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Abstract Due to the fact that it is possible to manipulate

light with photonic crystals (PCs), PCs hold a great

potential for designing new optical devices. There has been

an increase in research on tuning the optical properties of

PCs to design devices. We presented a numerical study of

optical properties of metamaterial-based devices by liquid

crystal infiltration. The plane wave expansion method and

finite-difference time-domain method for both TE and TM

modes revealed optical properties in photonic crystal

structures in an air background for a square lattice. E7 type

has been used as a nematic liquid crystal and SrTiO3 as a

ferroelectric material. We showed the possibility of the

metamaterials for a two-dimensional photonic crystal

cavity on a ferroelectric base infiltrated with a nematic

liquid crystal.

1 Introduction

Progress in solid-state physics, optics of 3D artificial

structures, and nanotechnologies based on a variety of the

physical and chemical processes has strongly stimulated

and motivated the investigation into the properties of

photonic crystals (PCs) and has resulted in the growth of

applications of photonic band gap (PBG) materials, i.e.,

artificially structured materials where the optical parame-

ters are periodically modulated in space with a period of a

unit PC cell on the order of the optical wavelength. Pre-

vious studies about PBG structures, PBG materials, and

PCs have been important investigations [1, 2]. The basic

feature of PCs is the presence of permitted and forbidden

frequency bands for light. It is possible to manipulate the

light with PCs. Due to this property, PCs hold great

potential for designing new optical devices. There has been

an increase in research on tuning the optical properties of

PBG to design devices. Some tunable PBG research has

been conducted in one-dimensional (1D), two-dimensional

(2D), and three-dimensional (3D) [3–6] PCs.

Recently, new investigations have reached a point of

view of LCs because of the tunable light wave propagation.

LCs’ refractive indices can be changed by rotating the

directors of LCs [7]. Liu investigated the tunable light wave

propagation in 2D hole-type PCs infiltrated with nematic

liquid crystal and the tunable absolute band gap in 2D

anisotropic photonic crystal structures modulated by a

nematic liquid crystal [8, 9]. Liu and Chen proposed the

tunable field-sensitive polarizer using hybrid conventional

waveguides and PC structures with nematic liquid crystals,

the tunable PC waveguide coupler with nematic liquid

crystals, the tunable PC waveguide Mach–Zehnder inter-

ferometer based on nematic liquid crystals, the tunable full

band gap in a 3D PC structure modulated by a nematic

liquid crystal, the tunable channel drop filter in a 2D pho-

tonic crystal modulated by a nematic liquid crystal, and the

tunable band gap in a photonic crystal modulated by a

nematic liquid crystal [10–15]. Liu et al. [16, 17] created the

tunable band gap in 3D anisotropic photonic crystal struc-

tures modulated by a nematic liquid crystal and an efficient
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tunable negative refraction photonic crystal achieved by an

elliptic rod lattice with a nematic liquid crystal.

Negative refraction has been investigated recently. In

contrast to double-negative metamaterials (left-handed

materials), single-negative materials, and indefinite mate-

rials, PCs made of synthetic periodic dielectric materials

can exhibit negative refraction behaviors that are solely

determined by the characteristics of their band structures

and equi-frequency contours [18–21].

In the present paper, we theoretically demonstrated and

developed the optical properties in the 2D PC structure of

ferroelectric rods modulated by nematic LCs. The inves-

tigation was achieved by controlling the intensity of the

optical properties that had different materials added to a

certain structure.

2 Method of calculation

The fundamentals of the plane wave expansion (PWE)

method and finite-difference time-domain (FDTD) method

are based on a direct numerical solution of the time-

dependent Maxwell’s equations as illustrated [22].

On the other hand, Bloch’s theorem [23] is used to

expand the Hðr~Þ field in terms of plane waves since the

light waves are transmitted in periodic structures, as

H r~ð Þ ¼
X

G

h G~
� �

êG~eiðk~þG~Þ�r~ ð1Þ

where k~ is a wave vector in the Brillouin zone of the lattice

and êG~ is the direction that is perpendicular to the wave

vector ðk~þ G~Þ owing to the transverse character of the

magnetic field Hðr~Þ; r � Hðr~Þ ¼ 0:

3 Results of the calculation

The PBG is manipulated by the rotating directors of LCs

under the impact of an applied electric field. Using the

PWE and the FDTD methods, the PC structure, composed

of a PC in ferroelectric rods infiltrated with nematic LCs in

an air background, is designed for the square lattice. PCs

structures that are designed as round rods and square rods

with a square lattice shape are computed. SrTiO3 was used

as ferroelectric material and E7 type as nematic LCs.

This paper is aimed at describing and comparing 2D PC

structures which differ by the characteristics of their band gap,

transmission, equi-frequency, and group velocity dependences.

3.1 Band gap and transmission

We considered the results obtained from the calculation of

the band structure of the spectrum for the sample of the 2D

PC of the SrTiO3 rods type, which consists of the elements

in the form of dielectric cylinder forming a square lattice

filled without and with LC. The calculations are performed

for the PCs with the permittivity of the cylinders 5.772 and

the period of the structure a = 1 lm. E7 type LCs have

two different principle refractive indices as the ordinary-

refractive index n0 = 1.52131 and the extraordinary

refractive index ne = 1.73657. The filling factor is 30 %.

Schematic views of the proposed 2D PC of SrTiO3

round and square rods with nematic LC-infilled in an air

background ðea ¼ 1Þ in a square lattice are shown in

Fig. 1a. The photonic band structure for TE and TM mode

is calculated along direction that includes the high sym-

metry points U, X and M for the Brillouin zone in a square

lattice. It is assumed that r1 = 0.3a and r3 = 0.1a denote

the outer radius and inner radius of SrTiO3 round rods, and

r2 = 0.2a round rods air-infilled.

There is no band gap for 2D PC of SrTiO3 round and

square rods with air-infilled and rods with nematic LC-

infilled in TE mode.

Figure 2 shows the seed band structure of the PC (inset,

from Fig. 1a) with the permittivity of the dielectric cylin-

ders and the permittivity of free space 1. For the filling

factor 30 %, this PC has the maximum width of the first

complete band gap. In this case, the PC band gap along the

direction between high symmetry points U–X direction of

the Brillouin zone lies in the frequency range from

Fig. 1 2D PC structure for

square lattice. a SrTiO3 round

rods, b SrTiO3 square rods in an

air background
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1.049(2pc/a) to 1.092(2pc/a). For SrTiO3 round rods with

air-infilled, relative widths are 4.07 % of TM mode.

The dispersion of the PC structure in combination with

the dispersion of the LC leads to the appearance of addi-

tional band gaps in the continuous spectrum of the seed PC

and additional narrow transmission bands in the band gap

of the PC (which are imperceptible on the scale of Fig. 2).

These effects are illustrated in Fig. 3. It can be seen from

Fig. 3 that the presented fragment of the band structure of

the spectrum exhibits an additional band gap with the width

Dx = x - x0. This width exceeds the width of the LC

resonance lines by an order of magnitude when the fre-

quencies of the LC 1.024(2pc/a) and 1.063(2pc/a) are in

the continuous spectrum near the high-frequency edge of

the third band gap.

A different situation arises when the LC frequencies

0.365(2pc/a), 0.623(2pc/a), and 1.024(2pc/a) are in the

band gap of the PC (Fig. 3). In this case, a narrow trans-

mission band with the width exceeding the width of the LC

lines by an order of magnitude appears in the band gap.

The widths of the additional transmission band and the

band gap can be controlled by varying the type of nematic

LC.

When SrTiO3 round rods are infiltrated with nematic

LC, three band gap in TM mode for the extraordinary

refractive index is shown in Fig. 3a. The band gap has

relative widths of 8.68, 2.98, and 3.72 %, and center nor-

malized frequencies of 0.382(2pc/a), 0.633(2pc/a), and

1.044(2pc/a). As the results obtained for ordinary-refrac-

tive index and extraordinary refractive index of nematic LC

are different, it is an indication of anisotropy. Using the

anisotropic features of LCs, different results for TE and

TM mode were obtained. This means that either the

structure is rotated into a certain direction or it is infiltrated

with—LCs—that have different directors (orientations of

the LCs molecules along order’s direction) into the struc-

ture in order to be able to change the features of these

structures.

It is well known that an anisotropic nanostructuring

photonic band structure array is capable of changing the

polarization state of transmitted or reflected light. There-

fore, we also calculated the optical response of the pho-

tonic band structure for different directors of the LCs and

the light polarization transmitted through a photonic band

array. The numerical results of the variation of full trans-

mission by changing the director of LC for the PC structure

are presented. The transmission spectrum as a function of

the frequency is computed for extraordinary refractive

index of nematic LC in a square lattice. The transmission

of SrTiO3 round rods with nematic LC-infiltrated is zero at

frequencies between 0.296(2pc/a) and 0.394(2pc/a),

between 0.614(2pc/a) and 0.679(2pc/a), between

0.863(2pc/a) and 0.891(2pc/a), between 1.021(2pc/a) and

1.054(2pc/a), and between 1.089(2pc/a) and 1.194(2pc/a)

(Fig. 3b).
Fig. 2 The photonic band structure of TM mode in square lattice for

SrTiO3 round rods with air-infilled

Fig. 3 a The photonic band structure in TM mode b; transmission spectrum of SrTiO3 round rods with nematic LC-infilled with extraordinary

refractive index in air background in square lattice
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Let us turn to the analysis of the results obtained from

the calculation of the band structure of the spectrum for the

sample of a PC infiltrated by LC of the SrTiO3 round rods

type, which consists of elements in the form of infinite

hollow cylinders that are filled with an LC and form square

lattice in a dielectric matrix. Figure 2 shows the seed band

structure for the SrTiO3 round rods type PCs sample with

the parameters the permittivity of the air 1, and the filling

factor 30 %.

For the filling factor 30 %, this PC has the maximum

width of the complete band gap. In this case, the photonic

band gap along the direction between high symmetry

points U–X direction of the Brillouin Zone lies in the fre-

quency range around 1.07(2pc/a).

A comparison of Figs. 2 and 3 shows that the spectra of

seed PC of both types have a similar structure. This is

obviously explained by the fact that these crystals have

close factors of filling with dielectric materials.

Structure and material are very important to determine

the optical properties of a PC structure as aforementioned.

Therefore, we changed the PC structure in order to obtain

optimum results. The materials’ refractive index values

have the same values as in the above calculations.

We consider that 2D PC of SrTiO3 square rods in an air

background in a square lattice with lattice constant

a = 1 lm. Parameters l1 = 0.6a and l3 = 0.2a denote the

outer and inner length of SrTiO3 and l2 = 0.4a the length

of the air, and the sides of the square rods are parallel to the

primitive reciprocal lattice vectors in Fig. 1b. The photonic

band structure is calculated along with the high symmetry

point for the Brillouin zone in a square lattice (Fig. 4).

According to Fig. 4, there is also no band gap in TM mode.

When SrTiO3 square rods are compared with SrTiO3 round

rods in a square lattice, it is seen that there is a reduction in

the band gap number of the square structure.

The photonic band structure of SrTiO3 square rods

modulated by nematic LC is studied again for extraordi-

nary refractive index of LC. There is only one band gap in

TM mode as shown in Fig. 5a. Their relative widths are

2.63 %, and the center normalized frequencies are

0.361(2pc/a).

The transmission spectrum of SrTiO3 square rods with

nematic LC-infiltrated is zero at frequencies between

0.293(2pc/a) and 0.383(2pc/a), between 0.599(2pc/a) and

0.664(2pc/a), between 0.762(2pc/a) and 0.776(2pc/a),

between 0.870(2pc/a) and 0.891(2pc/a), and between

1.075(2pc/a) and 1.187(2pc/a) in Fig. 5b. When the PC

structure is turned into SrTiO3 square rods, it can be clearly

seen that PBG has become narrow and that there was a

decrease in the band gap.

3.2 Equi-frequency surface

Because the momentum conservation law is satisfied at the

reflection and refraction of waves, it is convenient to

analyze the reflection and refraction of a certain wave in

the space of wave numbers
P

k~ ¼ f0; kx; ky; kzg by intro-

ducing the equi-frequency surface of the wave. This sur-

face is directly described by the dispersion relation of the

anisotropic medium at the fixed frequency x. Then, the

group velocity V
!

g of the wave in an anisotropic medium

can be found as the frequency gradient in the space of wave

vectors [24]. It is known that for an electromagnetic wave

propagating in an anisotropic medium with a fixed fre-

quency x, the equi-frequency surface represents a sphere.

In this case, the wave vector k~ and group velocity vector

V
!

g; which determines the ray direction, are always paral-

lel. However, equi-frequency surface is not spherical for

anisotropic media, and the vectors V
!

g and k~ are not par-

allel. By analogy with 3D case, the propagation, reflection,

and refraction of the wave in 2D structure can be described

in terms of the equi-frequency dependence which can be

considered as the section of the dispersion surface xðky; kzÞ
in the space of variables fx; ky; kzg by the plane corre-

sponding to constant frequency. It is well known that the

analysis of equi-frequency dependences is most efficient in

the studies of 2D geometries, especially in solving prob-

lems when only orientations of the V
!

g and k~ vector of

incident, reflected, and refracted waves are of interest and

are not the amplitudes of the reflected and refracted rays.

The equi-frequency dependence has a simple physical

meaning for the analysis of 2D geometries: Since this

dependence describe all the possible waves with the given

frequency x and various wave vectors, the directions of the

reflected and the refracted rays can be determined by

simply finding the points in equi-frequency dependences of

media that satisfy the momentum conservation law at a

known orientation of the boundary and a given angle of

incidence of the wave.

Fig. 4 The photonic band structure in TM mode of SrTiO3 square

rods with air-infilled in air background in square lattice
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Now, we present some numerical examples for our PC

structures. In all these examples, we exploit symmetry to

calculate the equi-frequency surfaces over the irreducible

Brillouin Zone of the entire Brillouin Zone. First, we

consider the equi-frequency surface of a square lattice of

air hole in a dielectric medium for the H~-polarization. In

Fig. 6, we reproduce PC with SrTiO3 round rods in an air

background ðea ¼ 1Þ in the square lattice parameters the

lattice constant a = 1 lm, radius r1 = 0.3a and r3 -

= 0.1a and refractive index of SrTiO3 n = 2.40252, radius

r2 = 0.2a and refractive index of the air n = 1. Here, the

map was discretized using six field points per edge of the

unit cell for the first band in Fig. 9a. The map was dis-

cretized using four field points per edge of the unit cell for

the second band in Fig. 9b. The curves shown correspond

to equi-frequency surfaces of the lowest order band up to

frequencies just below the band gap starting at around

1.048(2pc/a).

In Fig. 7, we reproduce for PC with SrTiO3 round rods

of nematic LC-infill in an air background for the square

lattice parameters the same for SrTiO3 round rods and

extraordinary refractive index of E7 type LCs

ne = 1.73657 for radius r2 = 0.2a. The map was discret-

ized using five field points per edge of the unit cell for the

first band in Fig. 7a. For the second band, the map was

discretized using four field points per edge of the unit cell

in Fig. 7b. The curves shown correspond to equi-frequency

surfaces of the lowest order band up to frequencies just

below the band gap starting at around 0.365(2pc/a).

Because of the three band gap, the band gap from band 3 to

band 4 is between 0.623(2pc/a) and 0.642(2pc/a), and the

band gap from band 7 to band 8 is between 1.024(2pc/a)

and 1.063(2pc/a).

In Fig. 8, we reproduce for PC with SrTiO3 square rods

in an air background for the square lattice parameters l1 =

0.6a and l3 = 0.2a the outer and inner length of SrTiO3 and

Fig. 5 a The photonic band structure in TM mode b; transmission spectrum of SrTiO3 square rods with nematic LC-infilled with extraordinary

refractive index in air background in square lattice

Fig. 6 The equi-frequency contours of PC with SrTiO3 round rods in an air background for the square lattice. a First band, b second band

Optical properties of metamaterial-based devices 615

123



l2 = 0.4a the length of the air. For the first band, the map

was discretized using five field points per edge of the unit

cell (Fig. 8a). The map was discretized using four field

points per edge of the unit cell for the second band in

Fig. 8b. The curves shown correspond to equi-frequency

surfaces of the non-band gap.

In Fig. 9, we reproduce for PC with SrTiO3 square

rods of nematic LC-infill in an air background for the

square lattice parameters the same for SrTiO3 square rods

and l2 = 0.4a the length of the LCs. The map was dis-

cretized using six field points per edge of the unit cell for

the first band in Fig. 6a. For the second band, the map

was discretized using four field points per edge of the unit

cell (Fig. 6b). The curves shown correspond to the equi-

frequency surfaces of the lowest order band up to fre-

quencies just below the band gap starting at around

0.356(2pc/a).

3.3 Group velocity

We believe a pulse of light propagating along the PC and let

the pulse be finite in dimension along the direction of prop-

agation. Theoretically, such a pulse can be represented as a

wave packet formed as a superposition of the modes, but with

a different propagation constant [25]. From [25], it follows

that the envelope of the wave packet propagates with the

velocity Vz
g ¼ xnðbÞ; where b is propagation constant. The

direct calculation of the derivative of the dispersion relation

calculated numerically is not always convenient and can give

error. As shown in [26], the group velocity of the wave

packet Vz
g ; is equal to the velocity of energy transfer by the

mode nb. Thus, by using the results of [26], the group

velocity can be always calculated more accuracy, irrespec-

tive of the number of points in the dispersion curve.

Fig. 7 The equi-frequency contours of PC with SrTiO3 round rods of nematic LC-infill in an air background for the square lattice. a First band,

b second band

Fig. 8 The equi-frequency contours of PC with SrTiO3 square rods in an air background for the square lattice. a First band, b second band
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Figures 10 and 11 show the results of calculations of the

group velocity of the wave packet formed of the differently

polarized localized modes in PC with SrTiO3 round rods, PC

with SrTiO3 round rods of nematic LC-infill, PC with SrTiO3

square rods, and PC with SrTiO3 square rods of nematic LC-

infill in an air background in the square lattice, respectively.

From Figs. 10 and 11, it is evident that the components

of the group velocity versus the high symmetry direction

Fig. 9 The equi-frequency contours of PC with SrTiO3 square rods of nematic LC-infill in an air background for the square lattice. a First band,

b second band

Fig. 10 The group velocity in TM mode of a PC with SrTiO3 round rods, b PC with SrTiO3 round rods of nematic LC-infill in an air background

for the square lattice

Fig. 11 The group velocity in TM mode of a PC with SrTiO3 square rods, b PC with SrTiO3 square rods of nematic LC-infill in an air

background for the square lattice

Optical properties of metamaterial-based devices 617

123



(U–X) vary over wide limits. The dependences Vz
gðbÞ; that

describe the wave packets of localized modes of any

polarization and any order exhibit (generally) a maximum

at certain propagation constants. This means that the dis-

persion of group velocity can be positive, negative, or zero

[27].

Therefore, as can be seen in Fig. 12, the group velocity

of TE-polarized wave packets is almost always higher than

that of the TM-polarized packets.

4 Conclusions

We analyzed the optical properties in a 2D PC structure of

ferroelectric round and square rods filled without and with

nematic LCs in a square lattice. The photonic band struc-

ture for TE and TM mode is calculated along with the high

symmetry point for the Brillouin zone.

It has been shown that the dispersion of 2D seed pho-

tonic structure in combination with the dispersion of

nematic LC leads to qualitative changes in the band

structure of the spectrum of the intrinsic electromagnetic

excitations of the LC-infiltrated PC.

In practical applications, such LC-infiltrated PCs are

promising materials for use in the design of narrow band

filters and a new type of optoelectronic devices.
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