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We theoretically investigate the properties of narrow transmission mode (defect mode) within the
reflection band in one-dimensional symmetric defective photonic crystal containing double nega-
tive metamaterial and high temperature superconductors. The transmittance spectrum of the pro-
posed structure is obtained by using the characteristic or transfer matrix method. The results show
that by increasing the thickness of air defect, transmission mode shifts towards the lower frequency
side. But when the thickness of a superconductor layer is increased, transmission mode shifts
towards the high frequency side. Further, the effect of temperature variation of superconducting
defect on the defect mode has been investigated and found that when the temperature of supercon-
ducting layer increases the frequency of defect mode is red shifted. The shift in frequency has small-
er value in the lower temperature region than in the higher temperature region, even if the change
in temperature is same. Finally we have discussed the effect of variation of thickness on the defect
mode by using the double negative metamaterial as defect layer in place of superconductor layer.
The result shows that we get two modes for smaller thickness of double negative layer but only
a single mode for larger thickness.
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1. Introduction

Photonic crystals (PCs) are a new kind of optical materials with periodic modulation
in dielectric constant and the period equivalent to optical wavelength. In the past three
decades much attention has been focused on theoretical and experimental investigations
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on photonic crystals. Due to their ability to control and manipulate the propagation
of light waves, PCs possess many potential applications in modern photonics [1-8].
The most fundamental property of PC is the existence of photonic band gaps (PBGs)
or forbidden bands also called stop bands. The frequencies or wavelength of electro-
magnetic waves which fall within PBG are not allowed to propagate through the PCs.
Photonic crystals composed of metamaterials have also generated much interest to the
scientists and engineers in recent years. Metamaterials are defined as artificial com-
posites having simultaneously negative permittivity and permeability also called as
negative index materials (NIMs) or double negative (DNG) index materials. In these
materials direction of Poynting vector S becomes opposite to that of the wave vector k
so that k, E and H form a left handed set of vectors so they also called as left-handed
materials (LHMs) and firstly proposed by VESELAGO in 1968 [9]. Further, Pendry’s
theoretical investigation and demonstration on negative index materials and its appli-
cation in the realization of perfect lens has generated the tremendous interest in the field
of metamaterials [10—19]. In the beginning SMITH ef al. have carried out the experiment
in this field to confirm the existence of negative refractive index materials [12—14].
There also exists another kind of metamaterial which includes ¢ negative but u positive
called ENG and u negative but ¢ positive called MNG [20-23]. ENG and MNG meta-
materials usually called as single negative (SNG) metamaterials possess zero effective
phase gaps and can be used to realize the potential optical devices [21-25]. In the past
few years PCs based on superconducting material have drawn much attention due to
their tunable characteristics. This is due to the fact that the response of electromagnetic
wave in superconducting material depends on the London penetration depth that is
a function of temperature and applied magnetic field [26—28]. Thus the photonic crys-
tals composed of superconducting layers have emerged as a growing area of research
and possess many potential applications [29-32]. By introducing the defect into con-
ventional 1D PC, a tunneling mode (or transmission mode) can be generated in the pho-
tonic band gap. This can be done by changing the geometrical parameters or dielectric
constants of the stacked materials in the normal PC. In recent years much attention has
been focused to obtain the tunability in the PBG as well as transmission mode. Tunable
characteristics of PBG or transmission modes can be realized by changing the refrac-
tive indices of the materials which can be done by applying the external fields such as
electric/magnetic fields or optical fields and by changing the temperature [33—39].
In this work, we will investigate the properties of narrow transmission mode or de-
fect mode within the photonic band gap (reflection band) in one-dimensional (1D) sym-
metric defective photonic crystal containing DNG metamaterial and high temperature
superconductors. The defect has been introduced in the normal PC structure in the unit
of three layers in the form of air—superconductor—air and air—-DNG material—air re-
spectively. In the numerical computation we will see the effect of thickness variation
of different defect layers on the transmission peak of defect modes. Further, the influ-
ence of temperature variation of superconducting defect on the narrow transmission
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mode will be discussed. In order to obtain the transmittance spectra, we employ charac-
teristic or transfer matrix method (TMM).

2. Theoretical model and formulations

Schematic diagram of 1D symmetric defective PC structure composed of DNG material
and high T, superconductor Bi,Sr,CaCu;0g4 (BSCCO) is shown in Fig. 1. The first lay-
er in the proposed structure possesses a negative refractive index n, in the microwave
region with complex relative permittivity ¢, and permeability 1, and thickness d, is
given by the following equations [13]
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where v is the frequency measured in the GHz, y, and y,, are the electric and magnetic
damping frequencies, respectively, also measured in GHz.

The refractive index and thickness of the second layer which is a high T super-
conductor is denoted by ng and dj, respectively. The refractive index of superconductor
layer is described by Gorter—Casimir two-fluid model, in the absence of external mag-
netic field [40]. Basically, a two fluid model describes the electrodynamics of supercon-
ductor at non-zero temperature; according to this, the electrons in the superconductor
occupy one of the two states, namely superconducting and normal state. The electro-
magnetic response of a superconductor is described in terms of complex conductivity
and can be expressed as o = g, —jg,, where g, (real) and o, (imaginary) and represents
the conductivity of normal and super electrons.

The real part of complex conductivity can be neglected for the lossless supercon-
ductor, so the conductivity can be expressed as [40, 41]
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Fig. 1. Schematic diagram of 1D symmetric defective PC structure composed of DNG metamaterial and
high T, superconductor.
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where y is the permeability in vacuum, 4, is the temperature-dependent London pen-
etration depth given as
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Here, 4; (0) is the penetration depth at 7= 0 K, and T, is the critical temperature of the
superconductor. The refractive index of the superconductor can be derived from the
Eq. (3) and expressed as follows:
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where w, is the angular frequency of incident electromagnetic wave and c is the speed
of light.

The proposed 1D symmetric defective PC structure is constructed from two 1D pho-
tonic crystals and expressed as air/(AB)Y2CDC(BA)"?/air. Here, A and B represent
metamaterial and high temperature superconductors, respectively, C is taken as air and
D is a high T, superconductor in one case and in other case as a DNG metamaterial.

For the calculation of transmission spectra we use the transfer matrix method which
is a very effective technique to study the transmission properties of the finite PCs.
The total characteristics matrix for the proposed defective PC can be represented as

M M
M(d) = (MAMB)N/ZMCMDMC(A/[B]V[A)N/2 - 11 12 )
My My,

where M, My, M and M, are characteristic matrices of layers A, B, C and D, respec-
tively, N is the number of periodic layers.

The characteristic matrix M; for the j-th layer in the PC for transverse electric (TE),
i.e. s-polarized and transverse matrix (TM), i.e., for p-polarized waves can be given
as [42, 43]

B cosél. ,Lsinél.

—iqjsinéj coséj

(7

B %
o, = njdjcosﬁj



Narrow transmission mode in 1D symmetric defective photonic crystal... 41

q; = L cosﬁj for TE wave
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and 0; is the ray angle inside the layer j of refractive index n; (j = A, B, C, D); v is the
frequency of light in the incidence medium, n, is the refractive index of incident
medium and 6, is the incident angle.

The transmission coefficients for TE (s-polarized) and TM (p-polarized) waves are
given by [43]

— 2‘]0(5)
t(s) = )
[Mll * qt(S)Mlquo(S) + [le + qt(S)M22:|
2
t(p) — QO(p) (9)

|:M11 + qt(p)Mu}qO(p) + |:M21 + qt(P)Mzz}

where M,,, M,,, M,,, M,, are the elements of the total characteristic matrix of the
N period multilayer structures. The values of g, and g, for TE (s) and TM ( p) polarized
waves are given as

qo(s) = nycosb, (10a)
q,(s) = n,cos0, (10b)
cos 0,
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Here, n, is the refractive index of the substrate and 6, is ray angle inside it.
Finally, the transmittance of the proposed PC structure can be obtained by using
the expression

T(s,p) = —;[](’)—It(s,p)l2 (11)
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3. Numerical results and discussion

In this section we numerically compute the transmission spectrum of the proposed sym-
metric defective PC structure composed of high 7, superconductor Bi,Sr,CaCu;Oq
(BSCCO) and DNG metamaterials placed in air. The symmetric defective PC structure
has been taken in the form of air/(AB)Y2CDC(BA)"/?/air; in this structure there are
two defect layers C and D in the unit of CDC where C is taken as air and D is a high T,
superconductor in one case and in other case it is taken as a DNG metamaterial. The crit-
ical temperature 7, of BSCCO is 95 K and its penetrations depth at 0 K is 150 nm.
Electric and magnetic damping frequencies of the metamaterial layers are chosen as
Ye = ¥m = 2 * 1073 GHz and the thickness of alternate metamaterial layers d, and super-
conductor dy are 10 mm and 40 nm, respectively with the total number of periods
N=10. The London penetration depth and refractive index of BSCCO at operating tem-
perature 7= 4.2 K can be determined by using Egs. (4) and (5), respectively. Figure 2
shows the transmittance curves for thickness of superconductor defect d, = 10 nm and
thickness of air defect d-=7, 9, 11, and 13 mm. From this curve we observe that a single
defect mode is obtained for the proposed structure even if the defect is taken in the
unit of three layers. The defect mode shifts towards the lower frequency side by in-
creasing the thickness of air defect which lies at frequency 1.990, 1.892, 1.755 and
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Fig. 2. Transmittance curves for thickness of superconductor defect dp, = 10 nm and thickness of air defect
dc=7,9,11, and 13 mm; d, = 10 mm, dg = 40 nm.
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Fig. 3. Transmittance curves for thickness of air defect d- = 10 mm and thickness of superconductor defect
dp =15, 10, 20 and 30 nm; d, = 10 mm, dg = 40 nm.

1.625 GHz, respectively. In Fig. 3 transmission curves for thickness of air defect
dc- =10 mm and thickness of superconductor defect d, = 5, 10, 20 and 30 nm has been
plotted. In this case also a single defect mode is observed but the transmission peak
shifts towards the higher frequency side that lies at 1.763, 1.825, 1.917 and 1.974 GHz,
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Fig. 4. Effect of thickness of air defect and superconductor defect on the frequency of transmission peaks
at d, = 10 mm and dp = 40 nm.
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respectively. In Fig. 4, we demonstrate the effect of thickness of air defect and super-
conductor defect on the frequency of transmission peaks in more details, here squares
are used for air defect and circles — for superconductor defect. It can be observed that
the peak frequency of defect mode shows the decreasing nature when the thickness of
air defect is varied whereas the increasing nature for the variation in thickness of super-
conductor defect. Both curves cross each other at a common frequency of defect mode
which lies at 1.825 GHz for dp = 10 nm and d- = 10 mm. Figure 5 shows the effect of
variation in operating temperature on the defect modes. Operating temperature is taken
as T'= 20, 40, 60 and 80 K, respectively, while the other parameters are d,= 10 mm,
dg = 40 nm, d- =10 mm and dp, = 20 nm. It is found that when the temperature of
superconducting layer increases, the frequency of defect mode (or transmission peak)
decreases, i.e. the defect mode is red shifted. The transmission peak has frequency
1.894,1.817,1.681 and 1.508 GHz, respectively, at temperature 7= 20, 40, 60 and 80 K.
The change in frequency Av corresponding to temperature change AT of 20 K is found
to 0.074, 0.136 and 0.173 GHz, respectively. Thus it is clear that the frequency shift
has a lesser value in the lower temperature region than in the higher temperature even
for the same change in temperature.
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Fig. 5. Transmittance curves at 7= 20, 40, 60 and 80 K for d, = 10 mm, dg = 40 nm, d- = 10 mm, and
dp =20 nm.
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Fig. 6. Transmittance curves for thickness of DNG metamaterial defect d = 5 mm and thickness of air
defect d- =38, 10, 12, and 14 mm; d, = 10 mm, dg =40 nm.

In the next part, we investigate the defect mode by taking DNG metamaterial as
a defect layer in place of superconductor defect in the same defective PC structure as
considered above. The transmission curves for thickness of DNG metamaterial defect
dp =5 mm and thickness of air defect d- = 8, 10, 12 and 14 mm, respectively, are de-
picted in Fig. 6. In this case we find two defect modes for the thickness 8 and 10 mm,
one of which lies on the lower side of central frequency and the other lies at a higher
side of it. But when the thickness of defect layer is further increased, the transmission
peak which lies on the lower frequency side disappears and only a single defect mode
remains there. Moreover, the defect mode shifts toward the lower frequency side with
the increase in the thickness of the air defect. The transmission spectra depicted in
Fig. 7 show the defect modes for thickness of air defect d- =10 mm and thickness of
DNG metamaterial defect d, =2, 4, 6 and 8 mm, respectively, keeping other parameters
same as taken previously. On examining the curves, we find that there is a single defect
mode for dp = 2 and 4 mm but at higher values, i.e. at d = 6 and 8 mm there are two
defect modes. The entire modes (single as well as double) shift towards the high fre-
quency side when the thickness of the defect layer is increased, which is opposite to
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Fig. 7. Transmittance curves for thickness of air defect d- = 10 mm and thickness of DNG metamaterial
defect d = 2, 4, 6 and 8 mm; d, = 10 mm, dg = 40 nm.

the previous result. Finally, the effect of air defect and DNG material on the frequency
of peak has been demonstrated together in Fig. 8, where squares are used for air defect
and circles — for DNG material defect. In this case also the peak frequency of the defect
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Fig. 8. Effect of thickness of air defect and DNG material defect on the frequency of transmission peaks
at d, = 10 mm and dg = 40 nm.
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mode shows decreasing nature with the thickness variation of air defect but here we
get two modes for the thickness less than or equal to 10 mm (d). Similarly, variation
in thickness of DNG material defect shows increasing behavior of frequency of trans-
mission peak and in this case again we find two modes for the thickness greater than
4.4 mm (dp). Moreover, both curves intersect each other at a frequency 1.865 GHz for
dp =4.5 mm and d- = 10.5 mm.

4. Conclusions

In summary, theoretical investigation and study of the narrow transmission mode in
1D symmetric defective photonic crystal containing metamaterial and high tempera-
ture superconductor have been presented and discussed. We have used the transfer
matrix method (TMM) to calculate the transmittance spectra of the proposed structure
taken in the form: air/(AB)M>CDC(BA)"?/air. From the analysis of the transmission
curves we found that by increasing the thickness of air defect, transmission mode shifts
towards the lower frequency side, but when the thickness of superconductor layer is
increased transmission mode shifted towards the high frequency side. The effect of
temperature variation of superconducting defect on the defect mode has also been inves-
tigated and noted that when the temperature of superconducting layer increases, the fre-
quency of defect mode (or transmission peak) shifted to lower frequency side. The shift
in frequency has a smaller value in the lower temperature region than in the higher
temperature region, even if the change in temperature is same. Finally we have discussed
the influence of variation of thickness on the defect mode by using the DNG meta-
material as defect layer in place of superconductor layer. The result shows that we get
two modes for smaller thickness of DNG layer but only a single mode for larger thick-
ness. From the above discussion it can be inferred that the narrow transmission mode
can be tuned to different frequency by varying the thickness of the defect layers. Thus
the proposed structure can be used as a single or double channel filter for the selected
value of thickness of the defect layers. Moreover, since the frequency of transmission
mode also changes with temperature (without changing the other parameters), hence
the proposed structure can also be used as a thermal tunable filter.
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