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In near-zero-permittivity operation range, the position-dependent extraordinary optical properties of a one dimensional 

(1D) Fibonacci quasi-periodic superconducting photonic crystal (PC), which consists of alternating superconductor 

and dielectric layers, are theoretically investigated by using the transfer matrix method. Based on the calculated 

reflectance spectrum, it is shown that the extraordinary optical properties depend on the relative positions of the 

threshold wavelength and the photonic band gaps (PBGs). By suitably choosing the thickness of the superconducting 

or dielectric layer, a transmission narrow band filter or resonator can be designed without introducing any physical 

defect in this structure. 
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Photonic crystals (PCs) have attracted intensive studies 

in recent years due to their unique electromagnetic prop-

erties and potential applications[1-3]. In the earlier stage, 

the PCs were mainly fabricated by using the conven-

tional dielectrics. Nevertheless, unconventional constitu-

ents for PCs, such as magnetic materials, ferroelectric 

materials and negative index materials, have also been 

studied. In addition, the PCs containing superconductors 

also attracted much attention recently[4-7]. Due to the de-

pendences of the optical properties of superconductors 

on temperature and magnetic field, the response of elec-

tromagnetic wave in superconducting photonic crystals 

(SCPCs) is tunable. 

Moreover, the concept of PBG has been extended to 

quasiperiodic structures. Periodic multilayer structures 

consisting of superconducting and dielectric materials 

have been reported[8-13]. Recently, the optical properties 

of one-dimensional (1D) SCPC with Fibonacci quasipe-

riodic structure are also investigated[14,15]. 

Besides the tunable optical properties, an extraordi-

nary optical property in near-zero-permittivity operation 

range for the SCPCs was found[5,6,10,11]. It is found that 

for the transverse magnetic (TM) wave, at wavelength 

near the superconducting threshold of λth, an additional 

high-reflectance band appears, and some reflection dips 

exist, which are not seen for the transverse electric (TE) 

wave. The extraordinary optical properties, different from 

the regular all-dielectric Bragg reflectors, are mainly 

attributed to the operation in the near-zero-permittivity 

range of superconductors. These dips are like the local-

ized passbands which provide a feasible way for design-

ing a multi-resonance multilayer Fabry-Pérot resonator 

without physically inserting any defect layer. 

In Ref.[10], Chen et al investigated the extraordinary 

optical property when the threshold wavelength λth is 

located within the PBG. As the incident angle θ increases, 

the range of dips increases first up to θ≈0.8 rad, and 

then decreases. The positions of dips are shifted to the 

short wavelength. The change of the dips’ range dis-

cussed here is different from the results presented in 

Ref.[6], because the threshold wavelength λth in Ref.[6] 

is located outside the PBG.  

For superconducting periodic multilayer structures, the 

physical origin of the phenomena is attributed to the 

combined effect of the extremely small refractive index 

and the structural periodicity[6]. In this paper, we investi-

gate the extraordinary optical properties of 1D quasipe-

riodic Fibonacci PC containing superconducting and 

dielectric materials through the transfer matrix method 

(TMM) in the near-zero-permittivity range. Three dif-

ferent conditions are considered. Our study reveals that 

the extraordinary optical properties can also be found in 

quasiperiodic multilayer structures. In addition, we 

demonstrate that the extraordinary optical properties de-

pend on the relative positions of the threshold wave-

length λth and the PBG. 

The Fibonacci sequence is one of the well-known 

examples of 1D quasiperiodic structure. The two-  com-

ponent Fibonacci structure can be grown experimentally 

by juxtaposing two building blocks A and B in such a 
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way that the nth stage of the superlattice S
n
 is given in-

teractively by the rule S
n
 = S

n−1Sn−2 for n ≥ 2, with S0 = B 

and S1 = A. The first few sequences are S2 = AB, S3 = 

ABA, S4 = ABAAB and so on. In a Fibonacci quasiperi-

odic 1D SCPC, two types of layers, A and B, are consid-

ered as the superconducting material and the dielectric 

material, respectively. As an example, the fifth sequence 

S5 is shown in Fig.1. We consider that an electromagnetic 

wave is incident with an angle θ from the leftmost me-

dium which is taken to be free space with a refractive 

index of n1=1. The index of refraction of the lossless 

dielectric is given by n3= r3
ε , where εr3 is its relative 

permittivity.  

 

 

Fig.1 Schematic diagram of Fibonacci quasiperiodic 

1D SCPC 

 

The two-fluid model is adopted to describe the elec-

tromagnetic response of a superconductor without exter-

nal magnetic field. With some approximations, the rela-

tive permittivity of a lossless superconductor can be ex-

pressed as[16] 

2 2

r 0 0 L
1 1ε ω μ ε λ= − ,                         (1) 

where the temperature-dependent penetration depth is 

given by 

( ) ( )
L 0

1λ T f Tλ= − ,                      (2) 

where λ0 is the London penetration length at temperature 

T = 0 K, the Gorter-Casimir expression for f(T) is f(T) = 

(T/Tc)
4, and Tc is the critical temperature of a supercon-

ductor. Eq.(1) gives the refractive index of a supercon-

ductor, i.e., n2 =
r

ε , which apparently depends on the 

temperature and the frequency. The superconductor ma-

terial is thus a dispersive medium. It also can be seen 

from Eq.(1) that the refractive index n2 is equal to zero 

when the angular frequency is at the angular threshold 

frequency of ωth as 

th th th 0 0 L
2π 2π 1ω f c λ μ ε λ= = = ,              (3) 

where c is the speed of light in vacuum, and fth and λth are 

the threshold frequency and threshold wavelength, re-

spectively. 

The following material parameters of S and D, as an 

example, Nb and SiO2, are taken from Ref.[6]: Tc = 9.2 

K, λ0 = 83.4 nm and εr3 = 9.7. The operating temperature 

of T = 4.2 K is used. At this temperature, the threshold 

wavelength is calculated to be λth = 2πc/ωth = 536 nm. 

The seventh sequence S7 is adopted in our calculation. 

The photonic band structures of 1D SCPCs depend on 

the thicknesses of the constituents. Fig.2 shows the cal-

culated reflectance spectra of Fibonacci quasiperiodic 

SCPCs at normal incidence of θ = 0°. At normal inci-

dence, the TE polarization and TM polarization have the 

same reflectance spectrum. To investigate the depend-

ence of position, four different combinations of d2 and d3 

are considered. 

As shown in Fig.2(a), when d2=36 nm and d3=36 nm, 

there is a PBG from 265 nm to 270 nm, and the λth is 

located outside the PBG. For the SCPCs with periodic 

structure, just as discussed in Ref.[10], there is a new 

PBG appearing owing to the oblique incident λth. At this 

time, the extraordinary optical properties can not be ob-

served near the oblique incident λth. Numerical results 

show that the extraordinary optical properties can also 

not be observed for the quasiperiodic structure SCPCs.  

 

 

(a) d2 = 36 nm, d3 = 36 nm 

 

(b) d2 = 60 nm, d3 = 60 nm 

 

(c) d2 = 60 nm, d3 = 90 nm 
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(d) d2 = 35 nm, d3 = 40 nm 

Fig.2 Calculated reflectance spectra of the quasipe-

riodic SCPCs with different combinations of d2 and d3 

 

When d2 = 60 nm and d3 = 60 nm as shown in Fig.(b), 

the threshold wavelength λth is located within a PBG. It 

can be seen from Fig.2(c) that the threshold wavelength 

λth is located outside a PBG when d2 = 60 nm and d3 = 90 

nm. Strictly, it is located at the left hand side of the left 

bandedge. In the case of d2 = 35 nm and d3 = 40 nm as 

shown in Fig.2(d), the threshold wavelength λth is located 

at the right hand side of the right bandedge. By compar-

ing Fig.2(a) with Fig.2(c) and (d), we can see that the 

distance between the threshold wavelength λth and the 

bandedge in Fig.2(a) is larger than that in Fig.2(c) and 

(d). For the case in Fig.2(a), the extraordinary optical 

properties can not be observed. The extraordinary optical 

properties can still present in the condition of Fig.2(c) 

and (d), although the threshold wavelength λth is located 

outside a PBG.  

Fig.3 shows the TM- and the TE-polarization wave-

length-dependent reflectance spectra of the 1D Fibonacci 

quasiperiodic SCPC at different incident angles from 0° 

to 90°. The parameters used in our simulation are the 

same as those used in Fig.2(b). Just as shown in Fig.2(b), 

in this case, the threshold wavelength λth is located 

within the PBG at normal incidence. It is seen that the 

extraordinary optical property presented in Fig.3 for 

TM-polarization is similar to that reported in Ref.[10]. 

We can see that the range of dips increases first, and then 

decreases with the increase of incident angle. The posi-

tions of dips are also shifted to the short wavelength. We 

can also see from Fig.3, compared with TM-polarization, 

no extraordinary optical property is observed near the 

threshold wavelength for TE-polarization. Therefore, simi-

lar to the periodic structure superconducting PCs, the 

extraordinary optical property cannot be seen in the TE 

wave for Fibonacci quasiperiodic SCPCs. So in our fol-

lowing numerical calculation, only the TM wave is con-

sidered. 

Under the condition of d2 = 60 nm and d3 = 90 nm, the 

calculated TM wave reflectance spectrum of the 1D Fi-

bonacci quasiperiodic SCPC is shown in Fig.4. In this 

case, at normal incidence, the threshold wavelength λth is 

located at the left hand side of the left bandedge. The 

calculated results shown in Fig.4 are consistent with the 

numerical calculation in Ref.[6]. In Fig.4, we see that the 

range of dips decreases first and then disappears with the 

increase of incident angle. The positions of dips are 

also shifted to the short wavelength. Compared with 

the first condition presented in Fig.3, the shift can be 

neglected. 

 

 

Fig.3 Calculated TM wave and TE wave reflectance 

spectra for the quasiperiodic SCPC under the condi-

tion of d2 = 60 nm and d3 = 60 nm 

 

 

Fig.4 Calculated TM wave reflectance spectrum for 

the quasiperiodic SCPC under the condition of d2 = 60 

nm and d3 = 90 nm 

 

Finally when the thicknesses of the corresponding 

layers are set to be d2 = 35 nm and d3 = 40 nm, the cal-

culated TM wave reflectance spectrum of the 1D Fibo-

nacci quasiperiodic SCPC is shown in Fig.5. In this case, 

the threshold wavelength λth is located at the right hand 

side of the right bandedge at normal incidence. In Fig.5, 

we see that the range of dips increases first and then de-

creases with the increase of incident angle. The positions 

of dips are also shifted to the short wavelength. 

By the above discussion for the three different cases, 

we can find out that the extraordinary optical properties 

depend on the relative positions of the threshold wave-

length λth and the PBG. When the threshold wavelength 

λth is located outside the PBG, the extraordinary optical 

properties can not be observed. But when the threshold 
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wavelength λth is located at the edge of the PBG, the ex-

traordinary optical properties can also present. 

 

 

Fig.5 Calculated TM wave reflectance spectrum for 

the quasiperiodic SCPC under the condition of d2 = 35 

nm and d3 = 40 nm 

 

In summary, the position-dependent extraordinary op-

tical properties in near-zero-permittivity operation range 

for a 1D Fibonacci quasiperiodic SCPC are theoretically 

investigated. We find that the extraordinary optical prop-

erties depend on the relative positions of the threshold 

wavelength λth and the PBG. However, the relative posi-

tions depend on the thicknesses of the superconductor 

and dielectric layer. By suitably choosing the thicknesses 

of the superconductor and dielectric layer, a transmission 

narrow band filter or resonator can be designed without 

introducing any physical defect. Compared with the pe-

riod structure SCPCs, the device size realized by the 

quasiperiodic structure SCPCs will be smaller[15]. 
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