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Abstract

Detailed theoretical analysis and experimental investigation of the photorefractive
(PR) effect in liquid crystals (LC) are presented. The photorefractive nonlinearity arises
from the formation of spatially modulated space charge field. Two main mechanisms
contribute space charge field in liquid crystals. One comes from the formation and the
subsequent dissociation of charge transfer complexes between the liquid crystal and the
dopant, which produces mobile charge carriers. The generation and redistribution of
charge carriers, induced by external dc voltage and inhomogeneous illumination, form
the space charge field. Second source comes from the so-called Carr-Helfrich effect, which
states that transverse space charge field can be induced by liquid crystal dielectric and
conductivity anisotropy under external applied field. Assisted by the space charge field,
large optical nonlinearity can be obtained in liquid crystals.
Liquid crystal molecular reorientation occurs under the combined action of internal space charge field and external dc field. The subsequent birefringent grating
accounts for photorefractive diffraction and beam coupling. Its orientational feature is
investigated and evidenced by facts, such as, polarization anisotropy observed in probe
diffraction, external threshold behavior, asymmetric two beam coupling, and geometrical
dependence of diffraction efficiency.
In parallel with the effort to understand basic mechanisms governing photorefractive effect in liquid crystals, we’ve also attempted to enhance PR performance, mainly
by chemical doping. The doping effect, both organic (C60 , single walled nanotubes
(SWNT)), and inorganic doping (e.g, CdSe nanorodes), is studied. Substantial improvement of photorefractive response can be observed in our doping samples, in terms of larger
diffraction efficiency and higher beam coupling gain. Although the underline mechanism
is still intricate in molecular level, we believe the enhanced photo-charge generation and
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transport, and/or the enlarged conductivity anisotropy, may be the possible explanations
for the better PR performance in doped LC system.
While there is compelling evidence that liquid crystal reorientation under space
charge field is responsible for photorefractive grating formation, much less understood,
however, are the mechanisms involved in the formation of space charge fields that drive
the orientation. The photorefractive effect in undoped LC samples is revisited, with
our focus on the study of space charge field origin. Theoretical models were derived to
identify the photorefractive threshold voltage. The PR threshold voltage can be substantially lowered with the increase of incident light intensity, which is mainly due to
inhomogeneous interface ions distribution induced surface torque. The thickness dependence of threshold voltage lowing effect was also measured, which allows us to estimate
the modulation depth of surface charge. Our result shows both bulk and surface optically
induced charges and field modulation are responsible for the build up of space charge
field.
Based on our work. several potential further researches are proposed, which are
all related to photorefractive effect, yet fall into three categories . First is to further study
doping effect: increase SWNT doping concentration using functionalized nanotubes and
try other novel doping materials such as nanometals. Second is to continue the investigation of surface effect in doped LC samples. We anticipate more interesting surface
effect exists in doping system. The last one is to study PR effect in new LC composites,
such as PSLC (polymer stablilized liquid crystal) and PDLC (polymer dispersed liquid
crystal).

v

Table of Contents

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

viii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ix

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xx

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xxii

Chapter 1. Liquid Crystal Materials: A Brief Introduction . . . . . . . . . . . .

1

1.1

Classification and Structure . . . . . . . . . . . . . . . . . . . . . . .

1

1.2

Degree of Orientational Order . . . . . . . . . . . . . . . . . . . . . .

5

1.3

Liquid Crystal Anisotropy . . . . . . . . . . . . . . . . . . . . . . . .

7

1.4

Electrohydrodynamic Effect in Nematic Liquid Crystals . . . . . . .

17

1.5

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

21

Chapter 2. Nonlinear Optical Response of Liquid Crystal: A Historical Review .

23

2.1

Basic Equations and Principles in NLO Materials . . . . . . . . . . .

23

2.2

NLO Response of LC in Isotropic State

. . . . . . . . . . . . . . . .

25

2.3

NLO Response of LC in Nematic Phase . . . . . . . . . . . . . . . .

28

2.4

NLO Response of Dye-doped NLC . . . . . . . . . . . . . . . . . . .

32

2.5

Orientational Photorefractive Effect in LC . . . . . . . . . . . . . . .

37

2.6

Surface Mediated Reorientation in LC . . . . . . . . . . . . . . . . .

41

2.7

Ultimate Limit of Optical Nonlinearity of NLCs . . . . . . . . . . . .

44

Chapter 3. Orientational Photorefractive Effect in Nematic Liquid Crystals: A

3.1

Theoretical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . .

47

General Aspects of Photorefractive Effect . . . . . . . . . . . . . . .

47

vi
3.2

Orientational Photorefractive Effect in NLC . . . . . . . . . . . . . .

51

3.3

Photoinduced Charge Generation and Conductivity in a Nematic . .

53

3.4

Space Charge Fields Formation in Nematics . . . . . . . . . . . . . .

57

3.5

Director Axis Reorientation Torques Balance . . . . . . . . . . . . .

61

3.6

One Constant and Small Angle Approximations for Director Axis

3.7

Reorientation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

64

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

67

Chapter 4. Orientational Features of Photorefractive Effect in Nematic Liquid Crystals: An Experimental Investigation . . . . . . . . . . . . . . . . . .

68

4.1

Experimental Techniques . . . . . . . . . . . . . . . . . . . . . . . . .

69

4.2

Polarization Anisotropy in Probe Diffraction . . . . . . . . . . . . . .

72

4.3

External Threshold Voltage Behavior . . . . . . . . . . . . . . . . . .

76

4.4

Asymmetric Two Beam Coupling . . . . . . . . . . . . . . . . . . . .

79

4.5

Geometrical Dependence of Diffraction Efficiency . . . . . . . . . . .

85

4.6

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

88

Chapter 5. Photorefractive Effect in Doped Liquid Crystals: An Improved Photorefractivity Performance . . . . . . . . . . . . . . . . . . . . . . . .

90

5.1

Charge Generation and Transport in Liquid Crystals . . . . . . . . .

91

5.2

Enhanced Photorefractive Response of Fullerene Doped NLCs . . . .

95

5.3

Supra Photorefractive Response of SWNT Doped NLCs . . . . . . .

99

5.4

Photorefractive Effect in Hybrid Organic-inorganic Composites . . .

108

5.5

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

111

Chapter 6. Light Induced Photorefractive Effect Threshold Voltage Lowering: Pho-

6.1

torefractivity in Liquid Crystal Revisited . . . . . . . . . . . . . . . .

112

The Role of Surface Charge in Liquid Crystal PR Effect . . . . . . .

113

vii
6.2

Photorefractive Effect Threshold Voltage (bulk effects only) . . . . .

116

6.3

Experimental Results and Analysis . . . . . . . . . . . . . . . . . . .

120

6.4

Surface Contribution to Photorefractive Effect . . . . . . . . . . . . .

128

6.5

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

133

Chapter 7. Future Research Plan . . . . . . . . . . . . . . . . . . . . . . . . . . .

134

7.1

Increase Photorefractive Nonlinearity via Increasing SWNT Doping
Concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7.2

134

Surface Effect in Fullerene, SWNT, Methyl-red, and Other Doped LC
samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

136

7.3

Photorefractive Effect in Nanometals Doped Liquid Crystals . . . . .

137

7.4

Photorefractive Effect in Polymer Stabilized Liquid Crystals . . . . .

138

7.5

Photorefractive Effect in Polymer Dispersed Liquid Crystals . . . . .

140

Appendix A. Freedericksz Transition Field: Theory . . . . . . . . . . . . . . . .

143

Appendix B. Coupled-wave Equations in Photorefractive Materials . . . . . . .

146

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

150

viii

List of Tables

2.1

Value of η and η/α for the different dyes . . . . . . . . . . . . . . . . . .

34

2.2

Photorefractive nonlinear coefficient n2 of pure and doped liquid crystals

39

2.3

Asymmetric two beam coupling in photorefractive liquid crystals. The
I (out)

gain factor is defined as γ0 = I1 (in) , where I1 (in) (I1 (out)) is the
1
intensity of the probe beam in the absence (presence) of the pump beam.
d is the sample thickness, E is the applied electric field, I is the input
I

light intensity, β = I1 is defined as intensity ratio between input two
2
beams, and τ is the response time. . . . . . . . . . . . . . . . . . . . . .

40

2.4

Liquid crystal nonlinear optics study development . . . . . . . . . . . .

44

4.1

Comparison of photorefractive threshold dc field in photorefractive polymers and liquid crystals . . . . . . . . . . . . . . . . . . . . . . . . . . .

6.1

Diffraction efficiency, grating formation time, and gain coefficient of liquid crystal samples placed between photoconducting polymer layers . .

7.1

78

113

Comparison of photorefractive response between pure and Au nanowire
doped LC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

138

ix

List of Figures

1.1

Chemical structure and cartoon representation of sodium dodecylsulfate
(soap) forming micelles . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1.2

Chemical structure and cartoon representation of a phospholipid (lecitine),
present in cell membrane, in a bilayer lyotropic liquid crystal arrangement

1.3

2

2

Illustration of a calamitic liquid crystal in the isotropic, nematic, and
chiral phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3

1.4

Molecular arrangements of liquid crystals in smectic phase . . . . . . . .

4

1.5
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Preface

The humble beginning of photorefractivity as a damage1 mechanism [1] in electrooptic crystals was soon recognized by scientists as a potentially useful tools for applications such as digital data storage [2], image processing [3], optical pattern recognition [4],
holographic interferometry [5, 6], wavelength demultiplexing [7], medical imaging [8, 9],
and other areas, which soon lead to an intensive research effort. Until 1990, the photorefractive effect had been exclusively observed in inorganic crystals [6, 10, 11], and later,
in semiconductor heterostructures [12]. Extensive experimental efforts led to detailed
insights into the charge transport processes in crystals and provided the basis for comprehensive theoretical modelling [6]. Recently, the methods, materials, and models on
photorefractive studies were reviewed in depth by Buse [13, 14]. In spite of this remarkable progress, there are still no commercial devices available. This is partly due to high
production cost and reproducibility difficulties associated with crystal growth on one
hand; and low angular selectivity, resolution, and diffraction efficiency for semiconductor heterostructure [15] on the other.
With increasing demanding photosensitivity and compositional flexibility requirement, the 1990s saw an explosion in new and easily processed photorefractive organic
materials that include polymer [4, 16, 17], oganic crystals [18], glasses [19], and liquid
crystals [20, 21].
Organic photorefractive materials were first reported in 1990, when a pioneer
work by Gunter on doped organic crystal was published [22]. However, dopants are
often expelled during crystal growth process, thus specimens of high optical quality are
difficult to produce and at least as costly as their inorganic counterparts.
1 The authors wrote in their introduction: ”The effect, although interesting in its own right,

is highly detrimental to the optics of nonlinear devices based on these crystals.”
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In the pursuit of improved photorefractive materials, seminal research by a group
at IBM led by Moerner discovered the photorefractive polymers in 1991 [16]. Photorefractive polymers are generally composite materials containing additives that induce the
photorefractive effect [17, 23, 24]. The notable advantages for photorefractive polymers
include comparatively cheap production cost, composition flexibility, high photorefractive figure-of-merit. Interestingly, the orientational enhancement effect, caused by the
permitted reorientation of nonlinear optical chromophores within viscous polymer, produces an additional birefringent contribution to the electro-optic effect, and was shown
to be respnsible for the majority of the photorefractive gains [4].
Given the strength of the orientational enhancement effect in polymer [4, 23], the
potentials for photorefractive liquid crystals become clear. Photorefractive effect in liquid
crystals was soon observed in 1994 almost simultaneously by Khoo [20] and Rudenko [21].
In many cases, liquid crystals are ideal for observing the orientational photorefractive
effect because they are specifically designed to have a strong orientational response,
and no nonlinear optical chromophore is needed because the liquid crystal itself is the
birefringent component. Thus 100% of medium contribute to birefringence rather than
the percentage that is a nonlinear optical chromophore. Further more, the easy susceptibility of LC enables the molecules to be orientated by a space-charge field that is
orders of magnitude less than that of polymers. An applied field of only ∼ 0.1V /µm
is required to trigger photorefractive effect in liquid crystals, whereas ∼ 50 − 100V /µm
is typical for polymer. Since 1994, much improvement was achieved in photorefractive
performance in liquid crystals. One of the strategies that led to an improved photorefractive performance of liquid crystals was doping with donor and acceptor molecules
to increase photogeneration efficiency [25]. Reported doping materials include, among
others, rhodamine 6G [21], fullerenses [26], carbon nanotubes [27, 28], perylene [25], NI
[N, N’-di(n-octyl)-1,4,5,8-naphthalenediimide] [29], and inorganic composites [30]. To
increase the trap density and enhance charge carrier mobility, liquid crystal stabilized
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with low concentration of polymer was also proposed [31]. Moreover, it was found that
photorefractivity in liquid crystals can be promoted by surface activation, e.g., by using
a photoconductive substrate such as a PR crystal [32] or thin layer of photoconductive
polymers [33]. Recently, the PR effect was also observed in chiral smectic LC phase [34],
and ferroelectric SmC∗ phase [35], which launched extensive studies directed toward understanding the mechanisms and improving the materials. At present, photorefractive
liquid crystals are likely to be most useful in dynamic holography applications because
of their high nonlinearity and improving response times. Photorefractive liquid crystals
have been proposed for a wide range of applications, including pattern recognition [25],
sensor protection [36], coherent image amplification [37], and associative memories [38].
New composites designed to simultaneously optimize the electro-optic response and space
charge field generation should continue to rapidly improve this young class of optical materials.
Chapter 1 gives a brief introduction of liquid crystal, a beautiful material exhibiting anisotropic physical properties as to those of crystalline solids, while still maintaining
rheological behavior similar to those of liquids. In Chapter 2, a historical review will be
given on nonlinear optical response of liquid crystals. Among various nonlinear optical
response of liquid crystal, photorefractivity is regarded as the recent discovered space
charge field assisted nonlinearity. The main part of Chapter 3 is to give a theoretical
analysis of orientational photorefractive effect in liquid crystal. Chapter 4 is the experimental counterpart of the previous chapter, where orientational properties and basic
features of liquid crystal photorefractivity are presented. Organic and inorganic doping
enhanced effect is investigated. The results are summarized in Chapter 5, which provides
the background to further optimize photorefractive response in liquid crystal. Chapter
6 focuses on the basic mechanisms for space charge field buildup, where both bulk and

xxv
surface contributions are investigated by observing photorefractive threshold voltage behavior. In Chapter 7, the future research plan is proposed based on our results and other
researchers’ enlightening work.
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Chapter 1

Liquid Crystal Materials: A Brief Introduction

A transition, which occurred in several distinct steps from the ordered crystalline
phase to the disordered liquid phase, was first noted in a cholesterol related substance
by the botanist F. Reinitzer in 1888 [39]. Soon after the physicist O. Lehmann showed
that these steps were thermodynamically distinct phases [40]. He named them liquid
crystals. Experimental investigations by Lehmann [40] and the mineralogist G. Friedel
[41], together with the theory of liquid crystals presented by the physicist C.-W. Oseen
[42], formed the scientific bases of this new field of research. It was not until in the
1950s that further progress was made in understanding liquid crystals (by F.C. Frank
and others) [43]. Since mid 1960 the entire theoretical and experimental development
has been influenced by Pierre-Gilles de Gennes [44].

1.1

Classification and Structure
In accordance with the physical parameters controlling the existence of the liquid

crystalline phases, one can classify liquid crystals into two main sub-groups, namely,
lyotropic and thermotropic, whose major distinctions can be stated as follows: mesophase
formation of thermotropic LCs is temperature dependent, while for lyotropic LCs, the
mesophase formation is more concentration and solvent dependent.
Lyotropic LCs are two-component systems where an amphiphile is dissolved in
a solvent. Thus, lyotropic mesophases are concentration and solvent dependent. The
amphiphilic components are characterized by two distinct moieties, a hydrophilic polar
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”head” and a hydrophobic ”tail”. Examples of these kinds of molecules are soaps (Figure (1.1)) and various phospholipids like those present in cell membranes (Figure (1.2)).
Lyotropic LCs are of great interest in biological research naturally appearing in living

Fig. 1.1. Chemical structure and cartoon representation of
sodium dodecylsulfate (soap) forming micelles

Fig. 1.2. Chemical structure and cartoon representation
of a phospholipid (lecitine), present in cell membrane, in a
bilayer lyotropic liquid crystal arrangement
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systems.
Thermotropic liquid crystals are widely used and extensively studied for both
scientific research and engineering applications such as information displays and photonic
devices. At present it is usual to divide thermotropic liquid crystals into three groups
— nematic, cholesteric, and smectic. Figure (1.3) gives a schematic representation of
the packing of the molecules, depicted as rigid rods, for LCs in isotropic, nematic, and
chiral phases. As shown in Figure (1.3b), the molecules in nematic phase are although

Fig. 1.3. Illustration of a calamitic liquid crystal in the
isotropic, nematic, and chiral phases

positionally random, very much like isotropic liquid, yet directionally correlated. The
cholesteric (or chiral) mesophase can be considered as a modified form of the nematic,
insofar as they have similar molecular packing over intervals of the order of tens and
hundreds of molecular dimensions, except that molecules in chiral phase tend to align in
a helical manner as depicted in Figure (1.3c). There is a tendency to classify all liquid
crystals which are not nematic or cholesteric as smectic phases, and in particular those
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with structures possessing certain positional order. Several subphases of smectics have
been discovered in accordance with the arrangement or ordering of the molecules and
their structural symmetry properties. Figure (1.4) depicts some subclasses in smectic
phase. As shown in Figure (1.4), each smectic subclass has its own distinct molecular

Fig. 1.4. Molecular arrangements of liquid crystals in smectic phase

arrangement and correlation in neighboring layers. To date, more structures, such as,
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K [45], G [46], H [47] phases has been established in the study of smectic liquid crystals
by X-ray, physico-chemical, and optical microscopic methods.
The focus of this thesis is nematic liquid crystals, which best exemplify the dual
nature of liquid crystal—crystal like anisotropy and fluidity.

1.2

Degree of Orientational Order
Although there are a rich variety of liquid crystal phases, yet their physics prop-

erties can be simply described in terms of the so-called order parameter. Usually, the
direction of preferred orientation of the molecules is characterized by a unit vector n̂,
which satisfies the physically reasonable condition n̂ ≡ −n̂. The director determines only
the direction of the preferred orientation of the molecules and indicates nothing about

Fig. 1.5. Coordinate system defining the order parameter
of a nematic liquid crystal molecule. î, ĵ, and k̂ are the
molecular axes, whereas n̂ is the laboratory axis that denotes
the average direction of liquid crystal alignment.
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the degree of orientational order in the mesophase. The order parameter, introduced by
Tsvetkov [48], provides just such a measure of the long-range directoral correlation:

S =
=

´³
´
E
1 D³
k̂ · n̂ k̂ · n̂ − 1
2
E
1D
3 cos 2 θ − 1
2

(1.1)

where k̂ is the long axis direction of the molecular, θ is the angle between the axis of
an individual molecule and the director of the liquid crystal, as depicted in Figure (1.5).
The average is taken over the complete ensemble [44]. The characteristic dependence

Fig. 1.6. Dependence of the parameters of orientational
order (S) on temperature. Continuous lines represent the
first-order phase transition SA ↔ N; borken lines represent
the second-order transition

of S on temperature in a hypothetical material which has a smectic (e.g. A), nematic
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and isotropic phase is illustrated in Figure (1.6). Depending on the order of the phase
transition (first or second), the value of S passes from SA to the N phase either abruptly
³D
E
´
2
or continuously. Perfect molecular alignment
cos θ = 0 results in S = 1. A truly
³D
E
´
isotropic arrangement
cos2 θ = 31 results in S = 0. Typically, the maximum value
of S in a bulk nematic liquid crystal is 0.6-0.7; in a smectic liquid crystal S can be 0.9
and it changes little with temperature.
For a fuller statistical description of the molecular distribution, a further factor,
D
E
the dispersion, D, is introduced, which involves the function cos4 θ , and additional

®
parameters which are defined in terms of higher even orders of cosn θ .

1.3

Liquid Crystal Anisotropy
As a result of the orientational ordering, liquid crystal exhibits anisotropy in

many of their properties (e.g. dielectric, magnetic, optical, viscosity, and elastic). It is
the existence of these anisotropies and their resulting interactions with the surrounding
environment that give rise to a variety of phenomena not observed in the isotropic state,
and it makes liquid crystals so interesting to study and apply.
Due to the liquid crystal molecular shape anisotropy and orientational ordering,
its permittivity has one value when the electric field is applied parallel to the nematic
director (εk ) and a different value when applied perpendicularly (ε⊥ ). (Uniaxial liquid
crystals are considered to have one value of ε⊥ only.) The anisotropy of the dielectric
permittivity ∆ε is given by
∆ε = εk − ε⊥

(1.2)

The anisotropic dielectric behavior of liquid crystals in general can be considered at
various levels of sophistication. The approach of Maier and Meier [49] based on Onsager
theory [50] has cast an insight into the relevant physical process on molecular level. An
analytical expression for the dielectric anisotropy has been obtained by combining the
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permanent and induced dipole moments,
N hF
∆ε =
ε0

Ã
αl − αt − F

Ã

µ2
2k B T

!

!
³
´
2
1 − e cos β
S

(1.3)

where F and h are constants for proportionality called the reaction field factor and cavity
factor, µ is the permanent dipole moment, and αl and αt are components of polarizability
tensor α. The subscripts l and t stand for contributions longitudinal and perpendicular
to the molecular axis. β is defined as the angle between µ and the direction of αl . S
is the orientational order parameter. In Figure (1.7), dielectric anisotropy properties of

Fig. 1.7.
Temperature dependence dielectric
³ permittivi´
1
ties εk , ε⊥ , ∆ε = εk − ε⊥ , and hεi = 3 εk + 2ε⊥ for
5CB. ∆ε decreases rapidly as the clearing point (35o C) is
neared, where the liquid crystal phase transforms into a normal isotropic liquid. (after Jeu [50])
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5CB are given as a function of temperature. It is obvious from Equation (1.3) that both
S and T enter the expression, leading to a direct proportionality of ∆ε with the order
parameter S, as shown in Figure (1.7).
Liquid crystals are diamagnetic like most organic materials. The anisotropy in
the diamagnetic susceptibility of a mesophase is more easily understood than in its
dielectric properties. The difficulties created by the local field do not arise here, nor do
any complications related to the role of orientation effects. Simple multiplication of the
corresponding components of the susceptibility of individual molecules γ k and γ ⊥ for
the number of molecules per unit volume yields the longitudinal χk and transverse χ⊥
of an ideally ordered (i.e. of a solid, S = 1) uniaxial crystal,
χk solid =
χ⊥ solid =

ρ
N γ
M A k
ρ
N γ
M A ⊥

(1.4)

For a liquid crystal allowance has to be made for the degree of order, which is done by
averaging magnetic susceptibility projection along certain directions (e.g. longitudinal
or transverse molecular axes). As a result,

χk =
χ⊥ =

µD E
¶
ρ
2
N
γ k + S∆γ
M A
3
µ
¶
ρ
1
N
hγ ⊥ i − S∆γ
M A
3

(1.5)

where S is the orientational order parameter and ∆γ = γ k − γ ⊥ is molecular magnetic
susceptibility anisotropy. The diamagnetic or susceptibility anisotropy ∆χ is defined as,
³
´
ρ
∆χ = χk − χ⊥ = S χk solid − χ⊥ solid =
N S∆γ
M A

(1.6)
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Examples of the temperature dependence of ∆χ for 5CB with different aliphatic chains
are given in Figure (1.8). The temperature dependency of the diamagnetic anisotropy

!

!" #

!

!" #

!

!" #

Fig. 1.8.
Magnetic anisotropy of 5CB with different
aliphatic chains (after Bahadur et al [51])

for nematic liquid crystals behave in a similar manner to that observed for the dielectric
anisotropy ∆², namely that ∆χ is directly proportional to the order parameter S. (See
Figure (1.7) and (1.8))
The existence of the liquid crystal optical anisotropy is related in much the same
way to the dielectric anisotropic permittivity ∆ε. However, the magnitude of ∆n is
determined by the polarizability of the molecule at optical frequencies. Upon uniform
alignment of the director, for a uniaxial liquid crystal two refractive indices can be
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observed: no , corresponding to the ”ordinary” ray with electric vector oscillating perpendicular to the optical axis of LC molecule and ne of the ”extradinary” ray oscillating
parallel to this axis. The birefringence or optical anisotropy is given by,

∆n = ne − no = nk − n⊥

(1.7)

The relation between director orientation and polarizability is visualized in Figure (1.9).

Fig. 1.9. Schematic representation of polarizability ellipsoid for positive uniaxial liquid crystals. The optic axis is
given by the director. The s direction denotes the light propagation direction

The refractive index of ne (θ) of extraordinary ray, polarized with an arbitrary angle θ,
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is equal to OA, which according to Figure (1.9) is given by
1
n2e (θ)

=

cos2 θ
n2o

+

sin2 θ
n2e

(1.8)

Optical anisotropy ∆n is wavelength and temperature dependent. The temperature

Fig. 1.10. Temperature and wavelength dependent refractive indices no and ne for 5CB (after Khoo [52])

dependence of ∆n can be described as follows [50]:
1

∆n ∼ ρ 2 S

(1.9)
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Fig. 1.11. Plot of dnk /dT and dn⊥ /dT for 5CB as a func-

dn increase by an ortion of temperature. Note that both dT
der of magnitude near transition temperature TN . For a
dn of a high thermal index gracomparison, the value of dT

dient liquid like cyclohexane is about 4 × 10−4 K −1 . (after
Khoo [53])

This expression indicates a linear relation of ∆n with S and a square-root dependence on
the density ρ. Figure (1.10) shows the temperature dependence behavior of the refractive
indices for 5CB probed by several wavelengths. The diagram is reminiscent of the one
describing the dielectric anisotropy vs. temperature. A determination of the refractive
indices at different wavelengths makes possible a valid fit of the dispersion for the visible
spectrum by applying the so-called Cauchy equation:
αo, e
no, e = n∞
+ 2
o, e
λ

(1.10)
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where n∞ is the refractive index extrapolate to infinity wavelength and α a material
specific coefficient. Employing the fit, it is possible to calculate the respective refractive
indices no and ne and consequently the optical anisotropy ∆n. One of the most striking
features of the temperature dependence of the refractive indices of nematic liquid crystals
³
´
is that the thermal index gradients dnk /dT and dn⊥ /dT become extrodinary large
near the phase transition temperature, as indicated in Figure (1.10). A more detailed
measurement of dnk /dT and dn⊥ /dT for 5CB as a function of temperature is shown
dn increase by an order of magnitude near transition
in Figure (1.11). Note that both dT

temperature TN .
The viscous property of liquid crystal also shows anisotropy, which has pronounced
effects on the dynamical behavior of the system. For liquid crystals, five anisotropic viscosity coefficients may result, depending on the relative director orientation with respect
to the material flow geometry. The three shear viscosity coefficients (η1 , η2 , and η3 )
are referred to as the Miesowicz viscosities (also known as translational viscosities) (See
Figure (1.12)). Additional viscosity coefficients are the rotational viscosities (γ1 and γ2 )
where director axis reorientations take place. One coefficient (γ1 ) describes the director
reorientation in a stationary liquid; the other (γ2 ) describes its coupling to the fluid
motion. The viscosities of isotropic Newtonian fluids usually follow a simple ArrhrniusE . For nematic liquid crystals the situation is
type relation of the form η = η0 exp kT

more complicated since the order parameter S has to be taken into account. It has been
proposed that the rotational (and also translational) viscosity exhibits a dependence like
µ
¶
E
γ1 = S · A exp
kT
δ

(1.11)

where S is taken from Equation (1.1). However, there is considerable dispute where δ is
of the order 1, or 2, or even have another value [51].
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Fig. 1.12. Liquid crystals are characterized by anisotropic
viscosities. The three Miesowicz viscosities η1 , η2 , and η3
are illustrated in (a)-(c), respectively; with η1 : the director is perpendicular to the flow pattern and parallel to the
velocity gradient; η2 : the director is parallel to the flow pattern and perpendicular to the velocity gradient; and η3 : the
director is perpendicular to the flow pattern and perpendicular to the velocity gradient. Their magnitude depends on
the relative orientation of the flow pattern to the director
reorientation

Finally, liquid crystal anisotropy also demonstrates itself in elastic properties. As
shown by Frank [43] and Ericksen [54], an arbitrary deformation state can be envisaged
as the combination of three basic operations: splay, twist and bend, denoted as K1 ,
K2 , and K3 following the notation of the Oseen-Frank theory [43]. Frank’s equation for
elastic energy can be written in vector notation for an arbitrary deformation,

F =

i
1h
K1 (5 · ~n)2 + K2 (~n · 5 × ~n)2 + K3 (~n × 5 × ~n)2
2

(1.12)
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Equation (1.12) forms the basis for examing almost all electro-optical and magnetooptical phenomena in nematic liquid crystals. The three terms in Equation (1.12) describe the S (splay), T (twist) and B (bend) deformation respectively. The three types
of deformation are illustrated in Figure (1.13). The typical order of magnitude for K’s

Fig. 1.13.
An ordered liquid crystal is given in (a) its
equilibrium configuration; (b) S deformation (splay); (c) T
deformation (twist); and (d) B deformation (bend).

is about 10−6 dynes. The bending constant K3 is usually much larger than the others,
while the twist constant K2 is small (this difference can be understood qualitatively
by looking at models with hard rods). However, in many cases the full form of Equation (1.12) is still too complex to be of practical use—either becuase the relative values
of the three elastic constants Ki are unknown, or because the equilibrium equations
derived from Equation (1.12) are prohibitivey difficult to solve. In such cases, a further
approximation (so called one-constant approximation) is often useful, by assuming all
three elastic constants equal K1 = K2 = K3 = K. The free energy takes the form,
i
1 h
F = K (5 · ~n)2 + (5 × ~n)2
2

(1.13)
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A rigorous expression for the energy of molecular interactionin nematic liquid crystal
(from Maier-Saupe theory) was used by Saupe [55] and Gruler [56], which proves the
elastic constant to be proportional to the square of the orientational order parameter S
and inversely proportional to the molar volume raised to the power 7/3,
−7/3 2
Ki = Ci Vm
S ∝ S2

(1.14)

where the coefficient Ci is the reduced elastic constant, independent of temperature.
From Equation (1.14), we note that the Ki values decrease rather strongly when T
increases (they behave like square of the order parameter), but their ratio is nearly
independent of temperature.
Besides the aforementioned physical properties, there are other parameters also
showing anisotropy (e.g. absorption, electrical conductivity, et al). Anisotropic properties of liquid crystal arise from the elongate molecular shape and orientational ordering,
and reflect crystalline face of its dual nature.

1.4

Electrohydrodynamic Effect in Nematic Liquid Crystals
While exhibiting various anisotropic and crystalline properties, because of its

semi-liquid nature liquid crystal also possesses rheological behavior, in which the electrical conductivity plays a crucial role. The flow of ion currents through liquid crystal
is accompanied by a mass transfer of the material, which results in an orientation of the
director due to the torque created by friction. The torque operates in addition to the
flexo-electric and dielectric torques, and makes the phenomena a complicated electrohydrodynamic process [57].
As shown in Figure (1.14), assume a sinusoidal spacial director distortion distribution (In fact, any spatial distortion of the director can be resolved in to Fourier
components). The medium is assumed to be infinity along the z direction, and no vari-

18

Fig. 1.14. Electro-hydrodynamic effect in liquid crystals:
(a) original uniform orientation pattern and the coordinate
system x,y,z. The circles serve to define the angles θ and φ
by which the preferred axis may deviate from the x direction
in a distorted pattern; (b) initial transverse currents and the
space charge produced. The orientational pattern is shown
by orientational lines which are everywhere tangential to the
preferred axis

ation occurs along the y axis (φ = 0), e.g. the director distribution is considered in x-z
plane; and distortion angle θ, the charge δq, and the velocity vz of the liquid crystal
only vary in the x direction (Helfrich’s model [58]). Since in the region 0 < x < xa the
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director is orientated at angle θ(x) to the field, conductivity anisotropy will induce a
space charge δq(x) accumulating at the boundaries of the region x = 0 and x = xa . This
charge generates a transverse field Ex with such amount that it prevents further flow of
the current along the x axis. To calculate the value of Ex , we can resolve the field Ez
and Ex into projections which are parallel and perpendicular to the director (Ek and
E⊥ ). The external Ez generates the corresponding current components:
Ik = σk Ek = −σk Ez sin θ
I⊥ = σ⊥ E⊥ = σ⊥ Ez cos θ

(1.15)

and the currents along the x axis due to the field Ez is
IxEz = −σk Ez sin θ cos θ + σ⊥ Ez cos θ sin θ

(1.16)

Similarly, we calculate the current along the x axis to the field Ex to be,
IxEx = σk Ex cos2 θ + σ⊥ Ex sin2 θ

(1.17)

Since at steady state Ix = IxEz + IxEx = 0, by equating Equation (1.16) and (1.17)
we derive Ex, σ (The subscript σ indicates that the filed is caused by the electrical
conductivity),

³
Ex, σ = −

´
σk − σ⊥ cos θ sin θ

σk cos2 θ + σ⊥ sin2 θ

Ez

(1.18)

Considering the dielectric anisotropy ∆ε, the contribution of the displacement currents
has to be added to the Equation (1.18) for the transverse field (the derivation is similar),

Ex, ε = −

³
´
εk − ε⊥ cos θ sin θ
εk cos2 θ + ε⊥ sin2 θ

Ez

(1.19)
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So that the total transverse field is Ex = Ex, σ + Ex, ε .
The space charge density σq on the z-y plane with x = 0 and x = xa can be
calculated from the well-known Poisson equation ε̂E = 4πσq . As a result,
³
σq = ±

εEx
=±
4π

´
εk cos2 θ + ε⊥ sin2 θ Ex
4π

(1.20)

where the signs + and − refer to the two planes x = 0 and x = xa , respectively. The
existence of space charge and external Ez field results a ’tangential’ force Tz (x), which
relates the shear stress to the gradient of the velocity of the liquid,

Tz (x) = ηeff

dvz (x)
dx

(1.21)

where ηeff = η1 cos2 θ + η12 cos2 θ sin2 θ + η2 sin2 θ. Therefore the shear rate is,
S=−

σq Ez
dvz (x)
εEx Ez
=−
=
dx
ηeff
4πηeff

(1.22)

The resulting torque affecting the director and oriented along the y axis is proportional
to the shear rate S, and also depends on the initial angle θ between the director and
flow,
³
´
K1 cos2 θ + K2 sin2 θ S
³
´
Ez2 K1 cos2 θ + K2 sin2 θ cos θ sin θ
= −
4πηeff
³
´


∆σ εk cos2 θ + ε⊥ sin2 θ
×
− ∆ε
σk cos2 θ + σ⊥ sin2 θ

Γσ =

(1.23)

The direction of the torque Γσ is shown in Figure (1.14). Under stable conditions
( dθ
dt = 0), Γσ is balanced with other stabilizing torques (such as dielectric, magnetic,
elastic toques), and steady hydrodynamic pattern could form [59]. Figure (1.15) gives
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Fig. 1.15. Alignment pattern of liquid crystal molecules
under electro-hydrodynamic effect. The solid line represents the distribution of the LC director θ(x) and the dashed
lines represent the lines of liquid flow. The hatching represents the anomalously aligned molecules of the nematic liquid crystal. Where there is no hatching (regions indicated by
arrow a), the molecules retain the initial orientation along
the z axis.

a qualitative picture of an alignment pattern caused by hydrodynamic effect in the
conductive regime.

1.5

Summary
Liquid crystals (LCs) are beautiful, mysterious and extremely useful, thus provid-

ing scientists and engineers with one of the most active and fascinating fields of scientific
and industrial research. They constitute a meso-state of condensed matter in between
crystalline solids and isotropic liquids, exhibiting rheological behavior similar to those
of liquids and anisotropic physical properties similar to those of crystalline solids in the
same thermodynamically stable phase. Their dual nature and easy response to electric,
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magnetic and surface forces have generated innumerable applications which continue to
grow both in dollars and diversity.
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Chapter 2

Nonlinear Optical Response
of Liquid Crystal: A Historical Review

The preceding chapter characterizes liquid crystals (LCs) as anisotropic fluids.
They exhibits anisotropic physical properties due to directionally correlation, while still
maintaining fluid-like rheological behavior. LCs come in many shapes and forms, ranging
from rod-like, to disc-shape, banana-like [60] to the latest shuttlecock configuration [61].
In the case of thermotropic, calamitic (rod-like) molecules, molecular self-assembly induces orientational order of the long molecular axis along a preferred direction called the
director, n̂ [52,62]. The strong director reorientation can be easily induced by an electric,
magnetic [44], or even optical field [63]. This, in conjunction with the large anisotropy of
the refractive index, makes it possible to produce all kinds of electro-optical modulators
(display) [44, 64]. In the case of a reorientating optical field, the easy susceptibility and
collective response of LCs leads to a very strong cubic nonlinearity of the medium — the
so called optical orientational nonlinearity of nematic. The research on LC nonlinear optical (NLO) property has experienced tremendous development in the past thirty years.
Starting from isotropic state study to later nematic phase investigation, accompanied
with the discovery of dye enhanced effect [65], trans-cis isomerization [66], orientational
photorefractive effect [20], and surface mediated reorientation [67], stronger and stronger
nonlinear response of NLC has been reported.

2.1

Basic Equations and Principles in NLO Materials
For nonlinear optical materials, polarization (P~ ) induced in the medium is no

longer proportional to the optical electric field, but can be expanded as a power series
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~ as [68],
in E
(1)

(2)

(3)

(l)

Pi = χij Ej + χijk Ej Ek + χijkl Ej Ek El + ... = Pi

(nl)

+ Pi

(2.1)

where i, j, k, l, m = x, y, z; Pi is the ith component of the intrinsic polarization and Ei
is the ith component of electric field. Summarization over repeated indices are assumed.
(1)

(2)

(3)

χij is the linear susceptibility, χijk and χijkl are the second- and third-order nonlinear
optical susceptibilities. Generally, the nth order optical susceptibility χ(n) is a tensor of
(n + 1)th rank. It can be verified from symmetry consideration that nonlinear susceptibilities χ(n) with even n (which for most practical purposes is limited to n = 2) are zeros
for centro-symmetric medium. So, even order nonlinear optical effects can be observed
only in noncentrosymmetric medium, or in cases where centro-symmetry is broken (by,
i.e., external field, interface, or surface).
The polarization as expressed in equation (2.1) is important for the description of
NLO effect since the nonlinear part P (nl) acts as a source of the electromagnetic field.
This is described by the wave equation in nonlinear optical medium,
ε ∂2E
4π ∂ 2 P (nl)
52 E − 2 2 = 2
c ∂t
c
∂t2

(2.2)

where ε = 1 + 4πχ(1) , and P (nl) = χ(2) EE + χ(3) EEE + .... Equation (2.2) describes
specific nonlinear optical interactions and gives rise to numerous interesting phenomena
and applications, depending on the specific order and types of nonlinear effects included
(2)

in P nl [69]. The second-order nonlinearity Pi = χijk Ej Ek is responsible for secondharmonic generation (frequency doubling) [70], sum- and difference-frequency genera(3)

tion, and parametric amplification. The third-order term Pi = χijkl Ej Ek El generates
phenomena such as third-harmonic generation, Raman and Brillouin scattering [71],
self-focusing, and optical phase conjugation.
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Although most NLO effects can be analyzed based on the nonlinear polarization
defined in equation (2.1), there are exceptions, one of which is the photorefractive (PR)
effect. PR effect involves a refractive index modulation due to space charge redistribution. Although it may sound similar to the Kerr effect, yet in PR effect the refractive
index change responds to the light intensity gradient (or contrast), which distinguishes
from the traditional Kerr effect, where the refractive index change is directly proportional
to the light intensity. The PR effect cannot be described by a nonlinear susceptibility
χ(n) for any value of n and is elaborated by special methods which will be a main part
of the thesis.

2.2

NLO Response of LC in Isotropic State
It is well known that molecular reorientation is an important mechanism to induce

a nonlinear optical response in fluids. Even if the medium is macroscopically isotropic,
molecules are often anisotropic, therefore the optical field will align them because of
the interaction with the permanent or induced dipoles of the molecules. Figure (2.1)
illustrates the interaction of a linearly polarized light with an anisotropic molecular
(i.e. liquid crystal molecular). If the laser is polarized in the ẑ direction, the induced
polarization in the ẑ direction is given by,
Pz = ε0 ∆χop
E
zz z

(2.3)

where ∆χop is the optically induced change in susceptibility and can be expressed as,
∆χop
= χ22 cos2 θ + χ11 sin2 θ
zz

(2.4)
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Fig. 2.1.
Interaction of a linearly polarized light with
anisotropic liquid crystal molecule, where X1 and X2 denote the two principle optical axes.

Equation (2.4) can be rewritten in terms of the average susceptibility χ̄ = 13 (χ11 + χ22 )
and the susceptibility anisotropy ∆χ = χ22 − χ11 ,
op

∆χ

¿µ
¶À
1
2
2
= χ̄ + ∆χ
cos θ −
= χ̄ + ∆χS
3
3

(2.5)

where the angle brackets represent an ensemble average and S is the order parameter
D
E
(S ≡ 32 cos2 θ − 13 ). The resulting polarization therefore becomes,
µ
¶
2
Pz = ε0 χ̄ + ε0 ∆χS Ez = Pz(l) + Pz(nl)
3

(2.6)

where Pz(l) = ε0 χ̄E is the linear polarization, and the nonlinear polarization Pz(nl) =
ε0 23 ∆χSE arises from the laser-induced short-range ordering. As a consequence, a molecular redistribution also occurs due to the interaction among the induced dipoles. The
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reorientation and redistribution of molecules give rise to a change of the molecular polarizabilities that depends on the field strength and may lead to effects such as nonlinear
scattering or nonlinear birefringence.
The unique nonlinear optical properties of liquid crystals have been intensively



 









  



Fig. 2.2. Logarithmic plot of the optical Kerr constant vs
temperature referred to the critical temperature Tc . (after
Prost et al [72])

studied since 1970s. Point of departure was the investigation of the optical Kerr effect in the isotropic phase of nematic liquid crystals (NLCs) which exhibited interesting
pretransitional behavior close to the clearing point [72, 73]. Measurements by Wong
and Shen [73] have shown that the Kerr constant of MBBA (p-methoxybenzylidene-pbutylaniline), for example, can be almost 100 times that of CS2 , a liquid of large optical
nonlinearity. Prost and Lalanne [72] reported the optical Kerr effect is greatly enhanced
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in the isotropic state of MBBA near the nematic-isotropic transition, which, they proposed, is due to the predominant strong orientation correlations near the clearing point
(See Figure (2.2)). Actually, in typical anisotropic liquids, the order parameter S can
be obtained by a statistical mechanics approach. Assume square-pulse laser excitation,
S can be approximated as [52],
S∼

∆χ
E2
T − Tc

(2.7)

where Tc is the phase transition temperature and E is the optical field. Equation (2.6)
1 , which manifest the enhanced optical nonlinearity
and (2.7) shows that Pz ∼ S ∼ T −T
c

near Tc . In general, to induce considerable refractive index changes in NLC isotropic
state by this effect, light intensities on the M W/cm2 range were needed which require
high peak power pulsed lasers. To put this on a more quantitative level, the corresponding nonlinear coefficient n2 , i.e, the change of the refractive index per light intensity
³
´
n2 = ∆n
was in the order of 10−11 to 10−12 cm2 /W .
I

2.3

NLO Response of LC in Nematic Phase
Later on, close analogies between electro-optical and light-induced molecular re-

orientation of nematic liquid crystals lead to discovery of the so-called ”giant” optical
nonlinearity, almost simultaneously [74–76] by several groups. The peculiarity of liquid
crystals is that not only they are made of anisotropic molecules but also they keep this
anisotropy on a macroscopic scale. Thus, if the above cited phenomenon of molecular
reorientation may occur, much stronger effects can take place which are related to the
macroscopic anisotropy and the collective behavior of these materials. In 1979, Herman
and Serinko [75] suggested that larger optical wave-mixing efficiency could be obtained
in the nematic liquid crystal phase than in the isotropic phase, if the NLC is maintained
in an external magnetic field near the Freedericksz transition. In 1980 Zel’dovich and
coworkers announced the discovery of ”giant” optical nonlinearities in nematic LCs [77].
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By detecting a self-focusing effect they measured a nonlinear dielectric permittivity 9
orders of magnitude higher than it is in a strong nonlinear liquid like CS2 . The resulting nonlinear coefficient n2 ranges typically between 10−4 to 10−5 cm2 /W for LC at
nematic phase. Almost at the same time Khoo [76] and Zolot’ko [78] reported similar
results in experiments dealing with the nonlinear optical response of nematics, where
substantial probe-pump amplification and nonlinear intensity dependence were observed
for a moderate intensity on the order of W/cm2 and under the action of an applied
magnetic or electric field (see Figure (2.3)). In 1981 Shen and coworkers [74] reported
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Fig. 2.3.
Plot of the fractional increase in probe beam
intensity (∆Iprobe )/Iprobe vs Ipump (after Khoo et al [76])

the first observation of optical Freedericksz transition (OFT) in nematic 5CB (4-cyano-
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Fig. 2.4. Experimental points and theoretical curves for the
induced birefringence at different angle α: circles and dashed
curve, α = 0o ; solid triangle and dashed curve, α = 3o ;
square and dashed curve, α = 10o . Insert shows experimental geometry (after Shen et al [74])

4’-pentylbiphenyl), which is the optical counterpart of the well-known Freedericksz transition effect induced by static magnetic or electric field. (See Figure (2.4)).
From these observations it was soon realized that, because the nematic’s lengthened response time, only the time independent (i.e., dc) component in Eop (optical field
stength) will manifest. An optical field could act on the liquid crystal molecules in a way
very similar to a low frequency electric or magnetic field. The collective properties of the
medium can be studied within the frame of a continumm theory so that the macroscoptic
physical properties vary according to the orientation of the director n̂ = n̂(r). In this
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Fig. 2.5. The dependence of the diffracted intensity on the
geometrical factor. Insert shows a schematic of the scattering geometry.(after Khoo [79])

way, the optical dipole interaction energy can be expressed as,

Fop = −

1
4π

Z

op

D · dE = −

ε⊥

8π

E2 −

D
E
∆εop (n̂ · E)2
8π

(2.8)

where the angle brackets hi denote a time average. The first term on the right-hand side
of equation (2.8) is independent of the director axis orientation, and hence can be ignored
when considering the reorientation process. The second term indicates that the system
favors a realignment of director axis along the optical field. In analogy to the elastic
torque, the optical torque can be obtained by minimizing the optical dipole interaction

32
energy,
Γop =

∂Fop
∂θ

=

∆εop
h(n̂ · E) (n̂ × E)i
4π

(2.9)

The observed nonlinear optical behavior is just the effect of a change of refractive index consequent to a change of the director reorientation. In 1982, Khoo present an
approximate solution that assumed equal elastic constant and small optical dielectric
anisotropy [79]. Explicit analytic expressions were obtained in the small-angle linearized
approximation, which gives a quantitative explanation of the associated nonlinear optical
processes, e.g., scattering geometry dependence of diffracted intensity (See Figure (2.5)):
ID ' 0.2I12 I2 β 2 sin2 β cos2 β

(2.10)

After the first demonstrations, many other experiments were performed mainly with
two different aims. The first one was to explore the huge nonlinear response of LCs
in order to study nonlinear optical effects, such as self-phase modulation [80, 81] and
optical bistability [82]. The second one was to use the nonlinear optical response to
obtain additional information on the material parameters (elastic constants, viscosities
etc.) [83, 84].

2.4

NLO Response of Dye-doped NLC
Since 1990, Jánossy and coworkers [85] have reported an anomalous behavior in

a dye-doped nematic liquid crystal submitted to optical fields. They discovered that in
homotropic samples of guest-host mixture (dye concentration 1-2%) the threshold for the
optical Freedericksz transition (OFT) was two orders of magnitude lower than in pure
nematics, it is possible to induce OFT with pump power of 1mW or less. The nonlinear
coefficient n2 can reach a value as high as 6cm2 /W [86].
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After some investigations of the optical nonlinearities through optical Freedericksz
transition (OFT) [85], four wave mixing (FWM) [87], and the Z-scan technique [88], it
became clear that a thermomechanical coupling due to heating of the sample could not
explain the observations since different dyes having the same absorption coefficient gave
rise to different behaviors. In particular, depending on the specific dye utilized, the optical torque can be enhanced by one or two orders of magnitude [85], or it can be cancelled
out [88], or even sign-inverted [87]. This fact revealed that laser heating could not be responsible for low power reorientation. On the other hand, the low concentration of dyes
in the mixture only slightly modifies the material parameters such as ∆² or K and this
cannot account for the huge change in the optical power necessary to induce the reorientation. For the above stated reasons, Jánossy proposed a macroscopic phenomenological
theory stating that an additional torque could be induced by the dyes [65], which could
be written as:
Γdye =

ζ
h(n̂ · E) (n̂ × E)i
4π

(2.11)

which is identical to that given in equation (2.9) except for the substitution of ∆εop with
a new dimensionless constant ζ. This constant is proportional to dye concentration and
depends on the molecular structures of both dye and the LC. From equation (2.9) and
(2.11), the additional torque could be written in terms of Γop ,
Γdye = ηΓop

(2.12)

ζ
η = ∆ε
being a parameter characteristic of the dye. The observed decrease of OFT by

two orders of magnitude indicates a value of η of about 100.
Although Jánossy effect macroscopically explained the optical torque enhancement effect caused by dye doping, yet its microscopic origin seems to be much more
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complex, especially for azo-dye doped system. A more extended experimental investigation has shown that η may have positive or negative values, depending on the structure
of the dye [87, 88] (see Table 2.1).

Table 2.1.
Value of η and η/α for the different dyes

Absorption coefficient α(cm−1 )

η

AQ2

142

238

1.7

D4

275

-95

-0.35

D16

142

-19

-0.14

D27

105

-5

-0.048

Material

η/α(cm)

Barnik et al also found out that the dye-induced torque changed signs as the angle β
between the wavevector of the light beam and nematic director was varied; namely, it
was negative for small angles and became positive above a critical angle [89]. Marrucci
and Paparo [90] have recently developed a microscopic model where thay consider the
additional photoinduced torque due to light absorption by the dye molecules as distinct
from optical torques. This photoinduced torque corresponds to an angular momentum
transfer between a rotating molecule and its neighbor molecules due to inter-molecular
interactions. Under small dye anisotropy and weak light intensity approximations, they
were able to find an approximate solution for the distinct photoinduced torque parameter
ζ
τe N h
16π
ζ=
σNd S
15
1 + 6De τe

Ã

D
ueh − e ugh
Dg

!
(2.13)
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where S is the host order parameter, subscriptions g, e, h denote ground, excited state
dye molecules, and nematic host molecules, respectively. ueh and ugh are coefficients
which describe the dye-host orientation interaction strength, De and Dg are rotational
diffusion constants in the excited and ground state, τe is the life time of the excited level,
Nd and Nh are te total number of dye and host molecules per unit volume, and σ is the
absorption cross section.
Among many dye enhanced nonlinearity effects, the photoisomerization featured
in azo-dye doped liquid crystal system, is most widely studied [91]. Light-induced isomerization of azobenzene derivatives is a well known phenomenon that has been extensively
studied in the past. Azobenzene derivatives may exist as two geometric isomers, the
trans and the cis form. These two configurations differ in the direction of the central
bonds. In the energetically more stable trans state the two bond linking the azo group
to the aromatic rings are parallel, resulting in an elongated shape of the molecular. In
the metastable cis state the angle between the two bond is 120 degrees and the molecules
adopt a V-like conformation (see Figure (2.6)). The two isomers differ in their absorp-

Fig. 2.6. Trans-cis isomerization of azobenzenes

tion spectra and orientational order, namely the trans form is significantly more ordered
than the cis one. As shown in figure (2.7), the photoisomerization reaction begins by
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Fig. 2.7. Schematic representation of the trans-cis isomerization process. σT and σC are the cross section for absorption of one photon by a molecular in the tran or the cis
state, respectively. ΦT C and ΦCT are the quantum yields
of the transition, representing the probability per absorbed
photon of the photochemical conversion. τ is the thermal relaxation rate for the cis-trans transition. This picture only
represents simplified model of the molecular states.

elevation of molecules to electronically excited states, followed by non radiative decay
back to the ground state in either the cis or trans form. The ratio of cis/trans states
is dependent on the quantum yield of the appropriate photoisomerization reaction, and
its equilibrium can be controlled through the wavelength and the polarization of the
irradiating light.
In order to explain the dye structure and angular dependence effect, several models were worked out. The common point of the models is the proposal of an angularly
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selective resonant excitation of anisotropic dye molecules, whose probability is proportional to the cosine squared of the angle between the director and the exciting electric
field. One of the most successful models is proposed by Szabados and Jánossy [91],
in which the trans and cis forms of azo-compounds are regarded as two seperate dye
dopants that contribute with different strengths or even opposite signs to the overall optical torque, The anomalous dye structure and angular dependence of optical reorientation
is then explained by considering the photoinduced trans–cis equilibrium as discussed in
the above.

2.5

Orientational Photorefractive Effect in LC
The first observation of orientational photorefractivity effect in liquid crystals was

reported by Khoo [20] and Rudenko [21] in 1994. Photorefractive effect is regarded as
a new nonlinear optical phenomena in liquid crystals. Its Kerr response nature makes
photorefractive effect in LCs different from the case for conventional photorefractive materials. Rudenko [21] attributed the effect to a space charge field arising from the charge
separation due to ion diffusion and drift, which can be expressed in equation (2.14):
mkb T
E=−
q
2e

Ã

D+ − D−
D+ + D−

!

σ − σd
(0)
sin(qx)
sin(qx) = Esc
σ

(2.14)

where m is the modulation index of the interference pattern, σ and σd are the conductivity in illuminated and dark states, repectively, kb is the Boltzmann constant, D+ and
D− are the diffusion constants for the cations and anions. Khoo [20] proposed that the
space charge field in LC also arises from both conductivity and dielectric anisotropies,
in the presence of an applied dc electric field.
h³
´
i
σk − σ⊥ sin θ cos θ
i Ez
E∆σ = − h
σk sin2 θ + σ⊥ cos2 θ

(2.15)
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h³

´

i

εk − ε⊥ sin θ cos θ
i Ez
E∆ε = − h
εk sin2 θ + ε⊥ cos2 θ

(2.16)

where σk and σ⊥ are the conductivities for current flow along and perpendicular to
the director axis, while εk and ε⊥ are the dc dielectric constants for field parallel and
perpendicular to the director axis. Coupling between the space-charge field and the
unifrom dc bias field cause reorientation of the LC director and correspondent refractive
index modulation. In 1996, a comprehensive theoretical discussion of the fundamental
mechanisms regulating the dc field-assisted optically induced space charge field and the
director reorientation in NLC films has been reported by Khoo in reference [92]. Three
processes contribute to the director axis reorientation and the consequent refractive index
change, namely,
1. The first one is analogous to those occurring in photorefractive crystals, involving
ions drift-diffusion, charge separation. The resulting space charge field is expressed
in equation (2.14).
2. The second process involves charge generation, ionic conduction accompanied by
director reorientation, space charge formation through dielectric and conductivity
anisotropies, and further director axis reorientation.
3. The third one considers the fluid-like rheological behavior of liquid crystals. The
mass flow will form a velocity gradient and shear stress and hence director reorientation.
These latter processes are unique to NLC and are consequence of the Carr-Helfrich
effect [58].
Assisted by photoinduced space charge fields, NLCs have shown orders of magnitude enhancement of these already very large orientation nonlinearity. The incident
beam power as low as several mW with external dc voltage 0.1V /µm is enough to trigger
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orientational photorefractive effect in pure NLC. The resulting nonlinear coefficient n2
is in the order of 10−3 cm2 /W [20]. With suitable choice of dopants, such as R6G [21],
fullerene C60 [26], and carbon nanotube (CNT) [28], the observed photorefractive effects
in these LC films are further enhanced; some even reaches the supra nonlinear scale with
n2 > 1cm2 /W , which is three orders larger than previous observation in pure LC films
(see Table 2.2).

Table 2.2.
Photorefractive nonlinear coefficient n2 of pure and doped liquid crystals

Materials

n2 nonlinear coefficient (cm2 /W )

pure 5CB

8 × 10−4

C60 doped E7
CN T doped E7
CN T + C60 doped E7

4.13 × 10−3
0.8
7

After the first demonstrations of PR effect in low-molar-mass liquid crystals, photorefractive properties were extensively investigated in versatile LC materials under a
wide range of conditions. In 1995, Wiederrecht et al reported a large increase of the
orientational photorefractive effect in liquid crystalline materials through two improvements, namely, using eutectic liquid crystal mixture and using an organic electron donor
and acceptor combination with a well defined and efficient photoinduced charge transfer
mechanism [25]. One et al recently developed new liquid crystal composites that contain
both a low-molar-mass LC and a liquid crystal polymer, or high-molar-mass LC. These
composites in many respects have the better photorefractive figures of merit than strictly
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nematic liquid crystals [93, 94]. High resolution index grating can be recorded that lies
clearly in the Bragg regime. In 1997, photorefractivity was also observed in polymer
dispersed liquid crystal (PDLC) [95, 96] and polymer stabilized liquid crystal (PSLC).
Macdonald et al reported in 1998 that photorefractive effect also exists in discotic liquid
crystals [97].
It is important to avoid confusing the photorefractive effect with other local nonlinear effects which can also optically modify the refractive index of a material [98], such
as photochromism, thermochromism, thermorefraction, excited states generation, and
conventional χ(3) effect. All of these local mechanisms lack the nonlocal aspect of the
photorefractive effect arising from the physical motion of charges in the material, usually
over a distance on the order of micrometers. This charge transport leads to a spatial
phase shift between the

Table 2.3.
Asymmetric two beam coupling in photorefractive liquid crystals. The gain
I (out)

factor is defined as γ0 = I1 (in) , where I1 (in) (I1 (out)) is the intensity of
1
the probe beam in the absence (presence) of the pump beam. d is the sample
I

thickness, E is the applied electric field, I is the input light intensity, β = I1
2
is defined as intensity ratio between input two beams, and τ is the response
time.
d (µm)

V )
E ( µm

β

I ( mW2 )

τ (ms)

γ0

Ref.

8OCB/5CB:NI

37

0.07

1

50

40

1.88

[25]

5CB:C60

10

0.3

245

400

300

18

[99]

5CB:PVK:TNF

10

0.9

15

15

10

12

[100]

4-10

0.1-0.5

1

20-100

1.02-1.04

[35]

Composites

Ferroelec. LC

cm
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incident light intensity pattern and the corresponding refractive index modulation, which
results energy transfer between two light beam interfering in a photorefractive medium,
the so-called asymmetric two-beam coupling (2BC). Provided sufficient strong coupling,
the 2BC gain may exceed the absorption loss and optical amplification may occur, which
cannot1 occur with thick holograms with local response. Substantial 2BC has been
reported in several literatures [25, 35, 99, 100] and the resulting intensity filtering has
been demonstrated in photorefractive liquid crystals [103]. Some results are summarized
in table (2.3).
Liquid crystals are proving to be high performance photorefractive materials that
are versatile and easily processed. At present, they are likely to be most useful in dynamic
holography applications because of their high nonlinearity and improving response time
[104]. Extensive researches are carried on with spacial interest to design new composites
and find novel dopants to simultaneously optimize the electro-optic response and enhance
space-charge field generation.

2.6

Surface Mediated Reorientation in LC
Optical reorientation was originally concerned with light fields acting on the bulk

of a liquid crystal cell, the alignment surface determines only the boundary conditions
in the reorientation process. Recently, alignment surface is found to play a crucial role
in liquid crystal reorientation. In 1991, Gibbons [105, 106] demonstrated the surfacemediated alignment of nematic liquid crystals by illumination of a photosensitive material
coated on the boundary surface of liquid crystal cell. In this case the light induces a
phototransformation of the molecules on the surface, which, after absorption, induced an
alignment of the liquid crystal director along a direction perpendicular to the polarization
of the impinging light. A different reorientation effect has also been reported by Reznikov
1 Optical amplification may occur in local medium in exceptional cases, such as translated

intensity pattern illumination [101] or thin film with substantial refractive index modulation [102].
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and co-workers [107,108]. They showed that it is possible to get an easy-orientation axis
parallel to the exciting field over an isotropic polymer-coated surface as a result of the
light-induced excitation of a small quantity of azo-dye in the bulk of a LC cell. The most
probable mechanism responsible for for the easy-orientation axis formation seems to be
the adsorption on the isotropic surface of the phototransformed azo-dye molecules. In
1999, Simoni et al [109] reported the effect of light induced sliding of the nematic director
over an isotropic boundary surface in an azo-dye doped liquid crystal cell. The author










 







Fig. 2.8. Modulus of the surface director reorientation angle
θ versus the exposure time t when α = 45. (after Simoni et
al [109])

attributed the surface sliding effect to the competition between bulk and surface torques,
which tend to orient the director along mutually orthogonal directions (See Figure (2.8)).
Besides the above mentioned surface mediated LC reorientation, surface effect also
attracted attentions in liquid crystal orientational photorefractive studies. Recently, it
was reported that photorefractive effect in liquid crystals can be promoted by surface
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activation, e.g., by using a photoconductive substrate such as PR crystal [32] or thin
layer of photoconductive polymer [33, 110]. The author of reference [110] explains the
photorefractive outset in pure LC as due to photoinduced modulation of the surface
anchoring conditions by means of electric charge accumulation at the interface. Tabirian
and Umeton [32] also pointed out that not only light-induced bulk-localized charges, but
also light-induced surface-localized charges will induce a strong reorientation of LC due
to the field extension to the bulk. Kaczmarek [33] studied photoconducting polymer–
liquid crystal structures and proposed that surface charge buildup and discharge are
responsible for liquid crystal photorefractivity. Surface promoted photorefractivity has
also been investigated in liquid crystal cells with non-photoconductive polymer layers.
The results of Paliusi [111] highlighted the fundamental role of interface for two beam
coupling and light-induced reorientation. They carried out experiments in cells with
different combinations of polymer and liquid crystals. Their results indicate that surface
charge accumulation is not only limited to the case of photoconductive polymers.
From nonlinear response point of view, the aforementioned surface mediated effect
could further enhance director reorientation and increase liquid crystal susceptibility.
Extremely sensitive light-induced reorientation has recently been reported by several
groups [112–114]. In reference [112]. Pagliusi observed orientational photorefractive
effect in undoped NLC planar cells under very low optical intensity (1.8mW/cm2 ) and
low dc electric fields (0.1V /µm). The resulting nonlinear coefficient n2 can be as high as
38cm2 /W . In 2002, Petrosyan reported an extremely large nonlinearity in dye-doped LC
with n2 '100cm2 /W [113]. Such a high nonlinear coefficient value, the author proposed,
is mediated by the action of the photo-induced voltage on the specific surface coupling
agent.
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2.7

Ultimate Limit of Optical Nonlinearity of NLCs
As shown in the previous sections in the content of n2 coefficient, research on

liquid crystal optical nonlinearity undergoes dramatic development in the past thirties
years. The main points are summarized in Table 2.4.

Table 2.4.
Liquid crystal nonlinear optics study development

Materials

Dominant Mechanism

n2 (cm2 /W )

1970s

LC in isotropic phase

Orientational response

10−11 to 10−12

1980s

NLC

Collective response

10−4 to 10−5

1990s–present

Dyed-doped LC

Dye induced torque

10−3 to 100

1994–present

Photorefractive LC

Space charge field

10−3 to 101

1991–present

LC and alignment layer

Surface mediated torque

10−1 to 102

Years

After the brief review of nonlinear optics research liquid crystals, a naturally
follow-up question will be: How far can it go? Is there a limit for n2 value? In a
very recent publication [115], from energy balance consideration, Khoo qualitatively
estimated the ultimate limit of optical nonlinearity of nematic liquid crystals. For the
typical interaction geometry, the energy involved in the reorientation is,
µ
U

erg
cm2

¶

µ

¶
∂θ 2
θ2
'K
L ' K 2L
∂x
Λ

(2.17)
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where L is the optical pathlength in the NLC, and Λ is the characteristics modulation
length of θ. On the other hand, the energy provided by the light is,
´
³
E = Iτ 1 − e−αL ∼ αLIτ

(2.18)

where α is the absorption coefficient and τ is the response time. Equating E and U ,
i.e., assuming that all the absorbed light energy is expended for director reorientation
purpose, we get,
Iτ ' K

θ2

(2.19)

αΛ2

The change in the index experienced by an incident o-wave will be,
∆n ∼ (ne − no )θ2 ∼ (ne − no )

Iτ αΛ2
K

(2.20)

Writng ∆n = n2 I yields an effective refractive index change coefficient
n2 ∼ (ne − no )τ α

Λ2
K

(2.21)

Using typical values, if Λ ∼ 20µm, K ∼ 10−7 , (ne − no ) ∼ 0.5, α ∼ 100cm−1 , we get,
n2 ∼ 16cm2 /W

(2.22)

This value is close to the supra-nonlinearity. As shown in Equation (2.21), n2 value
is a function of various parameters such as the birefringence, sample thickness, elastic
constant, and other factors. Its value can vary considerably in different experimental
conditions. Even larger n2 values can be expected. For example, if Λ ∼ 100µm, K ∼
10−7 , (ne − no ) ∼ 0.5 and α ∼ 100cm−1 , equation (2.21) yields,
n2 ∼ 1000cm2 /W

(2.23)
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The above qualitative estimation reveals liquid crystal’s potential as nonlinear optical
materials. Extensive studies are under way focusing on designing new LC composites,
finding novel doping materials, and utilizing external forces (applied fields, photoactive
alignment layers) to put LC’s extremely nonlinear potential into full play.
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Chapter 3

Orientational Photorefractive Effect
in Nematic Liquid Crystals: A Theoretical Analysis

A breakthrough in the search for new photorefractive materials was made quite
recently in 1994 with the discovery of orientational photorefractivity in liquid crystal [20,21,92,116]. The characteristic voltage that is needed for inducing and controlling
photorefractive effect in LCs is only a few volts instead of the kilovolts used in conventional photorefractive single crystals. The modulation of the refractive index can be as
large as ∆n ∼ 0.2 with a rather low input intensity I ∼ 100mW/cm2 . Moreover, with
the achievement of the LC-display industries, large-area LC elements are available with
competitive low cost. Therefore, research on photorefractive LCs is now becoming a
major area of investigation [25, 26, 31, 99, 117]. In this chapter a detailed theoretical discussion of orientational photorefractive effect in LCs will be presented, with section 3.1
focusing on general aspects of photorefractive effect, and following sections on the theoretical analysis on orientational photorefractive effect in nematic liquid crystal (NLC)
materials.

3.1

General Aspects of Photorefractive Effect
The photorefractive (PR) effect consists in the spatial modulation of the refractive

index due to light-induced redistribution of space charge carriers in an optically nonlinear
material. Photorefractivity was first observed in 1966 in inorganic ferroelectric crystals
(LiNbO3 and LiTaO3 ) [1] and it was soon realized that it could be used for image
storage and a variety of optical signal processing applications [6, 118]. The PR effect
arises when charge carriers, which are photogenerated by a spatially modulated light
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intensity, separated by unidirectional migration over macroscopic distances within the
material and finally become trapped. This creates a space charge field which modulates
the refractive index through the electrooptic effect [119].
The basic processes involved in the photorefractive effect are illustrated schematically in Figure (3.1). A pair of coherent laser beams that are overlapped on a photorefractive material produce an interference pattern (Figure 3.1(a)) that photogenerates charge
carriers in the illuminated regions. Those charges can diffuse through the crystal due
to density gradient or drift in response to a static electric field to produce a nonuniform
space charge distribution (Figure 3.1(b)). Due to the resulting sinusoidal space charge
field (Figure 3.1(c)), a spatial modulation of the refractive index occurs. The resulting
refractive index grating (Figure 3.1(d)) which can diffract a light beam. If the material
exhibits a linear electro-optic effect (Pockel effect), the index modulation magnitude ∆n
is related to the magnitude of the space charge field Esc by Equation( 3.1):
1
∆n = − n3 γe Esc
2

(3.1)

where n is the optical refractive index and γe is the effective electrooptic coefficient.
Many other mechanisms exist which can modify the index of refraction, such as
photochromism, thermochromism, thermorefraction, generation of excited states and so
forth. However, all of these local mechanisms lack the nonlocal property of the PR effect
arising from the physical motion of charges in the material. This charge transport gives
rise to a spatial shift between the incident light intensity pattern and the refractive index
modulation, as shown in Figure (3.2). An important of this phase shift is the energy
transfer that occurs between the two light beams interfering in the PR medium, an effect
know as asymmetric two-beam coupling (2BC); the measurement of this energy transfer
is the best diagnostic method for the occurrence of the photorefractive effect in the thick
gratings. Photoinduced charge generation, efficient charge transport over macroscopic
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Fig. 3.1. Origin of the photorefractive effect.

distances and diffusion anisotropy are the primary requirements for producing the space
charge field necessary for photorefractivity. Trapping sites are also desirable for longlived storage of the space charge field.
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Fig. 3.2. The phase relationship between the optical interference pattern and the space charge field is illustrated.
For liquid crystals, this example illustrates mobile anions
migrating into the nulls of the interference pattern. The application of an applied electric field EA is usually required
to observe a phase-shifted photorefractive grating.

A remarkable advance in the field of photorefractivity came in 1991 with the
discovery of the photorefractive effect in orgainic polymers [16]. Optical nonlinearity
in polymers is provided by adding to a photoconducting polymeric matrix a large concentration of relative small NLO chromophores, i.e. particular molecules which can be
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reorientated with an external applied field. The resulting nonlinear electrooptic effect,
which is called orientational electrooptic effect, produces an additional large contribution
to the total refractive index change, which can be greater than that of the traditional
linear electrooptic effect [17]. This orientational enhancement relies on the ability of
NLC chromophores to be aligned not only by the external field, bu also in situ by the
sinusoidally modulated space charge field during grating formation.

3.2

Orientational Photorefractive Effect in NLC
From the enlightening of photorefractive polymer studies, nematic liquid crys-

tals appear to be extremely promising materials for photorefractivity. This is because
nematic LCs consist entirely of long rod-shaped molecules that produce greater bulk
birefringence than does a polymer that is merely doped with birefringent chromophores.
Also, LCs have directional order due to their low viscosity, which allows for greater
orientational displacement for a given space charge field. Finally, different from photorefractive polymeric materials that require large electric field to pole the material, LCs
require only a weak electric field to induce directional charge transport and enhance the
quadratic electrooptic effect.
The first observation and theoretical groundwork of orientational photorefractivity in a nematic liquid crystal were reported in 1994 [20, 21, 116]. The low-molarmass liquid crystalline material 4’-pentyl-4-biphenylcarbonitrile (5CB), doped with small
amounts of a sensitizing laser dye rhodamine 6G (R6G) was used. The general experimental geometry that is required to create a photorefractive grating in liquid crystals is
illustrated in Figure (3.3). Two unfocused, coherent laser beams are crossed the sample.
The liquid crystal composite is sandwiched between two indium tin oxide (ITO) coated
galss slides that are treated with a surfactant to induce the liquid crystal director to
align perpendicular to the surface of the glass slides, i.e. homotropic alignment. The cell
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thickness is determined by a spacer that is typically 10 to 100µm thick. A small electric
filed EA on the orer of ∼ 0.1V /µm is then applied.

!
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Fig. 3.3. A schematic of the typical experimental geometry
is illustrated. The sample is tilted at an angle β relative to
the bisector of the beams. This permites charge migration
along the grating wave vector, which results in a sinusoidal
space charge field. A phase grating results from the influence of the electric field on the orientational configuration
of the birefringent liquid crystal molecules. The beams are
polarized in the plane and parallel to the grating vectors.
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In the initial experiments, self diffraction of the laser beams was observed resulting from large fringe spacing and subsequent Raman-Nath (thin) grating behavior. In
order to prove that the self diffraction from the presence of a space charge field—an essential component of photorefractivity—Rudenko and Sukhov initiated the orientational
photorefractive theory in NLC [21]; later on the a more complete theory was further
developed by Khoo [92]. The detailed orientational photorefractive effect analysis will
be summarized in the following sections based on Rudenko and Khoo’s models.

3.3

Photoinduced Charge Generation and Conductivity in a Nematic
Well purified specimens of non-ionizing nematic liquid crystals, like other or-

ganic dielectrics, ought to have very low intrinsic electrical conductivity (less than
10−19 Ω−1 cm−1 is possible [51]). In practice, however, despite careful purification, there
remains a residual concentration of ionic impurities which gives a considerable ionic electrical conductivity (σ ∼ 10−12 − 10−14 Ω−1 cm−1 ). Even with perfect purification, ions
could still appear through the injection of electrons from the cathode and their subsequent capture by neural molecules in the material [111]. Under normal conditions, we are
always dealing with ionic currents, although the charge carriers (the ions) may or may
not be intrinsic, and may originate near the electrodes because of injection of electrons
or holes [112].
Photoinduced charge generation in liquid crystal is more complicated. In a liquid,
as in any translationally disordered system, ionization of the molecules by optical quanta
is impossible; the corresponding ionization potentials are tens or hundreds times larger
than the energy of an optical quantum. The only feasible goal realizing photo charge
generation and photoinduced conductivity in a nematic is a selective heterolytic dissociation of molecules [120] (or molecular complexes [121]) from optically excited states
accompanied by recombinations into the ground state.
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A charge transfer complex (CTC) arises from the partial transfer of an electron
from a donor molecular to an accepting one. Partial transfer in this case means that the
transferred electron spends relatively more time in the vicinity of the acceptor molecular (A) than in the donor molecular (D). If the charge transfer was complete, an ionic
bond would exist. The CTC is electrically neutral, but does have a nonvanishing dipole
moment. The CTC is highly polar, which exhibits a higher permittivity than the separated D and A molecules, and as a result will tend to migrate into the peak regions of a
nonuniform applied electric field. This phenomenon is even more pronounced for excited
CTC’s.
Following the above proposal, use laser dyes as absorbing impurities in NLCs
with an appropriate pumping wavelength; charge transfer complex will be formed via
the process shown in Figure (3.4) [121]. Laser dyes after excitation partially make a



 




  





 

Fig. 3.4. A schematic process of charge transfer complex
formation. * means excited states. D=donor (i.e. nematic
liquid crystals) and A=acceptor (i.e. laser dyes)

transition to long-lived (τ = 10−7 s) triplet states so that during the life time in the
triplet state it undergoes 103 to 105 collisions with the molecules of the solvent (LC)
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and can very well form a complex. It is known that in a number of cases a selective
complex formation is possible in an excited state of a polar complex (D+ A− ) which is
unstable in the ground state and sometimes dissociates heterolytically after deactivation.
Estimation of the photoinduced conductivity (PC) for a dye (i.e, R6G) doped
nematic liquid crystal has been derived in reference [21], in which the values of the
charge densities were estimated using the standard balance equation for the ions in the
situation of uniform illumination and no external field,
∂n±
= Wc± − Wr
∂t

(3.2)

where n± are the positive and negative ion densities, Wc± is the charge generation rate
(either positive or negative), and Wr is the recombination rate. The Wc± and Wr values
can be derived by first examining Figure (3.4) and making some careful assumptions.
The rate of generating excited molecules WT in the triplet state by radiation can be
written as,
WT (cm−3 s−1 ) ' (1 − p)

αI
~ω

(3.3)

where p is the quantum luminescence efficiency, α is the absorption coefficient of the
mixture, I is the intensity of the radiation, and ω is its frequency. It has been assumed
that the excited triplet state of the dye molecule is long enough, hence all the excited
dye molecules will enter charge transfer complexes with LC molecules, so that we have
WT = Wd , with Wd the rate of generating deactivated unstable D+ A− complexes. Furthermore, we have Wd = WA + WA+ , i.e., the rate of generating triplets is equal to the
sum of the rates of the heterolytic and homolytic dissociation channels. Whereas the homolytic dissociation hardly involves activation, the heterolytic dissociation is connected
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with overcoming a Coulomb barrier, so that,
µ
¶
E
' exp − c
WA
kb T

WA−

(3.4)

where Ec ' e2 /εR, and R is the equilibrium distance between A− and D+ in the
complex and ε is the dielectric permittivity of the medium. The rate at which charge
carriers are generated is thus,

Wc = 2WA− ' 2

exp(−e2 /εRkb T )

1 + exp(−e2 /εRkb T )

(1 − p)

αI
= 2αI
hω

(3.5)

In the steady state, the carrier density is thus determined by equating the rate of the
binary ion recombination Wr to the rate Wc at which they are generated:
Wr = γn+ n− = αI = Wc /2

(3.6)
2

where γ is the recombination rate and can be estimated as γ = D εke T with D the
b
diffusion constant [21]. Then we have,
(
n'

exp(−e2 /εRkb T )

εkb T

αI
(1 − p)
2
2
hω
1 + exp(−e /εRkb T ) De

)1/2
(3.7)

Likewise, the conductivity is,
σ = en+ µ+ + en− µ− =

D+ e2 n+ D− e2 n−
2De2 n
+
' 2neµ =
kb T
kb T
kb T

(3.8)

In Equation (3.8), the Einstein relation between D (diffusion coefficient) and µ (the
mobility) has been used, D+ and D− denote diffusion constants for cations and anions respectively. As shown in Equation (3.7) and (3.8), the carrier concentration and
√
conductivity are both proportional to I. For a rough estimation, use the following
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set of parameters, which are typical values for a liquid crystal, ε ' 10, p ' 0.95,
D ' 3 × 10−6 cm2 /s, α = 30cm−1 , and I = 200mW/cm2 , the resulting n and σ values
are,

³
´1/2
n ' 2 × 1028 IW/cm2 )
' 2 × 1014 cm−3
σ'

2D± e2 n
' 10−9 (Ω−1 cm−1 )
kb T

(3.9)
(3.10)

The estimations from Equation (3.9) and (3.10) indicate the possibility of inducing sufficient current density and required photoinduced conductivity in the medium by relatively
weak light intensity.

3.4

Space Charge Fields Formation in Nematics
For wave mixing configuration as shown in Figure (3.3), the intensity of the radi-

ation in the medium is inhomogeneous,

I = I0 [1 + m cos(qx)]

(3.11)

where m is the modulation factor. For the inhomogeneous illumination case, Equation (3.2) must be modified to take into account possible diffusion and drift fluxes;
±
∂n±
∂ 2 n±
± ∂n
+ γn+ n− + D±
±
Eµ
= αI(x)
∂t
∂x
∂x2

(3.12)

The expression for the current density j in the medium has the form,
σ
∂n+
∂n−
j
= D+
− D−
+ E(µ+ n+ + µ− n− ) + d E
e
∂x
∂x
e

(3.13)

In the Equation (3.12) and (3.13), E is the assumed field of the spatial charge directed
along the wave mixing vector. Moreover, one must take into account the medium is
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electrically neutral on average,
Z x+∆
x

(n+ + n− ) dx0 = 0

(3.14)

We assume that the diffusion and drift currents are approximately equal which follows
from Equation (3.13) in the stationary case (j = 0) if we neglect the dark current
conductivity. Equation (3.12) can thus be simplified to the following form,
∂n±
+ γn+ n− = αI(x)
∂t

(3.15)

which also means that the I-dependence of n± is local. In the stationery case we have
the following set of equations:
γn+ n− = αI0 [1 + m cos(qx)]
D+

σ
∂n+
∂n−
− D−
+ E(µ+ n+ + µ− n− ) + d E = 0
∂x
∂x
e
∂E
4πe +
=
(n − n− )
∂x
ε
Z x+∆
x

(n+ + n− ) dx0 = 0

(3.16)

(3.17)
(3.18)
(3.19)

To solve the above nonlinear equation set, simplification should be made based on the
following assumptions. We write n± = n±
+ n±
, where n1 = O(ζ). At the same time,
0
1
we have D± q ∼ Eµ± ∼ O(ζ). Now we have to the zeroth order:
γ0+ n+
= αI0 [1 + m cos(qx)]
0
Z x+∆
x

(n+
+ n−
) dx0 = 0
0
0

(3.20)

(3.21)
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and to the first order,
D+

∂n+
0
∂x

− D−

∂n−
0
∂x

σ
+ E(µ+ n+
+ µ− n−
) + dE = 0
0
0
e

∂E
4πe +
=
(n1 − n−
)
1
∂x
ε
As zero approximation, we choose n+
= n−
=
0
0

(3.22)

(3.23)

p

αI(x)/γ. We then get directly from

Equation (3.22),
E=

mkb T σ − σd
qν
sin(qx)
2e
σ
r

(3.24)

+
−
αI0 [1+m cos(qx)]
where, ν = D+ −D− , and σ − σd = e(µ+ + µ− )
. Two factors deterγ
D +D
mine the magnitude of the space charge field in Equation (3.24): the difference between σ

and σd , and the difference in the diffusion coefficients of the cations and anions. Comparing Equation (3.11) and (3.24), we notice that space charge field E is π/2 phase shifted
from the incident optical intensity profile. Therefore, the director axis reorientation is
also phase shifted with respect to the intensity. This phase shift is responsible for the
reported observation of two beam coupling effect [99].
Besides the aforementioned ion diffusion (drift) induced effect, Khoo [92] pointed
out that space charge field can also be formed via the Carr-Helfrich [58] effect as a result
of dc current flow in the anisotropically conducting nematic film. Figure (3.5) shows
a schematic depiction of Carr-Helfrich effect induced space charge field formation. Assuming an incident optical intensity distribution of the form I = I0 (1 + cos(~q · ~r)) =
I0 (1 + cos(qx)) and an applied dc field Edc directed along the z-direction, the behavior
of the corresponding currents flow, space charge field distribution, and director axis
reorientation profile θ(ξ) are achematically represented in the figure. Following the
treatment by Helfrich [58], the contribution arising from the conductivity anisotropy
ˆ is given by E
~ sc (along ξ)
~ sc = E ξˆ with (see Chapter 1 for
(∆σ = σk − σ⊥ )E
∆σ
∆σ
∆σ
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Fig. 3.5.
Schematic representation of the quantities involved in the nonlinear photorefractive effect: (a) input optical intensity; (b) photoinduced conductivity modulation;
(c) flow velocity and space charge; (d) DC space charge field;
(e) director axis reorientation profile. θ is the reorientational
angle. (after Khoo [92])

detailed derivation),

h³
´
i
σk − σ⊥ sin θ cos θ
i Ez
E∆σ = − h
σk sin2 θ + σ⊥ cos2 θ

(3.25)

where σk and σ⊥ are the conductivities for current flow along and perpendicular to the
director axis, respectively. The other contribution is due to the dielectric anisotropy
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~ sc = E ξˆ with,
∆ε [∆ε = εk − ε⊥ ] and is given by E
∆ε
∆ε
h³

´
i
εk − ε⊥ sin θ cos θ
i Ez
E∆ε = − h
εk sin2 θ + ε⊥ cos2 θ

(3.26)

where εk and ε⊥ are the dc dielectric constants for field parallel and perpendicular to the
director axis, respectively. Notice from Equation (3.25) and (3.26), these space charge
fields depend explicitly on the reorientational angle and the external dc field and not
on the incident optical field. In other words, once the reorientational angle θ assumes
some finite value, the space charge field E∆σ and E∆ε , and the corresponding torques
will be maintained as long as the dc applied field is present. Such persistent grating
behavior was actually observed by Khoo [26] in his reported study of the holographic
grating formation dynamics.

3.5

Director Axis Reorientation Torques Balance
These space charge fields, in conjunction with the applied dc field, create director

axis reorientation through several dielectric and conductivity anisotropy induced torques.
Because of the fluid nature of liquid crystal, flow could also create director axis reorientation through the shear stress associated with flow velocity gradient [52]. At equilibrium
state, the torques induced by different mechanism will balance with each other, which
gives an explicit solution for the director reorientation angle θ(ξ).
Take homotropically aligned configuration as an example. With reference to the
field interaction geometry depicted in Figure (3.6), the torques may be calculated using
standard nematogen theory. Dielectric torque Γ∆ε can be written as [52]:
Γ∆ε =

³
´
i
∆ε
∆ε h
(n · E) (n × E) =
sin θ cos θ Eξ2 − Ez2 + cos 2θEξ Ez
4π
4π

(3.27)
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Fig. 3.6. Schematic depiction of interaction fields in a homotropically aligned liquid crystal film

~ :
where Eξ and Ez are the ξ- and z-component of the total electric field E
dc
~ = E ẑ + E
~ sc + E
~ sc + E
~
E
dc
ph
∆σ
∆ε

(3.28)

In Equation (3.28), EEdc is the applied external field, Eph , E∆ε , and E∆σ are the
diffusion (drift), dielectric anisotropy, conductivity anisotropy induced transverse space
charge fields, respectively. The interaction of the space charge with the applied dc field
causes neamtic flows in opposite directions, with positive and negative charges flowing
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dv

with velocities vz and −vz , respectively. The flow gradient dxz give rise to a flow-shear
stress, which in turn exerts a torque on the LC molecules. This shear-induced torque is
given by [52, 122]:
ΓS = −

i
dV (ξ) h
α3 cos2 θ − α2 sin2 θ
dξ

(3.29)
∂E

where α2 and α3 are the Leslie coefficients. By applying Poisson equation, ∂ξξ =
4π
ε⊥ ρsc , the equation of continuity, ∇ · Ix = 0, and the viscous force equation, ρsc Ez =
h
i
∂ ∂V (ξ) , the flow-orientation torque can be further rewritten as,
η ∂ξ
∂ξ

α
ΓS = 3
η2

µ

∆σ
σ⊥

¶

ε⊥ 2
E ·θ
4π z

(3.30)

The shear torque ΓS tends to reorient LC director axis to follow the flow gradient
modulation. The elastic restoring torque in this experimental geometry is given by
[44, 123]:
³
ΓK

=

2

2

K1 sin θ + K3 cos θ

´

Ã

∂2θ

∂2θ

!

+
∂ξ 2 ∂z 2
"µ ¶
µ ¶2 #
∂θ 2
∂θ
+ [(K1 − K3 ) sin θ cos θ]
+
∂ξ
∂z

(3.31)

where K1 and K3 are the elastic constants for splay and bend, respectively. The optical
torque takes its classical form,
Ã
Γop ∼

ε⊥
εk

!
op

∆εop D 2 E
Eop sin 2(β + θ)
8π

(3.32)

i
h
op
op
where ∆εop is the optical dielectric anisotropy ∆εop = εk − ε⊥ , Eop is the optical
electrical field amplitude, and h i denotes the time averaging.
The dynamics of the director axis reorientation process is governed by the interplay among the various torques produced by the fields and the elasticity of the liquid
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crystal,
dθ
Γ∆ε + ΓS + ΓK + Γop + γ
=0
dt

(3.33)

where Γ∆ε , ΓS , ΓK , and Γop are the dielectric, shear-induced, elastic restoring, and
optical torques, respectively. γ dθ
dt is a viscous damping term which accounts for the
dissipation of the mechanical energy caused by friction during the reorientation process.
At equilibrium state, the reorientation angle θ(ξ) can be obtained by solving the torque
balance equation:
Γ∆ε + ΓS + ΓK + Γop = 0

3.6

(3.34)

One Constant and Small Angle Approximations for Director Axis
Reorientation
Substitute Equation (3.27), (3.29), (3.31), and (3.32) into balance Equation (3.34)

resulting,
´
i
³
∆ε h
sin θ cos θ Eξ2 − Ez2 + cos 2θEξ Ez
4π
i
dV (ξ) h
−
α3 cos2 θ − α2 sin2 θ
dξ
Ã
!
³
´ ∂2θ ∂2θ
2
2
+
+ K1 sin θ + K3 cos θ
∂ξ 2 ∂z 2
"µ ¶
µ ¶2 #
∂θ 2
∂θ
+ [(K1 − K3 ) sin θ cos θ]
+
∂ξ
∂z
Ã !
∆εop D 2 E
ε
Eop sin 2(β + θ) = 0
+ ⊥
εk
8π

(3.35)

op

Obviously, Equation (3.35) is an complicated function of reorientation angle θ(ξ). Approximation must be made to simplify the equation and get explicit solution. Here we
will take the approach of one constant approximation (K1 = K2 = K3 = K) and small
angle approximation (assuming reorientation angle is small so that all θ dependent fields
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and torques are vanishingly small), which has been shown to be a fairly accurate estimation of NLC response [124]. Furthermore, Carr-Helfrich and flow effect are ignored
to simplify the problem and get a physical insight. Based on these approximations, only
~ and the applied dc electric fields are involved.
the space charge field E
ph
For the field interaction configuration as shown in Figure (3.6), the external applied dc field is,
Edc ẑ = [0, 0, Edc ]

(3.36)

and the space charge field can be decomposed in similar way,
~ = [E (0) cos β, 0, E (0) sin β] cos(qξ + φ c)]
E
s
ph
ph
ph
(0)

where Eph =

(3.37)

mkb T
σ−σd
π
2e qν σ and φsc = − 2 . From Equation (3.36) and(3.37), the total

~ can be represented as follows:
electric field E
·
¸
(0)
(0)
~
E = Eph cos β cos(qξ + φsc ), 0, Eph sin β cos(qξ + φsc ) + Edc

(3.38)

Under the small reorientation angle approximation, accompanied with the assumption
that flow effect is negligible, the torque balance Equation (3.35) becomes

K

∂2θ

∂ 2 θ ∆ε
(0)
Edc Eph · [cos 2θ cos β − sin 2θ sin β] cos(qξ + φsc ) = 0
+
K
+
2
2
4π
∂z
∂ξ

(3.39)

Assume the hard boundary condition [θz=0 = 0 and θz=d = 0] and consider the periodic
nature of field interaction property (as shown in Figure (3.6)), we could write θ as,

θ = θ0 · sin

³ πz ´
d

cos(qξ + φsc )

(3.40)
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A solution of θ0 can be obtained by substituting Equation (3.40) into (3.39),
(0)

∆εEdc Eph cos β
θ0 ∼
³ 2
´
4πK π2 + q 2

(3.41)

d

Under the above mentioned assumption and approximation, the approximate solution of
reorientation angle is,
(0)

³ πz ´
∆εEdc Eph cos β
θ=
cos(qξ + φsc )
³ 2
´ · sin
d
4πK π2 + q 2

(3.42)

d

The director reorientation induced extraordinary refractive index grating ∆n = ne (β −
θ) − ne (β) is thus given by
(0)

∆n = ∆ne cos (qξ + φsc ) Edc Eph

(3.43)

³
´n
k
where ∆ne = nk − n⊥ n (sin 2β)θ0
⊥
A comparison of Equation (3.43) with (3.1) will quickly reveal the fact that unlike
the conventional photorefractive Pockel effect, the orientational PR effect in liquid crystal
³
´
has a Kerr response nature, i.e., ∆n ∝ E 2 . Also since ∆ne ∝ nk − n⊥ , the large
anisotropy of liquid crystal (∆n ∼ 0.2 to 0.5) makes it a good candidate for orientational
photorefractive materials.
It is important to point out that Equation (3.43) is obtained based on two basic
assumptions, namely, that θ is very small and flow effect is neglected, which means this
analytical solution applies only to the initial stage of small reorientation. When θ is
substantial and flow occurs, all the torques become nonlinear function of θ, and we have
to come back to Equation (3.34) and (3.35), which unfortunately cannot be analytically
solved. Although the small angle approximation limits the obtained analytical solution
only suitable for the initial stage, yet the simplified treatments allow one to gain physical
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insights in to these orientational photorefractive process and explain experiment results
qualitatively and quantitatively.

3.7

Summary
In this chapter, a theoretical analysis of photorefractive effect in liquid crystal is

presented. The PR effect is defined as refractive index modulation in dc-biased liquid
crystals under spatially variant intensity pattern created by interference optical beams.
The liquid crystal director orientation plays a fundamental role, and its inherent Kerrresponse feature distinguishes liquid crystal from conventional photorefractive materials.
Different mechanisms for building up space charge field are reviewed in detail. Diffusion and drift of photoinduced charges generate a non-local space charge field, similar
to the process occurring in photorefractive crystals. Liquid crystal also features conductivity/dielectric anisotropies and fluid-like rheological behavior, which also contribute to
space charge field formations. A standard nematogen theory is introduced to calculate
liquid crystal director reorientation under various torques produced by interacting fields
and liquid crystal elasticity. An analytical solution for the refractive index modulation
associated with director reorientation is obtained based on one-constant and small angle
approximations [125].
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Chapter 4

Orientational Features of Photorefractive
Effect in Nematic Liquid Crystals:
An Experimental Investigation

The preceding chapter has theoretically illustrated that photorefractive effect in
nematic liquid crystals originates from an orientational birefringent grating due to spatially modulated orientation of the nematic director driven by the combined effect of an
external applied electric field, and a photoinduced space-charge field. Indeed there are
few materials that can compete with liquid crystals for maximizing the quadratic electrooptic effect. The low electric fields required for reorienting liquid crystals, combined with
their large birefringence and collective orientational response, result in the observation
of photorefractivity with low optical intensities (≤ 100mW/cm2 ) and low applied fields
(∼ 50mV /µm). For all these reasons, photorefractive liquid crystals actually represent
an emerging class of new materials [25, 117]. In this chapter, the basic physical mechanism underlying the photorefractive effect in nematic liquid crystals is investigated. The
aim was not to try to obtain the highest possible nonlinear coefficient, but rather to try
to understand and model peculiar features observed in the photorefractive response in
liquid crystals. We present compelling experimental evidences, by two beam coupling
(2BC) and four wave mixing (FWM) measurements, to show the orientational response
nature of liquid crystal photorefractivity. Such evidences include, yet not limited to,
polarization anisotropy observed in probe diffraction, external threshold voltage behavior, the nonlocal response evidenced by asymmetric energy exchange, and geometrical
dependence of diffraction intensity.
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4.1

Experimental Techniques
Two beam coupling (TBC) and four wave mixing (FWM) are the most widely used

geometries for evaluation of photorefractive properties and demonstration of applications.
In this section, a brief description of standard TBC and FWM will be given.
Two-beam coupling (TBC) experiment is one crucial experiment to test photorefractive performance. The typical TBC experiment setup is shown in figure (4.1a).
Optical beams 1 (probe) and 2 (pump) are incident and interfere on a liquid crystal cell
sandwiched between two conductive indium tin oxide (ITO) coated glass slides. The
obtained spatial periodicity of interference pattern Λ is given by,

Λ=

λ
2n sin [(θ2 − θ1 ) /2]

(4.1)

where n us the liquid crystal effective refractive index, λ is the optical wavelength in
vacuum. Tilted geometry is chosen with probe and pump beams slanted θ1 and θ2
degrees from liquid crystal cell normal. This choice of experimental tilted geometry is
due to the requirement to have a nonzero applied field component along the direction
of the wavevector1 . The resulting nonlocal photorefractive grating partially diffracts
beam 1 and 2 into beams 10 and 20 , as shown in figure (4.1b). Because of the PR
effect nonlocality nature, one beam (for example, 10 ) interference destructively with its
companion beam 2, while the other beam (20 ) interference constructively with beam
1. As a result, one beam experiences energy gain (amplification) and the other suffers
energy loss (attenuation). For photorefractive materials, it is important to verify the
energy transfer in steady state, because transient asymmetric energy change is known to
1 From Chapter 3, the solution of LC director reorientation angle θ takes a form θ ∝
0
0
(0)
(0)
∆εEdc Eph cos β. A nonzero applied field component along the wavevector (or Eph ) direction

is required to form a ”phase matched” PR grating.
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!
Fig. 4.1. Experimental configuration of two beam coupling
(a) experiment setup, with 1 and 2 the pump and probe
beams, 10 and 20 partial diffracted beams. d is the sample thickness, Λ = 2π
K is the grating spacing, and K is the
grating vector. (b) Zoomed illustration of beam overlapping
region, which shows the energy gain and loss.

also occur in materials with local response [126] (photo-chemistry, χ(3) , absorption and
thermal gratings).
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Fig. 4.2. Experimental configuration of four wave mixing
(a) experiment setup, with 1 and 2 forming photorefractive
gratings in LC medium. Beam 3 (reading beam) is partially
diffracted by the grating to create the fourth beam (beam 4).
(b) Zoomed illustration of beam overlapping region, which
shows the diffraction of beam 3 to generate beam 4.
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As shown in figure (4.2), the experimental geometry for FWM is quite similar to
that of TBC. The difference is that in the FWM setup besides writing beams 1 and 2,
there is also a probe beam (beam 3 in figure (4.2a)), which is partially diffracted by the
gratings to generate beam 4. Then, the diffraction efficiency (η), defined as the ratio
I

I

4 (internal diffraction efficiency)
η ext = I4 (external diffraction efficiency) or η int =
I4 +I30
3
can be determined. In the degenerate FWM geometry, beam 3 is chosen to have the

same wavelength as the writing beams (1 and 2) and usually counter-propagate along
one of the writing beams (for example, beam 1), as this allows for the phase-matched
readout and background-free detection of very weak diffraction signals. It is important
that beam 3 not disturb the existing grating, which can be assured by making the probe
beam much weaker than the writing beams and/or by having the probe beam polarized
orthogonal to the writing beams.
From the measured diffraction efficiency, the refractive index modulation (∆n)
typically can be obtained by the following simple equation [127],

η

ext

= exp (−αL) sin

2

µ

π∆nL
ê1 · ê2
λ

¶
(4.2)

d
is the effective interaction length,
cos θ1 cos θ2

where α is the absorption coefficient, L = √

and ê1 and ê2 are unit vectors along electric field of incident and diffracted beams,
respectively. For p-polarized readout configureation, ê1 · ê2 = cos (θ2 − θ1 ), while for
s-polarized readout, ê1 · ê2 = 1. Equation (4.2) can be used as an approximate method
to determine the refractive index modulation ∆n from measured diffraction efficiency η.

4.2

Polarization Anisotropy in Probe Diffraction
The equations governing nematic liquid crystal under combined action of dc and

space charge fields (as discussed in Chapter 3) have detailed photorefractive grating
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outset arising from liquid crystal director reorientation. To further exclude the possible contributions from other isotropic effects (refractive index modulation due to laser
thermal heating or absorption, for example), the following probe diffraction experiment
is performed. Polarization anisotropy is observed in probe diffraction, which strongly
substantiates the orientational nature of liquid crystal photorefractivity.
As shown in figure (4.3a). a linearly polarized Ar+ is divided into two equally
powered writing beams E1 and E2 . These two coherent beams are polarized along the
x-axis and overlapped on the liquid crystal cell. Tilted geometry is chosen, with internal
tilt angle β = 22.5o . The liquid crystal cell is homotropically aligned, with LC director
orientated along z-axis. A linearly polarized He-Ne laser is used to probe the index
grating formed. The polarization direction of the probe beam can be rotated in the
x-y plane, as shown in figure (4.3b). The resulting diffraction efficiency as a function
of probe polarization is shown in figure (4.4). A very strong polarization dependence
of diffraction efficiency is observed. Diffraction efficiency reaches maximum for probe
polarization along y-axis (p-polarized, as shown in figure (4.3c)), while no diffraction
is observed for probe polarization along x-axis (s-polarized, as shown in figure (4.3d)).
This observation is consistent with our statement that photorefractive gratings originate
from liquid crystal bend-splay reorientation under external dc and internal space charge
field. For experimental setup as figure (4.3a), dc and space charge fields are along yand z-axis, respectively. In-plane reorientation of liquid crystal director takes place
due to bend-splay distortion (as illustrated in figure (4.3c) and (4.3d)), which results
maximum refractive index contrast ’seen’ by p-polarized probing and no index contrast
for s-polarization. From equation (4.2), probe beam diffraction efficiency can be written
as,
2

ηprobe = sin

µ

π∆neff d
λ cos β

¶

µ
'

¶
π∆neff d 2
λ cos β

(4.3)
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Fig. 4.3. Polarization property of probe diffraction. (a)
Optical setup for probe diffraction: E1 and E2 are writing
beams with polarization along x-axis; E3 is the probe beam.
(b) The polarization of probe beam E3 is rotated in the x-y
plane. (c) p-polarized probing (α = 90o ). (d) s-polarized
probing (α = 0, 180o ).

where negligible absorption is assumed, d is sample thickness, and cosd β is effective
interaction length. Assume ∆neff = ∆n cos α, with α is the probe beam polarization
angle relative to x-axis, probe beam diffraction efficiency is related to polarization angle

75

"#

%

%

%

!$

!
Fig. 4.4. Probe diffraction efficiency (defined as the ratio of first order diffraction to the probe beam incident intensity) as a function of probe polarization, where p- and
s-polarizations represent the extreme cases for probe light
field parallel or perpendicular to LC director, respectively.
Circles are experimental data; and solid line is theoretical
fit with ∆n = 5.4 × 10−3 , sample thickness d = 20µm, and
tilted angle β = 22.5o .

as,

µ
ηprobe '

¶
π∆nd 2
cos2 α
λ cos β

(4.4)

Choose adjustable parameter ∆n = 5.4 × 10−3 , equation (4.4) gives agreeable fitting
with the experimental data, as shown by the solid line in figure (4.4).
In conclusion, polarization anisotropy of probe diffraction clearly rules out possible
isotropic effect and further verify the orientational property of liquid crystal photorefractivity. The distinct diffraction behavior for s- and p-polarized probing also indicates that
LC director is most likely to reorientate in the plane formed by dc and space charge field.
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4.3

External Threshold Voltage Behavior
The applied dc field is a necessity to trigger photorefractive effect in liquid crystal.

As discussed in Chapter 3, the field-induced torque exerted on the liquid crystal directors
has a quadratic dependence on the field, and so does the induced extraordinary refractive
index modulation. Figure (4.5) illustrates the Kerr-like effect. As shown in figure (4.5a),

!"
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!" # $
!" #

Fig. 4.5. The illustration of refractive index change (∆n)
spatial profile. (a) Comparison for cases without (dashed
line) and with (solid line) an applied dc field. (b) Comparison for cases with Edc = 0.1V (dashed line) and Edc = 0.9
(solid line)
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without dc field, the presence of space-charge field will only produce a grating with half
the periodicity of the incident optical interference pattern (dashed curve in figure (4.5a)).
An application of dc field will ultimately modulates the refractive index ‘properly’ , as
(0)

shown by solid curve in figure (4.5a). Considering ∆n ∼ ∆ne Edc Eph , the dc field bias
will also enhance the refractive index modulation, as exemplified in figure (4.5b).
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Fig. 4.6. Diffraction efficiency as a function of external
applied voltage, for (a) 5CB homotropic cell with thickness
d = 20µm, incident power P ∼ 11.5mW ; (b) 5CB planar cell
with thickness d = 20µm, incident power P ∼ 10mW ; (c)
5CB:C60 homotropic cell with thickness d = 25µm, incident
power P ∼ 22mW ; and (d) 5CB:SWNT homotropic cell
with thickness d = 25µm, incident power P ∼ 1mW .
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A characteristic external threshold voltage behavior is usually observed in liquid
crystal photorefractivity studies. Self-diffraction for two beam coupling can only be
observed when applied dc voltage exceeds certain threshold value. Figure (4.6) shows
the diffraction efficiency as a function of applied dc voltage under different experimental
conditions. A common feature of threshold voltage behavior can be easily observed in all
cases. The characteristic dc voltage threshold is the critical strength in order to reorient
LC director in the bulk against surface anchoring, which corroborates the reorientational
mechanism of LC photorefractivity as described in Chapter 3.

Table 4.1. Comparison of photorefractive threshold dc field
in photorefractive polymers and liquid crystals
³
Material and wt% Composition

Eth

V
µm

´
Ref.

BisA-NAS:DEH(29%)

65

[128]

PMMA:DTNBI(33%):C60 (0.2%)

57

[129]

PMMA:DPDCP(30%):TPD(15%):C60 (0.3%)

100

[130]

PVK:DMNPAA(50%):ECZ(33%):TNF(1%)

90

[131]

PVK:PDCST(33%):BBP(15%):C60 (0.5%)

120

[132]

5CB

0.14

[20]

0.06-0.3

[26]

0.07

[25]

5CB:C60 (0.05%)
8OCB(35%)-5CB(65%):perylene/NI

Table (4.1) compares the critical external field required for photorefractivity occurrence in polymer and liquid crystals. An applied field below 0.1V /µm is normally
required to produce refractive index modulation in liquid crystals, whereas ≥ 50V /µm
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is typical for polymers. The low external threshold field has distinguished liquid crystal
from other organic photorefractive materials.
This photorefractive threshold voltage is initially identified as Freedericksz threshq
3
old (VF = 4π∆εK ), but a close look will soon find out that this interpretation does not
apply for homotropic cells with positive dielectric anisotropy, in which the applied field
is parallel to the LC director and tend to stabilize its orientation perpendicular to the
cell wall2 . Clearly, the threshold voltage in liquid crystal photorefractive effect has a different origin. In Chpater 6, a detailed analysis of photorefractive threshold will be given,
and a further investigation reveals some new aspects on liquid crystal photorefractivity.

4.4

Asymmetric Two Beam Coupling
We’ve pointed out that asymmetric two beam coupling is one of the key features

of photorefractivity, which best verifies the nonlocal property as a result of physical
motion of charges in the material.
To investigate the photorefractive effect in liquid crystal, we measured two beam
coupling gain under the application of dc electric field. A sample structure and experimental setup are schematically illustrated in figure (4.1). Two coherent and p-polarized
Ar+ laser beams (488nm) were used to create photorefractive grating in liquid crystal.
The input beam intensity ratio was kept to be approximately unity during the experiment. The liquid crystal cell is tilted from the bisector of the writing beams in order
to provide a projection of the grating wave vector along the applied electric field direction. The two transmitted beam intensities were detected for measuring TBC gain.
Figure (4.7) shows a typical TBC experimental result. The asymmetric energy transfer
is clearly seen by the increase intensity of I1 and decrease of I2 , revealing the nonlocal
nature of the grating.
2 A detailed introduction of Freedericksz threshold can be found in Appendix A
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Fig. 4.7. Typical experimental data for two beam coupling
experiment. The electric field and the pump beam I1 are
initially on, and the at t ∼ 1s the probe beam I2 is turned
on, and transmitted intensities of both beams are recorded.
Sample: 5CB homotropic cell; thickness d = 20µm; dc voltage V ∼ 3.1V , tilted angle β ∼ 22.5o .

The theoretical description of two beam coupling involves solving coupled-wave
equations which govern the interaction of two incident beams in nonlinear optical material. The detailed derivation can be found in Appendix B. Here we only cite the final
solutions. Assuming the existence of an exponential gain3 , the intensities of the two
interacting beams are, in terms of the propagation distance z in the sample [6],

I1 =

βI0
β + exp(ΓL)

(4.5)

3 Although the assumption of an exponential gain in liquid crystal thin films operating in

Raman-Nath regime is questionable [126], it is nevertheless widely used as a standard for
comparison.
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I2 =

I0
1 + β exp(−ΓL)

(4.6)

where I0 = I1 + I2 is the total intensity, β = I10 /I20 is the input beam intensity ratio,
L = d/ cos θ is the interaction length, and Γ is the coupling coefficient. In equation (4.6),
beam 2 experience a gain. The TBC coupling gain coefficient can be expressed as,

Γ=

2π∆n
sin Φ
λm cos θ

(4.7)

where λ is the wavelength, ∆n is refractive index modulation, Φ is the phase shift
between index grating and interference pattern, and m is the modulation depth of the
interference pattern defined as,
p
√
2 I10 I20
2 β
m=
=
I10 + I20
(1 + β)

(4.8)

From equation (4.7), it is clear that a phase shift of Φ = 90o leads to the optimum
energy transfer, whereas no energy coupling for Φ = 0o . As already been pointed out,
the nonlocal response Φ 6= 0 in photorefractive liquid crystal is the physical origin of
asymmetric TBC.
From equations (4.5) and (4.6), the exponential gain coefficient (Γ) can be estimated from experimentally measured intensities as follows,

Γ=

ln(γβ) − ln(β + 1 − γ)
L

(4.9)

where L is the interaction length, β = I10 /I20 is the input beam intensity ratio, and γ
is the gain factor, which is defined as γ = I2 (with I1 )/I2 (without I1 ). Note that in the
undepleted pump regime (β À 1), equation (4.9) is simplified to,

Γ=

ln(γ)
, or, γ = exp(ΓL)
L

(4.10)
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which implies the intensity of the probe beam grows exponentially in the undepleted
pump regime. A revisit of equation (3.42) and (3.43) will soon yield the fact that
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Fig. 4.8. Exponential gain coefficient (Γ) as a function of
applied dc voltage by reversing the directions of (a) applied
dc field Edc ; (b) tilt angle β. Experimental condition: material 5CB homotropic cell with thickness of 25µm, pump
power ∼ 1.5mW , pump/probe ratio ∼ 1.
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refractive index modulation in photorefractive liquid crystal has the following form,
³
´
nk − n⊥ nk
(0)
∆n ∝
³ 2
´ cos β sin (2β) Edc Eph
π
n⊥ K 2 + q 2

(4.11)

d

It is immediately clear that ∆n(−β) = −∆n(+β), and ∆n(−Edc ) = −∆n(+Edc ). Since
coupling coefficient is in direct proportion to ∆n, if the direction of Edc or the tilt angle
β is reversed (i.e., Edc → −Edc , β → −β) the direction of energy transfer in TBC is also
reversed. It is equivalent to shifting the grating phase by π. We separately measured
the intensity gain and calculated TBC gain coefficient (via equation (4.9)) against Edc
by reversing the direction of Edc and β; the results are shown in figure (4.8). The
experimental results support the above theoretical prediction, and reveal a strong proof
of the ‘orientational’ photorefractive effect in liquid crystals.
We’d like to point out, from equation (4.9), coupling gain coefficient (Γ) is inversely proportional to modulation depth (m), which indicates large pump/probe ratio
is preferred to obtain substantial two beam coupling gain. To verify the theory, probe
beam gain was measured by varying the intensity ratio of pump and probe. The data
presented here were obtained from C60 (0.05wt%)-doped 5CB cell. Representative data
for probe beam gain (γ) as a function of pump/probe beam ratio (β) are shown in figure (4.9a) for several β values. As shown in figure (4.9a), probe gain increases as the
increase of pump/probe ratio and eventually reaches a saturated value. Figure (4.9b) replots the experimental results in terms of gain coefficient Γ [Γ =
√

ln(γβ)−ln(β+1−γ)
] and
L

interference modulation depth m [m = 21+ββ ]. The decreasing trend of Γ with increasing
m value agrees with well equation (4.7). If the data in figure (4.9b) are fitted using an
allometric formula,
Γ = a(m)p

(4.12)
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Fig. 4.9.
(a) Dependence of two beam coupling gain
(γ) on pump/probe beam power ratio (β). Sample is
C60 (0.05wt%)-doped 5CB cell with thickness of 25µm,
pump power is ∼ 33mW . The dashed line is plotted just
for illustration. (b) Calculated two beam coupling gain coefficient (Γ) as a function of interference modulation depth
of pump-probe beams (m). The solid line is a power fit
Γ ∼ mp with p ' −0.8 ± 0.021.
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where a and p are adjustable parameters. The best fit yields the power factor p ' −0.8.
Equation (4.7) predicts that the power factor takes a value of p = −1. The experimental
result agrees with TBC theory, within acceptable discrepancy. This discrepancy probably
arise from the fact that thin-film photorefractive cell does not operate in the thick grating
regime [99] and equation (4.7) may not be strictly applicable [126].
By taking advantage of this asymmetric two beam coupling effect, several applications, such as image amplification [133], novelty filtering [134], and edge enhancement [37], have been proposed and demonstrated in photorefractive polymer and liquid
crystals. The rapid progress in the development of organic photorefractive materials will
certainly open a door to a variety of additional applications related to image processing.

4.5

Geometrical Dependence of Diffraction Efficiency
Under the one-elastic-constant and small reorientation angle approximation, a

solution of liquid crystal reorientation under combined action of dc and space charge
field yields (see Chapter 3 for details),

θ

= θ0 · sin

³ πz ´
d

cos(qξ + φsc )

(4.13)

(0)

∆εEd Eph cos β
θ0 =
³ 2
´
4πK π2 + q 2
d

The LC reorientation induced extraordinary refractive index grating is then given by
³
´ nk
(sin 2β)θ0
∆ne = nk − n⊥
n
⊥

(4.14)

This qualitative theory shows that liquid crystal director reorientation and the resulting
refractive index modulation is highly dependent on the incident angle β. As a result, the
³
´2
, the β
diffraction efficiency (η) should also be β-dependent. Considering η ∼ π∆nL
λ
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dependence of the diffraction efficiency has the following form,
η(β) ∝ sin2 (2β) cos2 (β)

(4.15)

An experimental investigation was performed using a 5CB:C60 cell with thickness of
25µm. The diffraction efficiency was measured for a series of incident angles4 ranging

Fig. 4.10.
Diffraction efficiency η as a function of incident angle β (internal angle). Circles are experimental
data, and solid line is the theoretical prediction η(β) ∝
sin2 (2β) cos2 (β) Sample: 5CB:C60 cell with thickness of
25µm. Input power: 10mW .

4 Strictly speaking, β is referred to internal incident angle: the incident angle inside liquid

crystal medium. In our measurement and calculation, all the ‘external’ incident angles have been
converted to the ‘internal’ angles.
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from 0o to ∼ 18o . The result is shown in figure (4.10), which clearly shows a β dependence. An association of η-β described by equation (4.15) (solid line) is in good
agreement with the experimental results (circles).
As a further confirmation of this geometrical dependence and providing another
evidence to support orientational feature of liquid crystal photorefractivity, dependence
of diffraction efficiency on the grating vector q (q = 2π
Λ ) was studied. Figure (4.11)

Fig. 4.11. Dependence of probe diffraction efficiency on
the grating constant. Circles are experimental data. Solid
curve is least-square fit using using equation (4.18). Sample: 5CB:C60 cell with thickness of 25µm. Input power:
∼ 10mW .

shows the measured 1st-order diffraction efficiency as a function of grating constant from
a 25µm thick C60 doped 5CB cell. It is evident that the diffraction efficiency reaches a
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maximum for certain q value. From equation (4.13), for the reorientation angle θ0 ,
(0)

∆εEdc Eph
θ0 ∝
³ 2
´
4πK π2 + q 2

(4.16)

d

(0)

wher Edc is the applied dc field, Eph is space charge field, and d is the LC cell thickness.
(0)

Also from equation (3.24), the space charge field Eph ∝ q, we notice that reorientation
angle θ0 has the following form,

θ0 ∼ const · 2
π

q

(4.17)

+ q2
d2

The resulting diffraction efficiency will be,

q

2


´
η ∼ A · ³
π 2 /d2 + q 2

(4.18)

where A is taken as a constant. The solid curve in figure (4.11) shows the least-square
fit of experimental data using equation (4.18) by taking A as an adjustable parameter.
The theoretical fitting result clearly shows that diffraction efficiency η takes a maximum
at qmax = πd (i.e., Λmax = 2d). The calculated η-q dependence profile and Λmax value
are very close to the experimental observation.

4.6

Summary
Chapter 4 is the experimental counterpart of the previous chapter. In this chap-

ter, a number of two wave coupling and four wave mixing investigations on several liquid
crystal composites are presented. The observed phenomenon, such as probe diffraction polarization anisotropy, external threshold voltage behavior, the nonlocal response
evidenced by asymmetric energy exchange, and geometrical dependence of diffraction
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intensity, provided persuasive evidence that photorefractive grating in nematic cells is
an orientational birefringence grating. Such a orientational birefringence grating arises
from the spatially modulated orientation of the nematic director driven by the combined
effect of an external applied dc field, and a photoinduced space-charge field.
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Chapter 5

Photorefractive Effect in Doped Liquid
Crystals: An Improved Photorefractivity Performance

In parallel with the effort to understand basic mechanisms governing photorefractive effect in liquid crystals, much attention has been drawn to enhance liquid crystal
photorefractive performance. In the initial study of photorefractive effect in liquid crystals, Rudenko and Sukhov [21] showed that the diffraction efficiency saturates at high
+
−
intensities and this allow them to determine experimentally the ratio of D+ −D− . The
D +D
value of 0.02 found for this ratio indicated a very small difference in the diffusion co-

efficients of the positive and negative mobile ions. This fact, combined with the low
solubility of the the laser dye and inefficient charge generation and charge transport,
strongly limited the performance of the material. Current research efforts are focused
on incorporating LCs with specialized doping materials to significantly improve the PR
performance [25,26,117]. In 1995, Wiederrecht et al [25] reported a large increase of the
orientational photorefractive effect in liquid crystalline materials through two improvements, namely, the usage of a eutectic liquid crystal mixture and the incorporation of an
organic electron donor and acceptor combination with an efficient photo induced charge
transfer mechanisms. Photocurrent enhancements of more than an order of magnitude
were observed. Further studies continue to produce a rapid increase in the photorefractive figures of merit in liquid crystal, especially in regard to the diffraction efficiency and
gain coefficient. Diffraction efficiency of 20%1 was reported in LC cells coated with thin
layer of photoconductive polymer [136]. Khoo et al [26, 99] also reported significant
improvement in photorefractive performance in fullerene C60 doped LCs. The values of
1 The maximum diffraction efficiency for the Raman-Nath grating is ∼ 34% [135].
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the amplification gain coefficients in C60 -doped LC can be nearly 3000cm−1 , which is
almost 100 times larger undoped NLC system.

5.1

Charge Generation and Transport in Liquid Crystals
The first physical process required for photorefractive effect is the generation

of mobile charges in response to the spatially varying illumination. In liquid crystal,
charge generation may have different origins. It can originate not only from dissociated
impurities (processing remnants), but also from the spontaneous dissociation of the liquid
crystal molecule themselves [137]. Charge injection can take place from electrodes with
suitable working function. Among many methods, chemical doping still remains the most
effective way to introduce charge generation. Although there are suggestions that charge
generation in doped liquid crystals might be due to intramolecular or intermolecular
charge transfer [138–141], the charge generation mechanism is not well understood and
no comprehensive theory is presently available.
A basic description of intramolecular or intermolecular photoinduced charge transfer process [141] is shown in figure (5.1), where the donor (D) and acceptor (A) units are
either covalently bonded (intramolecular) or spatially close but not covalently bonded
(intermolecular); 1 and 3 denote singlet or triplet excited states, respectively. The charge
4 describes the formation of an ion radical pair; this does not occur untransfer (step ○)

less ID∗ − AA − UC < 0, where ID∗ is the ionization potential of the excited state (D∗ )
of the donor, AA is the electron affinity of the acceptor, and UC is the coulomb energy of
5 can possibly stabilized by carrier
the separated radicals. The charge separation (step ○)

delocalization on the D+ (or A− ) species and by structure relaxation [125]. A recent
study shows D+ − A− ions pairs recombine much more slowly in nematic liquid crystals [142], due to control of the recombination rate by the relatively slow reorientation
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Fig. 5.1.
Schematic illustration of intramolecular or intermolecular photoinduced charge transfer, where the donor
(D) and acceptor (A) units are either covalently bonded (intramolecular) or spatially close but not covalently bonded
(intermolecular); 1 and 3 denote singlet or triplet excited
1 excitation on D; Step ○:
2 exstates, respectively. Step ○:
3
citation delocalized on the D-A complex; Step ○:
charge
4 ion radical pair formed; Step ○:
5
transfer initiated; Step ○:
charge separation. At each step, the D-A system may also
have certain probability to relax back to the ground state,
radiatively or non-radiatively.

of liquid crystal dipoles. The long-lived D+ − A− pairs may have more chances to encounter a neutral D − A pairs and induce intermolecular charge transfer yielding D+ − A
and D − A− pairs, which gives a possible explanation for the substantial enhancement
of photo-charge generation in doped liquid crystals.
The second critical element for photorefractive effect is transport of the generated charges, with one carrier being more mobile than the other. In figure (3.1b) (see
Chapter 3), the holes are shown to be more mobile, which is the more common case for
organics [23]. Diffusion, drift, and convection of ions are the three well-known mechanisms of charge transport in aqueous system, such as liquid crystal. For drift and
~ equations given by [6],
diffusion, the mobile charges obey the current density (J)
J~ = J~+ + J~−

(5.1)
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±
³
´
± ∂n (x, t)
~ (x, t) − E
~
J~± = qµ± n± (x, t) E
∓
qD
x̂
sc
A
∂x

(5.2)

where µ± is the mobility of the cations and anions, x is the grating wavevector axis,
~ (x.t) is the space charge field, E
~ is the applied field,
n± (x, t) is the ion density, E
sc
A
q is the unit charge, and D± is the diffusion constant of cations and anions, respectively. The first term on the right-hand side of equation (5.2) describes charge drift, and
the second term describes ion diffusion. For convection-type charge transport (electrohydrodynamics), a detailed description can be found in Chapter 1.
Besides diffusion, drift, and convection-type transport mechanism, electronic transfer process (e.g, charge hopping) can also contribute to charge transport especially for
liquid crystals with oxidation-reduction dopants [143]. Actually charge hopping in liquids has long been discussed as an enhancement mechanism for conduction. For example,
electron-exchange mechanism were first discussed by Dahms [144]. Later on, Friedrich
generalized these theories and named the process “transfer diffusion” [145]. Electronic
transport in organic materials is well described either by a band model for organic single
crystals, or by a hopping formalism for disordered organic materials such as polymers,
molecularly doped polymers, and glasses. A schematic representation of charge transport mechanism for organic single crystals and disordered organic materials is shown in
figure (5.2). For the band model, charge is transported (by diffusion or drift) in the conduction band. The hopping models consider charge motion as a continuous-time random
walk between localized sites with isoenergetic positional disorder [146]. LC materials,
exhibiting orientational order, represent an intermediate class of materials between single
crystal and amorphous disordered materials. Although enhanced carrier transport has
been demonstrated in nematic [147], discotic [148], and smectic [149] liquid crystals, the
relative low values of mobility (< 1cm2 V −1 s−1 ) mean the dominate electronic transfer mechanism in LC is still incoherent hopping transport rather than coherent band
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Fig. 5.2.
Schematic representation of charge transport
mechanism for organic single crystals and disordered organic
materials. (a)Band transport model for organic single crystals. Photoinduced charges (e.g., e− ) are optically excited
out of un-ionized donors into the conduction band, where
they diffuse and drift in an electric field before recombing
elsewhere. (b) Hopping transport model for disordered organic materials. A sensitizer (acceptor) with density NA
is excited and subsequently ionized by light of frequency ν
with cross-section s. A free hole is injected into the host and
hops between transport sites until it either becomes trapped
or recombines with ionized acceptor with rate γ.

transport [143]. The electronic transport properties of liquid crystals, which have only
recently received attention, is still full of mystery and controversy.
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5.2

Enhanced Photorefractive Response of Fullerene Doped NLCs
As a new form of carbon, buckminister-fullerene, C60 , has recently generated

considerable interest in the scientific community [150, 151]. Interesting photo-physical
[152], nonlinear optical [153], and photorefractive [24] properties of fullerene and their
charge-transfer complexes have been reported. Pure fullerene films have been shown to
be photoconductive [154], which is probably due to singlet-triplet photo-excitation [155].
Fullerene also acts as an excellent acceptor. It has low reduction potential and can
easily form charge transfer complexes with strong donors like aliphatic and aromatic
amines [150].
For quantitative comparison of the photorefractive grating strengths for liquid
crystals with C60 doping, the first-order diffraction efficiency of the Raman-Nath gratings
were measured for undoped and C60 -doped 5CB. Pump and probe beam intensities were
kept equal in our experiment, with Ipump = Iprobe ' 8.3mW . Figure (5.3) illustrates
the diffraction efficiency (η) of the photorefractive grating as a function of applied dc
voltage (V) for undoped and C60 -doped 5CB. The diffraction efficiency is substantially
enhanced in C60 -doped sample. The values of η in the saturation limit are different by
a factor of 5. The beam coupling measurements were also performed on undoped and
doped 5CB samples, where side diffraction powers were monitored as the total input
power was increased. As shown in figure (5.4a) and (5.4b), the coupling effect is more
pronounced in C60 -doped 5CB sample.
As discussed in Chapter 3, photorefractivity can only occur if the mobility of
the positive and negative charges are different. The significance of this difference can
be illustrated by the equation for a space charge field derived under a light intensity
modulation of I = I0 (1 + cos(qx)) [21, 116],
mkb T σ − σd
mkb T
E=
qν
sin(qx) =
q
2e
σ
2e

Ã

D+ − D−
D+ + D−

!

σ − σd
sin(qx)
σ

(5.3)
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Fig. 5.3. The diffraction efficiency (η) of the photorefractive grating as a function of applied dc voltage (V) for a
50µm undoped (×) and a 50µm C60 -doped (°) 5CB cells.
The diffraction efficiency values in the saturation regime are
different by a factor of 5 for undoped and doped samples.

where σ is photoconductivity, σd is the dark conductivity, kb is the Boltzmann constant, q
is grating wavevector, m is modulation depth for input interference pattern, and D+ and
D− are diffusion constants for cations and anions, respectively. Assume equal intensity
for pump and probe beams (i.e., m = 1). It is clear that two factors determine the
magnitude of the space charge field: first is the difference in photoconductivity versus
³
´
σ−σd
dark conductivity
; second is diffusion constants difference for cations and anions
σ
µ
¶
+
−
ν = D+ −D− . The value of ν can be approximately determined through the relation
D +D

of index modulation (∆n) to the diffraction efficiency (η). From Chapter 4, the diffraction
efficiency of a Raman-Nath grating can be written as,
µ
η = sin

¶
µ
¶
π∆nL 2
π∆nL 2
'
λ
λ

(5.4)

97

Fig. 5.4.
Self-diffraction as a function of pump(probe)
power (a) for an 25µm undoped 5CB film with an applied
DC voltage over 3V ; (b) for a 25µm C60 -doped 5CB film
with an applied DC voltage over 3V . The comparison between (a) and (b) clear shows the enhanced two beam coupling in C60 -doped liquid crystal sample.

where absorption is neglected, ∆n is index modulation, L is the interaction length, and
λ is wavelength. Under one-constant and small angle approximation, refractive index
modulation under combined action of space charge field and external dc field has the
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following form (detailed derivation is in Chapter 3),
³
´ nk
nk − n⊥
sin (2β) θ0
n⊥
³
´
(0)
nk − n⊥ · nk sin(2β) ∆εEdc Eph cos β
=
·
³ 2
´
n⊥
4πK π2 + q 2

∆n =

(5.5)

d

³
´
where nk − n⊥ and ∆ε are refractive index and dielectric anisotropies, d is LC cell
thickness, β is the tilted angle, K is elastic constant, Edc is the applied dc field, and
(0)

Eph is space charge field magnitude. Equation (5.4), (5.4) and (5.5) yield the relation
of η and ν,


2

³
´
¶
µ
σ − σd
 dmkb T q nk nk − n⊥ ∆εEdc sin(2β) 

η = 
· ν
³ 2
´
·
2λe n⊥
σ
4K π2 + q 2

(5.6)

d

σ−σ
Fortunately, the only unknown variables are the diffusion (ν) and conductivity ( σ d )

terms. It has been previously reported conductivity term tends to saturate (σ À σd )
with increased intensity, thus

σ−σd
σ approaches unity at higher input. As shown in fig-

ure (5.3), the values of η in the saturation limit are different by a factor of 5, indicating
that ν is much larger for the sampled doped with C60 relative to undoped sample. Using
the following values for 5CB, K ' 10−7 dyne, nk = 1.74, n⊥ = 1.53, T = 300, ∆ε ' 11,
2π , we obtain ν ' 0.1 for C -doped 5CB and ν ' 0.03 for undoped
Ed = 4V , q ' 100µm
60

sample. Thus, the values for ν show conclusively that the diffusion coefficient difference
becomes much larger with C60 doping. The enhancement of diffusion coefficient difference probably arise from the high electron affinity of C60 . This molecular is an excellent
electron acceptor, capable of taking on as many as six electrons [156, 157]. The dopant
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C60 , therefore, will lower electron mobility2 and thus substantially increase the value of
ν.

5.3

Supra Photorefractive Response of SWNT Doped NLCs
Carbon nanotubes (CNTs) (Figure (5.5)) [159,160], the macromolecular analog of

fullerene, can be viewed as a hollow coaxial cylinders formed of graphite layers with both
ends of the cylinder normally capped by fullerene-like structures. CNTs have been found
to have novel electronic and mechanical properties, which opens a whole range of novel
application, such as nanoscale electronics [161, 162], field-emission sources [163], actuators [164], and nanosensors [165,166]. A typical single-walled nanotube (SWNT) may up
to several µm long, but with a diameter of only a few nanometers. The strong 1D con-





Fig. 5.5. Schematic diagram of the molecular structure and
scale of a single-walled CNT

finement should lead to large Coulombic coupling between photoexcited electron (e) and
2 It has been reported that background acceptor may strongly modifies electron mobility [158].
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holes (h) to create strongly bound excitons. Figure (5.6a) demonstrates photoconductive
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Fig. 5.6.
Photoconductivity of single walled carbon nanotube.
(a)Photocurrent spectra for single carbon nanotube. Solid line is the
Lorentzian fit of experimental data. The spectra shows a peak at
∼ 1.45eV . (after Freitag et al [167]) (b)Voltage dependence of the
conductivity of an E7-SWNT dispersion. For comparison the data of
the pure LC E7 is also shown. LC dispersion shows a very pronounced
increase of conductivity anisotropy. (after Dierking et al [168])
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ability of carbon nanotube by showing the photocurrent as a function of photon energy
for one single carbon nanotube [167]. The plot shows a clear peak around E = 1.45eV
that is well fitted by a single Lorentzian. More interesting property is CNT’s specific geometry feature, which yields a highly conductivity anisotropy ∆σ: conductivity of CNTs
is small across the tube but high along the tube. Dierking has demonstrated in reference [168] that a small amount doping of single-walled nanotube (SWNT) will greatly
enhance conductivity anisotropy in LC [see Figure (5.6b)]. As shown in the theoretical
analysis from Chapter 3, conductivity anisotropy ∆σ is one of the key ingredients for
generating space charge fields. We anticipate the enhanced photo-charge generation and
conductivity anisotropy via CNT doping will both substantially modify photorefractive
properties in liquid crystals.
In our experiments, single-walled CNTs with diameter ∼ 1.2 − 1.4nm and length
∼ 4 − 100nm were used as the dopants. The liquid crystal used is E7 (from EM Merck),
in which about 0.05wt% amounts of single-walled CNTs is dissolved. Typical absorption
constant α of these samples varies from 5 to 10cm−1 , depending on the doping concentration. The liquid crystal film is homotropically aligned, with hexadecyl trimethyl
ammonium bromide (HTAB) as coating surfactant, resulting LC director axis orientated
along the cell window normal direction. The cell thickness is around 25µm. A typical
two wave mixing configuration (as shown in Figure (5.7)) is employed to investigation
the photorefractive effect in SWNT doped NLC films. The incident laser power used
ranges from 25 to 500µW . With beam diameter of 5mm, this corresponds to an intensity range of 100µW/cm2 to 2mW/cm2 , similar to the intensities used in spatial light
modulators. The wave mixing angle is about 2◦ , corresponding to an intensity grating
of about 23µm inside the NLC films. The angle of incident β of the writing beam is
45◦ with respect to the normal. Two beam amplification effect is observed in all the
test samples, which manifest the photorefractive origin of the director axis orientation
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Fig. 5.7.
Experiment setup for SWNT doped LC photorefractive effect investigation, with incident laser power
ranging from 25 to 500µW , tilt angle 45◦ , mixing angle 2◦ ,
sample thickness 25µm.

process [6, 99, 169]. For a 90µW input beam power, a 5.6% (about 5µW ) gain/loss is
obtained with an applied voltage of 4V .
Photorefractivity in SWNT doped liquid crystals is highly dependent on the
dopant concentration. With slightly higher doping concentration, which is manifested
by an increase of absorption coefficient, the photorefractive nonlinearity improves significantly. Figure (5.8) shows photorefractive nonlinearity behavior as a function of applied
dc voltage for two different SWNT doping concentrations. Under the same applied voltage, the diffraction efficiency η for E7:SWNT with α = 5cm−1 is almost twice as much
as that for E7:SWNT with α = 4cm−1 . The values of η in the saturation limit is almost
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Fig. 5.8. Voltage dependence of 1st order diffraction efficiency
for E7:SWNT with different doping concentration. Doping concentration is characterized by sample absorption coefficient α, with
larger α value corresponding to higher doping concentration. °:
α = 5cm−1 ; 5: α = 4cm−1 . The arrows denote the region where
dynamic scattering sets in.

tripled for higher doping (η ∼ 24%) relative to lower doping sample (η ∼ 8%). Although
the detailed mechanism is not fully understood in molecule level, we believe the combination of efficient exciton dissociation and enhanced carrier transport is probably the reason
for enhanced photorefractivity with SWNT doping. Similar to the analysis in section 5.2,
+
−
diffusion constant difference value (ν = D+ −D− ) can be estimated via the relation of
D +D
η and ∆n. We obtain ν = 0.11 for higher SWNT doping cell (with α = 5cm−1 ), and

and ν = 0.06 for lower doping cell (with α = 4cm−1 ). The diffusion constant difference
is almost doubled with an increased doping concentration, which clearly illustrate the
significance to introduce SWNT dopants. We’d also like to point out that higher doping samples tend to be more resistent to the dynamic scattering. Dynamic scattering
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is caused by dc field induced flow, which degrades the director axis reorientation process. As shown in Figure (5.8), with slightly higher doping, the ”threshold” of dynamic
scattering is shifted from 3.8V (5: E7:SWNT α = 4cm−1 ) to above 4V (¤: E7:SWNT
α = 5cm−1 ). It is likely that a loosely connected network of SWNTs is formed to inhibit
ion flow under external field. Higher doping samples has denser SWNT network, and
could bear more external dc voltage without having dynamic scattering.
As above shown in figure (5.6b), with SWNT doping, LC film σ anisotropy will
also be enlarged, which helps the build-up of transverse space charge field and hence
enhance the photorefractive nonlinearity. Figure (5.9) shows the 1st order diffraction
efficiency as a function of the applied dc voltage for SWNT-doped E7 and undoped
E7. The photorefractive effect outset threshold voltage for E7:SWNT is substantially
increased as compared to undoped sample: Vth shifted from 1.0V for pure LC to 3.5V
for SWNT-doped E7. This threshold voltage change suggests an interaction between
LC and SWNT even at its low concentration (0.05wt%) used in our experiment. We
believe the transition voltage upward shift comes from the additional torque needed to
reorient SWNT under the action of LC. The diffraction efficiency appears to be nonlinear
function of the applied dc voltage, as shown in Figure (5.9). For E7:SWNT (°), the
maximum value of the 1st diffraction efficiency η = 8% is obtained with a writing
³
´2
beam intensity of 2mW/cm2 . Since η ' π∆nd
, we get ∆n = 1.6 × 10−3 , and
λ
2
therefore an effective nonlinear index coefficient n2 = ∆n
I = 0.8cm /W . For pure

E7 (¤), a diffraction efficiency of 2.5% is obtained with an input beam intensity of
200mW/cm2 , the resulting n2 coefficient turns out to be 1.3 × 10−3 cm2 /W . The n2
nonlinear coefficient value of E7:SWNT is already about 600 times larger than pure
E7. The enhanced photorefractive nonlinearity is mainly due to the larger space charge
fields: in SWNT-doped samples, Eph space charge field component is increased because
of efficient photo-charge generation and transport; E∆σ component is also enhanced
under a combined effect of the larger conductivity anisotropy of SWNT and the higher
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Fig. 5.9. Dependence of the 1st order diffraction efficiency as a
function of the applied dc voltage for SWNT-doped E7 (°) with
writing beam intensity of 2mW/cm2 . For comparison the data of
the pure LC E7 (¤) is also shown in the figure. We should point
out that the data for pure E7 is obtained with a minimum input
intensity of 200mW/cm2 .

dc applied voltage that E7:SWNT samples can sustain. The former has been discussed
previously. We’ll focus on the latter E∆σ enhancement effect. As shown in Chapter 3,
conductivity anisotropy ∆σ is a key component for generating space charge field E∆σ .
For small reorientation angle approximation, we have,
h³

´
i
σk − σ⊥ sin θ cos θ
∆σ
i Ez ' −
E∆σ = − h
θE
σ⊥ z
σk sin2 θ + σ⊥ cos2 θ

(5.7)

Upon doping with SWNT, the conductivity anisotropy of LC films is enhanced, as observed in Figure (5.6b). The increased ∆σ will hence induced stronger transverse space
charge field E∆σ under external dc voltage. To perform a quantitative check, we note
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from Figure (5.6b) that for undoped E7, σk = 0.52µS, σ⊥ = 0.23µS; and for E7:SWNT,
σk = 2.19µS, σ⊥ = 0.61µS, Equation (5.7) gives:
¶
0.52
− 1 × 1.6θ = 1.92θ
0.23
µ
¶
£
¤
2.19
E∆σ−E7:SWNT =
− 1 × 3.8θ = 9.88θ
0.61
£
¤
E∆σ−E7 =

µ

(5.8)
(5.9)

For the same reorientation angle, Equation (5.8) and (5.9) yield
£

¤
E∆σ−E7:SWNT
£
¤
= 5.15
E∆σ−E7

(5.10)

The conductivity anisotropy induced transverse space charge field in E7:SWNT film is 5
times that in undoped E7 sample. With the assistant from enhanced space charge field,
E7:SWNT film has higher sensitivity: director orientation can be induced under incident
power of as low as 90µW .
Another interesting effect is that the dynamic scattering threshold increases substantially after SWNT doping, as mentioned earlier. Although low threshold voltage
is a merit of photorefractive liquid crystals for power consumption consideration, yet
³
´
2 , we
because PR grating diffraction efficiency grows quadratically with Vdc η ∼ Vdc
prefer liquid crystal could sustain reasonable high dc voltage without severe dynamic
scattering. Dynamic scattering threshold increase is further confirmed by measurements
from a SWNT+C60 doped nematic film (α = 7cm−1 ), as shown in Figure (5.10). Similar
to E7:SWNT samples, the diffraction efficiency of E7:SWNT+C60 shows nonlinear behavior as a function of applied voltage. The corresponding n2 values obtained is about
1.4cm2 /W , which is already within the supra-nonlinear regime (n2 > 1cm2 /W ). For
E7:SWNT+C60 samples, the ”threshold” for dynamic scattering is generally higher,
which is most likely due to the complex structure formed by the SWNT and C60 that

!"#
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Fig. 5.10. Voltage dependence of 1st order diffraction efficiency
for E7:SWNT+C60 (α = 7cm−1 ). The dynamic scattering threshold voltage is generally higher (close to 5V), which is most likely
due to the complex structure formed by the SWNT and C60 that
encumbrances ion flow.

encumbrances ion flow. Dynamic scattering is further inhibited if the dc voltage is applied for a short duration. This actually provides a mean of extracting large nonlinearity
and fast response times. For example, with the application of a 1-s duration dc voltage of 20V on the E7:SWNT+C60 sample, we have observed a diffraction efficiency of
η = 1% under a writing beam power of 40µW . This corresponds to an effective coefficient n2 = 7cm2 /W . Shorter buildup and decay times on the order of tens of miliseconds
to 100ms can be obtained under this overdrive and undershoot voltage effect, which are
clearly more desirable than their extremely slow counterparts [26, 111].
All of above experiments data confirmed, or at least did not contradict our anticipation that NLC photorefractive response is substantially enhanced with SWNT doping. The photorefractivity is highly dependent on SWNT dopant concentration; stronger
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photorefractive effect can be observed with slightly higher doping. But the saturation
concentration of the nanotubes in liquid crystal is relatively low. Several methods have
been proposed to increase SWNT’s solubility, such as using surfactant [170], or attach octadecylamine molecules to the ends of the nanotubes to increase its solubility in aromatic
solvents [171].

5.4

Photorefractive Effect in Hybrid Organic-inorganic Composites
The large potential of nonlinear hybrid materials in the field of photorefractive ma-

terials has been demonstrated recently [172–175]. The hybrid material consists of organic
materials as backbone with inorganic composites doping (or vice versa). The photorefractive performance of such hybrid material benefits from both the low relative permittivity
of organic materials3 and high photo-sensitizing efficiency of inorganic composites. Inorganic composites could reach internal quantum efficiency for charge-carrier generation
on the order of 90% [176], about 10 times higher than typical C60 :photoconductor charge
transfer complex [177–179]. Furthermore, their optical band-gap is blue-shifted with decreasing particle size (the quantum size effect [180]), which allows tuning of the spectral
sensitivity.
In this section, we report enhanced photorefractive response in nematic liquid
crystals doped with CdSe nanorodes. The diameter and length of the nanorodes are
around 7nm and 30 − 50nm, respectively. An organic capping on the nanorodes ensures
high solubility of CdSe in liquid crystals. The exciton generation and charge carrier dissociation process in CdSe nano-particle is under intensive investigation. Various models
have been proposed. A simplified two-site resonant tunneling model [181] is illustrated
3
3 A useful figure of merit for photorefractive materials can be defined as Q = n γe , where n is
ε
the refractive index, γe the effective electro-optic coefficient, and ε the dc relative permittivity.

The low ε value of organic materials tend to yield higher Q values.

109

Fig. 5.11. Illustration of charge generation and energy cost to
separate the initial electron-hole pair. γ is the energy cost, d is the
distance between adjacent nano-particles, and φ is the potential
barrier which confines the electron or hole to the nano-partical. φ
is related to the energy difference between the lowest conduction
(valence) band for CdSe and the HOMO for the organic capping
layer. Reference: Leatherdale and et al [181]

in figure (5.11). A quantum-confined exciton is created with generation rate G by absorption of optical quanta with energy greater than the band gap. This exciton rapidly
relaxes to the lowest excited state of CdSe nano-particle, where it can undergo radiative
recombination, non-radiative recombination or ionization to create two adjacent, charged
CdSe nano-particles. The probability that one charge escape depends on the height (φ)
and width of the tunneling barrier (d) as well as the energy offset (γ) between initial
(bounded) and final (dissociated) states.
The photorefractive measurements were performed on CdSe-doped 5CB cell. The
results are shown in figure (5.12). The photorefractive diffraction shows similar voltage and intensity dependence as to other doped NLCs. Figure (5.12a) shows that the
photorefractive threshold voltage is around 2.4V . Further increase the dc voltage will
also enhance diffraction until dynamic scattering occurrence. Figure (5.12b) shows a
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Fig. 5.12.
Photorefractive performance for CdSe-doped
5CB cell. (a) Self-diffraction as a function of applied dc
voltage. Sample thickness: 35µm, homotropic alignment.
(b) Self-diffraction power comparison between CdSe-doped
(¤) and undoped (°) 5CB cell.

comparative study of self-diffraction from CdSe-doped and undoped 5CB. CdSe-NLC
appears to be more nonlinear: from our experiment data, the nonlinear index coefficient
constant n2 of 5CB:CdSe is estimated to be n2 = 2.05 × 10−2 cm2 /W , which is more
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than 20 times larger than that of the undoped sample. The n2 value is comparable to
C60 doping.
We attribute this photorefractive performance improvement to the enhanced charge
generation and transport from CdSe nanorodes doping. Additional features for CdSedoped liquid crystal include high solubility of dopants and no permanent grating effect even under long time illumination, which are attributed to the organic capping on
CdSe nanorodes. The organic capping probably increases the affinity between host and
dopants, and inhibits adsorption of CdSe nanorodes on cell windows.

5.5

Summary
With an effort to improve PR performance in liquid crystals, several doped LC sys-

tems were investigated. Organic dopants, such as C60 and super-molecular SWNT, were
chosen as additives. Substantial photorefractive response enhancement was observed, in
terms of larger diffraction efficiency and higher coupling gain. We attribute this doping enhanced effect to efficient photo-charge generation and optimized charge transport
in doped LC, combined with enlarged conductivity anisotropy. Hybrid photorefractive
system with inorganic dopants, such as CdSe nanorodes, is also demonstrated. The
photorefractive measurement shows promising results.
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Chapter 6

Light Induced Photorefractive Effect Threshold
Voltage Lowering: Photorefractivity in
Liquid Crystal Revisited

While it is widely accepted that the reorientation of liquid crystals is responsible
for the formation of photorefractive gratings, much less understood, however, are the
mechanism involved in the formation of the space charge field that drives the reorientation. There still exist an ongoing argument about the actual mechanism of the space
charge field buildup inside the cell — in particular, whether it is caused by the charge
separation within LC bulk [21, 92] or it is induced by alignment surface charge redistribution [111, 112]. To identify the nature of space charge field, photorefractive effect in
liquid crystal is further investigated by studying photorefractive effect threshold voltage
behavior. A detailed calculation of the bulk laser induced space charge fields and analytical expressions for the reorientation angles and the required dc threshold voltages
are obtained and compared with experimental measurements. While the bulk theory
could describe the general features of the self-diffraction and threshold fields, there are
significant deviation from the experimental observation, particularly in an observed lowering of the threshold voltage by the optical intensity. This effect is attributed to an
optically-induced surface charge modulation. A theoretical analysis including both the
bulk and the surface charge modulation effects allow us to obtain better agreement with
experimental observations. Our study shows that photorefractive effect in liquid crystals
has both bulk and surface natures.
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6.1

The Role of Surface Charge in Liquid Crystal PR Effect
The space charge field is usually attributed as a consequence of either of charge

separation (diffusion and drift) in the bulk of LC cell [21] or of conductivity and dielectric
anisotropies (Helfrich-Carr effect) [58, 92]. In this generally accepted interpretation,
charge transport within LC medium plays an active role in the space charge buildup,
i.e., the orientational photorefractivity is a bulk effect. However, recent experimental and
theoretical studies on orientational photorefractive effect have pointed out the important
role played by the alignment surface.

Table 6.1.
Diffraction efficiency, grating formation time, and gain coefficient of
liquid crystal samples placed between photoconducting polymer layers

τr (ms)

Γ (cm−1 )

0.24(4V)

365

89

PVK k E7-C60 k PVK

2.6(40V)

156

310

PVK k PVA k E7-C60 k PVA k PVK

0

PVK-C60 k E7 k PVK-C60

2.0(40V)

278

210

PVK-C60 k PVA k E7 k PVA k PVK-C60

0.69(100V)

68

94

PVK-C60 k E7-C60 k PVK-C60

3.7(8V)

187

220

PVK-C60 k PVA k E7-C60 k PVA k PVK-C60

1.2(100V)

274

Sample Configuration

η (%)

PVK k E7 k PVK

0

PVK k PVA k E7 k PVA k PVK

0

E7-C60

Source: Appl. Phys. Lett., Vol. 79, No. 13, 24 (2001)

Ono and co-workers [182] studied the photorefractive effect using LC cells containing separate layers of liquid crystal, photoconducting polymer [poly(N-vinlyl carbazole, known
as PVK], and polyvinylalcohol (PVA). They attributed the origin of the space charge
field to the generation of charges in a PVK layer and their subsequent trapping in an

114
insulating PVA layer, adjacent to the PVK. The comparison between transient firstorder diffraction between cells with and without PVA suggested that PVA surface layer
is essential for the buildup of the space charge field (see Figure (6.1)). Mun [183] and

!

"#

Fig. 6.1. The transient signal of the first-order diffraction
beam: (a) without PVA insulated layer; (b) with PVA insulated layer (after One and et al [182])

his group, studied cells with different combinations of the alignment layers and dopants
in both polymer and liquid crystal layers (as shown in Table (6.1). They proposed that
charge generation occurs in the liquid crystal bulk, followed by charge trapping at photoconducting (such as PVK) surface (i.e., PVA layers are not essential). Although the
models of the mechanism of the space charge field proposed in these papers were quite
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different, both groups [182, 183] pointed out the importance of including surface effect
in liquid crystal photorefractive studies.
Photorefractive effect have also been investigated in liquid crystal cells with nonphotoconducting polymer layers [111, 112]. The results of Pagliusi and co-workers highlighted the fundamental role of interfaces for two-beam coupling and light-induced reorientation. They carried out experiments in cells with different combination of polymer
and liquid crystals, namely, polymer such as PVA and LQ1800, and liquid crystal E7
and BL001 from Merck. The effect of light and dc field induced reorientation of liquid
crystals depended on the type of polymer alignment layer and the liquid crystal used.
Their results indicate that accumulation of charges on surfaces adjacent to liquid crystals is not only limited to the case of photoconductive polymers. However, for the case
of their specific structures, the field produced by these surface charges was much lower
than that in cells with photoconducting polymers. Photo-induced charge carriers injection and recombination were suggested as the cause of ions redistribution near the LC
and alignment polymer interface, which yields additional space charge field in the nematic film [184]. The resulting surface charge field extends into the LC bulk and induces
the reorientation of the nematic director through the dielectric effect, as for standard
photorefractivity in liquid crystals [117, 185].
In this chapter, we present our theoretical and experimental studies of photorefractive effect in undoped liquid crystal homotropic cells under a dc electric field. Specifically we present analytical solutions of the torque balance equations arising from the
interaction of various optically induced space charge fields and the applied dc field with
the nematic director axis. These studies illustrates the importance of including surface
charge modulation as well as bulk contribution. In section 6.2, we present the theory that
accounts for only the bulk photorefractive space charge fields and the Helfrich-carr space
charge fields induced by an applied dc field, and an analytical solution of the resulting
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Euler-Lagrange equation. We then compare such bulk theory with obtained experimental observations in section 6.3, where agreement and discrepancy are pointed out. The
deviation from bulk theory, specifically a significant optical field induced lowering of the
threshold voltage, is attributed to surface charge transport and redistribution process as
reported by others [32, 33, 111, 112, 183, 186]. An analytical theory accounting for both
the surface and bulk field effects, and a further analysis of experimental measurements of
the dependence of the photorefractive effect on thickness, optical intensity and applied
field are given in section 6.4.

6.2

Photorefractive Effect Threshold Voltage (bulk effects only)
Figure (6.2) presents the interaction configuration of various fields in a homotropic

aligned NLC cell. Two equal power mutually coherent pump and probe beams with ptype polarization are overlapped on the liquid crystal cell at a small wave mixing angle
at oblique incidence.
The photorefractive threshold voltage can be theoretically estimated by minimizing the free energy of the system under interaction configuration depicted as Figure (6.2).
k
F =
2

½h
i2 h
i2 ¾ ∆ε h
i
i
∆εop h
~
~
~ · n (~r) 2 −
~ · n (~r) 2
5 · n (~r) + 5 × n (~r)
−
E
E
op
8π
8π

(6.1)

where k is the elastic constant (we have assumed the single constant approximation,
which has been shown to give a fairly accurate estimation of NLC response [44, 52, 62]).
This procedure yields the well-known Euler-Lagrange equation (a sin-Gordon equation)
describing the so-called ”torque” balance for n̂ = (sin θ, 0, cos θ) among the reorientating
”forces” from the elastic torques, optical fields, and external dc field.
³
´
i ∆εop · E 2
∆ε h
op
2
2
k 2 +k 2 +
sin θ cos θ Ex − Ez + cos(2θ) +
sin 2 (β + θ) = 0 (6.2)
4π
8π
dz
dξ
d2 θ

d2 θ
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Fig. 6.2. Optical wave mixing in homotropic aligned nematic liquid crystal cell. n denotes original director axis
direction, n0 the re-oriented director axis

Owing to the impurities inherited in the LC cells, even undoped NLC sample will
yield space charge fields consisting of a typical photorefractive component Eph and two
other components E∆ε and E∆σ caused by the dielectric and conductivity anisotropies
[20, 21, 116]. Following the treatment by Rudenko [21], the space charge field induced by
charge separation can be expressed as [21] (detailed derivation in Chapter 3),
(0)
Eph = Eph cos(qξ) =

·

¸
mkB T σ − σd
qν
cos(qξ)
2e
σ

(6.3)
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where m is the modulation factor, kB is Boltzmann constant, σ = conductivity under
³
´ ³
´
illumination, σ d = dark state conductivity, and ν = D+ − D− / D+ + D− , where
D+ and D− are the diffusion constants for positive and negative ions, respectively, q =
2π/Λ is the grating wave vector, with Λ the grating constant. Note that Eph [∼ cos (qξ)]
2 ∼ sin (qξ). Meanwhile, the
is π2 phase shifted from the imparted intensity grating Eop

applied Ez along the z-direction, in conjunction with the conductivity and dielectric
anisotropies creates a transverse [along x-direction] electric field component [20, 26, 58]
(detailed derivation in Chapter 1),
h³

´
i
h³
´
i
σk − σ⊥ sin θ cos θ
εk − ε⊥ sin θ cos θ
i Ez ; E∆ε = − h
i Ez
E∆σ = − h
σk sin2 θ + σ⊥ cos2 θ
εk sin2 θ + ε⊥ cos2 θ

(6.4)

For small angle approximation, the above transverse field is in linear with the orientation
angle,
E∆σ ' −

∆σ
∆ε
θEz ; E∆ε ' −
θE
σ⊥
²⊥ z

(6.5)

where small orientation angle approximation is assumed and high order θ terms are
neglected. The total electric field becomes,




E
 totalx

Etotal = 
 Etotaly

Etotal
z



 
 
=
 
 

´

³

∆ε
− ∆σ
σ⊥ + ²⊥ Ez cos β · θ − Eph cos β,

³

´

0,

∆ε
Ez − ∆σ
σ⊥ + ²⊥ Ez sin β · θ − Eph sin β








(6.6)

Equation (6.2) and (6.6) lead to the following torque balance equation,
2
∆εop · Eop
∆ε
k 2 +k 2 +
E E cos(β) · θ +
[sin(2β) + 2 cos(2β) · θ] = 0
4π dc ∆
8π
dz
dξ

d2 θ

d2 θ

(6.7)

³
´
∆ε E :
where we have expressed Ez = Edc the external dc field, and also E∆ = ∆σ
+
z
σ⊥
²⊥
the transverse space charge field induced by the liquid crystal anisotropy. Assume that
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”hard” boundary condition exists, a solution of θ is of the form,

θ = θ0 sin

³ πz ´
d

cos(qξ)

(6.8)

where d is the sample thickness, θ0 is NLC director maximum reorientation angle. Similar
to previous calculation [26, 92], a solution of equation (6.8) gives,
(0)

2
∆εop ·Eop
∆ε·Edc Eph
sin(2β)
+
8π
4π ¸ cos(β)
θ0 = ·
´i
h³
∆ε
op 2
∆ε E E cos(β) +
π 2 + q2 k
E
cos(2β)
−
4π ∆ dc
4π
d
op

Equation (6.9) can be written in terms of Freedericksz transition field EF = d1
[44, 52],

(6.9)

q

(0)
1 ∆εop 2
2 ∆ε Eop · sin(2β) + Edc Eph cos(β)
¸
·
θ0 = ·
³ ´ ¸
∆ε
2 cos(2β) − E 2 1 + qd 2
E∆ Edc cos(β) + ∆εop Eop
π
F

4π 3 k/∆ε

(6.10)

To get stable solution, we require that the denominator in Equation (6.10) be
positive, i.e.,
1
h
³
´i ³
´³
´
2 − ∆ε /∆ε E /E 2 cos(2β) 2
1
+
(qd/π)
op
op F


´
³
Edc ≥ EF 

∆σ + ∆ε · cos β
σ
ε
⊥

(6.11)

⊥

This allows us to identify a threshold field Eth for the photorefractive effect,
h
1
³
´i ³
´³
´
2 − ∆ε /∆ε E /E 2 cos(2β) 2
1
+
(qd/π)
op
op F


´
³
Eth = α · EF = 
 · EF (6.12)
∆σ + ∆ε · cos β
σ
ε
⊥

⊥

h
i
For 5CB [44, 52, 62, 116], k = 4.1 × 10−6 dynes, ∆ε ∼ 11, εk ∼ 16, ε⊥ ∼ 5 , ∆σ/σ⊥ ∼
0.5, and a typical wave mixing geometry as depicted in Figure (6.2) (qd ∼ 2π, and the

120
internal angle β = 22.5o ], equation (6.12) gives,

VF = 2.04V ; Vth = αVF = 1.45 × VF ' 3V

(6.13)

Note that the photorefractive threshold voltage (bulk theory) Vth is significantly different
from Freedericksz voltage VF by the factor α [= 1.45], which arises from the bulk space
charge fields and the field-director interaction geometry. Furthermore, since the optical
E

intensity used is generally in the mW/cm2 regime, Eop ¿ 1 (for Eop to be comparable
F
to EF , the optical intensity has to be around kW/cm2 ), and the factor α is essentially
independent of the optical intensity.

6.3

Experimental Results and Analysis
The investigations were carried out on 20-µm-thick homotropic aligned NLC cells

filled with well-known single constituent nematics 5CB, pentyl-cyano-biphenyl (from EM
Chemicals). The cell was built from two flat glass substrates (from Delta Technologies)
coated with transparent conductive indium-tin-oxide (ITO) layer. Homotropic alignment
is achieved by treatment of the ITO-coated cell windows with the surfactant HTAB,
hexadecyl trimethyl ammonium bromide (from Pfaltz & Bauer Incorporation). The
laser used is the 514.5nm line of an Ar+ laser. The laser is split into two coherent
p-polarized writing beams which are overlapped on the liquid crystal cell at a small
wave mixing angle (θ ' 1.5o ). This gives an intensity grating constant Λ ' 20µm. A
tilted incident geometry is chosen whereby the writing beams are obliquely incident on
the nematic cells, making an external angel 45o (internal angle β = 22.5o with the cell
normal (director axis of the liquid crystal).
As shown in Figure (6.3), a low intensity (about 1.4mW/cm2 ) and dc voltage
than certain threshold (3.5V ) are sufficient to produce transient Raman-Nath diffraction grating in 5CB homotropic cells. Orientational nature of the index grating was
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Fig. 6.3. Observed 1st order diffraction efficiency as a function of the external dc electric voltage across a 20µm thick
homotropic film of 5CB. The characteristic photorefractive
threshold voltage is denoted by Vth .

manifested by the strong anisotropy in the diffraction efficiency: self diffraction is only
observed for p-polarized beams mixing while s-polarized gives no diffraction. The observed threshold voltage of 3.4V is in fair agreement with the theoretical estimate of 3V,
in view of several approximations made in the calculation and uncertainties associated
with the values for k, ε’s, σ’s, ∆σ, and ∆ε. The dependence of the diffraction power on
the applied dc voltage as shown in Figure (6.4) (diffraction power ∼ V 2 ) also corroborated the bulk theory. The coupled-wave analysis from Kogelnik [127] gives diffraction
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Fig. 6.4. First-order diffraction power as a function of the
external electric voltage square. The characteristic photorefractive threshold voltage Vth can be precisely determined
by extrapolating to get x-intercept. The diffraction signal
behaviors as a linear function of V 2 .

efficiency of phase grating,
µ

π∆nd
η = sin
λ cos θ
µ
¶
π∆nd 2
'
λ cos θ
2

¶
(6.14)
(if ∆n is small)

As illustrated in Chapter 3, Equation (3.42) and (3.43) manifest the kerr effect nature
of photorefractivity in liquid crystals, which combined with Equation (6.14), lead to,
η ∼ (∆n)2 ∼ (θ)2 ∼ Edc 2

(6.15)

123
2 . The
In accordance with Equation (6.15), diffraction power is a linear function of Edc
2 ) should give a defined photorefractive threshold voltage.
x-intercept of function η(Edc
2 in Figure (6.4) agrees well with Equation (6.15), which
The linear behavior of η–Edc

implies the kerr response and bulk nature of photorefractive effect in liquid crystals.
Other evidence supporting the role of Carr-Helfrich fields and bulk theory, such
as the maximum diffraction efficiency at qd ∼ 2π has also been demonstrated in previous studies [26, 92]. We further note that, assuming Eop ¿ EF (low input intensity),
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Fig. 6.5. Photorefractive threshold voltage (Vth ) was measured in liquid crystal cells with various thickness (10, 25, 50,
and 100µm). Vth appears to be thickness dependent. Thinner LC cells tend to posses lower photorefractive threshold
voltage.
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equation (6.12) can be approximated as,
³
´i  1
 h
2
1 + (qd/π)2


´
Vth ' ³
· VF
∆σ + ∆ε · cos β
σ
ε
⊥

(6.16)

⊥

In the limit of larger grating constant, and smaller thickness so that qd > 1,
q
πk
2 ∆ε
´
Vth ' ³
qd
∆σ + ∆ε cos β
σ
ε
⊥

(6.17)

⊥

According to equation (6.17), the bulk theory shows that thinner LC cells tend to posses
lower photorefractive threshold voltage, which agrees with our observation as shown in
Figure (6.5). It is well-known that the traditional Freedericksz voltage VF is thickness
independent [44].

s
VF =

4π 3 k
∆ε

(6.18)

VF can be solely determined by liquid crystal material parameters (k, and ∆ε); it has
nothing to do with the cell geometries. The thickness dependence of photorefractive
voltage Vth (d) further corroborate the bulk theory.
There are nevertheless ’evidence’ that the bulk theory is inadequate. Specifically,
we have observed a general consistent lowering of the threshold field with the increasing
optical intensity, c.f., Figure (6.6) and (6.7), which clearly show that with the increase of
incident intensity, the threshold voltage decreases monotonically from Vth ∼ 3.4V (I <
4mW/cm2 ) to Vth ∼ 2.6V (I ∼ 30mW/cm2 ). One the other hand, c.f. equation (6.12)
shows that Vth should be insensitive to the incident intensity variation (since Eop ¿ EF
for the ranges of optical intensity used in our experiments).
That the bulk theory is inadequate is further borne out by a series of measurements on samples with various thicknesses, as we will discuss in section 6.4. We believe
that the strong dependence of Vth over incident intensity is due to the optically induced
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Fig. 6.6. Dependence of photorefractive effect threshold
voltage on the intensity of incident light: (a) theoretically
predicted data from Equation (6.12); (b) experimental data

surface electric field in the LC-alignment layer surface [111–113]. A schematic depiction
of photoelectric interface activation process is shown in Figure (6.8). without applied
voltage and photo illumination, ions are distributed symmetrically in the LC cell (Figure 6.8(a)). With the application of external voltage, the bilaterial symmetry is broken,
ions with opposite signs will drift and accumulate at the interfaces (Figure 6.8(b)). After
illumination with inhomogeneous light, at intensity maximum region, electronic carriers
will be able to surpass the HTAB surface barrier and successive recombination with ions
accumulated on LC side (Figure 6.8(c)). The above processes will cause inhomogeneous
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Fig. 6.7. Diffraction power as a function of the applied
voltage for different incident light intensities. The sample
thickness is 20µm.

ions distribution at the interfaces (Figure 6.8(d)). Indeed, HTAB is cationic alignment
agent, which is known as ion pair reagents [187]. A monolayer of such kind of molecules
has certain surface potential [188]. Incident light with intensity of a few mW/cm2 will be
able to surpass HTAB monolayer surface potential barrier and induce electronic carrier
injection through LC-polymer interface and successive recombination with ions accumulated on LC side. This photo-induced electronic carrier recombination process, combined
with inhomogeneous illumination, will induce lateral modulation of the charge-density
distribution near LC-polymer alignment layer interface and hence generate a transverse
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Fig. 6.8. Schematic depiction of photoelectric interface activation process: (a) ions are distributed symmetrically in a
cell with no voltage or light applied; (b) with the application
of external voltage, the bilateral symmetry is broken, ions
with opposite signs accumulate at interfaces; (c) inhomogeneous illumination causes ions recombination at intensity
maximum region; (d) inhomogeneous ions distribution at
the interfaces under simultaneous action of light and external electric field.

surface electric field. This photo-induced additional surface electric field will lower the
threshold voltage needed to trigger photorefractive effect, The surface charge modulation
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depths, and the resulting surface field amplitude, are directly associated with the input
light intensity [32].

6.4

Surface Contribution to Photorefractive Effect
Under illumination by the optical intensity grating, a corresponding modulation of

the charge distribution along the LC cell surface formed via the abovementioned charge
injection and recombination process is given by,

σ = σ0 [1 + mσ cos(qx)] = σ0 + σ0 mσ cos(qx)

(6.19)

where σ0 is surface adsorption charge density, whose saturation value can be estimated
as [189], σ0 = n0 ed, with n0 the volume ions density due to dissociated impurities
in liquid crystals and d the LC cell thickness; mσ is the inhomogeneous illumination
induced charge density modulation; and q = 2π/Λ is the grating wave vector. Such a
charge distribution generates an electric field that can be found by solving the equations
of electrostatics,
∂Esx
∂x
∂Esz
∂x

+
=

∂Esz
∂z
∂Esz

=

4π
σ
ε

(6.20)

∂x

where ε is the dielectric constant of LC, Esx and Esz are the x- and z-component of
surface charge field, respectively. Equation (6.20) can be easily transformed into,
∂ 2 Esx

∂ 2 Esx
4π
+
= − qσ0 mσ sin(qx)
2
2
ε
∂x
∂z

(6.21)
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The continuity of both the lateral component (Esx ) and normal component (Esz ) at the
boundaries z = 0 and z = d are the conditions that have to complement the electrostatics equations. According to photocurrent and photo-induced birefringence studies
by Pagliusi and Cipparrone [111, 112, 186], the photoinduced charge depletion occurs at
the anode interface only. Therefore, one can adopt a simplified solutions for Esx and Esz
of the form [32],
Esx = Es exp(−qz) sin(qx)

(6.22)

Esz = Es exp(−qz) cos(qx) + En
where Es and En are the surface charge field induced by modulated (σ0 mσ cos(qx) )
and unmodulated (σ0 ) part of surface charge density, respectively. The expression for is
rather simple if we assume liquid crystals are bounded by alignment polymers with the
same dielectric constant ε,

Es '

2πσ0 mσ
[1 − exp (−qd)]
ε

(6.23)

En is the additional normal component of electric field caused by unmodulated part of
surface charge density,
En =

2πσ0
ε

(6.24)

As one would expect, with vanishing modulation of surface charge density distribution
(mσ approaches 0), the lateral field (Esx ) vanishes; while the normal field (Esz ) reaches
a constant value (Esz = En =

2πσ0
ε ) and does not attenuate in the z direction. As an

illustration, we plot in figure (6.9) the electrical potential V (x, z) profile within liquid
crystal cell, which has been calculated using typical physical parameter values involved
in the model. Figure (6.9) shows a sinusoidal modulation of the potential as a function of
x, mainly located near the anodic interface, whose amplitude decreases with decreasing
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Fig. 6.9. The potential profile V (x, z) within liquid crystal
cell. The modulated behavior near anodic interface and decaying form along z coordinate justify the proposed solution
of surface charge field. Parameters used in the calculation
Vdc = 4V , q = 2π/60(µm−1 ), εeff ∼ 5.2

z, which gives a reason for the generated surface charge field and its ‘decaying’ form in
terms of z.
The surface charge field Es , in conjunction with the applied dc field Edc creates
additional torques on the director axis n. The one which is in resonance (has the same
spatial grating form) with photorefractive gratings can be expressed as,

Γ = ∆ε(n · E)(n × E) = −∆ε sin(2θ) [Es Edc exp(−qz) cos(qx)]

(6.25)

131
where θ is the director reorientation angle, and Edc is the external field. We note that the
additional torque Γs takes an evanescent form (exp(−qz), which makes difficult to get
an analytical solution for liquid crystal reorientation angle θ. To get a physical insight
and not run into mathematical complexity, we approximate Γs with its average value
Γeff
,
s

Z
h
i
1 d
Γs dz = −∆ε sin(2θ) Eseff Edc cos(qx)
Γs =
d 0

(6.26)

E

with Eseff = qds . With the additional surface charge field induced torque, the solution
for the director axis reorientation [c.f. equation (6.10)] now becomes:
1 ∆εop E 2 · sin(2β) + E E (0) cos(β)
dc ph
2 ∆ε op
¸
·
θ0 = ·
³ ´2 ¸
∆εop 2
eff
2
E∆ Edc cos(β) + ∆ε Eop cos(2β) + Es Edc − EF 1 + qd
π

(6.27)

With the addition of the surface field term, the new threshold condition becomes:
·
¸
·
µ
¶
¸
∆εop
qd 2
2
eff
2
E∆ Edc cos(β) +
Eop cos(2β) + Es Edc − EF 1 +
>0
∆ε
π

(6.28)

Ignore the second term on the left hand side of the equation (6.28), since Eop ¿ Eth ,
Edc , and also assuming that the surface field is smaller than the bulk field, the new
applied threshold field condition may be approximated by,
"

#1
2
1 + (qd/π)2
1
Edc >
EF −
E eff
(∆σ/σ⊥ + ∆ε/ε⊥ ) · cos β
2 (∆σ/σ⊥ + ∆ε/ε⊥ ) · cos β s

(6.29)

The threshold applied dc voltage thus becomes:




Eseff
0
eff

 VF
Vth = αVF − γEs d = α − γ
EF

(6.30)
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Fig. 6.10. Thickness dependent of photorefractive threshold
voltage lowering. (a)Photorefractive threshold voltage lowering under low power input light for different sample thickness (10, 25, 50 and 100 µm); (b) photorefractive threshold
voltage change (∆Vth ) as a function of LC cell thickness,
where ° denotes experimental data and dashed line is the
theoretical fit.

where α and γ are pre-factors,
"

#1
2
1 + (qd/π)2
1
α=
; γ=
(∆σ/σ⊥ + ∆ε/ε⊥ ) · cos β
2 (∆σ/σ⊥ + ∆ε/ε⊥ ) · cos β

(6.31)
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which clearly shows that the required applied threshold field Eth is lowered by the optical
E

intensity depepdent surface field term Es . Furthermore, since Eseff = qds '

2πσ0 mσ
qdε ,

2πn0 emσ
d, the reduction in threshold voltage
qε
due to the optically induced surface charge modulation effect is ∼ Eseff d ∼ d. Both the

and σ0sat ∼ n0 ed, we get ∆Vth = γEseff d =

optical intensity and the sample thickness dependence are borne out in the experiemtnal
observation, as shown in Figure (6.10). These results indicate that even input power as
low as 0.8mW (corresponding intensity 11.3mW/cm2 ) could induce substantial surface
³
´
charge modulation. For typical values, n0 ∼ 1012 cm−3 , ε ∼ εk + 2ε⊥ /3 = 12.3,
q = 2π
Λ and Λ = 20µm, a theoretical fitting of ∆Vth -d yields mσ ' 0.8. Although these
qualitative analysis need refinement, they clearly show the necessity of including the
interface layer charges/fields; both bulk and surface fields have to be taken into account
in any quantitative study of photorefractive effects.

6.5

Summary
In summary, we have presented theoretical and experimental studies of the orien-

tational photorefractive effects in nematic liquid crystals. We showed that BOTH bulk
and surface optically induced charges and field modulations are responsible for the total
photorefractive response. The complete theory include both bulk and surface contributions lead to agreement with the observed threshold voltages, their dependence on optical
intensity, film thickness and interaction geometry. Our study shows that the alignment
(surfactant) surface not only imposes order on the LC molecules but also contribute
considerably to photorefractive response of the whole structure.
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Chapter 7

Future Research Plan

Currently, liquid crystalline materials are considered one of the leading candidates
for photorefractive materials, especially for the situation where long storage time is
not required. With the increasingly demanding photosensitivity and temporal response
requirements, active researches are carried on to investigate new liquid crystal mixtures
or composites, get a better understanding of the photo-induced charge transfer processes
in liquid crystals, and optimize its photorefractive response. PR liquid crystals also
provide an excellent ground for fundamental nonlinear optics research. Based on our
focused preliminary research effort, our proposed research consists of the following highly
interactive,

7.1

Increase Photorefractive Nonlinearity via Increasing SWNT Doping Concentration
As shown in Chapter 5 Figure (5.8), with slightly higher doping concentration,

the photorefractive nonlinearity improves significantly. In order to improve photorefractive performance of LC:SWNT samples, high solubility of SWNT in LC is preferred.
However the saturation concentration of the nanotubes in organic solvent is relatively
low. Several methods have been proposed to increase nanotubes’s solubility. Shim et
al reported to use Triton X-100 or Triton X-405 as a wetting agent to coat SWNT
surface [190], as shown in Figure (7.1).

Triton is a surfactant molecule containing an

aliphatic chain and a short hydrophilic PEG unit. Binding of surfactant molecules to a
nanotube is driven by hydrophobic interaction. The coating prevents the bonding among
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Fig. 7.1. Functionalization of SWNT by surfactant Triton X100. A surfactant Triton X-100 is absorbed onto the sidewalls of
SWNT by hydrophilic PEG unit. Hydrophobic interaction will
inhibit nanotubes bonding together. (After Shim et al [190])












   









Fig. 7.2. Functionalization of SWNT by octadecylamine (ODA).
The long-chain molecules octadecylamine is attached to the open
ends of shortened SWNT via the formation of the amide functionality (After Chen et al [171])
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nanotubes and has been widely utilized for making stable suspensions of SWNTs in aqueous solutions. It seems reasonable that Triton may also allow large and stable nantubes
suspension in LC. Another possible approach is reported by Chen et al [171]. As shown
in Figure (7.2), they described a chemical method to add the long-chain molecule octadecylamine (ODA) to the open ends of shortened SWNTs via formation of the amide
functionality. The resulting functionalized SWNT is reported to have high solubility in
chloroform, dichloromethane, aromatic solvents, and CS2 . It is possible that this way
may also greatly increase the solubility of nantobes in 5CB liquid crystal to practical
levels. Those methods will be investigated further in our liquid crystal photorefractive
studies.

7.2

Surface Effect in Fullerene, SWNT, Methyl-red, and Other Doped
LC samples
Our preliminary research shows that surface effect contributes to the photorefrac-

tive effect in undoped LC samples. Upon doping, free electronic carriers concentration
will also be increased. With the application of external voltage and light illumination, we
expect there will exist more interesting photoelectric surface related phenomenon. Khoo
has reported in reference [104] that photoinduced voltage can be generated in Methylred (MR) doped LC samples. Figure (7.3) shows the generated photovoltages across a
25-µm thick MR-doped samples for two different orientations. The generated voltages
can be as high as 3mV with low intensity light illumination. Similar results was also reported by Sato [120] in MR-doped MBBA films sandwiched between SnO2 coated Pyrex
glass plates. This photovoltaic effect is generally attributed to photocharge generation
in MR-doped nematic fims and subsequent diffusion and redistribution at the surface;
exchanges of ions between the alignment layer coated ITO electrode and MR-doped LC
medium could also be involved [191].
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Fig. 7.3. Observed photovoltage as a function of the illuminating
beam intensity in a 25-µm thick methyl-red doped homotropic
cells for two different orientations (a) β = 0◦ (b) β = 22◦ .(After
Khoo et al [104])

Up to date for liquid crystal materials, photovoltaic effect is only reported in
Methyl-Red doped LC samples. No obvious photo-generated voltage effect has been
reported for other dopants such as C60 and SWNT. One possible reason is due to the
their low solubility, no detectable magnitude can be observed. We anticipate with functionalized dopants, similar strong surface effect (such as photovoltaic effect) can also be
observed for other appropriate doping systems.

7.3

Photorefractive Effect in Nanometals Doped Liquid Crystals
Recently, metal nanoparticles and nanowires have received much attention from

the viewpoint of optical [192–194], magnetic [195, 196], and biological properties [197].
Those properties of nanometals strongly depend on their size and structure. Recently
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there have been interesting works of doping liquid crystals with nanometals. Yukihide
found Pt doped 5CB shows dual frequency properties even under low voltage [198].
Our tentative experiment on photorefractive effect in nanometals doped liquid
crystals shows improved diffraction efficiency. As shown in Table (7.1).

Table 7.1.
Comparison of photorefractive response between pure and Au nanowire doped LC

Material

Nonlinear coefficient n2 (cm2 /W )

pure LC

0.8 × 10−3

Au nanowire doped LC

∼ 8 × 10−3

A small amount of Au nanowire doping could quite enhance the photorefractive response
of liquid crystal, which is possibly due to the doping enhanced conductivity difference
(σ−σd ), as well as the dielectric and conductivity anisotropies ∆ε and ∆σ. Further study
is needed to clarify the underlying physics and optimize the photorefractive properties.

7.4

Photorefractive Effect in Polymer Stabilized Liquid Crystals
One disadvantage of using liquid crystal as photorefractive materials is that its

grating resolution is limited. Photorefractive grating cannot be written in the Bragg
regime. In order to determine whether the grating is thin (plane) or volume grating, the
following well-known quality parameter (Q) can be used [98],

Q=

2πLλ
Λ2 n

(7.1)

where λ is the wavelength of the light, n is the refractive index, and L is the thickness of
the grating (L = cosd β , where d is the cell thickness). For Q ¿ 1, the grating is considered
to be a plane grating (thin grating); and for Q À 1, a volume grating (thick grating)
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is created. Although the literature does not appear to specifically designate an exact
value for Q in which the thick-grating is reached, the most rigorous treatment designate
that Q values of 10 are required to produce a true volume hologram. Figure (7.4) shows



  


 











 


 



Fig. 7.4. Observed dependence of the 1st order probe-diffraction
efficiency (peak value at the quasi-stationary state on the grating
constant from a 25µm thick C60 -doped nematic liquid crystal film.
(After Khoo [92])

a typical dependence of diffraction efficiency as a function of grating constant. The
diffraction efficiency reaches its maximum value when Λ ' 2d, where d is the NLC
film thickness. With the decrease of grating constant, the diffraction efficiency drops
dramatically.
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Recently an entirely new type of LC/polymer composites, polymer stabilized liquid crystals (PSLC), emerge as a new organic photorefractive material with high resolution [31, 117], which is interesting for further investigation. PSLC is made by dissolving
a small amount (1-2wt%) of polymeric monomer in an aligned LC and subsequently
polymerizing with UV radiation. PSLC has been discussed most often in reference to
the development of shock-resistant LC displays. A recent publication [31] by Wiederrecht et al shows that PSLC samples also yields significantly improved photorefractive
grating resolution. Photorefractive effect can be observed for grating spacing Λ as small
as 2.5µm.
We plan to further investigate this new type of organic photorefractive materials
and study the interplay among optical filed, dc field, polymer and liquid crystals in
dictating the magnitude and dynamics of the LC director reorientation.

7.5

Photorefractive Effect in Polymer Dispersed Liquid Crystals
Recently polymers have emerged as new photorefractive materials [17, 23], which

have considerable technological potentials owing to their high efficiency and the ability
to be processed easily into large-area films at low cost [4]. However, high electric field
(50 − 100V /µm) is needed to pole the chromophores, which is a limitation. There have
been proposal and demonstrations to incorporate photorefractive nematic liquid crystals
into polymers to reduce that field [95, 96]. This new class of material is called polymer
dispersed liquid crystals (PDLC). The dispersion are usually studied with a high concentration of both polymer and liquid crystal molecules that phase separate into droplets.
The basic idea is shown in Figure (7.5). The design principle is to combine the high
efficiency of photorefractive polymer and the high refractive-index anisotropy of nematic
liquid crystals. The PDLC structure in Figure (7.5) is composed of dispersed liquid
crystal domains of almost spherical shape in a photoconducting solid organic polymer
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Fig. 7.5.
Schematic and design principle of photorefractive
polymer-dispersed liquid crystals. The buildup of a space-charge
field is provided by the polymer matrix, and the refractive-index
changes are due to liquid crystal director reorientation within the
droplets under sinusoidally modulated space charge field.

matrix. The sensitizing, photoconducting, and trapping properties necessary for the
build-up of a space-charge field is provided by the polymer matrix; and the refractive
index changes are due to the liquid crystal director reorientation within the droplets
under sinusoidally modulated space charge field. Initial studies by Golemme [95] and
One [96] have shown the PDLC structure gives promising result: high refractive-index
modulation (∆n ∼ 2 × 10−3 ) can be obtained with relative low applied field of 22V /µm.
Based on those promising results, we plan to investigate the photorefractive properties of PDLC material. Other than using pure LC, we propose polymer dispersed doped
liquid crystals (PDDLC). First we’d like to see the solubility difference of those dopants
in polymer and liquid crystal and choose those which dissolves more in liquid crystal.
By that, we could obtain dopant-rich LC domain droplets in PDLC structures. Second. we’ll study the doping effect on LC reorientation within small droplet domains
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under space charge field. We anticipate appropriate doping could further optimize the
photorefractive performance of PDLC material.
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Appendix A

Freedericksz Transition Field: Theory

A consequence of the liquid crystal diamagnetic and dielectric anisotropies is that
the directors have preferred orientation in an external magnetic or electric field to minimize the free energy. With positive ∆χ and ∆ε values, the liquid crystal director tend to
align along the field, while with negative values a perpendicular alignment is induced. If
director does not correspond to the minimum energy condition in the initial stage, then
with a sufficient strong field, capable of overcoming the elastic force of the nematics, a
reorientation will occur. This effect was discovered and studies by Freedericksz over 50
years ago.
Figure (A.1) shows the three basic configuration in the study of the Freedericksz
effect, which corresponds to the S, B, and T deformations in nematic liquid crystals.
Strictly speaking, it is only in the third case that we have an example of pure twist
deformation, so that one elastic constant K2 enters into the free energy calculation. In
the first and second cases, pure S and B deformations, characterized by elastic constants
K1 and K3 occurs only for small reorientation. In general, combined S and B correspond
to figure (A.1a) and (b): both K1 and K3 take effect.
Consider the simplest case under one-elastic-constant approximation and strong
anchoring assumption. The free energy of a LC cell of thickness d is,

g(z) = −

∆ε 2 2
E sin θ
4π

(A.1)
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Fig. A.1. Geometry for observing (a) the S (splay) deformation, (b) the B (bend) deformation, and (c) the T (twist)
deformation. The upper row shows the initial orientation,
and the bottom row shows the deformation when the fields
exceed the threshold values.

where θ is the reorientation angle. Integral over the sample thickness to obtain total free
energy of the system,
#
Z " µ ¶2
1 d
θ
∆ε 2 2
G=
K
−
E sin θ dz
3 0
z
4π

(A.2)

The solution os equation (A.2) can be obtained using a standard variational method.
Thus, a second-order differential equation (Euler’s equation) is obtained,
∂2θ
∂z 2

+

∆ε 2
E sin θ cos θ = 0
4π

(A.3)
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The relation between the reorientation angle and external field can be derived by integrating equation (A.3 (the so-called ‘Sine-Gordon’ equation),

d=

Z θ Ã
m
0

∆εE 2
c+
cos 2θ
8πK

!− 1
2

dθ

(A.4)

Constant c can be determined by minimizing the energy G. Then we derive the final
expression relating θ and E,
Ed
2

µ

∆ε
4πK

¶1
2

=

Z θ
m

dθ
³

0

´ 1 = F (k)

(A.5)

sin2 θm − sin2 θ 2

The right-hand side of equation (A.5) is an elliptic integral of the first kind, which is
tabulated for values of k = sin θm ≤ 1. For relatively small reorientation angles, the
elliptic integral can be expanded as a series. Equation (A.5) can be approximation to
the second-order,

µ
E=

4πK
∆ε

¶1
2

π
d

µ
¶
1
1 + sin2 θ + · · ·
4

(A.6)

Equation (A.6) shows that a deformation with θm 6= 0 occurs only if the external fields
exceeding the threshold, E > EF , where
s
1
EF =
d

4π 3 K
∆ε

(A.7)
q

From equation (A.7), the freedericksz threshold voltage (VF = Ef × d =

4π 3 K ) is
∆ε

independent of sample thickness. Physically this is because in thicker cells, the liquid
crystal molecules at the center experience weaker surface anchoring force, so requires a
lower field strength to overcome the elastic force.
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Appendix B

Coupled-wave Equations in Photorefractive Materials

In this appendix, we’ll present the coupled-wave theory in photorefractive materials and obtain the solution for asymmetric two beam coupling energy gain [6]. For
simplicity, normal incident case is considered, since the cumbersome results for oblique
incidence may obscure the main purpose of the discussion. Figure (B.1) shows the normal two-wave coupling geometry. It is convenient to present the optical fields in the

Fig. B.1.
Schematic experimental arrangement for twowave coupling in photorefractive materials.

following form,

E1 =

i
i
1h
1h
E10 e−ik1 r + c.c , E2 =
E20 e−ik2 r + c.c
2
2

(B.1)

147
Similarly, the space charge can be expressed as,

Esc =

i
1h
Esc,0 e−iKr + c.c
2

(B.2)

where K = k1 − k2 is the interference wavevector. Assume Pockel-like index modulation
(Similar statement can be made for Kerr-like case, the underline physics is the same),
we obtain spatial varying of dielectric constant,
∆ε = ∆ε0 e−iKr + c.c.
where ∆ε0 = −

(B.3)

ε2 γe Esc,0
. The equation to be solved is the wave equation,
2

52 E − µ 0 ε0 ε

∂2E
∂t2

=0

(B.4)

where E is the total optical field, and dielectric constant consists of non-perturbed part
ε0 and spatially varying part ε = ε0 + ∆ε. Assuming the simplest case where optical
field along y-axis (s-polarized wave), then the total E field is given by,

E1 =

i
1h
E10 e−ik1 r + E20 e−ik2 r + c.c
2

(B.5)

Substitute equations (B.3) and (B.5) into equation (B.4), we obtain
³
´
e−ik1 r 5E10 − 2ik1 5 E10 + k02 ∆ε0 E20
³
´
−ik
r
2
∗
2
+e
5E20 − 2ik2 5 E20 + k0 ∆ε0 E10 = 0

(B.6)
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where k0 = 2π
λ . Equation (B.6) can be satisfied only if both exponent coefficients vanish
separately. Hence, we get the following coupled equations,
−2ik1 5 E10 + k02 ∆ε0 E20 = 0

(B.7)

−2ik2 5 E20 + k02 ∆ε∗0 E10 = 0
where slowly varying envelop approximation (SVEA) is assumed. Expressing the wave
vectors k1 and k2 in coordinates as k1 = k (ẑ cos θ + x̂ sin θ), and k2 = k (ẑ cos θ − x̂ sin θ)
p
where k = k0 ε0 , we rewrite equation (B.7) in the following form,
∆ε0 k0
∂E10
√
∂z + i 2 ε0 cos θ E20 = 0
∆ε∗ k
∂E20
√ 0 0 E10 = 0
+
i
∂z
2 ε0 cos θ

(B.8)

Considering ∆ε ∼ Esc,0 , and Esc,0 depends on the interference modulation depth,
∗
2E10 E20

(B.9)

Esc,0 = mEw

(B.10)

m=

|E10 |2 + |E20 |2

we have.

with Ew is the part of space charge field that does not depend on the incident beam
intensity. Substitute equations (B.3), (B.9), and (B.10) into equation (B.8),
n3 γe Ew k0 |E20 |2 E10
∂E10
−
i
∂z
2 cos θ |E |2 +|E |2 = 0
10

20

∂E20
n3 γe Ew k0 |E10 |2 E20
∂z − i 2 cos θ |E |2 +|E |2 = 0
10

20

(B.11)
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Introduce the phase shift Φ into space charge field expression,
Ew = |Ew |eiΦ

(B.12)

Change the variable from optical field E10 and E20 to intensities,
I1 = |E10 |2 , I2 = |E20 |2

(B.13)

and introduce a coupling constant,

Γ=

2π∆n
sin Φ
λm cos θ

(B.14)

where ∆n = 12 n3 γe Ew . Then we obtain the differential equations in terms of incident
intensities,
I1 I2
∂I1
∂z + γ I1 +I2 = 0

(B.15)

I1 I2
∂I2
∂z − γ I1 +I2 = 0

which can be integrated to yield,
βI

0
I1 = β+exp(ΓL)

(B.16)

I

0
I2 = 1+β exp(−ΓL)

where I0 = I1 + I2 is the total intensity, β = I10 /I20 is the input beam intensity ratio,
and Γ is the coupling constant, and Φ is the phase shift between photorefractive grating
and incident interference pattern.
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