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Summary 

Study of Electro-Optics of Anisotropic Molecules for 

Photonics Applications 

In nature, three kinds of matter exist solid, liquid, and gas. Although the different kinds 

of matters have intensive or extensive properties they transformed into one another by 

changing the external fields and thermodynamic conditions. For example, water shows 

all three phases of matter, it is converted into gas by supplying heat and also solidified 

via taking out heat or cooling it. The condensed materials exhibit into different types 

depending on the order of molecules or crystalline nature. The condensed materials 

could be isotropic or anisotropic depending on the molecular properties. Isotropic 

materials have direction independent dielectric and optical characteristics i.e. the 

isotropic materials show the same dielectric constant in different directions while the 

anisotropic materials have direction-dependent dielectric properties, optical 

characteristics, and dispersion relations [1,2]. 

The anisotropic materials have anisotropy that may be in dielectric properties or optical 

properties and such materials changes their optical properties by changing electric 

fields and temperatures. Depending on the interaction of the normal surface of the 

ellipsoid index with xz plane, the anisotropic materials may be uniaxial or biaxial. 

There are different examples of anisotropic materials, some are found in nature e.g. ice, 

quartz, and some could be synthesized in laboraties, e.g. LiNbO3, BaTiO3, Liquid 

Crystals, and so on. Generally, liquid crystal (LC) is organic benzene derived material 

and it is an intermediate state between pure liquid phase and solid crystal phase. LCs 

exhibit liquid-like characteristics as well as crystal-like characteristics, which are 

dependent on intensive properties. The applications of electric field or voltage in the 

liquid crystals show orientation and reorientation of their molecules, and such 

properties of LCs are very useful to design electro-optical properties due to change in 

the intensive properties. LCs have mainly three types: lyotropic, polymeric, and 

thermotropic and types of LCs are depending on the shape, size, order of molecules as 

well as temperature. The thermotropic LCs exhibits different phases like nematic, 
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cholesteric, smectic phases [3-7]. To design the tunable devices, the nematic and 

cholesteric phases of LC are widely studied.  

In my research work, we have used the nematic liquid crystal (NLC) as defect materials 

in a one-dimensional periodic structure (1-DPS) of dielectric materials and studied the 

tuanble optical properties of 1-DPS with defect LC materials. 

The multilayered periodic structures are generally known as photonic crystals (PCs) 

having periodic modulation of dielectric functions in different dimensions which 

exhibits photonic band gaps (PBGs) in the resultant transmission. The different types of 

PCs are classified into one-dimensional photonic crystals (1-DPCs), two-dimensional 

photonic crystals (2-DPCs), and three-dimensional photonic crystals (3-DPCs) [8-11]. 

The idea to control electromagnetic radiation in periodic media was described by 

Yablonovitch and John. [12,13]. The idea of controlling the tunable transmission of 

electromagnetic in periodic layered media or PCs with LCs was given by Busch et al. 

[14] and experimentally confirmed by Yoshino et al. [15]. Using LC as defect layers in 

periodic layers, the tunability of PCs could be achieved which was suggested by 

various scientists [16-42]. By controlling the optical parameters of LCs like orientation, 

twisting, nonlinearity, temperature, and so on, all-optical characteristics of LC 

embedded PCs could be achieved to use in optoelectronics, photonics, and electro-

optical devices.  

The thesis work is divided into six chapters and the chapter-wise study is given in the 

following sections. 

 

Figure 1: The phase of crystal: (a) pure crystalline phase, (b) liquid crystal phase, (c) 

pure liquid phase.  
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Chapter 1 describes the electro-optics of anisotropic materials as well as liquid crystals. 

The ellipsoid index of anisotropic molecules changes with the electric field and 

voltages. The anisotropic LC is an intermediate phase between liquid and solid as 

shown in figure 1. LC changes its optical properties when an electromagnetic wave 

interacted with the molecules. When electromagnetic waves interact with LC, the 

molecules orient depending on the threshold intensity of the wave, known as the 

Freedericksz transition [43]. The nematic phase of LCs shows three different types of 

molecular configurations: splay, bend, and twist. 

In nematic liquid crystals (NLCs), the molecules orient in-plane but the molecules 

show unwinding of the helical pattern of the molecules with a certain pitch for 

cholesteric liquid crystals (CLCs). The pitch of CLCs changes with the application of 

electric and magnetic fields and for a sufficiently high field, the helical patterns show 

unwinding resulting all molecules are oriented in the applied field directions [3,7]. 

Another phase of LC, the Smectic phase has complicated optics and formulations 

depending on the molecular pattern of the LCs. To fabricate the nonlinear tunable 

photonic devices, nematic and cholesteric liquid crystals are very useful materials with 

periodic structures. The optical characteristics of such periodic structures / PCs are used 

to study mainly four methods: plane wave expansion (PWE) method, finite element 

method (FEM), finite difference time domain method (FDTD), and transfer matrix 

method (TMM) [44-47]. Besides this, FIT and BPM are also used to study the optical 

characteristics of PCs. The literature survey provides the highlights of the discovery of 

liquid crystals and the schematic investigation of liquid crystals in various tunable 

photonic devices. Based on the bistable properties of liquid crystals, the optical 

properties of liquid crystals as defect layers in 1-DPS of dielectric materials with 

anisotropic materials were also discussed.  

In chapter 2, theory and mathematical formulation to investigate the transmission 

characteristics of PCs embedded with anisotropic materials are summarized. The 

mathematical formulations based on Maxwell’s equations are derived, which gives the 

transmission and absorption characteristics of 1-DPCs considering TE and TM 

polarization modes [48-50]. In the whole thesis work, TMM is considered to 

investigate the optical properties of 1-DPS of dielectric materials with LCs, graphene, 

LiNbO3, and nano-composite materials with a variety of different parameters. 



Summary 
 

 Page 4 

Chapter 3 gives the tunable transmission properties of 1-DPS of glass and Si materials 

with a PAA NLC defect embedded with graphene layers at different orientation angles 

of LC molecules. The interaction of EMW with NLC is investigated for increasing and 

decreasing the intensity of the wave. A nonlinear differential equation for LC 

orientation has been solved with the help of Dirichlet boundary conditions. The 

obtained results suggest that the molecules of LC show orientation when the intensity 

of EMW is reached to threshold value and the molecules are gained the maximum 

value in the middle of the LC layer. For the increasing and decreasing intensity of 

EMW, the molecules follow the dissimilar paths for orientation and reorientation of 

molecules, and the hysteresis loop for PAA NLC is shown in figure 2. The nature of the 

hysteresis loop is also obtained in the transmission which reveals that the orientation 

and reorientation of molecules of the LCs are affected the optical properties.  

 

Figure 2: Maximum values of liquid crystal director ( 
0

max) versus intensity ratio 

(I/IFr) for increasing and decreasing intensity. 

To apply the TMM for calculating the transmittance, the dielectric tensor of LC must 

be diagonalized for 0
o
 and 90

o
 director angles [51]. The transmission properties of the 

proposed structure at three director angles of the LC are shown in figure 3. As the 

director angle of LC increases, the defect modes in the PBG region are shifted to higher 
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wavelengths. The different wavelengths are shown hysteresis loops due to the 

Freedericksz transition in LC which affects the transmittances. The difference between 

the defect mode transmissions for considered director angles has remained almost 

uniform, but it is shifted to lower wavelength regions with incident angles. The 

orientation of the LC molecules in the defect layer tunes the sharp defect mode in the 

PBG region of considered 1-DPS with the NLC defect layer [63]. This study shows that 

the propagation of EMW in NLC led to switching characteristics due to the molecular 

orientation inside the LC cell and it may be very fascinating to study the use of optical 

switching in photonic devices. 

 

Figure 3: Comparative transmissions of 1-DPS without and with the NLC defect at 

different molecular orientation angles. 

The behavior of the LC orientation angle is changed according to the intensity of 

electromagnetic wave and the threshold value. Due to such orientation-dependent 

property of LC, a tunable transmission of 1-DPS is obtained with the NLC defect layer 

in the periodic structure. As the orientation angle of LC changes, the defect 

transmission peaks are shifted to higher wavelengths. Such 1-DPS with defect LCs may 

help to design all-optical tunable devices with a controlled orientation angle of the 

molecules by induced transition in LC layer. 
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Similarly, we have studied absorption characteristics of 1-DPS of dielectric materials 

with NLC defect material embedded with graphene layers and showed high absorption 

due to the imaginary nature of graphene [52]. The transmittances of defect modes peaks 

in PBG are found 13%, 12%,  and 11% for LC 28.7
o
, 42.7

o
, and 56.3

o
 orientation 

angles, respectively. The proposed 1-DPS containing LC with and without graphene 

layers have the configurations as (Si/glass)
m

/NLC/(Si/glass)
n
, 

(Si/glass)
m

/G/NLC/G/(Si/glass)
n 

 with m=n=3 and the optical properties of such 1-DPS 

at three different director angles were studied. The proposed 1-DPS with NLC 

embedded graphene layers shows the absorption of defect peaks in the PBG region. 

With higher periodicity of dielectric materials in 1-DPS containing LC with graphene, 

the absorption characteristics also show unusual characteristics with the incident angle 

for TM mode. As the periodicity of binary layers in 1-DPS changes as m=3, n=5, the 

absorption of defect peaks is enhanced in the PBG region. Such enhanced absorption of 

defect peaks may be useful to design optical sensors, absorbers, etc. depending on the 

periodicity of layers, chemical potential of graphene, and orientation of LC molecules. 

Chapter 4 illustrates the transmission properties of 1-DPS of TiO2 and SiO2 materials 

with a sandwich of LiNbO3 with E7 LC at a different voltage, temperature, and incident 

angle of EMW.  The dielectric properties of E7 LC are dependent on the temperature 

and followed the same dielectric indices at the transition / clearing temperature of LC. 

The ordinary dielectric constant of anisotropic material LiNbO3 is dependent on the 

applied voltage while the extraordinary constant is dependent on the incident angle as 

well as the applied voltage [53].  

The dielectric or refractive indices (ne, no) and electro-optical parameters (r13, r33) of 

LiNbO3 in the absence of an electric field are 2.20, and 2.70 and are 9.6pmV
-1

, 

30.9pmV
-1

 respectively. The behavior of refractive indices of electro-optical material 

LiNbO3 with a voltage range of -200V to 200V at 0
o
, 30

o
, 45

o 
incident angles is 

revealed in figure 4. The proposed 1-DPS consisting of as defect anisotropic materials 

E7 LC and LNO may be used in tunable photonic and optoelectronic devices like 

optical switches, filters, modulators, wavelength selectors, etc. As discussed earlier, the 

voltage-dependent refractive indices of LiNbO3 have tuned the obtained defect modes 

in the transmission of 1-DPS (SiO2/TiO2)
5
/LC/LNO/LC/(TiO2/SiO2)

5
; therefore, we 
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have analyzed the transmissions of 1-DPS at different voltages; -200V, 0V, and 200V 

considering TE and TM polarizations.  

 

Figure 4: Deviation of refractive indices (ne, no) of LiNbO3 with voltage (-200V to 

200V) at 0
o
, 30

o
, 45

o
incident angles. 

 

Figure 5: Transmission of 1-DPS (SiO2/TiO2)
5
/LC/LNO/LC/(TiO2/SiO2)

5 
at -200V, 

0V, 200V voltages considering TE and TM polarizations. 
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The optical transmissions of 1-DPS at -200V, 0V, and 200V voltages for TE and TM 

modes are represented in figure 5. The defect transmission peaks in the PBG region are 

shifted toward the lower and longer wavelength for positive and negative biasing 

voltages on the LNO material, and such shifting of defect modes is higher for TE 

polarization than TM polarization. Such shifting of defect modes may very useful in 

designing of the optical switch with the variation of voltages.  

The transmission of 1-DPS for both polarization modes is studied at 300K, 330K, 360K 

temperature when applied voltage is 0V. The study suggests that the transmission of 1-

DPS and defect mode transmission are effectively varied for the TM polarization than 

the TE polarization. The wavelength of defect mode transmissions in PBG for TE 

polarization is 582.1nm, 585.9nm 584.7nm at 300K, 330K, 360K temperatures, 

respectively. Based on calculated results, we can fabricate temperature and voltage-

dependent optical switches. By controlling the temperature and dielectric constant of 

LCs, the whole optical properties of 1-DPS with a sandwich of LiNbO3 with E7 LC 

also can be varied. Hence, temperature-based sensors or switches of considered 1-DPS 

containing defect layer of LiNbO3 material embedded with E7 LC may be designed 

with the variation of voltages. 

The transmission of 1-DPS with a sandwich of LiNbO3 with E7 LC is studied at 0
o
, 30

o,
 

and 45
o 
incident angles for 0V and the wavelengths of defect mode transmission in the 

PBG region for TE polarization are found 582.2nm, 568.8nm and 554.7nm for 0
0
, 30

0
, 

and 45
0
 incident angles, respectively. Similarly, the wavelengths of defect mode 

transmission for TM polarization are found 585nm, 564nm, and 543nm for same 

incident angles. The location of defect mode transmissions varies with the incident 

angle of EMW and a tunable omnidirectional PBG may also be achieved with such 1-

DPS at different voltages for various photonic applications. 

Chapter 5 explains the dielectric function of the nanocomposite structure of E7 LC and 

spherical silver nanoparticles (Ag-NPs) at different radii and filling fractions of 

nanoparticles and the temperature of LC. Using the Maxwell-Garnett Model, the 

effective dielectric function of the proposed nano-composite structure is calculated [54, 

55].  The effective dielectric function of NC is given as;

)(f2

)2()(f2

mLCmLC

LCmLCLCmLC
eff




 ; where LC = dielectric function of LC, m = 
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dielectric permittivity, and f=filling fraction of Ag-NPs in the host LC. The m  of the 

spherical Ag-NPs is calculated with the Drude model that is 





i2

2

p

0m
, 

where
p = plasmon frequency, 0 = relative dielectric permittivity, and = damping 

frequency of Ag-NPs. The damping frequency is dependent on the Ag-NP size and the 

electron velocity ( f ) at Fermi-energy is given by; 
r

)r( f
0


 , where 0 = decay 

constant acquired by electrons through electron-phonon and electron-electron 

scatterings etc. 

The effective dielectric function of the NC is designed with E7 LC and spherical NPs 

of 5nm radius with varying filling fractions (f) in NC. In designing of NC, the plasmon 

frequency ωp and decay constant for spherical Ag-NPs are taken as Hz1017.22 15  

and 2p´4.8´1012 Hzrespectively with 50  [47-49]. 

 

Figure 6: Variation of real and imaginary parts of the perpendicular component of 

effective dielectric functions of NC at the filling fraction: 0.05, 0.10, and 0.15. 
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The filling fraction (f) modifies the dielectric function of NC and attains higher values 

at a higher filling fraction as shown in figures 6 and 7.  

 

Figure 7: Variation of real and imaginary parts of the parallel component of effective 

dielectric functions of NC at the filling fraction: 0.05, 0.10, and 0.15. 

The real parts of the perpendicular and parallel component of effective dielectric 

function first decreases and then increases with increases the wavelength, while the 

imaginary part of the perpendicular and parallel component of effective dielectric 

function also increases and then also decreases as shown in figures 6 and 7. We have 

also studied these dielectric functions with the variation of the radius where the values 

of both parts are increased with increases the radius of nanoparticles in the NC 

considering 0
o
 and 90

o
 orientations of molecules. A variation in both parts of effective 

dielectric functions of NC for 350nm to 550nm wavelength region is found. The 

observed results suggest that the surface plasmon resonance (SPR) is also related to the 

molecular orientation of E7 LC which is adjusted to the effective dielectric index of NC 

with Ag-NPs. By study the SPR, the interaction of Ag-NPs with LC also can be 

investigated fundamentally. 
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To study the effect of size and filling fraction of NPs, the transmission properties of 1-

DPS of TiO2 and SiO2 materials with NC defect layer, (TiO2|SiO2)
m

|NC|(TiO2|SiO2)
m

 

with m=5, 3, figure 8,  have been calculated by transfer matrix method (TMM) [43].  

 

Figure 8: Transmission properties of 1-DPS with NC at 0.05, 0.10, and 0.15 filling 

fractions of Ag-NPs for (a) 
o0 and (b) 

o90 . 

The considered 1-DPS also shows the absorption properties due to silver nanoparticles 

which supports the surface plasmon resonance (SPR) effect in the material as shown in 

figure 9. 

As the radius of Ag-NPs increases, the effective dielectric permittivity of NC and the 

corresponding SPR increase due to the decreasing scattering rate of conduction 

electrons. The whole optical properties of 1-DPS are tuned with size variation of NPs 

which considerably alters the dielectric response of the defect NC layer. 

The optical properties of NC significantly change with the variation of the parameters 

of the guest (Ag-NPs) and host materials (E7 LC). The dielectric function of NC is 

associated with surface plasmon resonance (SPR) which affects the optical properties 

of NC and hence a defect layer of NC in 1-DPS gives the tunable transmission at 
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different parameters of NC interconnected with variation in the SPR. The designed 1-

DPS may be used as tunable bistable optical devices at different filling fractions and 

radii of Ag-NPs. 

 

Figure 9: Absorption properties of 1-DPS with NC at 0.05, 0.10, and 0.15 filling 

fractions of Ag-NPs for (a) 
o0 and (b) 

o90 . 

Chapter 6 gives brief conclusions and future prospects of the thesis. This chapter 

discusses the basic idea of the applications of anisotropic molecules of various LCs, 

with LNO and graphene materials in the field of photonics, spintronics, and quantum 

computers. 
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