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When the electromagnetic wave propagates through a slab superconducting material in microwave ranges, tunneling prop-

erties of the electromagnetic wave at critical temperature are investigated theoretically. The transmittance and the reflec-

tance of the slab superconducting material vary with the thickness of material as well as the refractive index of substrates.

The high transmittance is found for thin superconductor at low wavelength region. However, optical properties are strongly

dependent upon temperature and incidence wavelength. The electromagnetic wave is totally transmitted without loss for

incidence wavelength (A = 5000 nm) due to the zero refractive index and infinite penetration depth of the superconductor

at the critical temperature.
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The studies of one dimensional photonic crystals (1D-PCs)
including metallic, chiral, negative refractive index (NI) and
superconducting materials, etc. have attracted much atten-
tion!"%. The propagation of electromagnetic waves in peri-
odic media including metal, NI and superconducting materi-
als has been a subject of interest because of its several useful
applications in making optical devices like reflectors, super
lens, etc”'%.. One-dimensional metallic photonic crystals (1D-
MPCs) have been shown to have high transmittance within a
certain controllable spectral range and an enhanced nonlin-
ear optical response in ID-MPC has also been reported!!-'2!.
The band structure for dielectric—dielectric photonic crys-
tals (DDPCs) displays that the photonic band gap (PBG) be-
tween the first and second bands widens as the difference in
dielectric permittivity is increased!>!4,

Recently, Thapa et all™™! has studied the enlargement of
photonic band gap in heterostructure of metallic photonic
and superconducting photonic crystals. They have shown that
the heterostructure of the metallic-dielectric and supercon-
ductor-dielectric can have omni-directional behavior. The
photonic crystals composed of superconductor and metallic
layers have also been studied by Aly et al''¥]. The electro-
magnetic wave at THz in the one-dimensional superconduct-
ing metallo-dielectric superlattice is allowed to propagate
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through the structure when its frequency is higher than the
cutoff frequency. However, it will be totally reflected at a
frequency below the cutoff frequency. This cutoff frequency
is strongly dependent on the thicknesses of the superconduc-
tor and dielectric layers, and the temperature as well. Raym-
ond Ooi and Kam!™! have studied the transient pulse propa-
gation in 1D-PC. The two new effects are identified: double
reflection and slow-light ringing of transmitted and reflected
pulses. The angle and thickness dependent photonic band
structures in a one-dimensional superconducting photonic
crystal have been studied by Wu et al®*?? based on the frame-
work of the Bloch theorem together with the transfer matrix
method in a multilayer structure. Additionally, the effects
coming from the oblique incident angle for both TE and TM
modes also have been numerically elucidated by them. They
have also analyzed the thickness-dependent optical proper-
ties in a one-dimensional superconducting photonic crystal
consisting of alternating superconductor and dielectric lay-
ers by using the transfer matrix method in a stratified structure.
Clark et al®! have studied the superconducting gap and de-
termined the direction of nodes in the gap of the organic su-
perconductors in nanoscale. It has been shown that ultrathin
layers of metal can display superconductivity, but any limit
on the size of superconducting systems remains a mystery.
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In this paper, we study the optical properties of a slab
superconductor layer versus thickness, wavelength and
temperature. Nb (7, = 9.2 K, A, = 83.4 nm) is taken as a slab
superconductor. The tunneling properties of electromagnetic
wave in the slab superconducting material in microwave range
are investigated by using the translation matrix method. The
transmittance and the reflectance are calculated with varying
the thickness of the slab superconductor and the incidence
wavelength. The superconducting material is strongly depen-
dent upon the temperature and wavelength. So we calculate
the refractive index, transmittance and reflectance of the slab
superconductor versus temperature. Besides, we also study
the transmittance and the reflectance of the superconducting
materials with different substrates.

Firstly, we study the index of refraction of the supercon-
ductor based on the conventional two-fluid model!*'>'", The
two-fluid model is used to describe the electromagnetic char-
acteristics of superconductor at non-zero temperature.
Normally, the conductivity in the superconductor is complex
and is given as

—ieznsup

o(w) = — ()
which is satisfied only when the conduction meets n 7 <
in_ /. o(w) is the conductivity of the superconductor, e and
m are the charge and mass of electron, respectively, o is
the density of electron in superconductor state and w is the
frequency of external electromagnetic wave. Eq.(1) can be
expressed in term of the London-penetration depth A,
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So the conductivity of the superconductor can be written as
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From the results in Refs.[15-17], Dswp :[%] —1, and the te-
mperature dependent London-penetration depth is given as

4. (0)

A(T) = 4)

Now the conductivity equation for slab superconductor be-
comes temperature dependent.

The propagation of electromagnetic wave in the super-
conductor layer is considered to be with no external source
current and no charge, and then the Maxwell’s equation be-
comes
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By taking the curl on both sides of Eq.(5) and using the con-
vention plane wavee " we have

2
VXVxB= {w—z—iwuoa(w)} Bor V' B+, B=0. (6)
c
By substituting o (@) from Eq.(3) into Eq.(6), we obtain

2 . . .
kg, which is given as
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Then from the Snell’s law, the length of the tangential wave
vector component ksupx is conserved. So ksupy=(w/c)sin9=ﬁ ,
where 0 is incident angle of the electromagnetic wave in
vacuum. Then, we have the frequency dependent normal vec-
tor component

2
0] 2 1 0]
ksupx = —Cz cos”~ 0 __/li = —c I’lsup (0)) , (8)

where the refractive index of the superconducting material
is given as

2
1y (©) = cosze—#%. )
L

To calculate optical properties of the slab superconductor,
we consider a superconducting material (n, ) sandwiched
between two semi-infinite dielectric media. The refractive
index distribution is given as below in Fig.1:

n, x<0 (Air)
n(x)=1ny,,, 0<x<d (Superconductor)

n, d<x (Substrate) . (10)

The electromagnetic wave is incident in the x-y plane, so the
plane wave solution of wave equation of the electric field is
defined as

E(x,1) =E(x)exp[i(wi =B y)] , (11)

where f3 is the y-component of the propagation wave vector.
By considering the wave incident from the left side, the elec-
tric field for the three regions (Fig.1) is given as
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Fig.1 Thin single superconductor sandwiched between
two media with dielectric constants n;=1.0 (air) and n,_
(substrate), respectively

Ae vy Betfor x<0
E(x)={Ce "+ De'r", O<x<d
—ik, (x—d)
Fe , d<x ’ (12)
where 4, B, C, D and F are constants and k. ksupx and k_ are

the x-components of wave vector in 7, o and n_, respecti-
) nw 1
vely. The wave vector &,_is defined by k, =[(’T)2 -B? =

%ni cos;, where i=0, sup, s and 0. is the ray angle mea-
sured from x-axis. The magnetic field of the corresponding
electric field is defined by

i

H _a)_,uVXE . (13)
Now by applying boundary conditions on the tangential com-
ponent of electric fields (TE-mode) and the tangential com-
ponent of magnetic fields (TM-mode), there is no coupling
between these components in the whole medium. The bound-
ary condition at x =0 and x = d is applied in Egs.(12,13), and
we can obtain the transmission coefficient:

=F/A=

d

Ao ke

0x"Vsupx
(Ko = Ky )Ry —K) o 2kt
(kox + ksupx )(ksupx + ksx )
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or t=

Similarly, the reflection coefficient is
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r=B/A=
[k iy =g )y )+ kg + e Iy, =k )e ]
[(k0x - ksupx )(ksx - ksupx ) e’21ksuprd - (kOx + ksupx )(ksupx + ksx )]
ik, d
or r=7112+63372ik - . (15)
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Secondly, we discuss numerical analysis of the slab
superconductor. The two fluid models are considered for cal-
culating the refractive index of the superconducting material.
As known the penetration depth of the superconducting ma-
terial is highly sensitive to the temperature and the applied
external magnetic field. But in our calculations, we consider
the two fluid models to obtain the penetration depth and also
describes the electromagnetic response of a typical super-
conductor without an external magnetic field. According to
two fluid models, the electron in the superconducting mate-
rial either occupies normal state or superconducting state.
The London-penetration depth increases rapidly and ap-
proaches infinity as the temperature is either close to the criti-
cal temperature (7)) or above 0.95 T . In order to investigate
the possible correlations between the penetration depth and
temperature, we carry out several analyses for controlling
the reflectance and the transmittance of the superconducting
material with respect to substrate, thickness of material and
wavelength. The expressions for the reflectance and the trans-
mittance are given in Eqs.(14,15). When the thickness of the
slab superconducting layer is equal to or less than the rel-
evant skin depth of the superconducting layer, the electro-
magnetic wave will propagate in the material.

Fig.2 shows the variations of the refractive index and pen-
etration depth of the slab superconducting material with
temperature. At the critical temperature, the penetration depth
tends to infinity, and the real and imaginary parts of the re-
fractive index are zero. The real part of the refractive index
is linearly increased above the critical temperature and it
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Fig.2 Penetration depth and refractive index of slab su-
perconductor versus temperature
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becomes zero below the critical temperature. Below the criti-
cal temperature, the imaginary part of the refractive index is
slightly decreased with increasing temperature. However, it
is zero at the critical temperature as well as above the critical
temperature.

Fig.3 shows the variations of the reflectance and trans-
mittance of the superconducting material versus the thick-
ness (d/wavelength) with the refractive index of substrate n=1.0 .
The reflectance and transmittance versus thickness of the slab
superconductor on the substrate with the refractive index n=
3.162 are represented in Fig.4. Figs.5 and 6 show the varia-
tions of reflectance and transmittance of the superconductor
versus wavelength with different substrates of n=1.0 and n=
3.162. It is observed that the transmittance and the reflec-
tance are approximately 50% at the wavelength of 1900 nm
for all substrates which we have considered for our
calculations. The high transmittance of the slab supercon-
ductor is obtained in the lower range of the incidence
wavelength. It reveals that the slab superconductor has low
transmittance for higher wavelength and partially high trans-
mittance for lower wavelength. We can say that the transmit-
tance of the slab superconductor may be enhanced when a
thin superconductor interacts with a low wavelength source
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Fig.3 Transmittance and reflectance of slab supercon-
ductor versus thickness with n=1.0 for substrate
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Fig.4 Transmittance and reflectance of slab supercon-
ductor versus thickness with n=3.162 for substrate

Optoelectron. Lett. Vol.7 No.4

on air substrate. Such material for a device is not available in
laboratory.
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Fig.5 Transmittance and reflectance of slab supercon-
ductor versus wavelength with n=1.0 for substrate
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Fig.6 Transmittance and reflectance of slab supercon-

ductor versus wavelength with n=3.162 for substrate

Figs.7 and 8 show the variations of reflectance and
transmittance with temperature on both substrates of n =1.0
and n=3.162. It is shown that the refractive index of the slab
superconductor is zero below T and positive above 7. So
the transmission is reduced and the absorption is enhanced.
The electromagnetic wave with substrate #=1.00 is more
transparent than that with substrate n=3.162.
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Fig.7 Transmittance and reflectance of slab supercon-
ductor versus temperature with n=1.0 for substrate
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Fig.8 Transmittance and reflectance of slab supercon-
ductor versus temperature with n=3.162 for substrate

In this paper, we have theoretically calculated the tunnel-
ing properties of the electromagnetic wave at the critical tem-
perature when the electromagnetic wave propagates through
a slab superconducting material in microwave ranges. The
transmittance and the reflectance of the slab superconduct-
ing material vary with thickness of material as well as the
refractive index of substrate. The high transmittance is found
for thin superconductor in lower wavelength region. It re-
veals that the slab superconductor has low transmittance for
higher wavelength and partially high transmittance for lower
wavelength. The transmittance of the slab superconductor
may be enhanced when a thin superconductor interacts with
a low wavelength source on air substrate. Such material for a
device is not available in laboratory. However, the optical
properties are strongly dependent upon temperature and in-
cidence wavelength. The electromagnetic wave is totally
transmitted for incidence wavelength A=5000 nm due to the
zero refractive index and the infinite penetration depth of the
superconductor at the transition temperature. The support-
ing substrate with the refractive index n=3.162 has less trans-
parent property than that with the refractive index n=1.0 for
the electromagnetic wave propagating, which supports the
metallic characteristic of the superconducting slab film.

The first author is thankful to Dr. Ajay Tiwari (post doc-
toral fellow), Department of Electrical and Electronic
Engineering, Toyohashi University of Technology, Tempaku-
cho, Hibariga-oka-1-1, Toyohashi 441-8580, Japan, and to
Dr. Satendra Pal Singh, IT-BHU, Varanasi for providing tech-
nical help to complete this manuscript.

Optoelectron. Lett. Vol.7 No.4 « 0281 -

References

[21]

[22]

(23]

P. Filloux and N. Paraire, J. Opt. A: Pure Appl. Opt. 4, S175 (2002).
A. Polman and P. Wiltzius, Materials Science Aspects of
Photonic Crystals, MRS Bulletin, 2001.

M. Bertolotti, J. Opt. A: Pure Appl. Opt. 8, S9 (2006).

S. A. Dyakov, V. A. Tolmachev, E. V. Astrova, S. G. Tikh-
odeev, V. Yu Timoshenko and T. S. Perova, International
Proc. of SPIE 7521, 75210G (2010).

K. B. Thapa, Optical Properties of Photonic Crystals, Ph. D.
thesis, IT-BHU, Varanasi, 2006.

N. Richard, Eur. Phys. J. B 17, 11 (2000).

Y. Chen, Z. Huang, Q. Wang, C. Li and J. Shi, J. Opt. A:
Pure Appl. Opt. 7, 519 (2005).

C. Cheng, C. Xu, T. Zhou, X. Zhang and Y. Xu, J. Phys.:
Condens. Mat. 20, 275203 (2008).

V. Shklover, L. Braginsky, G. Witz, M. Mishrikey and C.
Hafner, J. Comp and Theo. Nanoscience 5, 862 (2008).

1. L. Lyubchanskii, N. N. Dadoenkova, A. E. Zabolotin, Y. P.
Lee and Th. Rasing, J. Opt. A: Pure Appl. Opt. 11, 114014 (2009).
S. Chen, Y. Wang, D. Yao and Z. Song, Optica Applicata 39,
473 (2009).

A. Alejo-Molina, J. J. Sa’nchez-Mondrago'n, D. A. May-
Arrioja, D. Romero, J. Escobedo-Alatorre and A. Zamudio-
Lara, J. Microelectronics 40, 459 (2009).

F. Szmulowicz, Phys. Lett. A 345, 469 (2005).

J. Lekner, J. Opt. Soc. Am. A 11, 2892 (1994).

K. B. Thapa, Sanjay Srivastava and Sarika Tiwari, J. Sup-
ercond. Nov. Magn. 23, 4517 (2010).

A. H. Aly, J. Supercond. Nov. Magn. 21, 421 (2008).

A. H. Aly, S. Ryu, H. Hsu and C.-J Wu, Materials Chemistry
and Physics 113, 382 (2009).

A. H. Aly, Materials Chemistry and Physics 15, 391 (2009).
C. H. Raymond Ooi and C. H. Kam, J. Opt. Soc. Am. B 27,
458 (2010).

C-J. Wu, Z-H. Wang and T-J. Yang, J. Supercond. Nov. Magn.
23, 1395 (2010).

C-J.Wu and C. L. Liu and W. K. Kuo, J. Electromagnetic
Waves and Applications 23, 1113 (2009).

C-J. Wu, C-L. Liu and T-J. Yang, J. Opt. Soc. Am. B 26,
2089 (2009).

K. Clark, A. Hassanien, S. Khan, K.-F. Braun, H. Tanaka
and S-W. Hla, Nature Nanotechnology 5, 261 (2010).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200036002e0020000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d00280063002900200032003000300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
    /CHS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice




