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Abstract
Nematic liquid crystals possess large optical nonlinearities owing to their large
refractive index anisotropy coupled with the collective molecular reorientation. Doping
absorbing dyes into liquid crystals increases their optical responses significantly due to
increased absorption in the visible region, absorption-induced intermolecular torque, cistrans photoisomerization, and other guest-host effects. The guest-host mixtures can be
employed in display applications, optical storage devices, and others. In this dissertation,
nonlinear optical studies were carried out on dye-doped nematic liquid crystal cells. The
main objectives of the studies were to distinguish and characterize the several processes
that can lead to the formation of dynamic gratings of different types in the samples, and
to study the photorefractive and the orientational responses of these samples.
Furthermore, we tried to explain and model the dynamical behaviors of the observed
grating formations.
The experimental techniques employed in this study include asymmetric twobeam coupling, forced light scattering, and polarization holographic method. The
asymmetric two-beam coupling experiments revealed that the induced grating was a
photorefractive phase grating created by the nematic director reorientation within the
plane of incidence. The dynamics of the beam coupling showed that two different
mechanisms with different temporal responses were involved. The grating translation
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technique identified both gratings as pure photorefractive index gratings with phase shifts
of ~ π/2 between the grating and the interference pattern. In addition, the dynamical
behavior of the grating formation, obtained from forced light scattering experiments, also
exhibited a two-time constant response. The dynamical behaviors of the build-up and
decay of the photocurrent were investigated. The two dynamics exhibited both a two-time
constant behavior, suggesting that the origin of the two-time constant dynamics observed
in the two-beam coupling and the forced light scattering experiments resides in the
process of photo-charge generation.
The photorefractive gain coefficients were found to be in the range of 100 – 400
cm-1. The values of the nonlinear optical Kerr index n 2 (~ 0.08 cm2/W) measured in
samples with certain dye/liquid crystal combinations are higher than what has been
observed in other dye-doped nematics and other liquid crystal/polymer systems. All the
samples showed a threshold behavior with respect to the magnitude of the applied electric
field. This threshold behavior was observed both in forced light scattering experiments
and polarization holographic experiments. We believe that the origin of this threshold lies
in the process of photogeneration, which was found to exhibit the same threshold
behavior at the same value of the applied voltage. An asymmetry of the photorefractive
gain with respect to the direction of the applied electric field was observed in samples
with high dye concentration. This was attributed to the beam fanning effect, which has
also been observed in other high-gain photorefractive materials.
Polarization holographic measurements showed that the dye enhancement effect
is primarily due to the intermolecular interaction between the dye molecules and the
liquid crystal host, and that the trans-cis photoisomerization plays a lesser role. The
photoinduced orientational response was also studied using polarization holographic
experiments. A number of observations confirmed that the birefringent grating is due to
the nematic director reorientation within the plane of incidence, under the combined
effect of the applied electric field and the optical field. The diffraction efficiency was
found to depend linearly on the writing beam power, while the dependence of the selfdiffraction efficiency on the writing beam power roughly assumes a cubic relationship.
The dynamical behavior of the birefringent grating formation was investigated. The
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build-up dynamics was found to be best modeled as a double-time constant response,
while the decay is best fitted by a single exponential. The response of the samples to an
oscillating electric field was studied as a function of the modulation frequency. Very
interesting and reproducible dynamics was observed, revealing the complex dynamical
response of the liquid crystal director to the magnitude and rate of change of an applied
electric field. The small signal response was also measured, but did not reveal any sign of
a resonance behavior.
The conductivity and the photoconductivity of the samples were measured. The
relationship between the measured current and the applied voltage was found to be cubic
at low applied voltage, and to become linear at higher applied voltage. We could explain
this behavior using a double-charge-injection-in-a-weak-electrolyte model, but this is
only one of the possible mechanisms that could explain this behavior. The photocurrent
was found to increase linearly with the illumination power, which indicates that the
charge carrier recombination rate is proportional to the carrier density. The measured
electrical conductivity was found to be proportional to the square root of the dye
concentration, confirming the validity of the proposed charge-injection model.
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Chapter 1 Introduction
This dissertation presents nonlinear optical studies carried out on dye-doped
nematic liquid crystal cells. One of the main goals was to distinguish and characterize the
mechanisms that can possibly induce dynamic gratings of different types in the samples.
The samples were several combinations of nematic liquid crystals and azobenzene dyes
in homeotropically-aligned cells. The investigation utilized several nonlinear optical
techniques, including asymmetric two-beam coupling, forced light scattering, and
polarization holographic technique. After that goal was accomplished, the next objectives
were to study the photorefractive and the orientational responses, as well as to explain
and model the dynamical behaviors of the grating formations.
Liquid crystals exhibit large photoinduced nonlinearity due to their large
dielectric anisotropy coupled with the collective director reorientation.1 Moreover, their
optical properties are sensitive to the presence of a small electric or magnetic field. Their
physical properties, for instance, transition temperatures and viscosity, can be easily
controlled by mixing different liquid crystals together. These characteristics make them
attractive for optical storage and display applications, real-time image processing, and
optical computing.2 In addition, they can be mixed with polymeric materials to form
polymer-dispersed liquid crystals (PDLCs),3 or polymer-stabilized liquid crystals
(PSLCs).4-6 These composite materials possess the large electro-optic response of a liquid
crystal, and the structural flexibility of a polymer.
Even though liquid crystals already possess substantial nonlinear optical
responses, the orientational responses can be enhanced, often by more than one order of
magnitude, by adding a small amount of absorbing dye in the liquid crystal. This is the
so-called ‘dye enhancement effect’.7-10 The enhancement results from the fact that the
director reorientation process is now assisted by an extra torque, called a ‘dye-induced
torque’ or ‘absorption-induced torque’, in addition to the optical torque. This dyeinduced torque can be, and often is, much larger than the optical torque.
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The photorefractive effect11 is a light-induced change of the refractive index of a
photorefractive material,12 upon spatially nonuniform illumination. Three mechanisms
are involved in the photorefractive process. The first is photoconductivity, which
comprises photoionizable charge generation and charge migration (via drift and/or
diffusion). The second mechanism is charge trapping. The third process is the change of
optical properties of the material as a result of either the electro-optic effect or molecular
reorientation. Photorefractive materials are appealing for applications in optical storage,
optical switching, information processing, and others.12-19
Promising photorefractive materials include liquid crystals, polymers, and liquid
crystal/polymer composites. Liquid crystals possess several advantages above
photorefractive polymers because, as mentioned earlier, the optical properties of liquid
crystals are very sensitive to even a small external field. This makes it possible to
observed photorefractivity using an applied electric field of only ~ 0.1 V/µm, as opposed
to ~ 100 V/µm required to observe photorefractivity in polymers. Aside from the lower
applied field requirement, liquid crystals yield larger responses due to their large
dielectric anisotropy.
This dissertation is organized as follows. Chapter 2 contains a review of liquid
crystals and nonlinear optics. The first section reviews the basic features and
classification of liquid crystals. The liquid crystalline phases, the order parameter, and the
liquid crystal alignments are defined, followed by the concepts of continuum theory and
liquid crystal deformations. The effect of an applied electric field and the Freedericksz
transition are described. This section ends with some examples of liquid crystal
applications. The next section provides a concise description of the nonlinear optical
responses of liquid crystals. The dye enhancement effect is also mentioned in this section.
The last section of Chapter 2 describes the sample preparation procedures. The
characteristics of the dyes and the liquid crystals that were used in the experiments, along
with their molecular structures, are also provided. A review of the mechanism of
photorefractivity, along with examples of photorefractive materials and applications, are
presented in Chapter 3.
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Chapter 4 describes in detail the molecular origin of the dye enhancement effect.
The first section deals with the molecular model proposed by Jánossy.8-10 The model,
which explains the origin of the dye-induced torque, is based on the assumption that the
intermolecular interactions between the ground-state dye molecules and the nematic host
is significantly different from that of the photoexcited dye molecules and the host. The
second part of Chapter 4 explains the effect of trans-cis photoisomerization, which occurs
in liquid crystal systems doped with azo dyes. An azo molecule is known to undergo
conformational change upon illumination. The two dye isomers in the system can be
regarded as two different dopant species, and their effect can be regarded as a special
case of the dye enhancement effect described in the previous section.20 Our experimental
results showed that the trans-cis photoisomerization contributes very little to the dye
enhancement. Chapter 5 reports our studies using asymmetric two-beam coupling
experiment11,21 and grating translation technique.22,23 The two-beam coupling was
performed to examine the photorefractive response of the sample. By observing the
presence of a steady-state asymmetric energy transfer, one can determine whether the
induced grating is a photorefractive index grating or a grating of a different nature. The
grating translation technique is capable of differentiating a phase grating and an
absorption grating, as well as determining the modulation amplitudes of the two gratings.
The first section of Chapter 5 is an introduction to the two-beam coupling phenomena.
This is followed by our experiments and the obtained results. In the following section, the
theoretical aspects of the grating translation technique are described. This is again
followed by our experiments and results. The experiments revealed a transient and a
steady-state gratings, both of which were found to be a photorefractive phase grating.
Our studies utilizing forced light scattering technique21 are presented in Chapter 6.
The technique, in which the induced grating is generated by two pump beams, and the
response is probed by a third weak laser beam, is an extremely useful method for
investigating material responses. In addition to studying the steady-state photorefractive
response, we also investigated and modeled the dynamics of the response. The results
confirmed the two-time constant response that was also observed in the two-beam
coupling experiments. Chapter 7 describes our studies making use of polarization
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holography.24-28 Polarization holographic measurements are capable of probing,
selectively, different photoinduced mechanisms in a material. In the first section, the
search for a possible population grating in the dye/nematic systems is reported. This is
followed by an extensive study of the orientational birefringent grating. The origin,
behaviors, and dynamics of the grating are explained in detail. The results revealed the
negligible contribution of the trans-cis photoisomerization and indicated that the induced
grating is produced by the orientation of the director in the plane of incidence. The
response of the system to a time-varying applied electric field was also investigated, and
found to exhibit interesting and reproducible dynamical behavior that depends strongly
on the modulation frequency of the applied field.
The conductivity and photoconductivity measurements of the dye-doped liquid
crystals are reported in Chapter 8. The observed cubic and linear relationships of the
measured current-voltage characteristics are explained using a double-charge-injectionin-a-weak-electrolyte model. The investigation on the dynamical behaviors of the
photocurrent build-up and decay is also presented here. Chapter 9 describes our attempt
to study the role of the molecular structures of the dyes and of the liquid crystals on the
observed orientational responses. Even though the attempt was not entirely successful
due to the problem of sample degradation associated with high intensity illumination, a
few conclusions could nevertheless be drawn. Chapter 10 summarizes our nonlinear
optical studies on dye-doped nematic liquid crystals.
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Chapter 2 Basic review of liquid crystals and nonlinear optics
The objective of this chapter is twofold. (1) To review the basic properties of
liquid crystals, and how they are categorized, and (2) to review the nonlinear optical
phenomena used in this study. This chapter will provide a general background for both
subjects.
2.1. General descriptions of liquid crystals
Liquid crystals are materials that exhibit one or more intermediate phase(s)
between crystalline solid and isotropic liquid phases. In this intermediate phase they
retain the ability to flow like ordinary liquid, but also possess long-range orientational
order. Some liquid crystals may also have positional order as well. The molecular
structure of a typical liquid crystal molecule is depicted in Fig. 2.1.
2.1.1. Types of liquid crystals
Several classes of liquid crystal exist. Substances that exhibit liquid crystalline
properties at certain temperature range are called thermotropic liquid crystals. The phase
of a thermotropic liquid crystal changes from crystalline solid to liquid crystal when the
temperature is raised above its melting point (TM). When the temperature is further
increased, the phase of the substance changes from liquid crystalline phase to isotropic
liquid phase. This temperature is called the clearing point (TC) (see Fig. 2.2.) Compounds
that show liquid crystalline phase at certain concentration of one component of the
mixture have been given the name lyotropic liquid crystals. An example of this type of
liquid crystal is amphiphilic molecules in water. Polymers that have liquid crystalline
phase are called polymeric liquid crystals.
2.1.2. Liquid crystal phases
Liquid crystalline phases are classified by their orientational and positional
orders.

The nematic phase has only orientational order, while the chiral nematic
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Figure 2.2: Phase diagram of a thermotropic liquid crystal.
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(cholesteric) phase has orientational order resembling the nematic phase, but possess a
helical layer structure as well. This spontaneous helical director configuration makes it
more difficult to reorient a cholesteric than a nematic. The smectic phase has
orientational order in conjunction with layer structure. Several forms of smectic phases
have been discovered and labelled by an alphabet. Currently, smectic A to smectic K
phases have been found. They are separated by their tilt angle (with respect to the plane
normal) and packing formation. Examples of liquid crystalline phases are illustrated in
Fig. 2.3. Which phase will be present in a certain liquid crystal is largely determined by
the central bridge group of the liquid crystal constituent molecules, while the transition
temperatures can be varied by changing the length of hydrocarbon chains in the terminal
groups. Some liquid crystals display more than one liquid crystalline phase. For example,
the phase of 4-n-pentylbenzenethio-4’-n-decyloxybenzoate changes from solid to smectic
C, Smectic A, nematic, and to liquid as temperature increases.
The above phases apply to liquid crystals with rod-like (calamitic) molecules;
however, some liquid crystals are composed of molecules with disc-like shape. These are
called discotic liquid crystals. Nematic discotic and columnar discotic phases are
examples of the phase exhibited by this type of liquid crystal. They are shown in Fig. 2.4
along with an example of a discotic liquid crystal molecule.
Having only orientational order, nematic liquid crystal possesses ∞-fold rotational
symmetry around the director and three-dimensional translational symmetry. It also has
the so-called nematic symmetry, i.e. its physical properties remain unchanged under the
inversion of the nematic director (n → -n). The nematic symmetry is present even when
the constituent molecules are polar because the molecules form antiparallel pairs to
minimize the intermolecular interaction energy (usually originating from Van der Waals
force).
2.1.3. Order parameter
The average direction of liquid crystal molecules is called the director axis. The
amount of orientational order in liquid crystals can be obtained by averaging macroscopic
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Figure 2.4: Nematic discotic phase, columnar discotic phase, and an example of discotic
liquid crystal molecule.
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molecular orientation with respect to this direction. This can be achieved in a number of
ways. For example, the order parameter can be defined as the average of the second
Legendre polynomial,
S = P2 (cosθ ) =

1
3 cos 2 θ − 1 ,
2

(2.1)

where θ is the angle between the rod axis of a molecule and the director (see Fig. 2.5). If
all liquid crystal molecules align perfectly parallel to the director, S = 1. If all the
molecules orient completely at random directions, i.e. the rod axes points in all directions
with equal probability, S = 0. Typically, the order parameter in liquid crystal phases
ranges from 0.3 to 0.9 (see Fig. 2.6). Another way to define the order parameter is to
make use of the fourth Legendre polynomial:
S = P4 (cosθ ) =

1
35 cos 4 θ − 30 cos 2 θ + 3 .
8

(2.2)

The order parameter can be measured experimentally by several types of
experiment, for example, nuclear magnetic resonance (NMR), optical birefringence, and
Raman scattering experiments.
2.1.4. Liquid crystal alignments
In a liquid crystal sample, various kinds of molecular alignment can be
induced by treating the supporting substrate differently, e.g., mechanically and/or
chemically. If the substrate is covered with a thin film of amphiphilic molecules, which
deposit their polar end to the substrate, liquid crystal molecules will be aligned such that
the director is perpendicular to the supporting substrates. This configuration is called
homeotropic alignment. If the supporting substrate is applied with a thin film of polymer
stretched in one direction by rubbing with a soft cloth, the liquid crystal molecules will be
aligned such that the director is parallel to the supporting substrates in the direction of the
rubbing. This configuration is named homogeneous or planar alignment. These two
configurations are illustrated in Fig. 2.7. Other sample geometries such as twisted and
super twisted alignments are often employed in display applications.
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Figure 2.5: Geometry used for defining the order parameter.

Figure 2.6: Order parameter as a function of temperature, according to Maier-Saupe mean
field theory.2
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2.1.5. Continuum theory and liquid crystal deformation
In reality the liquid crystal director is not uniform across a liquid crystal sample,
but varies with position. However, if this variation is small, the order parameter can be
safely assumed to be constant. A continuum theory1 is based on the assumption that this
is true, and considers only liquid crystals’ elastic energy. In a nematic system in
equilibrium, the director is constant everywhere inside the liquid crystals. In a nonequilibrium state, the elastic free energy per unit volume is proportional to the squares of
the spatial derivatives of the director and can be written as

FV =

1
1
1
k11 [∇ ⋅ nˆ ] 2 + k 22 [nˆ ⋅ (∇ × nˆ )] 2 + k 33 nˆ × (∇ × nˆ ) 2 ,
2
2
2

(2.3)

where k11 , k 22 , and k 33 are Frank elastic constants. (It is found that for most liquid
crystals k11 , k 22 , and k 33 are in the order of 10-11 N and k 33 is usually larger than k11 and
k 22 .) If we define the z-axis along the director, then
2


 ∂n  
[∇ ⋅ nˆ ] 2 =  ∂n x  +  y   ,
 ∂x  y , z  ∂y  x , z 
 ∂n
[nˆ ⋅ (∇ × nˆ )] 2 =  y
 ∂x

(2.4)

2


 ∂n
 −  x
 y , z  ∂y

 
  ,
 x , z 

2

2

 ∂n y 
 ∂n 
 .
nˆ × (∇ × nˆ ) =  x  + 
 ∂z  x , y  ∂z  x , y
2

(2.5)

(2.6)

Each equation above describes different type of deformation, namely, splay, twist,
and bend, respectively, as shown in Fig. 2.8. k11 , k 22 , and k 33 are then called splay,
twist, and bend constants. For most calamitic nematics, these constants are in the order of
10-11 N, and it is found that 0.5 < k 33 k11 < 3.0 and 0.5 < k 22 k11 < 0.8.3
2.1.6. Liquid crystals in electric field and the Freedericksz transition
When a nematic liquid crystal is under the influence of an applied electric field,
the resulting polarization (dipole moment per unit volume) is
v
v v
P = ε0χ ⋅ E ,

(2.7)
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Figure 2.7: Homeotropic and homogeneous (planar) alignments.
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Figure 2.8: Fundamental deformations in liquid crystals.
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v
where ε 0 is the permittivity of free space and χ is the electric susceptibility tensor. If we

assign the z-direction to be along the director, the above equation can be written as
 Px 
 χ⊥
 

 Py  = ε 0  0
P 
 0
 z


0

χ⊥
0

0   Ex 
 
0   Ey  .
χ //   Ez 

(2.8)

The electric displacement is
v
v v
D = ε0E + P ,

(2.9)

v v v
D =ε ⋅E ,

(2.10)

or

v v
v
v
where ε = ε 0 (1 + χ ) , and 1 is a unit tensor.

The permittivity anisotropy is defined as

∆ε = ε // − ε ⊥ ,

(2.11)

which decreases as temperature increases and one approaches the transition to isotropic
phase. ∆ε is zero above the clearing point.
The component of an applied electric field parallel to the director, i.e.
v
E // = E ⋅ nˆ ,

(2.12)

gives rise to a polarization also parallel to the director:

P// = ε 0 χ // E // .

(2.13)

Similarly, the component of the applied electric field perpendicular to the director, i.e.
v v
E ⊥ = E − (E ⋅ nˆ ) nˆ ,
(2.14)
produces a polarization perpendicular to the director:
P⊥ = ε 0 χ ⊥ E ⊥ .

(2.15)

The total polarization is then
v
v
v
P = ε 0 χ ⊥ E + ∆χ (E ⋅ nˆ ) nˆ ,

[

]

(2.16)

where ∆χ = χ // − χ ⊥ is the susceptibility anisotropy. The free-energy density (electric
energy per unit volume) is then found to be
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]

v 2
v 2
1
1
U = − ε 0 E 2 + ∆χ (E ⋅ nˆ ) = − ε 0 E 2 + ∆ε (E ⋅ nˆ ) ,
2
2

(2.17a)

or, in the case of an optical field,
U =−

[

]

v 2
1
ε 0 E 2 + ∆ε (E ⋅ nˆ ) ,
2

(2.17b)

where the bracket denotes an average over an optical cycle.
In the presence of an electric field, liquid crystal molecules will realign
themselves in order to minimize this energy, more specifically, the orientation-dependent
part of Eqs. (2.17a) and (2.17b). In other words, the applied electric field distorts the
liquid crystal’s director. For example in a liquid crystal with positive dielectric
anisotropy, the applied electric field will rotate the director to become parallel to the
field. However, for any distortion to occur, the strength of the applied field has to be
larger than a certain threshold, in order to overcome the elastic and viscoelastic forces of
the liquid crystal. This threshold is called the Freedericksz threshold and the transition
from an undistorted director configuration to a distorted one is called the Freedericksz
transition or the Freedericksz effect. If the external field is an optical field, the effect is
then called the Optical Freedericksz Transition (OFT). Since this effect originates from
the liquid crystal collective reorientation, it is nonlinear in the strength of the applied
field (above the field threshold), and gives rise to a large nonlinear response which has
been referred to as “Giant Optical Nonlinearity” (GON).4,5
In addition to coupling with the director field directly, the applied electric field
can also interact with the director field indirectly by means of the spontaneous dielectric
polarization that arises from the director field distortion. This is called the flexoelectric
effect6, which is analogous to the piezoelectric effect in solids.
For splay, twist, and bend, the threshold field strengths for the Freedericksz effect
are (assuming strong anchoring at the boundaries)

(Et )splay ,twist ,bend = π

d

where d is the sample thickness.

K1, 2,3

ε 0 ∆χ

,

(2.18)
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When the electric field strength becomes larger above threshold, convection
instability will occur in the liquid crystal sample, due to hydrodynamic effect caused by
moving charged impurities. This electrohydrodynamic instability7 leads to the creation of
a periodic distortion of the nematic alignment with spacing about equal to the sample
thickness, which are called Williams domains or Williams striations.8,9 If the applied field
strength is increased further, the flow becomes turbulent and the liquid crystal sample
exhibits dynamic scattering. In our samples, this effect were observed when an applied
voltage was larger than ~ 2.5 V. For this reason, we limited the applied voltage used in all
experiments to values smaller than ~ 2 V.
2.1.7. Liquid crystal applications
Since their discovery10 more than a hundred years ago by Reinitzer11 and
Lehmann,12 liquid crystals are now being used in a wide range of applications. Liquid
crystals are widely employed in display applications (LCDs). They are used to construct
light valves and spatial light modulators (SLMs) utilized in real-time image processing
and optical computing applications. They are also used to fabricate optical limiting and
optical switching devices, highly sensitive temperature sensors and thermographical
devices, among many other usages.13 Their sensitivity to polarization distribution makes
them even more useful for future possible applications. Even dynamic scattering in liquid
crystals is considered for possible applications due to the fact that only a relatively small
voltage is needed to achieve a large magnitude of light scattering.
Lately, new systems using liquid crystals mixed with polymers to form polymer /
liquid crystal composites have been studied. Polymer-dispersed liquid crystals
(PDLCs)14, in which small (in the order of microns or submicrons) liquid crystal droplets
are embedded in a solid polymer matrix, can be prepared by temperature-induced,
solvent-induced, or polymerization-induced phase separation.15-18 The size of the liquid
crystal droplet can be controlled by adjusting the rate of phase separation. Polymerstabilized liquid crystals (PSLCs),19-21 in which a small amount of polymer is dispersed in
a liquid crystal matrix, are prepared by first dissolving a small amount of polymeric
monomer in a liquid crystal, then performing photopolymerization with ultraviolet
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radiation in the presence of photoinitiator. Microencapsulation process can be used to
produce a liquid crystal / polymer composite as well. These composite materials have a
large electro-optic response of a liquid crystal, and a structural flexibility, a long grating
lifetime, and the high grating resolution of a polymer. Possible applications of these
materials includes optical storage22, large-scale flexible displays, switchable ‘smart’
windows whose transparency can be controlled, and light valves, among others.14
2.2. Nonlinear optical responses of liquid crystals

Nonlinear isotropic materials exhibit nonlinear optical responses when their
optical properties are field-dependent. Usually, in order to observe nonlinear responses,
high field strength or high optical intensity from a high-power pulsed laser is required.
Liquid crystals, on the other hand, possess large nonlinear optical responses due to the
fact that they are strongly anisotropic and their molecular reorientation is highly
correlated. Their refractive index changes drastically due to collective director
reorientation under an external field. As such, their extraordinarily large nonlinear optical
responses can be observed even under the influence of a weak applied field or a low
optical intensity from a cw laser.
When an electromagnetic wave passes through a dielectric medium, the electric
displacement is
v v v
D =ε ⋅E ,
(2.19)
v
v
where ε is the permittivity tensor and E is the electric field. It is useful to write the

permittivity tensor as
v

v

ε = ε 0ε r ,

(2.20)

v
where ε 0 is the permittivity of free space and ε r is called the relative permittivity. The

electric displacement can also be written as
v
v v
D = ε0E + P ,
(2.21)
v
v
where P is the electric polarization (electric dipole moment density). In general, P is a
sum of both electronic and ionic polarizations, but in our systems of organic liquid, the
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latter contribution is negligible. From the above equations, the electric polarization can be
written as
v
v v v
P = ε 0 (ε r − 1 ) ⋅ E
v v
≡ ε0χ ⋅ E ,

(2.22)

or
v
P

ε0

v v
= χ⋅E,

(2.23)

v
where χ is called the electric susceptibility tensor.

In a nonlinear medium, the electric polarization can be expanded in a series:
v
v v
vv v
vvv
P
v
= χ (1) ⋅ E + χ ( 2 ) : EE + χ ( 3) : EEE + ... ,
(2.24)

ε0

v
v
v
where χ (1) , χ ( 2 ) , and χ ( 3) are the linear, quadratic (2nd-order nonlinear), and cubic (3rd-

order nonlinear) susceptibility tensors, respectively. If the electric field is a sum of n
monochromatic plane waves, i.e.
n v
v v
v
E (t ) = ∑ E (ω i )e i (ki ⋅r −ωt ) ,

(2.25)

i =1

v
Fourier transformation of P yields
v
v
v
v
P(ω ) = P (1) (ω ) + P (2 ) (ω ) + P (3 ) (ω ) + ... ,

(2.26a)

where
v
v
v
P (1) (ω ) = ε 0 χ (1) (ω ) ⋅ E (ω ) ,
v
v
v
v
P (2 ) (ω ) = ε 0 χ (2 ) (ω = ω i + ω j ) : E (ω i )E (ω j ) ,
v
v
v
v
v
P (3 ) (ω ) = ε 0 χ (3) (ω = ω i + ω j + ω k ) : E (ω i )E (ω j )E (ω k ) ,

(2.26b)
(2.26c)
(2.26d)

and so forth. Due to conservation of energy, the output frequency has to be the sum of the
input frequencies, where both positive and negative frequencies are allowed.
In many literatures, a standard notation is used to write Eq. (2.26). For example,
v
(2 )
(− ω 3 ;ω1 ,ω 2 )E ωj 1 Ekω 2 ,
the component i of P (2 ) (ω ) in Eq. (2.26c) is written as Piω 3 = ε 0 χ ijk
where the negative sign designates output frequency, and ω1 + ω 2 = ω 3 . The linear
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susceptibility tensor is responsible for refraction and absorption in a material, while the
higher-order tensors are responsible for nonlinear (field or intensity dependent) refraction
and absorption, as well as other nonlinear optical phenomena such as harmonic
generation, phase conjugation, and frequency mixing. For example, second harmonic
(2 )
(− 2ω ;ω ,ω )E ωj Ekω , while third
generation (SHG) arises from the term Pi 2ω = ε 0 χ ijk
(3 )
(− 3ω ;ω ,ω ,ω )E ωj Ekω Elω .
harmonic generation (THG) comes from the term Pi 3ω = ε 0 χ ijkl

Since nematic liquid crystals are centrosymmetric, they do not exhibit secondorder nonlinear optical effects, for instance, second harmonic generation and linear
electro-optic effect (Pockels effect), while some smectics do because of their
noncentrosymmetric structure. However, SHG has been observed in nematic systems due
to a number of reasons such as the presence of optical field gradient and/or flexoelectric
deformation in the system. SHG can also occur at the interfacial region where the
antiparallel pairing of liquid crystal molecules is broken. This makes SHG a useful
technique for probing surface anchoring of liquid crystals,23,24 which is in turn
responsible for the bulk alignment.
All materials have nonzero third-order nonlinear susceptibility ( χ ( 3) ) and exhibit
third-order nonlinear effects, for example, dc Kerr and optical Kerr effects, self-focusing
or self-defocusing, which leads to self-phase modulation, etc. For optical Kerr effect, the
refractive index change is proportional to the optical intensity:
∆n = n2 I ,

(2.26)

where n2 is called the nonlinear optical Kerr index. Although liquid crystals possess χ ( 3)
from electronic contribution, the effect is small and is in the same order as that of
ordinary isotropic liquids. The main third-order nonlinear response in liquid crystals,
however, comes from refractive index change due to a collective reorientation process.
The reorientational response is approximately proportional to the optical intensity, and
thus is often regarded as optical Kerr-like effect.25 The optical Kerr index of liquid crystal
is found to be in the order of 10-5 cm2/W, which is about 107 times larger than those of
typical organic liquids, and 103 – 105 times larger than those observed in organic
materials.25 However, since the effect originates from the highly correlated motion of the
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liquid crystal molecules, the response is much slower than that of ordinary Kerr media.
The response times are found to be in the order of 0.1 – 1 seconds.
Even though liquid crystals already exhibit large nonlinear optical responses due
to collective director reorientation, the laser-induced reorientation can be enhanced by
doping the liquid crystal with a small amount of dye, usually by less than 1 % by
weight.26-29 The dye molecules produce an extra torque contributing to the reorientation
process, in addition to the optical torque. This dye-induced torque originates from
intermolecular interaction between the dye molecules and the liquid crystal host.
Moreover, in the case of azo dyes, conformational change of the dye molecules can
contribute to the additional torque as well. The dye-induced torque can be orders of
magnitude larger than the optical torque. The details of these two mechanisms will be
extensively discussed in Chapter 4.
2.3. Sample preparation

The liquid crystals and liquid crystal mixtures used in our experiments were
chosen based on commercial availability, comparatively large dielectric anisotropy, and
large nematic range (the temperature range over which the nematic phase exists). They
were liquid crystal mixture E7 (Merck), liquid crystal mixture E44 (Merck), liquid crystal

p-n-pentyl-p’-cyanobiphenyl (5CB, Merck), and liquid crystal p-n-methoxy-benzilidenep’-n-butylanaline (MBBA).
Azobenzene dyes used in the experiments were all obtained from Aldrich,
namely, azobenzene dye Disperse Red 1 (N-ethyl-N-(2-hydroxyethyl)-4-(4-nitrophenyl
azo)aniline), Disperse Red 13 (2-[4-(2-chloro-4-nitrophenylazo)-N-ethyl-phenylamino]
ethanol), Disperse Orange 3 (4-(4-nitrophenylazo)aniline), Disperse Orange 25 ([3-[Nethyl-4-(4-nitrophenylazo)phenylamino]propionitrile]), Disperse Yellow 7 (4-[4-(phenyl
azo)phenylazo]-o-cresol), and Disperse Yellow 9 (N-(2,4-dinitrophenyl)-1,4-phenylene
diamine). The reason we chose azo dyes for our experiments over anthraquinone dyes,
also widely used in dye-doped liquid crystal research, is that azo dyes generally give
superior responses. However, the main drawback of azo dyes is that the azo group is
chemically unstable and thus the dyes degrade over time.
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The molecular structures of the liquid crystals, liquid crystal mixtures, and dyes
are shown in Figs. 2.9 – 2.12. Transition temperatures in Celsius are also provided in the
figures, where K, N, and I stand for crystalline phase, nematic phase, and isotropic liquid
phase, respectively. Some of the physical parameters for the liquid crystals and liquid
crystal mixtures used in the experiments are listed in Table 2.1, and physical properties of
the azobenzene dyes can be found in Table 2.2.
The dye-doped liquid crystal mixtures used in all of our experiments were
homeotropically-aligned between two indium tin oxide (ITO)-coated glass slides (Delta
Technologies) held apart by 25-µm thick MylarTM spacers. The slide surfaces were
treated with the surfactant octadecyltrichlorosilane (Aldrich), following the procedures
adapted from that described by Wiederrecht and Wasielewski,21 which are outlined
below, to induce homeotropic alignment. The preparation is divided into two steps: the
deposition of the surfactant onto the cell walls, and the cell assembly and introduction of
the dye-doped liquid crystal. The details are as follow.
I. Deposition of the surfactant onto the cell walls (ITO-coated glass slides).
1. Sonicate the ITO-coated slides in isopropanol for 30 minutes.
2. Rinse the slides in distilled water.
3. Dip the slides in a freshly-made “piranha” solution (50% sulfuric acid, 30%
hydrogen peroxide) for 4 seconds.
4. Rinse the slides in distilled water.
5. Dry the slides with nitrogen.
6. Dip the slides in a 10-3 M octadecyltrichlorosilane solution (0.039-g octadecyltrichlorosilane in 100-ml toluene) for 15 seconds.
7. Rinse the slides in distilled water.
8. Bake the slides in an oven at 120 °C for 30 minutes.
9. Remove the slides from the oven. Let them cool down to room temperature.
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II. Cell assembly and introduction of the dye-doped liquid crystal mixture.
1. Glue 2 slides from step I together by epoxy with 25-µm MylarTM spacers in
between.
2. Put a drop of dye-doped liquid crystal mixture between the two slides. The
mixture will be pulled into the cell by capillary action.
3. Wait 1 – 2 hours for the liquid crystal molecules to align properly.
4. Seal the cell with epoxy, and then connect the electrodes.
Fig. 2.13 shows the diagram of a finished sample. The cells were then checked
under a polarizing microscope to ensure the homogeneity of the orientation.
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Figure 2.9: Molecular structure of liquid crystal 5CB.
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Figure 2.10: Molecular structure of liquid crystal MBBA.
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Figure 2.11: Molecular structure of the components of liquid crystal mixture E7.
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Table 2.1: Transition temperatures, rotational viscosity coefficient, refractive indices, and
deformation constants of liquid crystals and liquid crystal mixtures used in the
experiments.

K15 (5CB)

E7

E44

MBBA

Melting point [°C]

22.5

-10

-6

22

Clearing point [°C]

35

58

100

48

γ1 [Pa⋅s]

0.067(1)

- (2)

- (2)

0.081(1)

no

1.530(3)

1.5211(3)

1.5277(3)

1.540(4)

ne

1.742(3)

1.7464(3)

1.7904(3)

1.760(4)

∆n

0.212(3)

0.2253(3)

0.2627(3)

0.220(4)

k11 [pN] (5)

4.9

11.1

15.5

6.1

k33 [pN] (5)

6.1

17.1

28.0

7.2

k33/k11 (5)

1.24

1.54

1.87

1.2

(1)

At 300 K.30

(2)

Values not released by Merck.

(3)

At 589 nm, 293 K.31

(4)

At 639.8 nm, 295 K.32

(5)

Approximated values at room temperature.
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Figure 2.12: Molecular structure of the dyes used in the experiments. From top to bottom,
disperse red 1 (DR1), disperse red 13 (DR13), disperse orange 3 (DO3), disperse orange
25 (DO25), disperse yellow 7 (DY7), and Disperse Yellow 9 (DY9).
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Table 2.2: Physical properties of azobenzene dyes used in the experiments.
Molecular
formula

Molecular weight

Melting point
(°C)

Dye content

Appearance

Disperse red 1

C16H18N4O3

314.35

160-162

~ 95 %

Maroon powder

Disperse red 13

C16H17N4O3Cl

348.79

122-129

~ 95 %

Black powder

Disperse orange 3

C12H10N4O2

242.24

200

~ 90 %

Brown powder

Disperse orange 25

C17H17N5O2

323.36

170

~ 95 %

Red-purple powder

Disperse yellow 7

C19H16N4O

316.37

146-148

~ 95 %

Brown powder

Disperse yellow 9

C12H10N4O4

274.24

187-190

~ 85 %

Red-brown powder

MylarTM spacer

ITO electrode
Dye-doped liquid
crystals

Edge sealant

Glass slide

Figure 2.13: Diagram of the dye-doped nematic liquid crystal sample (side view).
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Chapter 3 Basic review of photorefractivity
The photorefractive effect1 is a light-induced change of the refractive index of a
photorefractive material,2 which exhibits three specific processes upon spatially
nonuniform illumination. These three processes are photoconductivity, which is
composed of photoionizable charge generation and charge migration (via drift and/or
diffusion), charge trapping, and change of optical properties due to electro-optic effect or
molecular reorientation. To explain the photorefractive behaviors of inorganic
photorefractive crystals, a band transport model,1 which assumes that the charges are
transported in well-defined energy bands, was proposed and works quite well.
Photorefractive response of organic materials, however, deviates greatly from the
predictions obtained from this model. The main difficulty is that the photogeneration and
the transport parameters in organics are field-dependent. It was found that the
photorefractive effect in organics is better explained by a hopping model, in which the
charges hop between trapping sites with corresponding transition probabilities instead of
moving in energy bands. However, for simplicity, many authors still use the band
transport model for organics, since the basic concepts of photorefractivity are still the
same for both types of material. In this chapter, a review of photorefractive mechanism,
along with photorefractive materials and applications will be discussed.
3.1 Mechanism of photorefractive effect
Consider the case of two mutually coherent laser beams with equal intensity
overlapping in a photorefractive material. The sinusoidal intensity pattern I (x) [Fig.

3.1(a)], occurs from the superposition of the two beams, and results in a spatially
modulated photoionized charge distribution ρ ( x ) [Fig. 3.1(b)]. With the rate of
photoionization G (x) proportional to the number density of unionized donors (say,
electron donors), and to the optical intensity, we have

(

)

G ( x) = s N D − N D+ I ( x) ,

(3.1)
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where N D and N D+ are the number densities of donors and ionized donors, respectively,
and s is the photoionization cross section.
The photogenerated charges (electrons in this example), which is spatially
nonuniform, will diffuse from the areas with high concentration, i. e. the bright
interference fringes, to the areas with low concentration, i. e. the dark interference
fringes, where they get trapped. They can also drift away from the high concentration
areas if the sample is under the influence of an applied field. It must be noted that these
charge migration processes occur over macroscopic distances. The recombination rate is
proportional to the electron number density n( x) and the number density of ionized
donors (trapping sites) N D+ . Thus
R( x) = γ R n( x) N D+ ,

(3.2)

where γ R is a constant.
In equilibrium, the rate of recombination is equal to the rate of photoionization.
Hence

(

)

s N D − N D+ I ( x) = γ R n( x) N D+ .

(3.3)

Eq. (3.3) provides the expression for the electron distribution, that is
s N D − N D+
n( x ) =
I ( x) .
γ R N D+

(3.4)

The spatially periodic electron distribution, in turn, creates a periodically
modulated space-charge field E sc ( x) [Fig. 3.1(c)]. It should be noted that even though we
are considering a system with only one type of charge present, the space-charge field can
be induced in a system with both types of charge present as well, provided that the two
kinds of charge have substantially different mobilities. In a steady state, the total current
density J vanishes because the currents from the drift process and the diffusion process
cancel out each other. Hence,
J = eµ e n( x) E sc ( x) − k B Tµ e

dn( x )
= 0,
dx

(3.5)

where e is the charge of a proton, µ e is the electron mobility, k B is Boltzmann’s
constant, and T is the temperature. The expression for the space-charge field is thus

Chapter 3 Basic review of photorefractivity

E sc ( x) =

33

k B T 1 dn(x )
.
e n( x) dx

(3.6)

Since the material is electro-optic, refractive index change will be induced and the
refractive index modulation will be in phase with the space-charge field. For example, if
the photorefractive material in consideration exhibits linear electro-optic effect (Pockels
effect), then the refractive index change is of the form
1
∆n( x) = − n 3 re E sc ( x) ,
2

(3.7)

where n is the refractive index and re is the effective electro-optic coefficient of the
material.
Under the approximation that the ratio N D / N D+ − 1 is spatially unchanged.
Combining Eqs. (3.4) and (3.6), we get
Esc ( x) =

k BT 1 dI (x )
,
e I ( x) dx

(3.8)

which is then substituted into (3.7). Finally, we obtain the expression for the refractive
index change as a function of the illumination intensity:
1
k T 1 dI ( x )
∆n( x) = − n3re B
.
2
e I ( x) dx

(3.9)

The illumination intensity distribution generated by a superposition of two
coherent laser beam is
2πx 

I ( x) = I 0 1 + m cos
,
Λ 


(3.10)

where I 0 is the mean intensity, Λ is the period of the interference fringes, and m is their
contrast:
2(I 1 I 2 )
.
I1 + I 2
12

m=

(3.11)

Substituting Eq. (3.10) into (3.9), we obtain
∆n( x ) =

1 3 2πmk BT sin (2πx / Λ )
n re
.
2
eΛ 1 + m cos(2πx / Λ )

In the small intensity modulation limit ( m << 1), Eq. (3.11) can be written as

(3.12)
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Figure 3.1: Mechanism of photorefractivity. In this diagram, the photorefractive material
exhibits a linear electro-optic response (Pockels effect).
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∆n( x ) = ∆nmax sin (2πx / Λ ) ,
where ∆nmax =

(3.13)

1 3 2πmk BT
.
n re
2
eΛ

The most important aspect of the resulting photorefractive grating [Fig. 3(d)] is
that it is spatially phase-shifted from the intensity interference pattern, which indicates
the nonlocal nature of the process. The nonzero phase shift φ P leads to a steady-state
asymmetric energy transfer between the two writing beams, which signify the
photorefractive effect.3,4 φ P is equal to π/2 if the charge migration is driven solely by
drift process or solely by diffusion process. For inorganic crystals with no applied field,
the diffusion process dominates and thus the phase shift approaches 90°. On the other
hand, in organic materials, the diffusion process is limited so an external field is required.
The drift process dominates in this case and the phase shift again may approach 90°.4
The interaction geometry just described is called two-beam coupling (2BC). The
2BC gain provides optical amplification, which leads to several applications for
photorefractive materials. The induced phase grating can be erased by spatially uniform
illumination. This makes photorefractive materials attractive for dynamic (erasable /
rewritable) data storage. Also note that the photorefractive grating may remain even after
the writing beams are removed. The lifetime of the grating depends on the lifetime of the
charges in trapping sites. This aspect makes photorefractive materials suitable for quasipermanent data storage application. Other photorefractive applications are listed in Sec.
3.3.
It should be noted that while other mechanisms can lead to photorefraction (e.g.,
photochromism,

photodimerization,

photoisomerization,

thermo-optic

effect,

photoinduced molecular structural change, etc.5), the nature of these processes is local,
i.e. the resulting phase grating is in phase with the optical intensity modulation. Thus, the
steady-state asymmetric energy transfer does not occur for these mechanisms.
In contrast to the example above, if the photorefractive material in consideration
exhibits a quadratic electro-optic effect (Kerr effect), Eq. (3.7) must be replaced with
∆n( x) = n2 I ( x) ,

(3.14)
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where n2 is the nonlinear optical Kerr index. In liquid crystals, as mentioned in Chapter
2, the nonlinear response comes from reorientation process, as opposed to the electronic

χ (3) like in ordinary Kerr media. However, the orientational nonlinear response is
approximately proportional to the optical intensity, and the effect is regularly referred to
as optical Kerr-like effect.6
The formulation described above is a simplified version of the theory of
photorefractivity utilizing band transport model. A more complete mathematical
treatment using this model can be found in Chapter 3 of Ref. 1, where it is shown that the
illuminating optical field from two laser beams:
v v
v v v v
v
E = E1e (−ik1 ⋅r + iωt ) + E2e(−ik 2 ⋅r + iωt ) ,
v
v
with k1 = k 2 , will induce a space-charge field of the form
E sc =

(3.15)

iE d − E a′ ∆I
,
Ed
E a′ I 0
+i
1+
Eq
Eq

(3.16)

where E a′ is the magnitude of the applied electric field component parallel to the grating
v v
wavevector. ∆I / I 0 = 2 E 2 ⋅ E1∗ / I 0 is the intensity modulation amplitude of the
v 2 v 2
illumination, and I 0 = E1 + E 2 . E d and E q are the diffusion field and the saturation

field respectively:
Ed = q

Eq =

k BT
,
e

eN A
,
ε eff q

(3.17)
(3.18)

where q is the magnitude of the grating wavevector, N A is the number density of
acceptor impurities, and ε eff is the effective dielectric constant. In deriving Eq. (3.16), a
number of approximations has been made. The most notable one is that the intensity
modulation must be small, i.e. ∆I << I 0 .
The band transport model described above, which assumes that the charges are
transported in well-defined energy bands with corresponding mobilities, gives results that
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are consistent with experimental observations for inorganic photorefractive crystals.
However, for organic materials, this model does not work quite as well. Photorefractive
behavior of organic materials is found to be better explained by the hopping model, in
which, instead of moving in energy bands with certain mobilities, the charges hop
between trapping sites with corresponding transition probabilities.
In liquid crystals, the space-charge field in steady state results from a sinusoidal
intensity modulation [Eq. (3.10)] was found by Rudenko and Sukhov7 to be of the form
E sc =

σ −σ d
mk B T
qν
sin (qx ) ,
σ
e

(3.19)

where

ν=

D+ − D−
,
D+ + D−

(3.20)

where D + , − are the diffusion constants of cation and anion. q = 2π Λ is the grating
wavevector. σ and σ d are the total and dark conductivity respectively. Eq. (3.19) states
that in order to obtain large photorefractive response, the difference between the
mobilities of the cation and the anion must be large. The material must also possess a
substantial photoconductivity.
Other than resulting from charge diffusion, the total internal space-charge field
can be created by two other mechanisms.8,9 One is the field induced by the conductivity
anisotropy, also known as the Carr-Helfrich effect,


∆σ sin θ cosθ
Ea ,
E sc∆σ = −
2
2

 σ // sin θ + σ ⊥ cos θ 

(3.21)

where σ // and σ ⊥ are the conductivities parallel and perpendicular to the director
respectively. ∆σ = σ // − σ ⊥ is the conductivity anisotropy. θ

is the director

reorientation angle and E a is the applied field. The other contribution comes from the
dielectric anisotropy, which induces the space-charge field of the form


∆ε sin θ cosθ
Ea ,
E sc∆ε = −
2
2

 ε // sin θ + ε ⊥ cos θ 

(3.22)
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where ε // and ε ⊥ are the dielectric constants parallel and perpendicular to the director
respectively. ∆ε = ε // − ε ⊥ is the dielectric anisotropy. For small reorientation angle,
E sc∆σ ~ −

∆σ

σ⊥

θE a ,

(3.23)

θE a .

(3.24)

and
E sc∆ε ~ −

∆ε

ε⊥

3.2. Photorefractive materials

As stated earlier, a photorefractive material must possess photoconductivity,
charge trapping ability, and an electro-optic response. These characteristics and
consequently photorefractive behaviors are found in both inorganic and organic
materials. Some of them are listed in this section.
3.2.1. Inorganic photorefractive materials
Several oxides and semiconductors exhibit photorefractive behavior. In fact, the
first photorefractive effect was observed in lithium niobate (LiNbO3).10 Other inorganic
materials that have been studied for their photorefractive responses are barium titanate
(BaTiO3), bismuth silicon oxide (Bi12SiO20), gallium arsenide (GaAs), potassium niobate
(KNbO3), and strontium barium niobate (SBN), among others.
3.2.2. Organic photorefractive materials
Organic photorefractive materials can be divided into three classes: polymer
composites, liquid crystals, and polymer/liquid crystal combinations. A photorefractive
polymer composite is usually composed of photoconductive polymer doped with
nonlinear optical (NLO) chromophores to provide electro-optic response and a small
amount of optical sensitizer to assist photo-charge generation. Photorefractive polymer
composites have considerable advantages over photorefractive inorganic crystals. They
usually have a larger electro-optic coefficient, even more with orientational enhancement
of the NLO chromophores. The contribution from reorientation is usually much larger
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than that from the usual electro-optic effects.3,11,12 Their compositional and structural
flexibility and tolerance of high-impurity doping makes it possible to fabricate a
photorefractive material with desired characteristics.3,4 However, the drawbacks are that
extremely high applied field is required and the preparation is difficult for particular
polymer composites. Liquid crystals, on the other hand, possess strong anisotropy and
superior reorientation ability over NLO chromophores in photorefractive polymers, even
under a weak applied field (usually less than 0.1 V/µm as opposed to ~ 100 V/µm for
polymers) or low-power optical field. They are also considerably easier to prepare.
Orientational photorefractive effect in a pure nematic was first observed in 19947,13 and
later investigated.8,14-17 A few years ago, orientational photorefractive effect has been
reported in dye-doped polymer-dispersed liquid crystals18-23 and polymer-stabilized liquid
crystals24 as well.
3.3. Photorefractive applications

Photorefractive materials can be employed in a large variety of applications
includes optical image processing (pattern recognition, image amplification, etc.), highdensity optical data storage, optical limiting and optical switching devices, dynamic
holography, spatial light modulation (SLM), self-pumped phase conjugation, beam
fanning optical limiters, among many other usages.2-4,25-29 It should be noted that different
applications require photorefractive materials with different characteristics. For example,
optical data storage application requires a photorefractive material with long storage time
(provided by deep trap sites), but does not necessitate a large electro-optic response,
while an optical correlator calls for short storage time and a relatively large electro-optic
response.30
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Chapter 4 Molecular mechanisms in dye-doped liquid crystals
The optical reorientation process in nematics originates from the interaction
between the optical field and the induced polarization, resulting in an optical torque
applied on the nematic director.1 In 1990, it was discovered that the presence of a small
amount, usually less than 1 % by weight, of absorbing dyes in a nematic host enhances
the orientational response by a large factor,2 while other physical parameters such as
refractive indices and elastic constant remain almost unchanged. The effect is due to the
presence of an extra torque, which is sometimes orders of magnitude larger than the
optical torque, in the guest-host system. This additional torque was then named “dyeinduced torque” or “absorption-induced torque”. A molecular model describing the
microscopic origin of this dye-induced torque was proposed by Jánossy,3-5 and later
extended by Marrucci et. al.6-9
It should be noted that the process does not occur from thermo-optical effects,10
induced by laser heating. This is proven experimentally from the observations that two
different dyes with the same absorption coefficients can produce substantially different
magnitudes of the response.11 There appears to be no direct correlation between the
enhancement effect and the absorption coefficient of the system. Instead, the origin of the
dye-induced torque was proposed to be from the formation of absorption-induced
metastable states, i.e. the electronically excited dye molecules, whose intermolecular
interaction with the nematic host is different than that of the dye molecules in ground
state with the surrounding nematic. The anisotropic orientational distribution and
rotational dynamics of the excited dye molecules lead to a nonzero effective torque
exerting on the nematic director. For some dyes, the induced torque was found to be in
the same direction as the optical torque, while for others the induced torque was found to
be in the opposite direction. Some dyes were found to produce no observable change at
all.12
If the dye molecules present in the dye/nematic mixture can undergo
conformational change upon photoexcitation, the presence of two doping species that are
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structurally different in the system will also contribute to the dye enhancement effect. An
example of this is the azo dye, which has the ability to undergo trans-cis
photoisomerization. Since the lifetime of such metastable state is much longer than the
lifetime of the electronically excited state and the characteristic time of the orientational
response of the nematic, this type of metastable state can be treated as a second dopant
and this effect can be considered a special case of the dye enhancement effect. An
explanation for this effect was proposed in 1998 by Jánossy and Szabados.13
In this chapter, we will first present a brief summary of the molecular model
explaining the dye enhancement effect. Even though the theory is still not complete and
lacks prediction ability for a particular dye/nematic combination, it can provide consistent
explanations for several experimental observations. In Section 4.2, the model describing
the photoisomerization effect will be discussed.
4.1. Molecular origin of dye-induced torque
When polarized light passes through an undoped nematic liquid crystal, the
resultant induced polarization is
v
v
v
P = ε 0 ε ⊥ E + (ε // − ε ⊥ )(nˆ ⋅ E )nˆ ,

[

]

(4.1)

where ε 0 is the permittivity of free space, ε ⊥ and ε // are the relative dielectric constants
v
perpendicular and parallel to the director, respectively. E is the optical field and n̂ is the
director.
If we write the optical field as
v
E = 2 E0 cos ωt eˆ ,
the cross-product between the induced polarization and the optical field is
v v
P × E = 2 E02ε 0 cos2 ωt (ε // − ε ⊥ )(nˆ ⋅ eˆ )(nˆ × eˆ ) .
v
The optical field-induced torque Γ opt is thus
v v
v
Γopt = P × E

(4.2)

(4.3)

t

(

)

= ε 0 E02 ne2 − no2 (nˆ ⋅ eˆ )(nˆ × eˆ ) ,

(4.4)
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where the bracket denotes the average over an optical cycle. We also utilize the
relationships ε // = ne2 and ε ⊥ = no2 , where ne and no are the refractive indices for the
extraordinary and ordinary waves, respectively. This optical torque is balanced by the
elastic torque, in a one-constant approximation,

Γ elas = Knˆ × ∇ 2 nˆ ,

(4.5)

where K is the Frank elastic constant.
As seen in Eq. (4.4), the optical torque is linearly proportional to the light
intensity and to the dielectric anisotropy. Most nematics are positive uniaxial birefringent
materials, so the optical field will reorient the director parallel to the direction of the
field.
By doping a liquid crystal with a minute amount of dichroic dye, the resulting
torque can be enhanced by sometimes more than an order of magnitude. The total torque
can be written as
v
v
v
Γ tot = Γ opt + Γ dye ,

(4.6)

v
where Γ dye is called the dye-induced torque.

By symmetry consideration,6 the dye-induced torque can be written in the same
form as the optical torque, i.e.

v
Γ dye = ε 0 E 02ς (nˆ ⋅ eˆ )(nˆ × eˆ ) ,
v
= ηΓ opt

(4.7)

where ς is a dimensionless constant that depends only on dye concentration and
molecular structure of a particular dye, for a particular nematic host. ς can be both
positive or negative. If ς is negative, the dye/liquid crystal system will instead align

(

)

perpendicular to the applied field. η = ς ne2 − no2 , i.e. the ratio between ς and the
dielectric anisotropy, is called the enhancement factor. It should also be noted that for a
specific dye, the dye-induced torque is proportional to the (wavelength-dependent)
absorption coefficient of that dye and is zero outside the absorption band. From Eq. (4.4),
(4.6) and (4.7), we get

v
Γ tot = ε 0 E02 ς + (ne2 − no2 ) (nˆ ⋅ eˆ )(nˆ × eˆ ) .

[

]

(4.8)
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The molecular mechanism of dye-induced orientation enhancement was proposed
by Jánossy.3-5 The model involves two processes. First, due to the fact that the rod-like
dye molecule has orientationally selective excitation (the dye is dichroic), with transition
dipole moment parallel to the rod axis, some of the dye molecules are electronically
2
excited by the optical field, with transition probability proportional to (eˆ ⋅ sˆ ) , where ê is

a unit vector along the polarization direction of the optical field and ŝ is a unit vector
along the rod axis of dye molecule. The dye molecules are then asymmetrically
distributed around the director, thus the formation of excited dye molecules breaks the
axial symmetry of the system around the director. Second, since the strengths of
interaction between the nematic host and the two states of the dye are assumed to be
different, rotational diffusion and drift of dye molecules occur, which produce the dyeinduced torque.
Let f g and f e be the angular distribution functions of the number density of dye
molecules in ground and excited states. (From this point on, subscripts g and e denote
ground state and excited state, respectively.) The coupled rate equations for the two
orientational distribution functions are4,6

∂f g
∂t

v v
f
+ ∇ ′ ⋅ J g = − pf g + e ,

τ

(4.9)

∂f e v v
f
+ ∇ ′ ⋅ J e = pf g − e ,
(4.10)
∂t
τ
v
v
v v
v v
where J g = f g (ω g × s ) and J e = f e (ω e × s ) are the rotational currents of the ground state
v
v
and excited state dye molecules. ω g and ω e are the angular velocities of the two states,
v
and ∇ ′ is the angular part of the divergence operator in spherical coordinates. τ is the
excited state lifetime, before the excited molecule makes a transition back to ground state
by spontaneous emission. p is the transition probability, which is of the form

p = Λ E2

t

(eˆ ⋅ sˆ )2 ,

(4.11)

where Λ is a constant that depends on the wavelength of the illumination and the dye
molecular structure. The bracket denotes a time average over several optical cycles.
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The rotational currents are created by the rotational diffusion and rotational drift
of the dye molecules, i.e.

v
v
D v
(∇′U g ,e ) f g ,e ,
J g ,e = − D∇ ′f g ,e −
kT

(4.12)

where ∇ ′ is the angular part of the gradient operator in spherical coordinates, and D is
the diffusion coefficient. The first term on the right is the rotational diffusion term and
the second term is the rotational drift term. Here it is assumed that the two states of dye
molecule have the same mobility µ g = µ e = D kT , but it may not be the case in all
systems. U g ,e are the mean-field potentials of the nematic for the two states:

U g ,e = −u g ,e (nˆ ⋅ sˆ ) ,
2

(4.13)

where u g ,e are parameters determining the strengths of the two potentials.
Provided that the angular velocity is perpendicular to the long axis of dye
v
v
molecule ( ω g ,e ⋅ s = 0 ), the angular velocities of the two states are

ω g ,e = (ω g ,e × sˆ )× sˆ = v g ,e × sˆ .
v

v

v

(4.14)

From Eqs. (4.12) and (4.14), the time average of the angular velocity of one dye molecule
is thus
v

ωd

t

=

1
Nd

=

D
kTN d

∫ [− f (∇U

=

D
kTN d

∫(f

∫(f

g

ω g + f eω e )dΩ s
v

v

v

g

g

g

v
v
v
× s ) − f e (∇U e × s ) dΩ s

v
v
M g + f e M e )dΩ s ,

]

(4.15)

v
v
where N d is the total number density of the dye molecules. M g and M e are the torques
applied on an individual dye molecule in the ground and the excited states, respectively:
v
v
v
M g ,e = −(∇ ′U g ,e )× s .
(4.16)
Thus, Eq. (4.15) can be written as
v

ωd

t

=−

D v int
Γ ,
kTN d

(4.17)
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v
where the internal torque (per unit volume) acting on the host by the dye molecules Γ int
is

v
v
v
Γ int = − ∫ ( f g M g + f e M e )dΩ s .

(4.18)

v
It can be seen from Eq. (4.18) that Γ int is nonzero if f g and f e are not axially
symmetric around the nematic director. This condition is true when the dye molecules are
selectively excited by an optical field with its direction of polarization neither parallel nor
v
perpendicular to the director. As a consequence, ω d t has a finite value, i.e. the dye
molecules rotate with respect to the director.
Since the rotation of dye molecule originates from the internal molecular
interaction between the dye and the nematic host, unlike the director rotation from the
optical torque coming from an external optical field, the total angular momentum of the
system in this case is conserved, that is, the dye rotation will be countered by the rotation
of the nematic host in the opposite direction.
From total angular momentum conservation, the following condition must be
satisfied:

(

v
Nd Id ωd

t

)

v
v
+ ω abs + N n I nω abs = 0 ,

(4.19)

where N n is the number density of liquid crystal molecules. I d and I n are the moments
v
of inertial of a dye molecule and a liquid crystal molecule, respectively. ω abs is the
angular velocity of a liquid crystal molecule induced by the absorption process. The first
term on the left is the angular momentum of the dye and the second term is the angular
v
momentum of the nematic host. The inclusion of ω abs in the first term comes from the
fact that the dye molecule also rotates along with the director. Thus.

v

v

ω abs = −ω d
=

Nd Id
NnIn + Nd Id

v
Id
D
Γ int .
kTN n I n + (N d / N n )I d

The nematohydrodynamics equation of motion,14 with no flow, is
v
v
v
v
γ 1 (ω n − ω abs ) = Γ ext + Γ elas ,

(4.20)

(4.21)
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or

v

v

v

v

γ 1ω n = Γ ext + Γ elas + Γ dye ,

(4.22)

v
where γ 1 is the rotational viscosity of the nematic host. ω n is the net angular velocity of
v
the nematic under the influence of an external torque Γ ext such as optical torque, an
v
elastic torque Γ elas , and the dye-induced torque, which is defined as
v
v
Γ dye ≡ γ 1ω abs .
(4.23)
Substituting Eq. (4.20) into (4.23), we get
v
v
Γ dye = µΓ int ,

(4.24)

where

µ = γ1

Id
D
.
kTN n I n + ( N d / N n )I d

(4.25)

If the dye concentration is small, i.e. N d N n << 1, and the optical intensity is
low, the dye-induced torque can be approximated to be equal to the internal torque:
v
v
Γ dye ≈ Γ int ,
(4.26)
or µ ≈ 1 , provided that the dye and host molecules are not very different ( I d ≈ I n ). This
approximation also utilizes the fact that γ 1 is normally of the same order as D kTN n .
The obvious advantage of dye doping is that the magnitude of the liquid crystal
response is substantially increased, while the response time remains the same. The only
drawback is that the absorption loss increases considerably compared to pure nematics.
4.2. Effect of trans-cis photoisomerization

In the case of azo dye [a dye molecule with one or more azo groups (−N=N−)],
there is an additional complication due to conformational change of the molecule. The
more stable trans isomer can change to cis form upon illumination. (The cis molecule can
transform back to the trans form also, but the transition probability is considerably
smaller.) This effect is called

trans-cis photoisomerization. The two isomers have

different absorption spectra and different orientational order in the nematic. As shown in
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Fig. 4.2, the trans isomer is elongated in shape, while the cis isomer is not and thus
incompatible

with

the

nematic

order.

A

model

describing

the

trans-cis

photoisomerization was developed by Jánossy and Szabados.13 In this model, the two
isomers can be regarded as two different dyes. For the trans isomer, the ground state is
more ordered than the excited state ( U g > U e ), i.e. the ground state trans molecule can
orient along the nematic host’s director more efficiently. This leads to a negative ς
parameter. On the contrary, the opposite is true for the cis isomer, i.e. the excited state is
more ordered than the ground state ( U g < U e ), which leads to a positive ς .13 Thus the
dye-induced torque produced by the two isomers oppose each other.
Upon illumination, photoisomerization takes place. Consider the rate equation of
the number density of the cis molecules:
dN C
1

= − N C  p C Φ CT +  + N T pT Φ TC ,
dt
τ


(4.27)

where N C and N T are the number densities of cis and trans molecules. pC and pT are
the probabilities of excitation for cis and trans molecules, respectively. Φ CT and Φ TC are
the quantum efficiency of cis-trans and trans-cis transition, respectively, and τ is the
thermal relaxation time of the cis-trans transition.
Let

N C = NX ,

(4.28)

N T = N (1 − X ) ,

(4.29)

where N is the total number density of dye molecules and X the fraction of cis
molecules.
Substituting Eqs. (4.28) and (4.29) into Eq. (4.27), we find that in steady state

X =

XS

τ
1+ 0

,

(4.30)

τ

where the saturation value of the fraction of cis molecules in steady state X S is

XS =

pT Φ TC
,
pT Φ TC + pC Φ CT

(4.31)
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and the characteristic time τ 0 is

τ0 =

pT Φ TC

1
+ pC Φ CT

(4.32)

In the low light intensity and low dye concentration limits, pC and pT are proportional
to the illumination intensity and to the angle between the direction of polarization of the
light wave and the director, that is13

[

]
Ψ ]E

p C = c ⊥ + (c // − c ⊥ ) cos 2 Ψ E 2 ,

[

pT = t ⊥ + (t // − t ⊥ ) cos 2

2

,

(4.33)
(4.34)

where Ψ is the angle between the polarization direction of the illumination and the
nematic director, and c and t are constants for a particular dye and depend on the
orientational order of the two isomers.
After substituting pC and pT into the equation for X S , the fraction of cis
molecules in the steady state is thus
X S = X ord

1 + g cos 2 Ψ
,
1 + h cos 2 Ψ

(4.35)

where
X ord =

At ⊥
At ⊥ + c⊥

(4.36)

is the fraction of cis molecules produced by an ordinarily polarized beam, g and h are
molecular parameters defined by

t // − t ⊥
,
t⊥

(4.37)

A(t // − t ⊥ ) + c // − c ⊥
,
At // + c ⊥

(4.38)

g=
h=
where A =

Φ TC
.
Φ CT

Eq. (4.35) shows that the fraction of the photoinduced cis isomers in steady state
depends on the angle between the direction of the optical field polarization and the
nematic director. This angular dependence confirms the experiments performed by
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Jánossy, Szabados, and Kósa,13,15 in which the enhancement factor depended on the angle
of incidence, contradicting the molecular model described in Sec. 4.1.
From

v
v
Γ dye = ηΓ opt ,

(4.39)

we can separate the enhancement factor η into two portions. One originates from the cis
isomers, the other from the trans isomers:

η = Xη C + (1 − X )ηT
= ηT + (η C − ηT )X
= ηT + (ηC − ηT )X S ,

(4.40)

when the laser intensity is high enough to cause a saturation of cis molecules. η C and ηT
are the enhancement factors arising from the cis and trans isomers, respectively. From
the above equation, it is clear that ηT and ηC oppose each other, and the enhancement
factor depends on the angle between the optical field polarization and the director since
X S in Eq. (4.40) depends on this angle.
In conclusion, the presence of trans-cis photoisomerization in nematic/azo dye
systems has two consequences. First, the overall dye-induced enhancement is
substantially decreased and, second, the observed responses become dependent on the
angle between the optical field polarization and the director. However, it should be noted
that not all azo dye-doped liquid crystal systems exhibit trans-cis photoisomerization. An
example is the result of an experiment involving the E63/DR13 mixture performed by
Jánossy and Szabados,13 which showed no sign of photoisomerization, even at
illumination intensities as high as 50 mW/mm2.
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Chapter 5 Asymmetric two-beam coupling
When two mutually coherent laser beams intersect inside a photorefractive
material, a photorefractive grating is formed. Since the two beams are automatically
Bragg-matched, each of the beams will diffract off the grating in the direction of the other
and into higher diffraction orders. The processes are called two-wave mixing or twobeam coupling1,2 and self-diffraction respectively. The giant optical nonlinearity in liquid
crystals makes it possible to observe wave mixing with a low power continuous-wave
laser, unlike most optically nonlinear materials that necessitate the use of a high-power
pulsed laser. As previously described in Chapter 3, a steady-state asymmetric energy
transfer in the two-beam coupling experiment must be observed in order to conclude that
the induced refractive index grating is phase-shifted from the intensity modulation
pattern. Nonlocality of the induced grating along with other observations provides an
unambiguous proof of the presence of photorefractivity in a material. The photorefractive
phase shift can then be determined by translating the intensity grating along the direction
of the grating wavevector at high velocity while monitoring the output beam intensities.
In this chapter we will discuss the experimental observations and analyses obtained from
the two-beam coupling experiments and the measurements of the photorefractive phase
shift using grating translation technique.
5.1. Two-beam coupling in photorefractive media
Consider two coherent laser beams intersecting in a photorefractive material (see
Fig. 5.1), creating an interference pattern inside the medium:
2

v v

2

v v

∗
∗ + iK ⋅ r
I = E 01 + E 02 + E 01
E 02 e −iK ⋅r + E 01 E 02
e
,

(5.1)

where
v v
v
v
E1, 2 = E 01,02 exp − ik1, 2 ⋅ r + iωt
(5.2)
v
v
v
v
v
are the incident optical fields. k1 and k 2 are the beams’ wavevectors. k1 = k 2 , and K is

(

the grating wavevector:

)
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Λ
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(amplified)

Photorefractive material

Figure 5.1: Two-beam coupling geometry.
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v v v
K = k 2 − k1 .

(5.3)

The spatially modulated intensity pattern will produce a nonuniform charge
distribution, resulting in a space-charge field, which in turn creates a phase-shifted
refractive index grating, as described in Chapter 3. Under the slowly varying amplitude
approximation, the wave equation leads to two coupled wave equations which are found
to be2

d
1
α
2
E 01 = −
Γ E 02 E 01 − E 01 ,
dz
2I 0
2

(5.4)

d
1 ∗
α
2
E 02 =
Γ E 01 E 02 − E 02 ,
dz
2I 0
2

(5.5)

where α is the absorption coefficient, I 0 is the total intensity:
2

2

I 0 = I 1 + I 2 = E 01 + E 02 ,

(5.6)

and Γ is called the complex coupling constant:

Γ=i

2π∆n −iφ
e ,
λ cosθ

(5.7)

where λ is the wavelength of the illumination. θ is half the angle between the two
beams inside the medium, and φ is the photorefractive phase shift, i.e. the phase
difference between the interference pattern and the grating. ∆n is the amplitude of the
refractive index modulation.
The complex coupling constant Γ can be separated into its real and imaginary
parts:

Γ = γ + 2iϑ ,

(5.8)

where

γ =

2π∆n
sin φ ,
λ cosθ

(5.9)

ϑ=

π∆n
cos φ .
λ cosθ

(5.10)

Equations (5.4) and (5.5) can then be rewritten as
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II
d
I 1 = −γ 1 2 − αI 1 ,
I1 + I 2
dz

(5.11)

I I
d
I 2 = γ 1 2 − αI 2 ,
I1 + I 2
dz

(5.12)

I2
d
ψ1 = ϑ
,
dz
I1 + I 2

(5.13)

I1
d
ψ2 =ϑ
,
dz
I1 + I 2

(5.14)

and

where E10, 20 , I 1, 2 and ψ 1, 2 are related by
E10 = I 1 exp(− iψ 1 ) ,

(5.15)

E 20 = I 2 exp(− iψ 2 ) .

(5.16)

If the beam coupling is large enough to overcome the material absorption loss,
Eqs. (5.11) and (5.12) indicate that intensity of one of the beam increases as the beam
travels inside the photorefractive medium while the other decreases, depending of the
sign of γ which dictates the direction of the energy transfer. The beam intensities as
functions of the distance travelled inside the photorefractive material are thus
1 + m −1 −αz
I 1 (z ) = I 1 (0 )
e ,
1 + m −1e γz
I 2 ( z ) = I 2 (0)

= I 2 (0)

(5.17)

1 + m −αz
e
1 + me −γz
1 + m −1 (γ −α ) z
,
e
1 + m −1e γz

(5.18)

where m = I 1 (0 ) I 2 (0 ) is the input beam intensity ratio.
Dividing Eq. (5.18) by (5.17), one finds the expression for the exponential gain
coefficient:

γ =

 I 1 (z = d ) 
1   I 2 (z = d )
ln 
 − ln 
 .
d   I 2 (z = 0) 
 I1 (z = 0)  

(5.19)
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Experimentally, it was found simpler to measure the intensity of the beams after
they have passed through the sample, and to compare the beam intensity ratio with and
without an applied field. One can then define the gain coefficient as

γ =

 I 1 (E a ≠ 0 )  
1   I 2 (E a ≠ 0 ) 
ln 
 − ln 
 ,
L   I 2 (E a = 0 ) 
 I 1 (E a = 0 )  

(5.20)

where L = d cos β is the optical path length inside the sample, d is the sample
thickness, and β is the sample tilt angle, relative to the bisector of the two laser beams.
E a is the applied electric field. All the intensities are measured after passing through the
sample. In comparing Eqs. (5.19) and (5.20), one notes that I 1, 2 ( E a = 0) = I 1, 2 ( z = 0)e −αL
and I 1, 2 ( E a ≠ 0) = I 1, 2 ( z = L) . It should be noted that the Eqs. (5.19) and (5.20) do not

take the absorption of the sample into account. The net gain can be found by subtracting
the absorption coefficient of the material from the exponential gain.
5.2. Two-beam coupling experiments and results

Two mutually coherent beams of equal intensity from a continuous-wave diodepumped frequency-doubled Neodymium:Yttrium-aluminum-garnet (Nd:YAG) laser were
made to overlap inside the dye-doped liquid crystal sample at a small angle, resulting in
an interference pattern with a grating period of ~ 50 µm (beam coupling angle ~ 1.06 ×
10-2 radians), as shown in Fig. 5.2. The laser wavelength was 532 nm, and the beam
diameter was 2.25 mm at e −2 intensity. The two beams were both linearly polarized
parallel to the plane of incidence (extraordinary waves). The angle of incidence on the
sample was about 45° for all the experiments. The tilting of the sample is needed for two
reasons. One is that optical orientation, i.e. a nonzero optical torque, requires an angle
between the polarization direction of the optical field and the director between 0° and 90°
[Eq. (4.4)]. The other reason is that, for charge migration to occur, the applied electric
field must have a nonzero component along the direction of the grating wavevector. This
is one of the necessary conditions to observe a photorefractive response. An external
electric field was applied to the sample via the transparent electrodes. The transmitted
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Fig. 5.2: Two-beam coupling geometry and sign convention
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intensities of the two laser beams were monitored by two photodetectors, and the
photorefractive gain coefficient was obtained through Eq. (5.20).
It must be noted that the exponential gain [Eqs. (5.19) and (5.20)] is only valid for
volume (Bragg) gratings, in which the fringe spacing is smaller than the sample
thickness, i.e. Λ2 λd ≤ 1 , where Λ is the grating period, λ is the laser wavelength, and
d is the sample thickness. In our experiments, the induced grating is a thin (Raman-

Nath) grating ( Λ2 λd ~ 190 ). The concept of an exponential gain in these conditions may
not be correct, i.e. the gain does not increase exponentially with the optical path length
inside the sample. One way to avoid this problem is to characterize the two-beam
coupling strength by a beam-coupling ratio I12 I1 , where I12 and I1 are, respectively, the
intensity of one of the beam (beam 1) with the other beam (beam 2) present, and without
the other beam.3 This beam-coupling ratio is independent of the sample thickness.
Nevertheless, the exponential gain has been and is still widely used in numerous
publications even with very thin samples. For comparison purpose, we will present our
results with the gain coefficient while noting that the exponential dependence on the
optical path length is questionable in the Raman-Nath regime.
The steady-state asymmetric energy transfer alone is not enough to prove that the
induced grating is a photorefractive grating, since other thin grating mechanisms such as
thermal, photochromic, and order-disorder effects can also lead to a nonlocal induced
grating.4 However, these possibilities can be ruled out by a number of observations. First,
null effect was observed when the applied voltage was removed. Second, the samples had
to be tilted for any energy exchange to occur. These two observations suggest that the
charge transport process is involved in the grating formation, which necessitates the
presence of an applied electric field with a nonzero component parallel to the direction of
the intensity grating wavevector. Finally, the energy exchange can be observed only
when the beams are p-polarized. This leads us to the conclusion that the observed
induced grating is indeed a photorefractive index grating produced by the reorientation of
the liquid crystal molecules in the plane of incidence, due to the presence of an internal
space-charge field. The liquid crystal reorientation in the plane of incidence cannot be
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sensed by an s-polarized laser beam. A typical asymmetric energy transfer, which occurs
only when all the necessary conditions are satisfied, is shown in Fig. 5.3.
In obtaining the result in Fig. 5.3, the applied voltage was first turned on, and one
of the input beam was incident on the sample. After the data recording was started (after
about 30 seconds), the second beam was turned on, and the energy transfer was
monitored. At t = 300 s, the second beam was then blocked, and the energy exchange
stopped. This procedure ensured that the possible transient responses due to turning the
field on and applying the laser beam had vanished when the data was recorded. The most
notable feature of Fig. 5.3 is that the temporal evolution of the beam coupling signals
exhibits a transient behavior superposed on the expected exponential build-up (see also
Fig. 5.12). This indicates that two different gratings due to two different mechanisms
occurred in our sample: a transient grating (or “fast grating”) and a steady-state grating
(or “slow grating”). The nature of the two gratings will be identified and discussed in
Section 5.3.
Gain and loss percentages as functions of the grating period are shown in Fig. 5.4.
The results were obtained from the sample E7/DR1 0.60 wt.%. The input laser power was
100 µW for beam, and the applied voltage was 2.0 V. The maximum energy transfer
occurred when the grating period was about 50 µm, which is consistent to the suggestion
that the orientational response of liquid crystals is maximum when the grating period is
approximately twice the cell thickness. This condition results from a balance between the
magnitude of the space-charge field, which is proportional to the grating spacing, and the
elastic restoring force, which is proportional to the square of the grating period.5
Figures 5.5 – 5.8 show the gain coefficients calculated from Eq. (5.20) as
functions of the applied voltage for the sample E7, E7/DR1 0.20 wt.%, E7/DR1 0.40
wt.%, and E7/DR1 0.60 wt.% respectively. The input laser power was 100 µW for each
beam, and the grating period was ~ 50 µm. In Fig. 5.5, the sample was an undoped E7
and thus showed very little photorefractive response. The measurements were done only
for |Va| ≤ 1.5 V (|Ea| ≤ 0.06 V/µm), a limit beyond which scattering becomes large. The
gain coefficient was found to be between 0 – 10 cm-1. For the sample E7/DR1 0.20 wt.%
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Figure 5.3: A typical two-beam coupling result showing steady-state asymmetric energy
transfer obtained when both laser beams are p-polarized, the sample is tilted with respect
to the bisector of the two beams, and the applied electric field is present. In this figure, I1
is the intensity of beam 1 when beam 2 is blocked. I12 (I21) is the intensity of beam 1 (2)
when beam 2 (1) is present. The above result was obtained from the sample E7/DR1 0.40
wt.%.
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Figure 5.4: Gain and loss percentages as functions of the grating period for the sample
E7/DR1 0.60 wt.% 25 µm. The input beam power was 200 µW. The applied voltage was
2.0 V.

Chapter 5 Asymmetric two-beam coupling

64

Figure 5.5: Gain coefficients as functions of the applied voltage of the sample E7 25 µm.
I1 = I2 = 100 µW. The grating period was 50 µm.
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Figure 5.6: Gain coefficients as functions of the applied voltage of the sample E7/DR1
0.20 wt.% 25 µm. I1 = I2 = 100 µW. The grating period was 50 µm.
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Figure 5.7: Gain coefficients as functions of the applied voltage of the sample E7/DR1
0.40 wt.% 25 µm. I1 = I2 = 100 µW. The grating period was 50 µm.
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Figure 5.8: Gain coefficients as functions of the applied voltage of the sample E7/DR1
0.60 wt.% 25 µm. I1 = I2 = 100 µW. The grating period was 50 µm.
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Figure 5.9: Diagrams showing the direction of the applied electric field, the direction of
the energy transfer, and the corresponding magnitude of the observed response.
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in Fig. 5.6, the maximum photorefractive gain was found to be ~ 150 cm-1 for |Va| = 3.0
V (|Ea| = 0.12 V/µm). For the sample E7/DR1 0.40 wt.% in Fig. 5.7, the maximum gain
was ~ 120 cm-1 for |Va| = 2.10 V (|Ea| = 0.84 V/µm), beyond which large scattering
appeared. Lastly, for the sample E7/DR1 0.60 wt.% in Fig. 5.8, the exponential gain
coefficient was about 150 cm-1 for Va = +2.60 V (Ea = +0.10 V/µm).
The most striking feature of Fig. 5.8 is the asymmetry of the photorefractive gain
with respect to the direction of the applied electric field, i.e. the sample shows large
photorefractive response when the direction of the applied field is antiparallel to the z
direction in Fig. 5.2, but shows small response when the applied field is reversed. This
asymmetric behavior is illustrated in Fig. 5.9. The most probable cause for this unusual
behavior is the asymmetric amplification of scattered light known as “beam fanning”,
which has been reported in high-gain photorefractive materials.6-9 In these high-gain
( γd > 1 ) materials, the scattered light will be amplified in the direction of the optimum
gain due to the energy coupling between the input laser beam and the scattered light (the
so-called “noise gratings”), and will be either enhanced or reduced when the direction of
energy transfer is reversed.6 This is consistent with our observation, i.e. when the applied
voltage is reversed (negative voltage), the fanning is enhanced and the photorefractive
gain is consequently reduced due to scattering losses. This situation is not essentially a
disadvantage, considering that a variety of applications utilizing beam fanning effect has
been proposed. These include beam steering and optical limiting applications.7
Figure 5.10 shows the gain coefficient as a function of the writing beam power.
The result was obtained from the sample E7/DR1 0.60 wt.%. The applied voltage was
2.50 V, and the grating period was 50 µm. The gain coefficients as functions of the
writing beam power for various liquid crystal/dye combinations are shown in Fig. 5.11.
The samples were E7/DO25, E44/DR1, E7/DR1, MLC-6204-000/DR1, and K15/DO25.
All samples in Fig. 5.11 have a dye concentration of 0.40 wt.%. The applied voltage was
1.50 V and the grating period was 50 µm. Fig. 5.11 shows a linear dependence of the gain
coefficient with the beam power, with a saturation for intensities larger than ~ 25 to 50

µW/mm2. The result of Fig. 5.11 illustrates that in dye/nematic mixture, the nonlinear
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Figure 5.10: Gain coefficient as a function of the writing beam power (for each beam) of
the sample E7/DR1 0.60 wt.% 25 µm. The applied voltage was 2.50 V and the grating
period was 50 µm.
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Figure 5.11: Gain coefficients as functions of the writing beam power of various liquid
crystals/dye combinations (Triangle: E7/DO25, Diamond: E44/DR1, Solid square:
E7/DR1, Circle: MLC-6204-000/DR1, Open square: K15/DO25). All samples have dye
concentration of 0.40 wt.%, thickness 25 µm. The applied voltage was 1.50 V and the
grating period was 50 µm.
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optical response depends strongly on a particular guest-host combination, and a wide
range of responses can be achieved, as has been reported by others and as theory
predicted.10-13
5.3. Photorefractive phase shift (grating translation) measurement

The nonlocal nature of the photorefractive effect leads to the formation of an
induced refractive index grating that is spatially phase-shifted from the intensity
modulation pattern. The amount of this phase shift can be determined experimentally by
the grating translation method.14,15 In this technique, the sample is set up in a normal twobeam coupling geometry, and then mechanically translated along the direction of the
grating wavevector at a velocity such that the material has no time to respond to the
spatial change of the intensity pattern. This process varies the relative phase between the
intensity grating and the photorefractive grating, resulting in an oscillation of the amount
and even the direction of the energy exchange. The modulations of the intensities of the
two output beams are monitored and used to determine the relative phase between the
two gratings. We will first briefly summarize the mathematical description of the
technique as demonstrated by Sutter and Günter,15 and then discuss our experiments and
results.
The intensity interference pattern resulting from the overlapping of two mutually
coherent beams of equal intensity is
v v
v
I (r ) = I 0 1 + cos(K ⋅ r ) ,
(5.21)
v
where K is the grating wavevector. The intensity modulation, through several possible

[

]

mechanisms, induces a refractive index grating (phase grating), which is phase-shifted by
an amount φP from the intensity pattern:
v v
v
n(r ) = n0 + ∆n cos(K ⋅ r − φ P ) ,

(5.22)

where n is the refractive index, n0 is the average refractive index, and ∆n is the
amplitude of refractive index modulation. Other mechanisms such as photochromic effect
or other photochemical reactions can induce an absorption grating in the medium as well.
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Let φ A be the relative phase between the absorption and the intensity gratings. The
absorption grating can be written as
v v
v
α (r ) = α 0 + ∆α cos(K ⋅ r − φ A ) ,

(5.23)

v
where α is the absorption coefficient, α 0 is the spatial average of α (r ) , and ∆α is the

absorption modulation amplitude.
Under small diffraction efficiency approximation, after passing through the
sample, the two output beams can be written as15

E1 = E0 D{1 − [iP exp(−iφ P ) + A exp(−iφ A )]} ,

(5.24)

E 2 = E0 D{1 − [iP exp(iφ P ) + A exp(iφ A )]},

(5.25)

where

 α d 
D = exp − 0  ,
 2 cosθ 

(5.26)

P=

π∆nd
,
λ cosθ

(5.27)

A=

∆αd
.
4 cosθ

(5.28)

The output intensities are thus
 α d 
I 1 = I 0 exp − 0 (1 − 2 A cos φ A − 2 P sin φ P ) ,
 cosθ 

(5.29)

 α d 
I 2 = I 0 exp − 0 (1 − 2 A cos φ A + 2 P sin φ P ) .
 cosθ 

(5.30)

Eqs. (5.29) and (5.30) clearly show that the asymmetric energy transfer arises
from the photorefractive phase shift φ P . If φ P = 0 , two input beams with equal intensity
will give two output beams with equal intensity.
The sum and difference of the two output intensities are
 α d 
I + = I 1 + I 2 = I 0 exp − 0 (2 − 4 A cos φ A ) ,
 cosθ 

(5.31)

 α d 
I − = I 1 − I 2 = I 0 exp − 0 (0 − 4 P sin φ P ) .
 cosθ 

(5.32)
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v
When the intensity grating is translated along the wavevector K by a distance ς , the two
above equations become
 α d
I + (ς ) = I 0 exp − 0
 cosθ

2πς 


 2 − 4 A cos φ A +
 ,
Λ 



(5.33)

 α d
I − (ς ) = I 0 exp − 0
 cosθ

2πς 


 0 − 4 P sin φ P +
 .
Λ 



(5.34)

If the distance ς is linearly proportional to the passing time, i.e. the grating is translated
at a constant velocity, I + and I − will oscillate during the grating translation. The phase
shifts φ A and φ P , along with the grating modulations ∆α and ∆n , can then be
determined from the oscillation amplitudes and the initial phase of the oscillations.
The experimental setup here was the same as the two-beam coupling setup
explained in Section 5.2. Fig. 5.12 shows a typical energy transfer signal obtained from
such experiment (see also Fig. 5.3). As mentioned earlier, the temporal evolution of the
two-beam coupling signal shows a transient response superposed on an exponential
build-up to a steady-state response. The transient response and the steady-state response
can be clearly distinguished in Fig. 5.12. The arrows in the figure indicate the times at
which the grating was translated. At the time of the first arrow, the contribution of the
“fast grating” dominates, at the second arrow, the contribution is only from the slow,
steady-state grating.
Instead of translating the sample as done in Ref. 15, we translated the interference
pattern by varying the phase of one of the input beam rapidly over a multiple of 2π. This
was achieved via mounting one of the mirror in the beam path on a piezoelectric actuator.
We first performed the grating translation shortly after the second beam was turned on,
when the transient grating dominates and the steady-state grating has not yet reached a
significant amplitude. This is indicated by the left arrow in Fig. 5.12. The resulting signal
is shown in Fig. 5.13. The technique was performed again after the transient grating had
disappeared and the beam coupling reached a steady state. This is indicated by the right
arrow in Fig. 5.12. The modulation of the signal is shown in Fig. 5.14. The sum and
difference signals were then calculated, and are shown in Fig. 5.15 and 5.16 for the
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Figure 5.12: A typical two-beam coupling signal showing the build-up of the asymmetric
energy transfer. The build-up comprises of responses from two different gratings with
different time constants, which can be clearly distinguished in this figure. The arrows
indicate the two instants where the grating translation technique was applied. In this
figure, I1 is the intensity of beam 1 when beam 2 is blocked. I12 (I21) is the intensity of
beam 1 (2) when beam 2 (1) is present. The above result was obtained from the sample
E7/DR1 0.60 wt.%.
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Figure 5.13: Modulation signals obtained from grating translation technique during the
formation of the fast grating.
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Figure 5.14: Modulation signals obtained from grating translation technique during the
formation of the slow grating.
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Figure 5.15: The Sum and difference signals [ I + and I − in Eqs. (5.31) and (5.32)]
calculated from the signals obtained by grating translation during the formation of the
transient (fast) grating.
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Figure 5.16: The Sum and difference signals [ I + and I − in Eqs. (5.31) and (5.32)]
calculated from the signals obtained by grating translation during the formation of the
steady-state (slow) grating.
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transient grating and the steady-state grating respectively. In both cases it is clear that the
gratings are pure phase grating, since the I + signals were unchanged (within noise limit)
during the grating translations. No absorption grating is present in our system. The
relative phase between the photorefractive phase grating and the intensity grating is found
to be approximately π/2 in both cases.
5.4. Conclusion

All of our samples show steady-state asymmetric energy exchange, thus
photorefractivity is always present in our samples, even in an undoped sample. This is
presumably due to the presence of charged impurities in the pure nematics. A typical
value of the photorefractive gain coefficient of ~ 100 – 400 cm-1 was found. These values
are comparable to or even higher than those of high-gain photorefractive polymers,6
while the applied electric field required for our samples is smaller by about three orders
of magnitude. Both the transient and steady-state gratings were found to be pure
photorefractive phase gratings. No absorption (photochromic) grating was detected. The
photorefractive phase shift is about π/2 for both gratings, which is an optimum for energy
transfer. For the fast grating in Fig. 5.12, the amplitude of the refractive index modulation
∆n was ~ 9.6 x 10-5. For slow grating in that figure, ∆n was ~ 3.6 x 10-4. The formation

of two photorefractive gratings with different temporal characteristics in our systems is
most likely caused by the temporal behavior of photo-charge generation, which also
shows two distinct temporal responses. This will be discussed in Chapter 8.
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Chapter 6 Forced light scattering
Forced light scattering technique1 is an extremely useful method for investigating
material responses. The technique provides highly sensitive measurement of the
scattering amplitude at a chosen wavevector, has the ability to detect transport
phenomena, and allows the response time of the material to be measured. The coupling
constants between the material and the pump and probe beams, also obtained from this
technique, can be used to determine the strength of the interaction between the material
and the electromagnetic wave. The technique itself can be used for applications in
dynamic holography and optical processing.
In order to probe the material response, forced light scattering techniques employ
three processes. First, two pump beams (or ‘writing beams’) are made to overlap within
the sample to generate a periodic intensity pattern. Next, a secondary grating is formed
inside the sample due to the material’s response. This secondary grating can be induced
through several possible excitation mechanisms and thus different types of dynamic
grating (refractive index grating, absorption grating, population grating, etc.) can be
formed by the optical field. The amplitude of the grating is regulated by the writing beam
intensity. The final step is the detection of the secondary grating, which can be achieved
by observing the diffraction of a third probe beam (or ‘reading beam’) with low power
compared to that of the pump beams. If the absorption coefficient of the sample at the
probe beam wavelength is not negligible, the probe beam must be considerably weaker
than the writing beams in order to be certain that it does not interfere with the grating.
6.1. Experiments and results
Figure 6.1 shows our experimental setup. Two coherent beams I1 and I2 from a
continuous-wave diode-pumped frequency-doubled Nd:YAG laser (λ = 532 nm) were
made to overlap inside the dye-doped liquid crystal sample with a small beam-coupling
angle. The angle between the cell normal and the bisector of the two beams was ~ 45°.
The diameter of the writing beams was 2.25 mm. The spacing of the interference pattern
was ~ 50 µm. The resulting grating was then probed by a weak beam from a He-Ne laser
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Figure 6.1: Interaction geometry of forced light scattering used in our study. The induced
grating is created by pump beams I1 and I2 while one of the diffracted beam I4 from a
weak probe beam I3 is monitored. α is the beam-coupling angle and β is the sample tilt
angle.
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(I3 in Fig 6.1). The He-Ne laser was chosen as a probe because our samples absorb
negligibly at its operating wavelength (633 nm). All of the beams were linearly polarized
in the plane of incidence. One of the diffracted beams (I4) was monitored by a
photodetector. Since our induced grating is a thin grating operating in the Raman-Nath
regime, the Bragg conditions for wavelength and incident angle of the probe beam are
relaxed. This eases considerably the process of setting up this experiment.
A typical grating dynamics, shown in Fig. 6.2, was found to be best fitted by a
two-time constant response I diff ∝ [2 − exp(− t / τ 1 ) − exp(− t / τ 2 )] . The result shown here
2

has τ 1 ~ 35 s and τ 2 ~ 126 s. Figs. 6.3 and 6.4 shows the grating build-ups and decays,
respectively, at various writing beam powers from 20 to 200 µW. The sample used was
E7/DR1 0.40 wt.% 25 µm. The probe beam power was 100 µW, and the applied voltage
was 2.0 V. The diffraction efficiency η = I 4 I 3 was calculated, and found to be linearly
proportional to the pump beam power (Fig. 6.5). This linear dependence on the writing
intensity is also observed in photorefractive polymers and photorefractive polymerdispersed liquid crystals.2 The amplitude of the grating modulation ∆n can be found
from the simplified Kogelnik formula:3

 π∆nd 
,
 λ cos β 

η = sin 2 

(6.1)

where λ is the wavelength of the probe beam, d / cos β is the interaction length, where

β is the angle of incidence. This particular sample has maximum diffraction efficiency
of ~ 2 %, which corresponds to ∆n ~ 8.1 × 10-4. The nonlinear optical Kerr index n 2 ,
defined by n 2 = ∆n / I , is thus ~ 0.08 cm2/W, which is higher than what had been
observed in other dye-doped liquid crystal systems, C60-doped liquid crystals, and C60doped polymer-dispersed liquid crystals .4-6
The diffraction efficiency as a function of the applied electric field is shown in
Fig. 6.6, along with the exponential gain coefficient. Similar to the behavior of the
photorefractive gain described in Chapter 5, there appears to be thresholds around ±1 V.
The threshold behavior of dye-doped liquid crystal in forced light scattering experiment
was also observed by Khoo.7-9 Beyond the threshold, the diffraction efficiency increases
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Figure 6.2: A typical grating diffraction signal (thin line), which can be fitted to a twotime constant response: I diff ∝ [2 − exp(− t / τ 1 ) − exp(− t / τ 2 )] (thick line). The above
2

result was obtained from the sample E7/DR1 0.40 wt.% 25 µm. The applied voltage was
2.0 V, and the grating period was 50 µm.
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Figure 6.3: Dynamics of grating build-up at various writing beam powers. From top to
bottom, the power of each writing beam was 200 µW, 180 µW, 160 µW, 140 µW, 120
µW, 100 µW, 80 µW, 60 µW, 40 µW, and 20 µW respectively. The above results were

obtained from the sample E7/DR1 0.40 wt.% 25 µm. The applied voltage was 2.0 V, and
the grating period was 50 µm.
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Figure 6.4: Grating decay dynamics at various writing beam powers. Similar to Fig. 6.3,
the power of each writing beam, from top to bottom, was 200 µW, 180 µW, 160 µW, 140
µW, 120 µW, 100 µW, 80 µW, 60 µW, 40 µW, and 20 µW respectively. The above

results were obtained from the sample E7/DR1 0.40 wt.% 25 µm. The applied voltage
was 2.0 V, and the grating period was 50 µm.
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Figure 6.5: Diffraction efficiency and exponential gain coefficient as functions of the
writing beam power. The sample was E7/DR1 0.40 wt.% 25 µm, and the incident beam
power was 100 µW. The applied voltage was 2.0 V, and the grating period was 50 µm.
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Figure 6.6: Diffraction efficiency and photorefractive gain as functions of the applied
voltage. The result was obtained from the sample E7/DR1 0.40 wt.% 25 µm. The grating
period was 50 µm and the writing beam power was 100 µW for each beam.
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rapidly with the applied electric field. The strong dependence on the applied dc field is
one of the main characteristics of photorefractive effect, and is observed in
photorefractive polymers as well.10
Build-up time constants as functions of the writing beam power and the applied
voltage are shown in Figs. 6.7 and 6.8 respectively. The smaller time constant was found
to be in the order of tens of seconds, while the larger one is around 100 seconds. They do
not appear to be strongly correlated with the pump intensity. Beyond ±1 volt, the smaller
time constant increases with the magnitude of the applied field. This expected slower
response is presumably associated with the rapidly increasing photorefractive response
beyond ~ ±1 V (Fig. 6.6). This supports our two-beam coupling observation in the
previous chapter that indicates that the photorefractive grating originates from two
different contributions.
A more interesting grating dynamics was observed in a sample with higher dye
concentration. Fig. 6.9 shows the grating build-up and decay of the sample E7/DR1 0.60
wt.%. The pump beam power was 200 µW for each beam, and the probe beam power was
100 µW. All beams were again polarized in the plane of incidence. The applied voltage
was 2.0 V, and the grating spacing was 60 µm. The voltage was first applied to the
sample, along with one of the writing beam and the probe beam. After all transients had
settled, the second beam was turned on (at t ~ 30 s), and the first-order diffraction of the
probe beam was monitored. The second beam was turned off at t ~ 570 s. The grating
dynamics obtained with the applied voltage reversed produced a small grating response,
as shown in the figure. This confirms our observations of asymmetric behavior of the
photorefractive gain with respect to the direction of the applied field in samples with high
dye concentration, as was described in Chapter 5. The response (for positive applied
voltage) shows a relatively fast transient build-up and decay superposed to the expected
monotonic exponential growth and decay. The build-up and decay of Fig. 6.9 can be
modeled accurately by an equivalent circuit shown in Fig. 6.10, which comprises of a
slow capacitive component ( τ 1 ) and a faster reactive component ( τ 2 ) with an overall
low-pass ( τ 3 ). The step response of such a circuit is
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Figure 6.7: Build-up time constants as functions of the writing beam power. The sample
was E7/DR1 0.40 wt.% 25 µm. The grating period was 50 µm and the applied voltage
was 2.0 V.
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Figure 6.8: Build-up time constants as functions of the applied voltage. The sample was
E7/DR1 0.40 wt.% 25 µm. The grating period was 50 µm and the writing beam power
was 100 µW for each beam.
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[(

)

]

h(t ) ∝ A 1 − e −t / τ1 + Be − t / τ 2 H (t ) ∗ e −t / τ 3 H (t ) ,

(6.2)

where ∗ represents a convolution, and H (t ) is a Heaviside step function. A and B are
positive constants. This type of response is observed as a three-exponential with time
constants τ 1 , τ 2 , and τ 3 . Indeed, the build-up dynamics in Fig. 6.9 can be fitted as

(

)

I up (t ) = I ∞ 1 − a1e − t / τ 1 − a2e − t / τ 2 − a3e − t / τ 3 .

(6.3)

With the constraint a1 + a 2 + a3 = 1 , it was found that τ 1 ~ 120 s, τ 2 ~ 10 s, τ 3 ~ 7 s, and
a1 = 1.1, a 2 = -2.2, and a 3 = 2.1. From Eqs. (6.2) and (6.3), we found the ratio between

the reactive and capacitive components B / A to be approximately 2/3. In the same
manner, the step down response is

(

)

h' (t ) = A' [1 − H (t )] + A' e − t / τ '1 − B' e − t / τ ' 2 H (t ) ∗ e − t / τ '3 H (t ) ,

(6.4)

and the decay dynamics can be fitted as

(

)

I down (t ) − b = I 0 a1′e −t / τ 1′ + a′2e −t / τ 2′ + a3′e − t / τ 3′ ,

(6.5)

where b is a constant background, which indicates that a portion of the induced grating
remains long after the removal of the interference pattern. There are two possible origins
of this quasi-permanent effect. It may be the result of the quasi-permanent modulation of
the director at the anchoring surfaces, also know as the ‘memory effect’, as proposed in
Refs. 9, 11, and 12. The other possibility is that the director reorientation was so large
that the space-charge fields from conductivity anisotropy and dielectric anisotropy, i.e.
E sc∆σ and E sc∆ε (see Chapter 3), become significant.13 Unlike the space-charge field from
charge migration processes, these two fields depend on the reorientation angle and the
applied dc field, but not on the optical field. Thus this space-charge field can be present
even after the interference modulation pattern is removed. It is worth noting that the fast
grating decay here does not come from photochromic contribution as suggested in Ref.
14 since the formation of an absorption grating can be ruled out in our systems, as
confirmed by the grating translation measurement in Chapter 5. With the constraint
a1′ + a 2′ + a3′ = 1 , we found τ 1′ ~ 50 s, τ 2′ ~ 12 s, τ 3′ ~ 4 s, a1′ = 0.9, a 2′ = -1.2, and a3′ =
1.3. This fit gives the same ratio B ′ / A′ ≈ 2/3. The main difference between the build-up
and the decay dynamics is that the capacitive time constant for the decay process is only
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Figure 6.9: Grating dynamics recorded from the sample E7/DR1 0.60% with +2.0 V and
–2.0 V applied voltages. The transient behavior is pronounced, unlike that observed in
samples with lower dye concentration. Small response was observed when the applied
electric field was reversed. The thick line is the fit (see text for details).
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Figure 6.10: A circuit composed of a slow capacitive component and a faster reactive
component with an overall low-pass. The step response of this circuit is used to model the
dynamical behaviors of the photorefractive grating build-up and decay in Fig. 6.9.
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about half the corresponding time constant for the build-up. Nevertheless, it is interesting
to observe that the relative strengths of the three mechanisms as measured by their
fractional area under the response curve ( f i ∝ aiτ i ), are approximately in the same ratios
for the build-up as for the decay dynamics, namely, f1 : f 2 : f 3 ≈ 1 : 0.2 : 0.1 .
6.2. Conclusion

In conclusion, we found from employing forced light scattering technique that our
dye-doped liquid crystal systems show dynamical behavior similar to that of
photorefractive polymeric materials, and possess nonlinear optical Kerr index
significantly larger than polymers or even previously reported dye/nematic systems. The
obtained results also confirm the two-time constant response observed in two-beam
coupling experiments. An additional transient response was observed in samples with
high dye concentration. The grating build-up and decay dynamics of that sample was best
modeled by the response of an equivalent circuit consists of a slow capacitive component
and a faster reactive component with an overall low-pass.
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Chapter 7 Polarization holographic measurement
Polarization holography is a very useful technique that is able to selectively probe
different photoinduced mechanisms in a material.1-5 The polarization interference pattern
can be created to have spatially varying polarization state with uniform intensity, or to
have both spatially periodic polarization and intensity modulations. The technique has
recently been used to investigate photoinduced responses in polymeric materials.5,6 As
mentioned in Chapter 4, the dye-induced torque can originate from trans-cis
photoisomerization as well as from the intermolecular interaction. Since the dyes used in
our experiments were azo dyes, it is appropriate to determine what role the
conformational change plays in our systems. We also selectively probed the orientational
response of the samples, along with the dynamics of the birefringent grating.
The polarization grating was produced by the mixing of two mutually coherent
incident beams from a diode-pumped, frequency-doubled Nd:YAG laser with a
wavelength of 532 nm and a diameter of 2.25 mm. The two beams intersected at a small
angle inside the sample, resulting in a periodic modulation of either the intensity or the
polarization, with a period of 50 µm. The interaction geometry is shown in Fig. 7.1. The
photoinduced response of the sample was measured by monitoring the power of the firstorder diffraction of a (weak) 633-nm probe beam from a He-Ne laser, which was loosely
focused on the sample at the center of the interaction region. The diffraction efficiency
was calculated as the ratio of the power of the first-order diffraction (P1) to the power of
the probe beam transmitted through the sample when no grating is present [P0(Va = 0)].
The self-diffraction efficiency was also measured. The self-diffraction efficiency is
defined as the ratio of the power of the first-order self-diffracted beam (I1) to the zeroorder transmitted power of one the incident beams without the applied voltage [I0(Va =
0)].
7.1. Trans-cis population grating
To probe the trans-cis population grating, the configuration (a) in Fig. 7.1 was
employed. Both incident beams were circularly polarized in the same direction. The
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Figure 7.1: Geometry of the interaction for polarization holographic experiment. Two
polarized 532-nm beams incident from the left at ~ 45° on the sample induce a
(birefringence or population) grating that diffracts a 633-nm probe beam incident from
the right. Four types of polarization grating are formed with (a) right circularly polarized
beams (RCP & RCP) (b) right and left circularly polarized beams (RCP & LCP), (c)
linearly polarized beams at +45° and -45° with respect to the plane of incidence (+45° &
-45°), and (d) linearly polarized beams parallel and perpendicular to the plane of
incidence (H & V).
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resulting holographic grating has a uniform polarization state which is the same as that of
the incident beams, but with a spatially periodic intensity. This configuration basically
creates intensity modulation while prohibits director reorientation in the optical field. No
photoinduced response was detected, either from the self-diffraction or the diffraction of
the probe beam. This led us to conclude that population gratings resulting from the transcis photoisomerization do not play a significant role in our systems (at least at the
employed laser intensity range), and that the dye enhancement effect is due mostly to the
intermolecular interaction between the dye molecules and the liquid crystal host. It
should be noted that even though an intensity modulation is created, the photorefractive
response is disallowed in this configuration since this type of optical field cannot induce
director reorientation.
7.2. Orientational birefringent grating
The sample used in this experiment and the following was the mixture of liquid
crystal E7 and dye disperse orange 25, with the dye concentration of 0.40% by weight,
but qualitatively similar behaviors were observed in other samples as well. The
absorption spectrum of this sample is shown in Fig. 7.2. The photoinduced orientational
response (both the steady-state responses and the dynamics) was extensively studied
using periodic excitation with different polarization modulation. Three types of
polarization gratings were created by incident beams with orthogonal polarization states
as listed below.
(1) The superposition of two orthogonal circularly polarized incident beams, i.e.
right circularly polarized (RCP) and left circularly polarized (LCP) beams,
creates an optical field of the form

 1 v v
 1 v v
E opt ∝ xˆ cos K ⋅ r  + yˆ sin  K ⋅ r  ,
2

2


(7.1)

(2) where x̂ and ŷ are unit vectors along the p-state (horizontal) and the s-state
v
(vertical), respectively. K is the grating vector ( K = 2π / Λ , where Λ is the
grating period). As shown in Fig. 7.1(b), the polarization state is everywhere
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Figure 7.2: Absorption spectrum of the liquid crystal / dye sample E7/DO25 0.40 wt.%
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linear and varies from vertical (90°), to + 45°, to horizontal (0°), to - 45°, and
back to vertical in one period.
(2) The interference of two incident beams polarized at + 45° and - 45° with
respect to the plane of incidence produces an optical field of the form
 1 v v
 1 v v
E opt ∝ xˆ cos K ⋅ r  + iyˆ sin  K ⋅ r  ,
2

2


(7.2)

where i = − 1 . Figure 7.1(c) illustrates this type of polarization grating, in
which the polarization state varies from linear horizontal, to right circular, to
linear vertical, to left circular, and back to linear horizontal in one period.
(3) The superposition of two beams linearly polarized vertically (s-polarized) and
horizontally (p-polarized) produces an optical field of the form
 i v v
 i v v
E opt ∝ xˆ exp K ⋅ r  + yˆ exp − K ⋅ r  .
2

 2


(7.3)

The polarization state of the optical field varies from + 45°, to left circular, to
- 45°, to right circular, and back to + 45° in one period, as shown in Fig.
7.1(d).
Since the intensity of excitation is uniform across the interaction region for these
three configurations, contributions from thermal effect, photorefractive effect, and
isomeric population modulation can be ruled out. The response of the sample to these
polarization gratings is purely orientational, and thus the induced grating is a pure
birefringent grating.
For applied voltages below a threshold of about one volt, no grating diffraction
was observed. Above that threshold, the diffraction efficiency increases rapidly until
dynamic scattering overcome the induced grating diffraction. Moreover, a nonzero angle
v
between the grating wavevector K and the direction of the applied electric field is
required to observe any response.
Only the component of the probe beam that is polarized in the plane of incidence
(p-wave) interacts with the polarization grating. This feature was verified by measuring
the diffraction efficiency while varying the polarization direction of the probe beam
(Fig.7.3). In the case of self-diffraction, the self-diffracted beams are p-polarized in all
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Fig. 7.3: Diffraction efficiency as a function of the probe polarization. The result was
obtained with the writing beam power of 120 µW for each beam. (RCP & LCP) The
applied voltage was 1.6 V. The data was fitted to a square of cosine.
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cases, i.e. only the p-component of the pump beams is self-diffracted by the holographic
grating.
The polarization grating of type (1) induces the largest response, which is
expected since it has the largest modulation depth. The grating of type (2) has a weaker
response due to its smaller modulation depth, while the grating of type (3) does not
produce any response. This is expected since the grating has no spatial modulation of the
horizontal component of the field (p-component). This supports our previous conclusion
that only the p-component of the probe beam diffracts off the polarization holographic
grating. From these observations we can safely conclude that the birefringent grating
induced by the three types of excitation is due to reorientation of the nematic director
within the plane of incidence, and thus only a probe polarized in the same plane can
interact with it.
Figure 7.4 shows the diffraction efficiency (P1/P0 in Fig. 7.1) of a polarization
grating of type (1) [(b) in Fig. 7.2] as a function of the writing beam power, which was
varied from 20 to 200 µW. The applied voltage was +1.4 V. For comparison, the
diffraction efficiency when the two writing beams are p-polarized while all other
parameters were kept the same is shown in Fig. 7.5. In this case the superposition of the
two beams produces an intensity grating with uniform polarization state (parallel to the
plane of incidence). As mentioned in Chapter 5, this kind of excitation induces
orientational photorefractive grating in our samples. Thermal, absorption, and population
gratings are also possible for this configuration, but can be ruled out in our systems, as

′
′
stated earlier. We defined a sensitivity index as η I ≡ ∂η / ∂I , and found that η I ~ 140
cm2/W for the polarization grating of type (1) and η I

′

~ 825 cm2/W for the

photorefractive grating.
Self-diffraction is another way to measure the sample’s response. Self-diffraction,
in which the writing beams are themselves the probes, has the inherent advantage over
the pump/probe experiment of being self-aligned, i.e. the Bragg condition is
automatically satisfied for thin sample. In pump/probe experiment, the probe has to be
manually introduced at the Bragg-matched angle at the center of the interaction region.
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Figure 7.4: Diffraction efficiency (P1/P0 in Fig. 7.1) of a polarization grating of type (b)
in Fig. 7.1, as a function of the writing beam power. The applied voltage was +1.4 V.
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Figure 7.5: Diffraction efficiency as a function of the writing beam power of an intensity
grating produced by the interference of two writing beams polarized linearly parallel to
the plane of incidence (p-state). The applied voltage was +1.4 V.
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Figure 7.6: First-order self-diffraction efficiency (I1/I0 in Fig. 7.1) of a polarization
grating of type (b) in Fig. 7.1, as a function of the writing beam power. The applied
voltage was +1.4 V.
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Figure 7.7: First-order self-diffraction efficiency as a function of the writing beam power
of an intensity grating produced by the interference of two writing beams polarized
linearly parallel to the plane of incidence (p-state). The applied voltage was +1.4 V.
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As mentioned earlier, our grating is a thin grating operating in the Raman-Nath regime,
and thus the Bragg condition requirement is relaxed. Figs. 7.6 and 7.7 show the selfdiffraction efficiency as a function of the writing beam power for the polarization grating
of type (1) and for the photorefractive grating, respectively. We found that the
dependence is of the form η P ≈ 4.5 P 2.7 for the former and η P ≈ 15.6 P 2.6 for the latter,
where P is the pump beam power in watts.
As noted earlier, an applied electric field above a certain threshold is required to
observe a photoinduced response from a polarization grating. This is apparent in Fig. 7.8,
which shows the diffraction efficiency of a polarization grating of type (1), as a function
of the applied voltage. The writing beam power was 120 µW (3 mW/cm2 intensity) for
each beam, and the probe beam was a weak He-Ne laser beam as described previously.
The data shows a threshold at ~ ±1 V, below which very little response, if any, was
observed. Above ~ ±2 V, dynamic scattering took place. This scattering exhibits a
marked field-asymmetric behavior, as was also observed in the photorefractive response
of similar samples (see Chapter 5). Again, the same experimental result for the intensity
grating is shown in Fig. 7.9 for comparison.
The first-order self-diffraction efficiencies as a function of the applied voltage for
the sample in the same conditions are shown in Fig. 7.10 and 7.11 for the polarization
grating of type (1) and for the intensity grating, respectively. The maximum selfdiffraction efficiency for the case of two p-polarized writing beams is approximately
14%. By utilizing the simplified Kogelnik formula,7 the refractive index modulation
amplitude ∆n is found to be ~ 2 x 10-3. The corresponding second-order index of
refraction, defined by n2 = ∆n / I , is thus approximately 0.35 cm2/W. This value of n2 is
larger than those of R6G dye-doped liquid crystals8 and anthraquinone dye-doped liquid
crystals9 by one to two orders of magnitude, although it is about one order of magnitude
smaller than the value reported for methyl red-doped liquid crystals.10,11
7.3. Dynamical behavior of the birefringent grating

The build-up and decay dynamics of the sample is shown in Fig. 7.12. We
monitored the time development of the first-order diffracted power of the probe beam
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Figure 7.8: Diffraction efficiency of a polarization grating of type (b) in Fig. 7.1, as a
function of the applied voltage. The writing beam power was 120 µW for each beam.
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Figure 7.9: Diffraction efficiency as a function of the applied voltage of an intensity
grating produced by the interference of two writing beams polarized linearly parallel to
the plane of incidence (p-state). The writing beam power was 120 µW for each beam.
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Figure 7.10: First-order self-diffraction efficiency of a polarization grating of type (b) in
Fig. 7.1, as a function of the applied voltage. The writing beam power was 120 µW for
each beam.
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Figure 7.11: First-order self-diffraction efficiency as a function of the applied voltage of
an intensity grating produced by the interference of two writing beams polarized linearly
parallel to the plane of incidence (p-state). Each writing beam had the beam power of
120 µW.
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scattered off a polarization grating of type (1). The writing beam power was 120 µW for
each beam. A voltage of +1.4 V was first applied across the sample with the probe beam
and one of the writing beams turned on. After all the transient phenomena had subsided,
the second writing beam was then turned on and the data recording began. Afterward, the
second writing beam was blocked in order to record the grating decay. The build-up
dynamics is best fitted by a double-time constant response of the form

(

I (t ) ∝ 1 − ae − t / τ 1 − be −t / τ 2

),
2

(7.4)

with the constraint a + b = 1 . The fitting parameters were found to be: a ~ -0.2, b ~ 1.2,

τ 1 ~ 30 s, and τ 2 ~ 60 s. The decay is an exponential with a time constant τ 3 ~ 40 s. This
form is typical for photorefractive gratings in organics and is compatible with the
standard single-charge-carrier model.12,13 It should be noted that while these response
times are one to two orders of magnitude larger than the isomerization-driven
reorientation observed by others,14 the illumination intensities used in our experiments
are one to two orders of magnitude smaller. The magnitude of the response in our
samples, as measured by the diffraction efficiency, is significantly larger as well.
7.4. Response to an oscillating electric field

The response of the polarization grating to an oscillating electric field was also
investigated. Characterizing the dynamical response to time-varying electric field is
important for a number of applications. The result is shown in Fig. 7.13. The power of the
first-order self-diffracted beam (solid line) was monitored while an oscillating voltage
(dashed line) was applied to the sample. The two writing beams were circularly polarized
in opposite directions (RCP & LCP), and had powers of 100 µW each. The modulated
applied voltage had a peak amplitude of 3 V, and oscillating frequencies between 0.002
Hz and 0.2 Hz, which are low enough for the liquid crystal sample to respond. The
response showed very interesting and reproducible dynamics, which was found to be the
same for different samples with the same dye concentration. Between 0.002 Hz and 0.02
Hz, the response shows a rather complex behavior, as can be seen in the first trace of Fig.
7.13, which was recorded with a modulation frequency of 0.01 Hz. The most notable
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Figure 7.12: Build-up and decay dynamics of the diffracted beam for orthogonal
circularly polarized writing beams [type (b) in Fig. 7.1]. The line is a fit to a two-time
constant build-up and a single-time constant decay. The data shown here was
downsampled to make the fit visible.
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Figure. 7.13: Sequence of time series
showing the self-diffracted beam
power (solid line) for an applied
voltage (dashed line) modulated with
an amplitude of 3 V at frequencies
0.01 Hz, 0.02 Hz, 0.05 Hz, and 0.1
Hz, respectively.
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feature of the dynamical response in this frequency range is that there are a number of
sudden changes appearing at the time when the applied voltage reaches specific values
with specific slopes. These values of the applied voltage are presumably related to the
threshold voltage seen in many experiments described earlier (see, for instance, Figs. 7.8
– 7.11), and to the higher voltage at which the dynamic scattering appears. Another
interesting feature is that the diffracted power reaches a specific maximum value several
times during one cycle. This seems to indicate that the induced birefringent grating can
only reach a specific maximum amplitude. At frequencies higher than 0.02 Hz, the
dynamical behavior becomes simpler. Two main features can be observed, as shown in
the second trace of Fig. 7.13, which was recorded with a modulation frequency of 0.02
Hz. The first feature is a sharp transient response that occurs when the applied voltage
switches sign. As the modulation frequency increases, this transient response ‘lags’
further behind the switching. This is expected since the observed response originates
from the collective motion of the liquid crystal molecules, which is a relatively sluggish
process (compared to e.g. electronic processes). The second feature is that there is a
monotonic response that follows the applied voltage almost synchronously. Similar to the
transient response, this monotonic response also lags further behind the corresponding
applied voltage peak as the modulation frequency is increased. The asymmetry of the
response with respect to the sign of the applied voltage seen in the second trace of Fig.
7.13 can be attributed to the same field asymmetric behaviors observed in experiments
described in this and previous chapters. When the modulating frequency is further
increased, the transient response grows while the monotonic response decreases, as can
be seen in the third trace of Fig. 7.13, which was recorded with the modulation frequency
of 0.05 Hz. When the modulation frequency is increased even further, only the transient
response remains, as shown in the final trace of Fig. 7.13. The amplitude of the sharp
transient response appears to drop monotonically with increasing frequency. This is
understandably due to the fact that the relatively slow collective motion of the liquid
crystal cannot respond to such (relatively) high frequency.
The complex behavior just described could indicate of the presence of one or
more resonances in the dynamical response of the sample. To check this, we measured
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Figure 7.14: Small-signal transfer function of the dye-doped liquid crystal sample
showing a –15 dB/decade drop off, and a cut-off frequency of ~ 0.7 Hz.
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the small signal response of the sample by monitoring the power of the first-order selfdiffracted beam as the applied voltage was weakly modulated around a constant bias. The
modulated applied voltage was of the form Va (t ) = 1.6V + 0.1V cos(2πft ) . The observed
transfer function is depicted in Fig. 7.14, which shows that the response is a low-pass
with a -3 dB cutoff frequency at f ~ 0.7 Hz, and a roll-off slope of -15 dB / decade.
However, no resonant behavior was observed.
7.5. Conclusion

The photoinduced response of the dye/nematic systems was investigated and
analyzed using polarization holographic technique, which has the ability to selectively
probe different phenomena in a material. First, the isomerization-driven reorientation was
probed. It was found that our dye-doped liquid crystal systems do not show significant
sign of trans-cis photoisomerization. The orientational response of the sample was then
extensively studied using different polarization gratings. The results show that the
diffracted beams from the induced birefringent grating in all circumstances are ppolarized, indicating that the induced grating is produced by the director reorientation in
the plane of incidence, which in turn is induced by the combined effect of the pcomponent of the optical field and the applied electric field. No grating diffraction was
observed when the applied field or the incident angle is zero. The build-up and decay
dynamics can be fitted by a two-time constant and one-time constant responses,
respectively, and the time constants were found to be in the order of tens of seconds. The
response of the system to a time-varying applied electric field was also investigated, and
found to exhibit interesting and reproducible dynamical behavior that depends strongly
on the modulation frequency of the applied field.
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Chapter 8 Conductivity and photoconductivity
As described in Chapter 3, photorefractive effect involves photoexcitation and
transportation of charges. Thus the photorefractivity and photoconductivity are directly
related.1 The transient and steady-state responses observed in two-beam coupling
experiments (Chapter 5) and forced light scattering measurements (Chapter 6) may be
correlated with the dynamical behavior of photo-charge generation in our systems. For
this reason, we studied the nature of the photocurrent generated in our samples. The
dynamical behavior of the build-up and decay of the photocurrent was investigated. The
current-voltage characteristic of our samples was also studied.
8.1. Experiments and results
A typical I-V curve of the dye-doped nematic liquid crystal sample is shown in
Fig. 8.1. The result depicted here was obtained from the sample E7/DR1 0.60 wt.%. The
two I-V curves shown are for the sample under no illumination (dark current) and under
30-mW illumination from a 532-nm Nd:YAG laser normally incident on the sample (total
current is the sum of dark current and photocurrent). The illuminated area was
approximately 4 mm2. The current was monitored by a picoammeter. The onset and
saturation of the photocurrent occur at approximately ±1 and ±3 volts, respectively.
From 0 to 1 V, the dark current is approximately proportional to V3. Between 1 V and 2
V the relationship is nearly ohmic, with a conductance ρ dark ~ 275 nA/V. From 2 V to
3V, the conductivity drops to ~ 235 nA/V. The increase in the conductivity beyond Va ~
± 0.7 V presumably originates from the field ionization of the dye molecules and
impurities in the liquid crystal host.2 A cubic dependence of the conductivity on the
applied field has also been observed in polymeric systems.3-5
A possible explanation for the cubic and the linear relationships seen in Fig. 8.1
can be found in Ref. 6. If we assume a double generation of ionic charge carriers at the
electrodes due to the electrochemical reaction activated by the injection of electrons and
holes from both electrodes upon the application of an external field, i.e. holes from the
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Figure 8.1: Typical I-V curves of the dye-doped nematic liquid crystals. The result shown
here was obtained from the sample E7/DR1 0.60 wt.% under no illumination (solid
circles) and under 30-mW 532-nm illumination (opened circles). The illuminated area
was ~ 4 mm2.
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anode and electrons from the cathode. The charge carriers then drift in the local electric
field with an average lifetime τ before recombination. Because of charge recombination,
the space charge density is thus less than the generated charge carrier density. The total
space-charge Q can be written as

Q = δend ,

(8.1)

where δ is the fraction of the space-charges to the generated charges, e is the charge of
an electron, n = ne = nh is the average charge density of both generated carriers (in
this chapter, subscripts e and h denote electron and hole, respectively), and d is the
sample thickness. The symmetrical condition ne = n h is assumed here for the sake of
simplicity.
The resulting current density J is thus

J = en(ve + vh ) ,

(8.2)

where ve , h are the average drift velocities of the two carriers:

ve , h = µ e , h E = µ e, h

V
,
d

(8.3)

where µ e, h are the mobilities of the carriers, and V is the voltage applied across the
sample.
At low voltage, when the saturation of charge density is not reached, a longer
lifetime τ will lead to a larger probability of recombination, and subsequently to a
smaller space-charge. Hence the fraction δ is approximately inversely proportional to
the lifetime τ . On the other hand, a longer transit times of the carriers:
Te, h =

d
ve , h

(8.4)

result in less recombination, which leads to a larger space-charge. Thus the fraction δ is
approximately directly proportional to the transit times. For these two reasons, we can
assume

δ =

Te + Th

τ
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(8.5)

The space-charge is then found to be

end 2 ve + vh
Q=
.
τ
ve vh

(8.6)

From the capacitor model, the space-charge can also be written as

εV

Q=

d

,

(8.7)

where ε is the average dielectric constant of the dye/nematic mixture. From (8.2) to
(8.7), the current density is thus

J =
=

ετ
d3

ετ
d

5

ve vhV

µ e µ hV 3 ∝ V 3 .

(8.8)

Of course these qualitative arguments leave room for possibly large deviations
from the cubic behavior. At high voltage, we expect the saturation of charge density to
set in and the fraction of the space-charges to the generated charges δ becomes a
constant. This means that the drift velocities of the carriers also become constant,
approximately, which is Ohm’s law. Thus,

J = en(ve + vh ) =
=

σ
d

V ∝V ,

en(µ e + µ h )
V
d
(8.9)

where σ is the electrical conductivity.
The photocurrent generated in our sample was found by subtracting the dark
current from the current measured under illumination. The ratio between the photocurrent
and the dark current as a function of the applied voltage was calculated and is shown in
Fig. 8.2. The characteristic and the threshold behavior of this ratio are similar to what has
been observed in a pure nematic.7 We found it interesting that the photoconductivity
threshold is located at approximately the applied voltage corresponding to the transition
from a cubic to a linear current-voltage relationship,7,8 but this may just be a coincidence.
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Figure 8.2: Ratio between the photocurrent and the dark current calculated from the result
in Fig. 8.1.
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Figure 8.3: Photocurrent as a function of the illumination power of the sample E7/DR1
0.40 wt.% 25 µm. The applied voltage was 2.5 V and the wavelength of the illumination
was 532 nm. The area of illumination was ~ 4 mm2. P is the beam power in watt.
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More importantly, this threshold explains the threshold behaviors observed several times
in two-beam coupling experiments (Chapter 5) and forced light scattering measurements
(Chapter 6), which is consistent with the fact that the observed photorefractive responses
require photo-charge generation. Above the threshold, the photocurrent increases linearly
with the applied voltage with a photoconductance ρ ph ~ 65 nA/V. The maximum value
of Iph/Idark was found to be about 0.18, which is comparable to what has been measured in
anthraquinone dye-doped system.9 The relationship between the photocurrent and the
beam power was found to be approximately linear, as shown in Fig. 8.3, which indicates
that the carrier combination rate is proportional to their density. This relationship is
similar to what has been observed in photorefractive polymers,10 indicating that the
photo-charge recombination process is not completely a bimolecular process. That is,
only one type of the photo-charge is mobile while the other is stationary, or at least one
type of charge is more mobile than the other.10
The dependence of the dark conductivity on the dye concentration was studied.
The samples used were four E7/DR1 samples with concentrations ranging from 0.2 wt.%
to 0.8 wt.% and one pure E7 sample. The absorption coefficients for ordinary wave (αo)
and extraordinary wave (αe) of the E7/DR1 samples are shown in Fig. 8.4. The
absorption coefficients of the pure E7 sample are negligible since the E7 mixture is
almost perfectly transparent at 532 nm. While the value of αo can be measured directly in
a homeotropic sample using absorption measurement at normal incidence, the value of αe
has to be calculated from absorption measurement at oblique incidence and the measured

αo. This leads to an uncertainty in the value of αe due to error propagation, as seen in Fig.
8.4. However, the expected linear relationship was observed. The I-V curves of the five
samples are shown in Fig. 8.5. It must be noted that the I-V curves of the sample E7/DR1
0.60 wt.% in Figs. 8.1 and 8.5 were from different batches of samples, which led to a
difference in the current value in the two figures. However, the two (and all the other)
samples exhibit, qualitatively, the same current-voltage characteristic.
The electrical conductivity was then calculated by fitting the ohmic portion of the
I-V curves in Fig. 8.5 with a linear fit. Figure 8.6 shows the electrical conductivity as a
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Figure 8.4: Absorption coefficients of the E7/DR1 systems for the ordinary (solid circles)
and extraordinary (opened circles) waves, as functions of the dye concentration.
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Figure 8.4: I-V curve of the sample E7/DR1 25 µm with concentrations
ranging from 0.00 to 0.80 wt.%.

Figure 8.5: I-V curves of the E7/DR1 samples with concentrations ranging from 0.00 to
0.80 wt.%.
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Figure 8.6: Electrical conductivity of the E7/DR1 samples with concentrations ranging
from 0.00 to 0.80 wt.%. The conductivity is approximately proportional to the square root
of the dye concentration.

Chapter 8 Conductivity and photoconductivity

131

Figure 8.7: Photocurrent as a function of the illumination intensity of the samples
E7/DR1 with concentrations ranging from 0.00 to 0.80 wt.%. The applied voltage was 2.0
V and the illuminated area was ~ 4 mm2. The relationships are approximately linear.
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function of dye concentration. The dependence is approximately of the form σ = (17.7 x
10-9 Ω-1 cm-1) C0.54, where C is the percentage of dye concentration by weight. The
dependence of the electrical conductivity on the square root of dye concentration is
expected. Let us consider the rate equation for the charge density:2

n
∂n
= γ DC − γ R n2 − ,
T
∂t

(8.10)

where n and T are again the average charge density and the transit time of both carriers,
respectively. γ D and γ R are the dissociation rate and the bilinear recombination rate. C
is the impurity concentration, which is approximately proportional to the dye
concentration. The last term in Eq. (8.10) can be neglected if the degree of ionization
n C is small. Thus, in a steady-state ( ∂n ∂t = 0 ), we have
J≈

end ed
≈
T
T

γD
C,
γR

(8.11)

which explains the relationship observed in Fig. 8.6.
The photocurrents of the five samples as a function of the illumination intensity
were also measured, and are shown in Fig. 8.7. As in Fig. 8.3 and as described earlier, the
relationships are approximately linear.
The dynamical behavior of the build-up and decay of the photocurrent was then
studied. The sample used in this experiment was E7/DR1 0.40 wt.%. The photocurrent
was monitored with a picoammeter when the sample was illuminated with an expanded
beam from an Argon laser (λ = 514 nm) at normal incidence. The beam power was ~ 80
mW and the beam diameter was 9 mm. A voltage of 2.0 V was first applied to the sample
for a few minutes before the data was recorded. The build-up and decay dynamics are
shown in Fig. 8.8. Both dynamics clearly exhibit two-time constant behaviors. The
photocurrent build-up was fitted with

(I )

ph build −up

∝ 1 − a1e − t / τ1 − a 2 e −t / τ 2 ,

(8.12)

with a constraint a1 + a 2 = 1. The photocurrent decay was fitted with

(I )

ph decay

∝ a1′e −t / τ1′ − a ′2 e −t / τ 2′ + b ,

(8.13)
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Figure 8.8: Typical build-up and decay of the photocurrent showing two distinct time
constants (see text for details).
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with a constraint a1′ + a 2′ = 1. The fitting parameter b accounts for the long-lived tail
seen in Fig. 8.8 that could be due to the unrecombined photo-charges. We found that τ 1 =
70 s, τ 2 = 1.4 s, a1 = 0.3, and a 2 = 0.7, for the build-up, and τ 1′ = 60 s, τ 2′ = 1.3 s, a1′ =
0.4, and a ′2 = 0.6, for the decay. We believe that this two-time constant dynamical
behavior of the photo-charge generation process is responsible for the two-time constant
responses observed in the two-beam coupling and the forced light scattering
measurements seen earlier. The two time constants of the photogeneration are shorter
than the two time constants of the photorefractive response. This is understandable since
in the photorefractive effect, after the photo-charges are generated, they must be
separated by charge migration processes. More importantly, after that, the liquid crystal
must reorient under the space-charge field, and the director reorientation process is much
slower than the charge generation process.
8.2. Conclusion

Both the two-time constant and the threshold behaviors of the photorefractive
response can be attributed to the dynamics of the photogeneration process. The
measurement of the photocurrent showed a threshold in the applied voltage dependence,
and showed a two-time constant response. The cubic and linear relationships between the
dark current and the applied field were modeled and a possible explanation was given.
The dependence of the measured photocurrent on the square root of the dye concentration
confirms the validity of our model.
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Chapter 9 Figure of merit
The current proposed molecular model explaining the origin of the dye-induced
torque and the resulting orientational enhancement is based on the assumption that the
interaction between the liquid crystal host and the ground-state dye molecules is
significantly different from that of the host and the photoexcited dye molecules (see
Chapter 4 and the references therein). The difference in the interaction energy is directly
related to the molecular structure of the dye and the liquid crystal. For this reason, we
attempted to study experimentally the effect of the dye and of the liquid crystal structures
on the observed enhancement effect.
9.1. Background and development
Such attempts have been carried out several times previously by others.1-6 Limited
success has been achieved. Jánossy and Lloyd1 studied the liquid crystal mixture E63
(British Drug House) dissolved with different anthraquinone dyes and anthraquinone
derivatives. It was noticed that different dyes produces different magnitude of the
enhancement, while some dyes are even ineffective, i.e. their presence does not make any
observable difference in the orientational response compared to a pure nematic. Jánossy
and Kósa2 studied the same anthraquinone systems and found that the enhancement factor

η [see Eq. (4.7)] can be either positive or negative, that is, the presence of dye in a
nematic can produce a torque on the liquid crystal opposing the optical torque. A nematic
that usually aligns with its molecules parallel to the optical field can be preferably aligned
perpendicular to the optical field after doping. They also suspected that the geometrical
shape of the doping dye molecule might be related to the magnitude of the observed
effect. Kósa and Jánossy3 observed that the sign of η depends on the wavelength of the
radiation as well, in certain anthraquinone derivative-doped systems.
Marrucci et. al.4 and Santamato et. al.5 studied anthraquinone dye-doped 5CB,
E63 (Merck) and MBBA. It was suggested that, in a polar host, dipole-dipole interaction
(from CN, OH, NH2, and CO groups present in the dye and the liquid crystal molecules),
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as well as hydrogen bonding contribute significantly to the enhancement effect. On the
contrary, in a nonpolar host, van der Waals interactions play a more important role.
Marrucci et. al.6 then systematically studied liquid crystals doped with anthraquinone
dyes and anthraquinone derivatives, and concluded that polar interaction and hydrogen
bonding are indeed the main contributions to the dye enhancement effect. Nevertheless,
so far, while these suggestions can provide plausible explanations for the observed
response, it is still impossible to predict the response of a given dye/nematic combination.
In an attempt to make comparison between different dyes mixed with different
liquid crystals, a measure of the effectiveness of photoexcited dye to contribute to the
reorientation was proposed. Marrucci et. al.4,6 defined the enhancement factor as

η = 1+

ς
1 (∆φ / P )dye− doped liquid crystal
,
=
∆ε
f (∆φ / P ) pure liquid crystal

(9.1)

where ∆ε = ne2 − no2 is the dielectric anisotropy. ∆φ / P , the ratio between the induced

phase shift and the pump beam power, is the nonlinearity factor. ς is called an
‘orientational parameter’, which determines the strength of the optical torque and is
defined as [Eq. (4.7)]
v
Γ dye = ε 0 E 02ς (nˆ ⋅ eˆ )(nˆ × eˆ ) .

(9.2)

The factor f , which accounts for the absorption losses, is of the form
f =

12
(α x L )2

 1
1 
 1 − e −α x L
1 −  +
  2 α x L 

(

) ,

(9.3)

.

(9.4)



where α x is the effective absorption constant:
neα o −

αx =

no  α o α e  2
 −  sin β
ne  no ne 
ne2 − sin 2 β

Here no and ne are the refractive indices for ordinary and extraordinary waves,
respectively. α o and α e are the corresponding absorption coefficients. β is the average
incident angle of the pump beams, i.e. the angle between the sample normal and the
bisector of the two pump beams.
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The figure of merit µ , which is a measure of the ability of a single dye molecule
to contribute to the orientational torque on the liquid crystal host after it has absorbed a
photon, can be found via the relation4,6

µ=

ς

(neα e + 2noα o )λS

,

(9.5)

where λ is the wavelength of the radiation, and S is the order parameter. The figure of
merit is, essentially, an indication of the effectiveness of a photoexcited dye molecule in
contributing to the director reorientation and, consequently, to the resulting birefringent
grating.
9.2. Experiments and results

The samples used in the experiment were the combinations of two liquid crystals
and five dyes, for a total of ten combinations. The liquid crystals were E7 and MBBA.
The dyes were DR1, DR13, DO3, DO25, and DY9. They were chosen for the following
reasons. E7 and MBBA possess comparable birefringence, but E7 is a liquid crystal
mixture composed of polar constituents [cyano (CN) group in the constituent molecules
is a hydrogen bond attractor], while MBBA is nonpolar. Dyes DR1 and DO25 have
almost identical structure. The only difference is that the hydroxyl (OH) group in DR1 is
replaced with a cyano group in DO25. The objective here was to check the importance of
the dipolar interaction between the dyes and the liquid crystal host. DR13 dye also
possesses a structure almost identical to that of DR1, however, there is an additional
chlorine ion present in DR13, which affects the pH level of the mixture. Finally, dyes
DO3 and DY9 have similar overall structure, with a nitryl (NO2) group on one side and
an amino (NH2) group on the other. The main difference is that the DO3 has an azo group
as a bridge group while the DY9 does not. This combination was meant to check for the
effect of possible conformational changes. (See Figs. 2.10 – 2.12 for the molecular
structures of the dyes and liquid crystals.)
The absorption coefficients α o , α e , and α x of our samples are shown in Table
9.1. As mentioned in Chapter 8, the values of α o were obtained from transmission
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Table 9.1: Absorption coefficients of the dye-doped liquid crystal samples.

Sample

αo (cm-1)

αe (cm-1)

αx (cm-1)

E7/DR1

240

1752

493

MBBA/DR1

358

432

394

E7/DR13

372

1499

574

MBBA/DR13

486

673

549

E7/DO25

140

319

178

MBBA/DO25

96

96

103

E7/DO3

66

138

82

MBBA/DO3

43

37

45

E7/DY9

31

49

36

MBBA/DY9

51

29

51
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measurements at normal incidence, while the values of α e were calculated from a
transmission measurements at oblique incidence and the measured α o ’s.
To find the enhancement factor η , we obtained the nonlinearity factor ∆φ / P
from the slope of the phase shift ∆φ , acquired from measuring the self-diffraction
efficiency, versus the pump beam power P , the dependence of which was measured to
be linear. The self-diffraction measurement was chosen because it is the simplest
technique to obtain the phase shift, and it possesses the least alignment difficulty.
However, it requires fairy large beam intensity. (The maximum beam power we used was
1.2 mW for each beam, roughly ten times larger than what had been used in the other
experiments.) This, as we discovered, did not bode well with our samples because the
high laser intensity photochemically degrades the quality of organic compounds in our
mixtures. The sample degradation was evidently seen in the results from E7/DR1 and
E7/DO25 samples. The measured induced phase shift of E7/DO25 is smaller than that of
E7/DR1, which is opposite from the previous results obtained from two-beam coupling
(see Chapter 5). Nevertheless, the orientational parameter ς , and figure of merit µ of the
dye-doped liquid crystals were then calculated. In calculating µ , we did not measure the
order parameter directly, but instead adopted the nominal estimate S ~ 0.75 at room
temperature. The three calculated parameters are listed in Table 9.2.
Even with the problem of sample degradation, a few conclusions can be drawn.
The comparable values of the induced phase shift observed in DO3 and DY9 samples, for
both liquid crystal hosts, seem to confirm the lesser contribution of trans-cis
conformational change indicated by the results of the polarization grating experiments. In
the samples containing DR1, DR13, and DO25, we consistently observed that the
induced phase shift is larger in the MBBA mixtures than in the corresponding E7
mixtures. This may be due to the smaller viscosity of MBBA. In almost all of the
mixtures, those with E7 host showed strong dichroism (see Table 9.1), while the ones
with MBBA host did not. This is presumably due to the dipolar interaction between the
dyes and the E7.
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Table 9.2: Enhancement factor, orientational parameter, and figure of merit of the dyedoped liquid crystals.

Sample

Enhancement
factor η

Orientational
parameter ς

Figure of merit µ

E7/DR1

12.9

8.8

57.8

MBBA/DR1

14.0

9.4

127.0

E7/DR13

10.0

6.6

44.1

MBBA/DR13

13.0

8.7

81.5

E7/DO25

2.5

1.1

28.4

MBBA/DO25

1.9

0.6

33.6

E7/DO3

2.9

1.4

78.4

MBBA/DO3

0.4

-0.4

-53.8

E7/DY9

3.3

1.7

234.2

MBBA/DY9

1.4

0.3

37.1
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Our attempt to study the role of molecular interactions in the dye-doped nematics
was not successful because of the problem of sample degradation upon high intensity
illumination. We suggest that, in future studies, the nonlinearity factor should be obtained
by other means, for instance, interferometric methods, or the grating translation
technique, described in Chapter 5, which do not necessitate the use of high intensity laser
beam.
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Chapter 10 Summary
This dissertation reported the results of nonlinear optical studies carried out on
dye-doped nematic liquid crystal cells. The main objective was to sort out the several
mechanisms that can possibly induce dynamic gratings of different types in the samples.
The main focus was on studying the photorefractive and the orientational responses,
along with the dynamical behaviors of the grating formations.
Firstly, I studied the dye/nematic systems with asymmetric two-beam coupling
experiments. The observed steady-state energy transfer, combined with the external field
and polarization requirements to form a grating, indicated that the induced grating was a
photorefractive index grating produced by the nematic director reorientation within the
plane of incidence. The temporal evolution of the beam coupling signals displayed a
transient behavior superposed on the expected exponential build-up, indicating that two
different gratings were formed due to two different mechanisms. The two grating were
labeled a ‘transient grating’ and a ‘steady-state grating’. The dependence of the
photorefractive gain on the beam-coupling angle was examined. The maximum response
was observed when the period of the induced grating was roughly twice the sample
thickness. The photorefractive gain coefficients were in the range of 100 – 400 cm-1,
higher than what has been reported in high-gain photorefractive polymers, while the
applied electric field requirement is smaller by roughly three orders of magnitude. In
studying the dependence of the gain coefficient on the applied voltage, I observed a
threshold behavior in all the samples, that is, no response was detected unless the
magnitude of the applied voltage was larger than a certain value, usually about 1 V. In the
samples with high dye concentration, I observed an asymmetry of the photorefractive
gain with respect to the direction of the applied electric field. This is most likely due to
the beam fanning effect, which has also been observed in other high-gain organic and
inorganic photorefractive media. At low writing beam intensity, the gain coefficient was
found to be linearly dependent on the intensity. The grating translation technique was
also used to measure the phase shift between the photorefractive grating and the
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interference pattern. I found that both the transient and the steady-state gratings were pure
photorefractive index gratings with phase shifts of ~ π/2. No photochromic grating was
detected.
Secondly, forced light scattering experiments were carried out, in which the
induced grating was created by two pump beams, and the response was probed by a third
weak laser beam. The dynamical behavior of the grating formation is best fitted by a twotime constant response, which confirmed the previous observations in the two-beam
coupling experiments. The same threshold behavior in the applied voltage dependence
that was observed in the asymmetric two-beam coupling was also found here. Beyond the
threshold (~ 1 V), the diffraction efficiency increases rapidly with the applied field. The
time constants of the ‘fast’ and ‘slow’ gratings did not appear to depend on the pump
intensity. However, the time constant of the ‘fast’ grating was found to increase with the
magnitude of the applied field above the aforementioned threshold. This is presumably
associated with the rapid increase of the photorefractive response above that threshold.
The calculated nonlinear optical Kerr index n 2 (~ 0.08 cm2/W) is higher than what has
been observed in liquid crystal/polymer systems and other dye-doped nematics. One of
the possible reasons of the observed higher Kerr index compared to that of other dyedoped nematics is the higher solubility of the disperse dyes in the nematics. The
diffraction efficiency measurements showed that the efficiency is linearly proportional to
the power of the writing beams.
The samples with high dye concentration showed very interesting grating build-up
and decay dynamics. The two dynamics can be fitted with three-time constant responses.
Such responses were modeled as those of a simple circuit composed of a slow capacitive
component and a faster reactive component, with an overall low-pass behavior. The ratios
between the reactive and capacitive components were found to be the same for both the
build-up and the decay dynamics. Quasi-permanent gratings were also observed. These
can be the result of either a quasi-permanent modulation of the director at the anchoring
surfaces, i.e. the so-called ‘memory effect’, or of the formation of space-charge fields
from conductivity anisotropy and dielectric anisotropy. Both space-charge fields can
remain present even after the intensity modulation pattern has been turned off.
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Polarization holographic measurements, which have the ability to selectively
probe different photoinduced mechanisms in a material, were carried out. First, I probed
the possible population grating in the samples. No response was detected, which led to
the conclusion that the trans-cis photoisomerization does not contribute significantly, if at
all, to the observed dye enhancement effect. The enhancement is primarily attributable to
the intermolecular interaction between the dye molecules and the liquid crystal host.
Next, I selectively probed the orientational birefringent grating. The photoinduced
orientational response was studied using spatially periodic excitation with three different
polarization modulations. As expected, the polarization grating with the largest
modulation depth gave the largest response. The two necessary conditions for grating
formation were found to be 1) an applied electric field must be present and its magnitude
must be above a certain threshold value (~ 1 V), and 2) the incident angle must not be
zero, i.e. there must exist a nonzero angle between the applied electric field and the
grating wavevector. In order to detect the induced birefringent grating, the probe beam
polarization must have a nonzero component in the plane of incident (p-wave). The
diffracted and the self-diffracted beams were both p-polarized in all cases. These
observations showed that the birefringent grating is due to the nematic director
reorientation within the plane of incidence, under the combined effect of the applied
electric field and the optical field. The diffraction efficiency was found to be linearly
dependent to the writing beam power, which is the same behavior as that of
photorefractive gratings observed in other materials. The dependence of the selfdiffraction efficiency on the writing beam power showed, approximately, a cubic
relationship.
Next, I studied the dynamical behavior of the birefringent grating formation. The
build-up dynamics is best modeled as a double-time constant response, while the decay is
best fitted by a single exponential. I investigated the response of the samples to an
oscillating electric field by monitoring the first-order self-diffracted beam while the
applied voltage was modulated at low frequencies. Very interesting and reproducible
dynamics was observed. The two most prominent features of the dynamics are an abrupt
transient response, which was observed when the applied field reached a certain value
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with a certain slope, and a slow, monotonic response, that followed the applied voltage
almost synchronously. The dynamical response was studied as a function of the
modulation frequency. With the aim of checking for possible resonances in the dynamical
response of the sample, its small signal response was measured. The result, however, did
not show any indication of a resonance behavior.
The conductivity and the photoconductivity of the samples were measured. The
observed current-voltage characteristics showed a cubic relationship at low applied
voltage, and a linear relationship at higher applied voltage. This behavior was explained
using a double-charge-injection-in-a-weak-electrolyte model. The measured photocurrent
exhibited a threshold in the applied voltage dependence. This threshold voltage in the
photo-charge formation explained the threshold behaviors observed several times in the
two-beam coupling and the forced light scattering experiments. The photocurrent was
found to increase linearly with the illumination power, indicating that the charge carrier
recombination rate is proportional to the carrier density. The relationship between the
measured electrical conductivity and the dye concentration was measured to be of the
form σ ∝ C , which is consistent with the proposed model. The dynamical behaviors of
the build-up and decay of the photocurrent were investigated. The two dynamics showed
two-time constant behaviors, which I believe are most likely responsible for the two-time
constant dynamics observed in the two-beam coupling and the forced light scattering
experiments.
I also attempted to study the role of the dye and liquid crystal molecular structures
on the dye enhancement effect. The attempt was not successful due to the problem of
sample degradation associated with the relatively high intensity illumination needed to
obtain the induced phase change by measuring the self-diffraction, as was done here
because of the simplicity of the method. I would suggest that, in future attempts, the
nonlinearity factors should be obtained via other techniques that do not necessitate the
use of high light intensity, such as interferometric techniques or the grating translation
technique.
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