IOSR Journal of Electronics and Communication Engineering (IOSR-JECE)
e-1SSN: 2278-2834,p- ISSN: 2278-8735.Volume 12, Issue 3, Ver. Il (May - June 2017), PP 42-46
www.iosrjournals.org

1-D Photonic Crystals Containing Negative Index Materials

J P Pandey
Department of Physics, M L K P G College, Balrampur (UP)

Abstract: Photonic crystals have been investigated by many researchers for negative refraction. These
materials are typically composed of insulators and therefore, can exhibit very low losses, even at optical
frequencies. Meta-materials can be strictly distinguished from other structured photonic materials. In the
photonic crystals, the band-gaps arise as a result of multiple Bragg scattering in a periodic array of dielectric
scatterers. The periodicity of the structure here is of the order of the wavelength and hence homogenization in
this sense cannot be carried out. In meta-materials the periodicity is by comparison far less important and all
the properties mainly depend on the single scatterer resonances. In this paper, the propagation of
electromagnetic waves through 1-D periodic structures consisting of alternate layers of negative index material
(NIM) and positive index material (PIM) is investigated. The possibility of omnidirectional reflectance and the
dependence of zero-n,, gap on the angle of incidence and thickness scale are also studied.

I.  Introduction

The characteristics of the photonic band gap (PBG) can be destroyed by random thickness error caused
in the fabrication procedure for the conventional photonic crystal. Two new kinds of PBGs i.e. the “zero
averaged refractive index” gap and “zero effective phase” gap [1, 2] are proposed recently to overcome this
problem. The first one is found in multilayer containing PIM and NIM whereas the second one appears in a
periodic structure containing two different single-negative materials (permittivity or permeability-negative).
Both these gaps are almost invariant to scale- length changes and insensitive to disorder in contrast to usual
PBGs formed by the Bragg scattering. Jiang et al. [3] further demonstrated that the edge of zero-n,, gap is
insensitive to the incident angle for different polarizations leading to an omnidirectional gap. They also
observed that defect modes inside the zero- n,, gap is independent of the scaling and has weak dependence on
the incident angle. The properties of layered photonic structures consisting of alternating slabs of PIM and NIM
are investigated by Shadrivov et al. [4] and they demonstrated the unusual angular dependencies for the
transmission of such slabs when the averaged refractive index (n,,) is close to zero

The angular dependence of the band gap for the 1-D PCs consisting of alternating slabs made of PIM
and NIM are studied by Daninthe et al. [5]. They found an omni gap, around the frequency where n,, is zero, for
a certain type of constituent left-handed medium which is independent of both angle and polarization. However,
they found such a behavior for each separate polarization, by modifying the structural dimensions appropriately.
Moreover, further investigation of different structures contradicts the conclusion of Jiang et al. [3]. In particular,
they showed that the n,, = 0 condition does not necessarily lead to an angle insensitive omnigap for either or
both polarizations. Jiang et al (2006) [6] studied the properties of 1-D PC (with positive refractive index
materials) containing an e-negative and a p-negative defect which, with suitable parameters, were equivalent to
a transparent material with zero effective refractive index. The special pair defect had no influence on spectral
gap formed by interference of propagating waves in positive refractive index materials. However, the field
distribution were modified, especially gap edge field could be highly localized.

The variance of a zero-¢. gap with an arbitrary incident angle and polarization were also investigated
by Jiang et al. (2005) [7]. They found that a zero-¢. gap can be an omnidirectional gap (OBG) whose edges are
insensitive to incident angle and polarization. In contrast to OBG from a zero-n,, gap, it can be widened by
varying the ratio of the thicknesses of two media and is independent of polarization under special conditions. A
zero-n,, gap was also found in photonic spectra of Fibonacci quasi-periodic structure consisting of alternating
slabs of positive and negative refractive index material by Li et al. [8]. Zhang et al. [9] demonstrated that
multiple-channeled filtering can be realized by applying heterostructures consisting of two kinds of single-
negative materials inserted with defects.

New effects are produced by the interaction between two kinds of non-Bragg gaps that can coexist in
PCs which combine ordinary materials and dispersive metamaterials [10-15]. This effect is produced by the
unavoidable (and usually strong) dispersive character of metamaterials.

In this communication, omnidirectional reflection is theoretically investigated from the multilayer
structure with alternate layers of PIM and NIM as its constituent layers.
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1. Mathematical Formulation:
Consider the wave propagation in a periodic multilayer of positive and negative index materials of
parameters (&1, t4) and (&, i) with d; and d, as the width of the two constituent layers. d =d; + d, is the

period of the unit cell. The corresponding refractive index is given by nj ==, /8]- A /,uj (negative sign for

negative index material). We consider an oblique propagation of monochromatic electromagnetic field (with
time dependence e'*) in a periodic structure with oblique wave vector £ along the z-axis. The electric field
vector of a general plane wave solution of the Helmholtz equation can be written in the form: E(x, t) = E(X)

0]
exp[-i(ot + gy)] (1) where = — nj cos HJ-, is the y component of the propagation vector, and E(x) is the
c

sum of incident wave and reflected wave at the interfaces. The magnetic field component can be obtained from

A=—"' VxE @
@ 1(X)
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E, =W [Ae +Be x| H, = —aeiﬁy [aekx —getkx|  (3q)
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H,, = —ieiﬁy [Aeikzxx + Be_ikz"x] in region 11
W H,
where K; is the component of the wave vector along x-axis in region j =1, 2 i.e.
2

(0]
Kj=eju 5 =4 (%)

Here, c is the speed of light in vacuum and B is the y-component of wave vector. Imposing the
periodicity constant E [(x+d), y] =E(x, 0) exp (i K d +i 8y), where d =d; +d, is the periodic thickness of unit
cell. K is the dimensionless Bloch wave vector of the periodic unit cell, which define the transmission across the
layer and its dependence on the wave vector component along the B can be found explicitly for two-layer
periodic structure [16]. The tangential component of electric and magnetic fields should be continuous at x = 0
and x=d, i.e.

Eir (x=0)=Ez (x=0) (52)  Hyy (x=0)=Hy (x=0") (5b)

In 1-D periodic structure, the propagating waves have the form of Bloch modes, for which the electric field
amplitude satisfy the periodicity condition.

Ezr (x=05) = By (x = -di) """ (62)  Hyy (x = dy) = Huy (x = -dy) €"“* ¥ (6b)
where d = d; + d, is the period of the structure. We obtain the matrix M characterizing the wave scattering in the
periodic structure for TE mode,

A A M M
( n—l) = M( nj (7) where M :( 1 12) with
Bn—1 Bn IV|21 M22

M,, = "% cos (kZXd2)+l(k2X”1 + le”ZJsin (k,,d,)
2\ Kyt  Koypty

H,

X

E,

z

My, = g ok l(kZXﬂl - Kiu jSin (kzxdz) M,, = m12 and M,, = mu
2 klxluz k2x:u1

The characteristic matrix can be related easily by the plane wave amplitudes of the left, right and back waves in
terms of transmission (t) and reflection (r) coefficients for N period as,
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o)

where, My = My Uy - Uney, My = MU, Mgy = My Ung - U, My = My U

and, Uy =sin[(N + 1)K(w)d]/sin [K(w)d]
So, that the reflection and transmission coefficient r and t are given by,
=M g t:Mll——Mlzlv|21 9)
M 22 M 22
Hence, the reflectance and transmittance are given as,
R=|r” and T = [tf (10)

I11. Results And Discussion:

More robust zero-n,, gap can be obtained by lowering the zero-n,, frequency, because a lower
frequency i.e. a longer wavelength means a smaller phase shift when a wave propagates through a medium.
Since a smaller frequency shift is required to compensate the smaller phase shift, so the low frequency zero-n,,
gap should depend a little on the incident angle. For this, a negative index material is used with effective
permittivity and permeability following plasma like dispersion as given by Jiang et al. [6]:

g(a)):l.Zl—lwlg, (11)  and, y(a))zl—la%g (12)
where @ is in GHz. The 1D periodic multilayer consists of alternating layers of (NIM) with permittivity and
permeability as above and a (PIM) with n,=3 (& =9 and gz =1). The thickness of the two layers are dy=6
mm and dp=12 mm. Variation of permittivity (solid line) and permeability (dotted line) with frequency of the
NIM is given in figure 1 (a). The interest of the frequency region is in which 8((0) and ,u(a)) are

simultaneously negative. The plot of refractive index for NIM (solid line represents real part and dotted line
imaginary part) is shown in figure 1 (b). Average refractive index n,, of the system of NIM and PIM is equal to
zero at 0.6 GHz (figures 2(a)). The zero-n,, gap is formed around this point (figures 2(b)-(c)). The second gap

which appears in the region where 6‘((0) and ,u(a)) are both positive is a Bragg gap because in this region,
layer N is an ordinary material with positive refractive index.
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Figure 1 Optical constants for the NIM (a) Permittivity (solid line) and permeability (dotted line) versus
frequency. (b) Index of refraction versus frequency (solid curve is real component and dotted curve is imaginary
component).

In order to observe the influence of the variation of angle of incidence, the transmittance spectra of the
system is plotted for TE and TM polarizations at different angles of incidence (figure 3). There is nearly no
change in zero-n,, gap and is insensitive to the change in angle of incidence for both TE and TM polarizations.
So, the zero-n,, gap is an omnidirectional gap for both the polarizations. Now, the transmission versus
frequency is plotted for three scaled thicknesses for both TE and TM polarizations at normal incidence (figure 4)
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to see the dependence of transmission spectra on the thickness scale. The scaled thickness ratios are dy:dp=6
mm:12 mm, 9 mm:18 mm and 12 mm:24 mm. It is clear that when lattice constant increases, the zero-n,, gap
does not change with scaling and remains unchanged. However, the Bragg gap are scale sensitive and they shift
downwards in frequency.
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Figure 2 (a) Average refractive index versus frequency n,, = 0 at 0.6 GHz. (b) Dispersion relation for the system
showing a bandgap centered around 0.6 GHz. (c) Transmission versus frequency corresponding to the band
structure in (b)
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Figure 3 (a) n,, versus frequency showing n,,=0.6 GHz. Transmittance of the photonic crystal with 16-pairs of

alternating layers of NIM (thickness = 6mm) and air (PIM) (thickness = 12 mm) at different incident angles for
(b) TE polarization and (c) TM polarization.
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Figure 4 (a) n,, versus frequency plot shows the n,,=0 at 0.6 GHz. The variation of transmittance spectra with
the thickness scales under normal incidence for (b) TE polarization and (c) TM polarization. Three ratios of

thickness are dy:dp = 6:12 mm, 9:18 mm, and 12:24 mm.
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