were doped in 5CB in a concentration of less

than 1 % by weight. It was shown that the alignment of the liquid crystals could

be controlled with a magnetic field strength less than that required for a pure

liquid crystal. The experiments showed that although, the particles was mixed

into the liquid crystal bulk the magnetic field caused agglomeration of the par-

ticles on the alignment layers. The orientation of the suspension was controlled

by reorienting the particles on the alignment layer and not by increasing the

sensitivity of the suspension to a magnetic field. Although an improvement

over previous efforts [15–17], this system still showed agglomeration over time.

A stable solution of ferroelectric particles was first achieved in 2004 [18],

with suspensions of tin thiohypodiphosphate (Sn2P2S6) in ZLI 4801 and 5CB.

The suspensions were observed to be stable for at least six months. The parti-

3
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cles were characterised to be less than 200nm in diameter with a doping concen-

tration of approximately 0.3 % by volume. A decrease in the threshold voltage

to reorientate the liquid crystal suspension by a factor of 1.9 was observed. The

authors also measured the voltage threshold as a function of temperature, they

noted an abrupt change at 66 ◦, the Curie temperature of the nanoparticles. This

was attributed to an increased dielectric responce of the system near the Curie

temperature. This work was continued by Buchnev et al. [19], where the dielec-

tric constants near the Curie temperature of the nanoparticles was measured.

The dielectric constants define the polarisability of a material with an electric

field. The authors measured an increase in both the parallel and perpendicular

dielectric constants and an overall increase in the dielectric anistropy at all tem-

peratures. Both components and consequently the dielectric anisotropy were

measured to be a factor of 2 larger in the suspension than in the pure liquid

crystal. The authors also noted an increased dielectric responce either side of

the Curie temperature. It can also be seen that there is a small decrease in the

clearing temperature of the suspension by 4 ◦.

In parallel to this work on ferroelectric suspensions, photorefractive liq-

uid crystal systems were being developed. By 2004 there were three different

photorefractive liquid crystal systems: bulk mediated [20], surface mediated

[21] and systems with photorefractive windows [22].

1.2 Photorefractive liquid crystal systems

Photorefraction is a nonlinear process where a material’s refractive index changes

on illumination. It was discovered in nonlinear crystals in 1966 and was thought

of as optical damage which would destroy the spatial integrity of laser beams

as they passed through the crystals [23]. Within nonlinear crystals, an opti-

cal interference pattern creates charges which diffuse from the bright to dark
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regions generating a space charge field in the crystal. The refractive index of

the crystal is modified by the electric field and a refractive index grating is

created. Photorefraction can be used for dynamic holography and two wave

mixing [24]. It is possible to recreate this effect in liquid crystal systems, as first

reported in 1994 [20, 25]. Photorefraction was observed in a 5CB cell doped

with dye molecules D2, methyl red or R6G with PVA alignment layers. This is

an example of bulk mediated photorefraction; the dye acts as a senitiser to the

light generating charges in the liquid crystal bulk. If these charges are created

by an interference pattern, then a spatially varying electric field is generated.

The liquid crystal molecules reorientate with the field and a refractive index

grating is created. This system was improved by using a eutectic liquid crystal

mixture of 8OCB and 5CB and replacing the dye with an electron organic donor

(Perylene) and an acceptor (N,N0-dioctyl-1,4:5,8-naphthalenediimide) [26]. The

eutectic liquid crystal mixture has increased birefringence, a lower solid to ne-

matic transition temperature and a lower orientational viscosity relative to 5CB.

Perylene has a strong absorption in the visible part of the spectrum, with greater

solubility than R6G. N,N’-dioctyl-1,4:5,8-naphthalenediimide has no visible ab-

sorption in its ground state, and high solubility. This system was shown to be

50 times better than the R6G/5CB mixtures [26]. Further improvements to the

system were made by doping 5CB with fullerenes at a concentration of 0.05 %

by weight [27, 28]. Huge coupling coefficients 3000 cm−1 were reported with

absorption and scattering losses of only 4 cm−1, compared to a typical pure

nematic liquid crystal, which has gain of the order of tens cm−1. The improve-

ment was reportedly due to the photosensitivty of the fullerenes. It was noted

that in the fullerene systems, the grating written in the cell persisted even after

the writing beams were turned off. If the writting beams illuminated the cell

for longer than 15 minutes, this grating was nearly permanent. This was at-

tributted to a surface effect, where an irreversible change to the surface director

alignment was created. Surface mediated photorefraction is of great interest as

5



CHAPTER 1

a way to create Bragg gratings, which are not possible through bulk mediated

photorefraction.

It was suggested that this could be achieved by using a Liquid crystal cell with

photoconducting polymer layers and illuminating these with an interference

pattern. An applied DC field to this cell would produce a modulated electric

field and create a refractive index grating [21]. Poly-(N-vinylcarbazole) was

used as the photoconducting polymer and its sensitivity to visible radiation

was achieved using 2,4,7-trinitro-9-fluorenone as a dopant. Photorefraction was

observed with gain coefficients of 48 cm−1 [21]. In this first report, a PVA insu-

lating layer was deposited on top of PVK and it was suggested that it was cru-

cial to trap charges from the Poly-(N-vinylcarbazole) and create a space charge

field, much like in a photorefractive crystal where defect sites trap charges as

they migrate out of bright regions. Results of beam coupling were published

later in systems with a photoconducting layer, but without the PVA capping

layer. These results showed large diffraction efficiencies (43 %) and gain coef-

ficients (3700 cm−1) were possible without a capping layer [29, 30]. A study of

different combinations of dopants in the liquid crystal bulk, in the alignments

layer and different combination of alignment layers was made [31]. Systems

with a photoconductive alignment layer, but no capping layer, were shown to

have stronger beam coupling than systems containing one, supporting the later

experimental results and their explaination that a PVA insulating layer wasn’t

needed. The mechanism they proposed relied on current paths across the liq-

uid crystal forming. The strength of the current path can be spatially controled

due to the photosensitivity of the PVK:C60 layer. In systems with a PVA layer,

these current paths are not formed as the PVA doesn’t trap charges; diffrac-

tion may intailly be seen, but as a space charges build at the PVA interface, the

diffraction decreases. However, the combination of liquid crystal and align-

ment layers was demonstrated to be crucial; one combination of liquid crystal

and alignment layers may show photorefraction, whilst changing one or the
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other can result in no observable photorefraction. For example, a PVA-E7 cell

showed strong diffraction but no diffraction was measured from a LQ1800-E7,

where LQ1800 is a polyimide from Hitachi chemicals [32]. In this system, there

is no photoconductor, but charges can be photoinduced creating current flow

in bright regions and producing photorefraction [33]. In a photoconducting

system, a strong surface charge is build up at the interface [34], illuminating

with an interference pattern, the surface charge is selectively discharged. This

causes modulated voltage drop across the liquid crystal layer, spatially varying

the liquid crystal reorienation, and producing a refractive index grating.

A complementary system was also developed that returned to the original

idea of using a photoconductor and capping layer, to create a space charge field

at the interface. In these systems the photoconductive PVK:C60 or PVK:TNF

layers covered in a capping layer were thought to result in a photorefractive

material and consequently could produce a space charge field. However, it

should be noted that they are just photoconductors and so can not generate a

large space charge field. Instead of using the combination of polymer layers,

thin photorefractive windows where used instead [22]. The photorefractive

window is used to created a strong space charge field which penetrates into

the liquid crystal layer. Liquid crystals can be highly birefringent and hence

are very desirable as a photorefractive material if reorientation can be spatial

controlled. In this system, the windows are very thin and their photorefraction

is small. However, the space charge field can be very strong and can spatially

reorientate the liquid crystal if illuminated with an interference pattern [22, 35].

1.3 Hybrid liquid crystal systems

In 2006 the two separate fields of ferroelectric nanoparticle suspensions in liq-

uid crystals and photorefractive liquid crystal systems merged and the first re-
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port of of the photorefractive like effect in a liquid crystal cell incorporating

ferroelectric nanoparticles in a liquid crystal host was published [36]. Tin thio-

hypodiphosphate (Sn2P2S6) was mixed with LC18523 in a cell with an align-

ment layer of Poly-(N-vinylcarbazole) doped with fullerenes. A factor of three

increase in the dielectric anisotropy and improved two beam coupling were

observed. This work was followed up with measurements of the electric field

induced birefringence and the use of Barium Titanate nanoparticles to achieve

photorefractive two beam coupling [37]. The birefringence was shown to in-

crease by a factor of two with BaTiO3; the suspension of tin thiohypodiphos-

phate was shown to increase the birefringence further by a factor of three com-

pared to the pure liquid crystal LC18523. BaTiO3 nanoparticles were also incor-

porated into the photorefractive windowed system to make a suspension with

the nematic liquid crystal TL205 [38]. In such systems, large beam coupling

gain was observed with gain coefficients up to 1100 cm−1, as well as a reversal

of the gain direction.

1.4 Thesis outline

This thesis presents work on hybrid liquid crystal systems and their electri-

cal and optical characterisation. Chapter 2 describes the general theoretical

background of the main topic of the thesis. First, different types of matter are

outlined, with particular focus on thermotropic liquid crystals in the nematic

phase. Secondly, the methods for manipulating and controlling liquid crystals

with alignment layers and electric fields are presented. Thirdly, the process of

beam coupling in liquid crystal systems is introduced. Finally, theoretical un-

derstanding of liquid crystal and ferroelectric nanoparticle interactions is de-

scribed.

Chapter 3 outlines the basic cell geometry and how a hybrid liquid crys-
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tal cells are fabricated. The characterisation of the nanoparticles by different

techniques, such as atomic force microscopy, transmission electron microscopy

and NanosightTM measurements are also presented. The standard structure of

the hybrid liquid crystal cell, which consists of a photoconducting layer and a

passive alignment layer filled with a liquid crystal or liquid crystal suspension

layer is also described.

In chapter 4 electrical characterisation of cells filled with pure liquid crys-

tal via impedance spectroscopy are presented. The spectra are fitted with dif-

ferent electrical equivalence circuit models. In Chapter Five measurements of

the electro-optic properties (∆n, ∆ǫ, TNI and VTH) of the pure and suspension

systems are discussed. Chapter 6 presents beam coupling measurements as a

function of experimental parameters, such as voltage and grating spacing and

for different liquid crystals. Applying DC fields to liquid crystals is known to

cause problems, such as long transients due to ion movement and degradation

of polymer layers and liquid crystal molecules. Therefore, liquid crystal devices

generally work with AC fields and consequently, in Chapter 6 measurements

of two beam coupling in a standard hybrid cell filled with the liquid crystal E7

using AC fields were carried out and are presented. Finally, in Chapter 7, the

future direction of this project is discussed with some sample data from early

experiments pursing such new directions.
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CHAPTER 2

Optical properties of hybrid,

photorefractive liquid crystals

The work in this chapter covers several topics and areas necessary for under-

standing the work which follows in Chapter 4, 5 and 6. First, liquid crystals

will be discussed, starting in broad terms with what is the liquid crystal phase

of matter and what are the different types of liquid crystals. Then, the defining

properties and parameters of liquid crystals such as the director, the order pa-

rameter and elastic constants will be described, focusing on thermotropic liquid

crystals in the nematic phase. Next, the birefringence and the control of liquid

crystals with electric fields will be presented. The chapter will then explain

photorefractivity, one of the key features of which is the possibility to couple

beams. This will be followed by an explanation of how photorefractivity, and

consequently, two beam coupling can be generated in liquid crystal systems.

Finally, the current understanding of the interactions between liquid crystals

and ferroelectric nanoparticles will be presented. This review will include un-

derstanding of the most important effects in ferroelectric suspensions, such as

decrease in the Freedericksz threshold, changes in clearing temperature and

increase in gain coefficients in beam coupling experiments.
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2.1 The liquid crystal phases of matter

Classically, three phases of matter are considered; solid, liquid and gas. Tran-

sitions from each phase occurs at specific temperatures, as sufficient energy is

supplied to break the bonds between molecules. This simple picture can be

expanded to include the plasma phase, where not only have all bond between

molecules and atoms been broken, but the electrons surrounding the nuclei

have been given sufficient energy to escape the nuclei. For some molecules

this picture can be complicated even further, as for example in the solid state,

molecules are bound at specific sites, they have no translational degrees of free-

dom, and with a specific orientation, they have no rotational degrees of free-

dom. If at the transition temperature, molecules in a solid become free to move

in at least one direction within the bulk, or to rotate in a particular direction,

but interactions between molecules restrict at least one degree of freedom, then

this would be a new and separate phase of matter between the solid and the

liquid state, as shown in Figure 2.1. Indeed, such a phase is possible to realise

and is known as a liquid crystal phase. In this phase, molecules can flow as in

a liquid, but retain some degree of ordering as in a solid. There are numerous

different liquid crystal phases, called mesophases, depending on the degrees of

freedom. Not all materials have a liquid crystal phase, and those that do have

a liquid crystal phase will not necessarily transition through all possible liquid

crystal phases.

The molecules which can form liquid crystal phases require a rigid core

which, at most has axial symmetry. These rigid cores may have flexible chains

attached, which will have a bearing on the properties of the liquid crystal,

such as transition temperature. In general, however, when modeling these

molecules, only the core is considered and is generalised as rods or discs, which

will be discussed in the next section.
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(a) (b) (c)

Figure 2.1: The different phases of matter. Molecules which can exhibit liquid

crystal phases will show a crystalline solid phase 2.1(a), at least one

liquid crystal phase 2.1(b) and an isotropic liquid phase 2.1(c) with

increasing temperature

2.1.1 Types of liquid crystals

Liquid crystal phases can be split into two different categories, lyotropic and

thermotropic. Lyotropic liquid crystals consist of molecules which have a hy-

drophobic and hydrophilic sections, mixed with a solvent. The molecules will

orientate to minimise the free energy. If mixed in the right concentration, then

the free energy is minimised by the molecules interacting to form structures,

which can be seen in Figure 2.2. The exact structure (phase) which forms is

dependent on both the temperature and the ratio of liquid crystal to solvent.

At very low concentrations the molecules will form micelles. As shown in Fig-

ure 2.2(a), at these very low concentrations, there is no liquid crystal phase.

In Figure 2.2(a) one of the micelles is shown in section, where it is apparent

that the hydrophobic tails are orientated into the micelle avoiding contact with

the solvent, whereas the hydrophilic heads are on the outside maximising their
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(a) (b)

(c) (d)

Figure 2.2: The lyotropic liquid crystalline phases, 2.2(a) at low concentrations

of liquid crystal molecules micelles form, as the concentration in-

creases a cubic phase forms 2.2(b), then a hexagonal phase 2.2(c)

and eventaully a lamellar phase 2.2(d)

contact. As the concentration increases, more micelles form until there are suf-

ficient for long range order to exist between them, and the micellar cubic phase

forms (Figure 2.2(b)). As the name suggests the micelles are arranged as a cubic

lattice. As the concentration increases further, the micelles fuse and form long

cylinders arranged in hexagonal lattice, Figure 2.2(c), and on further increases

the lamellar phase forms, where the liquid crystal molecules are arranged in

sheets. These are different lyotropic liquid crystal mesophases and can be seen

in Figure 2.2(d) [1]. These liquid crystals phases are frequently found in nature,
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soaps are just one example of a lyotropic liquid crystal.

Thermotropic liquid crystals do not require a solvent to exhibit liquid

crystal phases. The core structure of thermotropic liquid crystals can be divided

into three groups: calamitic, chiral and discotic, based on the core structure of

the liquid crystal molecules. Calamitics and chiral liquid crystal molecules have

a rod like core, whilst discotic core are disc shaped. The latter forms two main

phases nematic and columnar. In the nematic phase there is only an orien-

ational order, whilst in the columnar phase the molecules form columns. These

columns give a degree of positional order: the molecules remain in column

structures, but the structures themselves are free to move. The core of chi-

ral molecules lack an inversion symmetry, but they have a handedness and

want to twist. There are numerous chiral phases, notably: blue phase, smec-

tic C and chiral nematic, with decreasing positional order. The final group of

thermotropic liquid crystals are the calamitics, which has the greatest possible

number of mesophases. All thermotropic liquid crystals exhibit phase transi-

tions based on temperature changes, unlike the lyotropic liquid crystals where

temperature and concentration are important. Upon heating, the liquid crys-

tal will transition to another phase. If in a liquid crystal mesophase, this may

be to another liquid crystal mesophase or to an isotropic liquid. The most or-

dered calamitic mesophases are the crystal phases, of which there are six. These

have orientational ordering and some degree of three dimensional positional

ordering [1]. Less ordered mesophases are the Smetic phases, of which there

are five [1]. These have orientational order and two dimensional positional

ordering. Finally, with increased heating is the nematic phase, as with other

thermotropic liquid crystals. This is the least ordered mesophase with no posi-

tional order only orienational order. If a material in the nematic phase is heated

to its clearing temperature, it will cease to be in a liquid crystal mesophase, and

will become an isotropic liquid. The transition temperatures are referred to as

the clearing temperature. The most important of which for the work in this
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(a) (b) (c)

Figure 2.3: Three of the most common calamitic liquid crystal phases, 2.3(a)

is the nematic phase, 2.3(b) is the Smetic A phase and 2.3(c) the

Smectic C phase

thesis is the nematic to isotropic clearing temperature, TNI . Not all calamitic

thermotropic liquid crystals will exhibit all of the possible mesophases, the liq-

uid crystal E7 for example only has a nematic mesophase. The work here is

restricted to calamitics in the nematic phase. Different phases of calamitics are

shown in Figure 2.3.

2.1.2 The liquid crystal director, the order parameter, clearing

temperature

The partial or complete loss of positional order, but retention of orientational

order is what separates liquid crystal phases from the classic solid and liquid

phases. This orientational order results in a preferred direction called the di-

rector. It would be natural to assume that mathematically this should be repre-

sented as a Vector. However, the symmetry of liquid crystal molecules means

that rotation of 180 ◦ is indistinguishable, ~n=-~n. Due to this the correct math-

ematically representation is a traceless symmetric tensor. Unlike in a solid,
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where all molecules point in fixed direction and at a fixed point, there is some

variation in orientations around the director. The degree of variation from the

director can be quantified, and this is done by defining an order parameter. This

is done by considering the angle between the director and the molecular axis,

θ. Macroscopically the order parameter is defined by [2],

S =

〈

1

2
(~m ·~n)(~m ·~n)− 1

2

〉

=

〈

3

2
cos2 θ − 1

2

〉

(2.1.1)

where ~m and ~n are unit vectors in the direction of the molecular axis and the

director respectively . An isotropic fluid would have a value of S=0 and a per-

fectly orientated solid would have S=1. Liquid crystals typically have values

between S=0.3 and 0.8 [1].

The phase transition from the nematic phase to the isotropic phase at the

clearing temperature (TNI), is a first order phase transition: the order parameter

changes discontinuously at the transition temperature. An expression for the

transition temperature can be derived using the Landau-de Gennes theory. It

assumes that the order parameter is small in the nematic phase near the phase

transition, so the free energy per unit volume can be expanded in powers of the

order parameter, S. If the system is at constant temperature and pressure then

the Gibbs free energy per unit volume can be used [3],

G(S, T) = Giso +
1

2
A(T)S2 +

1

3
BS3 +

1

4
CS4, (2.1.2)

where Giso is the free energy per unit volume of the isotropic phase, A, B and

C are constants. There is no term linear in S as this would result in the free

energy per unit volume of the nematic phase being less than the free energy per

unit volume of the isotropic phase at all temperatures. A is the most important

parameter to determine, when G(S, T) is greater or less than zero. It is assumed

to have a linear temperature dependence,

A(T) = A0(T − T∗), (2.1.3)

21



CHAPTER 2

where A0 and T∗ are constants. The constant C must be greater than zero so that

G(S, T) can have a minimum for a finite value of S. If there is a stable nematic

phase with a non zero value of S, then G(S, T) must have a minimum at this

value of S. This minimum can be found by taking the derivative of G(S, T) with

respect to S and setting it equal to zero,

(

∂G

∂S

)

T

= A(T)S + BS2 + CS3 = 0. (2.1.4)

There are 3 solutions to this S=0, which is the isotropic phase and must be a

minimum for this to be stable. The other two solutions are given by

S =
−B ±

√

B2 − 4A(T)C

2C
. (2.1.5)

For real none zero values of S one of the solutions must be a local minimum

and the other a local maximum. At the transition temperature the free energy

of the isotropic and nematic phase are equal. Setting the two free energy per

unit volume equations equal gives

1

2
A(T) +

1

3
BS +

1

4
CS2 = 0. (2.1.6)

Combining this with the requirement that the derivative of it must be zero at

the transition temperature gives the solutions S=0 or S=-2B/(3C). Where S=0

is the order in the isotropic phase at the transition and S=-2B/(3C) is the order

of the nematic phase at the transition. If S is going to be greater than zero in

the nematic phase, B must be less than zero. Substituting the non zero value for

the order parameter into the free energy equation, we obtain that the two free

energies per unit volume are equal when

A(TNI) = A0(TNI − T∗) =
2B2

9C
. (2.1.7)

The clearing temperature is given by,

TNI = T∗ +
2B2

9A0C
. (2.1.8)
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T∗ is a temperature just below the transition temperature where the isotropic

phase becomes thermodynamically unstable, and can be considered to be the

lower limit for supercooling of the isotropic phase.

When in the nematic phase, the interactions between molecules limit how

the director can be distorted. These distortions are quantified by the liquid

crystals elastic constants.

2.1.3 Elastic constants

Elastic continuum theory treats the liquid crystal as a continuous medium and

ignores the molecular details. The theory assumes a well oriented sample and

considers perturbations from this orientation which can be induced by electric

or magnetic fields. It can be shown that any distortion of the liquid crystal di-

rector can be made up from three basic distortions of the director, splay, twist

and bend, shown in Figure 2.4. A splay distortion results in the director be-

ing distorted perpendicular to the director (2.4(a)), twist results in neighboring

molecular being angled differently through the liquid crystal (2.4(b)) and bend

distorts the molecules parallel to the director 2.4(c).The distortion free energy

per volume is defined as [3]

Fd =
1

2
K1(∇ ·~n)2 +

1

2
K2(~n · ∇ ×~n)2 +

1

2
K3(~n ×∇×~n)2, (2.1.9)

where K1, K2 and K3 are the elastic constants, splay, twist and bend respectively.

These distortion can be the result of boundary conditions, defects in a liquid

crystal bulk and applied electric or magnetic fields.

2.1.4 Bifringence of calamitic liquid crystals

Birefringent materials have at least two distinct refractive indices, which are

probed depending on the polarisation of light. In crystals this is generally due
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(a) (b) (c)

Figure 2.4: The three basic distortions of the liquid crystal director

Figure 2.5: Thermotropic calamitic liquid crystals molecules can be modeled

as rods.

to an asymmetry in the crystalline lattice. In liquid crystals birefringence is a

result of the anisotropy of the molecular structure, each bond contributes and

the total birefringence can only be be determined by summing all of the indi-

vidual bonds. For example, calamitic liquid crystals are considered to be rod-

like. Clearly one molecular axis is much larger than the other two, there is an

anisotropy in length and width Figure 2.5 and in general there will be different

refractive indices associated with the long and short axes of the molecule. Note,

in calamitic liquid crystals this anisotropy is only apparent when the molecules

are well ordered. The anisotropic nature of liquid crystals results in different
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susceptibilities to an electric field,

↔
ǫ= ǫ0(1+

↔
χ) (2.1.10)

↔
ǫ is the dielectric tensor, ǫ0 is the vacuum permittivity and

↔
χ is the electric

susceptibility tensor. There can be different dielectric constants parallel and

perpendicular to the molecular axis. The difference between the two dielectric

constants call the dielectric anisotropy, which is given by

∆ǫ = ǫ|| − ǫ⊥, (2.1.11)

where ǫ|| is the dielectric permittivity along the molecular axis and ǫ⊥ is the

dielectric permittivity perpendicular to the molecular axis. The difference in

dielectric constants mean that the response of the molecule to light will de-

pend on its polarisation. If the polarisation is parallel to the molecule axis then

the ǫ|| will be probed whereas, if the polarisation perpendicular then ǫ⊥ will be

probed. If the polarisation is not aligned in one of these two directions then, the

light is split into two components, one in each of these directions with the rela-

tive magnitudes depending on the initial polarisation. Each component experi-

ences a different refractive index, parallel and perpendicular to the direction of

anisotropy as n=
√

ǫ. The difference in the refractive indices is the birefringence,

given by

∆n = ne − no, (2.1.12)

where ne is the refractive index along the molecular axis and no is the refractive

index perpendicular to the molecular axis. Most calamitic liquid crystals are

uniaxial, i.e. they only have two different refractive indices, one associated

with the long molecular axis and the others with the two short molecular axes.

It is possible for a liquid crystal to be biaxial, in this case the two orthogonal

directions perpendicular to the long molecular axis have different refractive

indices to each other and the index associated with the long molecular axis. For

positive uniaxial liquid crystals ne>no as shown in Figure 2.5.
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Birefringence in crystalline solids is used to make optical elements such

as waveplates or colour filters (Lyot filter) [4]. These rely on there being a sin-

gle large domain within which all of the molecules are aligned together, conse-

quently having high optical quality. This would imply that liquid crystal should

also be useful for these applications. However, a bulk sample of a liquid crystal

in a bottle for example will appear cloudy, due to a large degree of light scatter-

ing. The scattering is caused by the multidomain structure, each with its own

randomly orientated director.

Birefringence in liquid crystal is more versatile than in bulk crystals as the

effective birefringence of the cell can be controlled with an electric field, these

form adjustable devices, such as wave plates and colour filters. The response

of liquid crystal to electric fields will be described in detail in Section 2.1.6.

Macroscopic birefringence of liquid crystals is only apparent if the sample is

well aligned; this is achieved by using alignment layers on the substrates used

to make a liquid crystal cell.

2.1.5 Nematic liquid crystal alignment

In liquid crystal phases with some positional order, there are long and short

range interactions. The orientational order is maintained by short range inter-

actions between the molecules and the positional order is maintained by the

long range forces. In the nematic phase, there are no long range forces and con-

sequently there is no positional order, but only orientational order. If the liquid

crystal molecules are placed in a container, be it a bottle or a liquid crystal cell

(as will be discussed in the next chapter), due to the short range interactions a

large number of very small domains will form. These domains will be highly

scattering, as the director in each of the different domains will be randomly

orientated, and for most applications would produce poor quality optical ele-

ments. A preferred alignment direction can be given to the molecules, result-
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ing in a single domain. The preferred direction is typically created by treating

the surfaces, enclosing the liquid crystal, by coating them in a polymer such

as a polyimide and gently rubbing the surface. The molecules at the interface

between the liquid crystal bulk and the polyimide will tend to align with the

rubbing direction. Alignment is caused by anisotropic intermolecular interac-

tion between molecules of the alignment layer [5] and liquid crystal molecules

surface microgroove interaction [6]. The relative strength of each is not defined

exactly making it often difficult to predict anchoring strengths [7]. However,

this produces cells which have planar alignment (also known as homogeneous

alignment). Alternatively, cells can be aligned homeotropically, where the di-

rector is aligned perpendicular to the cells surface, with different alignment

materials, such as surfactants. Although there are other methods to achieve

liquid crystal alignment, such as ion surface treatment [8], the use of polymers

is the most common. It should be noted that although planar alignment or

homeotropic alignment can be achieved, there is normally a small pretilt be-

tween the liquid crystal director and the alignment layer, typically of the order

of 2-3◦.

The pretilt can be measured using the crystal rotation method [9], on the

condition that the refractive indices have been independently determined. In

this method a liquid crystal cell is placed between crossed polarisers and is

illuminated with a monochromatic light source. The transmission intensity

through the cell as given by [9],

T(β) =cos2





πd

λ





none

√

n2(α0)− sin2 β

n2(α0)

−
√

n2
o − sin2 β2 − n2

e − n2
o

n2(α0)
sin α0 cos α0 sin β

)]

(2.1.13)

where,

n(α0) =
√

n2
o cos2 αo + n2

e sin2 αo. (2.1.14)

Here, β is the angle the cell makes with the incident light, d is the cell thickness,
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λ is the wavelength of light, ne and no are the refractive indices of the liquid

crystal and α0 is the pretilt [9]. It is clear that the transmission through the sec-

ond crossed polariser will vary as the cell is rotated with respect to the incident

light. This will result in a varying intensity pattern being measured. If the cell

pretilt, α0, is zero then this intensity pattern will be centered about φ=0. If not,

then the shift from zero can be used to calculate the pretilt using

sin 2α0 =
−2 sin βx

(no + ne)
√

1 − (sin βx/no)2
, (2.1.15)

where βx is the shift in the symmetry point of the intensity pattern from zero

[9].

A well aligned liquid crystal cell with small measurable pretilt is neces-

sary to produce devices with a large tunable range. This is due to the pretilt

being transmitted through the liquid crystal bulk. In a planar cell the tunable

range is from the pretilt value to homeotropic alignment. If the pretilt is zero

this range is 90◦, as the pretilt increases this range decreases. This tuning of

liquid crystal device is possible due to their response to electric fields.

2.1.6 Response of liquid crystals to an electric field

As already seen, there is a different susceptibility to an electric field long and

perpendicular to the molecular axis. When an electric field , ~E, is applied to

the liquid crystals, the electrons redistribute and produce a dipole per unit vol-

ume. The different permittivities along and perpendicular to the molecular axis

polarise the molecules. In general the anisotropic nature of the liquid crystal

causes polarisation, ~P, and ~E to have different directions. ~P and ~E are related

through the electric susceptibility tensor,
↔
χ through the equation

~P = ǫ0

↔
χ ~E (2.1.16)

which results in an electric displacement, ~D,

~D = ǫ0~E + ~P. (2.1.17)
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This leads to an addition to the free energy equation [1, 2],

Fd =
1

2
K1(∇ ·~n)2 +

1

2
K2(~n · ∇×~n)2 +

1

2
K3(~n × ∆ ×~n)2 − 1

2
∇ǫ(~n · ~E)2 (2.1.18)

where the last term is added due to the applied field. If ǫ||>ǫ⊥, then the pre-

ferred direction is for ǫ|| to be aligned with the field. In a planar aligned cell

and with an electric field applied normal to the surface, the molecules would

prefer to rotate and align normal to the cell walls. The lack of positional or-

der of the liquid crystal molecules allows them to reorientate in this preferred

direction. However, in a well aligned cell, assuming that there is strong an-

choring strength between the molecules and the alignment layer, there will be

a competition of forces, as rotation of the liquid crystal director with the field

induces distortions of the liquid crystal director. With an electric field applied,

the molecules will try to reorienate to align with the field, but will be restricted

by the predetermined alignment from from surfaces. This alignment is trans-

mitted from the surface to the molecules in the bulk via inter-molecular inter-

acts, distortions to this alignment is resisted by the elastic forces which try to

maintain the original alignment. Consequently, there is a threshold voltage be-

low which the order from the interfaces dominates and no reorienation occurs,

known as the Freederickzs threshold. Above this threshold, there is some reori-

entation of the molecules, the level of reorientation will be proportional to the

applied field. Eventually the electric field will dominate and the molecules will

be aligned with the electric field, this is shown in Figure 2.6. By solving the free

energy equation for a planar aligned cell it can be shown that the Freedericksz

threshold is given by [1]

Et =
π

d

√

K1

ǫ0∆ǫ
. (2.1.19)

This can be turned into a threshold voltage VTH:

Vth = π

√

K1

ǫ0∆ǫ
. (2.1.20)

It should be noted that the voltage threshold does not depend on the cell thick-
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Figure 2.6: The response of a nematic liquid crystal in a planar aligned cell to

a DC voltage. Applied voltage increases from left to right.

ness: as the cell gets thicker, the decrease in field strength is compensated by

a weaker elastic energy necessary to maintain the distortion [3]. The voltage

threshold only depends on properties of the liquid crystal: elastic constant and

dielectric anisotropy, and none of the cell parameters such as area or thickness.

The elastic constant in equation (2.1.20) will be different for different cells ge-

ometries, as the solution for the free energy equation will change. In general

only one of the three elastic constants will dominate the solution and so the ap-

propriate elastic constant can be substituted. However, the work in this thesis

only concerns planar align cells and so only this form of the threshold voltage

is relevant.

2.2 Photorefraction and two beam coupling

Nonlinear optical effects arise when the dielectric polarisation of a material

does not respond linearly with the electric field of light. This can be caused by

an intense optical field or a susceptibility of a material perturbing in the pres-

ence of an optical field. Nonlinear optical effects include frequency doubling,
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Figure 2.7: Mechanism of photorefractive effect in bulk crystal

harmonic generation, sum frequency generation, self focusing, optical solitions,

photorefraction and wave mixing.

2.2.1 Photorefraction

One example of nonlinear optical effects is photorefraction, where the refractive

index of a material is changed by a nonuniform optical field. Photorefraction

was first observed in 1966 by Ashkin et al. [10], when conducting experiments

on the transmission of laser beams through lithium niobate and lithium tan-

talate. These are now known to be photorefractive crystals where donor, and

acceptor sites exist. When illuminated with an interference pattern of partic-

ular wavelength of light see Figure 2.7a), the donor sites absorb the light and

excite electrons to the conduction band of the crystal see Figure 2.7b). These

electrons are then free to diffuse through the crystal until they encounter accep-
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tor sites. At the acceptor sites the electrons become trapped until absorption of

additional photons can re-excite the electrons. If the crystal is illuminated with

a nonuniform optical field then there will be a net diffusion of electron from

the bright regions to the dark see Figure 2.7c). The diffusion of electrons, leaves

positive ions in the bright regions and negative ions in the dark regions. This

distribution of charges creates a space charge field within the crystal see Figure

2.7d) and induces a change of the refractive index via the electro-optic effect see

Figure 2.7e).

The photorefractive effect has been thoroughly studied. The rate equation for

the build up of positive ions is given by [11]

∂Ni
D

∂t
= (sI + η)

(

ND − Ni
D

)

− γRNNi
D, (2.2.1)

where ND is the density of donor sites and Ni
D is the density of ionised donors,

s is the cross section of photoionisation, I is the intensity of light, η is the rate

of thermal electron excitation and γ is the constant of recombination. Equally,

a rate equation for the electron density can be written as,

∂N

∂t
=

∂Ni
D

∂t
− 1

q
∇ · j, (2.2.2)

where -q is the electron charge and j is the current density. The presence of these

charge carriers leads to a space charge field which affects the transport of the

carriers. The current density consists of conbributions from the drift of charge

carriers due to the electric field and diffusion due to the gradient of the carrier

density. The current density can be written as

j = −qNµE + kBTµ∇N, (2.2.3)

where, µ is the mobility, E is the electric field, kB is the Boltzmann’s constant

and T is the temperature. Once the system has reached equilibrium the static

electric field is given by

ǫ
∂E

∂z
= −q

(

NA − Ni
D

)

(2.2.4)
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ǫ is the dielectric constant tensor and NA is the density of acceptor sites. For

photorefraction it is necessary to create a nonuniform illumination to build up

a space charge field. This is commonly achieved by using two coherent laser

beams which are made to interfere. If both beams are polarised in the same

direction, the intensity is given by

I = I0 (1 + cos K · r) , (2.2.5)

where

I0 =
∣

∣

∣
A2

1

∣

∣

∣
+
∣

∣

∣
A2

2

∣

∣

∣
(2.2.6)

and

I1 = 2A2 · A∗
1 . (2.2.7)

A1 and A2 are the amplitudes of the two beams and K is the grating wave

vector, i.e. the difference of the two beams wave vectors K=k2-k1. The period

of the grating is K = 2π/Λ. It can then be shown that the space charge field in

the absence of an externally applied field is given by

Esp =
i kBT

q K

1 + K2/K2
D

· I1

I0
(2.2.8)

where K2
D is the Debye wave number, K2

D = q2NA/ǫkBT [11]. The space charge

field is at a maximum when K=KD.

As all photorefractive materials are subject to the electro-optic effect, and

the presence of a space charge field results in a change of the refractive index.

The change in refractive index is given by

∆n = −1

2
n3γe f f Esp, (2.2.9)

where γe f f is the effective electro optic coefficient that is dependent on the rel-

evant components of the electro-optic tensor, the direction of the space charge

field and the polarisation of the incident light.
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2.2.2 Photorefractive liquid crystal systems

Liquid crystals are desirable materials for photorefractive systems because they

can be highly birefringent, so that achieving a refractive index grating with

modulation is easily possible. There are numerous ways a refractive index grat-

ing can be produced in a liquid crystal system. Photosensitive dopants can be

added to the liquid crystal bulk [12]. These systems work in a very similar way

to the photorefractive crystal systems in that the dopants act as donors in the

bulk and the diffusion of the electrons through the bulk then builds up a space

charge field. The liquid crystal molecules reorientate with this field and create

a refractive index grating. This is an example of bulk mediated photorefraction.

Alternatively, surface mediated photorefraction can be created in liquid

crystal systems. One example is where thin photorefractive crystalline win-

dows are used as substrates in a liquid crystal cell. A space charge field is

built in the photorefractive window via the mechanism already described [13].

This field penetrates into the liquid crystal bulk reorientates the liquid crystal

molecules in the immediate vicinity of the window.

Photorefraction has also been reported in liquid crystal systems with pas-

sive alignment layers such as PVA [14, 15]. In these systems the combination of

liquid crystal and alignment material is important [14]. With a DC field applied

to the liquid crystal cell, the ions redistribute to screen out the applied field.

When illuminated the interface becomes photoelectrically activated and charge

carriers are injected into the bulk and recombine with the ions. This modulates

the charge distribution at the interface. The space charge electric field distri-

bution in the nematic liquid crystal layer has been theoretically described by

Pagliusi et al. [16]. The model uses the Helmholtz double layer charge distri-

bution approximation with the following restrictions; the dielectric anisotropy

of the liquid crystal molecules is neglected, ions are point charges, selective ion

adsorption at the polymer interfaces is disregarded (equal adsorption energy
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Figure 2.8: Model scheme for charge distribution within the cell in the

Helmholtz double-layer approximation [16].

for anions and cations) and ion diffusion current is negligible with respect to

conduction current. The cell considered is of thickness d, and is bound by ion

blocking electrodes. It is in thermodynamic equilibrium and the density of ions

in the cell is nconc. With no applied field, there is a uniform distribution of

charges and an equal number of cation and anions. When a field is applied, the

ions move towards the electrode of the opposite sign. With negligible diffusion,

the bulk density of ions is uniform across the liquid crystal layer except for two

thin regions near the electrodes where the charges accumulate. The thickness

of these layers is comparable to the Debye screening length [16]. If the volt-

age is high enough, all the ions are located in these regions and the bulk is ion

free. These two regions are considered to be negligible with respect to the cell

thickness. The electric potential can be analytically solved within the cell by

using the Laplace equation, exploiting the charge distribution symmetry, the

boundary and continuity conditions. The potential in three different regions is

considered; in each of the regions where the charges accumulate, i.e. δ < z and

z < −δ and in the liquid crystal bulk. This is shown in Figure 2.8. This gives
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the potential V(z) in each of the regions as,

V(z) =























Va(z) =
[

2σ0
ǫd δ + Vdc

d

]

z − σ0
ǫ δ for δ < z,

Vb(z) =
[

Vdc
d − 2ξσ0

ǫd

]

z for − δ < z < δ,

Vc(z) =
[

2σ0
ǫd δ + Vdc

d

]

z + σ0
ǫ δ for − δ < z,

(2.2.10)

where σ0 is the surface charge density, δ is the distance between the surface

layer and the cells central plane (z=0), ǫ is the liquid crystals perpendicular di-

electric constant, ξ is the thickness of the surface charge layers and Vdc is the

applied voltage. Measurements of photocurrent and photoinduced birefrin-

gence [17, 18] demonstrated that light of certain wavelength produces a surface

charge depletion at the anodic PVA-E7 interface only. Therefore, a spatially

modulated intensity pattern I(x) = 2I0[1 − cos(kx)] results in a local modula-

tion of the anodic charge density only [16], i.e.

σ+ = σ0 (2.2.11)

and

σ− = −σ0[1 + cos(kx))]

2
, (2.2.12)

where σ+ and σ− are the surface charge densities at the cationic and anodic

surfaces respectively. The electrostatic potential is then calculated to be

V(x, z) =























σ0ξ
4ǫ

(

1 − 2z
d

)

(

3 − d
ξ

)

+ zVdc
d + F(x, z) f or δ < z

σ0ξ
4ǫ

(

1 − 6z
d

)

+ zVdc
d − G(x, z) f or − δ < z < δ

σ0ξ
4ǫ

(

2d
ξ − 3

)

(

1 + 2z
d

)

+ zVdc
d − G(x, z) f or z < −δ

(2.2.13)

where

F(x, z) =
σ0

2ǫk

sinh[k(d − ξ)] sinh
[

k
(

z − d
2

)]

cos(kx)

sinh(kd)

G(x, z) =
σ0

2ǫk

sinh(kξ) sinh
[

k
(

z + d
2

)]

cos(kx)

sinh(kd)
.

(2.2.14)

The electric field components Ex(x, z) and Ez(x, z) in the region -δ < z < δ are
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then shown to be,

Ex(x, z) = −A sinh
[

k
(

z + d
2

)]

sin(kx)

Ez(x, Z) = −B + A cosh
[

k
(

z + d
2

)]

cos(kx)

(2.2.15)

where A and B are given by

A =
σ0 sinh(kξ)

2ǫ sinh(kd)
B =

Vdc

d
− 3ξσ0

2ǫd
(2.2.16)

The z component of the electric field penetrates into the liquid crystal bulk, and

causes a dielectric torque on the liquid crystal molecules due to the interaction

between the liquid crystal director and the electric field. The dielectric torque

is given by citepPagliusi04,

ΓE = ∆ǫ(~n · E(~n × E)) (2.2.17)

≈ −ey∆ǫ

{

sin(2θ)
B2

2
− cos(2θ)ABsinh

[

k

(

z +
d

2

)]

sin(kx)

}

where, θ is the homogeneous reorientation angle of the director~n and is compa-

rable with the pretilt. Importantly, the modulation in the strength of the torque

is ∝ sin(kx) and the intensity modulation is ∝ cos(kx). The dielectric torque

has the same periodicity as the intensity modulation but is phase shifted by

π/2. This satisfies the condition to observe the photorefractive effect, namely

a phase shift between the refractive index modulation and the light intensity

modulation.

The system investigated in the experiments of Chapters 4, 5 and 6 is a sur-

face mediated photorefractive liquid crystal system. However, it is markedly

different from the system investigated by Pagliusi et al. [16], in that one of the

alignment materials used is a photoconductive polymer. However the authors

of [16] state that their model can be easily extended to calculate the electric field

in other experimental configurations, for example liquid crystals sandwiched

between thin photoconductive layers such as those in the work of Ono et al.

[19]. The system used by Ono et al. uses PVK doped with TNF as a photo-

conductive alignment layer, whereas the work in Chapters 4, 5 and 6 uses PVK
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doped with fullerenes. The system used by Ono et al is expected to operate

via the same basic mechanisms as the system investigated in Chapters 4,5 and

6, consequently it is expected that that this work could be extended to explain

the system investigated here. Clearly to extend this work into systems with

photoconductive polymer alignment layers the response of photoconductor to

illumination is required, experiments to do this will be conducted in Chapter 4.

This model shows how a refractive index grating can be created in a liquid

crystal system via a interference pattern. This refractive index grating is phase

shift from the illuminating pattern by π/2, a consequence of this is that energy

can be transfered between the interfering beams in a process known as beam

coupling.

2.2.3 Beam coupling

In wave mixing processes the interaction of the different optical fields in the

medium are described by Maxwell’s wave equations. If there are n waves inter-

acting within the medium, then there are n coupled Maxwell’s wave equations.

In photorefractive crystals there is a spatial shift between the induced refractive

index change and the optical intensity. This is due to the diffusion of charges

from bright to dark regions. If an excited electron encounters a trapping site in a

bright region, it can be re-excited with absorption of another photon. If the elec-

tron becomes trapped in a dark region, this process is not possible. This causes

a shift between the optical field and the space charge field and, consequently,

the refractive index modulation. A non zero phase shift between the two grat-

ings may transfer energy between the two waves, known as beam coupling.

This phase shift is essential to observe beam coupling with the optimum when

the phase difference is π/2. In photorefractive crystals where only diffusion is

responsible for the transfer of charges, the phase shift is naturally π/2. How-

ever, when drift is present this is not necessarily the case. In these crystals there
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can be a large number of trapping sites, if diffusion is the dominant process

driving charges, then there can be difficulties forming long period gratings.

There are two different regimes in which two beam coupling can occur,

the Bragg and the Raman-Nath. The two regimes are distinguished by the

number of output beams from the sample. In the Raman-Nath regime multiple

diffracted order are observed, whilst in the Bragg only the two input beams are

seen. The type of regime can be determined using [20]

ρ =
λ2

0

Λ2n0n1
, (2.2.18)

where λ0 is the vacuum wavelength of light, Λ is the grating spacing, n0 is the

mean refractive index, and n1 is the amplitude of the sinusoidal modulation

of the refractive index. When ρ ≤ 1 the system is in the Raman-Nath regime

and if ρ ≫1 the system is in the Bragg regime. Alternatively the regime can be

determined using [21]

Q =
2πλ0d

Λ2n0
, (2.2.19)

where d is the thickness of the sample. For values of Q < 1 the system is in the

Raman-Nath regime and for values of Q > 10 the system is in the Bragg regime.

Q is generally used, however, the use of the cell thickness to define Q results in

thin grating being defined as Raman Nath grating and thick gratings as Bragg

gratings. This criteria is generally true, but not strictly so [22]. Both ρ and

Q depend on Λ−2, the grating period. In turn Λ is controlled by the angular

separation of the two incident beams: Λ increases as the angular separation

between the two incident beams decreases. It can also be seen that there is an

intermediate regime where it is ambiguous which regime the system is in.

Surface mediated photorefractive liquid crystal systems can easily be moved

from Bragg to Ramen Nath regime by changing the experimental geometry.

Daly et al. studied beam coupling in an anisotriopic photorefractive media

such as a surface mediated photorefractive liquid crystal systems with photo-

conductive alignment layers [23]. When such a system is illuminated with an
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interference pattern, the conductivity of the alignment layer is modulated. With

a voltage applied across the cell, a modulated electric field reorientates the liq-

uid crystal molecules, creating a refractive index grating. Modelling these sys-

tems is complicated due to non linear alignment of the liquid crystal molecules

with the applied field [23]. Nematic liquid crystal molecules are symmetric,

so it is necessary to have a non-normal incidence angle versus the bisector of

the two incident beams in order to obtain the correct grating vector [24]. This

is because the grating is created by the superposition of the beams at the cell

surface, therefore there are no waves which match perfectly the fundamental

grating vector. Daly et al. extended the coupled wave theory of Kogelnik and

Montemezzani [25], to treat Bragg, Raman-Nath as well as the intermediate

regime. They consider a medium with a periodic refractive index grating in

the x, z plane with a fundamental wave number K = 2π/Λ and any number of

higher harmonics, pK, where p=2,3. . . and Λ is the grating period. The dielectric

tensor is expressed as,

ǫr = ǫu +
1

2

∞

∑
p=−∞

∆ǫ(p)(z)ei(pKx+φ(p)) (2.2.20)

where ǫu is the uniform part of the dielectric tensor, ∆ǫ(p)(z) are Fourier com-

ponents of the dielectric tensor and φ(p) is the phase shift of the p-th grating

Fourier component. The authors demonstrate how coupling can be achieved

by diffraction from the fundamental grating vector and any of its higher har-

monics (see Figure 2.9). They note that if in these systems the bisector of the two

incident waves is not normal to the liquid crystal alignment, as none of these

terms are perfectly matched by the fundamental grating vector. Therefore the

coupling strength will depend on not only the amplitude of the appropriate

coupling harmonic, but also on the size of the mismatch term,

∆~K(m,n) =~k
(m)
z −~k

(n)
z . (2.2.21)

They assume that the electric field is a superposition of plane waves which

may perfectly match the grating vectors in the x-direction and is expanded as a

40



CHAPTER 2

Figure 2.9: Possible couplings and associated mismatch terms for (a) the fun-

damental grating period, (b) the second harmonic, (c) the third har-

monic [23]

Fourier series in x,

~E =
N

∑
m=−N

~A(m)(z)ei(~k(m)·~x−ωt) (2.2.22)

where ω is the optical angular frequency, and ~k(m) = m~Kx̂ +~k
(m)
z ẑ. This is

constrained such that |k(m)| = k0n(m) where k0 is the free space wave vector and

n(m) is the refractive index seen by the m-th wave. Using Maxwell’s equations

a set of coupled wave equations for the rate of energy transfer from one mode

to another,

û
(m)
z

dÃm

dz
= ik

(m)
z Ãm +

ik0

4n(m)g(m)

N

∑
n=−N

Gn,m ÃneiΨφn−m
(2.2.23)

where

Ãm =
A(m)

e−ik
(m)
z z

. (2.2.24)

G(m,n)=Â(m)∆ǫ(n−m) Â(n) and g(m)=Â(m) · D̂(m), D̂ is the electric displacement

vector and Â(m) is the unit polarisation vector and Ψ = sgn(m − n) and Ψ(0) =

0. Here, sgn is the sign function, it can return one of three values 1,0 or -1

depending on the sign of m − n. From these equations it can be seen that the

amplitude of the m-th mode is proportional to the amplitude of the sum of

all other modes and the birefringence via the dielectric anisotropy. It is also

apparent that if the system is symmetric, the rate of energy transfer into and

out of each mode will be equal, so the symmetry of the system must be broken

to observe beam coupling.
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The difference between the two regimes can be seen in Figure 2.9, with

a long period grating the mismatch term, ∆K, is small and higher harmonics

of the grating vector can couple energy into the higher orders. With a short

period grating the mismatch term is large and the higher harmonics can not

couple energy into the higher orders.

The work of Daly et al. [23] treats anisotropic photorefractive media, of

which surface mediated photorefractive liquid crystals are a good example. The

strength the coupling has been observed to increase with the addition of ferro-

electric nanoparticles. Small quantities of ferroelectric nanoparticles, approxi-

mately 1% by weight, are added to a pure liquid crystal to create a suspension.

These suspensions are then used to fill the typical surface mediated photore-

fractive liquid crystal cells.

2.3 Ferroelectric Nanoparticles

The concept of adding ferroelectric nanoparticles originated in the work by De

Gennes and Brochard [26], where it was shown that the sensitivity to a mag-

netic field could theoretically be increased by adding ferromagnetic nanopar-

ticles to a nematic liquid crystals. These particles would be much more sensi-

tive to an external magnetic field, reorienting at a lower amplitude of the ap-

plied field. The ferromagnetic particles have a strong permanent dipole which

will align the liquid crystal molecules locally with the particles. This alignment

will be transmitted to the rest of the bulk via weak inter-particle interactions.

De Gennes and Brochard suggested that a similar behavior could be expected

with ferroelectric nanoparticles and an electric field [26]. Experimentally, this

could not be proven because neither ferroelectric nor ferromagnetic nanoparti-

cles could be produced at the time and stabilised in a liquid crystal host. The

first report of a liquid crystal doped with ferromagnetic nanoparticles was in
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1983 [27] although until recently no other group has been able to replicate their

results without aggregation of the nanoparticles in the liquid crystal [28].

In 2004 a stable suspension of ferroelectric nanoparticles in a nematic liq-

uid crystal was achieved using oleic acid as a surfactant [29]. Since then, nu-

merous groups have made measurements on liquid crystal systems doped with

nanoparticles and different effects have been observed, such as an increase in

dielectric anisotropy [30, 31], birefringence [30–32], phase transition temper-

ature from nematic to isotropic [31], order parameter [31, 33] beam coupling

coefficients [32, 34] and decreases in the Freedericksz threshold [29, 33, 35]. The

theory put forward by De Gennes and Brochard was specifically for ferromag-

netic systems and did not predict such wide ranging effects of the nanoparticles.

So far no theory has been put forward which can explain all of the observed ef-

fects, but several papers have focused on explaining individual phenomena.

The first paper focused on the effective dielectric function of ferroelectric liq-

uid crystal suspensions [36]. This paper makes several assumptions: that the

nanoparticles were spheroids with the long axis aligned along the local liquid

crystal director, ~n, the orientation of the particles polarisation coincides with

the long axis of the particle, that each particle has a permanent polarisation, P,

which is parallel or anti-parallel to the director, in the absence of an externally

applied electric field, both directions have equal probability and averaged over

a physically small distance the permanent polarisation is zero. The induced

polarisation of the particles has the form,

pi = ǫ0

((

ǫP
⊥ − 1

)

EP
i + ǫP

a~ni~njE
P
j

)

(2.3.1)

where ǫ0 is the permittivity of free space, EP is the local electric field that acts

on the particle and ǫP
a =ǫP

‖ -ǫP
⊥, the dielectric anisotropy of the particle. The aver-

aged value of the particles permanent polarisation in the liquid crystal is given

by,

P̃ = 〈P (E)〉LC =
∫

Pf (P,~n, E)dΩ (2.3.2)
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where f(P,~n, E) is the permanent polarisation distribution function and E is the

electric field which orients the permanent polarisation. To obtain the effective

dielectric function of the suspension, the electric field is averaged over a physi-

cally small volume which still contains a large number of particles,

Ē = f
〈

EP
〉

+ (1 − f )
〈

ELC
〉

(2.3.3)

where f is the concentration of particles and
〈

EP
〉

and
〈

ELC
〉

are averaged over

physically small volume values of the electric field inside the particles and liq-

uid crystal. The assumes that contributions to the electric field are due purely

to the concentration of the particles, it maybe more appropriate to use maxwell

garnet equation. This describes the macroscopic behaviour of a system when

there are several constituents homogeneously mixed.

The authors find that the effective dielectric function of the suspension is

ǫ̃⊥ =
f H⊥ǫP

⊥ + (1 − f )ǫLC
⊥

1 − f + f H⊥
(2.3.4)

and

ǫ̃‖ =
f H‖ǫP

‖ + (1 − f )ǫLC
‖ + f P2ν

ǫ0KBT
ǫ̃LC

ǫ̃LC+λ‖(ǫ̃P−ǫ̃LC)

1 − f + f H‖
, (2.3.5)

where Ĥ is given by

Ĥ =

















ǫ̃LC

ǫ̃LC+λ⊥(ǫ̃P−ǫ̃LC)
0 0

0 ǫ̃LC

ǫ̃LC+λ⊥(ǫ̃P−ǫ̃LC)
0

0 0
ǫ̃LC−

λ‖d2νǫ̃LC

ǫ0kBTǫ̃LC+λ‖(ǫ̃P−ǫ̃LC)

ǫ̃LC+λ‖(ǫ̃P−ǫ̃LC )

















where ǫ̃P and ǫ̃LC are isotropic dielectric functions of the particle and host, λ⊥

and λ‖ are the depolarisation factors. It can be seen that the perpendicular di-

electric constant, equation 2.3.4 does not depend on the permanent polarisation

of the particles, P, but does have a term due to the induced polarisation of the

particles. The parallel component, however, does have a term from the perma-

nent polarisation and the induced polarisation of the particles. Consequently,
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the ferroelectric nanoparticles are expected to have a significant contribution to

the parallel dielectric constant, but only a small contribution to the perpendic-

ular dielectric constant.

This work was followed by a paper focusing on the reduced Freedericksz

threshold [37]. It considered a system with a uniform suspension of ferroelec-

tric nanoparticles in a liquid crystal host, in a cell of thickness d and boundary

conditions such that the alignment of the director is planar. It is assumed that

the coupling between the permanent polarisation of the nanoparticles is suffi-

ciently strong that the particles can only point parallel or antiparallel. Despite

the doping concentration being very small, of the order of 1%, the permanent

polarisation of the ferroelectric nanoparticles are much larger than that of the

liquid crystal, so an effective dielectric anisotropy is calculated:

ǫ̃a = ∆ǫ +
FP2υι2

kBTǫ0
(2.3.6)

where F is the particle volume fraction in the suspension, υ the particle vol-

ume, P is the permanent polarisation of a particle, ι is a local field correction

factor, that is taken to be 1 and ǫ0 is the vacuum permittivity. This leads to an

expression for the voltage threshold

VTH = π

√

K1

ǫ0ǫ̃a
. (2.3.7)

Using data from [29] the authors showed that the factor of two decrease in the

measured threshold voltage was possible. In 2007 Buchnev et al. [32] studied

enhanced beam coupling in colloids of ferroelectric nanoparticles in a photo-

conductive alignment layer system. They measured basic electro-optic prop-

erties, including the Freedericksz threshold and the dielectric anisotropy. The

measured threshold voltage of the suspension was a factor of 2.2 smaller than

the pure liquid crystal, in good agreement with the experimental and theory

work published earlier. Using equation (2.3.7), this corresponds to an increase

in dielectric anisotropy of a factor of 4.8. However, this value was twice what
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they obtained by direct measurements of the dielectric anisotropy, namely a

change by a factor of 2.5. More resent work in 2008 by Kurochkin et al. [38]

in a chiral system confirmed observations made by other groups. For example,

they saw an increased dielectric anisotropy, increased birefringence and a de-

creased threshold but, a negligible change in transition temperature. They de-

termined that three parameters could be responsible for the decreased voltage

threshold in their system: the helix period, a decrease in the order parameter

affecting the value for the ratio of elastic constant to dielectric anisotropy, as

K ∝ S2, and ∆ǫ ∝ S or an increase in the dielectric anisotropy. The change in

the helix period was observed to be too small, as it decreased by a factor of 1.1,

whereas the voltage threshold decreased by a factor of 1.45. To explain the ob-

served decrease in the voltage threshold by a decrease in the order parameter,

a change by factor of two would be required. However, a change of this magni-

tude would decrease the clearing temperature, and this was not observed. As

with other authors, the derived equation of effective dielectric anisotropy was

used to explain the decrease in threshold voltage, equation (2.3.6), and derived

an equation of threshold voltage for their system. This is the same as equation

(2.3.7) with K1 replaced by K3 as appropriate for the geometry of their system.

Measurements of the dielectric anisotropy in their systems agreed well with the

predicted change. However, the authors pointed out that although the perma-

nent polarisation can be used to derive an increase in the dielectric anisotropy

for a decreased threshold voltage, it would not contribute to the magnitude

of the dielectric anisotropy at optical frequencies. Consequently, this can not

explain the observed increases in birefringence, commonly seen in the suspen-

sions.

In hybrid liquid crystal systems with photorefractive windows and filled

with a suspension of ferroelectric BaTiO3 nanoparticles in TL205, Cook et al.

studied beam coupling [34]. They observed that suspensions of ferroelectric

nanoparticles reversed the direction, as well as increased the energy transfer
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in a beam coupling experiment compared to pure liquid crystals. They took a

number of theoretical approaches to partially explain the observations. Firstly,

they considered that the ferroelectric nanoparticles were introducing ionic im-

purities to the liquid crystal host which would accumulate at the photorefrac-

tive windows under illumination and affect the penetration of the space charge

field into the liquid crystal. They were able to show that ionic impurities could

reverse the sign of the energy transfer. However, the accumulation of ions at

the windows would decrease the effective field on the liquid crystals, decreas-

ing the photorefractive induced torque on the liquid crystal director. Conse-

quently, the accumulation of ions at the interface between the liquid crystal

and photorefractive window can only lead to the decrease the beam coupling

gain. Secondly, they considered that the nanoparticles could change the sign

and magnitude of the surface pre-tilt, however measurements in situ showed

this not to be the case. Finally, they noted that if most of the nanoparticles

were single domained, each would have a net spontaneous polarisation. They

speculated that since nematic liquid crystal molecules can have a splay-induced

flexopolarization [39], the nanoparticles may locally align anti-parallel with the

liquid crystal flexopolarisation field with their positive poles in contact with

the cell windows. If the external space charge field is not strong enough to

re-pole the nanoparticles, then the external field will try to rotate the liquid

crystal molecules and nanoparticles in opposite directions. Assuming strong

anchoring between the nanoparticles and liquid crystal molecules, the nanopar-

ticles will drag the liquid crystal director opposite to the direction a pure liquid

crystal director would rotate, explaining the gain reversal. Although Cook et

al. did not present a full theoretical treatment, they did estimate the relative

strengths of liquid crystal dielectric polarisation (≈ 10−5Cm−2), flexopolarisa-

tion (≈ 4 × 10−5Cm−2) and effective polarisation due to the presence of ferro-

electric nanoparticles (≈ 2 × 10−4Cm−2) from typical values for liquid crystals

and BaTiO3, assuming that the particle volume is 8*10−25 m3 and the effective
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volume concentration of the nanoparticles is 2*1021 m−3. The dominant terms

are the effective polarisation due to the presence of ferroelectric nanoparticles

and the flexopolarization, supporting the hypothesis that this is the cause of

the gain reverse. It is unclear whether this would also be the cause of increased

gain and the authors note that they have not accounted for the effect of the

permanent polarisation, even though it could be significant.

More recently, Lopatina and Selinger studied the orientational distribu-

tion of ferroelectric nanoparticles dipole moments by statistical mechanics [40].

They were able to show that if there is an order parameter associated with the

nanoparticles, then this order parameter could interact with that of the liquid

crystal. This interaction could then lead to an increase in the transition tem-

perature from the nematic to isotropic phase. They also demonstrated that the

particles would increase the sensitivity of the system to an electric field. In

their work they considered the distribution of dipoles to be characterised by

an orientational order parameter, which interacts with the orientational order

of the liquid crystals. Spherical nanoparticles were considered with an electro-

static dipole moment surrounded by nematic liquid crystal molecules. If there

is a low concentration of nanoparticles, the authors argued that not all dipoles

would have the same orientation, but that there will be a distribution of ori-

entations. It was assumed that the interactions of the nanoparticles and liquid

crystals contributes to the total free energy of the system and that the directors

associated with each of order parameter was aligned along the same axis. This

gives an equation for the interaction free energy of the system,

Fint

V
= − ∆ǫρNP p2

180πǫ0ǫ2R3
SLCSNP (2.3.8)

where SNP is the scalar order parameter of the nanoparticles, SLC is the scalar

order parameter of the liquid crystals, ρNP is the concentration of nanoparti-

cles, ∆ǫ is the dielectric anisotropy of the fully aligned liquid crystal, p is the

polarisation per unit volume, ǫ0 is the vacuum permittivity, ǫ dielectric con-
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stant of the nanoparticle , R is the radius of the nanoparticle and p = (4/3R3)P

where P is the polarisation of the nanoparticles. Expanding this in both order

parameters SLC and SNP gives,

F

V
=

A′
LC(T − T∗)

2
SL2

LC − B

3
S3

LC +
C

4
S4

LC +
ANP

2
S2

NP − ∆ǫρNP p2

180πǫ0ǫ2R3
SLCSNP

(2.3.9)

The first three terms are the standard Landau-de Gennes free energy of a pure

liquid crystal. The fourth term is the entropic cost of imposing orientational

order on the nanoparticles. The final term is the coupling between the liquid

crystal order and the nanoparticle order. Minimising the free energy over the

nanoparticle order parameter the optimum value is found,

SNP =
∆ǫp2

900πǫ0ǫ2R3kBT
SLC (2.3.10)

where kB is the Boltzmann constant and T is the temperature. This shows that

the liquid crystals induce orientational order in the nanoparticles. Substituting

this back in to the free energy equation gives,

F

V
=

a′LC

2

[

T − T∗ − p2
LC

a′LCaNP

(

∆ǫp2

180πǫ0ǫ2R3

)2
]

S2
LC − b

3 S3
LC + c

4 S4
LC

(2.3.11)

This leads to a shift in the clearing temperature of,

∆TNI =
πφNPR3

3TNIρLC

(

2∆ǫP2

675kBǫ0ǫ2

)2

(2.3.12)

where φNP is the volume fraction of the nanoparticles and ρLC is volume of

liquid crystal. Using values typical of Sn2P2S6 a 5 K shift in transition temper-

ature is expected [40]. This is of the same order as transition shifts observed

experimentally, however, R and P parameters are not known precisely from ex-

periments. This expression also does not account for the effect of ions in the liq-

uid crystal. In the presence of an electric field, ions will redistribute and could

screen the nanoparticles electric field. This can be accounted for by adapting

equation 2.3.12,

∆TNI =
πφNPR3

3TNIρLC

(

2∆ǫP2

675kBǫ0ǫ2

)2

× e−2κR
(

1 + 2κR + κ2R2 + κ3R3
)

(2.3.13)
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where κ is the Debye screen length and is given by κ−1 =
(

ǫ0ǫkBT/2NAq2
)1/2

.

From this analysis it is apparent that the ratio of nanoparticle radius to De-

bye screening length is the key parameter. If the ion concentration is low, then

there is a shift in the transition temperature. If the concentration becomes high

enough, then the screening length becomes comparable with the nanoparticle

radius and the enhancement is screened away. The authors estimate that at an

ion concentration of 1020 ions/m3 there is no effect of the ions on the increased

TNI . However, at a concentration of 1023, the effect is completely screened

away. These values are comparable with experimental values from the work

of Sawada et al. [41] and Skarabot et al. [42] who measured ion concentrations

of 1020 ions/m3 and 2*1020 ions/m3 in 5CB and can explain the variations in

measured ∆TNI .

Another group studied the observed increase in the phase transition tem-

perature using molecular dynamics simulations [43]. They considered in their

simulation spherical ferroelectric nanoparticles with a diameter of 20 nm peri-

odically placed in a nematic liquid crystal host. They calculated the density, the

orientational order parameter, and the polar and azimuthal angle profiles in the

system from the centre of a particle and at different temperatures, due to the di-

rect interaction of the permanent dipoles of the nanoparticles with the nematic

liquid crystal molecules. The simulations showed that the electric field of the

nanoparticles maintained the orientational order parameter of the suspension

to temperature 5% higher than the pure system. However, to see the enhance-

ment in the simulation, concentrations two orders of magnitude greater than

that used in experiments was needed. This suggests that the direct interaction

of the permanent dipoles of the ferroelectric nanoparticles with the nematic

liquid crystal molecules is not strong enough to produce the observed shifts

in transition temperature. The authors suggested that field induced dipoles

should be included in the simulation. These would have a longer interaction

length than the direct dipole interactions. These interactions would decay as
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1/r3 where the intermolecular distance is r. The magnitude of these interac-

tions are particularlly field sensitive in the case where the nematic liquid crys-

tal molecules contain polar groups and may explain observed shift in transition

temperature with a low concentration of ferroelectric nanoparticles.

In summary, so far no theory has been proposed which can fully describe

the interactions between ferroelectric nanoparticles and nematic liquid crystals.

However, theories have been put forward which can explain some of the ob-

served such as the decrease in the voltage threshold [37], increasing transition

temperature [40, 43] and increased two beam coupling gain [34]. Measurements

of the dielectric anisotropy and voltage threshold of a planar nematic cell by

Buchnev et al. [32] demonstrated that the increase in dielectric anisotropy was

a factor of two smaller than required to cause the measured decrease in thresh-

old voltage. Contrary to this, the work of Kurochkin et al. on a cholesteric

colloid showed that the decrease in voltage threshold could be explained by

the measured increase in dielectric anisotropy. The work of Pereira et al. [43]

showed that the clearing temperature can be increased through interactions be-

tween liquid crystal molecules and the permanent dipoles of the nanoparticles.

However, this requires using a concentration that are two orders of magnitude

greater than is generally observed in experiments. The work of Lopatina et al.

indicated that the liquid crystal may induce order in the nanoparticles; and that

the interaction of the nanoparticle and liquid crystals order parameters can in-

crease the clearing temperature as long as the ion concentration is low enough

to prevent the screening of the nanoparticles electric field. Cook et al. sug-

gested a mechanism to reverse the direction of observed two beam coupling.

However it is unclear that there would be an increase in the strength of the

coupling observed.
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2.4 Summary

Liquid crystals are a unique phase of matter existing between liquids and solids.

Of particular interest to the work presented here are the thermotropic liquid

crystals in the nematic phase. All molecules used in the work presented here

are thermotropic, calamitic (rod like) molecules in the nematic phase. The ne-

matic phase is the phase most similar to that of a liquid; the phase transition

temperature from nematic to isotropic liquid is known as the clearing tempera-

ture. This is a first order phase transition which is described by the Landau-de

Gennes theory. In the nematic phase, the molecules are free to flow, but a pre-

ferred direction for the molecules point persists; this is known as the director.

There are only three ways in which the director can distort: splay, bend and

twist, each of which has a corresponding elastic constant. The optical proper-

ties of liquid crystals makes them desirable as optical elements. For example

their birefringence makes them applicable as wave plates, light modulators or

colour filters. The alignment can be controlled with electric fields and so, ad-

justable and controllable optical elements can be produced. The birefringence

is only apparent when the liquid crystal molecules are well aligned in the de-

vice and do not form small domains. This requires the use of alignments layers

and can produce devices will high optical quality. Although they are used for

many different applications all of such elements come together to make their

most well known device, the liquid crystal display.

In addition to all this, liquid crystals can be used to produce some nonlin-

ear effects seen in other systems such as the photorefractive effect. This been

achieved via three different methods, namely the use of bulk dopants, pho-

torefractive windows or photoconductive alignment layers. The use of bulk

dopants such as fullerenes produces bulk mediated photorefraction whereas,

photorefractive windows and photoconductive alignments layers produce sur-

face mediated photorefraction. A model for a photorefractive liquid crystal
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system where charges are photoinduced through a nonconductive alignment

layer has been described. It may be possible to extend this model to describe

a system with photoconductive alignment layers, if the response of the PVK to

illumination can be determined.

The surface mediated systems have been shown to exhibit increases to

clearing temperature, birefringence, dielectric anisotropy, increased two beam

coupling gain coefficients and decreased threshold voltage when low concen-

trations of ferroelectric nanoparticles, typically of the order of 1% by weight of

ferroelectric nanoparticles are added to the liquid crystal. No comprehensive

theory has so far been proposed, which can fully explain all of the observed

effects of the nanoparticles on the liquid crystal. However partial theories have

been put forward that can explain, for example the decreased threshold voltage

and increased clearing temperature.
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CHAPTER 3

Hybrid planar nematic liquid crystal

cell construction and

characterisation of ferroelectric

nanoparticles

This Chapter will focus on the materials, cell geometry and fabrication chosen

for use in the optical and electrical experiments of hybrid liquid crystal cells,

which follow in the rest of the thesis. The polymers chosen for liquid crys-

tal alignment will be described, one is a standard polyimide and the other is

a photoconductive polymer, polyvinyl carbazole (PVK). To make the cells re-

spond to visible wavelengths the PVK was doped with an inorganic dopant,

the fullerene C60, this process will be described in section 3.1.1. Next, the liq-

uids crystals used will be described and the properties of the inorganic ferro-

electric dopants will be discussed. Characterisation of the size and shape of

these particles is conducted with three separate methods, transmission electron

microscopy (TEM), atomic force microscopy (AFM) and NanosightTM. Finally,

the cell geometry will be outlined and the method of cell fabrication will be

explained.
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3.1 Properties of alignment polymers: Polyimide and

Polyvinyl carbazole

Two different polymers have been chosen as alignment layers. With gentle

rubbing both polymers provide planar alignment and anchor the liquid crys-

tal molecules at the interface between the polymer layers and the liquid crystal

bulk. The first polymer chosen is a polyimide, Pyralin PI 2525 from HD mi-

crosystems (PI), which consists of three molecular precursors; 4-(4-aminophenoxy)

aniline; 5-(1,3-dioxoisobenzofuran-5-carbonyl) isobenzofuran -1,3-dione and ben-

zene -1,3-diamine. For cell fabrication PI is mixed in a 1:10 ratio with the solvent

1-methyl-2-pyrrolidinone; this reduces the viscosity of the solution so that thin

uniform layers can be produced. Upon heating, the precusors polymerise and

form a single polymer film; the structure of each of these precursors is shown in

Figure 3.1. The PI has a dielectric constant of 3.3, volume resistivity of 1016 Ω,

surface resistivity of 1015 Ω and a refractive index of 1.7 [1]. Cells made with

this polyimide have a pretilt at the interface of 3 ◦.

The second polymer chosen is polyvinyl carbazole (PVK). PVK is a pho-

toconducting polymer with the structure shown in Figure 3.2. To prepare thin

films of PVK, the powdered monomer is mixed with the solvent chlorobenzene.

PVK has several absorption peaks in the ultraviolet region of the electromag-

netic spectrum, resulting in photoconduction, as shown in Figure 3.3 [2]. Its

electrical properties have been widely studied and it is known to be a hole

transporter with mobility of 4.8×10−9cm2V−1s−1 [3]. In the visible region, it

is an insulator with a conductivity of 1.64−13 Sm−1[4]. It has a dielectric con-

stant of 3 [5] and a refractive index of 1.72 at 500 nm [6]. Cells made with PVK

have a typical pretilt at the interface of 0 ◦. PVK is a well known material used

in photorefractive polymers. The benefits of photorefractive polymers can be
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Figure 3.1: Chemical structure of the precusors in HD microsys-

tems polyimide PI2525, a)5-(1,3-dioxoisobenzofuran-5-

carbonyl)isobenzofuran-1,3-dione, b)benzene-1,3-diamine and

c)4-(4-aminophenoxy)aniline

seen by considering a figure of merit for photorefractivity [7],

Q =
n3γe f f

ǫr
(3.1.1)

where, n is the optical index of refraction, γe f f is the effective electro-optic co-

efficient and ǫr is the relative dielectric constant. Q is a measure of the ratio of

optical nonlinearity, n3γe f f , to the screening of the internal space charge dis-

tribution, ǫr . In inorganic materials this does not vary much from material to

material due to the optical nonlinearity resulting from a large ionic polarisabil-

ity [7]. For organic materials the nonlinearity is a molecular property and so

large electro optic coefficients are not accompanied by large DC dielectric con-

stants. It is possible in polymer photorefractives to achieve an increase by an
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Figure 3.2: The chemical structure of the Polyvinyl Carbazole monomer

order of magnitude in the value of Q. In polymer photorefractive the mech-

anism for photorefraction is the same as in inorganic crystals, which was ex-

plained in Chapter 2. However, different constituents of the polymer provide

the required photorefractive properties such as; a photoinduced charge genera-

tor, a transport medium, trapping sites and molecules which provide an optical

nonlinearity. The properites of PVK make it highly desirable as the transport

medium. It is vital that one carrier is more mobile that the other; in the case

of PVK (and most organic transport medium) holes are more mobile. If both

charges are equally mobile then there would be no net internal space charge

field generated. PVK was used as the transport medium in the first photore-

fractive polymer system to show net internal two beam coupling gain [8]. The

polymer in this work was was PVK:FDEANST:TNF, where PVK was transport

medium, FDEANST was the nonlinear chromophore and TNF was the charge

generator. PVK has also been used in systems where large gain was reported.

In one system C60 was used as the charge generator and DEANST as the non-

linear chromophore and gain of 130 cm−1 was measured [9], and in another

system TNF was used as the charge generator and DMNPAA as the nonlinear

chromophore, and gain of 200 cm−1 was reported [10].
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Figure 3.3: Absorption spectrum of PVK, C60 and PVK:C60 from [2]

3.1.1 Functionalising the PVK alignment layer

In photorefractive polymer studies it is common to dope PVK with either 2,4,7-

trinitro-9-fluorenone (TNF) or Fullerenes (C60). These act as photosensitis-

ers introducing a broad absorption peak in the visible part of the spectrum,

as shown in Figure 3.3 [2], therefore making PVK photoconductive at visible

wavelengths. Without a nonlinear chromophore added to the polymer, PVK is

a photoconductor and not a photorefractive.

C60 was chosen for use in this project over TNF due to availability, a new

project has recently start to compare the performance of cells made with PVK

doped with C60 and PVK doped with TNF. The functionalisation of PVK is

achieved by mixing PVK and C60 separately with chlorobenzene at room tem-

perature. At room temperature C60 has a solubility of 7g/l and 20g/l for PVK

[11]. The two solutions are mixed together in a ratio of 3:1. The same solvent

was used to make the solutions of C60 and PVK to avoid C60 sedimentation.
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Liquid Crystal ne(589 nm) no (589 nm) ∆n (589 nm) ǫ⊥ ǫ|| ∆ǫ T◦
NIC

E7 1.7117 1.52 0.1917 5.17 19.54 14.37 61

MLC6815 1.5191 1.4674 0.0517 - - - 67

TL205 1.7445 1.5270 0.2175 4.1 9.1 5 87.4

LC18523 1.50889 1.4599 0.04899 4.3 7 2.7 55

Table 3.1: Physical properties of liquid crystals used in the presented work. All

values taken from Merck datasheets [21].

3.2 Liquid crystals for hybrid cells

Four different nematic liquid crystals have been selected for use in this work.

Their refractive indices, birefringence, dielectric constants, dielectric anisotropy

and clearing temperature are included in Table 3.1. MLC6815 and LC18523

were all chosen as they have low birefringence and are closely index matched

to silica, which is highly desirable for integration into the telecommunications

industry devices. MLC6815 has been used in photonics applications, such as

liquid-crystal electric tuning of a photonic crystal laser [12] and planar ampli-

fier for a microlaser on a cholesteric liquid crystal [13] and in electrooptical

switching systems [14]. LC18523 has been used for investigation into ferroelec-

tric nanoparticles suspensions [15], studied for use in wavelength division mul-

tiplexing [16] and it has been used in a variable fiber directional coupler [17].

TL205 is a liquid crystal with high birefringence and, has a low ionic content.

TL205 has been investigated by other groups studying two beam coupling gain

enhancement [18], Bragg diffraction [19] and holographic grating in polymer

dispersed liquid crystal materials [20]. E7 is also has high birefringence and is a

commonly used nematic liquid crystal. All liquid crystals are multicomponent

mixtures and were purchased from Merck chemicals.
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Nanoparticle ID Material Milling method Milling time (Hours)

BaTiO3 A BaTiO3 planetary ball mill 12

BaTiO3 B BaTiO3 planetary ball mill 10

BaTiO3 C BaTiO3 vibration mill 140

Sn2P2S6 Sn2P2S6 vibration mill 140

Table 3.2: The milling method and milling time for the four different ferroelec-

tric nanoparticles acquired for use in hybrid liquid crystal cells

3.2.1 Doping liquid crystals

Liquid crystals can be doped in numerous ways. For example, chiral dopants

can be added to form single domain twisted nematic cells with a controlled

pitch [22], dyes can be used for liquid crystal laser display applications [23],

gold nanoparticles to exploit their surface plasmon resonance [24] or ferromag-

netic nanoparticles to increase the sensitivity to magnetic fields [25]. The work

in this thesis focuses on functionalising nematic liquid crystals with low con-

centrations of ferroelectric nanoparticles. This is to achieve improved sensitiv-

ity to electric fields and to explore the enhanced electro-optic effects observed

in similar suspensions [26, 27]. Two different materials were provided to us by

our collaboraters from the Ukraine and the U.S., Barium Titanate (BaTiO3) and

Tin thiohypodiphosphate (Sn2P2S6). Three types of BaTiO3 nanoparticles were

prepared by two different milling techniques and one type of Sn2P2S6 nanopar-

ticles was fabricated, these are outlined in Table 3.2. It should be noted that

BaTiO3 is uniaxial and so has two different refractive indices, whereas Sn2P2S6

is biaxial and has three different refractive indices. Micron sized BaTiO3 parti-

cles were milled for 12 or 10 hours in a planetary ball mill, mixed with a surfac-

tant (Oleic acid) and a solvent (heptane). The micron sized particles are placed

in a vessel with several balls of Zirconia. The vessel is rotated and high pulver-

ization energy is achieved[28]. Therefore only relatively short milling time was
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Property BaTiO3 Sn2P2S6

Refractive index 1 2.40422 (at 633 nm) [29] 3.0256 [30]

Refractive index 2 2.36051 (at 633 nm) [29] 2.9309 [30]

Refractive index 3 N/A 3.0982 [30]

Birefringence 0.04371 0.1673

Absorption at 633nm 0.108cm−1 0.5cm−1 [31]

Polarizability 0.26As/m2[32] 0.14As/m2 [33]

Curie temperature 123◦C [34] 66◦C [33]

Table 3.3: Physical properties of bulk BaTiO3 and Sn2P2S6

needed to produce nanoparticles. The milled particles were then allowed to

settle and precipitate. Finally, particles were taken from the top of the solution

BaTiO3 A and BaTiO3 B respectively. The same procedure was followed using a

vibration mill, for 140 hours for both BaTiO3 and Sn2P2S6. This produced sam-

ples referred to as BaTiO3 C and Sn2P2S6. For vibration milling, micron sized

particles were placed in vessel with a large agate ball, the vessel was then vi-

brated and the micron size particles were ground down to nanoparticles over

hundreds of hours.

Only one type of Sn2P2S6 could be produced for this work. These parti-

cles were produced by the vibration mill; as the Curie temperature of Sn2P2S6

is 66◦C, the more “energetic” planetary ball milling was not suitable to pre-

pare ferroelectric nanoparticles of Sn2P2S6. The planetary ball milling tended

to decompose the Sn2P2S6 into its constituents. Some of the properties of the

ferroelectric materials are included in Table 3.3, most of these values are deter-

mined from bulk samples as reliable measurements on the nanoscale are not

yet available.

The nanoparticles were initially suspended in heptane, and their further

preparation required adding the particles in suspension to one of the four liq-
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Figure 3.4: Hybrid cell filled with a suspension of LC18523 and Sn2P2S6

uid crystal hosts, described in Section 3.2, such that the nanoparticles make up

5% by weight of the resulting suspension. The suspension was gently heated

and stirred overnight to allow the solvent to evaporate. As long as the parti-

cles added are less than ≈200 nm and the concentration was less than 5% [35]

the optical quality of the cell was excellent. This can be seen in Figure 3.4 to

demonstrate negliable absorption or scattering of light through the cell.

3.3 Characterisation of liquid crystal dopants

Three different techniques were used to characterise the physical parameters

of particles produced: Transmission Electron Microscopy (TEM), Supersharp

Atomic Force Microscopy (SSAFM) and NanosightTM a light scattering tech-

nique. The organic surfactant, Oleic acid, is necessary to produce stable suspen-

sions of nanoparticles in liquid crystals. Without the surfactant, agglomeration

of nanoparticles into larger structures occurs. If the particles aggregate, they

become large enough to disrupt the liquid crystal director, create defects and

therefore decrease the optical quality of a cell. However, the use of a surfactant

leads to difficulties imaging the particles as the presence of the surfactant can
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obscure the edges of particles. In TEM imaging, large amounts of surfactant can

form a layer which obscures the particles, preventing them from being imaged.

In AFM, the Oleic acid molecules remain on the substrate and blur the edges of

the particles. To limit the problem of imaging the particles, the original solution

of nanoparticles and surfactant in a solvent was diluted, in a large volume of

solvent. While this procedure could not completely remove the Oleic acid (in

particular that directly bonded to the particles surface), it helped in eliminating

its excess. It was easier to observe AFM and TEM images of sufficient quality

to determine the physical size of the particles.

3.3.1 Transmission electron microscopy

Substrates for TEM analysis were prepared by placing a drop of each nanopar-

ticle sample onto a carbon coated TEM grid and then drying it in air. A Hitachi

H7000 transmission electron microscope was used to obtain images with a res-

olution of 1 nm. The TEM grid was placed in the sample container and a beam

of electrons accelerated by a 1500 kV electric field was fired at the sample. The

electrons interact with the sample and are brought to a focus. A CCD camera

is used to capture an image of the sample. Figure 3.5 shows an example of the

TEM images acquired for each of the four nanoparticle samples. Figures 3.5(a)

and 3.5(b) are the samples BaTiO3 A and BaTiO3 B respectively from the plan-

etary ball mill whilst, 3.5(c) and 3.5(d) are the BaTiO3 C and Sn2P2S6 samples

from the vibration ball mill respectively. It is clear that the milling processes

result in very different particles being produced. The more moderate in force

but longer vibration milling results in particles with a smoother pebble like ap-

pearance as seen in Figure 3.5(c) and 3.5(d). The more energetic planetary ball

milling results in particles with sharp more angular appearance as seen in Fig-

ure 3.5(a) and 3.5(b).

The TEM images were put through a gray scale analysis to identify in-
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(a) (b)

(c) (d)

Figure 3.5: Typical TEM images of each of the four nanoparticle samples, 3.5(a)

BaTiO3 A, 3.5(b) BaTiO3 B, 3.5(c) BaTiO3 C and 3.5(d) Sn2P2S6

dividual particles and determine their size distribution. For the two samples

from the planetary ball mill histograms were generated. Figure 3.6(a) shows

that the sample milled for 12 hours has a peak of 12 nm, and a fairly broad

distribution from 8 nm to 40 nm. There are some particles larger than 40 nm

and these could be due to aggregates or the software not being able to separate

out individual particles which are very close together. Figure 3.6(b) shows the

histogram for BaTiO3 B which was milled for 10 hours. There is a double peak;

the first at 12 nm and the second at 18 nm. The overall size distribution is sim-

ilar to the other planetary ball milled sample, namely spread between 8 nm to

37 nm. BaTiO3 C which was produced from the vibration mill was diluted in

too much solvent to acquire a robust histogram of the size distribution from the

grey scale analysis. However, while it was not possible to fully evaluate size

distribution, the particles were measured by the same process and the average

size was found to be 15 nm, with a variation of 3 nm. In the Sn2P2S6 sample,
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aggregation of the particles was observed. This effect along with the contrast

issues caused by the Oleic acid, made it difficult to analyse precisely where the

edges of the individual particles were and therefore, this a robust histogram

could not be constructed. Quantitative analysis was carried out showing that

there is a wide range of particle sizes from tens to hundreds of nanometers,

with an average particle size of 40 nm. It was not clear if the aggregation is

caused by the TEM sample preparation or if the nanoparticles had aggregated

prior to this.

These results indicate that although TEM is a powerful imaging tech-

nique, imaging of tens of particles at a time it is not suitable as the only method

of characterisation. If too few nanoparticles are inspected and measured, then

TEM can not be used to construct a robust histogram. Furthermore, the sur-

factant can partially, or completely obscure the particles preventing an accurate

measurement of their size.

3.3.2 Atomic force microscopy with supersharp tips (SSAFM)

AFM substrates were prepared by spinning a drop from one of the samples on

a silicon wafer, cut to 1 cm X 1 cm, at 500 rpm for 3 seconds and then 2000

rpm for 10 seconds. The resulting wafers were placed in a Digital Instruments

Multimode AFM with a super-sharp AFM tip. This provided lateral resolution

of 4 nm and a vertical resolution of 1 nm.

An AFM works by bringing a small tip close to the surface of the sam-

ple under investigation. There are three different modes of operation: contact

mode, non-contact mode and tapping mode. For the ferroelectric nanoparticle

measurements, the AFM was operated in tapping mode. In tapping mode, the

cantilever is oscillated near to its resonant frequency. As the tip approaches the

surface of the sample, it interacts via Van der Waals, dipole-dipole or electro-

static, forces, which change the amplitude of oscillation. Piezoelectric motors

72



CHAPTER 3

(a)

(b)

Figure 3.6: Histograms of the size of nanoparticle samples BaTiO3 A (3.6(a))

and BaTiO3 B (3.6(b))

are used to move the tip to maintain a constant amplitude of oscillation. Simul-

taneously, a laser spot is reflected off of the top of the cantilever and incident
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onto a photodiode. This records the changes in the cantilevers height and is

used to construct an image of the surface topography.

As with TEM imaging, particles with the organic surfactant present prob-

lems for obtaining high quality AFM images. Even with the dilution process,

excess surfactant tends to remain on the surface of the silicon wafer, as can be

seen in Figures 3.7 and 3.8. This makes it difficult to judge precisely the height

above the surface. The surfactant also collects around the particles blurring

the edges. However, the images were of sufficient contrast to carry out the

size analysis. Particles from BaTiO3 A were estimated as being 12±4 nm and

from BaTiO3 B as 20 nm and 10 nm diameter (±4 nm) on average. BaTiO3 C

showed multiple 15 nm particles with some variation from 15 nm of the order

of 4 nm. Several large aggregates are also visible, but it is not clear if these

originated in the solution or were the results of evaporating the solvent on the

AFM substrate. Particles from BaTiO3 A were estimated as being 12±4 nm and

from BaTiO3 B as 20 nm and 10 nm diameter (±4 nm) on average. The sample

Sn2P2S6 shows a very large range of sizes, particles as small as 20 nm are seen

and some as large as 350 nm, suggesting there is either a large particle range or

aggregation on the Sn2P2S6 is occurring. These results are summarised in Table

3.4 along with the results of the other imaging techniques.

3.3.3 NanosightTM

All samples were then investigated in the NanosightTM imaging system. The

NanosightTM system works by illuminating with a laser a thin film of particles

suspended in a solvent. A CCD normal to the film observes light scattered

out of the film by the particles. The motion of particles is tracked and the size

determined from the equations of Brownian motion. In this way thousands of

particles can be tracked and their size calculated.

The resolution of NanosightTM is dependent upon the viscosity of the sol-
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(a)

(b)

Figure 3.7: The AFM images of the two ferroelectric nanoparticle samples pro-

duced by planetary ball milling, 3.7(a) BaTiO3 C and 3.7(b) BaTiO3

B
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(a)

(b)

Figure 3.8: The AFM images of the two ferroelectric nanoparticle samples pro-

duced by vibration milling, 3.8(a) BaTiO3 C and 3.8(b) Sn2P2S6

vent used and the refractive index of the material under investigation. All the

samples were tested, but the system was only able to measure the size distri-
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(a) (b)

Figure 3.9: The size distributions of BaTiO3 B and Sn2P2S6 3.9(a) and 3.9(b)

respectively

bution of BaTiO3 B and Sn2P2S6. Although particles were observed in all of the

samples, in BaTiO3 A and BaTiO3 C samples, only tens of particles could be

tracked. Hundreds or preferably thousands of nanoparticles are needed pro-

duce a robust histogram of particle size, and consequently, no histogram was

generated for samples of BaTiO3 A and BaTiO3 C. BaTiO3 B had a peak at ap-

proximately 30 nm that extended out to 50 nm, larger aggregates were also

recorded, as shown in Figure 3.9(a). Sn2P2S6 had a very broad distribution with

multiple peaks at 60 nm, 140 nm and 170 nm, as shown in Figure 3.9(b). This

suggests that Sn2P2S6 is milled to particles of 60 nm in size but these particles

are not stable and tend to aggregate.

3.3.4 Discussion and comparison of nanoparticle sizes from dif-

ferent imaging techniques

As can be seen from Table 3.4 there is excellent agreement between the results

for the BaTiO3 from TEM and SSAFM imaging techniques. The exact peak of

the size distributions are within 2 nm of each other, despite the smaller num-

bers of particles available to analyse from SSAFM. However, there appears to be

77



CHAPTER 3

Imaging method BaTiO3 A BaTiO3 B BaTiO3 C Sn2P2S6

TEM 12±3 nm 12 & 18±3 nm 15±3 nm ≈15-450 nm

SSAFM 12±4 nm 10 & 20±4 nm 15±4 nm ≈20-350 nm

NanosightTM N/A 30 nm N/A 60, 140 and 170 nm

Table 3.4: Peak sizes of ferroelectric nanoparticles determined by three imag-

ing techniques

a discrepancy between the between these two methods and the NanosightTM

data. Although we used a low viscosity solvent, the best resolution achieved

was approximately 25 nm, which would explain the lack of reliable results for

the samples BaTiO3 A and BaTiO3 C. These samples contained the smallest

nanoparticles, as determined by by AFM and TEM. Whereas, BaTiO3 B sam-

ple contained the largest BaTiO3 nanoparticles, as from these two methods.

They showed peak sizes of approximately 12 and 20 nm, but NanosightTM

measured a single peak at 25 nm. This discrepancy could be explained by effec-

tively low resolution of NanosightTM and a consequence of the different imag-

ing techniques measuring subtly different properties. NanosightTM measures

the hydrodynamic size of the particles, instead of the physical size. The or-

ganic surfactant attached to the particles could lead to increased effective parti-

cle size and explain the measured value of 30 nm and the single peak observed.

However, it is worth noting that the NanosightTM data confirmed BaTiO3 B

as having the largest nanoparticles, Sn2P2S6 was also confirmed to have the

largest particles and a very broad size distribution. The very large particles

seen in Sn2P2S6 are probably aggregates of smaller particles. This tendency of

Sn2P2S6 to aggregate, in spite of the surfactant Olecic acid, illustrates the need

to strongly ultrasonicate the suspensions before cell fabrication.
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Figure 3.10: Structure of hybrid liquid crystal cell. The cell is made from two

ITO coated glass substrates. It has two alignment layers PVK:C60

and PI which are separated by 12 µm and filled with either a pure

liquid crystal or a suspension containing inorganic nanoparticles.

3.4 Hybrid liquid crystal cell structure

All cells are made using indium tin oxide (ITO) coated glass substrates, with the

ITO providing an electrical contact to the cell. Most of the work detailed here

uses substrates completely covered with ITO, but some measurements were

performed with patterned electrodes. This will be outlined in more detail in

Chapter 4. All cells used in the presented work have planar alignment. This is

achieved by using polymer alignment layers on each substrate. The substrates

are separated by 12 µm Mylar spacers. The cells were filled with a pure nematic

liquid crystal or a suspension containing inorganic ferroelectric nanoparticles as

shown in Figure 3.10.
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3.5 Hybrid liquid crystal cell construction

The hybrid cell is made by cutting large sheets of indium tin oxide (ITO) coated

glass purchased from Merck with a resistance of 80 Ω/� into 2.5 cm2 substrates.

These substrates are placed on a spin coater, with the ITO side facing up and

covered by one of the two alignment monomers, either PI or PVK:C60 (see sec-

tion 3.1). The substrate is then spun at 500 rpm for 5 seconds and then 3000 rpm

for 30 seconds. In the next stage, the substrate is placed on a hot plate at 80 ◦C

to aid the evaporation of the solvent from the alignment monomer. The tem-

perature is increased to 200 ◦C to polymerise and anneal the alignment layer.

The substrates are gently rubbed, to provide a preferred alignment direction.

Spacers 12 µm in size are mixed with a U.V. curable glue, several drops of that

mixture are placed on two of the edges. A second substrate is placed on top,

so that the alignment layers are facing each other and arranged so that there

are small areas of the substrates exposed, to provide an electrical contact. The

cell is illuminated by a U.V. lamp for 10 minutes to cure the glue. The two

sides without exposed edges are sealed with an expoy resin. The cell thickness

is then checked by illuminating with a white light source and observing the

interference fringes with an ocean optics spectrometer. Treating the cell as a

Fabry-Pérot etalon the thickness can then be determined using:

d =
nλ1λ2

2 (λ1 − λ2)
(3.5.1)

where λ1 and λ2 are the peaks in the interference pattern and n is the number

of peaks observed between those two wavelengths [36]. The cell is filled by

capillary forces, with either a pure liquid crystal or a suspension of ferroelectric

nanoparticles in a liquid crystal host. The remaining edges are sealed with the

epoxy resin.
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3.6 Summary

Planar liquid crystals cells have been constructed with a photosenitive align-

ment layer and polyimide alignment layer. Sensitivity to visible light has been

achieved by doping the alignment polymer with C60 molecules. These cells

have been filled with pure liquid crystals or suspensions of inorganic ferroelec-

tric nanoparticles in a liquid crystal host. Two different milling processes were

used to produce the particles, a planetary ball mill and a vibration mill. Four

different samples of inorganic ferroelectric nanoparticles have been made from

two different materials, Barium Titanate (BaTiO3) and Tin thiohypodiphosphate

(Sn2P2S6). For the purpose of size and shape analysis three samples of BaTiO3

were prepared; 12 and 10 hour planetary ball milled BaTiO3, referred to as

BaTiO3 A and BaTiO3 B, and a 140 hour vibration milled BaTiO3 sample, re-

ferred to as BaTiO3 C. Additionally, vibration milled Sn2P2S6 sample, referred

to as Sn2P2S6 was prepared. The shape and size of these particles was de-

termined by three different imaging techniques, and their results were found

to be in good agreement. The planetary ball milled particles were shown to

have a rough angular shape, whereas the vibration milled particles were much

smoother, with pebble like in appearance. Size distributions were observed

with peaks for BaTiO3 A and BaTiO3 C at 12 nm and 15 nm, respectively. The

sample BaTiO3 B was observed to have a double peak at 12 nm and 18 nm. The

final sample, vibration milled Sn2P2S6 was shown to have a very broad size

distribution with numerous peaks. The smallest of which was seen at 60 nm

suggesting that aggregation has occurred in this sample.

A fully comprehensive size and shape analysis was not possible as a larger

number of samples would be required. Such a study would be difficult as par-

ticles produced by both method result in different distributions of particle size.

It is not expected that a simple correlation to particles would be possible. Nev-

ertheless, some important features of the nanoparticles produced by the two
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milling methods is apparent, smooth particles from the vibration mill and sharp

particles from the planetary ball mill. This suggests that the particles are ex-

posed to different amounts of mechanical stress. What effect the mechanical

stress has on the ferroelectricity has on the particles is not yet clear, although

some early work suggests that mechanical stress increases the size range over

which particles remain ferroelectric [37]. The strength of ferroeletricity of the

particles rather than size or shape after milling is probably the most import

factor along with achieving uniform distribution of the particles in the liquid

crystal host. Independent studies of the ferroeletricity of the nanoparticles is

important and an area which future work will focus on.
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CHAPTER 4

Impedance spectroscopy of hybrid

liquid crystal cells

Impedance spectroscopy is a powerful, non-invasive, non-destructive tool that

is extensively used in electrochemical studies to understand reaction mecha-

nisms [1], characterise fuel cells [2], microstructural characterisation [3] and

liquid crystal cell electrical characterisation [4]. Impedance is the opposition

to the flow of an alternating current in a material; in general a system will ei-

ther, dissipate energy, store energy or convert current into voltage. These three

processes are represented as the electrical components: resistor, capacitor and

inductor. A complex system may have many combinations of these resistive, ca-

pacitive and inductive processes occurring in a system, these electrical elements

are frequency dependent, so the measurements as a function of frequency pro-

duces an impedance spectra. The different physical processes described, may

dominate over several orders of magnitude of frequency of the applied elec-

tric field. Analysis of the spectra’s behaviour in different frequency regions can

be assigned to different electrical components which represent the dominant

physical process. In this way an electrical circuit which exactly describes the

electrical behaviour of the system under investigation can be constructed.

To fully understand the effect of nanoparticles on the system under in-
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Figure 4.1: Complex plot of ideal electrical components and a non ideal resis-

tor

vestigation, accurate electrical modeling of the basic cell is required. There are

numerous methods to model the director profile of liquid crystals [5, 6], but in

order to apply them to simulate an experimental cell, the voltage drop across

the liquid crystal layer must be determined. This can be achieved by measur-

ing the impedance spectra for the cell and using it to determine an electrical

equivalence circuit. This is a circuit consisting of ideal inductors, resistors and

capacitors which, exactly replicating the electrical behaviour of the cell. The

impedance is a vector which completely captures the electrical behavior, real

and imaginary, at a particular applied field frequency. An ideal resistor would

have a phase angle of 0◦ and the magnitude of the vector would be the re-

sistance. An ideal capacitor would have a phase angle of -90◦ and an ideal

inductor a phase angle of 90◦. The magnitude would be the inductance and

capacitance respectively, these are shown in Figure 4.1. Also shown is a non

ideal component which behaves primarily as a resistor with some parasitic in-

ductance resulting in a phase angle of 20◦. The impedance of capacitors and

inductors is a function of frequency given by

ZL = iωL (4.0.1)

90



CHAPTER 4

ZC =
1

iωC
(4.0.2)

where ZL and ZC are the impedances of an ideal inductor and capacitor, L and

C are the inductance and capacitance, ω is the frequency and i is the imaginary

unit. At different frequencies, the dominant behaviour will be best fitted by

particular electrical components. Analysing which components fit the spectra

an equivalence circuit can be constructed.

During the experiments which follow, the cells were exposed to different

conditionss such as changes in the amplitude of the applied field, varying light

intensities and different temperatures. Measurements under these various con-

ditions were performed so that their effect on the electrical behaviour of the cell

could be accounted for.

4.1 Experimental set-up

The sensitivity of the impedance measurements makes it a powerful tool to de-

termine the electrical behaviour of a system. There are several different meth-

ods to measure impedance, such as; the bridge method [7], the resonant method

[7], the network anaylsis method [8], the I-V method [9], the RF I-V method [9]

and the auto balancing bridge method [9]. The auto-balancing bridge method

has the smallest measurement error, but is limited to operating below 110 MHz.

The measurements in this chapter were made with an autobalancing bridge

(Solartron 1260), this has a frequency range of 20 Hz to 110 MHz and can make

measurements up to 1 MΩ with an accuracy of 0.1 % [10]. A typical auto bal-

ancing bridge circuit can be seen in Figure 4.2. Three connections are made to

the cell (DUT in Figure 4.2). First, a connection for test signal is made to the cell.

Then, the voltage on the same side of the cell as the the test signal is measured,

V1. On the opposite side, to the test signal the voltage required to maintain

potential zero is measured. This is achieved by controlling the current across
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Figure 4.2: Typical autobalancing bridge circuit, two connections are are made

to the high current side of the device under test (DUT) V1 and sig-

nal one is made to the low current side which cancels the current

through the DUT

a known resistor, and when a potential is detected, it is converted to a current.

The current is applied to the resistor and then back to the sample nullifying

the potential. As the resistor is of a known value, the current and voltage are

determined and the impedance of the cell calculated using

Z =
V1

I2
=

V1R

V2
(4.1.1)

where V1, V2 and R are shown in Figure 4.2. All three connections share a com-

mon connection as a virtual ground. To increase the spectroscopic range, V2 is

connected through a current preamp, to extend the frequency range to 0.01 Hz

and the impedance to 1 GΩ. The impedance is measured at a fixed amplitude

and the frequency swept in logarithmically from 1000 Hz to 0.1 Hz. Each data

point was measured over 10 cycles of the measurement frequency.

The measured capacitance and resistance depend on the area and thick-

ness of the layers. The thickness can be controlled as outlined in Chapter 3

by using a spin coater to deposit the polymer alignment layers and spacers

determine the thickness for the liquid crystal layer. In a normal cell, the active

electrical area varies between cells due to variations in the size of the substrates,

the degree of overlap between the top and bottom substrate and the amount of

92



CHAPTER 4

Figure 4.3: Etched ITO glass substrate. White regions have had the ITO etched

off and blue regions ITO remains

Cell ID Alignment layer 1 Liquid crystal Alignment layer 2

PIPI PI E7 PI

PIPVK PI E7 PVK:C60

PVKPVK PVK:C60 E7 PVK:C60

Table 4.1: The combination of alignment layers for the three different cells

glue used. For the experiments described here the area is controlled by using

an ion beam to etch away the ITO to leave a 1cm2 region and a small channel

to an unetched area at the edge of the substrate to make an electrical contact,

shown in Figure 4.3. When the cell is constructed the substrates are aligned so

that only the the 1 cm2 region overlaps, in this way providing a precise area for

the measurements. Three cells were constructed with different combinations

of the alignment layers; PI-PI, PI-PVK:C60 and PVK:C60-PVKC:60, so that be-

haviour of alignment layers can be isolated and identified. The cell details of

composition are shown in Table 4.1. The cells are referred to as PIPI, PIPVK and

PVKPVK in the rest of this chapter.

93



CHAPTER 4

4.2 The effect of voltage on the impedance spectra

In the experiments conducted in Chapter 5 and 6, the cells are exposed to differ-

ent voltages. In a planar cell, it is expected that there should be no change in the

electrical behaviour of the cell, if the voltage applied is below the Freedericksz

threshold. Above the Freedericksz threshold, the liquid crystal molecules will

reorienate changing the effective dielectric constant of the liquid crystal layer

and consequently a change in the measured capacitance of the liquid crystal

layer is expected. To determine if there is a non-Ohmic response of the align-

ment layers, the PIPI and PVKPVK cells are tested with the amplitudes of the

applied field of 10 mV, 100 mV, 500 mV, which are below the Fredericksz thresh-

old. Measurements of the PIPVK cell were not made as it is a composite of the

PIPI and PVKPVK cells. These measurements can be used to determine if there

is any effect of the electric field on the alignment layers. Measurements above

the Freedericksz threshold were then conducted on all three cells at amplitudes

of 1500 mV and 3000 mV to determine the effect of liquid crystal reorientation

on the impedance spectrum. All measurements were carried out in the dark

and at room temperature.

4.2.1 Impedance results of different amplitudes of the AC field

The measurements made at 10mV, 100mV and 500mV of the PIPI and PVKPVK

cells is shown in Figure 4.4. There is no noticeable effect on either cell for these

amplitudes of the applied field. All three cells were then measured at ampli-

tudes of 500 mV 1500 mV and 3000 mV. The results for the magnitude and

phase of impedance is shown in Figures 4.5, 4.6 and 4.7. Specifically, the mag-

nitude of impedance is shown in Figures 4.5(a), 4.6(a) and 4.7(a) for the PIPI,

PIPVK and PVKPVK cells, whilst the phase is shown in 4.5(b), 4.6(b) and 4.7(b).

As can be seen all three cells show similar behaviour with the frequency and

94



CHAPTER 4

(a)

0.1 1 10 100 1000

1000000

1E7

1E8

 

 

 PVKPVK 500mV
 PVKVPVK 100mV
 PVKPVK 10mV

|Z
|

Freq(Hz)

(b)

Figure 4.4: Impedance spectrum for PIPI 4.4(a) and PVKPVK 4.4(b) cells for

amplitude of 10 mV, 100 mV and 500 mV
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(a)

(b)

Figure 4.5: The measurements of the PIPI cell at different amplitude of the ap-

plied field. 4.5(a), are the results for the magnitude of impedance.

4.5(b) are the results for the phase behaviour for the PIPI.
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(a)

(b)

Figure 4.6: The measurements of the PIPVK cell at different amplitude of

the applied field. 4.6(a), are the results for the magnitude of

impedance. 4.6(b) are the results for the phase behaviour for the

PIPVK.

97



CHAPTER 4

0.1 1 10 100 1000
100000

1000000

1E7

1E8

 

 

 PVKPVK 500mV
 PVKPVK 1500mV
 PVKPVK 3000mV

|Z
|

Frequency

(a)

0.1 1 10 100 1000
-90

-80

-70

-60

-50

-40

-30

-20

-10

 

 

 PVKPVK 500mV
 PVKPVK 1500mV
 PVKPVK 3000mV

P
ha

se

Frequency

(b)

Figure 4.7: The measurements of the PVKPVK cell at different amplitude of the

applied field. 4.7(a) are the results for the magnitude of impedance

for the PVKPVK cell. 4.7(b) are the results for the phase behaviour

for the PVKPVK cell
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amplitude of the applied field. At the higher frequencies from 100-1000 Hz

the impedance is dominated by capacitive like behaviour. As the applied field

moves to low frequencies, the spectrum begins to be dominated by resistive like

behaviour, (10-100 Hz), before capacitive behaviour again takes over, in the 0.1-

10 Hz range. This can also be seen in phase diagrams. The peak of the resistive

behaviour at 500 mV is at 21.5 Hz in the PIPI cell and 35.96 Hz in the PVKPVK

cell, with the PIPVK cells peak between the other two, namely at 27.8 Hz. The

frequency range over which the resistive behaviour dominates is widest in the

PIPI cell and most narrow in the PVKPVK cell. At 0.1 Hz, the magnitude of

impedance is largest in the PVKPVK cell and the smallest in the PIPI cell, at

50 0mV the values are 7.6*107 Ω and 1.4*107 Ω, respectively.

As the voltage is increased, the behaviour of the magnitude of impedance,

at low frequencies remains unchanged. At approximately 1 Hz the measured

magnitude of impedance for different amplitudes of the applied field deviate

from each other. The frequency at which this deviation occurs is 1 Hz for the

PIPI cell, 4.6 Hz for the PVKPVK one and 2.8 Hz for the PIPVK cell. With

increasing amplitude of the applied field, the magnitude of impedance in the

resistive region and high frequency capacitive behaviour decreases in all three

cells, see Figures 4.5, 4.6 and 4.7.

4.2.2 Discussion of the impedance results for different ampli-

tudes of the AC field

Measurements at different amplitudes of the applied field, specifically, at 10 mV,

100 mV and 500 mV showed no change in the impedance spectrum; this implies

that the alignment layers respond linearly to the applied field, the layers obey

Ohm’s law, as expected. The effect of the amplitude of the applied field on the

impedance spectra at higher frequencies can be attributed to the reorientation

of the liquid crystal layer. Below the Freedericksz threshold, the cell has pla-
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nar alignment, in this configuration the perpendicular dielectric constant will

determine the capacitance of the liquid crystal layer. As larger amplitudes are

applied, the liquid crystal molecules will reorienate and a component of the

parallel dielectric constant will contribute to the capacitance. E7 is a positive di-

electric liquid crystal, so its parallel component is larger than the perpendicular.

Above the Freedericksz threshold, the capacitance of the liquid crystal layer is

expected to increase, and the high frequency region (above 100 Hz) is observed

to change with increasing amplitude of the applied field. Only the capacitance

of the liquid crystal layer is expected to change at these amplitudes and so this

suggests that the capacitive behaviour, above 100 Hz is dominated by the liq-

uid crystals effective dielectric constant. The fitting of the impedance spectra

shown later in this chapter demonstrates that the capacitance of this region

above 100 Hz, increases with increasing amplitude of the applied field. The

resistive dominated region of the impedance spectra (between 5 and 100 Hz)

is also shown only to change once the amplitude of the applied field is above

the Freedericksz threshold. This suggests that the electrical response of this re-

gion is also dominated by the liquid crystal layer. The electrical conductivity of

the liquid crystal layer is due to the drift of ions in the liquid crystal under the

applied field; the ions will drift to the surfaces and transfer their charge. The

viscosity of the liquid crystal determines how quickly the ions can drift across

the layer and hence influence how conductive the layer is. The viscosity is de-

pendent on the alignment, as the liquid crystal reorientates the viscosity will

change. The effective viscosity experienced by the ions will be at a minimum

when the molecules are aligned parallel to the direction of flow, or perpendic-

ular to the substrates. Conductivity is inversely proportional to resistivity, so

consequently the value of the impedance in the resistive region will be effect by

the orientation of the liquid crystal molecules. As expected, above the thresh-

old voltage, the impedance of this region is seen to decrease with increasing

amplitude, showing that the conductivity is increasing.
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4.3 The effect of light on the impedance spectra

The alignment material PVK:C60 was specifically chosen as it is photoconduc-

tive in the visible part of the electro-magnetic spectrum. Under illumination

the resistance of the layer is expected to decrease and the capacitance is ex-

pected to be unchanged. It is expected than another resistive region will be

seen in the impedance spectra at frequencies below 1 Hz. This is because as the

photoconductive layer is illuminated it is expected that its resistance will de-

crease. Assuming that the PVK layer can be modelled as a resistor and capaci-

tor in parallel, as the resistance of the layer decreases the frequency at which the

impedance of the resistor is less than the capacitor will shift to high frequencies.

This will effectively short circuit the capacitor at these frequencies and will be

observed in the impedance spectra.

Light is not expected to have any effect on the PI layer or liquid crystal

layer as E7 has an absorption coefficient below 1 cm−1 in the visible part of the

electro-magnetic spectrum [11]. Initially, measurements of the PIPI cell in the

dark and under illumination by an unpolarised white light source, at ampli-

tudes of 500 mV, 1500 mV and 3000 mV of the applied field were carried out to

confirm that there is no change in the reorientation of the liquid crystal in a PIPI

cell as a function of illumination. It should be noted that measurements in the

dark corresponds a measured illumination of approximately 50 nW. Next, the

PIPVK and PVKPVK cells were measured in the dark and under different levels

of illumination of a white light source at 500mV of the applied field. The maxi-

mum illumination of the PIPVK cell was 90 mW. The PVKPVK cells impedance

spectra was taken at greater number of illumination levels to determine the re-

sponse of the PVK:C60 to light. The maximum illumination of the PVKPVK

cell was 730 mW. The measurement parameters are shown for the three cells in

Table 4.2.

Measurements of the illumination power was made using a Thorlabs PM100
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Cell ID Amplitude of the applied field (mV) Illumination range (mW)

PIPI 500, 1500 and 3000 0-700

PIPVK 500 0-90

PVKPVK 500 0-730

Table 4.2: Experimental parameters used to measure the effect of illumination

on the different cells

photodiode detector, at 532 nm, which is the wavelength used in the experi-

ments in Chapters 5 and 6. The stated illumination power will only be a fraction

of the total power incident on the cell, as the measured power corresponds to

the given wavelength only and the light source is a broad spectrum white light

source. For example in the near infrared the absorption constant is 23 cm−1 [11]

and in the ultraviolet the absorption constant is 6.45*104 cm−1 [12]. However

the power measured at 532 nm is used to determine the relative illumination

from measurement to measurement. The intensity incident on the cells was

controlled by varying the distance from the light source and measuring the il-

lumination at the location of the cell. The impedance measurements were made

at ambient room temperature and at a fixed amplitude of the applied electric

field of 500 mV. As demonstrated in Figure 4.4 this is below the Freedericksz

threshold. Light is expected to lead to decreased resistance of the PVK:C60

layer and therefore the voltage dropped across the liquid crystal layer would

increase. If the voltage dropped across the liquid crystal layer is greater than

the Freedericksz threshold, then the liquid crystal molecules will reorienate and

consequently there will be changes in the impedance spectrum from reorienta-

tion in addition to light induced changes.
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4.3.1 Impedance results under different illuminations

The results for the PIPI cell under illumination and in the dark for three differ-

ent applied electric field amplitudes are shown in Figure 4.8. The same trend

with respect to increasing amplitude of the applied field is observed in dark and

under illumination, with the impedance measured at high frequency shifting to

lower values, which was seen in the previous section 4.2. However, as can be

seen in Figure 4.8 measurements at the same amplitude of the applied field, but

at different light levels show a small difference in the measured magnitude of

impedance. Under illumination, there is a decrease by 105 Ω in the measured

magnitude of impedance in the resistive region. As can be seen in 4.8(b) there

is also a small change in the phase of the impedance; however, there is no shift

in the frequency at which different regions dominate.

Comparing the measurements of the PIPVK cell in the dark and when illu-

minated by 90 mW, there is a factor of three decrease in the measured impedance

at 0.1 Hz, which can be seen in Figure 4.9(a). The phase diagram, Figure 4.9(b),

also shows a change in behaviour with increasing intensity, namely the impedance

at low frequencies become more dominated by resistive, rather than capacitive

behaviour. As with the PIPI cell there is a small deviation of the measured

impedance in the middle of the frequency range of 105 Ω. Only three differ-

ent illuminations were measured as this cell should be a “composite” of the

behaviour of the PIPI and PVKPVK cells.

The PVKPVK cell was measured over a larger number of illumination lev-

els ranging from 0 mW(Dark) to 730 mW. From 1000 Hz to 2 Hz there is little or

no deviation observed in the magnitude of impedance. However below 2 Hz,

the impedance shows strong dependence on the illumination as seen in Figure

4.10(a). Below 5 mW there is no noticeable change in the impedance at 0.1 Hz.

By 67 mW there is a reduction in the impedance by a factor of 2.7 and when il-

luminated with 730 mW, there is a reduction by a factor of 9. The magnitude of
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(a)

(b)

Figure 4.8: Measurements of the PIPI cell in the dark and under illumination

by a white light source for different amplitude of the applied field.

104



CHAPTER 4

(a)

(b)

Figure 4.9: Measurements of the PIPVK cell under different illuminations with

the amplitude of the applied 500mV
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impedance is seen to deviate from the dark measurement at 2 Hz regardless of

illumination level. However, it can be seen in Figure 4.10(b) that the deviation

from the dark measurement shifts to higher frequencies with increasing illumi-

nation. For example, at 730mW the deviation begins at 10 Hz, whilst at 10 mW

the deviation begins at 2.7 Hz. At 0.1 Hz, it can be seen that the effect of light

makes the impedance behaviour more resistive and less capacitive. In the dark,

there is a measured phase of -80 ◦, whilst under 730 mW there is a measured

phase of 11 ◦. As expected there is a strong link between the illumination of the

PVK:C60 layer and the measured impedance.

4.3.2 Discussion of the impedance results under different illu-

minations

In the PIPI cell, it was observed that below the Freedericksz threshold there is a

discrepancy of 105 Ω between light and dark measurements of the magnitude

of the impedance in the frequency range of approximately 10 to 100 Hz; this dis-

crepancy is enhanced by a factor of two above the Freedericksz threshold. The

measurements on the PIPVK and PVKPVK cells also show a small deviation

of 105 Ω in this frequency range. Measurements on the PIPVK and PVKPVK

cells were conducted only at 500 mV and so the increased deviation is not seen.

Unlike PVK:C60, PI is not photoconducting and as expected, there is nothing in

the phase diagram to suggest that there is any change in the electrical response

of the PIPI cell when illuminated (See Figure 4.8(b)). The most probable cause

of this deviation is the light source. A white light source was used and its spec-

trum will extend into the infra red and ultra violet regions and absorption at

these wavelengths could cause the cell to heat up. As, for example, the absorp-

tion coefficients for E7 in near infrared are of the order of 23 cm−1. Changes in

temperature will change several liquid crystal properties including its viscosity,

which as discussed above, would affect the resistance of the liquid crystal layer.
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Figure 4.10: Measurements of the PVKPVK cell under different illuminations

with the amplitude of the applied 500mV

Consequently, this could lead to decreases in the magnitude of the impedance

as observed between 1 Hz and 100 Hz in measurements. There is no effect on

the low frequency behaviour with illumination, where the PI layer dominates
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the impedance spectra, suggesting that light is not effecting the impedance of

the PI layers.

In both the PIPVK and PVKPVK cells there is a strong correlation be-

tween the illuminating light intensity and the low frequency impedance. The

PVKPVK cell shows that there can be almost an order of magnitude decrease

in the measured impedance at 0.1 Hz. In both types of cells, the phase dia-

grams show that under illumination the behaviour of the impedance in the low

frequency (<10 Hz) region is becoming more resistive demonstrating the photo-

conductivity of PVK:C60. The PIPVK cell also demonstrates similar behaviour

at lower frequencies, but the magnitude of the effect is reduced as expected

with only one photosensitive alignment layer.

4.4 The effect of temperature on the impedance spec-

tra

The previous section showed a deviation in the magnitude of the impedance

in the frequency range of 10 to 100 Hz in the PIPI cell when illuminated. The

deviation could originate from absorption of the white light source that leads to

increased temperature of the liquid crystal layer and consequently influences

the impedance spectra. To test this hypothesis the PIPI cell was placed on a

Mettler hot stage and heated to different temperatures between the ambient

room temperature and 59.5 ◦. The impedance spectra were then measured with

an applied field amplitude of 250 mV. As before, this amplitude was chosen

as it is below the Freedericksz threshold, to remove liquid crystal reorientation

from influencing the measurements.
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4.4.1 The effect of temperature on the impedance spectra

The PIPI cell was measured from room temperature up to 59.5 ◦, which is above

the nematic-isotropic phase transition. The resistive region of the impedance

spectra was observed to shift to lower impedance and higher frequencies with

increasing temperature. This can be seen in both the plot of the magnitude of

impedance and the phase diagram in Figure 4.11. Beyond the resistive region,

both at higher and lower frequencies, the magnitude of the impedance returns

to the room temperature value and the phase behaviour becomes capacitive.

The elastic constant and consequently the viscosity of the liquid crystal are

related to the order parameter, as the liquid crystal is heated to the nematic-

isotropic phase transition the change in the order parameter is discontinuous.

Consequently, a linear relation between the magnitude of the impedance and

temperature is not expected and a simple polynomial fit was attempted instead.

The values of impedance at 20 Hz from each temperature measurement can be

fitted with a second order polynomial, y=ax+bx2+c, as shown in Figure 4.12,

where coefficients a and b are -8.2*105 and b is 6980 respectively. The offset c is

2.5*107 Ω.

4.4.2 Discussion of the effect of temperature on the impedance

spectra

Changes in temperature affect the resistive part of the impedance spectrum, as

increasing the temperature decreases the resistance of the liquid crystal layer.

Consequently, the magnitude of the impedance is observed to shift from 1.1*107 Ω

to 4*105 Ω at 20 Hz and the whole resistive region is seen to shift to higher fre-

quencies. Such changes can be fitted with a simple polynomial. Using this fit

it can be seen that very small changes from the in ambient room temperature

can produce a significant change in impedance. An increase of 0.1 ◦ decreases
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(a)

(b)

Figure 4.11: Measurements of the PIPI cell at different temperatures with the

amplitude of the applied field 250 mV
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Figure 4.12: Impedance values at 20 Hz and polynomial fit

the impedance by 5.4*104 Ω, which is comparable to the 8.6*104 Ω decrease in

impedance observed in the PIPI cell light and dark measurements. The results

here indicate that at room temperature, the liquid crystal layer is very sensitive

to changes in temperature. Changes of the order of 105 Ω in the magnitude of

the impedance could be explained by fluctuations in the ambient temperature

or could be caused by absorption of wavelength in the infra-red or ultra-violet

parts of the electro-magnetic spectrum. The successful fitting showed that the

changes observed can be explained by the liquid crystal layer being heated by

0.2 ◦C.

The measured value of the magnitude of impedance at very low and very

high frequencies is invariant with temperature, as shown in Figure 4.11. At

low frequencies, the alignment layers dominate the impedance spectra the in-

variance in the measured values of the magnitude of impedance demonstrates

that temperature changes do not effect the impedance of the alignment layers.

However, to remove the possible effect of absorption of light in the liquid crys-

tal layer, a monochromatic light source in the visible region should be used. To
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demonstrate that this is the case the measurements of the impedance spectra as

a function illumination will be remeasured using a 532 nm laser source.

4.5 The effect of laser illumination on the impedance

spectra

The measurements of impedance as a function of light intensity were repeated

using a Torus 532 nm single longitudinal mode laser. The laser has a beam

diameter of 1.7 mm which was expanded to 1 cm, to provide uniform illumi-

nation across the electrode area. First, to check the hypothesis that the white

light source was changing the properties of the liquid crystal layer, the PIPI cell

was measured in the dark and then illuminated with approximately 45 mW at

an amplitude of 250 mV of the applied electric field. Secondly, the PIPVK and

PVKPVK cells were then measured at a number of illumination levels between

the dark and 34 mW. These illumination powers are the maximum possible

power from the laser used. The maximum power is an order of magnitude

lower than the power from the white light source, however significant changes

in the impedance spectrum were observed at similar illuminations with the

white light source.

4.5.1 Results of laser illumination on the impedance spectra

The results for the measurements of the magnitude and phase of the impedance

for the PIPI cell are presented in Figure 4.13. Measurements with an applied

electric field amplitude of 250 mV are shown in Figures 4.13(a) and 4.13(b).

The two graphs show that the phase behaviour, as with the white light source,

remains unchanged. At 3.16 Hz the difference in the measured magnitude of

impedance is 96000 Ω which is less than 1 % of the measured value. The erro-
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(a)

(b)

Figure 4.13: Measurements of the PIPI cell in the at ≈ 45 mW and in the dark

at an applied amplitude of 250 mV. Measurements of the magni-

tude of the impedance are shown in Figures 4.13(a) and the phase

behaviour in Figures 4.13(b)

113



CHAPTER 4

neous points at 50 Hz are noise caused by the mains electricity.

The PIPVK and the PVKPVK cell were remeasured using laser illumina-

tion instead of a white light source. The results for the magnitude of impedance

and the phase behaviour are shown in Figures 4.14 and 4.15. The measure-

ments on the PIPVK cell are shown in Figures 4.14(a) and 4.14(b), where Fig-

ure 4.14(a) is the magnitude of the impedance and Figure 4.14(b) is the phase

behaviour of the PIPVK cell. Qualitatively the behaviour is the same as ob-

served when the cell was illuminated with the white light source. There is no

noticeable change in the measured impedance above 10 Hz; below 10 Hz the

magnitude of impedance and phase behaviour shows a strong dependence on

the illumination intensity. At 0.1 Hz the magnitude of impedance is measured

as 3.1*107 Ω with a phase of -66 ◦ in the dark and 9.6*106 Ω with a phase of

-39 ◦ under 34 mW illumination. The impedance decreases by 2.1*107 Ω and

the phase changes by 27 ◦.

The measurements on the PVKPVK cell are shown in Figures 4.15(a) and

4.15(b) where Figure 4.15(a) is the magnitude of the impedance and Figure

4.15(b) is the phase behaviour of the PIPVK cell. Again the behaviour is qualita-

tively the same as in the case of illumination by the white light source. As with

the PIPVK cell, the high frequency behaviour is unchanged with illumination.

Below 10 Hz, there is a deviation between the dark and illuminated measure-

ments of the magnitude and phase of the impedance. At 0.1 Hz, the impedance

is measured to be 6.5*107 Ω and 2.4*107 Ω in the dark and with an illumina-

tion of 34 mW ,respectively. This is a decrease in the magnitude of impedance

of 4.1*107 Ω at the lowest measured frequency, 0.1 Hz, when illuminated with

34 mW and compared to the dark measurement. At the same frequency, the

phase behaviour is observed to change from -80 ◦ in the dark to -58 ◦ when

illuminated by 34 mW.

114



CHAPTER 4

(a)

(b)

Figure 4.14: The effect of illumination of a monochromatic light source with

wavelength 532 nm on the PIPVK cell. The magnitude of

impedance is shown in 4.14(a) for the PIPVK cell. The phase be-

haviour is shown in 4.14(b) PIPVK cell
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Figure 4.15: The effect of illumination of a monochromatic light source with

wavelength 532 nm on the PVKPVK cell. The magnitude of

impedance is shown in 4.15(a) for the PVKPVK cell. The phase

behaviour is shown in 4.15(b) for the PVKPVK cell
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4.5.2 Discussion of the effect of laser illumination on the impedance

spectra

As can be seen from the results for the PIPI cell, the use of monochromatic light

source reduces the measured variation in the impedance in the resistive section

of the spectrum to within the measurement error of the impedance anaylser.

This confirms that there is no effect of light on the electrical behaviour of the

PIPI cell. The change in the magnitude of impedance observed when illumi-

nated with a white light source, was therefore most likely due to the result of a

small increase in the temperature of the liquid crystal layer. It is expected that

the liquid crystal layer was affected in a similar way in the PIPVK and PVKPVK

cells and it was assumed that there was no effect of variations in the ambient

temperature changing the impedance of the PVK alignment layer.

The measurements of the PIPVK and PVKPVK cell show the same trends

in behaviour as was observed when illuminated with the white light source. As

is expected the PVKPVK cell which has two layers sensitive to the illumination

shows a greater change in the magnitude of impedance compared to the PIPVK

cell, which has one light sensitive layer. This confirms that the changes at low

frequencies are a result of a decrease in the impedance of the PVK layer due to

illumination. The impedance of the PVKPVK cell decreases by 4.1*107 Ω, which

is approximately a factor of two greater than the decrease in the impedance of

the PIPVK cell, which was 2.2*107 Ω.

Comparing the phase behaviour from data taken with the laser illumina-

tion to those taken when illumination was from a white light source, it is clear

that the change in the phase at 0.1 Hz, compared to the dark measurement, is

not as great when illuminated by the laser. With the white light source, the

phase was observed to decrease to -11 ◦, under maximum illumination from

the dark measurement, and the magnitude of impedance was seen to decrease

by approximately an order of magnitude. The white light source was measured
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to have a maximum power of 730 mW at a wavelength of 532 nm. The power

at this wavelength was only a small fraction of the total intensity the cell was

exposed to. The maximum laser intensity the cell was exposed to was only

34 mW in total. Clearly, the illumination was much greater in the experiment

with the white light source, and it suggests that the decrease in the magnitude

of the impedance, could be a factor of two greater, if the illumination was equal

to that used in the white light source experiments.

4.6 Fitting the impedance data

Simple RC circuits can be used to represent the electrical behaviour of liquid

crystal cells [4, 13, 14]. The electrical equivalence circuit is a very powerful aid

to modeling and theoretical studies. Initially, the PIPI data for various applied

amplitudes of the applied electric field is fitted with a simple impedance ladder.

The various fitting parameters are checked against known values for PI and

E7. The PIPVK and PVKPVK cells are then fitted based on the fitting results

obtained from the PIPI cell.

The fitting program used is called ZView and it works by turning an elec-

trical equivalence circuit into a mathematical model. The equations for the

impedance of resistor, capacitor and inductor was shown at the start of this

chapter. When in series impedances add

Ztotal = Z1 + Z2 + Z3 + . . . , (4.6.1)

and in parallel the reciprocals add

1

Ztotal
=

1

Z1
+

1

Z2
+

1

Z3
+ . . . . (4.6.2)

In the theoretical fitting carried out in this section a simple RC ladder is used,

see Figure 4.16. The impedance of this model can be represented as

Ztotal =
ZR alignZC align

ZR align + ZC align
+

ZR LCZC LC

ZR LC + ZC LC
, (4.6.3)
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where ZR align and ZR LC are the resistances of the alignment and liquid crystal

layers, respectively, and ZC align and ZC LC are the capacitances of the align-

ment and liquid crystal layers, respectively. Substituting equation 4.0.2 for the

capacitance and Z = R for the resistance,

Ztotal =
Ralign

Ralign

iωCalign
+ 1

+
RLC

RLC
iωCLC

+ 1
(4.6.4)

when rationalised the real and imaginary components are given by

Z′ =

Ralign

ω2C2
align

R2
align +

1
ω2C2

align

+

RLC
ω2C2

LC

R2
LC + 1

ω2C2
LC

, (4.6.5)

and

Z′′ =

R2
align

ωCalign

R2 + 1
ω2C2

align

+

R2
LC

ωCLC

R2 + 1
ω2C2

LC

. (4.6.6)

The magnitude of the impedance can then be calculated using

|Z| =
√

Z′2 + Z′′2, (4.6.7)

and the phase

θZ = tan−1 Z′′

Z′ . (4.6.8)

The program is given initial parameters for the resistance and capacitance of

each layer. These values are used to simulate the impedance spectra and the

simulated spectra is compared to experimental values by chi squared and least

square methods. An iterative process is conducted, where one parameter is

increased, the spectra simulated and compared. If the fitting curve is an im-

provement, then it will increase the parameter again until the fitted curve can

not be improved. Each parameter is taken in turn to determine the best possible

fitting curve.

4.6.1 Fitting the impedance data for the PIPI cell

The cell was first fitted with the most straightforward model, namely one RC

element is used for the liquid crystal layer and one for the two PI alignment
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Figure 4.16: Electrical model used to fit the impedance data. Align R and Align

C are the resistance and capacitance of the alignment layers and

LC R and LC C are the resistance and capacitance of the liquid

crystal layer

layers, shown in Figure 4.16. Both PI layers are expected to be identical and

so the fitted resistance for the PI element should be twice that of an individual

layer and the fitted capacitance half that of an individual layer. This assumes

that all layers in the system behave as simple dielectrics.

The measured real and imaginary components of the impedance of the

PIPI cell at 500 mV data was fitted first, keeping all four fitting parameters

free, specifically these are the resistances of the liquid crystal alignment layers

and the capacitance of each of these layers. The fitting allowed resistance and

capacitance of the PI layer to be determined and fixed. Secondly, the other two

data sets, obtained for 1500 mV and 3000 mV of the electric field amplitude,

were then fitted. The results from these fitting procedures are shown in Figure

4.17. All of the fitting curves show very good agreement with the data, with

a small discrepancy in the phase behaviour at the lowest frequencies for the

1500 mV and 3000 mV data, namely 5 ◦. The fitting parameters are shown in

Table 4.3. The error on fitting the 500 mV data in the dark is of the order of 1 %

for the capacitance of the PI layer, capacitance of the liquid crystal layer and

resistance of the liquid crystal layer. The fitted value for the resistance of the

PI layer is of the order of 10 %. With the values for the PI layer fixed the fitted

values at 3000 mV in the dark for the liquid crystals resistance and capacitance
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(a)

(b)

Figure 4.17: The results of fitting with model shown in Figure 4.16 for the PIPI

at different amplitude of the apllied field

is of the order of 2 %.

The fitted value for the capacitance of the PI layer can be used to calculate
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Amplitude PI Resistance PI Capacitance LC Resistance LC Capacitance

500mV 1.24*108(Ω) 1.01*10−7(F) 1.18*106(Ω) 4.22*10−10(F)

1500mV 1.24*108(Ω) 1.01*10−7(F) 1.01*106(Ω) 8.55*10−10(F)

3000mV 1.24*108(Ω) 1.01*10−7(F) 8.01*106(Ω) 1.20*10−9(F)

Table 4.3: The fitting parameters for the PIPI cell

the layer thickness using,

C = ǫ0ǫr
A

d
(4.6.9)

where ǫ0 is the vacuum permittivity, ǫr is the dielectric constant (3.3 [15]), A is

the area and d is the thickness. This gives a value of 15 nm for the thickness

of each PI layer. Using the empty cell capacitance, the dielectric constant for

the cell is 5.78 ±0.1.8, 11.71 ±0.35 and 16.43 ±0.48 for 500 mV, 1500 mV and

3000 mV respectively. This is what would be expected as the liquid crystal

reorientes with a strong enough applied field. The parallel dielectric constant

is for E7 is 19.54 [16] suggesting that with a 3000 mV applied electric field,

the sample has almost completely reoriented. At 500 mV, no reorientation is

expected and the given value for the dielectric constant perpendicular to the

molecular axis is 5.17 [16]. There is good agreement between the calculated

value of the dielectric constant of 5.78 and the given data sheet value of 5.17

[16].

4.6.2 Fitting the impedance data for the PVKPVK cell

As was shown previously in this Chapter, there is a strong dependence of the

impedance on the illumination intensity. The same two element RC model, Fig-

ure 4.16, was used to fit the measured data for the PVKPVK cell. As before,

this model assumes that the PVK layer behaves as a simple dielectric, but the

resistance of the layer is dependent on the intensity of illumination. The results

for the two most extreme intensities measured, in the dark and at 34 mW of
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Figure 4.18: Fitting of the PVKPVK cell with the model shown in Figure 4.16

532 nm laser illumination, is shown in Figure 4.18. As can be seen in the dark,

the fits for the high frequency magnitude of the impedance fit well. However

below 2 Hz the quality of the fit decreases and at 0.1 Hz there is a discrepancy of

1*107 Ω. When illuminated by 34 mW, the fit above 80 Hz is very good, below
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Figure 4.19: Electrical model used to fit the impedance data. Align R1, Align

R2, Align C1, and Align C2 are the resistance and capacitance of

the alignment layers and LC R and LC C are the resistance and

capacitance of the liquid crystal layer

this frequency, however, the curve predicted by the model shows no resem-

blance to the measured data. The model assumes that both layers are identical

and respond in the same manner. If the layers are not identical, then they may

not respond in the same way. In addition as the cell is only illuminated from

one side, reflection and absorption mean that the two layers are not illumi-

nated by the same intensity. Therefore, an additional RC circuit was added to

the model, so each of the alignment layers and the liquid crystal layer are now

represented by a separate RC circuit, as shown in Figure 4.19. Fitting curves for

four different intensities: 0 mW, 170 µW, 7 mW and 34 mW are shown in Figure

4.20. There is a marked improvement in the quality of the fits, although at the

strongest intensities, the fitting curves do begin to depart from the experimen-

tally measured trend. The experimental data and the fitting curves for each of

the stated illuminations are shown in Figure 4.20. The liquid crystal layer be-

haves as expected, namely there is no effect of illumination on the medium and

high frequency behaviour (10-1000 Hz) of the impedance spectra. The values of

resistance and capacitance for the two PVK layers do show significant changes

due to illumination, as shown in Figure 4.21. The resistance of one of the layers

shows the behaviour expected under illumination, namely the decrease in its

resistance with increasing illuminating intensity 4.21(a). The other PVK layer,
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Figure 4.20: Fitting of the PVKPVK cell with the model shown in Figure 4.19

however, shows an increase in its resistance at low illuminations (0-1.7 mW)

and then a decrease from 1.7 mW to the maximum illumination of 34 mW. The

resistance of the first layer decreases by 4.1*108 Ω from the dark to 34 mW level

whereas, the second layer increases by 2.9*106 Ω when illumination increases
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Figure 4.21: Figure 4.21(a) shows how the resistance of each layer varies ac-

cording to the fitting. Figure 4.21(b) shows how the capacitance of

each layer varies according to the fitting.

from the dark to the 1.7mW level. The fitted value for the resistance then de-

creases by 3.3*106 Ω from 1.7 mW to 34 mW. The total change, the decrease of

only 2.7*105 Ω was determined from measurements from the dark to the 34 mW
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level. There is two and a half orders of magnitude difference in the fitted values

of resistance for each of the PVK layers in the dark. The capacitance shown in

Figure 4.21(b) shows that both PVK layers change with illumination. One layer

is seen to decrease, whereas the other is seen to increase, by approximately the

same amount, 4*10−8Ω.

The capacitance of the different layers is not expected to change with illu-

mination. The fitting to experimental data was carried out with the capacitance

of all the layers, and the resistance of the liquid crystal layer fixed. The val-

ues to fix these parameters at were determined by allowing the fitting program

to freely fit all of the parameters to the data for the most intense illumination.

Improved fits were obtained for the most intense illumination, however at the

lowest illumination, namely below 1 mW, the fitted value for one of the PVK

layers resistances is seen to go to infinity, suggesting that the model is not an

accurate electrical representation of the cell. The measurements on the PIPVK

cell were fitted next; this cell was expected to be a composite of the PIPI and

PVKPVK cells.

4.6.3 Fitting the impedance data of the PIPVK layer

The impedance data for the PIPVK cell was fitted with the model shown in Fig-

ure 4.19, with a separate RC element used to represent each of the alignment

layers and the liquid crystal layer. The initial values provided for the fitting

function were chosen from the fits obtained for the PIPI and PVKPVK cells. Fit-

ting was then made on the data, first for the measurements taken in the dark.

The values for the resistance and capacitance for the PI and liquid crystal layer

were fixed and the values for PVK were allowed to vary. Then measurements

taken at four different illuminations; 0 mW, 90 µW, 1 mW and 34 mW, were fit-

ted. The experimental data and the fitting curves are shown in Figure 4.22. As

with the fitting for PVKPVK cell, at low illuminations there is a strong agree-

127



CHAPTER 4

(a)

(b)

Figure 4.22: Fitting of the PVKPVK cell with the model shown in Figure 4.19

ment between the theoretical curves and the measured data. As the illumina-

tion intensity increases, the fitting curves do not reproduce the experimental

data. Fitting data for 34 mW illumination failed, with both the magnitude of
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the impedance and the phase not matching the experimental data well. Experi-

mental data could be fitted better by allowing the resistance and capacitance for

the liquid crystal layer and PI layer to vary with illumination. However, earlier

the results from fitting the PIPI cell show, that these values do not depend on

the illumination intensity. Any improvements in the fitting procedure are due

simply to an increase in the number of free parameters.

The resistance of the PVK layer varies as expected, namely with increasing

illumination, the resistance of the layer decreases. However, the capacitance is

seen to increase with illumination by a factor of two, as shown in Figure 4.23.

4.6.4 Discussion on the fitting of the measured impedance data

Theoretical, fitting curves in good agreement with the measured values for the

PIPI cell, have been achieved for a range of different electric field amplitudes

applied to the cell varies. Calculation of the thickness of the PI layer gives

a value of 15 nm; this is in agreement with measurements made with a step

profiler which indicated that the thickness was below 20 nm. Measurements

shown in Section 4.2.1 of the PI cell showed that at 500 mV, there is no reorien-

ation of the liquid crystal layer. However, the value calculated for the dielectric

constant, 5.78±0.18, is higher than the data sheet value of 5.17 [16]. There are

two main possible causes for this discrepancy. First, the cell has a small pretilt

of approximately 3◦, which would lead to an increased effective dielectric con-

stant from 5.17 to 5.44. Secondly, the dielectric constant is calculated using the

measured thickness of the empty cell. However, the cell is supported by spacers

at the edges, which could lead to “bowing” of the cell in the middle, resulting

in a slight variation in the thickness across the cell. This variation could be

by as much as 0.6 µm, which would give a variation of 0.35 in the measured

value of the dielectric constant. Taking both of these effects into consideration

the measured value is within the error of the expected value for the dielectric
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(a)

(b)

Figure 4.23: Figure 4.21(a) shows how the resistance of the PVK layer varies

according to the fitting. Figure 4.21(b) shows how the capacitance

of the PVK layer varies according to the fitting.

constant.

There is also a small discrepancy in the measured magnitude of impedance
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observed at the lowest frequencies of the PIPI data and their fitting, namely of

the order of 105 Ω. This can be factored out by considering an additional ca-

pacitor in the model, placed in series with the resistor in the liquid crystal RC

element, as done by the work of Costa et al. [4]. This additional capacitor is

used to model the build up of free charges at the interface, creating a double

charged layer and would be expected to be observed in all cells. However, such

modification of the model of the liquid crystal layer decreases the quality of the

fitting for the data taken for the PVKPVK and PIPVK cells.

It is clear that the proposed model does not fully fit the PVKPVK data.

Although good agreement is possible at all illumination levels, discrepancies

are noticeable at the lowest frequencies under the strongest illumination levels,

as large as 1.7*106 Ω and 5.4◦. Plotting the fitting parameters as a function of

illumination confirms that the model is incomplete. Adequate fitting is only

possible by allowing the available fitting parameters to vary freely, but that

brings the risk of obtaining unphysical results. Alternative models have been

tested and tried with more complicated electrical elements that those consid-

ered here, such as constant phase elements [17]. Good agreement with data

were achieved, however, again in general this can be explained by adding the

additional fitting parameters that have no clear physical justification. Hence,

additional circuit components such as the constant phase element are difficult

to justify and variations in these elements are equally hard to explain.

As expected, without a satisfactory electrical circuit representation to fit

the PVKPVK data, the model fails to reproduce well the data taken for the

PIPVK cell. In order to fully test the model, for all of the data sets, except in the

dark, only the values for the PVK layer are allowed to vary. Good agreement

between the fitting curves and measured data was achieved at intensities be-

low 1.7 mW with the resistance of the PVK layer changing with illumination, as

expected. However, the fitting curves indicate that the capacitance of the PVK
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layer increased with illumination; such effect was not expected and it is not

clear why the capacitance would vary in this way. The fitting program is most

likely trying to compensate for a deficiency in the model by changing the capac-

itance of the PVK layer as a function of illumination. There is clearly electrical

component missing which would account for this behaviour and complete the

electrical model of the system.

4.7 Summary of the impedance spectroscopy

The behaviour of the individual layers of a cell can be recognised in the impedance

spectrum. It has been shown that the PI layers, as expected, are invariant under

illumination and the thickness of the layers calculated to be 15 nm. Fitting with

a simple impedance ladder has been validated by calculating the perpendicular

dielectric constant and showing it to be in good agreement with the value from

the E7 data sheet.

The impedance spectrum of cells with a PVK alignment layer has been

shown to have a strong dependence on illumination. Under intense white light,

namely above 700 mW, the impedance below 10 Hz is observed to decrease by

more than an order of magnitude. Variations in the resistance of the liquid

crystal layer are observed to vary by approximately 105 Ω.

Variations in temperature can have a significant effect on the impedance

spectrum, which can result in variations in the impedance spectrum when illu-

minated by a white light source. Such variations are not present when illumi-

nated by a laser source, suggesting significant absorption at wavelengths other

than the 532 nm, leading to heating of the cell. This heating effect can explain

the variations observed in the resistance of the liquid crystal layer.

Good agreement between the experimental data and the fitting curves

have been achieved for illumination levels below 1.7 mW. As the intensity in-
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creases above 1.7 mW, the agreement deteriorates. Plotting the changes in the

fitted values for resistance and capacitance of the individual aligning and liquid

crystal layers show that their resistance and capacitance change in unexpected

ways. For example, in the PVKPVK cell one PVK layer resistance decreases,

whilst the other increases or the capacitance increases with illumination. The

electrical model clearly is not complete and can not fully describe the effect of

light on the system.

Despite the not being able to make a complete model of the PVK impedance

spectra, it offers both valuable photoconductive and aligning properties for

high performance hybrid liquid crystal cells. The simple RC circuit cannot fully

represent the electrical and optical response of this complex material. However,

this model is an important basic step towards a more comprehensive model and

more advanced investigation of for example, ion movements and their role in

screening out an applied electric field, would need to be consider as the next

step.
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Electro-optic properties of nematic

liquid crystal suspensions

Hybrid liquid crystal systems combine organic and inorganic constituents to

produce a system that has improved properties over the individual compo-

nents. Hybrid systems typically include either solid state photorefractive win-

dows [1]; photoconductive polymer layers doped with fullerenes or TNF [2, 3];

or, nanodopants suspended in liquid crystals.

Hybrid liquid crystal systems, which incorporate inorganic nanoparticles

in the bulk, have attracted significant interest in recent years, as they can in-

crease the sensitivity to electric or magnetic fields, show improved reorienta-

tional effect, plasmonic response and nonlinear properties over the constituent

materials. For example, silica nanoparticles in liquid crystals yield a strong

reorientational effect [4] and gold nanoparticles show strong plasmonic reso-

nance [5, 6]. Of particular interest for the work presented here, are ferroelectric

nanoparticles in nematic liquid crystals [7–10]. Ferroelectric nanoparticles, such

as Sn2P2S6 or BaTiO3, show strong modification of the host properties. They

show increased phase transition temperatures, increased dielectric and optical

anisotropy, which can be applied, for example, to the recording and storage

of information and display technologies [11]. Although the effect of ferroelec-
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tric nanoparticles in liquid crystals has been studied by several different groups

[3, 12, 13], there have been no reports on how the size or shape of such nanopar-

ticles affect the electro-optic performance of liquid crystal suspensions. Specif-

ically it is not known how parameters such as the permanent polarisation of

the nanoparticles varies with the size of the particles. In bulk samples BaTiO3

has a permanent polarisation of 0.26 As/m2 and Sn2P2S6 0.14 As/m2. Three

different samples of BaTiO3 were obtained from two different mills, the size

and shape of these was analysed in Chapter 3. Suspensions of these nanopar-

ticles were considered in three nematic liquid crystals: MLC6815, LC18523 and

TL205. In addition, suspensions of these selected liquid crystals with Sn2P2S6

were also produced and compared to the results obtained with BaTiO3. This

chapter will outline, first, the experimental methods used for measuring four

basic electro-optic properties. The results for three different liquid crystals, and

the suspensions of nanoparticles in these liquid crystals, will be presented. Sec-

ondly, experimental results of the electro-optic measurements will be discussed

and summarised.

5.1 Experimental methods

The electro-optic properties of liquid crystals measured in this chapter are: the

clearing temperature from the nematic to isotropic phase; anisotropy of refrac-

tive index; threshold voltage, and the dielectric anisotropy. Changes in these

parameters of liquid crystals functionalised with the addition of ferroelectric

nanoparticles have been observed by several different groups [3, 12, 13]. How-

ever, the effect of the size and shape of the nanoparticles on the magnitude on

the observed change is yet to be determined. The charaterisation preformed in

Chapter 3 on the different samples of BaTiO3 allow this relationship to be in-

vestigated. The four parameters listed can be obtained with three experiments;

the experimental method used to measure each one will be explained in detail

138



CHAPTER 5

Figure 5.1: Setup for a measurement of clearing temperature. A cell is placed

on a hot stage, between crossed polarisers and illuminated by a

white light source.

in this section, starting with the clearing temperature, then birefringence and

Freedericksz threshold and finally dielectric constant measurements.

5.1.1 Clearing temperature measurements

As described in Chapter 2, liquid crystals are a phase of matter which exists

between the solid and isotropic liquid phase. There are numerous liquid crys-

tal phases [14, 15], however in the work presented here only the liquid crystal

nematic mesophase is studied. The nematic mesophase is characterised by an

orientational order, but a lack of positional order. When in a well aligned cell,

a uniform texture will be observed through crossed polarisers. This is due to

the birefringence of the liquid crystal molecules, as the light passes through the

cell one component of the incident light polarisations, will be retarded more

than the other. This retardation of the polarisation of one component of the

incident light rotates the overall polarisation and allows transmission through

the second polariser. As the transition temperature is reached, small pockets

of the liquid crystal will become isotropic. Observed through the polarisers,

this will be seen as a black texture. In the isotropic phase no order is retained,

the molecules are free to point in any direction and move anywhere within the

liquid crystal bulk. The birefringence of the molecules will no longer be observ-

able, the bulk will appear to have a single refractive index, consequently there
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Figure 5.2: Linearly polarised light at 45◦ to the director of the cell. Ex and

Ey are the x and y components of E0, n⊥ and n‖ are the refractive

indices of the liquid crystal

is no rotation of light polarisation through the cell. Light emerges from the

second crossed polariser. The cells as described in Chapter 3 were placed on a

Mettler FP82 hot stage, which has a pin hole through it to allow for observation

of the liquid crystal. The hot stage was placed on a microscope with polarisers

positioned above and below the stage. The temperature was increased at a rate

of 0.1◦C per minute until the entire area under observation had transitioned to

the isotropic phase. The experimental setup can be seen in Figure 5.1.

5.1.2 Birefringence measurements

Crystalline materials which are birefringent are used to make wave plates. Wave

plates can be used, for example, to convert circularly polarised light into lin-
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early polarised light and visa versa; or to rotate the polarisation of the light.

Wave plates work by shifting the phase of two perpendicular components of

light relative to each other. For example, at a given wavelength controlling the

thickness of the crystal can retard one component relative to the other by 180◦

and create a half wave plate. Equally, the phase shift can be made to be 90◦

for a given wavelength and to produce a quarter wave plate. To measure the

birefringence a polariser is set at 45◦ to the director of a liquid crystal cell (see

Figure 5.2). The light is linearly polarised with xy components of the electric

field as it enters the cell (z=0) are given by [14],

Ex(z, t) = E0 cos(ωt) (5.1.1)

Ey(z, t) = E0 cos(ωt) (5.1.2)

where E0 is the initial amplitude of the electric field and ω is the frequency of

the light. Due to the birefringence of the liquid crystal molecules, each compo-

nent will experience a different refractive index. In the cell the components are

given by,

Ex(z, t) = E0 cos(n⊥k0z − ωt) (5.1.3)

Ey(z, t) = E0 cos(n‖k0z − ωt) (5.1.4)

where k0 is the free space wave vector, z is the distance travelled into the cell

and n⊥ and n‖ are the refractive indices of the liquid crystal. Substituting d, the

cell thickness, into these equations gives the magnitude of these components at

the exit of the cell as,

Ex(z, t) = E0 cos(n⊥k0d − ωt) (5.1.5)

Ey(z, t) = E0 cos(n‖k0d − ωt) (5.1.6)

As k0 = 2π/λ0 the phase shift between the two components is given by [14, 16],

δ =
2π∆nd

λ0
(5.1.7)
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Figure 5.3: Experimental setup for electrically induced birefringence measure-

ments

where ∆n is the birefringence, λ0 is the vacuum wavelength of the light and

d is the thickness of the material. With the geometry of the cells used in this

thesis, controllable wave plates can be made. By applying a voltage above the

Freedericksz threshold to the cell, the liquid crystal molecules reorient. This

changes the effective birefringence of the cell, and consequently the phase shift

between the two components of the light as it passes through the cell.

With the cell is placed between polarisers, crossed at 90◦, and its direc-

tor at 45◦ to the polarisers, the transmission through the second polariser will

be dependant on the path difference between the two components. When a

voltage is applied, the liquid crystal will reorientate and the difference in path

length will decrease, this can be detected as varying intensity of transmitted

light. Whenever the path length results in a phase shift which is a multiple of

180◦, there will be no light transmitted through the second polariser, δ = 2sπ

where s = 1, 2, . . .. Then, when the phase shift is an odd multiple of 90◦ there

will be complete transmission through the second polariser, δ = (2r − 1)π

where r = 1, 2, . . .. By measuring the intensity of the transmitted light as a

function of applied voltage, the birefringence of the crystal can be determined
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Figure 5.4: Intensity measured through crossed polarisers vs voltage for pure

MLC6815 measured with a DC field and with a 1000 Hz AC field

using [17]

∆n =

(

r − 1

2

)(

λ0

d

)

+ 2sin−1
√

I0, (5.1.8)

where r is the number of maxima, and the second term is the phase shift ini-

tially observed (the light transmitted through the cell when no voltage is ap-

plied).

The experimental setup can be seen in Figure 5.3. The crossed polarisers

are set at 45◦ to the director of the liquid crystals, lie in the plane is parallel to

the surface of the optical table. The cell is illuminated with a 532 nm cw laser

beam and a DC or an AC voltage supplied via a TTi QL564P power supply or

via an Aglilent 33120A waveform generator, respectively. Measurements with

a high frequency AC field is preferred, as a DC field will cause ions to drift to
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the surfaces of the cell and screen out the applied field. This will result in a shift

in the voltage threshold proportional to the concentration of ions in the cell, but

will not affect the measured birefringence. If an AC field is applied, it has to

have a high frequency (≈1000Hz) for two reasons. Firstly, at low frequencies

the ions will tend to oscillate between the surfaces, some still building up at the

interfaces, screening out the applied field. Secondly, at low frequencies the liq-

uid crystal will respond to the oscillating field and follow it. The liquid crystal

oscillation will dominate the measured intensity. If the frequency is sufficiently

large, then the ions cannot drift with the field, and consequently they do not

build at the surfaces screening out the applied field. In addition, at high fre-

quencies the liquid crystal molecules will not respond to the oscillations of the

field, instead they align with the magnitude of the applied field. Conducting

these measurements with a 1000 Hz AC field, the birefringence and the thresh-

old voltage of the suspension can be measured. The difference between making

such measurements with an AC and DC field is shown in Figure 5.4, for a cell

filled with pure MLC6815 and a frequency of 1000 Hz for the AC field. A shift

to a lower voltage by 1.52 V is observed when the AC field is applied. The size

of the shift will depend on the ion concentration and how quickly the voltage is

increased, making comparison between cells difficult when a DC field is used.

5.1.3 Dielectric constant measurements

The liquid crystal cells can be treated as a parallel plate capacitor. The capaci-

tance was define in Chapter 4 equation 4.6.9. The capacitance can be measured

using a Wayne Kerr automatic precision bridge B905, which contains a capac-

itance bridge circuit, shown in Figure 5.5, to determine the capacitance of the

cell. An AC field is supplied to the bridge circuit and the value of the vari-

able capacitor is changed until a null reading is measured. When this occurs,

the value of the variable capacitor and the capacitance of the sample must be
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Figure 5.5: A standard bridge circuit used to measure the capacitance of a sam-

ple

equal. The amplitude of the AC field is small, approximately 1 mV, so as not

to have a significant effect on the liquid crystal reorientation. In addition to the

small AC field, a DC bias field can also be applied to the circuit. The DC field

reorientates the liquid crystal molecules once the field strength is greater than

the Freedericksz threshold. Measuring the capacitance of the cell before and

after filling the dielectric constant of the liquid crystal can be calculated since,

C f

Ce
=

ǫlc

ǫe
(5.1.9)

where C f is the measured capacitance of the filled cell, Ce is the measured capac-

itance of the cell before filling, ǫlc is the dielectric constant of the liquid crystal

and ǫe is the dielectric constant of the empty cell, which is air and has a value

of 1. By measuring the capacitance as a function of amplitude of the DC field,

the dielectric constants parallel and perpendicular to the molecular axis can

be determined, and consequently the dielectric anisotropy evaluated. At 0 V,

the perpendicular component of the dielectric permittivity is measured, which
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Figure 5.6: The dielectric constant of LC18523 as a function of applied voltage

is the smaller of the two dielectric components. As the voltage increases, the

liquid crystal reorients and the larger, parallel component of the dielectric per-

mittivity is accessed. As can be seen from Figure 5.6, with increasing voltage,

the dielectric anisotropy increases from zero to a steady-state value. The reori-

entation begins at 5.2 V and reaches the steady state value at approximately

40 V. The 5.2 V is the threshold voltage with the DC field, that is influenced as

explained above, by ion screening of the applied field in the liquid crystal layer.

5.2 Results of electro-optic measurements on nematic

liquid crystal suspensions

The liquid crystal LC18523 was doped with ferroelectric nanoparticles Sn2P2S6

and BaTiO3 that were fabricated by vibration milling. The liquid crystals MLC6815
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and TL205 were also doped with Sn2P2S6 and BaTiO3 from the vibration mill

and, with BaTiO3 nanoparticles from the planetary ball mill. The size and shape

of these nanoparticles were characterised in Chapter 3 using AFM, TEM and

NanosightTM measurements. BaTiO3 nanoparticles produced by a planetary

ball mill were observed to be sharp angular shaped whose size distribution

was related to the milling time. Milling for 12 hours produced particles with a

peak in the size distribution at 12 nm and milling for 10 hours produced par-

ticles with two peaks, one at 12 nm and one at 20 nm. These samples are to

as BaTiO3 A and BaTiO3 B, respectively. The vibration milled BaTiO3 nanopar-

ticles were observed to have a smooth, pebble-like appearance with a peak in

their size distribution at 18 nm, and are refered to as BaTiO3 C. Electro-optic

tests were carried out on each of the pure liquid crystals, and their suspensions

with ferroelectric nanoparticles.

5.2.1 Phase transition measurements

The clearing temperature was measured for each of the liquid crystal suspen-

sions and for each of the pure liquid crystals. The results are presented in Table

5.1. LC18523 and MLC6815, the two low refractive index liquid crystals, both

show a significant increase in the phase transition temperature with ferroelec-

tric dopants. The phase transition for LC18523 increases by 9.3% and 18.3% for

suspensions containing BaTiO3 C and Sn2P2S6, respectively. The same nanopar-

ticles in MLC6815 showed enhancement of 3.5% and 4.7%, matching the trend

observed in LC18523 where Sn2P2S6 nanoparticles increase the transition tem-

perature more than the suspension of BaTiO3 C. The percentage increase in the

phase transition temperature of the LC18523 BaTiO3 C suspension is a factor of

2.7 greater than the percentage increase of the MLC6815 BaTiO3 C suspension.

Whereas, the LC18523 Sn2P2S6 suspensions measured a percentage increase by

a factor of 3.9 compared to the MLC6815 suspension. In addition MLC6815
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Table 5.1: The transition temperature measured for LC18523, MLC6815 and

TL205 and the suspensions of these liquid crystals with the different

ferroelectric nanoparticles

LC18523 MLC6815 TL205

Suspension TNI Suspension TNI Suspension TNI

Pure 57.8 Pure 65.7 Pure 84.7

Sn2P2S6 68.4 Sn2P2S6 68.8 Sn2P2S6 84.2

BaTiO3 A - BaTiO3 A 67.5 BaTiO3 A 84.4

BaTiO3 B - BaTiO3 B 69.9 BaTiO3 B 85.7

BaTiO3 C 63.2 BaTiO3 C 68.0 BaTiO3 C 84.5

was doped with BaTiO3 A and BaTiO3 B. These also show improvement in

the transition temperature by 2.7% and 6.4% respectively. Overall, it was the

suspension of BaTiO3 B which increased the transition temperature the most.

The BaTiO3 B nanoparticles were measured to be the largest in Chapter 3. In

MLC6815 the observed increase in transition temperature is correlated with the

size of the nanoparticles. Due to a lack of LC18523 only two suspensions could

be made, so it was not possible to observe the same trend. It was decided to

compare the two different materials, BaTiO3 and Sn2P2S6, in all liquid crystals.

It was decided to dope LC18523 with BaTiO3 C as this was produced in the

same mill as Sn2P2S6 and so effects due to different milling techiques excluded

from the results. Unfortunately, this meant that LC18523 was not doped with

the particles that resulted in the largest enhancement of MLC6815. If the same

trend exsists in LC18523 then BaTiO3 B would increase the transition tempera-

ture by more than the 18.3 % seen in the BaTiO3 C suspension.

Finally, the high birefringent liquid crystal TL205 was doped with all four

nanoparticle samples, only one of which showed an increase in the phase tran-

sition temperature. This was an increase of 1% from the BaTiO3 B suspension,

which showed the largest increase in temperature when doped in MLC6815.
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The suspensions of BaTiO3 A and BaTiO3 C in TL205 had measured decreases

of 0.4% and the suspension Sn2P2S6 had a decrease of 0.6%. Excluding the mea-

sured transition temperature for pure TL205, the same trend in temperatures is

apparent in the BaTiO3 suspensions of TL205, namely the suspension of BaTiO3

having the highest clearing temperature and BaTiO3 A having the lowest clear-

ing temperature. Repeated measurements of the cells showed a variation in

clearing temperature of 0.5◦. Except, the TL205 BaTiO3 B suspension all other

TL205, pure and suspensions, have clearing temperatures within the error of

the measurement.

The most striking increase in clearing temperature was induced by Sn2P2S6

in LC18523, this was a increase of 18.3 % compared to the clearing temperature

for pure LC18523. In MLC6815 the increase is smaller (4.7 %) and for TL205

the change is within the experimental error. These measurements are consis-

tent with the ferroelectric parameters of Sn2P2S6. The Curie temperature of

Sn2P2S6 is 66◦C [18], above this temperature Sn2P2S6 ceases to be ferroelectric.

Suspensions heated above this temperature would no longer contain ferroelec-

tric nanoparticles, consequently Sn2P2S6 would only be expected to increase the

clearing temperature of LC18523. The Curie temperature of BaTiO3 is 120 ◦C,

so BaTiO3 nanoparticles are expected to be able to enhance all three of the con-

sidered Liquid crystals. This is seen in LC18523 and MLC6815, but in TL205

only the one suspension was observed to increase the clearing temperature.

Comparing the results of the suspension of BaTiO3 it can be seen that there is

a second trend: as the clearing temperture of the pure liquid crystal increases

towards the Curie temperature, the magnitude of the possible enhancement

decreases.
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5.2.2 Birefringence

Measurements of the birefringence were made using a sinusoidal AC field with

a frequency of 1000 Hz, so that the values for the anisotropy of refractive in-

dex (∆n) and the Freedericksz threshold (VTH) could be extracted. An example

of the birefringence data is presented in Figure 5.7 which shows the measured

intensity as a function of amplitude of the AC field for pure TL205 and suspen-

sions of BaTiO3 A,B,C in TL205. As can be seen in Figure 5.7(b) the number

of peaks increases with the suspension of Sn2P2S6 in MLC6815 due to the in-

creased birefringence, and it can also be seen that the reorientation begins at a

lower voltage. The results of VTH and ∆n are presented in Table 5.2. How to cal-

culate the birefringence from a graph of transmission against applied voltage

was explained in section 5.1.2.

Table 5.2: The measured birefringence and threshold voltage for LC18523,

MLC6815 and TL205 and the suspensions of these liquid crystals

with the different ferroelectric nanoparticles

LC18523 MLC6815 TL205

Suspension VTH ∆n Suspension VTH ∆n Suspension VTH ∆n

Pure 1.95 0.05 Pure 1.84 0.05 Pure 1.67 0.21

Sn2P2S6 0.85 0.11 Sn2P2S6 0.95 0.09 Sn2P2S6 0.92 0.27

BaTiO3 A N/A N/A BaTiO3 A 1.17 0.06 BaTiO3 A 1.18 0.23

BaTiO3 B N/A N/A BaTiO3 B 0.97 0.08 BaTiO3 B 1.04 0.26

BaTiO3 C 1.05 0.09 BaTiO3 C 1.12 0.07 BaTiO3 C 1.16 0.25

Focusing on the BaTiO3 suspensions for both TL205 and MLC6815, the

strongest enhancement of refractive index anisotropy was obtained with the

suspension of BaTiO3 B, a clear trend for the larger particles leading to greater

enhancement. When doped with BaTiO3 B, the optical anisotropy of TL205

increased by approximately 23 % and MLC6815 by 60 %. Whereas, suspensions

150



CHAPTER 5

0 1 2 3 4 5 6 7 8 9
0.0

0.2

0.4

0.6

0.8

1.0

 

 

 Pure MLC6815
 MLC6815 + BaTiO

3
 A

 MLC6815 + BaTiO
3
 B

 MLC6815 + BaTiO
3
 C

 MLC6815 + Sn
2
P

2
S

6

In
te

ns
ity

 (A
.U

.)

AC Volts

(a)

0 2 4 6 8
0.0

0.2

0.4

0.6

0.8

1.0

 

 

 Pure MLC6815
 MLC6815 + Sn2P2S6

In
te

ns
ity

 (A
.U

.)

AC Voltage (V)

(b)

Figure 5.7: Intensity measured through crossed polarisers vs voltage for

MLC6815 pure and with different ferroelectric nanoparticles 5.7(a)

and for clarity just MLC6815 and the suspension of Sn2P2S6 in

MLC6815 5.7(b)

of BaTiO3 C led to improvements of 19 % and 40 %; the smallest increases were

from BaTiO3 A which were 10 % and 20 % for TL205 and MLC6815, respectively.
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A similar trend is observed with the voltage threshold, with the largest

BaTiO3 particles (BaTiO3 B) producing the largest shift to lower thresholds; a

decrease of 47 % and 38 % for MLC6815 and TL205 respectively. BaTiO3 A

produced the smallest changes of 36 % and 29 %, whilst BaTiO3 C produced

changes of 39 % and 31 %. In LC185232 BaTiO3 C produced an enhancement

of 46 % compared to the pure liquid crystal. In all cases liquid crystals doped

with Sn2P2S6 produced the largest shifts to lower threshold voltages; these were

a decrease of 56 % in LC18523, 48 % in MLC6815 and 45 % in TL205. Figure 5.8

shows the region from 0 V to just above the Freedericksz threshold in pure

TL205 from which the threshold voltages are extracted.

For all liquid crystals considered, the Freedericksz threshold showed the

greatest decrease in suspensions of Sn2P2S6 by approximately a factor of 2 com-

pared to the pure liquid crystals. In MLC6815 and TL205 suspensions of BaTiO3

nanoparticles, there is a clear trend for the largest nanoparticles (BaTiO3) to pro-

duce the largest decrease in Freedericksz threshold. The same trend is seen in

the birefringence measurements; the Sn2P2S6 suspensions produce a factor of

2.2 and 1.8 increase in the birefringence of LC18523 and MLC6815, respectively.

The smallest decrease in Freedericksz threshold was by a factor of 1.2, mea-

sured in TL205, the high birefringece liquid crystal. Measurements of BaTiO3

suspensions in MLC6815 and TL205 again show that the largest decrease in

Freedericksz threshold is observed in the BaTiO3 B suspensions.

5.2.3 Dielectric anisotropy

The results for the dielectric constants as a function of voltage for pure LC18523

and its suspensions with Sn2P2S6 and BaTiO3 are presented in Figure 5.9; the

dielectric constants parallel and perpendicular to the molecular axis have both

increased, and the overall dielectric anisotropy is greater, for the doped sam-

ple than the pure one. It is apparent from Figure 5.9, that the suspension of
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Figure 5.8: A close up of the crossed polarised intensity vs amplitude of ap-

plied field for TL205 and its dopants. The voltage threshold is ex-

tract as the point at which the intensity starts to change as a func-

tion of the applied fields amplitude

S2P6S6 greatly enhances the dielectric constants of LC18523 with the perpen-

dicular dielectric constant increasing from 3.22 to 3.82, an increase of approxi-

mately 13 %, whilst the parallel dielectric constant increased from 4.93 to 9.64,

an increase of approximately 96 %. This results in an overall increase in the

dielectric anisotropy of approximately 249 % from 1.71 to 5.97. The suspension

of LC18523 with BaTiO3 C shows a similar enhancement, the parallel compo-

nent increases to 8.07 and the perpendicular component to 3.82. Consequently,

the dielectric anisotropy is increased by approximately 149 % to 4.25. Interest-

ingly, the suspensions of BaTiO3 and S2P6S6 in LC18523 shows a slight increase

in the perpendicular component. However, it is the much larger increase in

the parallel component of the measured dielectric constant that results in the

increased dielectric anisotropy. This behaviour is predicted theoretically [19]
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Figure 5.9: Dielectric measurements of suspensions and LC18523 as a function

of Voltage

and was discussed in Chapter 2. The modelling predicted that ferroelectric

nanoparticles would increase the dielectric anisotropy and equations for the

parallel (2.3.5) and perpendicular (2.3.4) components were derived. The model

made the assumption that the permanent polarisation of the nanoparticles is

perfectly aligned with the director, no change in the perpendicular component

due to the permanent polarisation was expected but one due to the induced

polarisation was predicted. This is a very strong assumption to make it, is more

like that there would be some small distribution of angles about the director

that the permanent polarisations can make. A small increase in the perpendic-

ular polarisation should be expected and a much larger increase in the parallel

polarisation of the suspension. The parallel component is expected to increase
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Table 5.3: The measured dielectric anisotropy for LC18523, MLC6815 and

TL205 and the suspensions of these liquid crystals with the differ-

ent ferroelectric nanoparticles

LC18523 MLC6815 TL205

Suspension ∆ǫ Suspension ∆ǫ Suspension ∆ǫ

Pure 1.71 Pure 1.46 Pure 3.09

Sn2P2S6 5.97 Sn2P2S6 6.05 Sn2P2S6 8.01

BaTiO3 A N/A BaTiO3 A 3.25 BaTiO3 A 4.49

BaTiO3 B N/A BaTiO3 B 3.75 BaTiO3 B 6.01

BaTiO3 C 4.25 BaTiO3 C 3.6 BaTiO3 C 5.5

proportional to the square of the magnitude of the ferroelectric nanoparticles

permanent polarisation, as seen in equation (2.3.5).

The results for LC18523, MLC6815 and TL205 are presented in Figure 5.10

and Table 5.3 for all of their suspensions and for the pure liquid crystals sam-

ples. In Figure 5.10, it can be seen that the dielectric anisotropy increases

with voltage and levels-off at approximately 30 V. Considering just the BaTiO3

suspensions, the largest increase in dielectric anisotropy for each liquid crystal

was from the BaTiO3 B sample. The dielectric anisotropy of TL205 increased by

approximately 94 % and in MLC6815 by 156 %. The suspension of BaTiO3 C

led to an increase in the dielectric anisotropy of 78 % and 147 %, in TL205 and

MLC6815, respectively. The smallest increases were observed with BaTiO3 A

of 45 % for TL205 and 122% for MLC6815. Overall, the magnitude of dielectric

anisotropy enhancement is consistent with the nanoparticle’s size; for exam-

ple, the smallest nanoparticles BaTiO3 A, leading to the weakest enhancement.

It is also apparent in Figure 5.10, that the DC voltage threshold for reorienta-

tion is affected by the presence of nanoparticles. For example, for BaTiO3 C

in MLC6815, there is a definite shift to lower voltages. However, with BaTiO3

B there is a shift to an increased DC threshold voltage. The shift to lower volt-
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Figure 5.10: The dielectric anisotropy measured as a function of voltage for

pure TL205 and MLC6815 and suspensions of each with S2P6S6

and three different BaTiO3 ferroelectric nanoparticle samples
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ages can be attributed to an increased reorientation torque from the ferroelectric

nanoparticles; as indeed the observed lower AC field threshold in suspensions

reported earlier confirms this [7]. However, as the dielectric permittivity mea-

surements were carried out with an applied DC field, ions present in the sus-

pensions will be driven to the substrates and can screen out the applied field

as was mentioned for the measurements of birefringence. Doping with BaTiO3

B appears to increase the concentration of ions and results in a higher DC field

threshold. It is impossible to control the level of "‘ion contamination"’, and gen-

erally speaking the nanoparticles are expected to increase the ion content of the

liquid crystal host.

Despite the clear effect of the size of the BaTiO3 nanoparticles on the mag-

nitude of enhancement dielectric anisotropy, it can be seen in Figure 5.10 and

Table 5.3 that doping with the Sn2P2S6 produces the largest enhancements. The

dielectric anisotropy of TL205 increased by approximately 159 % and MLC6815

by 328 %.

5.3 Discussion

The same trends relating nanoparticles size versus the electro-optic performance

of the suspensions were observed in two different types of nematic liquid crys-

tals: TL205, a high birefringence liquid crystal, and MLC6815, representative

of a low birefringence liquid crystal. In both liquid crystals, there is a signif-

icant increase in both dielectric and refractive index anisotropies, and a shift

to lower AC threshold voltages, as the size of the doping particles increases.

As was discussed in Chapter 2, it has been suggested that larger nanoparti-

cles have stronger dipoles, creating a considerable electric field around them

[13] and significantly affecting the orientation of liquid crystals. However, they

are sufficiently small to remain as a single ferroelectric domain. The work of
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Reshetnyak et al. [20] was discussed in Chapter 2; the authors derived an equa-

tion for the effect of the ferroelectric nanoparticles permanent polarisation on

the voltage threshold. This was presented earlier (2.3.7), and is repeated here,

VTH = π

√

K1

ǫ0ǫ̃a
.

It was assumed that the nanoparticles had no effect on the elastic constant

as the nanoparticles are too small to disrupt the director and effect order pa-

rameter and conseqently the elastic constants. The only remaining parameter

which can be effected is the dielectric anisotropy of the suspension, the work

of Reshetnyak et al. suggest that this should be modified proportional to the

volume fraction of the nanoparticles. Importantly, the Freedericksz threshold

was shown to only depend on the elastic constant of the liquid crystal and the

dielectric anisotropy of the suspension [20].

The work in this Chapter measures the Freedericksz threshold and the

dielectric anisotropy from equation (2.3.7), it can be seen that VTH ∝
√

1/ǫ̃a.

If K1 does not change and π and ǫ0 are fundamental constants the increase in

∆ǫ can be determined by calculating the ratio of V
pure

TH /V
susp
TH . The dielectric

anisotropy of the suspension is then given by

ǫ̃a = ∆ǫ

(

V
pure

TH

V
susp
TH

)2

. (5.3.1)

The expected change in dielectric anisotropy can be calculated and compared

to the measured values (Table 5.4). As can be seen, the measured increase in

∆ǫ can not solely explain the decrease in Freedericksz threshold, in almost all

cases the increase in ∆ǫ is not sufficient. For example, if only the dielectric

anisotropy is changing then the suspension of Sn2P2S6 in LC18523 then it would

be expected that the dielectric anisotropy of the suspension would be 9 but it is

measured as 5.97.

A possible explanation for the discrepancy is that adding ferroelectric

nanoparticles to nematic liquid crystals causes substantial change of basic ne-
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Table 5.4: Measured changes in VTH, ∆ǫ and theoretical changes required ǫ̃a

LC18523 MLC6815 TL205

Suspension ∆VTH ǫ̃a ∆ǫ ∆VTH ǫ̃a ∆ǫ ∆VTH Theory ∆ǫ ∆ǫ

Sn2P2S6 -1.1 9 5.97 -0.89 5.48 6.05 -0.75 10.18 8.01

BaTiO3 A - - - -0.67 3.61 3.25 -0.49 7.12 4.49

BaTiO3 B - - - -0.87 5.25 2.75 -0.63 4.96 6.01

BaTiO3 C -0.9 5.9 4.25 -0.72 3.9 3.6 -0.71 4.45 5.5

matic properties, which are directly related to the order parameter of the liquid

crystal molecules. Indeed, dielectric anisotropy of liquid crystals ∆ǫ and bire-

fringence ∆n are proportional to the order parameter S [21], while the elastic

constants of liquid crystals are usually proportional to S2 [22]. In this case the

elastic constant of the suspension would not remain unchanged and should

be measured to independently, and more fundamentally the order parameter

would be expected to change. A separate project is currently investigating ex-

tracting the order parameter changes of suspensions from Raman spectroscopy

[23].

Furthermore, small increases of the temperature of transition to the isotropic

phase, TNI , can be caused by increased order parameter according to the Maier-

Saupe theory for the suspensions [21] as seen with LC18523 and MLC6815.

However, the limitation of this approach is that it does not consider the ori-

entational distribution of the nanoparticles themselves. One such theory on the

statistical mechanics of ferroelectric nanoparticles in liquid crystals was pro-

posed recently [24]. It is based specifically on the orientational distribution of

the nanoparticle dipole moments. This distribution is characterised by a sepa-

rate orientational order parameter, which interacts with the orientational order

of the liquid crystals and stabilises the nematic phase. The coupling strength

between the two order parameters was estimated and predicted an increase

in TNI , in good agreement with experiments by [25]. This work proposes the
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equation (2.3.12), this was shown earlier in Chapter 2 and is repeated here,

∆TNI =
πφNPR3

3TNIρLC

(

2∆ǫP2

675kBǫ0ǫ2

)2

.

This equation (2.3.12) can be used to calculate an expected increase in TNI for

our experiments, using similar assumptions, namely ǫ is taken to be ǫ⊥ which

we obtained from measurements, ρLC is taken to be 2.4×1027 m−3 [24]. The

other require parameters were measured previously, TNI and ∆ǫ are measured

in this Chapter. The radius of the nanoparticles was taken from the charac-

terisation carried out in Chapter 3, for barium titanate this taken as 18 nm

and Sn2P2S6 as 40 nm and φNP is taken as 1%, which was the concentration

the liquid crystals were doped at. The spontaneous polarisation, P, of each is

0.26 Cm−2 and 0.14 Cm−2, respectively. It is worth noting though that Lopatina

et al. [24] state that the bulk polarisation of Sn2P2S6 is 0.14 Cm−2, but is re-

duced due to surface effects and consequently use 0.04 Cm−2 as the sponta-

neous polarisation for Sn2P2S6. There is no published information of how the

spontaneous polarisation of Sn2P2S6 depends on particle size, and this value

was obtained from a private communication from Lopatina et al.’s collabora-

tors. In the analysis presented here the same value is used. Measurements of

spontaneous polarisation of nanosize grains in a BaTiO3 film have been made

[26] and that gave the spontaneous polarisation of a 18.6 nm grain of 0.08 Cm−2.

The expected and measured phase transitions are shown in Table 5.5.

Using these parameters for the spontaneous polarisation, nanoparticle

size, nanoparticle concentration, dielectric constant, dielectric anisotropy, clear-

ing temperature and liquid crystal concentration, the predicted change in ∆TNI

could be calculated (Theory ∆TNI). The predicted change of TNI , Theory TNI ,

for the suspension of Sn2P2S6 in LC18523 is in very in good agreement with

the measured TNI . However, the clearing temperature of the suspension is

now 68.4 ◦, which is above the expected Curie temperature of Sn2P2S6 of 66◦C.

LC18523 has the lowest clearing temperature of the three liquid crystals consid-
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ered, the other two have clearing temperatures very close or above the Curie

temperature of Sn2P2S6. Consequently, for MLC6815 and TL205 there is no

agreement between the predicted and measured shift in TNI , this is expected as

TNI is now above the Curie temperature of Sn2P2S6 and the nanoparticles will

no longer be ferroelectric. The predicted shifts in TNI for the BaTiO3 suspen-

sions differ from the measured values by factors of; 2.5, 2.25 and 7 for LC18523,

MLC6815 and TL205 respectively. Equation 5.3.2 shows that TNI ∝P4, which

has not been measured here and has been estimated from literature. A small

change in P, by a factor of 1.2 from the value used would explain the discrep-

ancy between the measured value in TNI for LC18523 and MLC6815. Inde-

pendent measurements of the polarisation of the ferroelectric nanoparticles are

required to give accurate values of P and how this changes as a function of

size. For example, if the smallest particles are no longer ferroelectric, then the

effective volume fraction of ferroelectric particles will be smaller than the 1 %

used.

Lopatina et al. [24], extended this model to include the effect of ions in the

suspension. They showed that the increase in clearing temperature still occurs

when electrostatic interactions are partially screened by moderate concentra-

tions of ions in the liquid crystals. More detailed theory, and the importance of

ions, have to be considered further. Indeed, as shown in Figure 5.10, ions can

play a substantial role in reorientation condition. For example, the higher DC

voltage threshold seen for BaTiO3 A in TL205 could be the result of increased

ion concentration, screening out the effect of the applied field and explain the

lack of increase in TNI for TL205. Measurements of the ion concentration are

required to calculate if there is significant screening of the electric field of the

nanoparticles, reducing their effect on the suspension.

The results presented here show that Sn2P2S6 consistently produces the

greatest enhancement in dielectric anisotropy and clearing temperature. As de-
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termined by the characterisation investigations outlined in Chapter 3, Sn2P2S6

nanoparticles are much bigger than the BaTiO3 nanoparticles. A trend was

observed for the BaTiO3 particles, the largest particles producing the greatest

enhancement. This could indicated that the nanoparticles are influencing the

elastic constants and the assumption that these are unaffected by the nanopar-

ticles is incorrect. However, it is also not known how the permanent polarisa-

tion of the nanoparticles depends on the particles size. Measurements of bulk

samples show that the spontaneous polarisation of BaTiO3 should be greater

than Sn2P2S6 and so would be expected to result in a greater shift in TNI than

Sn2P2S6. Clearly size is important and without particles of a comparable size to

the BaTiO3 nanoparticles, it is unclear if it is the size of Sn2P2S6 that is respon-

sible for the results or if the improvement is due to a fundamental property

of the nanoparticles, such as dielectric constant or spontaneous polarisation,

which themselves may vary as a function of size. However, as the particles

get bigger, multi-domains should form limiting the enhancement. Eventually

the particles will be large enough to distort the liquid crystal director and high

quality optical elements would not be possible. Is had not occurred in any of

the cells measured and presented here.

5.4 Summary

All of the results for the electro-optic experiments are summarised in Table 5.6.

It is clear that ferroelectric nanoparticles have a significant effect on the electro-

optic properties. The measurements of dielectric anisotropy and birefringence

show that there is a relationship between the size of the particles and the mag-

nitude of the enhancement. The larger the BaTiO3 nanoparticles, the larger the

observed enhancement of both properties. However, the largest enhancement

is caused by the suspension of Sn2P2S6 in all three liquid crystals. The only

exception is no effective change in phase transition temperatures, for TL205.
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Only small changes were observed for TL205 in clearing temperature, although

all were within an experimental error.

Comparing the measurements to the existing theory shows that the de-

crease in the measured Freedericksz threshold can not be explained purely by

the increased dielectric anisotropy of the suspension. Changes in the suspen-

sions elastic constants would effect the voltage threshold and could explain the

observed discrepancy between theory and experiments. A separate project is

currently investigating the interactions between the ferroelectric nanoparticles

and liquid crystal molecules using Raman spectroscopy. These measurements

can be used to calculate the order parameter. Comparing the measured shifts

in TNI to theory there is good agreement with the suspension of Sn2P2S6 in

LC18523. Lack of agreement for the suspensions of Sn2P2S6 in MLC6815 and

TL205 can be explained due to theory not taking the Curie temperature of the

ferroelectric nanoparticles into consideration. Increases in the clearing temper-

ature of TL205 suspension of Sn2P2S6 is not expected as pure TL205s clearing

temperature is significantly above Sn2P2S6’s Curie temperature and the clear-

ing temperature of MLC6815 is 0.3 ◦ below the Curie temperature of Sn2P2S6,

so a much smaller change in clearing temperature than predicted is expected.

The predicted shift in TNI and the measured shifts in suspensions of BaTiO3 in

LC18523 and MLC6815 differ by a factor of two. Independent measurements of

the ferroelectric nanoparticles spontaneous polarisation are required to make

accurate predictions of the clearing temperature. In addition, measurements of

the ion concentration of the suspensions are needed to estimate the screening

effect of the ions on the ferroelectric nanoparticles electric field. The existing

theories are the first approximation of what is clearly a complex but reliable

system. It is crucial that measurements of the micrscopic parameters are made

for correct modelling of the interactions on the microscopic level. These mea-

surements are not yet available, but are a work in progress.
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CHAPTER 6

Beam coupling in a hybrid nematic

liquid crystal system

Two beam coupling is a widely studied effect and has applications in holo-

graphic data storage and spatial light modulators [1]. It was originally inves-

tigated in photorefractive crystals [2], where an interference pattern can cre-

ate large space charge fields in the crystal bulk and via the electro-optic effect

modulate the refractive index. This refractive index grating is then responsi-

ble for the process of beam coupling. The natural birefringence of liquid crys-

tals makes them highly desirable for two beam coupling: reorienting the liq-

uid crystal molecules using an electric field can lead to a strong refractive in-

dex grating and hence, to large beam coupling gain. This has been achieved

by applying a DC field either to liquid crystal systems with photoconductive

layers[3, 4] or to liquid crystals doped in the bulk with photosensitive molecules

such as fullerenes or dyes[5]. These liquid crystal systems are less expensive to

manufacture than a photorefractive crystal; offer significant gain which can be

enhanced with the addition of ferroelectric nanoparticles[6], and can operate

at low beam intensities. For comparison, gain is often expressed as G=eΓd [7].

In liquid crystal systems, gain coefficients, Γ, can be of the order of 1000 cm−1

[3, 8], but d is restricted to the order of 10−6 m. In photorefractive crystals Γ is
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of the order of 1 cm−1, but the thickness can be up to 10 mm. In photorefrac-

tive crystals the gain coefficient by be smaller but the length over which beam

coupling occurs is much longer and in photorefractive crystals G can be greater.

6.1 DC beam coupling in hybrid nematic liquid crys-

tal cells

Beam coupling is caused by photorefractivity in the system under investiga-

tion; an interference pattern illuminates a sample and causes a refractive index

grating, which is phase shifted from the interference pattern. The geometry of

the system is important for beam coupling in these experiments; the most im-

portant parameters are: the angle between the interfering beams, the relative

intensities of the interfering beams and electric field applied to the cell.

In the standard liquid crystal cells used in this work the liquid crystal

molecules are aligned along the surfaces of the substrates and form a planar

cell. As has been described earlier, when a field is applied, the liquid crystal

molecules reorientate. The degree of reorientation is related to the strength of

the field; with a large enough field the molecules align with the electric field

and the final configuration will be homotopically aligned. However, if the field

applied has an amplitude below the Freedericksz threshold, there will be no

reorientation and no modulation of the refractive index. In the system inves-

tigated here the contrast between the bright and dark conductivity is clearly

important as this will determine the modulation of the electric field and conse-

quently the modulation of the refractive index.

In addition to creating the refractive index grating, the incident beams

probe this grating. The relative intensities of these beams are important, as

they will interact via the grating to transfer energy. If there is a large ratio, m,

between these two beams then the weaker one can experience a large enhance-
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ment by coupling out a small fraction of the energy from the stronger beam.

If the same fraction of the weak beam were coupled into the strong beam, this

would make a negligible difference to the intensity of the stronger beam.

By changing the angle between the two beams, the period of the refractive

index grating is changed. As this angle is changed, it is possible to observe two

separate regimes. With a large angle between the two writing beams, a short

period refractive index grating will be written. Only the incident beams will be

observed after the cell, all beam coupling is between these two beams and there

are no higher order, this is the Bragg regime. As the angle between the incident

beams is decreased the period of the refractive index increases, and multiple

diffracted orders are observed, this is the Raman-Nath regime. In Chapter 2

equations to determine the regime were shown (equation (2.2.18) and equation

(2.2.19)). However, there is not a sharp transition between regimes. For exam-

ple, using equation (2.2.19) values of Q between 1 and 10 are ambiguous, as

was described in Chapter 2. Equally, using equation (2.2.18) only values of ρ»1

can be said to be in the Bragg regime and values of ρ<1 indicate Raman-Nath

regime.

Photorefractive liquid crystal systems can operate in both regimes and the

mechanism of two beam coupling in hybrid liquid crystal systems using photo-

conductive alignment layers was explained in Chapter 2. The photoconductive

layers can generate a surface mediated photorefractive effect producing grat-

ings, which are not limited to the Raman Nath regime, unlike bulk mediated

gratings. In a single cell the gain in the Raman-Nath regime and in the Bragg

can be compared.

6.1.1 DC beam coupling set-up and measurement technique

In general, a two beam coupling experiment requires two coherent laser beams

to overlap and produce an interference pattern inside a photorefractive mate-
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Figure 6.1: Typical beam coupling setup. A 532 nm single longitudinal mode

laser is split into two and made in interfere in the center a of cell

tilted at 30◦. PD1 and PD2 are photodiodes used to measure the

intensity of each beam.

rial. This interference pattern ultimately causes the formation of a refractive

index grating. In order to create measurable beam coupling, the symmetry of

the system has to be broken. Otherwise equal amounts of energy will be cou-

pled from each beam into the other and it will not be possible to distinguish

the strength of the coupling [9]. The symmetry is broken by tilting the cell with

respect to the incident beams, this can be seen in Figure 6.1. The period of

the grating can be controlled by changing the angle between the two incident

beams (β). This is achieved by changing the distance between the two mirrors

used to direct the beams into the center of the cell. The grating spacing can be

calculated using,

Λ =
λ

2sin
(

β
2

)

∗ cos (α)
(6.1.1)

where λ is the wavelength of light, β is the angle between the incident beams

and α is the tilt on the cell with respect to the bisector of the incident beams. A

typical measurement of two beam coupling with an applied DC field consists

of five stages. In the first stage the intensity of each beam is measured individ-

ually with photodiodes PD1 and PD2 so that the ratio of intensities of the two
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beams, m = Ipump/Iprobe, can be determined. Typically the stronger of the two

beams is referred to as the pump beam and is measured on photodiode “PD1”

and the weak, as the probe beam, measured on photodiode “PD2”. Measure-

ments are made over 10 saeconds and the intensity averaged to determine m.

In the second stage, a DC voltage is applied and both beams illuminate the cell.

This writes a conductivity grating into the PVK:C60 alignment layer, which via

the mechanism discussed in Chapter 2, results in the formation of a refractive

index grating. No measurements are taken in this stage to prevent the dynam-

ics of the grating formation influencing the measurements. This stage leasts

for 30 seconds. In the third stage, the probe beam is blocked and the intensity

of the pump beam is measured. This stage lasts for 30seconds and the last 5

seconds are averaged to determine Ipump−probe. In the fourth stage, both beams

illuminate the cell and the intensity of each is measured. This lasts for 30 sec-

onds and the last 5 seconds are averaged to determine Ipump+probe. Finally, in

stage five, the pump beam is blocked and the probe beam intensity is mea-

sured. Again this stage lasts for 30 seconds and th last 5 seconds averaged to

determine Iprobe−pump. From stages 3,4 and 5 the gain ratios for each beam can

be calculated, as;

GPump =
Ipump+probe

Ipump−probe
(6.1.2)

and,

GProbe =
Iprobe+pump

Iprobe−pump
(6.1.3)

where, Ipump+probe and Iprobe+pump is the intensity of the Probe and Pump beams

in the presence of each other, which is measured in stage 4, Iprobe−pump is the

intensity of the Probe beam in the absence of the Pump beam and is measured

in stage 3 and Ipump−probe is the intensity of the Pump beam in the absence of

the Probe beam and is measured in stage 5. Using the calculated values for G

and m, the strength of the coupling into one of the beams can be calculated by
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using [7],

Γ =
1

l
ln

(

Gm

m − G + 1

)

(6.1.4)

where l is the interaction length, and G is one of the two gain ratios for the beam

you are interested in. A value of Γ can be determined for each beam.

This expression has been derived for photorefractive crystals operating

in the Bragg regime, where there are only two beams. Consequently, it does

not take into account the higher orders generated in the Raman-Nath regime.

Additionally, in surface mediated photorefractive liquid crystal systems, the

penetration of the electric field into the cell is proportional to the period of the

refractive index grating. This penetration depth determines the actual interac-

tion length, l. This is difficult to determine experimentally and the thickness

of the cell, d is used for l where the penetration of the electric field would be

more appropriate. Although it is not strictly correct, carrying out such evalua-

tion of Γ serves as a useful measure to compare with results already published

[3, 6, 8, 10, 11].

Initially, the gain coefficients for liquid crystals LC18523, MLC6815 and

TL205 are measured at a grating spacing 9.5 µm. Next, gain coefficients are

measured over a range of grating spacings from the Raman-Nath regime down

to the Bragg regime. Finally, the gain coefficients of suspensions of ferroelectric

nanoparticles in these liquid crystals are measured at the same grating spacings.

6.1.2 DC gain coefficients for nematic liquid crystals in the Raman-

Nath regime

A grating spacing of 9.5µm was created with two incident beams of equal inten-

sity (m = 1) and measurements as a function of voltage made. It was shown in

Chapter 2 that a large value of m will increase the strength of the beam coupling,

this is an artificial enhancement, by maintaining m = 1 any energy transfer is
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Figure 6.2: Gain coefficients for LC18523 at a grating spacing of 9.5 µm with

equal intensity writing beams as a function of voltage

due purely to the system. The measurements for the liquid crystal LC18523 are

shown in figure 6.2, it can be seen that at very low voltages below the Freeder-

icksz threshold (4 V), there is no measured gain. However, above the threshold

there is an increase in the measured gain until a peak of 106 cm−1 at 9 V. The

decay in measured gain coefficients above 9 V at higher voltages is caused by

a decrease in the refractive index modulation. At large enough voltages, the

electric field in the dark regions will be able to reorientate the liquid crystal

molecules, due to there existing a finite number of ions in the liquid crystal. At

large enough fields there will not be enough ions to completely screen out the

applied field. There is a maximum to reorientation, namely when the molecules

are homotropically aligned. Once the molecules in the bright region reach this

state, increasing the voltage can only decrease the overall modulation of the

refractive index. This is as n‖ > n⊥ when homotropically aligned the refrac-

tive index of the bright region is nparallel , increasing voltage can not increase

175



CHAPTER 6

Table 6.1: Maximum gain coefficients seen for the liquid crystals LC18523,

MLC6815 and TL205 at a grating spacing of 9.5 µm with equal in-

tensity incident beams

Liquid crystal Max gain coefficient (cm−1) Voltage required for max gain (V)

LC18523 106 9

MLC6815 143 12

TL205 92 8

this. However, the refractive index of the dark region can still increase and the

overall refractive index modulation decreases. The maximum observed gain

coefficient for each of the three liquid crystals is presented in Table 6.1. These

values are comparable with those measured in a similar system where the in-

cident beam ratio was 1 [12], in this work a 50 µm thick cell with PVK/TNF

alignment layers was filled with the nematic liquid crystal E44. With a grating

spacing of 12 µm a gain coefficient of 48 cm−1 was measured. In comparison

a similar system was studied by Bartkiewicz et al. [3], they prepared a 10 µm

thick cell with PVK/TNF alignment layers, filled with the nematic liquid crys-

tal E7. With a grating spacing of 10 µm and an incident beam intensity ratio

of 15 they observed gain coefficients of 3700 cm−1. This is approximately a

factor of 28 larger than the gain we observed with m = 1, where possible an

m value of 1 should be used to characterise the strength of beam coupling in

liquid crystal systems, however it is possible to enhance the observed effect by

increasing the ratio of intensities of the incident beams. Using m 6= 1 can give

rise to nominally higher gain but it would not fully represent the strength of the

beam coupling gain. In the Bragg regime where the penetration of the electric

field is reduced the distance over which the beams interact is diminished and

the observed energy transfered will be less. In order to measure beam coupling

in the Bragg regime a large value for m was chosen.
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6.1.3 DC gain coefficients for nematic liquid crystals in the Bragg

regime

The experimental set-up was maintained as it was in the previous section, al-

though the mirror positions were moved to create grating spacings between

4.7 µm and 0.6 µm and the incident intensity ratio was changed from 1 to 1000

to make it easier to measure beam coupling. Specifically the beams had illu-

minations of 1 mW and 1 µW. Only the gain coefficients of the weak beam are

reported as transfers of energy from the weak beam to the strong beam would

have a negligible increase in the intensity of the strong beam. With a grating

spacing of 4.7 µm Bragg diffraction was observed without higher orders vis-

ible. Then, the grating spacing of 0.6 µm was used, which is approximately

the period of the wavelength of the light used in the experiments, 532 nm. At

0.6 µm the grating spacing is approaching the diffraction limit of the light used.

The gain measured for each of the considered liquid crystals at the different

grating spacings is shown in Figure 6.3. As can be seen, the measured gain

coefficient is small for both TL205 and MLC6815 at all grating spacings. The

largest gain coefficient measured for each was -20 cm−1 and 30 cm−1 with a

grating of 4.7 µm for TL205 and MLC6815 respectively. However, the largest

gain coefficient, -140 cm−1 for LC18523 was measured at the smallest grating

spacing, 0.6 µm. A negative gain coefficient indicates that there was a net loss

of energy from the weak beam. Repeated measurements showed that the error

in the measurement of the gain coefficient was ± 10 cm−1. At 0.6 µm grating

spacing the measured gain for TL205 and MLC6815 is so small it is within the

error of zero gain. Only LC18532 has measurable gain at the smallest grating

spacing. Measurements at additional grating spacing were not conducted as

small gain coefficients were observed at all grating spacings with pure liquid

crystals. Instead, suspensions of ferroelectric nanoparticles in these three liquid

crystals were made at the same grating spacings, to investigate the effect of the
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Figure 6.3: Measured gain coefficients for liquid crystals LC18523, MLC6815

and TL205 between 0.6 µm and 4.7 µm

nanoparticles on the measured gain coefficients.

6.1.4 DC gain coefficients in suspensions of ferroelectric nanopar-

ticles

The suspensions of ferroelectric nanoparticles were described and the size and

shape of the nanoparticles were characterised in Chapter 3 and their electro-

optic properties were measured in Chapter 5. In order to evaluate the strength

of beam coupling gain, the suspensions of BaTiO3 C and Sn2P2S6 in LC18523,

MLC6815 and TL205 were first measured in the Raman-Nath regime to com-

pare the results to the values obtained for the pure liquid crystals. The measure-

ment conditions were the same as for the pure liquid crystals, namely a grating

spacing of 9.5 µm and an incident beam ratio of one. Measurements of the gain

coefficient were made as a function of voltage; the results for LC18523 can be

seen in Figure 6.4. As can be seen suspensions of both BaTiO3 C and Sn2P2S6
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Figure 6.4: Suspensions of LC18523 and pure LC18523 at a grating spacing of

9.5 µm as a function of voltage

in LC18532 increase the measured gain coefficients, namely the maximum gain

coefficient, was 240 cm−1 and 490 cm−1 for the suspensions of BaTiO3 C and

Sn2P2S6, respectively. Compared to pure LC18523, which had a maximum gain

of 100 cm−1, these are increases by a factor of 2.4 and 4.9, respectively. For both

suspensions there is measurable gain at 1 V lower than in the pure LC18523;

this is due to the decrease in the Freedericksz threshold which was measured

in Chapter 5. However, the peak gain is shifted to larger voltages by 4 V and

2 V, respectively for the suspensions of BaTiO3 C and Sn2P2S6. The overall

trend with voltage is the same in both suspensions and the pure liquid crystal.

Below the Freedericksz threshold no gain was measured; above threshold, the

gain coefficients rapidly increase to a maximum between 9 and 15 V. At 55 V

there is still measurable gain in pure LC18523 and both suspensions of 23 cm−1,

97 cm−1 and 182 cm−1.

The same measurements were made for the suspensions of BaTiO3 C and

Sn2P2S6 in liquid crystals TL205 and MLC6815. The maximum measured gain
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Table 6.2: Maximum gain coefficients measured for the liquid crystals

LC18523, MLC6815, TL205 and their suspensions of BaTiO3 C and

Sn2P2S6 at a grating spacing of 9.5 µm

Suspension Maximum gain coefficient (cm−1) Increase factor

LC18523 100 N/A

LC18523 + BaTiO3 C 240 2.4

LC18523 + Sn2P2S6 490 4.9

MLC6815 135 N/A

MLC6815 + BaTiO3 C 312 2.3

MLC6815 + Sn2P2S6 545 4

TL205 90 N/A

TL205 + BaTiO3 C 323 3.6

TL205 + Sn2P2S6 311 3.5

coefficients for suspensions in LC18523, MLC6815 and TL205 are shown in Ta-

ble 6.2. As can be seen, the suspensions of ferroelectric nanoparticles increase

the measured gain coefficients in all three considered liquid crystals. The largest

gain coefficient measured is 454 cm−1 in the suspension of Sn2P2S6 in MLC6815;

however the largest increase from the gain coefficient measured in a pure liquid

crystal was by a factor of 4.9 in the suspension of Sn2P2S6 in LC18523. In TL205

there is also an increase in gain coefficient for both suspensions, by factors of

3.6 and 3.5 for BaTiO3 C and Sn2P2S6, respectively. As was observed in Chapter

5, generally the suspensions of Sn2P2S6 show the largest enhancement.

The suspensions listed in Table 6.2 and additionally suspensions of BaTiO3

A and BaTiO3 B in TL205 were measured in the Bragg regimes at grating spac-

ings between 4.7 µm and 0.6 µm. Again, in order to help observe beam coupling

an incident beam ratio of 1000 was used. The results of LC18523 and MLC6815

are shown in figures 6.5(a) and 6.5(b) respectively. For both liquid crystals the

addition of ferroelectric nanoparticles increases the measured gain coefficient.
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Figure 6.5: The gain coefficient as a function of grating can be seen for LC18523

and its suspensions in 6.5(a) and for MLC6815 and its suspensions

in 6.5(b)
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The largest measured gain coefficient was 2000 cm−1 at 0.6 µm for the sus-

pension of Sn2P2S6 in LC18523. Pure LC18523 had the largest measured gain

coefficient of -140 cm−1; the nanoparticles are observed to reverse the direction

of energy transfer and to enhance the magnitude of the measured gain by fac-

tors of 14.2 and 6.6 for suspensions of Sn2P2S6 and BaTiO3 C respectively. In

MLC6815 the largest gain coefficient is -650 cm−1 seen at 0.6 µm in the Sn2P2S6

suspension, this is an increase in the largest gain seen in pure MLC6815 by a

factor of 21.7. Although, increased gain coefficients are observed in the suspen-

sion of BaTiO3 C the largest gain coefficient is 61 cm−1 at 0.6 µm which is an

increase by a factor of 2. The direction of energy transfer is also observed to be

in opposite directions for the two different suspensions.

Suspensions of BaTiO3 A, BaTiO3 B, BaTiO3 C and Sn2P2S6 in TL205 were

at grating spacing between 5.4 µm and 0.6 µm. Increased gain coefficients were

measured in all suspensions of ferroelectric nanoparticles in TL205. The largest

gain coefficient measured was 240 cm−1 in the BaTiO3 A suspension at 5.4 µm,

this is an increase in magnitude by a factor of 12. The maximum measured

gain coefficient for BaTiO3 A, BaTiO3 B and Sn2P2S6 were; 110 cm−1, -55 cm−1

and 220 cm−1, which are increases in magnitude by factors of: 5.5, 2.75 and 11,

respectively. The direction of energy transfer in the suspension of BaTiO3 C is

observed to be in the opposite direction to the other suspensions.

6.1.5 Discussion of DC beam coupling results

In the Raman-Nath regime, with an incident intensity ratio of m = 1 beam cou-

pling is observed in all three liquid crystals considered. The values obtained are

in good agreement with measurements conducted under similar experimental

conditions [12], namely an incident beam ratio of 1 and a grating spacing of

12 µm. In the Bragg regime where the penetration of the electric field is less

than in the Raman-Nath regime m = 1000 was used. Using m = 1 is prefer-
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able as gain coefficients are then dependent on the cell properties only, and are

not artificially enhanced. However, in the Bragg regime gain coefficients were

expected to be smaller than the experimental error, and so to measure gain coef-

ficient in the Bragg regime it was decided to use m = 1000. Even with m = 1000

very small gain coefficients are measured for pure liquid crystals, of the order

of 20 cm−1.

Suspensions of ferroelectric nanoparticles in the liquid crystals consid-

ered here show increase in the measured gain coefficients. In Chapter 5 it was

shown that the suspensions of ferroelectric nanoparticles have significant ef-

fect on the electro-optic properties of the host liquid crystal; these included

increases in the perpendicular and parallel dielectric constants, an increase in

dielectric anisotropy and birefringence. The work of Daly et al. on beam cou-

pling in anisotropic media [9] showed that the strength of coupling is related to

the birefringence of the media. The increased values of birefringence would be

expected to increase the strength of coupling. Additionally, a model for produc-

ing a refractive index grating in a similar system to the one studied here pro-

posed by Pagliusi et al. [13] showed that the penetration of the electric field into

the liquid crystal bulk is related to the perpendicular dielectric constant. Fur-

thermore, the strength of the dielectric torque on the liquid crystal molecules

is related to the dielectric anisotropy. In chapter 5, both the perpendicular di-

electric constant and the dielectric anisotropy of the suspensions were shown

to increase as compared to the pure liquid crystals. In the suspensions, it would

be expected that the electric field would penetrate further into the liquid crys-

tal, there would be a greater dielectric torque on the liquid crystal molecules

leading to increase in the coupling strength. All of these factors would lead

to larger gain coefficients than in pure liquid crystals. Generally, the suspen-

sions of Sn2P2S6 show the largest increases in gain coefficients, which is in good

agreement with the results of Chapter 5.
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Curiously, in suspensions of BaTiO3 C in two of the considered liquid crys-

tals, TL205 and MLC6815, the direction of energy exchange was observed to

reverse. Similar reversal in the direction of energy transfer was observed in

TL205 with ferroelectric BaTiO3 nanoparticles [10]. Cook et al. proposed that

such gain reversal was due to the spontaneous polarisation of the nanoparticles,

which caused a splay induced flexopolarisation in the liquid crystal molecules.

The molecules and the nanoparticles align anti-parallel and an applied elec-

tric field would rotate the nanoparticles and liquid crystal molecules in op-

posite directions. If the anchoring between the nanoparticles and the liquid

crystal molecules was strong, then nanoparticles would drag the liquid crystal

molecules in the opposite directionas compared to a pure liquid crystal cell. In

the work presented here three different BaTiO3 samples were measured, but

such gain reversal was only observed with BaTiO3 C. All three were coated

in the same surfactant, Oleic acid, and the variation in the peak sizes was

small, namely below 10 nm, but BaTiO3 C was produced via a different milling

method. It has been suggested that the milling method may induce surface

strain in the nanoparticles crystal structure [14]. This appears to be the most sig-

nificant difference in the BaTiO3 suspensions. Further investigation with a large

range of BaTiO3 samples would be required to determine if the direction of en-

ergy transfer is related to changes in the nanoparticles induced by the milling

process. This would also allow a truly comprehensive study on the effect of

particle size on the observed gain coefficients. Additionally, measurements for

a larger number of grating spacings would be required required to draw any

conclusions on the effect of grating spacing on the measured gain coefficients

and investigate in more detail the nature of nanoparticles-liquid crystal inter-

actions.

Overall, large gain coefficients have been observed in suspensions of fer-

roelectric nanoparticles in nematic liquid crystal cell with photoconducting align-

ment layers with an applied DC field. However, the presence of ions in the liq-

184



CHAPTER 6

uid crystals means that there can be long time scales associated with ion drift

due to the applied field. Modelling such systems generally assumes that it is in

a steady state, but in practice such condition can take hours to achieve exper-

imentally [15]. Long exposure to a DC field has been shown to degrade poly-

mer alignment layers and liquid crystal molecules, so clearly there is a need to

couple beams without an applied DC field [16]. This has been achieved, for

example, by replacing the photoconductive layer with a thin photorefractive

window [17]. In this case, the space charge field in the photorefractive crystal

applies a modulated electric field to the liquid crystal. However, the photore-

fractive windows used in such systems are expensive. An alternative route that

has been pursused to the work presented here was to use an AC field, applied

to the photoconductive alignment layers.

6.2 AC beam coupling in hybrid nematic liquid crys-

tal cells

The damage caused to the polymer alignment layers and the liquid crystal

molecules, as well as long time scale dynamics associated with ion movement

in the liquid crystal bulk, makes modelling the system complicated. The lat-

ter of these, the long time scale dynamics can be controlled by applying an AC

field instead of a DC one. A sinusoidal AC field is applied to the cell instead

of the DC field; a sinusoidal waveform was chosen, instead of a square wave,

as it will consist on only one Fourier component, whereas a square wave con-

sists of many Fourier components and observed effects may be caused by the

higher harmonics. The number of ions which can drift to the interface were de-

termined by the frequency and amplitude of the sinusoidal AC field. Ions are

expected to be important for the mechanism of beam coupling, consequently

measurements as a function of frequency and amplitude of the applied AC field
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Figure 6.6: The AC beam coupling setup. A sheet of glass (G) and a mirror

(M) is used to split the beam with a small angle between the two

beams. A variable ND filter (VF) is used to maintain m = 1 and

the beams pass through a polariser (P). Shutters (SH) are used to

control which beams illuminate the cell (C). The beam intensities

are measure with photodiodes (PD)

are of interest. The electric field penetration is related to period of the grating

and to maximise this a penetration a fixed grating with a spacing of 24 µm was

chosen. The greater the penetration of the electric field, the more of the bulk

will reorienate increasing the thickness of the grating, making smaller gain eas-

ier to measure. At 24 µm grating spacing the system is far into the Raman-Nath

regime and any ambiguities caused by the transition from one regime to the

other is avoided.

To create a 24 µm grating with a 30 ◦ tilt, the angle β must be 1.5 ◦ (see Fig-

ure 6.6 and equation 6.1.1); it was not possible to achieve using a standard beam

splitter and mirrors. They were replaced with a glass slide and mirror; reflec-

tions from the slide were used to create the separate beams and were directed

on to the cell using the mirror. The incident intensity ratio is maintained at 1

with a variable ND filter; the experimental setup can be seen in Figure 6.6. The

cells investigated were filled with the liquid crystal E7, as this is a well known

nematic liquid crystal, and was investigated as the amplitude and frequency of

an applied AC field were varied.
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Figure 6.7: Beam coupling measurement for a cell filled with E7. An AC field

with a magnitude of 10 V and frequency of 2 Hz is applied

6.2.1 AC two beam coupling results

To determine the gain coefficient the same measurement steps were followed

as in the DC beam coupling measurements (see section 6.1.1). First, each beam

was individually measured, to determine the incident intensity ratio, m, then

both beams illuminate the cell to write the grating, next one beam was blocked

and the other measured; then both illuminate the cell and are measured and

finally the other beam is block and the remaining one measured. The measured

intensities on each of the photodiodes for a typical measurement of the gain co-

efficient, for a cell filled with the liquid crystal E7, are shown in Figure 6.7 For

the first 10 seconds of the measurement, each beam intensity was monitored

independent of the other, with no voltage applied to the cell, to determine m.

For the next thirty seconds both beams illuminated the cell and the AC field

was applied. For the measurement shown in Figure 6.7, the AC field had an
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Figure 6.8: A close up of the AC beam coupling dynamics between 81.5 s and

83 s

amplitude of 10 V and a frequency of 2 Hz. The variation of the intensity of the

two beams was very pronounced between 2 A.U and 3.5 A.U., however there is

a clear shift in the measured intensities from those measured before an electric

field was applied (≈ 5 A.U.), suggesting a grating was forming. This was con-

firmed with visual observations of higher orders appearing, although unlike in

a DC measurement, these orders are not constant in intensity, they “blink” in

and out at a frequency twice that of the applied field. In the next experimental

step, beam 2 was measured independently of beam 1; then both beams illumi-

nated the cell and measurements of each beam in the presence of the other were

made. Finally, beam 1 was measured independently of beam 2. The time be-

tween 81.5 s and 83 s corresponds to the point in the measurement where both

beams are illuminating the cell; this is shown in Figure 6.8. It is apparent that

the dynamics of the formation of the grating and probing of it are complex. The

measured intensity changes show repetition and this repetition occurs with a

frequency of 2 Hz. Considering Beam 2, there are peaks which occur at a fre-
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quency of 4 Hz. Although the intensity pattern as a whole is repeated, there is

no symmetry in the changes. It is noted that, where a trough is observed in the

intensity pattern for beam 2, there is a peak in the intensity pattern for beam

1. This suggests that at these points energy is being transferred from beam 2 to

beam 1. It is also noted that the two intensity patterns are not mirror images of

each other, indicating processes more complex than the rather straightforward

beam coupling are occurring.

Due to the complex dynamics of the intensity patterns, and in order to

get an estimate of the strength of the beam coupling occurring in the cell, only

the last 3.5 seconds of each measurement stage were averaged. This averaged

value was used as the beams intensity to calculate the intensity ratios, Gpump

equation 6.1.2, and Gprobe equation 6.1.3, which are then used to calculate the

gain coefficients.

Measurements of the gain coefficients as a function of amplitude of the

applied field show that below 3 V there is no beam coupling with either an AC

or DC field (see Figure 6.9). By 4 V there is measurable two beam coupling with

both AC and DC applied fields. These results indicate the threshold for reorien-

tation is between 3 V and 4 V and that it is not sensitive to the electric fields fre-

quency. At all applied frequencies of the AC field, the gain coefficients increase

with increasing amplitude of the applied field and appear to be reaching a peak

at 10 V. For every voltage above the threshold, gain coefficients were larger than

those measured in DC. The peak DC gain coefficient, 44 cm−1, was observed at

16 V (see Table 6.3). The same gain coefficient could be achieved with an AC

field, but at much lower amplitudes. For example, at 10 Hz it is observed at

only 6 V and at 2 Hz only 4 V are required. The maximum gain coefficient ob-

served is 134 cm−1 at 2 Hz, approximately three times greater than the peak

value measured in DC and approximately four and a half times greater than

the DC gain coefficient at the same voltage. Once the amplitude of the applied
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Figure 6.9: Gain coefficient versus Amplitude for different applied frequen-

cies.

AC field exceeds the threshold, there is a very sharp transition to large gain

coefficients (see Figure 6.10). The peak gain coefficient appears to shift slightly

to higher frequencies with larger voltage values. While the gain coefficient de-

creases monotonically for frequencies higher than the peak gain frequency, it is

still significantly higher than the DC gain, even at 10 Hz. For example, the data

for 10 V shows a peak at 134 cm−1 at 2 Hz, but then decays to 70 cm−1 by 10 Hz.

Table 6.3: Amplitude necessary to observe the largest DC gain of 44 cm−1

Frequency (Hz) Voltage(V) Shift

0 16 N/A

1 3.8 12.2

2 4 12

3 4.3 11.7

8 5.5 10.5

10 6.5 9.5
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The data for 4 V shows the same trend with a peak of 50 cm−1 at 1 Hz. By 5 Hz

the rate of decay has decreased, but, there is measurable gain up to 10 Hz. The

same trend has been observed in a second, validation cell.
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Figure 6.10: Gain coefficient vs Amplitude for different applied frequencies.

6.2.2 Discussion of AC beam coupling results

As was discussed in the previous chapter, at high frequencies the liquid crystal

molecules respond to the magnitude of the AC field and not to the oscillations

of the field. However, the impedance spectroscopy work presented in Chapter

4 showed that at frequencies above 10 Hz virtually all of the voltage is dropped

across the liquid crystal layer and not across the alignment layers. Above 10 Hz,

the modulation of the conductivity of the PVK alignment layer would be irrele-

vant and no refractive index grating could be generated. As the frequency of the

AC field is decreased, the conductivity of the alignment layer becomes signifi-

cant, consequently it was chosen to make measurements between 1 and 10Hz.

With a sinusoidal AC field applied to the cell, whilst illuminated by the two
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Figure 6.11: Transmitted light intensity as a function of voltage for 0◦ and 30◦

cell tilt

beams, several diffracted orders were observed. This indicates that a diffrac-

tion grating in the Raman-Nath regime had formed within the cell. However,

at these frequencies, as the liquid crystal molecules will be able to respond to

the oscillations of the AC field, the dynamics of beam coupling observed is quite

complex, see Figure 6.8. Two different processes can contribute to the observed

dynamics; first, as the AC field is applied, the molecules reorientate following

the field and the measured intensity will vary due to the changing refractive in-

dex of the liquid crystal layer. The light is polarised at 90◦ to the director of the

liquid crystal and so the light should only see one refractive index. However,

the tilt on the cell, necessary to break the symmetry for beam coupling to occur,

will project part of the refractive index parallel to the director into the plane of

the light. This means that there is still a phase shift between the two different

components of light. This phase shift will change with amplitude of the applied

field and effect the transmission through the cell, as shown in Figure 6.11. This

changing refractive index will alter the reflection properties of the cell by the
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Figure 6.12: Equivalent circuit for liquid crystal cell.

Fresnel equation [18],

Rs =

(

n1cosθi − n2cosθt

n1cosθi + n2cosθt

)

=









n1cosθi − n2

√

1 −
(

n1
n2

sinθi

)2

n1cosθi + n2

√

1 −
(

n1
n2

sinθi

)2









2

(6.2.1)

where n1 and n2 are the refractive indices on each side of the interface and θi

and θt are the angles of incident and transmission respectively. Secondly, as

refractive index grating is built up by the two interfering beams, energy will be

transferred from one to the other due to beam coupling.

Both effects will contribute to the dynamics observed, and for an accurate

measure of beam coupling the effect of intensity varying with the applied field

will have to be extracted. From Figure 6.7 it is apparent that one beam is en-

hanced and the other depleted, when both are illuminating the cell. However,

if Fresnel reflections and beam coupling were the only effects contributing to

the observed intensity pattern, then the process would be symmetric. Intensity

changes with a period of 4 Hz would be expected, as the liquid crystal molecule

responds to the magnitude of the field only. The data suggests that there is a di-

rectionality to the cell, which most probably originates in the alignment layers.

Working with Giampaolo D’Alessandro and Keith Daly in the School of

Mathematics at the University of Southampton a semi-quantitative model of

beam coupling with an applied sinusoidal AC field was developed [19]. The re-

orientation of the liquid crystal and, hence the strength of the observed diffrac-
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Table 6.4: Parameter values for a typical photorefractive liquid crystal cell.

Layer dj(nm) σj(S/m) ǫj

LC 12 · 103 10−5–10−10 5–20

PI 20 10−14 [22] 3.4

PVK 200 10−13 [23] 5

tion, is strongly related to the voltage drop across the liquid crystal layer. Fac-

tors affecting this voltage drop include: the presence of ions in the liquid crys-

tal layer, the relative impedance of each layer and the frequency of the applied

field. For an AC field, even of low frequency, the motion of ions is greatly

reduced [20]. A semi-quantitative explanation of the gain versus frequency be-

haviour using the simplest model of the electrical coupling between the layers

[21] was proposed. The model was also used in Chapter 4 to fit the impedance

data of a cell filled with E7. Each layer in the cell is modelled as a simple RC

circuit as shown in Figure 6.12. This circuit captures the majority of the cells

electrical behaviour under the assumption that the slow AC field eliminates the

ion motion. The impedance of each layer is given by

Zj =
Rj

iωRjCj + 1
, (6.2.2)

where Rj = dj/(σj A) and Cj = ǫ0ǫj A/dj. Here A is the cell area, ǫ0 is the per-

mittivity of free space, σj, ǫj and dj are the conductance, relative permittivity

and thickness of layer j, with j = {LC, PI, PVK}. The values of σj and ǫj and

the resulting values for Cj and Rj for A = 4 · 10−4m2 are summarised in Ta-

ble 6.4. Note, the exact value of σLC is not accurately known and varies with

different liquid crystal samples. Therefore, we consider a range of liquid crys-

tal conductances. The dielectric constant of the liquid crystal corresponds to

planar aligned E7.

The steady state voltage across the liquid crystal layer VLC as a function

of the applied voltage V is given by VLC = VZLC/(ZLC + ZPI + ZPVK). The
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effect of a small, intensity dependent, modulation in the resistance of the PVK

on the voltage dropped across the liquid crystal layer can be calculated. We

assume that the resistance of the PVK is RPVK = RPVK [1 + ης(I)], where ς(I)

is the intensity dependent part of the PVK resistance, η ≪ 1 and I is the optical

intensity at the PVK layer. In the limit ω = 0, the voltage drop is determined

entirely resistively,

VLC = V
RLC

Rtot

[

1 − RPVK

Rtot
ης(I)

]

+ O(η2), (6.2.3)

where Rtot = RLC + RPI + RPVK. Typically, as RLC ≪ RPI ≃ RPVK, the voltage

drop across the liquid crystal in the DC regime is very small. Similarly, if the

frequency of the applied voltage is high enough, typically ω ≫ 1/(CjRj) for all

layers, then the voltage is determined entirely capacitively,

VLC = V
CPVKCPI

CPVKCPI + CPVKCLC + CLCCPI
. (6.2.4)

In this case, as CLC ≪ CPVK . CPI , the voltage drop across the liquid crystal is

large. However, as VLC is independent of the resistance of the photoconductor,

no diffraction will take place. In the general case, relevant for the slow AC field,

VLC = V
ZLC

Ztot

[

1 − ZPVK

Ztot
(1 − iZPVKCPVKω) ηβ(I)

]

+ O(η2), (6.2.5)

where Ztot = ZLC + ZPI + ZPVK. The effects of equation (6.2.5) can be under-

stood by plotting the coefficient of ηβ(I) against ω for a range of liquid crystal

conductances, see Figure 6.13. It can be seen that, although small, there is a

broad peak in the amplitude of the modulation coefficient, which narrows and

increases in amplitude with the liquid crystal conductance. This suggests that

there is a range of frequencies, close to zero Hertz, for which the diffraction ef-

ficiency of the liquid crystal cell is the largest. It is noted, that decreasing the

conductance of the liquid crystal, increases the range of frequencies over which

β(I) affects VLC, whilst reducing the overall effect of the PVK. Although this

analysis explains some of the most important features of the cells, clearly more
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Figure 6.13: Modulation coefficient at fix voltage for a planar aligned cell at

different frequencies and for different liquid crystal conductances

work has to be done in optimising the system. Detailed modelling of charge

motion, combined with a more thorough analysis of the electrical properties of

the system will be required to determine the ideal conditions for beam coupling

assisted by an AC field.

6.3 Summary

Beam coupling gain coefficients have been measured in three liquid crystals,

LC18523, MLC6815 and TL205; the measured values are in good agreement

with values in the literature using similar experimental set-ups. With a ratio of

incident beam intensities of 1000, gain coefficients have been measured in the

Bragg regime at grating spacings between 0.6µm and 5.3µm. For pure liquid

crystals, these gain coefficients are small, mostly below 30 cm−1. The addition

of ferroelectric nanoparticles to the liquid crystals has been shown to increase

the measured gain in both the Raman-Nath and Bragg regimes. The highest
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Table 6.5: Maximum gain coefficients measured for the liquid crystals

LC18523, MLC6815, TL205 and their suspensions of BaTiO3 C and

Sn2P2S6 at in the Bragg regime

Suspension Grating Spacing Gain coefficient Increase factor

LC18523 0.6 µm -140 cm−1 N/A

LC18523 + BaTiO3 C 0.6 µm 927 cm−1 6.6

LC18523 + Sn2P2S6 0.6 µm 2000 cm−1 14.3

MLC6815 4.7 µm 30 cm−1 N/A

MLC6815 + BaTiO3 C 0.6 µm 61 cm−1 2

MLC6815 + Sn2P2S6 0.6 µm -650 cm−1 21.7

TL205 4.7 µm -20 cm−1 N/A

TL205 + BaTiO3 A 5.4 µm 240 cm−1 12

TL205 + BaTiO3 B 5.4 µm 110 cm−1 5.5

TL205 + BaTiO3 C 2.8 µm -55 cm−1 2.75

TL205 + Sn2P2S6 2.8 µm 220 cm−1 11

gain coefficients measured in the Bragg regime are shown in Table 6.5. In gen-

eral, suspensions of Sn2P2S6 result in the largest gain coefficients.

The increases in gain coefficients are attributed to improved beam cou-

pling strength and penetration of the electric field into the liquid crystal bulk.

This is due to the increases in the birefringence of the suspension, perpendicular

dielectric constant and the dielectric anisotropy, all measured independently in

suspensions with ferroelectric nanoparticles. Further and more comprehensive

investigation into the effect that different milling techniques have on the fer-

roelectric nanoparticles would be required. Such study could perhaps explain

some finer details of the beam coupling as for example, the observed reversal

of energy transfer seen in BaTiO3 C suspensions as these nanoparticles have

similar sizes to the other BaTiO3 nanoparticle, sample (A and B).

Efficient two beam coupling has been observed in the Raman-Nath regime

197



CHAPTER 6

with an applied sinusoidal AC field. A strong dependence of the gain coeffi-

cient on frequency was observed with a very sharp transition from the DC to the

low frequency AC regime. The largest gain coefficient observed was 134 cm−1

at 2 Hz and 10 V. There is a clear shift to lower amplitudes in the case of an

AC field, as compared with a DC field to achieve the same value of gain. Fur-

thermore, higher coupling coefficients, up to a factor of three larger, have been

observed with AC field rather than with a DC field. A semi-quantitative ex-

planation has been given, assuming the AC field reduces the effect of charge

migration, in terms of an impedance ladder model. The dynamics of the liq-

uid crystal are complex and it is apparent that there is an asymmetry in the

electrical response of the cell at low frequencies; it can be speculated that this

asymmetry originates in the alignment layers. However peaks in the intensity

pattern are seen which repeat at a rate of 4 Hz confirming that the liquid crystal

is responding to the magnitude of the applied field.

An improved electrical model would be required to explain more fully

the response of the system to an AC and DC field. An accurate electrical model

would enable the voltage drop across the liquid crystal layer as a function of

illuminating intensity to be determined. From this the liquid crystal director

profile can be determined [9] and the strength of beam coupling fitted to the

experimental data. This model would have to account for different time scale

associated with different ions and a more complex representation of the PVK

layer in the circuit model.
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CHAPTER 7

Conclusions and future work

Liquid crystals are a phase of matter between the crystalline solid and isotropic

liquid phase; there are numerous different mesophases and the work present

in this thesis has focused on the thermotropic nematic phase. The tempera-

ture at which liquid crystals transition from the nematic phase to the isotropic

liquid phase is known as the clearing temperature. Liquid crystal molecules

are birefringent and with careful consideration of the cell structure can be used

to make high quality optical elements such as wave plates and colour filters

[1]. Additionally, the liquid crystal molecules have a dielectric anisotropy and

will tend to reorienate in response to an electric field, hence tunable optical el-

ements devices can be constructed. Important for devices is the Freedericksz

threshold, the applied voltage below which there is no reorientation for planar

cells. With a high frequency AC field, this threshold is a product of a balance

of forces between the electric field and the elastic constants of the liquid crys-

tal molecules. With a DC field, the Freedericksz threshold is shifted to larger

amplitudes of the applied field due to the screening of the applied field by ions

within the liquid crystal. If the amplitude of the electric field is made to vary

spatially by illuminating the cell, then it is possible to create an effect similar

to the photorefractive effect. The photorefractive effect is normally observed in

non-linear crystals, where the illumination of the crystal creates charge carriers
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which diffuse out of the bright regions and become trapped in the dark. This

creates an electric field within the crystal which modulates the refractive index

via the electro-optic effect. In a similar way using photoconductive alignment

layers it is possible to create a spatially varying electric field, which if above

the Freedericksz threshold, leads to the liquid crystal director varying spatially.

Due to the birefringence this produces a modulated refractive index. If the illu-

mination is modulated in a periodic way, then a grating will be produced; this

is normally achieved by illuminating the sample with two interfering beams,

to create a sinusoidal modulation of the illumination. If there is a phase dif-

ference between the illumination pattern and the refractive index grating, then

beam coupling will occur. In this process energy may be transferred from one

beam to the other and depending on the grating spacing, energy transfer into

higher orders can be achieved. The strength of this energy transfer is quanti-

fied by a gain coefficient. The worked presented in this thesis has measured the

clearing temperature, birefringence, dielectric anisotropy, Freedericksz thresh-

old and gain coefficients in the Raman-Nath and Bragg regimes in pure liquid

crystals and suspensions of ferroelectric nanoparticles in those liquid crystals.

In addition, impedance spectroscopy has been carried out on pure liquid crystal

cells with different combinations of alignment layers.

The main results and conclusions are presented in the next section for the

measurements that were made in Chapters 3, 4, 5 and 6 of the thesis and then

possible future work to extend the results and investigate new areas will be

proposed.

7.1 Conclusions

Three different liquid crystals were considered; TL205, LC18523 and MLC6815,

and suspensions of BaTiO3 and Sn2P2S6 nanoparticles in these liquid crystals
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were prepared. These nanoparticles were characterised in Chapter 3 using three

different imaging techniques, atomic force microscopy, transmission electron

microscopy and NanosightTM. It was observed that the shape of the particles

was dependent on the milling method. Nanoparticles produced using a plan-

etary ball mill tended to have sharp angular edges, whereas vibration milled

particles were much smoother.

The peak sizes of the particles was determined to be 12 ±3 nm for BaTiO3

A, two peaks of 12 and 18 ±3 nm were measured for BaTiO3 B and 15 ±3 nm

for BaTiO3 C. The nanoparticles of Sn2P2S6 were also measured but a peak size

could not be determined only a broad size distribution between 15-450 nm. The

electro-optic properties for the liquid crystals and their suspensions are shown

in Table 7.1, no suspensions of BaTiO3 A or BaTiO3 B in LC18523 were prepared

due to a shortage of the liquid crystal.

All the suspensions measured in the work presented here, show a de-

creased Freedericksz threshold and increased birefringence and dielectric anisotropy,

with the suspensions of Sn2P2S6 showing the greatest change from all the con-

sidered liquid crystals. The most significant changes were seen in LC18523,

where Sn2P2S6 increased the clearing temperature by 18 %, decreased the Freed-

erickzs threshold by a factor of 2.3, increased the birefringence by a factor of

2.2 and increased the dielectric anisotropy by a factor of 3.5. All the suspen-

sions of LC18523 and MLC6815 showed an increase in the clearing tempera-

ture, however only one suspension of TL205 had an increased clearing temper-

ature, specifically that of the suspension of BaTiO3 B. In this liquid crystal, the

suspension of Sn2P2S6 is not expected to increase the clearing temperaure as

the Curie temperature of Sn2P2S6 is 66 ◦C [2] and the clearing temperature of

84.7 ◦C is signifcantly above this. If the particles remained ferroelectric then

using the theortical work by Lopatina et al [3], the expected increase in clearing

temperature for the suspension of BaTiO3 in TL205 was predicted to be 7 ◦C,
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but was only measured to increase by 1 ◦C. However, to estimate ∆TNI sev-

eral material parameters had to be taken from literature. However, the estimate

for ∆TNI in the other suspensions of BaTiO3 was only a factor of two higher

than the measured value. For example, the expected value for the suspension

of Sn2P2S6 in LC18523 was only 20 % higher than the value measured in this

work. Most importantly, the spontaneous polarisation, P, of the nanoparticles

is estimated from work on films of BaTiO3 with domains comparable to the

size of the nanoparticles used, this is crucial as ∆TNI ∝ P4. Additionally, the

theory assumes that the suspension is monodispersed, but the measurements

in Chapter 3 showed that there is a size distribution of 30 nm, with a double

peak for BaTiO3 B at 12 nm and 18 nm. If surface effects are important for the

strength of the spontaneous polarisation [3], then there will be a distribution of

spontaneous polarisation strengths.

Another theory suggested that the decrease in Freedericksz threshold could

be attributed to the increase in the dielectric anisotropy of the suspension [4].

Both of which were measured and used to test the theory. In most cases the in-

crease in the dielectric anisotropy is not sufficient to explain the decrease in the

Freedericksz threshold; the only exceptions are the suspensions of Sn2P2S6 and

BaTiO3 A in MLC6815 where a larger decrease in the Freedericksz threshold

is expected. The Freedericksz threshold depends only on the elastic constants

and the dielectric anisotropy. As the dielectric anisotropy can not account com-

pletely for the decrease in Freederickss threshold, it suggests that the elastic

constants are also influenced by the ferroelectric nanoparticles. The elastic con-

stants are related to the order parameter squared, measurements of the order

parameter can be used to calculate the changes in the elastic constants and these

changes can be compared to those that would be necessary to explain the ob-

served decrease in Freedericksz threshold. A separate project is currently in-

vestigating the order parameter using Raman spectroscopy.
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In addition to the electro-optic properties, the beam coupling gain coeffi-

cients were measured in the Raman-Nath and Bragg regimes. In both regimes

ferroelectric nanoparticles were shown to increase the measured gain coeffi-

cients. The best results for each suspension in the two different regimes are

shown in Table 7.2. The largest gain coefficient in the Raman-Nath regime was

545 cm−1 in the suspension of Sn2P2S6 in MLC6815. In the Bragg regime mea-

surements were made between 5.4 µm and 0.6 µm, the largest gain coefficient

measured was in the suspension of Sn2P2S6 in LC18523. The work of Daly et

al. [5] shows that if all other parameters in the experiment remain constant,

the gain coefficient would be expected to increase in the suspensions due to the

increase in birefringence and dielectric anisotropy. However, in order to quan-

tify the expected increase and compare it to the observed increases, fitting of

the experimental data is required. One of the most important parameters is the

voltage drop across the liquid crystal layer. Determining its value, however, is

very complex. First, ions in the liquid crystal bulk move under the influence of

the applied field; such ions diffuse to the interfaces and screen out the applied

field. This movement of ions takes place on long time scales, on the order of

hours [6].

The modelling of this system, proposed in the work by Daly et al. [5], re-

quires the system to be in steady state. To achieve a steady state, an AC field

was used and measurements of the gain coefficient at low frequencies, between

1 and 10 Hz, were made. The largest gain coefficients were measured with a

2 Hz and 10 V AC field applied and not a DC field. The maximum gain mea-

sured in a cell filled with the E7 in a DC field were 44 cm−1 at 16 V, whereas

the maximum measured with an AC field was 134 cm−1. A "toy model was"

proposed by Daly et al. [7] and was used to explain the increase with an AC

field. Again the theoretical curves could be used to fit to the experimental data,

however the second arises as the exact response of PVK to illumination is not

known. This was investigated using impedance spectroscopy; it was expected
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that PVK would behave as a simple dielectric, whose resistance would decrease

with illumination. Fitting the impedance spectroscopy with an electrical equiv-

alent circuit would then allow the determination of the voltage drop across the

liquid crystal layer as a function of illumination for any frequency of the applied

field. The best agreement in fitting was achieved representing each layer as an

RC element. At very low illumination levels, below 1 mW, the approximation

works well. However, above 1 mW the agreement between fitting curves and

data deteriorates. Analysing the fitting parameters, it is clear that the fitting

program is trying to fit behaviour, which is not fully modelled by the proposed

circuit. This is shown by fitting to measured data for the cell with two PVK

layers, where as the illumination on the cell increases, the capacitance and re-

sistance of each of the layers behave contrary to each other. The resistance of

one is seen to increase whereas the resistance of the other is seen to decrease.

One would expect both values of resistance to decrease. Equally, the capaci-

tance of one layer was determined to increase, while the other decreased. The

model used to represent the liquid crystal layer, does not include an element to

include the behaviour of the ions in the liquid crystal bulk. Modelling of their

behaviour involves an additional capacitor placed between the liquid crystal

and alignment layers. This procedure did lead to an increase in the quality of

how the fitting curves matched the impedance spectroscopy at high illumina-

tions. However, in the cell with two PVK layers this led to the resistance of

one of these layers going to infinity, implying that the model was still not accu-

rately modelling the actual electrical and optical response of the cell. Despite

the limits of the modelling work, the impedance spectroscopy did show that

there is a large change in impedance at frequencies below 10 Hz. By measuring

a cell with two PI alignment layers, it was shown that there is no effect on the

impedance; with two PVK layers it was shown that there could be a decrease

by an order of magnitude. The only variable being the alignment material, it is

therefore concluded that the measured decrease was due only to the PVK lay-
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ers responding to illumination. This and several other areas will require future

work, which will be explored in the next section.

7.2 Future work

Clearly there are several areas which future work should focus on, one of which

is determining the voltage drop across the liquid crystal layer as a function of

illumination. At present, it is not possible to achieve using the impedance spec-

troscopy alone. However it may be possible to deduce the voltage drop using

data from a measurement of the transmission of light through the cell placed

between crossed polarisers with an applied AC field. This measurement has

already been conducted at 1000 Hz, where all of the voltage is dropped across

the liquid crystal layer and the frequency is large enough that the molecules

can not respond to the oscillations of the field, but only the magnitude of the

field. Repeating this measurement at lower frequencies, and comparing the ap-

plied voltage required to observe the same phase shift in the optical field, can be

used to determine the voltage drop across the liquid crystal layer. Additionally,

by changing the intensity of the probe beam used in the experiment, the effect

of illumination on the voltage drop can be determined. The impedance spec-

troscopy can be used as a guide to which frequencies should be measured, for

example measurements above 1 Hz would not be useful as the vast majority of

the voltage is dropped across the liquid crystal layer. Below this frequency, the

measured impedance spectroscopy shows that significant voltage is dropped

across the alignment layers. For example, Figure 7.1 shows the crossed po-

larised intensity as an AC field applied with an amplitude of 1.5 V and at fre-

quencies at 0.1 Hz on Figure 7.1(a) and at 1 Hz on Figure 7.1(b). As can be

seen in Figure 7.1(b) that at 1 Hz, despite the same voltage applied to the cell,

the reorientation of the liquid crystal is much greater than at 0.1 Hz. Once the

voltage dropped across the liquid crystal as a function of frequency is deter-
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Figure 7.1: [

Cross polarised intensity measurements with a AC field applied to a liquid

crystal cell filled with E7. The AC field had a magnitude of 1.5 V and

frequencies of 0.1 Hz 7.1(a) and 1 Hz 7.1(b) ]
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mined, the effect of light on this voltage will also have to be determined. With

this the system can be modelled and the measured gain coefficients for the pure

liquid crystal can be fitted. Although the model does not include ferroelectric

nanoparticles, it can then be inferred what effect of the nanoparticles liquid

crystal interactions is required for the ferroelectric suspension to result in the

measured gain coefficients. For example, can the increase in the birefringence

of the suspensions alone be enough to explain the increased gain coefficients.

Further investigation is planned on the properties of the ferroelectric sus-

pension; but this is beyond the scope of this work. Such as, more fundamen-

tal investiagation using Raman spectroscopy to investigate the interactions be-

tween the liquid crystals, the ferroelectric nanoparticles and the Oleic acid. The

Raman spectroscopy can also be used to measure the order parameter in pure

liquid crystals and the different suspensions [8, 9]. If the order parameter is in-

creased due to the ferroelectric nanoparticles then changes to the clearing tem-

perature, elastic constants and dielectric anisotropy would be expected, with

the elastic constant proportional to S2 and the dielectric anisotropy propor-

tional to S. In Chapter 5 the dielectric anisotropy and the Freedericksz threshold

were measured and used to test the theories derived to describe the effect of the

ferroelectric nanoparticles on the Freedericksz threshold and clearing tempera-

ture [3, 4]. According to these theories the increase in the dielectric anisotropy

would account for the decrease in the Freedericksz threshold. However, the

theory assumes that the elastic constant remains unchanged in the suspension.

If this is not the case then a change in the elastic constant could explain the dis-

crepancy between the measured threshold and the expected decrease and could

also account for the discrepancy in the expected shifts in TNI .

Also of interest is the effect of the ferroelectric nanoparticles on the non-

linear coefficient n2 of the liquid crystals. When high intensity light propagates

through a material nonlinear effects could be induced. For example the Kerr
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effect, which manifests itself as an increase in the refractive index of a material

due to light, ∆n = n2 I, where I is the light intensity. This can be measured using

a Z-scan method [10], which exploits the resulting self focusing from the Kerr

effect. Significant increases in n2 would increase the birefringence of the liquid

crystal suspension and contribute to the increased gain coefficients measured.

Gain coefficients using a DC field were extensively measured in Chapter

6; measurements were made in the Raman-Nath and Bragg regime for pure

liquid crystals and suspensions of ferroelectric nanoparticles. Measurements in

the Raman-Nath regime were made with an AC field applied to a cell filled with

E7. Such measurements will be extended to include ferroelectric suspensions,

which were shown to increase the measured gain coefficients with a DC field.

Measurements in the Bragg regime will also be conducted.

As well as measuring properties of the suspensions, it is clearly important

to understand the basic properties of the ferroelectric nanoparticles themselves.

The work presented here measured the size and shape of the particles from dif-

ferent milling processes. The current theories [3, 4, 11] suggest the most impor-

tant other property to the measured size, is the spontaneous polarisation; this

can be measured in thin films using a Scanning Force Microscopy (SFM). This is

a specific mode of operation for an AFM, which measures the piezoelectric re-

sponse of the sample to determine the spontaneous polarisation. The difficulty

carrying out such measurements with nanoparticles is locating them and then

bringing a tip into contact with the particles without moving the nanoparticle.

The examples of future and planned work outlined here are just a few possible

routes for further investigation.

The field of nanoparticles in liquid crystals is exciting and expanding,

with the possibility of including gold, ferronematic, quantum dots and multi-

ferroic nanoparticles in a liquid crystal host. There is potentially a high pay-off

for future technologies.
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