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ABSTRACT 
 

ñAre they called ôblue phasesô because they are in blue color?ò This is the most 

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 color 

blue, however, the reflection color does not represent the phases. The major difference of 

blue-phase liquid crystal from other phases is their self-assembly three-dimensional 

photonic crystalline structure with a lattice constant typically around hundreds of 

nanometers, and their ability to show Bragg reflection over the visible spectrum.  

At first, blue-phases were not popular because they are optically isotropic, i.e. no 

birefringence. However, they attracted wide attention over academic or industrial studies 

owing to their unique optical properties, such as a fast response time, being polarization-

free, possessing no restriction on thickness, and having a self-assembly 3-D structure. 

Nowadays, scientists in chemistry are able to expand the temperature range from 1 K to 

almost 100 K and cover the room temperature. Therefore, blue phase are shown to be a 

promising material to overcome the disadvantage of typical liquid crystal materials.    

In this dissertation, I will present a comprehensive study of nonlinear optical 

properties in blue-phase liquid crystal as well as their applications. First, ultrafast optical 

response of BPLC will be introduced. The results showed that pure transparent BPLC is 

capable of significantly attenuating a picosecond laser pulse with very high intensity. The 

mechanism is Maxwell stress-induced flow-reorientation effect. Owing to its tightly 

bounded structure, BPLC is a promising material for optical switching or optical limiter 

devices.  
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Furthermore, a detailed study of all-optical image processing with dye-doped 

BPLC will be revealed. Unlike typical nematic liquid crystals, blue phases are not restricted 

to sample thickness, and, therefore, Bragg grating condition can be applied to BPLC. The 

results showed that the diffraction efficiency of BPLC under holographic setup can provide 

results nearly one hundred times greater than that of the case with nematic liquid crystal. 

The high diffraction efficiency makes BPLC capable 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 detail 

dynamical studies are shown in the dissertation.  
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Chapter 1  
 

Introduction of Li quid Crystals 

 

Liquid crystal (LC), as its name implies, is the material transition occurred from 

the ordered crystalline phase to the disordered liquid phase, and it was first noted in a 

cholesteric material by a botanist, F. Reinitzer, in 1888 [1]. However, it was not until the 

1950s when F.C Frank and others pursued further progress to create a greater 

understanding in liquid crystals [2]. Such materials exhibit interesting optical properties 

that are useful for electro-optic elements with low optical power requirement, low cost, and 

large birefringence [3-9]. In this chapter, we will introduce the basic properties of liquid 

crystals as well as the nonlinear optical response of LCs in different condition.  

In this dissertation, a comprehensive study of the unique type of liquid crystalline 

phase blue-phase liquid crystals (BPLC) will be presented. First, a brief introduction of 

liquid crystalline materials will be covered in Chapter 1, including basic mechanisms, 

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 formed 3-D photonic 

crystalline material, and it has some advantages, such as being polarization- and alignment-

free, possessing a faster response, and being capable of a thick sample.  

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

under intense laser pulse. The focused Gaussian laser beam generates a so-called Maxwell 
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stress in a pure BPLC sample and, therefore, forms a volcano-shaped refractive index 

profile by lattice distortion of the BPLC. The lattice distortion further induced flow-

reorientation and, finally, de-focusing of the input field. The results indicate that BPLC has 

a very fast response under picosecond laser pulses, which makes it a promising candidate 

of optical limiting devices. The research results are published and documented in the 

journal of Progress In Electromagnetics Research as shown in [10]   

Chapter 4 shows the photorefractive effect in fullerene-C60-doped BPLC. The detail 

of the experiment is introduced in this section as well as the analyzation of the dynamical 

response of the diffraction signal in the wave-mixing experiment. Moreover, we 

demonstrated the two-beam coupling effect, i.e. beam energy transferring. The detail of the 

research is shown and published in [52].   

Chapter 5 provides a new discovery of the BPLC in holographic application. BPLC 

was found to be capable of high-efficiency Bragg grating formation. The diffraction 

efficiency is around 70%, unlike 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 holographic storage systems. A detailed explanation of the 

dynamics under the wave-mixing setup will be discussed. Furthermore, we found an 

interesting and simple way to prolong the grating memory by simply leaving one of the 

pump beams on and having the BPLC illuminate uniformly. Also, phase conjugation 

results will be shown in the chapter. The experimental results are published in the journal 

of Scientific Report and Liquid Crystals as shown in [11, 12].   
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Finally, Chapter 6 presents the conclusion of the research on BPLC and provides 

ideas for future studies. Many research groups are interested in this material because of the 

unique optical properties and trying to develop the new applications based on BPLC. 

1.1 Classification of Li quid Crystal Phase  

 

Liquid crystals represent an intermediate phase between the traditional liquid and 

solid crystal. The so-called ñmesogensò process the physical properties characteristic of 

crystals and hydrodynamic of liquid. Typically, liquid crystals can be classified into three 

types: lyotropic, polymeric and thermotropic. Lyotropic LCs undergo phase transition as a 

function of both temperature and concentration. The main variable of phase control is the 

amount of solvent (usually water). Polymeric LCs are characterized by the degree of 

flexibility , which is useful for optical storage applications. Of the three types of LCs, 

thermotropic LCs are the most widely used. The phases are decided by the function of 

temperature. Their linear optical effect dominates the electronic display applications, and 

the nonlinearities are also extremely large. Typical thermotropic LCs, such as 4-pentyl-4'-

cyanobiphenyl (5CB) and 1-1'-biphenyl (E7), are composed of rod-like molecules (i.e. 

rigid rod).  At the condition of the temperature over clearing point (Tc), the molecules are 

randomly distributed. However, between a range of temperature, the LCôs molecules can 

self-orientate into a certain direction, and the director axis are normally described as a 

vector field n, which will be discussed later.  
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Most of the liquid crystal molecules have the chemical structure as shown in Fig. 

1-1. The basic formation of liquid crystal molecules is composed of two aromatic rings 

(e.g. biphenyl, phenyl, or others) connected with 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 cyano, alkyl, or others.  

 

 

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

 

Take a common liquid crystal, 5CB, for an example. Its molecule consists of a 

cyano terminal group, an alkyl side chain, and two phenyl rings. As mentioned above, 5CB 

is a thermotropic type of liquid crystal, and the phase is determined by the temperature. 

Figure 1-2 shows the phase transition diagram of 5CB. The nematic phase exists between 

18ºC to 35ºC.  
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Fig. 1-2. Chemical structure and phase transition temperature of 5CB.  

 

 

 Thermotropic liquid crystals are most widely used for both scientific research and 

industrial application, such as displays or photonic devices. Typical LC molecules are rod-

like, as depicted in Fig. 1-3, and the directional orientation of the molecules are described 

as the director axis ὲ.  

 The common mesophases of thermotropic LCs are smectic, nematic, cholesteric, 

and blue phase. The first, nematic, is the most-used type of LC for the display industry. In 

this phase, molecules tend to align themselves with the director axis. Note that liquid 

crystals are centrosymmetric, meaning the physical properties are the same in ὲ and ὲ 

direction. In smectic phase, a degree of orientational and positional order are required. The 

molecules tend to align in layers. Cholesteric liquid crystals are formed by the assistance 

of chiral dopant, and the pitch is the key parameter to determine their property.  

 Finally, blue-phase liquid crystal is a unique kind of phase that only exists in highly 

chiral materials. The phase exhibits between the cholesteric phase and the isotropic phase, 
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and the structure is a self-assembly 3-D photonic crystal. The detailed explanation will be 

covered in the next chapter.  

 

 

 

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

Cholesteric. (d) Blue phase.  

 

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 most-used theory is elastic continuum 

theory [2, 13, 14]. Although there are a wide variety of liquid crystal phases, their physical 

properties can be simply described by so-called order parameter, i.e. a unit length vector 

field ὲ. The unit vector is further used to explain the order parameter by Tsvetkov [15] in 

the following equation:  
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3  ộ σ ὯϽὲ ὯϽὲ ρỚ  ộ σÃÏÓ— ρỚ,                        (1-1) 

where Ὧ is the rotation symmetric axis and — is 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 in Fig. 1-4 [13].  

 

 

Fig. 1-4. Order parameter dependence on temperature. The phase transition is from Crystal 

phase to Smectic A phase, Nematic phase, and Isotropic. Figure obtained from reference 

[16].  

 

The bracket in Eq. 1-1 is an average in the entire assembly of the material. For the 

case of perfect molecular alignment, (ộ ÃÏÓ—Ớ ρ), the value of S = 1. Conversely, in the 
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isotropic phase where the molecules are completely randomly aligned, ộ ÃÏÓ—Ớ ρȾσ 

and Ὓ π. Typically, the liquid crystalline phase is located at between these two limits, 

and the maximum value of Ὓ in nematic liquid crystal, for example, is around 0.6~0.7.   
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1.3 Birefringence of L iquid Crystals 

 Uniaxial material exhibits an elliptical refractive index profile, as shown in 

Fig. 1-5. For rod-like liquid crystal molecules, two refractive indices can be observed; ὲ 

represents the ñordinaryò index that the electric field of incident ray is oscillating 

perpendicular to the optical axis of LC molecule, and ὲ is the ñextraordinaryò index that 

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

 

Ўὲ  ὲ ὲ ὲ᷆ ὲ ,                                             (1-2) 

 

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

 

ὲ — ᷆

᷆

.                                (1-3) 

 

Moreover, the large birefringence of a liquid crystal covers a very broad spectral 

range from near ultraviolet to near infrared (400nm ~ 1.2 µm) with a value around 0.2 as 

shown in Fig. 1-6 [17].  
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Fig. 1-5. Schematic depiction of polarizability ellipsoid for uniaxial liquid crystals. The 

optic axis is given by the director. The s direction denotes the light propagation direction.  

 

 

Fig. 1-6. Birefringence of typical nematic liquid crystals in the visible-infrared wavelength region 

from reference [17].   
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1.4 Oseen-Frank Theory  

In liquid crystals, an external electrical field or optical field can produce many kinds 

of axis orientations. Therefore, it is important to understand the physical movement and 

the underlying theory. Using the nematic liquid crystals as a sample, three major elastic 

distortions of the director field are splay, twist, and bend, as shown in Fig. 1-7. Those 

movements can be described by the director axis associated with free energy density [14]: 

 

 

Splay:   Ὂ  ὑ ɳ Ͻὲᴆ                                               (1-4) 

Twist:    Ὂ  ὑ ὲᴆϽɳ ὲᴆ                                       (1-5) 

Bend:    Ὂ  ὑ ὲᴆ ᶯ ὲᴆ                                      (1-6) 

 

where K1, K2, K3 are presenting Frank splay, twist, and bend elastic constant, 

respectively. Here, ὲᴆ and ὲᴆ share the same physical properties since nematic liquid 

crystals are uniaxial. Liquid crystals prefer to align in one of uniform orientation with 

lowest free energy of each elastic distortion, leading to the Frank free energy density [2]: 

 

Ὂ  ὑ ​Ͻὲᴆ  ὑ ὲᴆϽɳ ὲᴆ ή  ὑ ὲᴆ ᶯ ὲᴆ              (1-7) 

 

The constant ή added in Eq. 1-7 appears when the system is lacking inversion 

symmetry, i.e., in chiral liquid crystals. In such a chiral system, this constant will not be 
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zero and produces a twist distortion with ὲᴆϽɳ ὲᴆ ή. In addition, the repeat length of 

the liquid crystals rotating by 180° is defined as “Ⱦή, known as pitch.   

 

 

 

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

 

1.5 Nonlinear Optical Response of Liquid Crystal  

 

Liquid crystalline dynamic movements, such as axis orientation, density, flow, or 

thermal effect, produce the optical nonlinear effect. It is, however, complicated. The 

simplest model uses nematic 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 reorientation, or reordering of the phase, causing refractive indices 

to change, which can be characterized by electronic and non-electronic effect. 
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The nonlinear optic start with the electrical field induced polarization is shown 

below: 

 

ὖᴆ  ‐… ὉᴆὉᴆ ‐… ὉᴆὉᴆὉᴆ Ễ,                                             (1-8) 

 

where …  is the nth order susceptibility and ‐ is the dielectric constant of the liquid 

crystals. In order to understand to light-matter interaction, the wave equation needs to 

involve 

 

ᶯὉᴆ ‘‐
ᴆ

 
‘

ᴆ
                                                        (1-9) 

 

 Because the director axis of liquid crystals is indistinguishable between  ὲᴆ 

and ὲᴆ, the second-order susceptibility is vanished in centrosymmetric materials, such 

that the most nonlinear effect is associated with …  [18-20]. Therefore, the refractive 

index can by written as:  

 

ὲ ὲ Ὅḳὲ ὲὍ                                                (1-10) 

 

 

 

 This equation leads to the major mechanism, the Kerr effect, in which the laser-

induced refractive indices change is proportional to light intensity and nonlinear 

coefficient ὲ. Since  …  is relatively small, typical third order susceptibility values for 

liquid crystals are around 10-18 m2/V2 [21], the large intensity is required to generate 
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sufficient effect. In this case, short pulses and a high-intensity laser field are needed. The 

comparison of nonlinear coefficients and switching efficiency  … Ⱦ‌ὸ is list below in 

table 1 and table 2, ‌ is the absorption coefficient and t is response time of the nonlinear 

effect [16].  

 

 

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

optoelectronics materials from reference [16] 

 

Table 1-2. Switching efficiency of various materials [16] 
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1.5.1 Optical Reorientation with Intense Short Pulses 

     Consider the exemplary light interaction configuration in Fig. 1-8, where the 

liquid crystals are aligned perpendicular to the surface boundary with a small angle ɓ.  

Under the illumination of a polarized plane wave in z-direction, the director axis 

experiences a shift in x-z plane by an angle ɗ, where the director axis vector field is 

described as [sin(ɗ+ɓ), cos(ɗ+ɓ)]. 

 

 

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

 

 Based on previous studies, the dynamic equation of field-induced axis orientation 

can be interpreted as in: 
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‎ ὑ ‐Ў‐Ὁ ÓÉÎς‍,                                               (1-11) 

 

where we apply the one elastic constant approximation K1=K2=K3=K, and ɗḻɓ [22]. ‎ is 

the viscosity coefficient. Consider that the laser pulse is a flat top square pulse 

(i.e., Ὁ ὸ Ὁ  for 0 < t < ̱ p, Ὁ ὸ π elsewhere.). The solution of ɗ(t) is  

 

—ὸ †‐Ў‐Ὁ ÓÉÎς‍ ρ Ὡ Ⱦ                                      (1-12) 

 

For a short pulse (†Ḻ†), we can find that —ὸ is proportional to ὸȾ†. 

Therefore, the refractive index changes, ɉn(t) is proportional to ( ὸȾ† )ɉnss, and the 

response time † can be defined as the time it takes for the maximum phase shift, which 

is inversely proportional to the light intensity. 

 

†ᶿρȾὍ                                                              (1-13) 

 

 The relaxation time may be in the millisecond time region, while the time for 

intense laser induced axis reorientation can be in sub-nanosecond range, depending on 

the input. For a typical Nd:YAG laser with 10 ns pulses, the effective n2 is 4×10-12 cm2/ 

W. 
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1.5.2 Laser-Induced Flow-Reorientation 

 Since the liquid crystals contain the physical properties of hydrodynamic, a high-

intensity pulse laser can induce flow reorientation due to two major mechanisms: Maxwell 

stress and electrostriction. This interaction is also a promising way to achieve all-optical 

switching and optical limiting. In transparent nematic liquid crystals, free charges exist due 

to the impurities where the Maxwell stress is applied as: 

 

Ὂ ϽɳὈὉᶻ Ὀ ᶯ Ὁᶻ                                                 (1-14) 

 

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

get a hydrodynamic equation in a transient state: 

 

‘ ‎ ὑЎ— ‎ ‎ÃÏÓς— π                         (1-15) 

” ‎Ўὺ Ὂ                                                   (1-16) 

 

 Here, ‘ is the moment of inertia, K is the elastic constant, ὺ is the flow velocity 

(in the x-direction), and  ‎, ‎, and ‎ are the viscosity coefficients. The driving force Ὂ 

is from Maxwell stress in the x-direction.  

 Assuming the incident-polarized light is a square top pulse, the flow-reorientation 

equation can be solved, and, therefore, the rise time of the laser induced orientation 

process † can be found. The typical value of † is around the nanosecond 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 laser frequency, meaning this effect is capable of 

all-optical switching and limiting applications in 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 laser-induced density fluctuation (i.e., the 

movement of a dielectric material into the region of high field strength). In Section 1.5.2, 

Maxwell stress is introduced in the condition that liquid crystals are an incompressible 

liquid. However, there are also expansions and contraction manifesting the crystalline 

properties where the electrostriction is applied. This kind of effect causes the density 

change in liquid crystals by a high electric field.   

      In the typical grating diffraction setup, the field-induced density modulation 

created by a square top laser pulse is given by: 

 

” ὸ ρ Ὡ ÃÏÓɱὸȠ  †                                      (1-17) 

 

Here, ” ὸ is proportional to ‎ and is characterized by the Brillouin relaxation 

constant † and frequency ɱ, where ɱ ήὺ † . Taking nematic liquid crystals as 
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an example, – χ ρπ kg/mʂs, ” ρπ kg/m-3, the grating period of 20 µm, and 

†~200 ns. 

Figure 1.9 summarizes the major nonlinear effect that contributes to optical 

switching and provides the time scale. Here, having multiple time scales corresponds to a 

different nonlinear coefficient, ὲ, indicating the mechanism is chosen according to the 

optical field we use [22].   

    

 

 

Fig. 1-9. Exemplary values for steady-state and effective nonlinear index coefficients and response 

times of major mechanisms for laser-induced refractive index modification of NLC from reference 

[22]. 

 



20 

 

1.5.4 Photoisomerization in Liquid Crystals 

 Photoisomerization is the molecular behavior of structural change between isomers 

caused by photoexcitation. The most-widely investigated material is azobenzene, where 

the optical input can produce trans-cis transition and are mostly reversible. Liquid crystalsô 

films containing photosensitive dopants exhibit large nonlinear properties, such as 

optically tunable refractive index [23], image storage, or optical switching [24].    

 The trans state of azobenzene is rod-like, which can stabilize the liquid crystals. On 

the other hand, the cis state is bent and able to disorientate the local liquid crystals and 

cause director axis orientation effect, and, therefore, can generate the refractive index 

change. Here, the dye molecules will align themselves in the direction orthogonal to the 

optical electric field. As shown in Fig. 1-10, the azobenzene molecules (i.e. the red rod) 

intend to rotate to the ᾀǶ or ώ direction if the optical field is on the ὼ direction. Additionally, 

the intermolecular torque acting on liquid crystals can be stronger than optical torque. 

Moreover, since the trans-cis isomerism is a fast process, typically in the nanosecond range, 

the liquid crystal phase transition can be created just as rapidly.    

 

Fig. 1-10. Schematic figure of dye-doped nematic liquid crystals and the optical field direction. 
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Chapter 2  
 

Blue-phase L iquid Crystal  

Blue-phase liquid crystals (BPLC) have brought huge attraction to research groups 

in recent years due to their unique optical properties and periodic structure. BPLC is a 

promising material for many applications, such as display, photonic devices, light 

modulator, and optical filter as a result of their self-assembly 3-D structure. This chapter 

will introduce the basic material properties and their formation. Additionally, the Oseen-

Frank free energy model will be applied to explain the structure of BPLC. Finally, the 

unique electro-optical mechanism will be shown.  

2.1 Brief Introduction of BPLC  

Blue-phases were first observed by Reinitzer [1] in highly chiral liquid crystals with 

a narrow temperature range between the isotropic and cholesteric phases in 1888. This 

remarkable mesophase exhibits a colorful texture of micron-sized platelets, as shown in 

Fig. 2-1 [25]. The colorful reflection is due to selective reflection from periodic structures, 

such as a typical crystal structure. The reflection spectra show that the Bragg reflection 

peaks are indexed by the lattice constant within the three-dimensional structure of several 

hundred nanometers. Blue-phases are not really a crystal in the traditional sense; BPLCs 

do not have a long range of positional order, and they are still fluid [26].   
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Fig. 2-1. Microscopic image of blue-phase liquid crystal from reference [25]. 

  

 The key to understanding the formation of blue-phases involves the double twist 

structure in the highly chiral liquid crystals, as shown in Fig. 2-2 [27-29].  One can see the 

double twist cylinder (DTC) as multiple chiral helixes simply added together. Usually, 

when the chirality in the system is high enough, a double twist structure is more stable than 

a simple helical system.  

 

Fig. 2-2. Schematic depictions of director distribution in nematic phase, cholesteric phase, 

and blue-phase  
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Moreover, the double twist cylinders are separated by a network of disclinations, 

as shown in Fig. 2-3 [25]. The blue-phases are delicately balanced crystalline system of 

defect structure [30, 31]. Three distinct blue-phases have been shown experimentally, with 

blue-phase III, blue-phase II, blue-phase I occurring in the order of cooling from isotropic 

state [32, 33]. The crystalline structures in blue-phases are body-centered-cubic for BPI, 

simple-cubic for BPII, and amorphous structure close to isotropic for BPIII [30].  

 

 

 

Fig. 2-3. Conceptual depiction: (a) director distribution in a DTC; (b) three-dimensional 

stacking of DTCs and the corresponding director distribution of the (c) continuous and (d) 

discontinuous portions; arrangements of DTCs and disclinations in (e), (f) BPI and (g), (h) 

BPII, obtained from reference  [25]. 
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2.2 Theory of BPLC  

In the 1980s, two major theories were developed to gain a further understanding of 

the cubic structure of blue-phases: the Landau-de Gennes free energy theory [34-36] and 

the Oseen-Frank defect theory [2, 37]. The Landau-de Gennes theory is frequently used in 

both theoretical and numerical calculation and predicts phase transition using order 

parameter tensor, i.e. Q tensor.  

An alternative model of blue-phases can be explained by the Oseen-Frank defect 

theory in a more simple way. The model was based on the Frank elastic model, and it was 

first discussed by Meiboom [37]. Take BPI as an example. The body-centered-cubic 

structure with Ὓ  disclinations is observed. In this chiral system, the free energy 

elastic density can be expressed as:  

 

Ὂ  Ὧ ᴆɳϽὲᴆ Ὧ ὲᴆϽɳᴆ ὲᴆ ή Ὧ ὲᴆ ᴆɳ ὲᴆ                  (2-1)    

   

Ὂ Ὧ Ὧ ᴆɳϽὲᴆϽɳᴆὲᴆ ᴆɳϽὲᴆὲᴆ                                     (2-2) 

 

 The first equation was described in Eq. 1-7 as splay, twist, and bend distortion in 

the bulk, respectively. The second equation is the saddle-splay deformation as well as the 

surface term in BPLC, since the surface integral is non-zero in blue-phases. Lastly, Ὧ  is 

the elastic coefficient. For simplicity, we take K11=K22=K33=K and K24=0. Therefore, the 

integration over the surface of a cylinder surrounding the disclination is  
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Ὂ “ Ὧ Ὧ “ὑ,                                                   (2-3) 

 

where Ὂ is the energy per unit length along the disclination. Now, the total energy of 

BPLC with Ὓ  disclinations can be written as: 

 

Ὂ Ὂ Ὂ Ὂ Ὂ                                             (2-4) 

 

 The first term represents the excess free energy of the disclination core. When the 

temperature T is close to the clearing point Tc, this term can be shown as: 

 

Ὂ ὥὝ Ὕ“Ὑ ,                                                  (2-5) 

 

where R is the radius of the core around 10 nm and the coefficient ὥ is about 8 kJ/m3K in 

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

cholesteric liquid crystals and disclination core given by: 

 

Ὂ ς„“Ὑ,                                                    (2-6) 

 

where „ represents a surface tension of the disclination. By approximating Ὓ  and 

simplifying only one elastic constant K, the total free energy is 
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Ὂ  ὑÌÎὙ ȾὙ ὑ ὥὝ Ὕ“Ὑ ς„“Ὑ                       (2-7) 

 

 Here, the minimum free energy (i.e., F=0) can be found. Rmax indicates the 

maximum core radius of disclination, which is around 100nm.  
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Chapter 3  
 

Ultrafast Optical Responses of BPLCs  

3.1 Introduction of Optical L imiting  

The extensive integration of high-power laser devices into modern technology has 

led to the development of efficiently manipulating the amplitude, phase, or the direction of 

the optical beam. The use of lasers in our daily life, such as optical communication, medical 

surgery, manufacturing, or military uses, shows how important they are. However, the 

illumination intensity is very crucial to determining how dangerous the system is. For 

military uses, night vision goggles can help a soldier to reveal a surrounding target with 

very low ambient light, but with exposure to high-intensity illumination, the optical system 

can be easily be disabled and cause damage to the soldierôs eyes. Additionally, we have 

seen reports from news media in which people have been arrested for shooting lasers into 

the sky. This act is of great concern because the laser beam could accidently pass over a 

military aircraft and blind its pilot [38].  

Generally, optical limiting can be categorized into two method group: mechanical 

and passive. Mechanical methods, like shutter, which controls an iris for blocking 

transmitted light, are usually combined with multiple optical components, such 

photosensors and processors. The complex system results in slower speeds than passive 

methods due to the communication of each components, and it is only capable of limiting 

milliseconds laser pulses or continuous wave (CW) lasers. For modern laser technology, 
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the pulse width can be as short as a picosecond, where the mechanical methods can no 

longer be effective.  

By contrast, much research interest is directed toward nonlinear optical materials 

as a passive limiter. Nonlinear optical properties, such as fast response, large nonlinearity, 

and broader spectral response are important to accomplish simple and efficient limiting. 

Typically, the process of sensing and processing and the actuation function in the passive 

limiting materials are synchronized. The speed of attenuation is determined by their 

physical properties, and the devices can potentially respond fast 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 threshold. Therefore, the 

device can protect sensitive optical sensors or even human eyes. Those materials all exhibit 

at least one nonlinear optical property, such as nonlinear absorption, nonlinear refraction, 

nonlinear scattering, or optically induced phase transition. Those mechanisms can be 

associated with two-photon absorption, excited-state absorption, Kerr effect, or optically 

induced heating effect and lead to different results, such as defocusing, scattering, or 

photorefraction, as shown in Fig. 3-1 [39]. 
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Fig. 3-1. Schematic illustrations of opitcal limiting. 

 

One of the most important applications of an optical limiter, which will be focused 

on, is the protection of sensors and human eyes. These delicate optical sensors, which 

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

According to the American National Standard for Safe Use of Lasers (ANSI), the 

maximum permissible exposure chart (MPE), shown below, indicates that a human eye 

could be permanently damaged under 0.5 ɛJ/cm2 light exposure within the visible spectral 

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

important to allow the sensors or eyes to continue to remain fully functional under harsh 

conditions.  
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Fig. 3-2. MPE fluence for direct ocular exposure for a range of exposure durations, as per 

various wavelength ranges from reference [40]. 

 

   

 For passive optical limiting, the processes can be achieved by various nonlinear 

optical mechanism, such as self-defocusing, refraction, and scattering. Varieties of 

materials are studied for those nonlinear processes for optical limiting. The goal is to 

develop materials with high optical nonlinearity and fast response within the visible 

spectrum range and be able to incorporate them into optical systems or compact devices. 

The most-widely studied materials are fullerenes, semiconductors, photorefractive 

materials, organic materials, and liquid crystals. The materials generally exhibit multiple 

nonlinear optical properties, but one of them usually dominates the others. Organic 

materials, like Indanthrone, are well-known for their reversible saturable absorption (RSA), 
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which is caused by photoinduced excited-state absorption [41]. These kind of materials 

exhibit very fast responses because of the electronic interaction. However, the responding 

spectrum is confined to a certain wavelength range, and the extinction ratio is low, which 

makes them not suitable for eye-protection devices. The optical properties in fullerenes 

includes nonlinear absorption and nonlinear scattering over the visible spectrum. This is 

ideal for broadband optical limiting, but the response time can only fit in a short pulse laser 

because of the triplet life time [42].   

 Among these materials, liquid crystals are undoubtedly the best candidate of optical 

limiting devices.  With the largest optical nonlinearity and the ease of modulation, liquid 

crystals stand out for all-optical switch applications. Many researches have indicated liquid 

crystals, especially nematic phase, are sensitive to a very wide spectrum range and give 

rise to large birefringence while still transparent. This is attributed to accumulated 

molecular response along with temperature and density effect, which will be discussed in 

the next section.  
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3.2 Introduction of  Maxwell Stress in L iquid Crystal 

 Owing to the free charges in the liquid crystals caused by impurities [43], the 

Maxwell stress theory can be applied to the optical response of transparent liquid crystals 

under an electric field or intense laser pulse. As a result, the ability to flow and the strong 

coupling effect between flow and crystalline axis rotation or lattice distortion can be 

explained.  This approach was first used by Eichler and Macdonald in 1991 [44] to interpret 

the flow-reorientation effect generated by an optical polarization grating structure in the 

transparent nematic liquid crystal, as shown in Fig. 3-3.  

 

 
 

 

Fig. 3-3. Side view of coherent optical wave mixing of two crossed-polarized lasers in a 

homeotropically aligned NLC cell. 
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In the figure, the alignment of liquid crystal is in z-direction, and two coherent laser 

beams derived from splitting the laser with the same optical intensity and cross- 

polarization intersect at a small angle of ɓ on the NLC. The optical field vector of the 

polarization grating can be described as [ὉὸὩ ȟὉὸὩ ȟπ], where 

Ὧ is the wave vector in the transverse direction and Ὧ is in longitudinal direction. 

The flow-reorientation effect can be derived from extending Jacksonôs theory of 

Maxwell stress in a vacuum [45] to the case of liquid crystal by assuming the materials are 

linear, non-dispersive, and lossless. Therefore, the force density acting on the liquid 

crystals can be described as 

Ὢ  ”Ὁ ὐ ὄ                                         (3-1) 

According to Gaussôs law and Ampereôs circuital law,  

”  ɳϽὈ  ȟὐ  ɳ Ὄ ,                              (3-2) 

and   

 Ὀ ὄ ὄ Ὀ ,                          (3-3) 

we have  

Ὢ ϽɳὈὉ ὄ ᶯ Ὄ Ὀ   Ὀ ὄ           (3-4) 

 

By substituting  and ɳ Ͻὄ π, we have  

Ὢ ϽɳὈὉ Ὀ ᶯ Ὁ ϽɳὄὌ ὄ ᶯ Ὄ Ὀ ὄ     (3-5) 
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The time-average of electrical momentum term Ὣ Ὀ ὄ  is zero, and, as mentioned in 

the first chapter, the dielectric anisotropy is much larger than the diamagnetic anisotropy. 

Therefore, only the electric part of Eq. 3-5 is left.  The expression of Maxwell stress 

becomes  

Ὢ ϽɳὈὉ Ὀ ᶯ Ὁ                                  (3-6) 

 

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

would be the time-averaged value 

 

ộὪȟỚ  ὙὩ ϽɳὈὉᶻ Ὀ ᶯ Ὁᶻ                   (3-7) 

 

Under the optical polarization grating field, as given above, the Maxwell stress can have 

the following components:   

 

ộὪȟỚ  ‐‐ήὉÓÉÎήώ   ộὪȟỚ πȟộὪȟỚ π,    (3-8) 

 

where ή ς Ὧ is the difference between two optical field vectors with the grating 

constant ɤ ς“Ⱦή. The general form of flow-orientation effect is [44] 

 

” –Ўὠ  Ὂ                                    (3-9) 
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‎ ὑɳ — ‎ ‎ÃÏÓς— π                   (3-10) 

 

Here, ὠ is the flow velocity in the x-direction, K is the elastic constant, — is the 

angle of director axis reorientation, and ‎ȟ‎ȟÁÎÄ – are the viscosity coefficient. In Eq. 3-

9, Ὂ is a non-vanishing component, which provides the flow along the x-direction. By 

substituting 3-8 into 3-9, we obtain the following flow-reorientation equations: 

 

” –   ‐‐ήȿὉὸὉᶻὸȿÓÉÎήώ         (3-11) 

‎ ὑ ‎ ‎ÃÏÓς• π                   (3-12) 

 

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

combining 3-11 and 3-12, the flow-reorientation of liquid crystal can be solved.  

3.2.1 Estimate of Optical Nonlinearity ï Flat-Top Square Pulse 

To estimate the nonlinear index coefficient of the transparent liquid crystal sample 

under an intense laser pulse, we consider the case where both of the input optical fields are 

represented by a flat top-hat function:  

 

ȿὉὸὉᶻὸȿ
Ὁ  π ὸ †

π  ὸ πȟὸ †
                         (3-13) 
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Because ộὪỚ contains the sinusoidal function in space, the reorientation angle • 

and the velocity are in the form of  

 

• • ÃÏÓήώ                                         (3-14) 

ὺ ὺÓÉÎήώ                                           (3-15) 

 

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

 

‎ ÃÏÓήώ ὑή• ÃÏÓήώ ‎ ‎ ήὺ ÃÏÓήώ π    (3-16) 

 

The maximum value of ὺ  can be obtained as  

 

ὺ ‎ ὑή•                   (3-17) 

 

Substituting 3-17 into 3-11, we get   

 

ὃ ὄ ὅ• ‐π‐ṶὉȟ                            (3-18) 

 

where 
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ὃ  Ƞὄ  Ƞὅ                   (3-19) 

The analytical solution to Eq. 3-18 during the optical pulse π ὸ †  is, therefore, able 

to be solved: 

 

•ὸ ρ
Ⱦ Ⱦ

                     (3-20) 

 †  Ƞ †                                     (3-21) 

 

Apply the following parameters: ” ρπ kg/m3, ‎ πȢππρ kg/ms, – πȢπς kg/ms, 

K= ρπ ËÇϽÍȾÓ2, the grating period is ɤ ς“ήϳ ςπ ʈÍ, and the relaxation time † 

and rise time  † are 0.1 s and 1 µs, respectively. Because  †ḻ †, the rise time can be 

neglected in 3-20, and the orientation angle can be simplified to:  

 

•ὸ
‐‐Ὁ ‎ ‎

τ–ὑή
ρ
†Ὡ †Ὡ

† †
 

‐‐Ὁ ‎ ‎

τ–ὑή

†

† †
ρ Ὡ  

ḙ ρ Ὡ                               (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 (†Ḻ †), the solution converts to:  

 

•ὸ  •                         (3-23) 

 

To further understand the value of nonlinear coefficient ὲ , the reorientation angle 

dependence of the refractive index is now applied:  

 

Ўὲ  ὲ • Ў• ὲ • ᷆

Ў ᷆ Ў
                (3-24) 

 

For small angle approximation, 

 

Ўὲ  
᷆

Ͻ•                          (3-25) 

ὲ
Ў

Ͻ 
 
                            (3-26) 

 

Here, ὲ  is the corresponding nonlinear coefficient at steady state associated with the 

optical-field-induced flow-orientation effect in liquid crystals. Use the following values for 

each parameter: ‎ πȢππρ kg/ms, ‎ ρȢπω ‎, – πȢπς kg/ms, K= ρπ kgĀm/s2, 

the grating period is ɤ ς“ήϳ ςπ ɛm, and assuming ÓÉÎς‍ ρ, the nonlinear 

coefficient is calculated to be 4×10-5 cm2/W.  
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3.2.2 Estimate of Optical Nonlinearity ï Gaussian Pulse 

For the real case in the application, the input laser is a Gaussian-shaped 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  

 

ȿὉὸὉᶻὸȿ Ὁ‏ὸ,                                    (3-27) 

 

and the reorientation angle thus becomes 

 

•ὸ Ὡ Ὡ                         (3-28) 

 

In addition, the laser pulse converts to the form of Ὁ ὉὩ Ⱦ Ὡ , where † is the 

pulse duration that gives out the temporal variation and the change in nonlinear coefficient. 

Using the same parameters as mentioned above and the beam size of input laser ‫  as 

100µm with pulse duration † of 350 ns, the simulation result is demonstrated [10]. In Fig. 

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

input laser intensity are shown.  
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Fig. 3-4. Refractive index changes under different input intensity from reference [10].  

 

 

In a typical case, the relaxation time of director axis reorientation in liquid crystal 

is much longer than the pulse duration, and, therefore, the reorientation angle and the 

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

 

3.2.3 All -Optical Switching with Twist Nematic Alignment Cell 

Twisted Nematic Liquid Crystal (TNLC) is undoubtedly the most widely used E-

O modulator in the industry, i.e. Liquid Crystal Display (LCD). ñTwistedò means the liquid 

crystal is experiencing a 90° twist between two substrates, as shown in Fig. 3-6. In a typical 
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electro-optic switching device, such as using TNLC for a display pixel, the input light from 

the back panel is polarized by the input polarizer and is parallel to the director axis on the 

input plane. When the optical intensity is weak, the polarization of light follows the rotation 

of the director axis, passes the analyzer with the polarization parallel to each other, and is 

then fully transmitted.  

Electro-optic switching is demonstrated by applying an AC field across the NLC 

cell windows that realign the director axis to eventually be perpendicular to the cell 

windows, and the contrast ratio is determined by the field induced orientation [17]. 

       

 

Fig. 3-5. Optical switching cell: Twist Nematic Liquid Crystal sandwiched between 

crossed polarizers.  

 

 

In the all-optical switching devices using liquid crystal, the incident light is high 

enough to change the director axis orientation and create different kinds of optical limiting 

mechanism, as mentioned in Chapter 3-1 [46-48]. In this case, the Maxwell stress from the 

focused laser beam creates the radial flow reorientation in the liquid crystal and randomizes 

the director axis of the sample. The effective birefringence Ўὲ of TNLC is reduced from 
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the maximum value to 0, and the order parameter is also decreased. This means the 

polarization rotation through the NLC cell is diminished, and the laser pulse exiting the 

cell with the polarization orthogonal to the output polarizer will be attenuated.  

In the simulation, in which the results are shown below, an approximation is 

adopted in which the birefringence generated by the intense laser pulse induces the flow-

orientation in the TNLC. Iit is the form of Ўὲ ὲὍὸȟ where ὲ  is the nonlinear 

coefficient calculated in Chapter 3-2. The Jones Matrix method is considered to calculate 

the time-dependent attenuation in transmission with the birefringence change using the 

same set of parameters in the previous section [48].  

Figures 3-7 and 3-8 show the transmission and power dependence for different 

input laser energies. Note that under 200 µJ, there is no appreciable attenuation on the input 

pulse, thus the output pulse shape is similar to the incident field. At an energy higher than 

200 µJ, the transmission begins to drop significantly, and the switching time is faster. 
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Fig. 3-6. Dynamical simulation of transmission under different input energies from 

reference [10]. 

 

 

Fig. 3-7. Input versus output pulse shapes under different input pulse energies from 

reference [10]. 
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To further prove the simulation, a 750nm laser is used to characterize the TNLC 

sample in order to demonstrate the switching-off effect. and the result is shown in Fig. 3-

9. The sample is made by 5CB because of its linear absorption as well as its weak multi-

photo absorption at 750nm. Two different input energies were used in the experiment, and 

the result showed the transmission of input laser pulse from the cell is largely attenuated 

by the TNLC sample.  

This result shows a good agreement with the simulation, as the attenuation of 

transmission is proportional to the input intensity, and the threshold for triggering the effect 

is around 10µJ (equivalent to a laser peak intensity value I = 1.5x105 W/cm2 with a laser 

spot diameter 2‫ ~140 µm).  
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Fig. 3-8. (a) Oscilloscope traces of the input and output laser pulses for input laser energy 

= 109 ɛJ; (b)input laser energy = 133 µJ from reference [10]. 
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3.3 Laser-Induced Lattice Distortion in BPLC Cell  

Research studies using blue-phase liquid crystal as a material for electro-or all-

optical applications has been increasing recently [49-53]. Owing to its fast response time 

and unique optical properties, such as being polarization-free and easy to fabricate, BPLC 

becomes an alternative to NLC, and light-induced Maxwell stress promises a new approach 

for all-optical switching in BPLC.  

To continue the discussion in the previous section, we found that the optical field 

of an intense laser pulse can generate Maxwell stress and cause a defocusing effect in 

transparent BPLC [10]. In fact, there are studies that show that, in general, the focused laser 

pulse requires an intensity around several MW/cm2 to trigger the observable optical 

switching effect in BPLC [50, 54].  

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

 

  Ὅὶ ͯ ȿὉὸὉᶻὸȿὩ Ⱦ                            (3-29) 

 

and the Maxwell stress from Eq. 3-6 we obtain 

 

  ộὪỚ  ‐‐ȿὉὸὉᶻὸȿὩ Ⱦ  ȟ ȟπ                 (3-30) 

 

The equation of the field-induced flow process now can be described as: 

 










































































































