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Abstract We have investigated the transmittance for two
kinds of photonic crystals; (i) One-dimensional metallic
photonic crystals (1DMPCs) and (ii) One-dimensional su-
perconducting photonic crystals (1DScPCs). The variance
of the intensity and the bandwidth of the transmittance are
strongly dependent on the thicknesses and frequencies. We
have compared the transmittance spectra in 1DScPCs and
1DMPCs at low frequencies, and we present some details
about the transmittance spectra by using Transfer Matrix
Method (TMM) at the same conditions.
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1 Introduction

Studies of photonic crystals (PCs) have attracted the atten-
tion of many researchers in recent times. Generally, PCs can
be divided into 1D, 2D, and 3D structures depending on their
dielectric function, which can be periodic in one, two, or
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three dimensions, respectively. It is worthy to mention that
the one-dimensional photonic crystals (1DPCs) are the most
studied and used due to its cheap cost and its variety applica-
tions [1–10]. The propagation of electromagnetic waves in
periodic media has been a subject of interest because of its
several useful applications [1–13]. One-dimensional MPCs
have been shown to have high transmittance within a certain
controllable spectral range [5–7] and an enhanced nonlin-
ear optical response in one dimensional MPC has also been
reported [9]. Moreover, the research results suggest that
MPCs can be used for various photonic and electronic appli-
cations. The band structure for a dielectric–dielectric pho-
tonic crystal (DDPCs) displays that the photonic band gap
(PBG) between the first and second bands widens goodly
as the difference in dielectric permittivity is increased [14–
17]. Moreover, the electromagnetic waves cannot propagate
in such a system at frequencies lower than the so-called
cutoff frequency, ωc [18]. If the lattice constant of these
structures lies in the millimeter and submillimeter ranges,
their fabrication is relatively simple. However, the damp-
ing of electromagnetic waves in metals can suppress many
potentially useful properties of metallic PCs. The possi-
ble solution of this problem is the replacement of the PC
metallic component by a superconducting (SC) component
[19, 20]. The dielectric function depends on superconduct-
ing gap [19, 20] and SC state can be varied by alteration of
external parameters, such as temperature and external mag-
netic field which provide a method for a control of the op-
tical properties of metallic PCs. All dielectrics (except vac-
uum) have two types of losses. One is a conduction loss,
representing the flow of actual charge through the dielectric.
The other is a dielectric loss due to movement or rotation
of the atoms or molecules in an alternating electric field.
The dielectric losses are reduced essentially below super-
conducting transition in SC State, and recent experiments
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Fig. 1 (a) 1D-MPCs, where
d2m is the thickness and n2m the
index for normal metal layer
and (b) 1D-ScPCs, where d2s is
the thickness and n2s the index
for superconductor layer

have shown that photonic band edges become sharper in SC
metals [21].

Recently, there have been studies of photonic crystals
consisting of a superconducting material and a dielec-
tric [22, 24]. By changing the Ginzburg–Landau parameter
and static magnetic field were investigated the electromag-
netic properties of Abrkosov vortex lattice as a photonic
crystal [22]. In addition to a low-frequency band gap be-
low the first band, they [22, 24] also obtained the PBGs for
a superconductor in the presence of vortices. A full band
structure is a basic and important means for understanding
the fundamental physics about electromagnetic wave propa-
gation characteristics in a photonic crystal. This information
is not only fundamental, but also of technical use for a super-
conducting material. Motivated by this, in our work, we shall
follow the work of [23–25, 29]. We use the Abeles theory
for a stratified media to calculate the frequency-dependent
transmittance [26, 29]. Also, we are going to examine and
compare the behaviors of the transmittance for transversal
electrical (TE) mode at low frequencies in 1DScPCs and
1DMPCs structures based on the transfer matrix method.

2 Theoretical Treatment

We have investigated the transmittance for two kinds of pho-
tonic crystals: (i) 1DMPCs, composed of normal metals and
dielectric layers. (ii) 1DScPCs, composed of superconductor
and dielectric layers.

(i) 1D-MPCs: In photonic band structure calculations to
1DMPCS, the dielectric constant of the metallic layer sim-
ply takes the form of the Drude model, i.e.,

n2
2m = 1 − ω2

plasma

ω(ω − iγ )
, (1)

where ω is the frequency of the incidence radiation, ωplasma

and γ are frequency-independent parameters and the thick-
ness of metallic layer is d2m. The plasma frequency is de-
fined by ω2

plasma = ne2/εomeff where n is the electron den-
sity, meff is the effective mass of the electron, e is the elec-
tronic charge, and the permittivity of the vacuum is εo. For
the metallic layer, the local wave vector should be imaginary

for frequencies below ωplasma. If the thickness of the metal-
lic layer in the 1D MPC is close to or smaller than the rele-
vant skin depth of the corresponding metal, some portion of
the electromagnetic waves would traverse this metallic layer.
With MPCs being periodic structures, multiple Bragg scat-
terings play an important role, contributing to the creation of
photonic bands and PBGs in infinite PCs and to significant
transmission for frequencies within photonic bands in finite
PCs. These factors can give rise to an absorption enhance-
ment for frequencies within photonic bands.

(ii) 1D-ScPCs: We use the two-fluid model to describe the
electromagnetic response of a typical superconductor with-
out an external magnetic field [26, 27]; this is because the
superconductor is strongly sensitive to temperature and ex-
ternal magnetic fields [26, 27]. In the model, the electrons in
the superconductor occupy one of two states, superconduc-
tor state, or normal state.

For the superconducting state, the temperature-dependent
penetration depth is given by

λL,= λL(T ) = λo/
√

1 − f (T ). (2)

The Gorter–Casimir expression for f (T ) is given by

f (T ) = (T /Tc)
4. (3)

When the temperature is above 0.8 times the critical temper-
ature, the London penetration depth increases rapidly and
approaches infinity as the temperature is close to the criti-
cal temperature, Tc [26, 27]. Adjusting the temperature of
superconductors can control the refractive indices of super-
conductors as well as the photonic band structures of PCs
composed of superconductors. When T ≤ Tc is satisfied, the
dependence of the plasma frequency on the temperature is
given as [26, 27]

ωs
p(T ) = ωs

p(0)/
(
1 − √

f (T )
)0.5

. (4)

We consider that a TE wave (see Fig. 1) is incident at an
angle θ1 from the free space with a refractive index, n1 =
1. The index of refraction of the lossless dielectric is given
by n3 = √

ε3, where ε3 is its relative permittivity and the
thickness of dielectric layer is d3. For the superconductor,
the thickness layer is d2s and the index of refraction, n2s ;
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can be described on the basis of the conventional two-fluid
model [28, 29],

n2s = √
εs =

√
1 − (c2/ω2λ2

L). (5)

According to Abeles’s theory [28, 29], we can calculate
the transmittance and reflectance for a periodic multilayered
structure.

The transmission coefficient can be determined and is
given by [28–30]

t = 2p1/(m
′
11 + m′

12p�)p1 + (m′
21 + m′

22p�). (6)

Here, pi = √
εo/μo(ni cos θi), i = 1, � is the first and last

medium. Both media here are to be free space.
The explicit expressions for matrix elements m′

11, m′
12,

m′
21, m′

22 [30]:

m′
11 =

(
cosβ2 cosβ3 − p3

p2
sinβ2 sinβ3

)
UN−1(	)

− UN−2(	),

m′
12 = j

(
1

p3
cosβ2 cosβ3 − 1

p2
sinβ2 cosβ3

)
UN−1(	),

m′
21 = j (p2 sinβ2 cosβ3 − p3 cosβ2 sinβ3)UN−1(	),

m′
22 =

(
cosβ2 cosβ3 − p2

p3
sinβ2 sinβ3

)
UN−1(	)

− UN−2(	),

(7)

where βi = (2π/λo)ni di cos θi , pi = √
εo/μoni cos θi i =

2,3, it depends on the kind of layer and λo = 2π/ko =

2πc/ω is the wavelength in free space. The angles θ1 and θ2,
determined by Snell’s law of refraction, are the ray angles
in layers 2 and 3, respectively. The total characteristic ma-
trix for an N -period structure can be obtained, that is, 	 =
(m11 + m22)/2 where m11 = cosβ2 cosβ3 − p3

p2
sinβ2 sinβ3

and m22 = cosβ2 cosβ3 − p2
p3

sinβ2 cosβ3. Where UN are
the Chebyshev polynomials of the second kind defined by:
UN(	) = sin[(N + 1) cos−1 	]/√1 − 	2. The transmit-
tance T , and is related by

T = p�

p1
|t |2. (8)

3 Results and Discussions

By using Abeles’s theory and transfer matrix method, we ex-
amined the transmittance spectra for two kinds of photonic
crystals: 1DMPCs (see Figs. 2a, 3a, and 4a) and 1DScPCS
(see Figs. 2b, 3b, and 4b). We have calculated the index of
the metallic layer in 1DMPcs by using the Drude model, but
we used two fluid models for the superconducting case be-
cause the superconductor is strong sensitive to the tempera-
ture and magnetic field. Also, for the case of 1ScPCs, the fre-
quencies must be lie inside the superconducting gaps [19].

At low frequencies (0.2∼0.5 THz), we calculated the
transmittance and found that the behavior of 1DMPCs is dif-
ferent from that of 1DScPCs.

In the 1DMPCs (Fig. 2a), the magnitude of the trans-
mittance is very low (around 0.0002), which means the re-
flectance is high in 1DMPCs at low frequencies. The mag-
nitude of transmittance peak becomes quite high at 650 pe-
riods, as is clearly found in Fig. 2a at 10 periods. In Figs. 2a

Fig. 2 Transmittance spectra dependence on the frequencies at different thicknesses, with ε3 = 15; (a) 1D-MPCs, and (b) 1D-ScPCs
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Fig. 3 Transmittance spectra dependence on the frequencies at different thicknesses, with ε3 = 15; (a) 1D-MPCs, and (b) 1D-ScPCs

Fig. 4 Transmittance peaks are shifted due to the variance of dielectric thickness, d3 with ε3 = 15; (a) 1D-MPCs and (b) 1D-ScPCs

and 3a, the magnitude of the transmittance does not change
a lot when we increase the periods from 10 to 650. That
means the number of periods has not more significance to
enhance the transmittance at low frequencies for the metal-
lic photonic crystal behavior. In a metallic photonic made of
a normal metal and a dielectric, it is, however, found that a
low-frequency (or metallicity) gap may exist. Contrary to a
PBG, this metallicity gap which does not depend on the pe-
riodicity, is of the order of the plasma frequency, and thus
is regarded as a modified effective plasma frequency [15–
17]. Also for 1DMPCs, we should notice that there is a kind
of similarity around 0.3 THz to the transmittance behaviors
at low frequencies. We have shown that the value of trans-
mittance increases when the thickness of metallic layer de-
creases, thus we found the high value of transmittance at,

d2m = 11 nm, which indicates to the significance of the layer
thickness.

For the 1DScPCs, at the low frequencies (0.2∼0.5 THz),
there is a high transmittance which approaches to unity at
10 periods (Fig. 2b) and 650 periods (Fig. 3b). It could be
one of ScPCs advantages that may not exist in other types
of photonic crystals and is not valid in DDPCs or MPCs up
on my knowledge. Therefore, we can say the ScPCs is the
only one that presents the high transmittances at low fre-
quencies. It is very important and can be used in the opti-
cal devices. Also, we can see the position of transmittance’s
peaks shifted by increasing the periods from 10 (Fig. 2b) to
650 (Fig. 3b).

We have examined the significance of the dielectric layer
thickness within the ranges 60–62 nm at the both cases;
1DMPCs and 1DScPCs. The position of transmittance peaks
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can be shifted by changing the dielectric layer thickness, for
1DMPCs one (Fig. 4a) and 1DScPCs one (Fig. 4b) while we
keep the same conditions; d2m = d2s = 11 nm and ε3 = 15.

This result shows that dielectric thickness is an important
parameter. Indeed, it is worthy to mention that the transmit-
tance value at 1DScPCs depends on the thickness of dielec-
tric layer as shown in (Fig. 4b), thus the value of transmit-
tance is increasing when the thickness of dielectric layer de-
creases. The transmittance value at 60 nm (red line) is larger
than the value at 62 nm (blue line); there is 0.1 unit differ-
ence between them. This is why the thickness of the layer
is one of important parameters and should be highly con-
cerned in designing photonic or any optical devices depends
on photonic as well.

We have studied two kinds of photonic crystals, 1DM-
PCs and 1DScPCs, by using TMM and Abeles’s theory. In
1DScPCs, the transmittance is high and near the unity at
low frequencies. The high transmittance at low frequencies
is one of ScPCs advantages that may not exist in other types
of photonic crystals DDPCs or MPCs. In 1DMPS, the mag-
nitude of transmittance does not change a lot when we in-
crease the periods from 10 to 650. Moreover, the thickness
of each layer plays a significant role in cases and should be
paid high attention when we design photonic devices or any
optical devices.
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