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ABSTRACT
This dissertation research completes the exploration and development of the
theoretical framework for collective liquid crystalline optical nonlinearities capable of
response speeds in the microseconds – nanoseconds scale, which is more than 1000 times
faster than the conventional liquid crystal (LC) response speed. Also explored in this
dissertation are utilizations of these new discoveries to achieve all-optical switching.
This work demonstrates all-optical switching using nonlinear orientational and
thermal effects, respectively, in pure and dye-doped twisted nematic liquid crystal (TNLC)
cells set between crossed polarizers. In the former case, the flow of liquid crystal molecules
is generated by Maxwell stress and thereby exerts a torque on the liquid crystal. The
resulting reorientation changes the effective birefringence of the liquid crystal, affecting
the overall transmission. In dye-doped twisted nematics, the absorption of dye enhances
laser heating in the liquid crystal, which leads to reduction of the order parameter and the
corresponding macroscopic birefringence, finally making the transmission drop to zero.
Following the sequences of these processes, detailed modeling for collective responses of
liquid crystal and the time evolution of transmissions under short laser pulses are presented.
Besides theoretical description and modeling, we demonstrate the nonlinear optical
switching experimentally. The switching threshold and time are consistent with the
simulation results. While dye-doped liquid crystals have a low threshold for nonlinear
switching, pure twisted nematics possess high transparency in the entire visible and nearinfrared spectrum. These findings are believed to advance the current arsenal of highperformance materials for integration/use in advanced optical systems designed for sensor
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protection; laser hardening; and other beam/image switching, sensing, and processing
operations.
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Chapter 1
Defining the Problem: Optical Switching

1.1 The Demand of Optical Switching
Laser technology has greatly improved the lives of civilian and scientific
communities, with its applications in communications, manufacturing, data processing,
3D-imaging, spectroscopy, nondestructive examination, astronomy, entertainment, and
military uses. However, the illumination intensity of lasers is crucial when determining
whether their application is beneficial or harmful. Considering military uses as an example,
at low laser intensity, optical augmentation helps to reveal the location of the target; under
an excessive amount of illumination, an optical system can be reversibly disabled—further
increasing the exposure intensity, causing permanent damage to the sensor or other
interconnected systems1.
The protection from intense lasers can be achieved by blocking, absorbing,
scattering, and refraction, which are mechanisms used by common products in the
marketplace such as shutters or filters.
Mechanical or electro-optic (EO) shutters can provide protection at the speed of
milliseconds and microseconds, which is only fast enough to protect against a continuous
wave (CW) laser threat. For pulsed lasers, which usually have durations of nanoseconds,
the shutter method loses its effectiveness.
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Conventional fixed-line band-stop filters can be used to selectively block the
incoming light in limited numbers of distinct wavelengths. However, the overall
transmission is typically as low as ~20%, which results in a noticeable color distortion that
strongly degrades the imaging performances. Furthermore, for trending laser threats that
are agile in wavelengths, the fixed-line filter easily loses its function. In contrast, neutraldensity filters avoid the sensitivity to wavelengths, but the overall transmission is generally
too low to be acceptable.
In summary, simple solutions against hazardous intense light becomes increasingly
challenging as the laser technology advances. Optical switching methods that can address
the aforementioned issues remain under study.

1.2 Guidelines for Optical Switching
As a sensor-protecting device or material, some requirements must be satisfied
while rendering minimum impacts on the system’s performance.
Spectral Range
The first requirement is the effectiveness in a large range of wavelength, which is
often referred as “broadband.” The targeted wavelength is expected to span from visible
band (VIS) to infrared (IR) band or 400 nm to 12 µm, which are the wavelength of interest
in current technologies. One method addressing this demand is the tunable filter. For
example, tunable filters based on the tunable reflection band of a structured liquid crystal
have been demonstrated by T. White et al.2,3 using either an electric field or an optical field
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as a tuning source. However, the tuning time is in the range of milliseconds to seconds,
which means it is only effective for continuous wave (CW) lasers.
Temporal Range
Another consideration is the temporal range of protection. As an agile solution, the
proposed protection device must cover a broad temporal range, from the duration of
femtosecond pulses to the continuous operating lasers.
While liquid crystal tunable filters work well against milliseconds or longer laser
pulses, as will be shown in Section 3.1, photon absorption processes provide protection in
the femtosecond-to-nanosecond range.
Transmission Properties
A desired transmission characteristic for the protection device is that it must
maintain a high transmission in the “off” state and low transmission in the “on” state (as
illustrated in Figure 1-1). General accepted levels of “off” state transmittance are 40% for
VIS, and about 90% for Near-IR (NIR) to Far-IR (FIR) regions. 1

Figure 1-1. Ideal transmission property of an optical switching (a) transmission VS input
energy/intensity; (b) output VS input energy/intensity.
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Simultaneously, the exposure fluence (energy per unit area) cannot exceed safety
values. One vulnerable and precious sensor is the human eye, for which the maximum
permissible exposure (MPE)4 is considered the maximum allowed fluence into the eye. In
the visible range, where human eyes are most sensitive, the MPE is 0.5 μJ/cm2 for the darkadapted eye, assuming an entrance pupil cross-sectional area of 0.4 cm2 (cf. Figure 1-2),
when pulse duration is 1 ns to 10 μs. Notably, within the retina, due to the focusing effect
of the eye lens, the gain is 105, so a fluence of 0.5 µJ/cm2 entering the eye translates to
0.05J/cm2. Thus, the retina will suffer irreparable damage when exposed to such pulsed
laser illumination. In our study, the focusing effect of the lens to provide gain is employed
to activate the nonlinear optical processes in the liquid crystals. Accordingly, all measured
values of the laser pulsed energy involved carried an implicit factor of 0.4 cm2 to assess
the fluence value.
The ratio of exposure energy with protection to the incident energy in log-scale is
referred to as optical density (OD). The general desirable protection should possess an OD
of 4.
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Figure 1-2. MPE fluence for direct ocular exposure for a range of exposure durations as
per various wavelength ranges. 4

Dynamic Range
The dynamic range is defined as the ratio between the fluence at which the
switching fails to the threshold fluence. It describes the ability to increasingly attenuate the
incident light. It is intuitively understandable that the higher the OD of the limiter, the
larger the dynamic range of the sensor to be protected.
The size, weight, and complexity of the device also affect the application agility.
Sensor protection devices that require bulky multiple elements are ruled out.
Finally, the optical-switching device is required not to impair the performance of
other modules in the optical system. For example, if nonlinear scattering or refraction is
used as the switching mechanism, the forward-propagating laser light is directed out of the
original path. Unfortunately, the out-scattered light lowers the contrast of the optical
system or even causes other degradations.
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In summary, an ideal optical limiter should be broad both in frequency and temporal
range, have large optical density, be compact in size, and possess low scattering losses.

1.3 Nonlinear Optical Approach
The aforementioned expected shape of the transmission curve (Figure 1-1) versus
the input intensity of passive optical limiting indicates the material should possess
nonlinearities. Indeed, the search for perfect optical limiters has long been confined to the
field of nonlinear optical materials since the 1990s. The employed mechanisms include
nonlinear absorption 5, 6, 7, refraction 8, 9, 10, scattering 11, 12, 13, and photorefraction 14, 15, 16.
The mainstream materials used include carbon particles and fullerenes 17, semiconductors
8, 18

, organics 19, 20, organometallics 21, 22, and liquid crystals 23, 24, 25, 26, 27. The structure can

be cascaded absorbers 28, 29, gradient limiters 30, 31, or unique photonic bandgap devices 32,
33

, or fiber bundles filled with nonlinear materials 27.
Limitations of these approaches will be discussed in future chapters. When the light

shines on liquid crystals, we can see how well they match the requirements.

1.4 A Promising Candidate: Liquid Crystals
As materials with optical nonlinearity of 10-4cm2/W and beyond, as well as ease of
modulation, liquid crystals stand out to be promising candidates for the all-optical
applications34, 35, 36, 37. Generally speaking, liquid crystal can aid the switching process
through most of the mechanisms mentioned in Section 1.3. Optical nonlinearity of liquid
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crystal is a multi-fold topic, depending on the wavelength, time-scale, optical power, and
configuration involved.
Moreover, studies36 have shown that common liquid crystals can withstand
nanosecond laser pulses of over 10 J/cm2 (corresponding to an intensity in excess of 1010
W/cm2). It has also been shown that pure nematic liquid crystals are hardened against highpower CW lasers; prolonged illumination of the liquid crystals with laser intensity of
several 103 W/cm2 does not produce any structural/chemical damages.
To better understand the underlying physics, some basics of liquid crystals are
briefly discussed in Chapter 2.

Chapter 2
Introduction to Liquid Crystals: Types and Properties
“Liquid crystals (LC),” also named “mesogens,” are organic materials that possess
special phases of matters. Such materials do not show a single transition from solid to
liquid, but rather present a cascade of transitions involving new phases. These new phases
(or mesophases) have mechanical and symmetric properties intermediate between those of
liquids and solids. Additionally, all of the valued features of liquid crystals originate from
these intermediate properties.
Physical and optical properties of liquid crystals depend on their “building blocks,”
which are single molecules or groups of molecules. These molecules have sharply
anisotropic shapes, such as the elongated (rod-like) or flattened (disk-like) shapes, as
illustrated in Figure 2-1.

Figure 2-1. The arrangement of molecules in the nematic phase: (a) made up of rod-like
molecules; (b) made up of disk-like molecules.
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A typical rod-like LC molecule, shown in Figure 2-2, consists of two rings, one
linking group A, and two terminal groups X and Y. The contributions of different groups
to the properties of LCs are summarized. They are important guidelines to engineer liquid
crystal molecular structures to achieve desired properties, including existence of
mesophases, dielectric constants, dielectric anisotropies, elastic constants, viscosities,
absorption spectra, transition temperatures, and optical nonlinearities.

Figure 2-2. Molecular structure of a typical liquid crystal

Ring Systems: The rings can be either benzene rings (unsaturated) or cyclohexanes
(saturated), or a combination of both. It is important to note that the derivatives of the two
are phenyl groups and cyclohexyl groups, respectively. The presence of these rings is
essential for the short-range intermolecular forces so that liquid crystals can form nematic
phases. They also affect the absorption, dielectric anisotropy, birefringence, elastic
constants, and viscosity. For example, the π - π* electronic transitions in phenyl groups
occur at the near-UV spectral region (≤200 nm). In contrast, for saturated cyclohexyl
groups, the σ – σ* electronic transitions are accompanied by absorption in the ultraviolet
regime (λ<180 nm). 37
Liquid crystals are quite transparent in the visible to near-infrared regions (i.e., from
0.4 to 5 μm), except for a few absorption bands. As the wavelength increases toward
infrared (e.g., ≥ 9 μm), rovibrational transitions begin to dominate. Because rovibrational
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energy levels are omnipresent in all large molecules, generally liquid crystals are quite
absorptive in the infrared regime.
Terminal Group X (also called Side Chain): Three typical side chain groups are:
(1) alkyl chain CnH2n+1, (2) alkoxy chain CnH2n+1O, and (3) alkenyl chain that contains a
double bond. When the length of the side chain is short (i.e., the number n is small—e.g.,
n=1, 2), the molecules are too rigid to exhibit liquid crystal phase. It is desirable to have a
medium length side chain (i.e., n = 3–8). The length of the side chain can also influence
the nematic-isotropic (N-I) phase transition temperature. Generally speaking, the longer
the chain, the lower the N-I transition point (clearing point).

38

Linking Group A: The linkage groups are simple bonds or groups such as
diphenylethane (C2H4), stilbene (C2H2), tolane (–C≡C–), azobenzene (–N=N–), and Schiffbase (–CH=N–). These linkage groups are often used to name liquid crystals (e.g.,
azobenezen liquid crystal).
Terminal Group Y: The terminal group Y plays an important part in determining
dielectric constant and birefringence. Y can be polar or nonpolar. With a nonpolar terminal
group, such as alkyl chain (CnH2n+1), the liquid crystal exhibits a small dielectric anisotropy.
In contrast, with a polar group such as CN, dielectric anisotropy is large. Actually, the CN
group has one of the highest polarities; thus, it enables large dielectric anisotropies in liquid
crystals. However, LCs containing CN Y terminals have high viscosity, insufficient
resistivity, and stability issues against UV illumination.
One typical and commonly used LC is 4-Cyano-4'-pentylbiphenyl (commercial
name: 5CB), the structure of which is shown in Figure 2-3. It has a polar terminal group,
which is responsible for its birefringence of around 0.2.
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Figure 2-3. Molecular structure of 4-Cyano-4'-pentylbiphenyl (5CB)

The nematic phase of 5CB exists between 18°C and 35°C. This temperature
window, which is small for industrial use, is formed by the effect that when two types of
material are mixed into a compound, the melting point is lower than that of either of the
two combined materials. The melting point is determined by the mixing ratio of the
components. Such circumstance is seen in Figure 2-4. Both substances have small nematic
ranges ( Ti - Tn and Ti ' - Tn' ). At the eutectic point, the melting point reaches minimum
(i.e., the range Ti m - Tnm is enlarged).

Figure 2-4. Phase diagram of the mixture of two liquid crystals. 37
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Thus, LCs are often made as mixtures to reduce the lower temperature limit for the LC
phase. Meanwhile, the clearing point is almost a linear average of the constituents. One
such example is the commercial material E7; its composition and molecular structure are
shown in Figure 2-5.

Figure 2-5. Molecular structure of E7

Properties of LCs are also governed by external parameters such as temperature
and solvents. According to the factors that determine the mesophase, liquid crystal phases
can be categorized into thermotropic, which only occurs in a certain temperature range;
lyotropic, which consists of two or more components and exhibits liquid-crystalline
properties in certain concentration ranges; metallic, with addition of long chain soap-like
molecules, which shows a variety of liquid crystalline behaviors both as a function of the
inorganic-organic composition ratio and of temperature 39. The most widely used among
these is the thermotropic liquid crystal material, whose molecules are either rod-like or
disk-like. Based on the symmetries of their arrangement, thermotropic liquid crystals can
be further classified into nematics, smectics, and columnar phases. Among the three types,
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nematic phase liquid crystals are the most explored for both scientific studies and
engineering applications as electro-optical light modulators and photonic devices.
Therefore, only the properties of nematics will be reviewed.

2.1 Nematics and Cholesterics
In nematic phases, centers of gravity of the molecules have no long-range order.
This property, similar to that of conventional liquid, renders the possibility of flowing like
liquids. However, molecules have a common direction, which is often referred to as unit
vector nv (as shown in Figure 2-6), or “director axis.” In the plane perpendicular to this
axis, a complete rotational symmetry is present in all known cases. It is important to note
that it is not distinguishable between nv and - nv .

Figure 2-6. Director axis in nematic liquid crystals. (a) Νematic phase; (b) chiral nematic
phase
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The director axis can also be nonuniform throughout the medium [as in Figure 2-6
(b)]. The phase at which the director axis is gradually rotating is called the chiral nematic
phase. This alignment can be artificially achieved by dissolving chiral molecules into
nematic liquid crystals to induce helical distortion. The same distortion is also found with
pure cholesterol esters. For this reason, the chiral nematic phase is also called the
cholesteric phase.

2.2 Key Physical Properties of Liquid Crystals
Before discussing physical properties and processes, it is important to find a model
to describe the material duality of liquid crystals (i.e., their coexistence properties of solids
and liquids). The most widely employed theory is the elastic continuum theory 40 ,41, 39, in
which nematic phase liquid crystals are viewed as crystalline, with the crystal axis being
the averaged direction for molecules.

2.2.1 Director Axis and Order Parameter
This common direction of molecule, also called orientation, is denoted by a unit
v v

length vector field n ( r ) . For a rigid rod-like nematic phase liquid crystal, this refers to the
direction in which the long axes are pointing. The vector field can be translated into the
order parameter in the geometry shown in Figure 2-6 (a):
S=

v v v v
1
1
3 ( k × n )( k × n ) - 1 = 3cos 2 q - 1 ,
2
2

(2.1)
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which is an import measurement to describe the extent of order of the material. The bracket
used is an average in the whole assembly of material, and this equation is valid only if the
assembly has a single-rotation symmetry axis

v
k

. Without such symmetry, a more general

form of the order parameter is expressed as a second-order tensor:
Sij =

v v v v
1
3 ( i × n )( j × n ) - 1 .
2

(2.2)

In a perfectly aligned material, the scalar equation can be used, and <cos2θ> = 1, such that
S = 1. Conversely, if the material is highly random, it renders <cos2θ> = 1/3 and S = 0. The
two extremes relate to the highest ordered case and the pure random case. In liquid crystals,
the order parameter value is intermediate between these two limits, depending on the
particular mesophase. For aligned nematic liquid crystal cells, generally S ~ 0.6 at
temperatures far from TNI (the nematic to isotropic transition temperature) (cf. Figure 2-7
36

).

Figure 2-7. Order parameter change with temperature as liquid crystal develops through
crystal phase, Smectic A phase 37, nematic phase and isotropic phase.
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2.2.2 Refractive Index Birefringence
For uniaxial material, the refractive index n, or in the measure of dielectric constant
ε = n2, assumes an elliptical profile (as shown in Figure 2-8). The anisotropy of refractive
index is called the refractive index birefringence na, with na = n∥−n⊥, where n∥ represents

the dielectric constant parallel to the symmetry axis, and n⊥ represents the dielectric

constant perpendicular to it. Taking 5CB as an example, the extraordinary and ordinary
refractive index at 515 nm is1.74 and 1.54, respectively. For an arbitrary oriented director
axis, the extraordinary refractive index is

ne (q ) =

n^nP
éën cos q + n sin q ùû
2
P

2

2
^

2

1
2

.

(2.3)

Moreover, the large birefringence holds over a very broad spectral range, which is
usually from near ultraviolet to near infrared (400 nm ~ 1.2 μm) (Figure 2-9).
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Figure 2-8. Uniaxial dielectric birefringence in nematic liquid crystal.

Figure 2-9. Measured birefringence of one liquid crystal (NP-5). 37

In the steady state or when the light impinging on liquid crystal is weak, the
refractive index is a function of temperature and order parameter only. However, in the
nonlinear optical regime, it can be tuned by optical fields, which is the primary principle
of this work. The tuning of refractive index by external forces will be presented in later
chapters.

2.2.3 Deformation Dynamics (Elastic Deformation and Flow)
Upon certain types of external stimulus, the molecules in the liquid crystal will
move collectively; this is also called deformation in the language of mechanics. These
deformations can be described by macroscopic torques or free energies for easy access.
Thus, the dynamics of deformation can be understood as a balancing between different
forces or torques, or by a minimization of total free energy. The two comprehensions are
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equal, and the following analysis primarily uses the torque balances to obtain a
straightforward picture.

2.2.3.1 Elasticity and Elastic Torque
The elastic continuum theory assumes that the deformations of liquid crystals under
external perturbations only involve rotation of molecules in the direction of the torque, and
the induced elastic energy is quite small. Deformations consist of three types: splay, spend,
and twist (as seen in Figure 2-10).
The associated free energies are calculated as
1
v 2
K1 ( Ñ × n )
2

(2.4)

1
v
v 2
K2 (n × Ñ ´ n )
2

(2.5)

1
v
v 2
K3 (n ´ Ñ ´ n ) .
2

(2.6)

Splay: F1 =
Twist: F2 =
Bend: F3 =
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Figure 2-10. Deformations in nematic liquid crystals.
r

The equivalent molecular fields f can be derived using the Lagrange equation 39,
so that
v
Splay: f 1 = K 1Ñ ( Ñ × n )

(2.7)

v
v
Twist: f 2 = -K2 éë AÑ´ n + Ñ´ ( An ) ùû

(2.8)

v
v
v v
Bend: f 3 = K 3 éë B ´ ( Ñ ´ n ) + Ñ ´ ( n ´ B ) ùû ,

(2.9)

while
v
v v v
v
A = n × ( Ñ ´ n ) , B = n ´ (Ñ ´ n ) .

(2.10)

In general, the three elastic constants K1, K2, K3 are different in magnitude, on the order of
10-12 N in SI units. To simplify, the “one-constant approximation,” may be used so that K1
= K2 = K3 = K. The corresponding elastic torque can be calculated from

v
v v
G elastic = n ´ f .
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(2.11)

2.2.3.2 Hydrodynamics of Liquid Crystals: Flow and Reorientation
While elasticity describes a solid attribute of liquid crystals, the liquid-like
properties exemplify themselves in the form of flow. The flows of liquid crystals are
different from those of other ordinary liquids because rotatable molecules are present. In
this way, a pragmatic approach to understanding the flow in LC is to divide the process
into two extreme circumstances: pure translational and pure rotational movements.
Pure Translational Movements
In the pure translational movement scenario, the director axis orientation is fixed.
This may be achieved by the application of a strong field (electric or magnetic) in the same
direction of director axis nv . Consider the case of shear flow shown in Figure 2-11, in which
the velocity is in the z direction and has a gradient along the x direction. Additionally, the
applied magnetic field

v
H

is parallel to nv .
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Figure 2-11. Shear flow in presence of an applied magnetic field

According to the orientation of the director axis, three distinct viscosity coefficients
are present in the three extreme cases (corresponding to the cases in Figure 2-12) 42:
1. η1: nv is parallel to the velocity gradient; that is, θ=90°, φ=0
2. η2: nv is parallel to the velocity; that is, θ=0, φ=0
3. η3: nv is perpendicular to the shear plane (x-z plane); that is, θ=0, φ=90°.
In more general cases, any viscosity coefficient can be calculated from the equation

h (q , f ) = h1 sin 2 q cos 2 f + h 2 cos 2 q + h 3 sin 2 q sin 2 f

(2.12)
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Figure 2-12. The viscosity coefficients of a nematic liquid crystal

The hydrodynamic equation describing the translation flow is the Navier-Stokes
equation for incompressible liquid. Derivation of the equation can be found in any
hydrodynamic book, so only the result is given here:

v
v v
¶v
Ñp hÑ2v f ext
v v
+ (Ñ × v ) v = +
+
¶t
r
r
r

(2.13)

In this equation, vr ( r , t ) is the velocity field, p(r, t) is the pressure, ρ is the density,
v
f ext is the external field (can be gravity, electric, or magnetic field), and η is the involved

viscosity coefficient determined by the configuration. The left-hand side (LHS) of
Equation (2.13) is the acceleration of velocity, while the right-hand side (RHS) is the
driving force per unit mass.
Pure Rotational Movements
The counterpart of pure translational movement, the rotation of the director axis, is
more often referred to as reorientation. It has a similar dictating equation, except the LHS
is the angular acceleration, and the RHS represents the driving torques [Equation (2.14)].
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I

df 2
= G elastic + G ext - G vis
dt 2

(2.14)

The term I is the moment of inertia per unit volume. Γext is the torque per unit
volume on the director axis due to elastic forces, as described in Section 2.2.3.1; Γext is
induced by external forces, including gravity, electric, or magnetic fields; and Γext is the
viscous torque that impedes the rotation of the directors. The viscous torque is composed
v

v

of two parts39: one arising from the pure rotational effect, given by g 1n ´ N , and the other
v
v
from coupling to the fluid motion, given by g 2 n ´ An . The latter term is more interesting,
indicating the flow will affect the rotation due to the friction.
The viscosity torque is a linear superposition of the two components:
v
v
v
G v is = n ´ éë g 1 N + g 2 A n ùû

,

(2.15)

v

with N as the rate of change (net rotational velocity) of the director with respect to the
immobile background fluid given by
v dnv v v
N =
-w ´n.
dt

(2.16)

It is important to note that γ1 and γ2 are rotational (or shear torque) viscosity
coefficients, different from η1,2,3 used in the situation of pure translational movements. The
relationship between η1,2,3, γ1,2, and the Leslie constant has been established by 39, and is
beyond the scope of this work. Thus, the numbers will be used without further explanation
in later chapters.
In addition, the matrix Α is given by
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1 é ¶v ¶v ù
Aij = ê i + j ú .
2 êë ¶x j ¶xi úû

(2.17)

The angular velocity of the liquid, wv , relates to the velocity vv by
v 1
v
w = Ñ´v .
2

(2.18)

Balancing the aforementioned torques, which is under discussion in the next
chapter, resolves the complete dynamics of deformations.

2.3 Applications of Liquid Crystals
Based on the discussed physical properties of liquid crystals, their applications span
from display elements to advanced photonic devices. Most LC cells are planar structures;
cf. Figure 2-13, which depicts a typical pixel element in display devices in which the NLC
is sandwiched between two flat planes. The fluid nature and compatibility of LCs with
almost all technologically important optoelectronic materials, however, have resulted in
their ever-increasing use in the fabrication of nonplanar photonic structures of all forms
and shapes such as channel waveguides, photonic crystals (opals and inverse opals), holey
or photonic crystal fibers, lasers, and plasmonic nanostructures 34, 36 [cf. Figure 2-13. (b)(e)].
However, despite their broad spectrum of applications, the following chapters will
only focus on mechanisms and structures for all-optical switching using liquid crystals.
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Figure 2-13. Nematic liquid crystal in various cell structures:(a) Blow-up view of a display
pixel element where the aligned nematic liquid crystal is sandwiched between two plane
with surface alignment layers; (b) a liquid crystal cored channel waveguide; (c) photonic
crystal inverse opal filled with NLC; (d) plasmonic nanostructure incorporating NLC; (e)
aligned NLC on nano-Au disc array .

Chapter 3
Nonlinear Mechanisms and Processes for Optical Switching
Among various liquid crystal phases, nematic phase possesses the simplest director
axis arrangement and is the most widely studied phase in nonlinear optical switching. This
chapter introduces most of the nonlinear optical processes in nematic liquid crystals
identified thus far.
Almost all nonlinear optic phenomena can be found in liquid crystals. In this
chapter, only the physical mechanisms that contribute to optical nonlinearities and the
resulting nonlinear optical processes for optical switching are covered. First, some basic
concepts and methodologies are listed briefly.
The nonlinear optical responses are due to the nonlinearity of induced polarizations:
v
vv
vvv
2
3
P NL = e 0 c ( ) : EE + e 0 c ( ) : EEE + ... ,

(3.1)

where χ(n) is the nth order susceptibility tensor. This nonlinear polarization serves as the
driving force for the modified wave function:
v
v
v
¶2E
¶ 2 P NL
,
Ñ E - me 2 = m 0
¶t
¶t 2
2

(3.2)

The typical pathway for analyzing nonlinear optical processes is classified into two
methods according to the initiating physical processes. For electronic processes, in which
the nonlinear polarizations can be calculated by the electronic system parameters, the χs
and consequent

v
P NL are

first derived. The wave equation in the media is then solved. For

non-electronic processes, the

v
P NL

resulting from a specific physical parameter is derived
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and substituted into Equation (3.2) . The coupled material’s excitation equation and wave
equation are then solved to fully describe the nonlinear optical processes.
Because director axis of liquid crystal holds a symmetry such that nv and - nv are
indistinguishable, the even-order nonlinearity vanishes. The third-order susceptibility is
then the most prominent in nonlinear terms. In this case, we have an alternative to gauge
the nonlinearities other than the nonlinear susceptibility χ. If only one frequency ω is
involved, the nonlinear polarization at the same frequency term will be
v
2
P NL = 3e 0 c (3) ( w = w + w - w ) E (w ) E ( w ) ,

(3.3)

In this expression, the optical field is set as linear polarized to suppress χ(3) from a tensor
to a scalar value. Adding the linear polarized component, the total polarization is
PTOT = e 0 c (1) E (w ) + 3e 0 c ( 3) E (w ) E (w ) ,
2

(3.4)

The electric displacement is thus written as
2
1
3
D = e 0 E (w ) + P TOT = e 0 é1 + c ( ) + 3e 0 c ( ) E (w ) ù E (w )

ëê

= ee 0 E (w ) .

ûú

(3.5)

With ε = n2, we have

(

n = 1 + c (1 ) + 3 c ( 3 ) E (w )

2

)

1
2

.

(3.6)

The nonlinear term is generally small, so the expression can be expanded to the first order
1

2 2
é
3 c ( 3 ) E (w ) ù
ú
n=
1 + c (1) ê1 +
1 + c (1)
êë
úû

(

)

(

)

» 1 + c (1)

1
2

1
2

+

(

2
3 ( 3)
c E (w ) 1 + c (1)
2

,

)

1
2

(3.7)
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where the first term is the unperturbed linear refractive index n0. The intensity of light is
also proportional to square of the electric field strength by
I=

2
cne 0
E (w ) ,
2

(3.8)

Combining Equations (3.7) and (3.8), the refractive index can be rewritten as
3c ( )
I º n0 + n2 I .
e 0 cn0 2
3

n = n0 +

(3.9)

The defined n2 is called the nonlinear coefficient. This notation will be used more
frequently throughout the work because it enables more phenomenological analysis.
The following section describes the physical mechanisms of liquid crystals that lead
to optical nonlinearities, classified as electronic and non-electronic. Their related
applicable nonlinear optical processes are also reviewed and discussed in the contexts of
all-optical switching.

3.1 Electronics Nonlinear Processes
Absorption plays a crucial part in the responses of liquid crystals to optical fields
25, 43, 44, 45, 46, 47

. It is intuitive to realize that when the incoming light is absorbed, the output

is attenuated. The absorption effect can be expressed as
¶I
= - (a + b I ) I ,
¶z

(3.10)

where α and β are linear and nonlinear absorption coefficients. The linear absorption of
liquid crystal is unaffected by external stimuli and mainly resides in the UV and far infrared
regions (as shown in Figure 3-1) through single photon absorption.
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Figure 3-1. Transmission Spectrum of 5CB. 37

Two photo absorption (TPA), which accounts for the second term on the RHS of
Equation (3.10) is an instantaneous process that involves the absorption of a photon from
the field to promote an electron from its initial state to a virtual intermediate state, followed
by the absorption of a second photon that takes the electron to its final state. In TPA, the
absorption coefficient is related to the imaginary part of third-order nonlinear susceptibility
and equivalently the imaginary part of n2:
b =

3w
2 e 0 cn

2

(

)

Im c ( 3) =

4p

l

Im ( n 2 ) ,

(3.11)

Liquid crystals with TPA nonlinearities have been reported by 25, 35. The estimated n2 for
liquid crystal 25 is 10-12 cm2/W. Notwithstanding the large coefficient, the TPA bears the
limitation of saturation, resulting from population depletion from the ground state by highintensity lasers. As in all absorption processes, the larger the TPA absorption cross section
of the material, the sooner such a saturation effect will set in. This shortcoming of efficient
TPA absorbers can be partially alleviated if the excited states of the materials are also
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absorptive and provide additional ‘channels’ to draw away the laser energies—a form of
Reverse Saturation absorption (RSA) process

18, 48, 49, 50, 51, 52, 53

—resulting in improved

performance of such TPA absorbers against short intense laser pulses in the femtosecond
to nanosecond time scale.
Excited state absorption (ESA), one special case of which is called Reverse
Saturable Absorption (RSA), generally arises in a molecular system when the excited state
absorption cross section σ1 is larger than the ground state cross section σ0. The absorption
capability is determined by the ratio between the absorption cross section between excited
states and ground state. Compared to the instantaneous response of TPA, RSA is an
accumulative process. This means that the absorption coefficient is dependent on the flux
of optical energy rather than the instantaneous intensity.
For a simplified three-level RSA system (Figure 3-2), the transmission is
determined by the two cross sections. The relationship of output intensity versus input
intensity in shown in Figure 3-3. It can be seen that with increasing input intensity, the
output intensity also increases, but at a much slower rate. Therefore, the transmission is
lowered.
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Figure 3-2. Energy diagram of a three-level RSA system

Figure 3-3. Transmission properties of a three-level RSA system
Khoo et al.

25

formulated and demonstrated that excited state recycling is crucial

for nonlinear absorption efficiency; it is highly desirable to combine the ESA and RSA
effects to extend the dynamic range. However, it is important to note that these excited
states can also be depleted

44

(cf. Figure 3-4, where for longer pulses, the absorbers no
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longer provide switching effects), unless their populations are replenished during the laser
pulse by rapid return of the molecules from the high-lying excited states 27, 51, 52, 53.
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1.E-03

1.E-04
Input Energy (mJ)

Input Energy (mJ)
Figure 3-4. Calculated normalized transmission (output/input) vs. input laser pulse
energies for (long) laser pulse durations ranging from 1 ns to 10 μs (left to right).
Parameters used are after Ref. 44.

To summarize, RSA materials have a low switching threshold but are (linearly)
absorptive and could be easily bleached; i.e., the absorption electronic state is depopulated
by the laser. TPA materials are transparent at lower input levels and could also switch at a
low input laser energy.
Another inherent flaw of nonlinear absorbers is their critical dependence on laser
intensity which, for a given laser fluence (energy/area), decreases proportionately with
longer pulse durations. For a pulse duration longer than 10 ns, the laser intensity simply
becomes too low to create sufficient initial TPA absorptions/transitions to the excited state;
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thus, the overall nonlinear absorption efficiency of the material vanishes. Figure 3-5 shows
the numerical simulation of the saturation effect of TPA in conjunction with ESA
absorptions for 1 ps to 0.1 μs time scale and 1 ns to 10 μs time scale, respectively.

Figure 3-5. Numerical modeling of the output clamping level based on the Two-Photon +
Excited State Absorption parameters of a neat organic liquid nonlinear absorber (after Ref.
54
)
Furthermore, because the underlying two-photon and excited-state absorption
bandwidth are inherently limited (~100 nm at best), whereas the threat agile frequency
lasers’ wavelengths span the entire visible to near- and far-infrared spectrum, no single
nonlinear absorbing material system can fulfill the limiting or laser hardening
requirements; completely different material systems must be developed, making them
rather difficult to integrate into systems for practical usage.
One solution to the temporal limitation is the 1D chiral photonic liquid crystalbased filters, which operate in the millisecond regime and beyond

2, 3

. The transmission

properties (e.g., spectral position of stop bands) can be controlled by the dye-assisted
photo-induced structural change of the photonic crystal (cf. Figure 3-6).
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Figure 3-6. Transmission spectra tuned by UV light of cholesteric liquid crystals. 3

Considering the femtosecond-to-nanosecond response of nonlinear absorbers, and
photo-tunable filters beyond millisecond response speed, the all-optical switching awaits
feasible solutions to fill the temporal gap between nanoseconds and microseconds (shaded
area in Figure 3-7).

Nonlinear Absorbers
(Electronic Nonlinearities)
TPA
ESA
RSA

10-15s

10-12s

Tunable Filters
Based on
Chiral Liquid Crystals

10-9s

10-6s

10-3s

cw

Figure 3-7. Temporal distribution of different mechanisms for all-optical switching. The
shaded gap (10-9~10-6 s is the targeted region for this research).
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All aforementioned limitations draw our attention to the non-electronic
nonlinearities of liquid crystals.

3.2 Non-electronic Nonlinear Processes
For optical limiting applications as well as other types of optical switching, nonelectronic nonlinearities of liquid crystals are also explored and form the main part of this
dissertation research. The physical parameters that can be modified by optical field include
density, temperature and director axis orientation. In this section, there are three situations
under study: the state at rest refers to unstimulated condition and is used to analyze the
relaxation time; steady state refers the case in which both the stimulation and response
remain constant (continuous wave laser input); and the transient state is when the input
stimulus is short and time-variant.

3.2.1 Orientational Nonlinearities
One virtue of liquid crystals is their large susceptibility to external fields due to
fluidity. It is intuitive to envisage that, when the axis of this uniaxial material is rotated by
the optical field, the experienced refractive index by an extraordinary beam will be
changed. This is equivalently a nonlinear process. It will be shown that this is a third-order
field dependency and thus is more conventionally expressed by Equation (3.9). By far, the
most commercialized use of liquid crystals are their electro-optical nonlinearities through
director axis reorientation movements. In these applications, the reorientation movements

36

are controlled by the low-frequency vertical electric field. Owing to the analogy between
the optical field and the electric field, the processes can also be accomplished with the
optical field. Here, only the latter case is studied.
The dynamic is almost completely described in Section 2.2.3.2, except that the
expression for the external torque induced by the optical field is left unsolved.
v

For a generally applied electric field E , the displacement

v
D

has the form

v
v v v v
D = e0E + P = e : E ,

(3.12)

When the material is uniaxially symmetrical, which is the case for nematic liquid crystals,

v

there are two components in the tensor of dielectric constant e : ε∥ and ε⊥, and director axis
v

v

v

n̂ can be decomposed into nP and n^ . Thus, D can be expressed by

v
v v v
v v v
D = e 0 éëe P ( nP × E ) nP + e ^ ( n^ × E ) n^ ùû ,

(3.13)

v
v v
v v
E = ( nP × E ) nP + ( n^ × E ) n^ .

(3.14)

while

Combining the two, the electric displacement can be
v
v
v v v
D = e 0 éëe ^ E + (e P - e ^ ) ( n × E ) n ùû .

(3.15)

The electric interaction energy density is therefore
v v
v v
1
ee v v 2
m E = - ò0E D × dE = - e 0e ^ ( E × E ) - 0 a ( n × E ) .
2
2

(3.16)

The first term on the right-hand side of Equation (3.16) is independent of the orientation
of the director axis and thus is neglected in the director axis deformation energy density:
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FE = -

v 2
e 0e a
nˆ × E ) ,
(
2

(3.17)

where εa = ε∥ − ε⊥ is the dielectric anisotropy.

The molecular torque produced by the electric field is therefore
v
v v
v v v v
G E = D ´ E = e 0 e a ( n × E )( n ´ E ) .

(3.18)

Similarly, the magnetic torque is
v
v
v
v
v
G M = M ´ H = c a ( nˆ × H )( nˆ ´ H ) .

(3.19)

where χa = χ∥ − χ⊥ is the magnetic susceptibility anisotropy.

Upon an application of optical fields, the electric and magnetic torque are present

at the same time. From the basics of electromagnetic fields, we know that in the free space,
the energy density of an electric field equals that of a magnetic field; i.e.,
1
1
2
2
e 0 E = m0 H . However, the dielectric anisotropy εa is on the order or 10-1, whereas
2
2

the magnetic susceptibility anisotropy χa is on the order of 10-7. Thus, comparing Εquation
(3.18) and (3.19), for optical fields, the contribution of magnetic torque is always neglected
v

v

compared to electric torque; i.e., Gopt » G E .

3.2.1.1 Reorientation without Flow Coupling (Optical-Reorientation)
An exemplary geometry is shown in Figure 3-8, where molecules are aligned
perpendicular to the sample's walls with a small angle β. Under an illumination of a
polarized optical plane wave in the x-direction, the director axis is tilted in the x-z plane by
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a small angle θ. Thus, the director axis is denoted by a vector [sin(θ+β), 0, cos(θ+β)]. The
general dynamic equation for reorientation is relisted here for quick reference:
I

df 2
= G elastic + G ext - G vis ,
dt 2

(3.20)

Figure 3-8. Interaction of a linear polarized laser with a homeotropically aligned nematic
liquid crystal film

In most LC cells, the surface treatment on the confining walls generally imposes a
so-called ‘hard-boundary’ condition; i.e., the director axis anchored at the walls is
completely immobile. Further, the moment of inertia of liquid crystals is rather small (
: 10-16 kg/m ); in conjunction with the fact that the response is rather slow, the second-order
time derivative term on the LHS is therefore small and can be ignored. (The moment of
inertia is significant only in the sub-picosecond pulse duration 55.) A pure rotational viscous
v

v

torque is also present in the form of g 1n ´ N , according to Equations (2.15) and (2.16).

39

However, the flow-coupled viscous force is diminishing, although there is a flow
associated with it because it is not a shear force [the A term defined by Equation (2.17) is
zero].
The elastic deformation involved is splay only; thus, the equivalent force is
¶q
2

calculated from Equation (2.7) to yield the term

as

K1

¶z

2

. The optic torque is easily derived

e 0e a 2
Eop sin ( 2 b + 2q ) . Because the reorientation cannot be achieved with optical
2
2

frequency, the time-averaged term is simplified to Eop . Combining all the terms, the
specific dynamical equation is formulated as
g

¶q
¶t

= K1

¶ 2q
¶z

2

+

2
e 0e a
E op sin ( 2 b + 2q ) ,
2

(3.21)

Analogous to its low-frequency (e.g., AC field) counterpart, there is a Freedericksz
transition threshold

56

for the optical-field induced reorientation process when β = 0. The

threshold is given by 37:

p
EF =
d

1

æ 2 K 1e P ö 2
ç
÷ .
è e 0e a e ^ ø

(3.22)

However, if β≠0, there is no threshold for the reorientation to initiate 57.

Steady State Analysis
The steady state solution for Equation (3.21) can be achieved by setting the time
derivative to 0:
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K1

2
¶ 2q e 0e a
+
E op sin ( 2 b + 2q ) = 0 .
2
¶z
2

(3.23)

The solution is
Kq (z ) =

2
e 0e a
E op sin ( 2 b ) ( dz - z 2 ) .
4 K1

(3.24)

As a result, the refractive index experienced by an extraordinary light wave is
D n ( z ) = n e éë b + q ( z ) ùû - n e ( b

),

(3.25)

Explicitly writing ne (β+θ) as
ne ( b + q ) =

n ^ nP

éë n cos ( b + q ) + n sin
2
P

2

2
^

.

( b + q ) ùû 2

(3.26)

×q ~ q .

(3.27)

1

2

The change of refractive index when q =1 is found to be
Dn =

ne ( b ) e a

sin 2 b

n cos b + n sin b
2
P

2

2
^

2

2

Therefore, it is proportional to |Eop|2, or the intensity of light I. This enables us to calculate
the nonlinear coefficient using D n = n2 I ; hence, the steady-state nonlinear coefficient
n2 ( z ) =
SS

ea sin ( 2b )
2

(

2

2cK1 nP cos b + n^ sin b
2

2

2

2

)

( dz - z ) .
2

(3.28)

Taking an average over the thickness, the term (dz-z2) is substituted by d2/6. Using the
values d = 100 μm, e a = 0.6, nP =1.7, n ^ =1.5, K 1 =10 -12 N,

we have the observable

averaged nonlinear coefficient n 2SS = 4 ´ 10 - 3 cm 2 /W . Comparing to Equation (3.9), the
equivalent χ(3) is estimated to be 3.5×10-10 m2/V2, which is approximately eight orders
higher than the standard nonlinear liquid CS2 10. Thus, the orientational nonlinearity is also
called “Giant-” or “Supra-” optical nonlinearity 36.

41

Transient Analysis
It has been calculated that under hard boundary conditions, the reorientation angle
for a homeotropically configured sample follows a distribution along the thickness
direction 39:
q ( t , z ) = q% ( t ) sin (p z / d ) .

(3.29)

Thus, Equation (3.21) in this case is rewritten as:
g

¶q
¶t

=-

K 1p 2
d

2

q +

2
e 0e a
E op sin ( 2 b + 2q ) .
2

(3.30)

By a quick glimpse into the differential Equation (3.30), the solution is a
combination of two exponential terms with two time constants. One is the intrinsic
relaxation time t d =

g d2
when there is no light involved. For typical values, where we
K1p 2

have g = 0.01 kg/ms, d = 100 μm, and K = 10-12 N ; thus, τd ≈ 10 s. This slow relaxation
time enables us to separate the buildup process from the decay process when the pulse
width of the light is rather small. In this situation, the first term in the RHS of Equation
(3.30) can be dropped, and the equation is simplified to

g

¶q e 0e a 2
2
cos 2 b × q ,
Eop sin 2 b + e 0e a Eop
=
¶t
2

(3.31)

by adding the assumption that q = 1 . During the pulse duration 0 £ t £ t p , with initial
condition q ( t = 0 ) = 0 , the solution is

q (t ) =

tan 2 b t /t r
( e - 1) ,
2

(3.32)
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with

tr =

g
e 0e a E cos 2 b
2
op

,

(3.33)

or
g nc
.
2 e a I cos 2 b

tr =

(3.34)

For a laser powered at 1 mW with a beam diameter of 100 μm, τr is evaluated to be 30 s.
The first interpretation of this solution is that the amplitude of the angle is
monotonically increasing with time. For t < t p = t r , the change of the reorientation angle
follows the form

q (t ) =

e 0e a
sin 2 b Eop2 × t ,
2

(3.35)

which clearly shows that the change depends on the light flux rather than the instantaneous
intensity.
Another way to comprehend this observation is that
q (t p )
q

where

q

SS

SS

:

12 K 1
12 t
t= 2 p ,
2
gd
p td

(3.36)

is the thickness-averaged value of the steady-state reorientation angle given

by Equation (3.28). On this ground, a concept called the effective nonlinear coefficient can
be derived following the steady-state approach with
n 2 (t p ) =

12 t p S S t p S S .
n :
n
p 2 td 2
td 2

(3.37)

With the introduction of this concept, the magnitude of the nonlinear coefficient is
easily estimated. For typical 10 ns Nd:YAG laser pulses, the effective n2 is 4×10-12 cm2/W.
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Thus, even though the relaxation time of the reorientation may be in the millisecond time
scale, intense short pulses can still manifest the effects with a speed of nanoseconds.57, 58

3.2.1.2 Flow Induced Reorientation
Another type of reorientation is initiated by flow 34, 55, 59, 58, 60, 61 through the flowv

vv

reorientation coupling term g 2 n ´ AN [according to Equation (2.15)]. This flow is driven
by Maxwell stress 55.

Maxwell Stress in Liquid Crystals
Apart from the angular momentum change induced by optical torques, the
electromagnetic field also prompts translational movements. Derivations for body forces
induced by electric and magnetic fields for dielectric and diamagnetic materials have
considered both free charges and material deformations

62

. To make the concept more

forthright, the two contributions are discussed separately here. One is called Maxwell stress
working on the free charges, whereas the other is called electrostriction effects, in which
the density changes with field-induced strain.
There are always free charges in liquid crystal caused by impurities 63. Thus, the
Maxwell Stress theory for conducting materials can be applied to liquid crystals. Here, the
method used by Jackson 64 is extended from a vacuum to the case of liquid crystal. When
liquid crystals are considered linear, non-dispersive, and lossless, the force density acting
on all particles within a volume can be expressed as
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f = rE + J ´ B

.

(3.38)

By substituting Gauss’s Law and Ampere’s circuital law:

r = Ñ × D, J = Ñ ´ H -

¶D
,
¶t

(3.39)

we have
f = (Ñ × D ) E + B ´

¶D
- B ´ (Ñ ´ H ) .
¶t

(3.40)

We note that
¶
¶D
¶B
(D´ B) = ´ B + D´ ,
¶t
¶t
¶t

(3.41)

and then
f = (Ñ × D ) E - B ´ Ñ ´ H + D ´

Substituting

¶B
¶t

¶B ¶
- (D ´ B) .
¶t ¶t

(3.42)

from Maxwell’s equation gives
f = (Ñ × D ) E - B ´ Ñ ´ H - D ´ Ñ ´ E -

¶
(D ´ B) .
¶t

(3.43)

Adding a term with the knowledge that Ñ × B = 0 ,
f = ( Ñ × D ) E - D ´ Ñ ´ E + (Ñ × B ) H - B ´ Ñ ´ H -

¶
(D ´ B) .
¶t

(3.44)

The momentum of electromagnetic fields is
g = D ´B

,

(3.45)

and the time-averaged g is 0. Thus, for observable processes, the last term in Equation
(3.45) is zero, and the body force can be calculated from the known electromagnetic field:
f = (Ñ × D ) E - D ´ Ñ ´ E + ( Ñ × B ) H - B ´ Ñ ´ H .

(3.46)
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With the same reason as mentioned for optical torques, because the diamagnetic anisotropy
of liquid crystals is much less than the dielectric anisotropy, only the electric part of
Equation (3.46) is considered. In sum, the Maxwell stress
f E = (Ñ × D ) E - D ´ Ñ ´ E ,

(3.47)

will be considered for future uses in this work. This is one important driving force for the
flows in liquid crystal because of the external force on the RHS of Equation (2.13). Owing
to the slow response of liquid crystal, it can only see the time-averaged value of Maxwell
stress:
fE =

1
Re éë ( Ñ × D ) E * - D ´ Ñ ´ E * ùû .
2

(3.48)

The complete solution of the flow velocity field inside liquid crystal is the ground
theory for application to the dynamic analysis presented in Chapter 4.

Flow Equation
The equation governing the flow in any kind of fluid is the Navier-Stokes equation:

æ ¶v
ö
r ç + v × Ñv ÷ = -Ñp + hÑ2v + f ext
è ¶t
ø

(3.49)

On the LHS, the two terms represent acceleration and convection, whereas the three on the
RHS represent the driving sources, including pressure gradient, viscosity, and external
forces. In most cases, the liquid crystal devices being used are sealed in a spatially invariant
container; i.e., there are no convections. Further, liquid crystal moves like Couette flows
(laminar flow of a viscous fluid in the space between two parallel plates), where the
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pressure gradient is zero. Therefore, for most applications, the hydrodynamic equation for
liquid crystal can be simplified into

r0

¶v
- h Ñ 2 v = f ext .
¶t

(3.50)

By substituting the external force term with the Maxwell stress, the flow velocity can be
solved, as can the flow-coupling term.
To measure the speed and magnitude of the nonlinear coefficient, an experimental
system and operation configuration are proposed here (Figure 3-9). The liquid crystal is
homogeneously aligned in the x-y plane. Two incident laser beams with equal intensity
and perpendicular polarizations intersect with a rather small angle q = 1 . The
superimposed optic field has the vector of éë E ( t ) e ik y + ik z , E ( t ) e - ik y + ik z , 0 ùû , in which kt and
t

l

t

l

kl are the wave vector in the transverse and longitudinal directions, respectively. By
multiplying the field vector by the dielectric tensor, the electric displacement is
éë e 0 e P E ( t ) e ik t y + ik l z , e 0 e ^ E ( t ) e - ik t y + ik l z , 0 ùû

.

Figure 3-9. Dynamic grating configuration for nonlinearities measurement.

47

The subsequent Maxwell stress is calculated from Equation (3.48) to be:
1
f E , x = - e 0e ^ qt E02 ( t ) sin ( qt y )
2

(

f E , y = 0,

)

f E ,z = 0 ,

(3.51)

where qt ≡ 2kt is the vector difference of the two beams. An equivalent parameter to
describe the grating is the reciprocal of qt ; i.e., L = 2p is defined as a grating constant.
qt

The flow velocity is then [vx, 0, 0]. The flow equation for this case is

r

¶v
¶ 2v
1
- h 2x = - e 0e ^ qt E ( t ) E * ( t ) sin ( qt y ) .
¶t
¶y
2

(3.52)

Suppose that the director axis under perturbation makes an angle of j in reference to the
x-axis; thus, the corresponding vector is [cosφ, sinφ, 0]. The elastic torque is therefore

K Ñ2j . The viscous torque is g 1 ¶ j + 1 (g 1 + g 2 cos 2j ) ¶ v x . To differentiate the flow¶t

2

¶y

induced effects from that induced by optical torque, Γext is omitted temporarily. The
detailed derivation of electrical or optical torque-induced reorientation can be found in
literature on liquid crystals 37, 39,. The second-order term in Equation (3.20) is still omitted
owing to its negligible magnitude. Taking all of these into account, the reorientation of a
molecule is dictated by
g1

¶j
¶v
1
- K Ñ 2j + (g 1 + g 2 cos2j ) x = 0 .
¶t
2
¶y

(3.53)

Assuming φ to be relatively small, γ1+γ2cos2φ can be estimated to be γ1+γ2. By
associating Equation (3.52) with (3.53), the reorientation can be completely solved. The
solutions for steady-state and transient conditions are described below.
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Steady-State Analysis
In steady state, where E(t) is constant (E(t) = E0eiωt), both reorientation angle and
flow velocity are time invariant; thus, Equations (3.52) and (3.53) are modified as

-h

¶ 2vx
1
= - e 0e ^qt E02 sin ( qt y ) ,
2
¶y
2
K Ñ2j =

(3.54)

¶v
1
(g 1 +g 2 ) x .
2
¶y

(3.55)

Because f x has a sinusoidal function in space, the velocity vx and reorientation angle j
are expected to have the same spatial form:

j = jmcos ( qt y ) ,

(3.56)

vx = vmsin ( qt y ) .

(3.57)

By substituting the test solution into the equations,
1
(g 1 +g 2 ) qt vm cos ( qt y ) ,
2

Kqt2j m cos ( qt y ) = -

(3.58)

1
h qt2 vm sin ( qt y ) = - e 0e ^ qt E02 sin ( qt y ) .
2

(3.59)

The steady-state reorientation angle is derived to be
Dj = j m =

(g 1 + g 2 ) e 0e ^ E 2 µ I .
4h Kqt2

(3.60)

0

To further translate this value into the quantity n2, the orientation angle dependence of the
refractive index for the extraordinary wave is to be deployed:

Dn = ne (j + Dj ) - ne (j )

(n

2
^

n^nP

cos2 Dj + nP2 sin 2 Dj )

1/2

.

(3.61)
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For small reorientation angle approximation,
Dn =

ne (j ) e a
sin 2j
× Dj µ I .
2
2
2
n cos j + nP sin j 2
2
^

(3.62)

Clearly, the flow-induced reorientation is again an intensity-dependent process.
The corresponding nonlinear coefficient is
n2SS =

ne (j ) e a
E02
sin 2j (g 1 + g 2 ) e 0e ^
Dn
.
= 2
×
I
n^ cos2 j + nP2 sin 2 j 2
4h Kqt2
e 0cnE02 / 2

(3.63)

However, the reorientation angle cannot exceed π/2, or the change of refractive
index cannot be larger than n∥ − n⊥. Beyond this saturation point, the nonlinear coefficient
will drop.

Applying the values
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γ1 = 0.01 kg/m·s, γ2 = -1.09γ1, η = 0.02 kg/m·s, K = 10-12

kg·m/s2, and grating period Λ = 20 μm (qt= 2π/Λ), n2SS is estimated to be approximately
4×10-5 cm2/W. This amplitude is comparable to that of optical reorientation without flowcoupling.

Transient Analysis
Now suppose that the two excitation beams are coherent flat-top pulsed lasers:

ìï E02 ( 0 £ t £ t p )
E (t ) E (t ) = í
.
ïî0 ( t < 0, t > t p )
*

(3.64)

Assume the velocity vx and reorientation angle φ carry the same sinusoidal spatial
distribution as Equation (3.56) and (3.57). According to Equation (3.53),

g1

¶j m
1
cos ( qt y ) + Kqt2j m cos ( qt y ) + (g 1 +g 2 ) qt v m cos ( qt y ) = 0 ,
¶t
2

(3.65)
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vm can be substituted as
vm = -

2
(g 1 + g 2 ) qt

é ¶j m
ù
2
êëg 1 ¶t + Kqt j m úû ,

(3.66)

By applying this into Equation (3.50), we have
2r0
(g 1 + g 2 ) qt

é ¶ 2j m
2h qt2
2 ¶j m ù
g
+
Kq
+
t
ê 1 ¶t 2
¶ t úû (g 1 + g 2 ) qt
ë

é ¶j m
ù
2
êëg 1 ¶ t + Kqt j m úû
,

(3.67)

1
= - e 0e ^ qt E ( t ) E * ( t )
2

or
2
m% ¶ j2m + g% ¶ j m + D% j m = F% ( t ) ,
¶t
¶t

(3.68)

where

m% =

2 r 0g 1
(g 1 + g 2 ) qt2

g% =

2 ( r 0 K + hg 1 )
(g 1 + g 2 )

2h Kqt2
D% =
(g 1 + g 2 )

,

(3.69)

1
F% = - e 0e ^ E ( t ) E * ( t )
2

The analytical solution to the equation during the pulse duration is
j (t ) = -

e 0e ^ E 02 (g 1 + g 2 ) é t d e - t /t d - t r e - t /t r ù
ê1 ú,
4h Kqt2
td -tr
ë
û

td =

g1
r
, t r = 02 ,
2
Kqt
h qt

(3.70)

(3.71)

The relaxation time τd and rise time τr are 0.1 s and 1 μs respectively, using the same set of
values as in steady-state analysis, in addition to the fact that ρ0 = 103 kg/m3. The small rise
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time compared to that of pure rotational effects further validates the neglecting of optic
torque ΓE. Because t r = t d , the reorientation angle is simplified to
e 0e ^ E 02 (g 1 + g 2 ) é t d e - t /t d - t r e - t /t r ù
ê1 ú
4h Kqt2
td -tr
ë
û
2
e e E (g + g ) t r
.
= 0 ^ 0 12 2
(1 - e - t /t r )
4h Kqt
td -tr

j (t ) » -

»

(3.72)

e 0e ^ E02 (g 1 + g 2 ) t r
(1 - e - t /t r )
4h Kqt2
td

Further, for a flat-top pulse of width τp, which is shorter than the rise time to the first-order
accuracy, the solution converts to

j (t ) »

e 0e ^ E02 (g 1 + g 2 ) t p
.
4h Kqt2
td

(3.73)

Following the same manner in steady-state analysis, the nonlinear coefficient is
proportional to the steady-state n2:

n2 (t p ) =

Dn t p SS
= n2 .
I
td

(3.74)

With numbers plugged in, the nonlinear coefficient n2 = 4τp×10-4 cm2/W. This is consistent
with the pure orientational situation, in which the nonlinear coefficient is proportional to
the pulse width. With a 10-ns pulsed laser, the effective n2eff is 10

-12

2

cm /W.

3.2.2 Thermal Effects
The thermal changes in liquid crystal are not unique. They are dictated by the
absorption and heat diffusion processes by the equation 36, 61, 37:
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r 0Cv

C -C ¶
¶
( DT ) - lT Ñ2 ( DT ) - p v ( Dr ) = a I ,
¶t
b T ¶t

(3.75)

where Cp and Cv are specific heat under constant pressure and volume respectively.
Normally, the difference between these two coefficients is small and therefore omitted.
The equation then suffices to

r 0C v

¶
( DT ) - lT Ñ 2 ( DT ) = a I .
¶t

(3.76)

Here, ρ0Cv denotes the heat capacity per unit volume, λT denotes the thermal conductivity,
and α is the linear absorption coefficient. Although there is nonlinear absorption in liquid
crystal as well, except for picosecond pulses at specific wavelengths, the nonlinear
absorption can be neglected.
Equation (3.76) is to be solved under specific geometries and boundary conditions.
Here, a brief estimate is made to examine the magnitude of nonlinear coefficient and
response time. Assume a circular laser beam of intensity I0 and radius R; ΔΤ follows the
form of ΔT = T1(t)· T2(t). In the state of rest, by approximating Ñ 2T2 ( r ) to - T2 ( r ) / R 2 , the
heat diffusion is simplified to

r 0C v

¶
l
T1 - T2 T1 = 0.
¶t
R

(3.77)

2
From here, a time constant usually referred to as thermal relaxation time is t R = r 0 C v R .

lT

Using the typical values

35, 65

ρ0 = 103 kg/m3, C v = 2 ´ 10 3 J/kg × K , R = 20 μm, λΤ = 0.1

W/m·K , one finds that t R » 4 ms . This relatively long relaxation time indicates that for
pico- or nanosecond pulses, the heat does not have enough time to diffuse, and the heat
diffusion equation reduces to
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r 0C v

¶
( DT ) = a I .
¶t

(3.78)

Thus, the thermal effect is accumulative and is related to the total energy density Q = I × t p
of the pulse.
Conversely, for continuous wave lasers, it is governed by the instantaneous
intensity of light because the time derivative has already diminished, and
- lT Ñ 2 ( D T ) = a I ,

(3.79)

Now, because the temperature’s evolution with time is known, if we could
determine how temperature affects refractive index, we would be able to calculate the time
evolution of thermal nonlinearities. However, the underlying mechanisms for the thermalinduced refractive index change is a multifold question. It is the combination of the change
of density, molar volume, order parameter, specific heat, or others

23, 66, 67, 68, 69, 70

.

Investigation into the full picture of how temperature affects refractive index is beyond the
scope of this work. In our analysis, we simply employ the temperature dependence of
refractive index, which has already been measured and published37 for several types of
liquid crystals. Figure 3-10 show the case for 5CB. This clearly implies that if one can
manage to keep the temperature fluctuation within a decent range, one could use a constant
to approximate the gradient; i.e.,

dn
dT

= const . However, for large temperature variance, a

more exact refractive index dependence on temperature should be considered (see the
treatment in Chapter 5).

54

Figure 3-10. Temperature dependence of the refractive indices of 5CB in the
visible spectrum. 37

3.2.2.1 Steady-State Analysis
Let us first observe the magnitude of steady-state thermal nonlinearities. Because
ΔT is determined by light intensity I and the thermal gradient of the refractive index is a
constant, it is easy to obtain
Dn = n2 I : a I .

(3.80)

A rough approximation is made again, in which we are concerned only with the center
point of a circular laser beam with radius R, where it corresponds to the maximum
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temperature rise. The Laplacian in Equation (3.79) is then replaced by

- T2 ( r )
R

2

. By applying

this substitution to Equations (3.79) and (3.80), we obtain
Dn =

dn
dn a R 2
× DT =
×
I = n2ss I .
dT
dT lT

(3.81)

By adopting the same values as in estimating the relaxation time and using the
thermal gradient

37, 71

of

dn
= 10 - 3 K -1 and absorption constant α = 100 cm-1 of 5CB at
dT

CO2 laser wavelength, the coarse guess of the nonlinear coefficient for steady-state
n2ss = 4 ´10-4 cm2 /W.

It is worth noting that the effective nonlinear coefficient is dependent on the
geometry we choose. Thus, the effective nonlinearity can be enhanced to a huge value if
the local spatial derivative is designed to be large.
In addition, n2 shows a strong dependence on the temperature gradient of the
refractive index and linear absorption coefficient. This provides other directions for us to
boost nonlinearities by biasing the temperature near transition points where the thermal
gradient is extremely large

37, 65

or adding appropriate absorbing dopants

72, 73

into liquid

crystal for a relatively enlarged α.

3.2.2.2 Transient Analysis
For most laser pulses, the pulse widths satisfy t p = t R . Thus, only a negligible
amount of absorbed energy is able to diffuse out of the interaction region. The diffusion
term in Equation (3.76) is therefore neglected:
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r 0C v

¶
( DT ) = a I .
¶t

(3.82)

This suggests that the temperature rises with time linearly; therefore,

DT =

at p
I.
r0Cv

(3.83)

For the excitation of a 1 μJ laser pulse over a beam size of 20 μm, the approximate
temperature increase is 16 K.
The change of refractive index is then expressed as:

Dn =

dn
dn at p
DT =
I = n2 I .
dT
dT r0Cv

(3.84)

The effective nonlinear coefficient for the pulsed laser is then

n2 =

dn at p
.
dT r0Cv

(3.85)

By applying the same set of values used for steady-state analysis, n 2 = 5t p ´ 10 - 2 cm 2 /W .
For a typical Nd:YAG laser with a pulse duration of approximately 10 ns,
n2 = -5 ´ 10 -10 cm 2 /W . The short-pulse-induced thermal nonlinearity is shown to be

dependent on the thermal index gradient and absorption coefficient. Thus, for this type of
nonlinearity to be comparable to the CW-laser-induced or orientational nonlinearity, a
special technique should be applied that includes not only the added absorbing dopant but
also engineering of the physical properties of the liquid crystal material.
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3.2.3 Density Effects
Apart from the thermal-induced density change that mediates the thermal effect on
the refractive index change, the density itself also has an impact on refractive index.
However, the dynamics of the density-induced nonlinear effect is seldom explored. Thus,
in this section, only a simple approximation will be reviewed.

3.2.3.1 Electrostriction Effect
In Section 3.2.1.2, where Maxwell stress is derived as the driving force for
translational movements, liquid crystals are treated as incompressible liquids. However,
there are also expansions and contractions manifesting the crystalline properties of liquid
crystals. This kind of density change stimulated by electric field is called electrostriction.
Consider the molecule situated in a region illuminated by an optical field
v

v
E

. The field

v

induces a polarization P = e 0a E , where α is the molecular polarizability. The
electromagnetic energy of the molecule is thus
v v
v v
1
E
u E = - ò0 e 0 P × dE = - e 0a ( E × E ) .
2

(3.86)

Accordingly, there is a force on the molecule:
v v
1
f E = -ÑuE = aÑ ( E × E ) .
2

(3.87)

This means that if the field is spatially varying, the molecule tends to aggregate into the
region of increasing field strength. As a result, the density in the high field region is larger
by Δρ. This increase in density gives rise to an increase in the dielectric constant by
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De = r

¶e æ Dr ö
æ Dr ö
= ge ç
ç
÷
÷,
¶r è r ø
è r ø

(3.88)

where g e is called the electrostrictive constant.
In the approximation of the Clausius-Mossotti equation 74, owing to the correction
of the local field, the dielectric constant ε when only linear polarization is counted is related
to the molecular polarizability α, which can be expressed by

e -1 1
= Na ,
e +2 3

(3.89)

in which Ν is the number density. This equation is most accurate for gases and is only
approximately valid for liquids and solids 71, 75. For uniaxially anisotropic materials—e.g.,
nematic liquid crystals— α and accordingly ε have components along and perpendicular to
the optical axis (i.e., α∥,⊥ and ε∥,⊥). If we replace the number density by ΝΑρ, where NA is

Avogadro’s number, ρ is the density, and M is the molar mass, we can see how the density
affects the dielectric constant:

eP,^ - 1 1 N AaP,^
r.
=
eP,^ + 2 3 M

(3.90)

When rearranged, we obtain

eP,^ =

3
-2.
1 N AaP,^
r
13 M

(3.91)

Henceforth, the two electrostriction coefficients are expressed as
g

e
P,^

e P, ^ - 1)(e P,^ + 2 ) ( nP2,^ - 1)( nP2,^ + 2 )
¶e P , ^
(
.
=
=
r=
¶r
3
3

For a small change of ε, Δε =2n· Δn, such that

(3.92)
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¶nP,^ g Pe,^
.
=
¶r
2nr
In the presence of an optical field

v
E

(3.93)

, Δρ obeys the driven acoustic wave equation

depending on the light’s polarization 76, 77
-

Here, v = ( r 0 b )

-

1
2

e 0g Pe,^ 2 2
h ¶ 2
¶2
2 2
D
r
+
v
Ñ
D
r
+
Ñ
D
r
=
Ñ E .
¶t 2
2
r 0 ¶t

(3.94)

is the acoustic wave velocity, β is the isothermal compressibility, and η

is the viscosity. Assume that the light passing through is a monochromatic wave
v v
v
E ( r , t ) = E 0 ( r ) cos ( k × r - w t ) .

For the reason that Δρ cannot follow the optical oscillation,

all time-derivative terms are dropped for an estimate. In addition, the time-averaged value
|E|2 is used instead of E2 in the equation. We then have
v 2 Ñ 2 ( Dr ) =

2
e 0g e 2 é
Ñ E0 ( r ) ù .
ë
û
2

(3.95)

Clearly, the spatial distribution of density follows that of |E0(r)|2; consequently, the density
change is linearly correlated to |E0(r)|2 by
Dr =

2
2
e 0g e
eg
E0 ( r ) = 0 e r 0 b E0 ( r ) .
2
2v
2

(3.96)

Assume that the material is 5CB and the light is linearly polarized parallel to the director
axis. Therefore, g Pe in Equation (3.92) is calculated to be 3.4 based on ne =1.74. For a 10
mJ laser focused on a 20 μm-diameter area for 10 ns, the magnitude of the density change
is only approximately 20 kg/m3.
When the electrostrictive coefficient is plugged in, the change of refractive index

60
Dn =

¶n
¶r

Dr =

ge
2nr

e 0g e b
2

Dr =

2n

E0 ( r ) ,
2

(3.97)

and the corresponding nonlinear coefficient
n2 =

2
2 e nc
D n e 0g e2 b
g 2b
=
E 0 ( r ) / 0 E 0 ( r ) = e2 .
I
2n
2
n c

(3.98)

Taking n = 1.74, γe = 2.21, β = 0.42×10-9 m·s2/kg, n2 is calculated as 6×10-13 cm2/W.
This estimation is based on an approximate value of electrostrictive coefficient, which
differs from actual numbers. Moreover, this electrostriction effect can be enhanced to 1010

cm2/W with the assistance of dye absorption 60, 77.

3.2.3.2 Density Change due to Thermal Expansion
The complete equation describing the density change is
-

¶2
h ¶ 2
Dr ) + v 2 Ñ 2 ( D r ) + v 2 b T r 0 Ñ 2 ( D T ) +
Ñ ( Dr )
2 (
¶t
r 0 ¶t

eg
= 0 e Ñ2 ( E 2 ).
2

(3.99)

If only the thermal expansion is considered, then
v 2 Ñ 2 ( D r ) + v 2 b T r 0Ñ 2 (D T ) = 0 ,

(3.100)

According to Equation (3.83), with continuous wave stimulation, the temperature rise is
DT =

at p
r0Cv

I,

(3.101)

The thermal expansion coefficient for liquid crystal is very small 65, 78, on the order of
10 -4 / K

. Thus, the density adjustment is
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Dr

r0

=b×

at p
r 0Cv

I,

(3.102)

and the related nonlinear coefficient is

n2 =

Dn

I

=

g eabt p
ge
Dr / I =
,
2nr
2nr0Cv

(3.103)

which equals 5τp×10-6 cm2/W for the transient case and 4×10-8 cm2/W for the steady
incentives. This is four orders of magnitude smaller than that of the thermal effect. In
general, the density effect due to either electrostriction or thermal expansion can be
considered as trivial compared to other non-electronic nonlinear processes.
Table 3-1 summarizes the major nonlinear physical processes that contribute to
optical switching by their magnitudes of nonlinear coefficients, response time, and key
affecting parameters. We can see that the most pronounced nonlinear effects are
reorientation and thermal effects. In the steady state, the reorientation effect has a larger
magnitude, whereas for short pulses, owing to the shorter relaxation time, the thermal effect
plays a more important role. These instructive comparisons provide the foundation of
material selection and structures for all-optical switching devices.
Table 3-1. Comparison of Major Nonlinear Physical Processes
Magnitude of n2
(cm2/W)
Steady Transient*
Electronic
(on-resonance)
OpticalReorientation
FlowReorientation
Thermal

Response Time
Relaxation

Key Parameters**

Build-up

10-12~10-11

Energy levels

4×10-3

4τp×10-4

~ms to s

4×10-5
4×10-4

4τp×10-4
5τp×10-2

~ms to s
~ μs to ms

d; γ; K
~ns to μs

Λ; γ; εa
dn/dT; α; Λ
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Density
4×10-8
* τp in the unit of seconds;

5τp×10-6

~ns to μs60

γe; β

** d: thickness; γ: viscosity coefficient; K: elastic constant; Λ: grating period
(interaction size); dn/dT: refractive index thermal gradient; γe: electrostrictive coefficient;
β: thermal expansion coefficient.

For broader aspects of applications, the nonlinearities of liquid crystals due to
various

kinds

of

mechanisms—such

as

dye-assisted,

nano-particle-assisted,

photorefractive, and off-resonance electronic effects—are summarized in Table 3-2.
Table 3-2. Representative Refractive Index Coefficients of Nematic liquid crystals
associated with various nonlinear optical processes in the quasi-steady state regime
Materials
Nematic Liquid Crystal (ordered phase)
Purely Optical Reorientation
AC-field assisted optical reorientation
Azo- or other dye doped
Dye (methyl-red) doped
C60/nanotube doped nematic
Thermal/Order parameter changes
Photorefractive
Nano-crystals doped
Nematic Liquid Crystal (isotropic phase)
Laser induced ordering
Chiral Nematic (Cholesteric) Liquid Crystal
Individual molecular electronic
Nematic Liquid Crystal (off-resonance)
Individual molecular electronic

Order of Magnitude of n2 (cm2/W)
10-3 -10-4
10-2 -10-3
10-1 -10-3
100 -103
10-1 -10-3
10-3 -10-6
10-2 -10-3
~10-3
10-9
10-12
10-14

Chapter 4
Optical Switching with Pure Twisted Nematic Liquid Crystals: FlowOrientational Effect
Twisted Nematic Liquid Crystals (TNLC) refers to nematic liquid crystal
experiencing alignment in which the director axis twists between the two substrates, as
shown in Figure 4-1. It is a well industrialized EO modulator structure having applications
in a majority of passive-matrix displays and spatial light modulators.
The working principle of TN cells is well understood in the vertical, low-frequency,
electric field driven configurations. But the operation of TN cells within an optical field,
particularly one that is polarized parallel to the TN cell surface, is less explored. In this
chapter, the wave propagation under the influence of a strong optical field, and the
application in optical switching are discussed.

x
z
y

Figure 4-1.Optical switching cell: Twist Nematic Liquid Crystal sandwiched between
crossed polarizers
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4.1 Nonlinear Propagations and Transmissions through TNLC
Examination of the wave’s propagation forms the basis from which the switching
behavior can be studied and improved. In this work, the light is linearly polarized (Figure
4-1). Thus, the Jones Matrix, which is commonly used to describe behaviors of fully
polarized light, is adopted.
A thin layer of non-twisted nematic liquid crystal cell works as a phase plate whose
phase retardation is decided by the relative angle between the light polarization and c-axis
(or to the slow/fast axis ) of liquid crystal. The Jones Matrix of retardation plate is shown
in Figure 4-2. The incident beam with a polarization state is described by a Jones Vector
éVx ù
V =ê ú,
ëV y û

(4.1)

where Vx and Vy are two complex numbers along the laboratory axes x and y, explicitly.

Figure 4-2. Retardation plate of a uniaxial material.
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Before looking at the retardation behavior, the two components should be
decomposed into 'slow' and 'fast' normal modes; i.e., Vs and Vf of the liquid crystal medium,
by a rotation matrix R(φ):
é Vs ù é cos j
êV ú = ê - sin j
ë fû ë

sin j ù éV x ù
éV x ù
R
j
º
(
)
ê
ú
êV ú ,
cos j úû ëV y û
ë yû

(4.2)

For 5CB, ne > no; thus, ne and no correspond to the slow and fast axis, respectively. Upon
exiting a cell with thickness d, the polarization evolves to
é - i 2 p no d
éVs' ù ê e l
ê 'ú=ê
ëV f û ê 0
ë

ù
ú éV s ù .
2 p ne ú êV ú
d
-i
f
e l úû ë û
0

(4.3)

Introducing the relative phase difference
G=

2p
( n - no ) d ,
l e

(4.4)

and mean average phase change f = 1 2p ( n e + no ) d , the equation is rephrased as
2 l

éVs' ù
- if
ê 'ú=e
V
ë fû

é - i G2
êe
ê
êë 0
éVs' ù
' ú
ëV f û

To transform the two normal modes ê

ù
0 ú é Vs ù
é Vs ù
º W0 ê ú .
G ú êV ú
i
f
ëV f û
e 2 úû ë û

(4.5)

éV x' ù
,
'ú
ëV y û

back to the observatory coordinates ê

another rotation matrix is multiplied:
éV x' ù
ê 'ú =
ëV y û

é cos j
ê sin j
ë

éVs' ù
- sin j ù éVs' ù
ê ú = R ( -j ) ê ' ú .
cos j úû ëV f' û
ëV f û

(4.6)

Combining Equations (4.5) and (4.6), the complete expression for the retardation plate
function is
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éV x' ù
éV x ù
ê ' ú = R ( -j )W0 (f , G ) R (j ) ê ú º W
ëV y û
ëV y û

éV x ù
êV ú .
ë yû

(4.7)

A twisted-nematic configuration can be interpreted as a concatenation of N layers of nontwisted phase plates, as long as N is large enough. The director axis orientation is linearly
changing along the thickness direction. In a steady state, when the total twisting angle is
Φ, the direction of the c-axis at the n-th layer relative to the layer at the incident window is

jn =

n -1
F,
N

(4.8)

and this φ has exactly the same meaning as in Equation (4.6). The resulting R(φ) can be
expressed accordingly.
If the director axes make zero tilt angle to the cell window plane, then the
extraordinary refractive index remains the same as in Equation (4.4). Moreover, the
f

-i
absolute phase retardation term e can be dropped, because it is not contributing to the

change of polarization state. For these two reasons, W0 is modified as
é - i 2GN
e
W0 = êê
êë 0

ù
0 ú
.
G ú
i
e 2 N úû

(4.9)

Incorporating the Jones matrix for each layer, the equivalent matrix for the TNLC is
M = Wn × Wn -1 × K × W2W1 = Õ R ( -j n )W0 R (j n ) .
N

n =1

(4.10)

In steady-state conditions when no external fields are added, using the property of
rotation matrix that R (j n +1 ) R ( -j n ) = R (j n +1 - j n ) = R æç F ö÷ , the matrix for TNLC can be
èNø

further simplified to
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é
F - i 2GN
ê cos N e
é
æ F öù
M = R ( -F ) êW0 R ç ÷ ú = R ( -F ) ê
è N øû
ê
F i 2GN
ë
e
sin
êë
N
N

F - i 2GN
sin e
N
F iG
cos e 2 N
N

N

ù
ú
ú .
ú
úû

(4.11)

As N approaches infinity,
G sin X
é
ê cos X - i 2 X
M = R ( -F ) ê
sin X
ê
-F
ëê
X

sin X
ù
ú
X
ú,
G sin X ú
cos X + i
2 X ûú
F

(4.12)

with
æGö
F2 + ç ÷ .
è2ø
2

X =

(4.13)

Aside from the liquid crystal, the crossed entrance and exit polarizer are modeled by
matrices P and A:
é1 0ù
é0 0ù
P=ê
, A= ê
ú
ú.
ë0 0û
ë0 1û

(4.14)

In addition, reflections from either surface of the cell plates can be neglected, which
is the case when the plates are specially coated to reduce reflection loss. Considering all
the parts involved, the total transmission can be fully predicted by
éV x ù
T = A× M × P × ê ú .
ëV y û

(4.15)

From Equations (4.4) and (4.11), we can anticipate that if the optical field can adjust the
birefringence or the orientational angle of the director axis, the all-optical switching can be
achieved. In the following section, simulations will show the laser-induced changes in the
birefringence or orientational angles and the manner in which they influence the
transmissions of the system. In Appendices B, C, and D, the complete computation
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software program the author developed for the modified Jones Matrix calculations for
thermal and flow-reorientation all-optical switching in the TNLC cell are presented.

4.2 Orientational Change Induced Switching Effects: Simulation Results
As analyzed in the last section, a change of angle φn at each slice of the liquid crystal
cell brings about a change to the Jones matrix. Equivalent understanding of this hypothesis
is that if the director axis of each sub-layer is rotated by some certain angles, then the total
transmission will be changed.
In the Cartesian system depicted in Figure 4-1, consider normally incident beams
only. The director axis vector in each layer is [sin j n , cos j n , 0] .The Gaussian beam at the
x +y
é
ù
2
input plane is ê E ( t ) e w0 , 0, 0 ú . According to Mauguin condition 38, the polarization of
êë
úû
2

2

local field of each layer is parallel to the director axis at steady state, with a vector of
E (t ) e

-

x2 + y2
w02

[sin j n , cos j n ,0 ] .

Therefore, the optic torque in Equation (3.20) is trivial

v v
(according to Equation (3.18), term n ´ E vanishes). In fact, at each sliced layer in the Jones

Matrix, the relationship between the linearly polarized incoming light and the local director
axis is shown in Figure 4-3.
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Figure 4-3. Linearly polarized light in relation to the local director axis in each sliced layer
in the Jones matrix method.
According to Equation (3.48), the Maxwell stress in this case is calculated to be
f E = e 0e ^ E ( t ) E ( t ) e
*

-2

x2 + y2
w2

é x y ù.
êë - w 2 , w 2 ,0 úû

(4.16)

Illustration of the force direction and the force strength in steady state [E(t) is constant] as
a function of position in the input plane are plotted in Figure 4-4 and Figure 4-5,
respectively. It is important to notice that the x-component of the stress has a gradient in
the y-direction, and the y-component has an x-dependence. Therefore, the driven, twodimensional velocity field will follow the same dependencies [see Equation (4.17)]. In this
case, the flow will force the director axis to reorient.
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-2
¶v
r x - h Ñ 2 v x = f E , x = -e 0e ^ E ( t ) E * ( t ) e
¶t

x2 + y 2
w2

×

x
,
w2

(4.17)

r

¶v y
- h Ñ 2 v y = f E , y = e 0e ^ E ( t ) E * ( t ) e
¶t

x2 + y2
-2
w2

×

y
.
w2

However, the existence of Gaussian-form terms greatly complicates the solving of
the equation, and only numerical results are possible. If we are more interested in the
response time and an estimation of switching threshold, we can employ a sinusoidal grating
configuration without loss of physics. The grating model is the same as in Section 3.2.1.2
and Figure 3-9.

Figure 4-4. Illustration of the force direction in x-y plane induced by x-direction-polarized
Gaussian beam.
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Figure 4-5. Strength of Maxwell stress in x-y plane.

At the same time, the orientational dynamics should be examined under the solved
velocity field situations. Suppose the beam diameter is relatively small compared to the
thickness; thus, the anchoring effect, which is responsible for the twisted configuration,
can also be neglected. In addition, the second order term on LHS is again omitted for its
small magnitude. The terms remaining for Equation (3.20) are Γext and Γelastic:
G elastic - G vis = 0 .

(4.18)

The two torques are calculated by Equations (2.7) through (2.10) and Equation (2.15) to be
G elastic = K Ñ 2q
G vis = g 1

¶q 1
¶v ,
+ (g 1 + g 2 cos2q ) x
¶t 2
¶y

so the reorientation is governed by the same equation as Equation (3.53):

(4.19)
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g1

¶q
¶v
1
- K Ñ 2q + (g 1 + g 2 cos2q ) x = 0 .
¶t
2
¶y

(4.20)

The steady-state solution and results under a flap-top pulsed stimulation were already given
in the last chapter. However, results for coupled Equations (3.52) and (4.20) can be
obtained for any arbitrary input condition by using the convolution method. Substituting
|E(t)E*(t)| with E 02d ( t ) , the impulse response is expressed in Equation (4.21) and Figure
4-6.

e 0e ^ E 02 r 0g 1
éë e - t /t d - e - t /t r ùû .
qm =
2
2 qt (hg 1 - r 0 K )

(4.21)

The upcoming simulations are based on the parameters listed in Table 4-1.
Table 4-1. Parameter used in flow-orientation simulation
Symbol
ρ0
γ1
γ2
η
K

Name
Rest Density
Rotational Viscosity
Flow Coupling Rotational Viscosity
Flow Viscosity
Frank Elastic Constant

ε⊥/ε∥
ω0
τp

Ordinary/Extraordinary Dielectric Constant
Beam Size of Input Laser Pulse
Pulse width of Input Laser Pulse

Value (in SI unit)
103 kg/m3
0.01 kg/m·s
-1.09 γ1 79
0.02 kg/m·s 55
10-12 N
2.37/3.03
100 μm
350 ns
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Impulse Response of Reorientation
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Figure 4-6. Impulse response of flow-reorientation.

The input signal is selected to be a Gaussian-shape with e-1-pulse-width (τp) to be 350 ns
to assimilate the pulsed laser used in the test experiments:
E p ( t ) = E0e

æ t -t ö
-ç 0 ÷
ç tp ÷
è
ø

2

(4.22)

eiwt .
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Figure 4-7. Gaussian-shape input in log-scale time.
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The convoluted director axis angle change under 0.6 mJ pulse energy with 100 μm
beam size input is plotted in Figure 4-8. Because the relaxation time of director axis
reorientation is slow, the reorientation angle latches for some time, even when the pulse is
over.
Reorientation Angle

Change of Angle(radians)
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0.5

0 -7
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10
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Figure 4-8. Convoluted angle change for Gaussian-shape input.

Actually, another constraint must be added to the angle change: that is, the rotation
of the director axis cannot exceed π/2. Also, as discussed in Chapter 3, the angle change is
proportional to the energy of the pulse. Therefore, reorientation results are simulated under
different input energies:
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Reorientation Angle
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Figure 4-9. Orientation angle change at different input energies. (Note: 1 mJ input equates
to a fluence of 10 mJ/cm2 per discussion on MPE for sensor in section 1.2)

The refractive index change due to reorientation is plotted in Figure 4-10.
Refractive Index Change
0.2
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Figure 4-10. Refractive index change under different input energies. (Note: 1 mJ input
equates to a fluence of 10 mJ/cm2 per discussion on MPE for sensor in section 1.2)
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Because the relaxation of reorientation is slow, the effective n2 is defined as the
ratio between the latched refractive index change and the input light intensity, as plotted in
Figure 4-11. The nonlinear coefficient for a fixed pulse width does not stay the same over
the change of input energy. This discrepancy from the estimation in Equation (3.63) is due
to the violation of small angle change assumption. When the change of orientation angle is
large, the refractive index change is not exactly proportional to the light intensity.
Moreover, for the orientational effects, the highest achievable extraordinary refractive
index is the ne along the director axis direction. This limit saturates the nonlinear
coefficient, and beyond the saturation point, n2 starts to drop. However, for pulses with
moderate energies, n2 is on the order of 10-11 cm2 /W, which is quite consistent with the
summarized value in Table 3-1.
Nonlinear Refractive Index Coefficient
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Figure 4-11. Nonlinear coefficient at different input energies.
The reorientation angle change is then added to the original angle φn in Equation
(4.8), and the resulting transmission is simulated in Figure 4-12:
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Transmission Change
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Figure 4-12. Transmittance change under different input energies. (Note: 1 mJ input equates
to a fluence of 10 mJ/cm2 per discussion on MPE for sensor in section 1.2)

From this simulation, when the input energy reaches approximately 800 μJ, the
transmittance can finally drop to 0. However, transmittance drop is already substantial for
the 400 μJ input pulse. To show it in another way, the comparison of input and output pulse
shapes is shown in Figure 4-13. As the input energy accumulates, the transmittance starts
to drop. The higher the energy, the earlier the point at which the drop starts.
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Input and Output
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Figure 4-13. Input V.S. outputs under different pulse energies. (Note: 1 mJ input equates
to a fluence of 10 mJ/cm2 per discussion on MPE for sensor in section 1.2)
To easily visualize the energy threshold of switching, the extinction ratio of energy
(i.e., output energy divided by input energy) against input energy is also simulated. (cf.
Figure 4-14)
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Figure 4-14. Transmission V.S. input energy (Note: 1 mJ input equates to a fluence of 10
mJ/cm2 per discussion on MPE for sensor in section 1.2)
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This curve shows that the transmittance of energy starts to decrease at around 200
μJ input energy. Hence, this point is defined as the threshold where the switching is
initiated.
It is important to note that because the simulations are based on cases for thick TN
cells, hard boundaries exerted by the cell walls are omitted. Therefore, the model has no
thickness dependence. If the cell to be fabricated will be thin, not only should the boundary
condition be considered, but also the aforementioned Mauguin condition is violated. When
this is the case, the model is to be adjusted.

4.3 Experimental Results
The simulated flow-orientational induced optical switching was confirmed by
experimental studies. To exclude the heat effect in the optical switching by short pulses,
5CB was selected to be operated under 750 nm, due to its trivial linear absorption as well
as weak multi-photon absorption at the wavelength.

4.3.1 Sample Preparation and Experimental Setup
The twisted nematic samples were fabricated by injecting a nematic liquid crystal
5CB into a surface-aligned sandwich cell with various gap thicknesses (74 μm, 130 μm,
200 μm). First, glass slides were coated with polyvinyl alcohol (PVA) as an alignment
layer and then the slides were rubbed by a piece of lens paper to determine the aligning
direction. Separating two glass slides with a piece of 200 μm-thick plastic sheet and binding
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them with optical glue thereby formed a sandwich cell. In a conventional 90° twisted
nematic cell, the aligning (rubbing) directions of the two substrates should be perpendicular
to each other. On the surface of the alignment film, the director axis of liquid crystal is
subject to the aligning direction. The director axis in the bulk is forced to rotate
continuously from the top substrate to the bottom, due to the elastic continuum nature of
liquid crystal. The 5CB therefore assembled spontaneously in the 90°-twisted form upon
injection into the cell.
An optical system was instrumented to confirm the flow-orientational effect on
optical switching (Figure 4-15).

Figure 4-15. Optical switching test setup.

The operating laser source is a pulsed Alexandrite laser (Model 101-PAL), a
production of LightAge Inc. The laser light is centered at a wavelength of 750.8 nm, and
is tunable from 720 to 759 nm. The laser can be operated in either free-running or qswitched modes, producing pulses averaging 3µs and 350 ns e-1-width, respectively. The
q-switching is achieved by the operation of a Pockels cell within the oscillator cavity; this
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produces single pulses with good pulse-to-pulse stability. The repetition rate is tunable
from 5 to 10 Hz. A mechanical shutter with an opening time of 100 ms is added outside
the laser to select single pulses.
At first, a pair of lenses was used to reduce the beam diameter. Then two dielectric
mirrors directed the beam toward the TN cell. A combination of zero-order half wave plate
and a Glan-Taylor laser polarizer (Thorlabs GL10-A) was used to continually alter the light
intensity. The optical switching cell (twisted nematic cell sandwiched between two crossed
Glan-Taylor polarizers) under test is placed in the focal plane of a 4-f system. The beam
size at focal plane was measured to be 100 μm. The input signal is sampled through
reflection from a glass slide placed after the input polarizer of the switching cell. The output
signal is collected at the output end of the switching cell.

4.3.1 Experimental Results

4.3.1.1 Switching Effects
To see the transmittance of energy with respect to input energy, and to find the
switching threshold, pyroelectric Joulemeters (Molectron J3-09 by Coherent, Inc.) are used
to capture the input and output pulses. To assess only the contribution from laser induced
effects, and to exclude scattering/reflection losses, the transmission values quoted here are
normalized to their linear transmission at low input energies (< 1 μJ).
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Figure 4-16. Input V.S. outputs under different input pulse energies. (Note: 1 mJ input
equates to a fluence of 10 mJ/cm2 per discussion on MPE for sensor in section 1.2)

The transmissions of energy with respect to total pulse energies are measured for
TNLC cells with different thicknesses. At the start, the effect shows almost no dependence
on the thickness. Then the abrupt drop of transmittance occurs at about 100 μJ, which is
quite consistent with simulations.

4.3.1.2 Switching Dynamics
The transient response of the switching cell is analyzed using a high-speed silicon
photodiode (DET 10A by Thorlabs, Inc.). At first, below threshold, there is no switching
effect, cf. to Figure 4-17 (a).

83

1.2

Power (a.u.)

Energy=77 mJ
Input
Output
0.8

0.4

0.0
0

200

400

600

800

1000

1200

Time (ns)
(a)

1.6

Energy=109 mJ
Input
Output

Power (a.u.)

1.2

0.8

0.4

0.0
0

200

400

600

Time (ns)
(b)

800

1000

1200

84

Input
Output

2.0

Energy=133 mJ
Power (a.u.)

1.6

1.2

0.8

0.4

0.0
0

200

400

600

800

1000

1200

Time (ns)
(c)

Figure 4-17. Input V.S. outputs for (a) 77 μJ, (b) 109 μJ, and (c) 133 μJ input energy. (Note:
1 mJ input equates to a fluence of 10 mJ/cm2 per discussion on MPE for sensor in section
1.2)

For higher energy pulses [Figure 4-17 (b) and (c)], the outputs do not follow the
shape of the input. Instead, the outputs started to decline before the input reached the peak,
which means they were switched off. The shape of pulses, as well as the switching
threshold, are in good agreement with the simulation outcomes.

Chapter 5
Optical Switching with Dye-doped TNLC: Thermal Effect
Thermal effect is known as the most prominent contributive nonlinear optical
process in that temperature affects refractive indices through both the thermal-induced
density fluctuation and order parameter change:
Dn =

¶n ¶r ¶n ¶S
.
×
+
×
¶r ¶T ¶S ¶T

(5.1)

The thermal-density effect is far less efficient than the latter one. In conventional nonabsorbing nematics such as 5CB, no linear absorption occurs at 750 nm. In such cases,
light-induced heating arises from multi-photon absorption, and so the thermal effects are
usually small. In addition, for TN geometry, the pure orientational effect induced by the
optical torque is excluded (cf. Chapter 4). To enhance the thermal effects, a trace of organic
dyes having linear absorption at 532 nm can be used to produce heat. Therefore, IR-780
dye was chosen in this study, with an absorption spectrum as given in Figure 5-1. We doped
0.5 wt% IR-780 Iodide in 5CB and then injected the homogenized mixture into a 200 μmthick cell. The low-power transmittance of the sample is ~25% at 750 nm (measured by
the spectrometer, this transmittance corresponds to a linear absorption coefficient α =
65cm-1).
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Figure 5-1. Absorption and fluorescence spectrum of IR-780 Iodide. 80

5.1 Temperature Increase upon Laser Stimulation
To better anticipate the time evolution of the thermal induced effects, the
temperature dynamics are first to be simulated. The temperature change is governed by the
thermal diffusion equation with a heat source from the linear absorption of light [Equation
(3.76)]:

r 0C p

¶
( ΔT ) - lT Ñ 2 ( ΔT ) = a I .
¶t

(5.2)

Due to the existence of absorption, the intensity does not stay as a constant throughout the
entire cell. It follows an e-αz distribution along the thickness direction, where α is the linear
absorption coefficient. However, with α on the order of 1 cm-1, and thickness d of 100 μm,
the maximum decrease of intensity e-αd ≈ 0.99. Therefore, negligence of such a nonuniform distribution is valid. That is to say, the input stimulus experienced at each layer in
the Jones Matrix method is identical.
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For the same consideration as in the flow-orientation effect in which the case of the
Gaussian-shaped beam is hard to solve, the grating configuration is again adopted.
Therefore, the intensity follows a sinusoidal spatial distribution, and so does the
temperature:
I = I0 × cos(qx) ,
DT = Tm (t ) × cos( qx ) .

(5.3)

Then Equation (5.2) becomes

r 0C p

dTm
+ lT q 2Tm = a I
dt

(5.4)

The impulse response of Equation (5.2) is:

ΔT =

a nc
E02e- t /tT × cos ( qx ) ,
4pr0C p
tT =

r 0C p
.
lT q 2

(5.5)

Here, τT is the relaxation time of the temperature response, estimated to be 32 μs, for the
grating constant Λ = 10 μm (qt = 2π/ Λ), density ρ0 = 1 kg/m3, specific heat Cp = 2 J/kg·K,
thermal conductivity λΤ = 0.158 W/m·K.
Actually, this thermal model [Equation (5.2)] neglects the thermalization process,
which is the time for transferring the heat generated by the dye absorption to the li quid
crystal. However, because the typical thermalization time is less than 1-10 ns, this
simplification is reasonable.
Again, the input pulse is emulated by a Gaussian-shaped pulse:
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I = I 0e

æ t -t ö
-ç 0 ÷
ç tp ÷
è
ø

2

.

(5.6)

Then, the time evolution of temperature under pulse impetus can be acquired (Figure 5-2).

Figure 5-2. Temperature change under Gaussian-shape pulse stimulus [Pulse width: 350
ns; pulse fluence 0.2 μJ/(100 μm)2].
The calculated magnitude of the temperature change is rather consistent with the
estimation using a simplified model (cf. Section 3.2.2.1).

5.2 Thermal-Induced Birefringence Change
The thermal-induced order parameter change will ultimately modulate the liquid
crystal’s birefringence. Near the phase transition temperature, the dependence of order
parameter (S) on temperature (T) is determined by the minimization of free energy (free
energy density) defined in the extended Landau’s theory by De Gennes 39, 81, 82:
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f =

1
1
1
1
2
a (T - T * ) S 2 - bS 3 + cS 4 + × × × + L ( DS ) ,
2
3
4
2

(5.7)

where a, b, and c are supposed coefficients. T* is the minimum temperature for the stability
of the isotropic phase. The last term—the energy cost—is used when the order parameter
varies in space. This term is often neglected in cases with a uniform order parameter.
For a broader range of temperature, the order parameter is well described by the
empirical formula 66, 83:
b

T ö
æ
S (T ) = ç 1 ÷ ,
è TNI ø

(5.8)

where β is an empirical coefficient measured to be around 0.189 67 for 5CB.
However, this model is only valid for steady-state condition, or when the
temperature changes rather slowly. Hence, adding a dynamic description to the problem is
a must for the fast switching effect proposed in this work. Studies have shown that the
relaxation of order parameter follows an exponential form

39, 84, 85

[Equation (5.9)], with

relaxation time τS on the order of 10-6 to 10-8 s for classical rod-like nematic liquid crystal.
S (t ) ~ e

- t /t S

(5.9)

Because the input pulse has a duration of 350 ns, comparable to the order parameter
response time, this delay is not to be neglected. The τs is chosen as 5×10-7 s in the following
simulations for a good estimate.
Considering Equations (5.8) and (5.9), the evolution of order parameter with the
progression of time can be simulated. The values used in simulations are listed in Table
5-1.
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Table 5-1. Parameters used in flow-orientation simulation
Symbol
ρ0
Cp
λΤ
TNI
β
τS
na,0
ω0
τp

Name
Rest Density
Specific Heat at Constant Pressure
Thermal Conductivity
Nematic-Isotropic Transition Temperature
Fitting Constant for Temperature
Dependence of Order Parameter
Order Parameter
Refractive Index Birefringence at 25 °C
Beam Size of Input Laser Pulse
Pulse Width of Input Laser Pulse

Value (in SI unit)
103 kg/m3
2 J/kg·K
0.158 W/m·K
308.5 K
0.189
5×10-7 s
0.2
100 μm
350 ns

Change of Order Parameter
0.52

Order Parameter

0.5

0.48

0.46

0.44

0.42

0.4
0.4

0.6

0.8

1

2

Time (m s)

4

6

8

Figure 5-3. Temperature change under Gaussian-shape pulse stimulus (Pulse width: 350
ns; pulse fluence 0.2 μJ/(100 μm)2).

In the last step of modeling, the evolution of order parameter is translated to the
modification of birefringence. The birefringence na is linearly proportional to order
parameter 68:
n a = n a ,0 × S ( T ) .

(5.10)
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Here, na,0 is the extrapolated birefringence value at 0 K, with the knowledge that at 25°C,
S= 0.53 and na = 0.2 .
The birefringence changes under different input energy conditions are summarized
in Figure 5-4. The figure reveals a tendency in which the higher the input energy, the larger
and earlier the birefringence decrease.
Change of Birefringence
0.2
0.18
0.16

Birefringence

0.14
0.12
0.1
0.08

input
0.1 mJ
0.2 mJ
0.5 mJ
1 mJ
2 mJ

0.06
0.04
0.02
0

0.8

1

Time (m s)

Figure 5-4. Birefringence change for pulses of different energies. (Pulse width: 350 ns.
Note: Input amplitude is arbitrary). (Note: 1 mJ input equates to a fluence of 10 mJ/cm2 per
discussion on MPE for sensor in section 1.2).
In contrast to the change of individual refractive index, which is parallel or
perpendicular to the director axis (n2,e=Δne/I, n2,o=Δno/I), the change of refractive index
birefringence (Δna=Δne/I−Δno/I) is related to the switching effect. However, they are
generally on the same magnitude. Figure 5-5 compares the nonlinear coefficient with
respect to the total input energy of the pulse to estimate its value. Note that the n2 is on the
same order of magnitude as the estimated value in Table 3-1. In addition, similar to the
case for flow-orientational effects, the effective refractive index nonlinear coefficient does
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not hold steady with respect to input energies. This is for the same reason that when the
swing of refractive index is large, it is not strictly linearly dependent on the light intensity.
Moreover, the birefringence under intensive nonlinear effect will not decrease below 0.
This means the thermal-birefringence process also experiences a saturation effect. Further
increasing the intensity will speed up the switching effect, but will also degrade the
nonlinear coefficient n2.
16

x 10

Nonlinear Refractive Index Coefficient

-8

14

10

2

n (cm2/W)

12

8
6
4
2

1

2

3

4

Input Energy (J)

5

6

7
x 10

-7

Figure 5-5. Nonlinear refractive index coefficient of different input energies.

5.3 Simulation of Switching
With the vanishing of birefringence, the liquid crystal cell gradually develops into
an isotropic medium. Therefore, the light polarization is no longer modulated by the cell,
and the output light after the analyzer will be blocked due to its perpendicular direction to
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the input polarizer. Substituting the birefringence (ne−no) in Equation (4.4) by the timevarying value gained from the last section, the dynamic response of transmission and the
shapes of outputs are subsequently simulated (see Figure 5-6 and Figure 5-7). Note that the
figure is normalized to the low-power transmittance (0.5) to exclude the factor of linear
absorption.
Change of Transmission
1.4

Transmittance

1.2
1
0.8
0.6
0.4

Input
0.2 m J
0.5 m J
1 mJ
2 mJ

0.2
0
0.7

0.8

0.9
Time (m s)

1

Figure 5-6. Transmittance change for different energized laser pulses. (Note 1: Input
amplitude is arbitrary). (Note 2: 1 mJ input equates to a fluence of 10 mJ/cm2 per discussion
on MPE for sensor in section 1.2).
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Input and Outputs

Input
0.2 mJ
0.5 mJ
1 mJ
2 mJ

Power (a.u.)

1

0.6

0.2
0.2

0.6

1.0

0.2
Time (m s)

0.6

Figure 5-7. Input V.S. outputs pulses under different energy conditions. (Note 1: Input
amplitude is arbitrary). (Note 2: 1 mJ input equates to a fluence of 10 mJ/cm2 per discussion
on MPE for sensor in section 1.2).
Figure 5-8 predicts the transmittance of pulse energy for input pulses of different
energies. The transmittance starts to drop at 0.2 μJ. Following the same criteria as in
Section 4.2, the threshold of the switching is defined as between 0.2 and 0.3 μJ.
110
100

Transmittance(%)
Extinction Ratio

90
80
70
60
50
40
30
20
10
0

-7

-6

10

10

Input Energy (J)
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Figure 5-8. Energy transmittance V.S. input energy. (Note: 1 mJ input equates to a fluence
of 10 mJ/cm2 per discussion on MPE for sensor in section 1.2).

5.4 Experimental Results
The optical system as described in Section 4.3.1 was adopted again to confirm the
switching effect for the device using dye-doped liquid crystal. The IR-780 Iodide is lightly
doped to 0.5 wt%. This yields a low-input transmittance of 0.5.
The shapes of input and output for the switching devices in shown in Figure 5-9.
The switching is not initiated until the input pulse has an energy of 0.5 μJ, revealing a good
accordance with expected values in Figure 5-6 and Figure 5-8.
At the already-switched-off states, the transmission of energy was measured to see
the suppressed values. One demonstration is shown in Figure 5-10. The output energy can
be quenched to 0.6% of input energy for a several-mJ stimulus.
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Figure 5-9. Input V.S. Outputs for different input energies. (Note: 1 mJ input equates to a
fluence of 10 mJ/cm2 per discussion on MPE for sensor in section 1.2).
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Figure 5-10.Energy transmittance V.S. input energy for switched-off conditions. (Liquid
crystal cell thickness: 30 μm, IR-780 concentration: 0.1%). (Note: 1 mJ input equates to a
fluence of 10 mJ/cm2 per discussion on MPE for sensor in section 1.2).
The transmittance is actually dependent on the linear absorption of the liquid
crystal. The higher the dye doping concentration (i.e., the lower the linear absorption), the
lower the transmission at a fixed input pulse energy. In this way, designing the switching
device demands a balanced choice of the liquid crystal and dye materials so that a moderate
level of transmittance and low-energy transparency can be acquired simultaneously.

5.5 Switching Time, Dynamic Range, and Comparison with Other Nonlinear
Optical Materials
As shown in the preceding theoretical analysis and experimental results, TNLC
cells (pure or dye-doped) exhibit highly desirable nonlinear optical response characteristics
that are well suited for optical limiting action. The higher the input laser intensity, the
quicker the optical limiting will occur. The time it takes to manifest significant
transmission switching may be referred to as the switching time. From the experimental
results obtained, we can deduce that the switching times are on the order of 250 ns for low
laser intensity and drop considerably at higher laser intensity to 100 ns (cf. Figure 5-11).
Previous studies 23, 86, 87 have shown that switching time as short as 50 ns can be achieved
in a dye-doped TNLC cell.
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Figure 5-11.Switching time as a function of input energy for pure and dye dope 5CB TNLC
cell. (Note: 1 mJ input equates to a fluence of 10 mJ/cm2 per discussion on MPE for sensor
in section 1.2).
Another important advantage of TNLC cells is the large dynamic range of limiting
operation they generally provide, analogous to their electro-optical display application. In
Figure 5-12 we present some of the transmission switching results due to the optical
limiting action of these dye-doped and undoped NLC cells

24, 88

. Due primarily to the

incorporation of crossed polarizers, the extinction ratio for the transmission switching is
generally very high, and the optical limiting dynamic range can be greater than 1000. For
example, in the case of thermal switching, the threshold energy is on the order of 1 μJ, and
the device will act to limit the transmission for input energy as high as 30 mJ before the
entire LC cell window or the polarizer is damaged.
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I. C. Khoo contract #:FA9550-11-1-0196
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Figure 5-12.Tansmittance of energy as a function of input energy for pure and dye dope
5CB TNLC cell. (Note: 1 mJ input equates to a fluence of 10 mJ/cm2 per discussion on
MPE for sensor in section 1.2).

Previous studies have shown that dye-doped NLC works even better as an optical
limiter against longer laser pulses (including continuous-wave laser)

87

.

We close this

section with a brief comparison to other nonlinear (all-optical) materials that have also been
investigated

for

microsecond-nanosecond

all-optical

switching.

These

include

phthalocyanines or Fullerene RSA (Reverse Saturable Absorber) materials in solution
forms and nonlinear absorbers with TPA (Two-Photon Absorption)+ESA (Excited State
Absorption) capabilities 89, 90, 91. In comparison with the typical performance characteristics
of these other materials, NLCs are found to have the best (cf. Table 5-2, where data from
other studies

59, 89, 90, 91

are summarized). NLCs based limiters generally give lower

switching threshold, larger extinction ratio, and very large dynamic range, which are not
possible with other materials.
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Table 5-2. Exemplary switching performance of NLC and nonlinear absorbers for
microseconds and longer laser pulses.
Materials
Pure NLC59

Switching threshold
[μJ/(100μm)2]
80

Switching Speed
(μs )
0.1

Wavelength
( nm )
750
750, 532,
1060; 1550
532

Dyed NLC59

0.5

0.05

Azo-NLC89
Nonlinear absorbers
RSA90
TPA+ESA91

2.6

0.05

50

0.5

650

250 (estimated)

0.1

532

Chapter 6
Conclusions and Future Work
In this study, liquid crystals’ responses to pulsed lasers have been expanded to a
nanoseconds-to-microseconds temporal range. Notable nonlinear effects in this regime are
successfully applied to achieve self-activated optical switching using pristine TNLCs and
TNLCs loaded with an absorptive-dye IR-780, respectively.
For the pure TNLCs, quantitate modeling of electromagnetic-field-induced floworientation dynamics in the TNLC cell is demonstrated for the first time, and the
consequent transmittance evolutions upon stimulation of short laser pulses are achieved.
Experimental confirmation of such switching shows good consistency with the proposed
models in both the switching threshold and speed. For the case of absorptive-dye-doped
TNLCs, thermal-induced modulation of order parameter as well as delayed response of
order parameter (which is often neglected for longer timescale) are taken into
considerations. This model also successfully predicts the switching dynamics.
Both pure and IR-780-doped TNLCs are able to switch off the ~300 ns laser pulses,
with fluence thresholds of 800 mJ/cm2 and 2 mJ/cm2, respectively. Although the latter
enables low-threshold switching, it bears the limit of effective bandwidth. Moreover, in the
dye-doped TNLC, the energy transmission depends on the linear absorption coefficient,
inevitably degrading the low-power transparency. Therefore, the trade-offs between
switching bandwidth, threshold, and the visibility at the transparent state need to be
balanced from case-to-case applications.
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Alternatively, the aforementioned conflicts indicate the direction of further
engineering. For example, locally intensifying the electric field strength will enhance the
effect of Maxwell stress, thus lowering the switching threshold. Delicate engineering of
physical properties of liquid crystals, such as elasticity coefficient, viscous coefficient,
phase transition point, refractive index birefringence, and structures of absorbing dyes
could prove effective in reducing the switching threshold while maintaining its
effectiveness in a broad spectral range.
Further, studies on the Maxwell-stress effect also implies the scope beyond nematic
liquid crystals. More advanced structured materials, such as the 3D photonic crystalline
Blue Phase LCs and elastomers may also be promising candidates as the next-generation
all-optical-switching media. Blue phases (BP) are a particular class of LC phases existing
in short-pitch cholesteric materials, featuring optical isotropy and 3D photonic crystal
make-up. 92, 93, 94, 95, 96 In BPs, director axes are tightly wound in three dimensions. Thus,
BPLCs are optically isotropic in a macroscale and enable polarization-independent index
modulation as well as fast electro-optic response (sub-milliseconds).

97, 98, 99, 100

Considering these advantages, supplementary polarization-selective optical elements and
surface alignment layers are no longer needed, aiding in fabrication and reducing the
scattering losses. The tightly wound director axes in BPLCs also lead to 3D photonic
crystalline appearance. With typical lattice spacing of a few hundred nanometers, the
corresponding photonic bandgaps locate in the visible spectrum. The self-assembly nature
of BPLC enables fabrication ease of large single crystals; together with their strong
susceptibility to external fields, BP photonic crystals are highly tunable. 101, 102, 103, 104, 105,

103
106, 107

Light-induced Maxwell stress promises a new approach of achieving all-optical

switching and tuning in BPLCs.
For practical use, LC-cored fiber-array devices have shown promising potential in
optical limiting/sensor protection applications.

25, 26, 27, 45, 46, 105, 108, 109, 110

Fiber-array

devices are superior in elongated interaction length and optical fluence enhancement to
other optical limiters. In conjunction with our theoretical and experimental findings, the
figure of merit of such devices can be improved. Through appropriate material selection
and operating-mechanism design, the response time and limiting threshold can thereby be
optimized regarding the interacting time scale and optical fluence. One structure prototype
to utilize the effects is shown in Figure 6-1. In the 1× telescope, the liquid crystal fiberarray is placed in the image plane of an imaging optics system. Low power image is
transmitted, while high power laser is attenuated by optical limiting process.

Figure 6-1. 1× telescope for LC-cored fiber-array optical switching devices.

Appendix A
Derivations of Maxwell Stress in Polarization Grating and Linearly Polarized
Gaussian Beam Configurations
1. Polarization Grating Configuration. (cf. Figure 3-9)
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2. Linearly Polarized Gaussian Beam Configuration (cf. Figure 4-3)
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Appendix B
Derivation of Flow-Orientation Equations in Grating Configuration and Solutions
This appendix reveals the derivation and solution of the flow-orientation equations.
The method of deriving different torques can also be applied to reorientation-related
problems.
The balancing of torques defining the director axis orientation j is given by

I

dj 2
= Gelastic + Gext - Gvis
dt 2

I: moment of inertia of molecules, neglected due to its small magnitude.
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+ (g 1 +g 2 cos 2j ) x - K Ñ2j = 0 LLLL (1)
g1
dt 2
¶x y
whereas the flow velocity is determined by
¶v
r 0 - hÑ2v = f ext
¶t
Where f ext is the Maxwell Stress calculated in Appendix. A :
1
f E , x = - e 0e ^ qt E02 ( t ) sin ( qt y ) , f E , y = 0, f E ,z = 0
2
1
¶v
¶ 2v x
r - h 2 = - e 0e ^ qt E ( t ) E * ( t ) sin ( qt y ) LLLL(2)
2
¶t
¶y
According to the form of f E , x , we assume

j = j m ( t ) cos ( qt y ) , v x = vm ( t ) sin ( qt y ) .
Equation (1) changes to
¶j
1
g 1 m cos ( qt y ) + Kqt2j m cos ( qt y ) + (g 1 +g 2 ) qt vmcos ( qt y ) = 0.
¶t
2
thus vm can be substituted by
é ¶j m
ù
2
êëg 1 ¶t + Kqt j m úû
and Equation(2) changes to
vm = -

2
(g 1 + g 2 ) qt

2hqt2
é ¶ 2j m
2 ¶j m ù
Kq
g
+
+
t
¶t úû ( g 1 + g 2 ) qt
(g 1 + g 2 ) qt êë 1 ¶t 2
or
2r0

m%

ég ¶j m + Kq2j ù = - 1 e e q E t E * t
() ()
t
mú
0 ^ t
êë 1 ¶t
2
û

¶ 2jm
¶j
+ g% m + D% j m = F% ( t ) LLLL (3)
2
¶t
¶t

where

m% =

2 ( r 0 K + hg 1 ) %
2 r 0g 1
2h Kqt2 %
1
%
,
, F = - e 0e ^ E ( t ) E * ( t )
,
=
=
g
D
2
2
(g 1 + g 2 ) qt
(g 1 + g 2 )
(g 1 + g 2 )

Use Laplacian transform method to solve Equation (3) :
Suppose E02 (t )= E02d (t ), the impulse response of jm is

jm =

e 0 E02 (g 1 - g 2 ) - t /t d
ée
- e - t /t r ùû
4 (hg 1 - r 0 K ) ë
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g1
r
, t r = 02
2
Kqt
h qt
for flat top input

in which t d =

ìï E02 ( 0 £ t £ t p )
E (t ) E (t) = í
ïî0 ( t < 0, t > t p )
e E 2 (g - g ) é t e - t /t d + t r e - t /t r ù
j m ( t ) = 0 0 1 2 2 ê1 - d
ú
4h Kqt
t d -t r
ë
û
*

Appendix C
Matlab Code for Flow-Orientation Effect
%physical parameters
gamma_1=0.01;
gamma_2=-1.09*gamma_1;
K=7e-12;
gamma_s=0.02;
rho_0=1e3;
epsilon=1.54^2;
epsilon_0=8.85*10^(-12);
%input
energy=2e-4;% input energy
w_0=1e-4; % beam size
tau_p=175e-9;% for pulsewidth to be 350ns
qt=4*pi/w_0;
E_0=sqrt(2*377*energy/(tau_p*1.61*pi))*2/w_0;
tau_d=gamma_1/(K*qt^2);
tau_r=rho_0/(gamma_s*qt^2);
%time
p=tau_r/50;
N1=5E6;
N2=1E4;
t0=5e-7;
t1=0:p:N1*p;
t2=0:p:N2*p;
k0=t1(1)+t2(1);
t3=k0:p:p*(length(t1)+length(t2)-2);
%impulse response
theta=b*(gamma_1-gamma_2)/(2*(gamma_s*gamma_1-rho_0*K))*(exp(t1/tau_d)-exp(-t1/tau_r));
% 109eorient input
f_in=exp(-(t2-t0).^2/tau_p^2);
% 109eorientation under arbitrary input

110
g=conv(theta,f_in)*p;

% reorientation angle cannot exceed half pi
for j=1:length(g)
if g(j)>=pi/2
g(j)=pi/2;
end
end
% calculation of n2
delta_n=1.54*1.74/sqrt(1.74^2*(cos(gg))^2+1.54^2*(sin(gg))^2)-1.54
n2=delta_n*1e4/(energy/(pi*tau_p*w_0^2/4))

Appendix D
Solution to Laser-Induced Thermal Effects
The thermal diffusion process with absorption of laser intensity is described by:

r 0C p

¶
( ΔT ) - lT Ñ2 ( ΔT=) a I
¶t

Suppose
I I m ( t ) × cos ( qx )
=
DT
= Tm ( t ) × cos ( qx )
Þ

r 0C p

dTm
cos ( qx ) + lT q 2Tm cos ( qx=
) a I m cos ( qx )
dt

dTm
+ lT q 2T=
a I m LLLL (1)
m
dt
t 0=
initial condition: Tm (=
) 0

r 0C p

Let I m (t=
) I 0d (t ),in the Laplace space, equation (1) changes to
r 0C p × sTˆm + lT q 2Tˆm = a I 0 LLLL (2)
Þ
Tˆm = a I 0 E02

1
r 0C p s + lT q 2

So the solution of Tm in time domain is
Tm =

a I 0 - t /tT
e ,
r 0C p

where t T =

r 0C p
lT q 2

Appendix E
Matlab Code for Laser-Induced Order Parameter Change
%input
energy=4e-7;% input pulse energy
w_0=1e-4; % beam size
tau_p=175e-9; % 350ns pulse width in experiment
qt=2*pi/w_0;
tau_T=1/(qt^2*0.79e-7);
tau_S=5e-7;
I0=energy/(sqrt(pi)*tau_p*pi*(w_0/2)^2);
%physical parameters
alpha=6700;% measured from linear transmittance
rho0=1e3;
Cp=2e3;
C=alpha/(rho0*Cp);
%time
N=5e4;
t1=0;
t2=5e-4;
t0=1e-6;
t=linspace(t1,t2,N);
p=(t2-t1)/N;
tt=[t,t(1:N-1)+t2-t1];
%impulse response
delta_T=C*I0*exp(-t/(tau_T+tau_S)); % under impulse response
%input
f_in=exp(-(t-t0).^2/tau_p^2);
%output for arbitrary input
Temperature_Conv=convn(delta_T,f_in)*(t2-t1)/N+300;
%order parameter change due to temperature change
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Tc=308.5;
beta=0.189;
S=(abs(1-TT/Tc)).^beta;

Appendix F
Matlab Code for TNLC Transmission Properties using Jones Matrix Method
lambda=750e-9; %
d=100e-6; % LC cell thickness
M=120; % # of layers

GAMMA=2*pi*na*d/lambda; % total phase retardation of the cell
na is adjustable

for j=1:length(g)
MM=[cos(pi/2),-sin(pi/2);sin(pi/2),cos(pi/2)]*([exp(i*GAMMA(j)/(2*M)),0;0,exp(i*GAMMA(j)/(2*M))]*[cos(pi/(2*M)),sin(pi/(2*M
));-sin(pi/(2*M)),cos(pi/(2*M))])^M;
T(j)=norm([0,0;0,1]*MM*diag([1,0]));
end
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