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ABSTRACT

AAre they called O6blue phasesd because
common question asked by many people. The answer is yes but no. The name was given
by the scientist who first observed the special liquid crystalline phase reflecting the colo
blue, however, the reflection color does not represent the pfd&emajor difference of
bluephase liquid crystal from other phases is their-asffembly thredimensional
photonic crystalline structure with a lattice constant typically around hdsidoé
nanometers, and their ability to show Bragg reflection over the visible spectrum.

At first, bluephases were not popular because they are optically isotropic, i.e. no
birefringence. However, they attracted wide attention over academic or indsistdigs
owing to their unique optical properties, such as a fast response time, being polarization
free, possessing no restriction on thickness, and having-asselmbly @ structure.
Nowadays, scientists in chemistry are able to expand the tempeageefrom 1 K to
almost 100 K and cover the room temperattiteerefore blue phase are shown to be a
promising material to overcome the disadvantage of typical liquid crystal materials.

In this dissertation, | will present a comprehensive study of nonlinear optical
properties in blughase liquid crystal as well as their applications. First, ultrafast optical
response of BPLC will be introduced. The results showed that pure transparéhtisBPL
capable of significantly attenuating a picosecond laser pulse with very high intensity. The
mechanism is Maxwell stressduced flowreorientation effect. Owing to its tightly
bounded structure, BPLC is a promising material for optical switching tervabfimiter

devices.
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Furthermore, a detailed study of -ajptical image processing with dgeped
BPLC will be revealed. Unlike typical nematic liquid crystals, blue phases are not restricted
to sample thickness, and, therefore, Bragg grating conditinrbe applied to BPLC. The
results showed that the diffraction efficiency of BPLC urddéographic setup can provide
results nearly one hundred times greater than that of the case with nematic liquid crystal.
The high diffraction efficiency makes BPLCpable of many different applications, such
as hologram reconstruction, phase conjugation, or photorefractive effect. Moreover, an
interesting and simple way to prolong the grating memory is discovered, and the detalil

dynamical studies are shown in the drsation.
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Chapter 1

Introduction of Liquid Crystals

Liquid crystal (LC), as its name implies, is the material transition occurred from
the ordered crystalline phase to the disaeddiquid phase, and it was first noted in a
cholesteric mattal by a botanist, F. Reinitzer, in 1888. However, it was ot until the
1950s when F.C Frank and others pursuéatther progress tocreate a greater
understanding in liquid crystal®]. Such materia exhibit interesting optical properties
that are useful for electroptic elements with low optical power requirement, low carsd
large birefringencé3-9]. In this chapter, we will introduce the basic properties of liquid
crystals as well as the nonlinear optical response sfih@ifferent condition.

In this dissertation, a comprehensive study of the unique type of liquid crystalline
phaseblue-phase liquid crystals (BPLC) will be presented. First, a brief introduction of
liquid crystalline materials will be covered {Dhapter 1, including basic mechsms,
liquid crystalline formation, and nonlinear optical response in LC.

Chapter 2 provides a deeper understanding of the photonic crystalline structure in
BPLC and the unique optical properties of it. BPLC is a naturally forraBdpBotonic
crystallinemateria) and it has some advantagsuch abeingpolarization andalignment
free,possessing faster responsandbeingcapable oathick sample.

Chapter 3 is the experimental result of the nonlinear optical response in BPLC

under intense laser @d. The focused Gaussian laser beam generatesatiesdh Maxwell
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stress ina pure BPLC sample andherefore forms a volcaneshape refractive index
profile by lattice distortion othe BPLC. The lattice distortion further induced flow
reorientation andinally, de-focusingof the input field. The results indicate that BPLC has
avery fast response under picosecond laser pulggsh makes it a promising candidate

of optical limiting devicesThe research results are published and documented in the
journal of Progress In Electromagnetics Research as shda@]in

Chapter 4 shows the photorefractive effect in fuller€sedoped BR.C. The detall
of the experiment is introduced inglsection as well as the analyzation of the dynamical
response of the diffraction signal in the wawm&ing experiment. Moreover, we
demonstrated the twloeam coupling effect, i.e. beam energy transigrithe detail of the
research is shown and published in [52].

Chapter Frovidesa new discovsarof the BPLC in holographic application. BPLC
was found to be capable of higgfficiency Bragg grating formation. The diffraction
efficiency is around 70%, nlike 1% in nematic liquid crystal, and only one order
diffraction is presented because of the condition in Bragg grating regime. The huge
improvement of diffraction efficiency now makes BPLC a very promising material for
holographic display or holographistorage systemn A detaied explanation of the
dynamics under the wawraixing setup will be discussed. Furthermore, we found a
interesting and simple way to prolong the grating memory by sitepljingone of the
pump bears on and having the BPL@luminate uniformly. Also, phase conjugation
results will be shown in the chapt@ihe experimental results are published in the journal

of Scientific Report and Liquid Crystals as showlih, 12]
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Finally, Chapter 6 presents the conclusion of the research on BRU@rovides
ideas for future studied/lany research groups are interested in this material because of the

unique optical properties and trying to develop the applicatiors basel on BPLC.

1.1 Classification ofLiquid Crystal Phase

Liquid crystals represent an intermediate phase between the traditional liquid and
solid crystal. Thesc al | ed fAmesogenso process the phy
crystalsand hydrodynamic of liquid. Typically, liquid crystals can be classified into three
types lyotropic, polymeric and thermotropic. Lyotropic LGsderggphase transition as a
function of both temperature and concentration. The main variable of phase otiteol
amount of solvent (usually water). Polymeric LCs are characterized by the degree of
flexibility, which is useful for optical storage applicatio®. the three types of LCs
thermotropic LCs are the most widely used. The phases are decided lbydhenf of
temperature. Their linear optical effect dominates the electronic display applicatidns
the nonlinearities are also extremely large. Typical thermotropic LCs, sdepessyl4 -
cyanobiphenyl (5CBand 1-1-biphenyl (E7), are composed of ddike molecules (i.e.
rigid rod). At the condition of the temperature over clearing poig)t {ie molecules are
randomly distributed. However, between a range of temperatgeré. G molecules can
selforientate into a certain directipand the diretor axis are normally describeas a

vector fieldn, which will be discussed later.
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Most of the liquid crystal molecules have the chemical structure as shdvign in
1-1. The basic formation of liquid crystal molecules is composed of two aromatic rings
(e.g. biphenyl, phenylor others) conneetlwith a linkage group. The linkage group can
be a tolane, ester, or Schiff base, and the group typically determines the chemical stability

in the molecules. The side chain and terminal group can be cyang oalitjiers.

Side
Chain

Terminal
Group

Aromatic
Rings

Aromatic
Rings

Fig. 1-1. Molecular structure of a typical liquid crystalline material.

Take a common liquid crystal, 5CB, for an example molecule consists of a
cyano terminal group, an alkyl side chand two phenyl rings. As mentioned above, 5CB
is a thermotropic type of liquid crystand the phase is determined by the temperature.
Figure 2 shows the phase transition diagram of 5CB. The nematic phase exists between

18 to 35C.



18 35
Crystal Liquid Crystal Liquid

Temperature (C°)

Fig. 1-2. Chemical structure and phase transition temperature of 5CB.

Thermotropic liquid crystals are most widely used for both scientific research and
industrial applicationsuch as displays or photonic devices. Typical LC molsarkerod
like, as depiatdin Fig. 1-3, and the directional orientation of the molecules are described
as the director axis.

The common mesophases of thermotropic LCs are smectic, nematesteho
and bluephase. The first, nematic, is the mased type of LC fothedisplay industry. In
this phase, molecules tend to align themselves with the director axis. Note that liquid
crystals are centrosymmetrimeaning the physical properties éne same in € and ¢
direction. In smectic phase, a degree of orientational and positional order are required. The
molecules tend to align in layeiSholesteric liquid crystals are foed by the assistance
of chiral dopantand he pitch is the key pameter to determine tingoroperty.

Finaly, blue-phase liquid crystal is a unique kind of phase that onlysaristighly

chiral materials. The phase exhildietween the cholesteric pheamed thesotropic phase
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and the structure is a s@lfsembl\8-D photonic crystal. The detaill explanation will be

covered inthenext chapter.

L
L
L ——4
=
§ \\W#
= =

—
~—

D S
e e R e e
P —
D S S ———
o oy V>

(@) (b) (© )

Fig. 1-3. Spatial arrangement of four common liquid crystals. (a) Nematic. (b) Sematic (c)
Cholesteric. (d) Blughase.

1.2 Order Parameter

To describe the physical properties of liquid crystals, it is important to find a theory
to explain the coexistence of liquid and solid. The russtd theory is elastic continuum
theory[2, 13, 14] Although there are a wide variety of liquid crygithhsestheir physical
properties can be simply described bycatled order parameter, i.e. a unit length vector
field €. The unit vector is further used to explain the order parameter by Tsy&#{an

the following equation



3 -0c'0xd 0@ pO -00Al & pQ (1-1)
where'Qis the rotation symmetric axis ards the angle between the axis of the single

molecule and the director axis of the liquid crystals. The dependence of the order parameter

on temperature is shown kig. 1-4 [13].

S|
C: Crystal
10 —— Sa: Smectic A
| N: Nematic
= | I: Isotropic
05 |
0 5 T(°C
c ("C)

Fig. 1-4. Order parameter dependence on temperature. The phase transitionGsystah
phase tdSmectic A phase, Nematic phasadIsotropic. Figure obtained from reference
[16].

The bracket irEq. 1-1 is an average in trentireassembly of the material. For the

case of perfect molecular alignme(@A | &9 p), the value of S = 1. Conversely, in the
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isotropic phase where the molecules are completely raydalgned,0A T O pfo
and"Y Tu Typically, theliquid crystalline phase is located at between these two Jimits

and the maximum value ofin nematic liquid crystal, for example, is around~@ 4.



1.3 Birefringence ofLiquid Crystals

Uniaxial material exhibits an elliptical refractive inderofile, as shown in
Fig. 1-5. For rodlike liquid crystal molecules, two refractive indices can be obseeved;
represents the fAordinaryo index that t he
perpendicular to the optical axis of LC molegwidade i s t he fiextraordina

the electric field oscillating parallel to the axis. The birefringence is given by:

Ye €& ¢ & &€, (1-2)

and, for an arbitrary oriented director axis, the extraordinary refractive index is

£ — . (1-3)

Moreover, the large birefringence afiquid crystal covers a very broad spectral
range from near ultraviolet to near infrared (400nm ~ 1.2 um)awtdue around 0.2 as

shown inFig. 1-6 [17].
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z

optic axis (director)

Fig. 1-5. Schematic depiction of polaability ellipsoid for uniaxial liquid crystals. The
optic axis is given by the director. The s direction denotes the light propagation direction.
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Fig. 1-6. Birefringence of typical nematic liquid crystalsthre visible-infrared wavelength region
from referencgl7].
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1.4 OseerFrank Theory

In liquid crystalsanexternal electrical field or optical field can produce many kinds
of axis orientatioa Therefore, it is important to understand the physical movement and
the underlying theory. Using the nematic liquid crystals as a sample, three major elastic
distortiors of the director fieldare splay, twist, and bends shown irFig. 1-7. Those

movemets can be described by the director axis associated with free energy fef]sity

Splay: 'O -0 n3db® (1-4)
Twistt. 'O -0 X & (1-5)
Bend: O -0 & n & (1-6)

whereKi, Ko, Kz are presenting Frank splay, twisind bend elastic constant,
respectively.Here ® and & share the same physical properties since nematic liquid
crystals are uniaxial. Liquid cryssaprefer to align in one of uniform orientation with

lowest free energy of each elastic distortion, leading to the Frank free energy fnsity

"0 0 » -0 B B AR -0 B B (1-7)

The constanfy added inEq. 1-7 apgars when the system is lacking inversion

symmetry, i.e., in chiral liquid crystals. In sualthiral system, this constant will not be
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zero and produces a twist distortion waln &€ 1) . In addition,the repeat length of

the liquid crystals rotating bi80 is defined a$ 71} , known as pitch.

Undistorted

Fig. 1-7. Elastic distortion in nematic liquid crystals

1.5 NonlinearOptical Response ot.iquid Crystal

Liquid crystalline dynamic movemegsuch as axis orientation, densitipw, or
thermal effect produce the optical nonlinear effedt is, however, complicated. The
simplest modelisesnematic liquid crystals to describe the theory because of the simpler
geometric shape. Since the nematic liquid crystalline molecules are anisotropic, a polarized
light can induce the axis reorientatjonreorderingof the phasgcausing refractive indes

to changewhich can be characterized by electronic andelentronic effect.
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The nonlinear optic start with the electrical field induced polarizasashown

below:

@
8
:

(1-8)

where... is the nth order susceptibility andis the dielectric constant of the liquid
crystals. In order to understand to lighatter interaction, the wave equation rssted

involve

ne ‘ — (1-9)

Because the director axis of liquid crystals is indistinguishable betéeen
and &, the secondrder susceptibility is vanished in centrosymmetric matesalsh
that the most nonlinear effect is associatgth ... [18-20]. Therefore, the refractive

index can by written as:

i 8 — k& &0 (1-10)

This equation leads to the major mechanidma Kerr effect,in which the laser
induced refractive indices change is proportional to light intensity and nonlinear
coefficiente . Since... is relatively small typical third order susceptibility valador

liquid crystalsare around 1% m%V? [21], the large intensity is required to generate



14

sufficient effect. In this case, short pulses arniigh-intensity laser field are needethe
comparison ofnonlinear coefficients andwitching efficiency... # as list below in

table land table 2, is the absorption coefficient and t is response time of the nonlinear

effect[16].

Materials

Order of magnitude of n; (cm?/W)

Nematic liquid crystal

Purely optically induced ~107*-10"*
Thermal and order parameter change ~1073-10"
Excited dopant (dye molecule) assisted ~10-'-10"3
Photorefractive - C60 doped ~1073-10"?
Methyl-red doped ~1-2000
Azobenzene LC (BMAB) doped NLC >1072-10""
(60/nanotube doped film >1072-10""
OASLM-LC [estimated| ~10-200
Electronic non-resonant nonlinearities ~10"18-10"%
GaAs bulk ~107
GaAs Multiple Quantum Well MQW ~10°?
Photorefractive crystals/polymers ~1074
Bacteriorhodopsin ~10*

Table 1-1. Nonlinear refractive index coefficients of liquid crystals

optoelectronics materiafsom reference [16]

and some

Materials [Ref.]

X'])}’Ur (lo—lﬂ m] V—2 s—l)

GaAs bulk 30
GaAs MQW 300
Bacteriorhodopsin 0.05
Photorefractive crystals/polymers 107"
methyl-red doped LC film =100
C60/nanotube doped LC film =100
OALC SLM =100

Tablel-2. Switching efficiency of various materials [16]
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1.5.1 Optical Reorientation with Intense Short Pulses

Considerthe exemplary light interaction configuration Fig. 1-8, where the
l iquid crystals are aligned perpendicul ar
Under the illumination of a polazed plane wave in -direction, the director axis
experiences a shiftin-x pl ane by an angle d, where th

described as [sin(d+b), cos(d+b)].

—_—

X
Eac

Fig. 1-8. Interaction of a lineapolarized laser with an aligned nematic liquid crystal film.

Based on previous studies, the dynamic equation ofifieldced axis orientation

can be interpreted as in:
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r— 00— -Y-0 OHf, (1-11)

where we apply the one elastic constant approximatieiKcKs= K, kB m[&2].[d is
the viscaity coefficient. Considerthat the laser pulse is a flat top square pulse

(i.e,O 0 ©O forO<t<_, O 0 Tmelsewhere)The sol ution of d(t

—0 t-Y0 OKi p QF (1-12)

Forashort pulsef L 1 ), we can find that—0 is proportional tart .
Therefore, the refractive index changes(t) is proportional to OFt )i nss and the

response timé& can be defined as the time it takes for the maximum phasgvdhiith

is inversely proportional to the light intensity.

t © pFO (1-13)

The relaxation time may be in the millisecond time regiamile the time for
intense laser induced axis reorierdgatcan be in dunanosecond rangdependhg on
the input.For atypical Nd:YAG laser with 10 ns pulses, the effectiyésmx 102 cn?/

W.
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1.5.2 LaserInduced Flow-Reorientation

Since the liquid crystals contain the physical properties of hydrodynarhigh-
intensitypulse laser can induce flow reorientation due to two major mechsiiamwell
stressand electrostriction. This interaction is also a promising way to achieoptaihl
switching and optical limiting. In transparent nematic liquid crystals, free charges exist due

to the impurities where the Maxwell stressipplied as:

0 NPT O n O (1-14)

By putting Eqg.1-14 into the flow reorientation process as a driving force, we can

get a hydrodynamic equation in a transient state:

t— [ — 0Y— -1 [ Ale-— m (1-15)

()

n— W0 (1-16)

Here ‘ is the moment of inertia, K is the elastic constanis the flow velocity
(in the xdirection), and’ ,[ , and[ are the viscosity coefficients. The driving forga
is from Maxwell stress ithe x-direction.

Assumng the incidenpolarized light is a square top pulse, the fi@erientation
equation can be solve@nd, therefore, the rise time of the laser induageentation
processt can be foundThe typical value of is aroundhenanosecond range (~500 ns)

in nematic liquid crystals. The importance of this mechanism is that the axis reorientation
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is sensitive to light intensity instead of laserquency, meaning this effect is capable of
all-optical switching and limiting applications the microseconds or nanoseconds time

scale[23, 24]

1.5.3 Density Effect

As in many other materials, the nature of optical absorption in liquid crystals
depends on wavelength. Under the intense laser pulses in transparent NLC, the
electrostriction effect can explain the dynamic of lasduced density fluctuation (i.¢he
movement of a dielectric material into the region of high field strengti8edtion 1.5.2,
Maxwell stress is introduced in the condition that liquid crystalsaaracompressible
liquid. However, there are also expansions and contraction manifésgngystalline
properties where the electrostriction is applied. This kind of effect causes the density
change in liquid crystals kgyhigh electric field.

In the typical grating diffraction setup, the figltluced density modulation

created bya square top laser pulse is given by:

60 —p Q Ain® Nt — (1-17)

Here” 0 is proportional t¢ and is characterized by the Brillouin relaxation

constantf and frequencyn, wherem nuv T .Takngnematic liquid crystals as
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an example- x p 1 kg/ms s,” p mkg/m3, the grating period of 20 pnand
t ~200 ns.
Figure 1.9 summarizes the major nonlinear effect that contributes to optical
switching andprovidesthe time scaleHere,havingmultiple time scalecorrespondto a
different nonlinear coefficient , indicating the mechanism is chosen according to the

optical field we us¢22].

1000
% Transparent NLC
100
104 vl Dire_-ctor_axis reorientation
L [3. 50, 65]
014 Flow-reorientation effect [69]
z 201 Electrostrictiveeffect [67
,: 1E-3 4 . ectrostrictiveeffect [67]
3] ™ ‘1.-" = e
4 1B+ N Laser induced ordering
= 1E-54 +* - o . . . vy
z P . n ligmd phase [52]
2 1E-6- - - )
= - Molecular electrome
5 1E-T+ ~+ - °
g . L Nonlinearity [49, 78, 79]
S 1E-8+ I
g 1E-0 e ",t Absorbing NLC
1E-10 i Photorefractive effect [58-62]
1E-114 S Thermal and order parameter
1E-124 [71,73-76]
1E-134 o » Dopant (C 4. dye, nanotube)
1E-144 Enhanced effect [54-57, 63, 64]
T T T T T T T T T T 1 T T T T T
1E-14  1E-12  1E-10 1E-8 1E-6 1E-4 0.01 1 100
Response Time (s)

Fig. 1-9. Exemplary values for steaghyate and effective nonlinear index coefficients and response
times of major mechanisms for lageduced refractive indemodification of NLCfrom reference
[22].
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1.5.4 Photoisomerization in Liquid Crystals

Photoisomerization is the molecular behavior of structurhgh between isomers
caused by photoexcitation. The magtely investigated material is azobenzewhere
the optical input can produce tragis transition andremostly reversible. Liquid crystals
films containing photosensitive dopants exhibit langenlinear properties, such as
optically tunable refractive indg23], image storager optical switching24].

The transstate of azobenzene is rbkie, which can stabilize the liquid crystals. On
the other hand, the cis state is bent and able to disori¢h&atecal liquid crystals and
cau® director axis orientation effecgnd, therefore,can genera¢ the refractive index
changeHere the dye molecules will align themselves in the direction orthogonal to the
optical electric field. Ashown inFig. 1-10, the azobenzene molecules (i.e. the red rod)
intend to rotate tthe ol direction if the optical field isn thewdirection.Additionally,
the intermolecular torque acting on liquid crystals can be stronger than optical torque.
Moreover, since thganscis isomerism is a fast process, typically in the nanosecond range,

the liquid crystal phase transition can be creaieths rapidly.

/ ‘ / ‘ Liquid Crystal molecule
x ‘ ‘ ' ' Azobenzene molecule

y |

Fig. 1-10. Schematic figure of dydoped nematic liquid cryals and the optical field direction.
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Chapter 2

Blue-phaseL iquid Crystal

Blue-phase liquid crystals (BPLC) have brought huge attraction to research groups
in recent years due to tihhaunique optical properties and periodic structure. BPL@ i
promising material for many applicatignsuch as display, photonic devices, light
modulator andoptical filter as a result ofheir selfassembly @ structure. This chapter
will introduce the basic material properties and their forma#atditionally, the Oseen
Frank free energy model will be applied to explain the structure of BPLC. Finally, the

unique electrepptical mechanism will be shown.

2.1 Brief Introduction of BPLC

Blue-phasesverefirst observed by Reinitz¢t] in highly chiral liquid crystadwith
a narrow temperatureange betweethe isotropic and cholesteric phase 1888. This
remarkable mesophase exhibits a colorful texture of misioal platelets as shown in
Fig. 2-1[25]. The colorful reflection is due to selective reflection from periodic strusiture
such as aypical crystal structure. Ehreflection spectra shothatthe Bragg reflection
peaks are indexed by the lattice constant within the #tiraensional structure of several
hundred nanometerBlue-phases are not really a crystal in the traditional sense; BPLCs

do not havelong rang of positional ordeand they are still fluid26].
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Fig. 2-1. Microscopic image dblue-phase liquid crystal from referenf2s].

The key to understaimty the formation of blugophasesnvolvesthe double twist
structure in the highly chiral liquid crystaks shown irFig. 2-2 [27-29]. One can see the
double twist cylinder (DTC) amultiple chiral helixes simply added together. Usually,
when the chirality in the system is high enouwatiouble twist structure is moréable than

asimple helical system.

Nematic Phase CholestericPhase Blue Phase

(Single Twist) (Double Twist)
\ ™~

Fig. 2-2. Schematic depictions of director distribution in nematic phase, cholesteri¢ phase
and bluephase
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Moreover, the double twist cylinders are separated by aonletof disclinations
as shown irFig. 2-3 [25]. The bluephases are delicately balanced crystalline system of
defect structurg30, 31] Three distinct blugphase have been shown experimentailth
blue-phase lll, blugphase I, blugohase | occurring in the order of cooling from isotropic
state[32, 33] The crystalline structures in biphases are boeyenteedcubic for BPI,

simplecubic for BPIl and amorphous structure close to isotropic for BRBDI.

Fig. 2-3. Conceptuallepiction (a) director distribution in a DTC; (b) thremensional
stacking of DTCs and the corresponding director distribution of the (c) continuous and (d)
discontinuous portions; arrangement$3diCs and disclinations in (e), (f) BPI and (g), (h)
BPII, obtained from referencig5].



24
2.2 Theory of BPLC

In the 1980s, two major themsweredeveloped to gaiafurther understanding of
the cubic structure of blyghasesthe Landaude Gennes free energy the¢84-36] and
theOseenrFrank defect theor2, 37]. The Landatde Gennes theory is frequently used in
both theoretical and numerical calculatiand predicts phase transition using order
parameter tensor, i.e. Q tensor.

An alternative model of bluphases can be explained by the Odeemk defect
theory in amore simplavay. The model was based on tharkk elastic modebnd it was

first discussed by Meiboor{B7]. Take BPlas an example The bodycentereecubic
structure with'Y - disclinations is observed. In this chiral system, the free energy

elastic density can be expressed

0 -0 ®BH QO B AR Qb ®H (2-1)

"0 Q Q D HIPH Mhd (2-2)

The first equation was described in E¢7 &s splay, twistandbend distortion in
the bulk, respectively. The second equatiothéssaddlesplay deformation as well as the
surface term in BPLCsince the surface integral is nearo in bluephasesLastly, Q is
the elastic coefficient. For simplicitye takeK1:=K2>=K33=K and Ko4=0. Therefore the

integration over the surface of a cylinder surrounding the disclination is
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o 0 1 “ (2-3)

where O is the energy per unit length along ttlisclination. Now the total energy of

BPLC with™Y - disclinations can be written as:

"0 O O 0 O (2-4)

The first term represents the excess free energy of the disclinater/¢ben the

temperature T is close to the clearing poind, This term can be shown as:

0 BY YUY, (2-5)

where R is the radius of the core around 10amuithe coefficientdis about8 k¥m3K in

typical value.The second term describes a surface energy at the interface between

cholesteric liquid crystals and disclination core given by:

.\O c, « "Y (2-6)

where, represats a surface tension of the disclination. By approximatthg - and

simplifying only one elastic constant K, the total free energy is
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O -01TY Y -0 &Y Y'Y ¢ “Y (2-7)

Here, the minimum free energy (i.e., F=0) can be founghx hdicates the

maximum core radius of disclinatiowhich is around 100nm.
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Chapter 3

Ultrafast Optical Responses of BPLCs

3.1 Introduction of Optical Limiting

The extensive integration of higtower laser devices into modern technology has
led to the developmennf efficiently manipulating the amplitude, phase, or the direction of
the optical beam. The use of lasi@rour daily life, such as optical communicatj medical
surgery, manufacturingor military uses, shows how important they are. However, the
illumination intensity is very crucial to determining how damgesithe system is. For
military uses, night vision gogglean helpa solder to reveah surrainding target with
very low ambient lightbut with exposure to highntensity illumination, the optical system
can be easilpedisabled and caeslamag@tot h e s @yeslAdditionally, we have
sea reports fromnews median which peoplehave beemrrestedfor shooting lasexinto
the sky This act is of great concebecause the laser beam could accidently passaover
military aircraft and blindts pilot [38].

Generally, optical limiting can be categorized into twethodgroup: mechanical
and passive. Mechanical methpdike shutter which controls an iris for blocking
transmitted light are usually combined with multiple optical componentsuch
photosensors and processorBe complex system results in slower exlethan passive
methods due to the communication of each compopamdisit is only capable of limiting

milliseconds laser pulser continuous wave (CW) lasei~or modern laser technology,
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the pulse width can be as shortaagicosecondwhere the mechmcal methods can no
longerbe effective

By contrast, much research interest is directed toward nonlinear optical materials
as a passive limiter. Nonlinear optical propertegh as fast response, large nonlinearity,
andbroader spectral responaeeimportant to accomplish simple and efficient limiting.
Typically, the process of sensiagdprocessing anthe actuation function in the passive
limiting materials are synchronizedhe speed of attenuation is determined by their
physical propertiesand he devices can potentially respidast enough to block the ultra
short laser pulse.

Ideally, a passive optical limiter should have linear transmission under low intensity
illumination but block the incident light when it exceeds the threshideérefore,the
device can protect sensitive optical sensoessenhuman eyes. Those materials all exhibit
at least one nonlinear optical progeguch as nonlinear absorption, nonlinear refraction,
nonlinear scatteringor optically induced phase transition. Theognechanis can be
associated with twqphoton absorption, excitestate absorption, Kerr effeair optically
induced heating effect and lead to different resuteh as defocusing, scatteriray

photorefractionas shown in Fig3-1[39].
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Fig. 3-1. Schematic illustrations of opitcal limiting
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One of the most important applicationsaofoptical limiter,which will be focused

on, isthe protection osensors anthuman eyes. These delicate optical sess@hich

includeseyes, have certain light exposure thresholds that can cause irreversible damage.

According to the American National Standard for Safe Ufd asers(ANSI), the

maximum permissible exposure chart (MP&)own belowindicates thata human eye

could be permaneiytdamaged unddr.5¢ J /2 ight exposure withirthevisible spectral

range [40]. Therefore,applying appropriate optical limiting devices to the system is

important to allowthe sensors or eyes to continugdmainfully functional under harsh

conditiors.
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Fig. 3-2. MPE fluence for direct ocular exposure for a range of exposure duradmmer
various wavelength ranges fnoreferencg40].

For passive optical limiting, the processes can be achieved by variouseaonl|
optical mechanismsuch as selflefocusing, refractignand scattering. Varieties of
materials are studied for those nonlinear praeefs optical limiting. The goal is to
develop materials with high optical nonlinearity and fast response wiiirvisible
spectrum range arae able to incorporate them into optical systems or compact devices.
The mosiwidely studied materials are fullerenes, semiconductors, photorefractive
materials, organic materialand liquid crystals. The materials generally exhibit multiple
nonlinear optical propertiedut one of themusually dominates the other®rganic

materias, like Indanthrongare weltknownfor their reversible saturable absorption (RSA)
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which is causedby photoinduced excitestate absorptiofd1]. Thesekind of materials
exhibit very fast responsdecause of the electronic interactibtowever, the responding
spectrum is confined tacertain wavelegth rangeand the extinction ratio is lowvhich

makes them not suitable for eygrotection devices. The optical properties in fullerenes
includes nonlinear absorption and nonlinear scattering over the visible spectrum. This is
ideal for broadband optithmiting, butthe response time can only fitarshort pulse laser
because of the triplet life tin{d2].

Among these materials, liquid crystals aneloubtedlythe best candidate of optical
limiting devices. With the largest optical nonlinearity and the eafseodulation, liquid
crystals stand out for adiptical switch aplications. Many researel havendicated liquid
crystals, especially nematic phase, are sensitiwevery wide spectrum range and give
rise to large birefringence while still transparent. Tlusattributed to accumulated
molecular response along wittimperature and density effeathich will be discussed in

the next section.
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3.2Introduction of Maxwell Stress inLiquid Crystal

Owing to the free charges in the liquid crystals caused by impufiis the
Maxwell stress theory can be applied to the optical response of transparentrycgted
underanelectric field or intense laser pulg&s a resultthe ability to flow andhe strong
coupling effect between flow and crystalline axis rotation or lattice distortion can be
explained. This approach was first used by Eichler and Matalioni991[44] to interpret
the flowrreorientation effect generated by an optical polarization grating structure in the

transparent nematic liquid crystak shown in Fig.-3.

Fig. 3-3. Side view of coherent optical wave mixing of two crospethrized lasers in a
homeotropically aligned NLC cell



33

In the figure, the alignment of liquid crystal is kdizection and two cohenat laser
beams derived from splitting the laser withe same optical intensity and cress

pol arization intersect at a smal l angl e of
polarization grating can be described & ¢ ‘Q hOo'Q hryg, where

Qs the wave vector in the transverse direction®1id in longitudinal direction.

The flowr eor i ent ati on effect can be derived
Maxwell stress imvacuum[45] to the case of liquid crystal by assuming the materials are
linear, nondispersive and lossless. Therefore, the force density acting on the liquid

crystals can be described as

M "00v 0O (3-2)
According to Gaussods Il,aw and Amperebs <circ
" nJ0Mh n 0 —, (3-2)
and
— 0 6 — 6 0O —, (3-3)
we have
Q@ n0O0O 6 OO — —0 o (3-4)

By substituting— andn 3 1T, we have

@ DO On 0O "HBO H O —0 6 (35
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The timeaverage of electrical momentum teitn ‘O 6 is zero, andas mentioned in
the first chapter, the dielectric anisotropy is much larger than the diamagnetic anisotropy
Therefore, only the electric part &q. 3-5 is left. The expression of Maxwell stress

becomes

QM DO O n 0 (3-6)

Additionally, owing to the slow response of liquid crystal, the result of Maxwell stress

would be the timaveraged value

600 -'YQnI0TG O n T (3-7)

Under the optical polarization grating fielas given abovahe Maxwell stress can have

the following components

60:0 ---RO0O0Ejw 00 mig0O 1, (38)

wherer] ¢ 'Qis the difference between two optical field vectors with gnating

constantyr ¢ 11 . The general form of floverientation effect i$44]

" — Yo O (3-9)
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' — on— -7 1 ATd&— 1 (3-10)

Here w is the flow velocity inthe x-direction, K is the elastic constartis the
angle of director axis reorientaticand; i bA T -Aare the viscosity coefficient. Iq. 3-
9, 0is a nonvanishing componentvhich providesthe flow alongthe x-direction. By

substituting 38 into 39, weobtainthefollowing flow-reorientation equatien

— ——  —--APOT 0sOEA & (3-11)

' — 00— -7 [ Al® — ™ (3-12)

For calculation, we assume would be relatively small and neglectable. By

combining 311 and 312, the flowreorientation of liquid crystal can be solved.

3.2.1Estimate of Optical Nonlinearity i Flat-Top Square Pulse

To estimatetie nonlinear index coefficient of the transparent liquid crystal sample
underanintense laser pulse, we consider the case whereobtith input optical fieldare
represented by a flat tdpat function

00T 65 T 1

5 (3-13)
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Becaus&QQtontains the sinusoidal function in space, the reorientation angle

and the velocity are in the form of

-

e« o AT 0

P

b U OEf®

By substituting the condition intéq. 3-12, we can thus have

F —AT DO oRe AT®O -7 T AL AT D

The maximum value dd can be obtained as

Substituting 317 into 311, we get

0¢

6 — 66— O ~- O

where

(3-14)

(3-15)

T (3-16)

(3-17)

(3-18)
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6 ——hp ——Ip — (3-19)
The analytical solution tBq.3-18 during the optical pulset 0 Tt s, thereforeable

to be solved:

. d — (3-20)

tr — Nt — (3-21)

Apply the following parameter” p Tt kg/m?®, [ T8t 1 gg/ms,— 18t ¢kg/ms,
K=p m E @ T%the grating periodis ¢“jn ¢ 1l , andthe relaxation time
and rise timet are 0.1 s and 1 peespectively. Becausd | 1, the rise time can be

neglecedin 3-20, andthe orientation angle can be simplified to

--071 T T o~

D
|

°

0

(3-22)
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Moreover, in the case of flat top laser pulse approximation where the pulse duration is

much shorter than the rise time L T ), the solutiorconverts to

¢ 0 — s — (3-23)

To further understand the value of nonlinear coefficient the reorientation angle

dependence of the refractive index is now applied

Yo & o Yo & e - (3-24)

For small angle approximation

Ye 2 (3-25)

m
<
O

(3-26)

Herg ¢ is the corresponding nonlinear coefficient at steady state assbwitdltethe
opticakield-induced floworientation effect in liquid crystals. Use the following values for
each parameter: 18t 1 kg/ms,f P8t ® ,— T8t kg/ms, K=p 1 k #n/2s
the grating period isr ¢“jfi ¢ em, and assumin@® E5i p, the nonlinear

coefficient is calculated to be 4xB0cm2/W.
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3.2.2Estimate of Optical Nonlinearity i Gaussian Pulse

For the real case in thepplication, the input laser is a Gausssuapé pulse in
time Therefore, the optical field should contain the delta function in order to solve the real

case. The optical field is expressed as

VOO os 0O o, (3-27)

and the reorientation angle thus becomes

e 0 — Q Q (3-28)

In addition, he laser pulse converts to the forrtf 0Q 7 'Q ,wheret isthe

pulse duration that gig®ut the temporal variation and the change in nonlinear coefficient.
Using the same parameteas mentioned above arike beam size of input laser as
100umwith pulse duratiort of 350 ns, the simulation result isrdenstrated10]. In Fig.

3-4, the laseinduced reorientation angle and change of refractive index as a function of

input laser intensity are shown.
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Refractive Index Change
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Fig. 3-4. Refractive index changes under different input intensity from refef&6ge

In atypical case, the relaxation time of director axis reorientation in liquid crystal
is much longer than the pulse durati@md, therefore, the reorientation angle and the

induced refractive index change remain in peak value after the pulse is passed.

3.2.3All-Optical Switching with Twist Nematic Alignment Cell

Twisted Nematic Liquid Crytal (TNLC) is undoubtedlythe most widely used-E
O modulator in the industrPwi sit.eed.0 Lmegaunisd tChr

crystalis experiencinga 90° twist between two substrates shown irrig. 3-6. Inatypical
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electreoptic switchng devicesuch as using TNLC fadisplay pixel, the input light from
the back panel is polarized by the input polarizeriamparallel to the director axis on the
input plane. When the optical intensity is weak, the polarization of light follows tiigoro
of the director axispasgsthe analyzer with the polarization parallel to each otedis
thenfully transmitted.

Electraoptic switchingis demonstratd byapplyingan AC field across the NLC
cell windows that realign the director axis éwentuallybe perpendicular to the cell

windows,and the contrast ratio is determined by the field induced orienfafion

tr\ N

N

Polarizer N N

Input pulse Analyzer

Fig. 3-5. Optical switching cell: Twist Nematic Liquid Crystal rebwiched between
crossed polarizers

In the altoptical switching devices using liquid crystal, the incident light is high
enough to change the director axis orientation and create differeatkiogtical limiting
mechanismas mentioned in Chapterl3J46-48]. In this case, the Maxwell stressrfrdhe
focused laser beam crestie radial flowreorientation in the liquid crystal and randonsize

the director axis of the sample. The effective birefringéficef TNLC is reduced from
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the maximum value to,Cand the order parameter is also decrea$éds means the
polarization rotation through the NLC cell is diminished, and the laser pulsegetkie
cell with the polarization orthogonal to the output polarizer will be attenuated.

In the simulation in which theresuls areshown below, an approximation is
adoptedn whichthe birefringence generated by the intense laser pulse mthecéow
orientation in the TNLC lit is the form of¥Y&¢ & "00 hwhere¢ is the nonlinear
coefficient calculated in Chapter23 TheJonesMatrix method is considered to calculate
the timedependent attenuation in transmission with the birefringence change using the
same set of parameters in the previous sefigh

Figures 3-7 and 38 show the transmission and power dependence for different
input laser energies. Note that under 200 pJ, there is no appreciable attenuation on the input
pulse, thus the output pulshape is similar to the incident field. &mhenergy higher than

200 uJ, the transmission begins to drop significaatig the switching time is faster
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Transmission Change
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Fig. 3-6. Dynamical simulation of transmissiomder different input energies from
referencd10].
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Fig. 3-7. Input versusoutput pulse shapes under different input pulse enefgies
refererce[10].
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To further prove the simulatiom, 750nm laser is used to characterize the TNLC
sample in order to demonstrate the switckoffgeffect and the result is shown Fig. 3-
9. The sample is made by 5CB becausésinear absorption as well @s weak multt
photo absorption at 750nm. Two different input energies were used in the expgeaimaent
the result showed the transmission of input laser pulse from the cell is lartgelysaéd
by the TNLC sample.

This result shows good agreement with the simulaticsss the attenuation of
transmission is proportional to the input intensatyd the threshold for triggering the effect
is around 10pJ (equivalent to a laser peak intensitue | = 1.5x10W/cm? with a laser

spot diameter|2 ~140pum).
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3.3Laser-InducedL attice Distortion in BPLC Cell

Research studies using bipkase liquid crystal as a material ®lectreor all-
optical applicatios has beerncreasing recentlj49-53]. Owing toits fast response time
and unique optical propertiesuch asdeingpolarizationfree and easto fabricage, BPLC
becomes an alternative to BlLand lightinduced Maxwell stress promises a new approach
for all-optical switching in BPLC.

To continue the discussion in the previous section, we fthatdhe optical field
of an intense laser pulse can generate Maxwell stress andacdefacusingeffect in
transparent BPLCLO]. In fact, there are studigsatshow thatin generalthe focused laser
pulse requires an intensitaround several MW/ctto trigger the observable optical
switching effect in BPLJ50, 54]

In the case ofombiningthe Gaussian laser pulse with the intensity form of

O x oo o 7 (3-29)

and the Maxwell stress froig. 3-6 we obtain

Q0 -- POT O 7 —h—Hhr (3-30)

The equation ofhefield-induced flow process now can be desdtibs:































































































































































