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Tunable photonic band schemes in two-dimensional photonic crystals composed of copper oxi
high-temperature superconductors
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We theoretically demonstrate the tunability of two-dimensional photonic crystals composed of copper oxide
high-temperature superconductors~HTSCs!. The photonic crystals we deal with are composed of rods whose
axes are parallel to thec axes in the copper oxide HTSC. Photonic crystals composed of copper oxide HTSCs
exhibit the large tunabilities by temperature and magnetic fields. That is, a photonic band gap increases and a
midgap frequency decreases with increasing temperature and the magnetic field. Their characteristics are due
to the temperature dependence of London penetration depths and the magnetic field dependence of the critical
temperature and the London penetration depths. The frequency range in which the photonic band gap appears
are strongly dependent on materials in the copper oxide HTSCs.
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I. INTRODUCTION

Recently, dielectric periodic structures of the order of o
tical wavelengths have attracted much attention as phot
crystals from theoretical and practical viewpoints, beca
concepts such as photonic band gaps have been pred
and also various applications of photonic crystals have b
proposed.1–3 In earlier work, two optical principles, namely
the localization of light4–6 and the controllable inhibition o
spontaneous emission of light7–10 were considered to be th
most important. Photonic band schemes strongly depen
dielectric indices and structures of photonic crystals. Es
cially in the case of metals and semiconductors, photo
band schemes strongly depend on plasma frequencies.11,12

With respect to applications to optical devices, on t
other hand, it is advantageous to obtain the tunability in p
tonic crystals. For example, we have proposed various v
age and temperature tunable photonic crystals compose
conducting polymers and liquid crystals infiltrated in sili
opals and inverse opals, because refractive indices of
ducting polymers and liquid crystals can be controlled
changing the temperature and applied voltages.13,14 More-
over, it has been reported that it is possible to obtain tuna
photonic crystals by the change of plasma frequencies
semiconductors under the influence of temperature and
rent injections.12 The plasma frequencies in semiconducto
depend on densities of electrons which can be changed u
the influence of temperature and current injections. The
fore, it is important to apply controllable physical phenom
ena in solid states to tunable photonic crystals.

For example, the superconductivity is strongly influenc
by temperature and the magnetic field. In the supercond
ing state, the electromagnetic wave can propagate only in
range of the London penetration depths of materials. In
normal conducting state, however, London penetrat
depths become infinite, that is, the electromagnetic field
propagate in the material without any limitations. Therefo
we can expect the large tunability in photonic crystals co
0163-1829/2003/67~24!/245109~6!/$20.00 67 2451
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posed of superconductors due to the transition from the
perconducting state to the normal conducting one.

Thus, we propose the use of superconductors in photo
crystals. As examples of superconductors, here, we deal
copper oxide high temperature superconductors~HTSCs!. It
has been reported that two-dimensional photonic crys
composed of HTSCs with large plasma frequencies pos
almost flat photonic band states.15 These photonic crystals
are assumed to be two-dimensional arrays of air cylind
embedded by superconducting hosts. However, tempera
and magnetic field tunabilities of these photonic cryst
have not been discussed. Unlike conventional supercond
ors, copper oxide HTSCs have high transition temperat
such as 30–150@K#. Therefore, they are appropriate for a
plications, because some copper oxide HTSCs show the
perconductivity under liquid nitrogen. However, we mu
consider that the construction of the lattice which conta
copper oxide HTSCs is not generally easy, because the
chanical properties are so weak and that copper ox
HTSCs are so expensive. Copper oxide HTSCs have str
two-dimensional anisotropies, and the superconductivity
pears in the two-dimensional anisotropic CuO planes. Tha
and b axes in copper oxide HTSCs are parallel to the tw
dimensional anisotropic CuO plane, and thec axis is perpen-
dicular to it. The electric fields parallel and perpendicular
the c axis feel different dielectric indices due to the stro
two-dimensional anisotropy. The superconducting electr
are sensitive to the electric field perpendicular to thec axis
rather than the electric field parallel to thec axis. At high
frequencies, that is, the superconducting electrons are s
tive to the electric field perpendicular to thec axis. There-
fore, plasma frequencies to the electric field parallel to thc
axis are in the microwaves and far-infrared ranges that
much lower than those to electric field perpendicular
the c axis.16

In this paper, we theoretically investigate the tunability
two-dimensional photonic crystals composed of cop
oxide HTSCs with square lattices. Rods which constit
©2003 The American Physical Society09-1
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photonic crystals are assumed to be parallel to thec
axis in copper oxide HTSCs. We deal with two kinds
copper oxide HTSCs: Bi1.85Pb0.35Sr2Ca2Cu3.1Oy and
Bi2Sr2CaCu2O81d .17,18 We investigate the temperature an
magnetic field tunability in photonic crystals composed
the former and the latter, respectively for the TM mode
which the electric field is parallel to thec axis (Ezuuc).

II. THEORY

In order to determine photonic band schemes of photo
crystals composed of copper oxide HTSCs, we start with
wave equation satisfied by the electric field parallel to thz
axis for two-dimensional periodic structures,

]2Ez~x,y!

]x2
1

]2Ez~x,y!

]y2

52
v2

c2
e~x,y!Ez~x,y!2 im0v$Jsz~x,y,v!

1Jnz~x,y,v!%, ~1!

where

Jsz~x,y,v!5ns~x,y!~2e!vsz~v!

5ns~x,y!~2e!
e

imv
Ez~x,y!

52
ns~x,y!e2

imv
Ez~x,y!, ~2a!

Jnz~x,y,v!5nn~x,y!~2e!vnz~v!

5nn~x,y!~2e!
e

m~ iv2g!
Ez~x,y!

52
nn~x,y!e2

im~v1 ig!
Ez~x,y!. ~2b!

Jsz(x,y,v) andJnz(x,y,v) are superconducting and norm
conducting electronic current densities to the z axis,ns(x,y)
and nn(x,y) are superconducting and normal conducti
electron densities andvsz(v) andvnz(v) are superconduct
ing and normal conducting electron velocities parallel to
z axis, respectively in the two fluid model.e(x,y) is a di-
electric constant.g is a damping term. From the phenomen
logical viewpoint, vsz(v) and vnz(v) are obtained by the
equation of motion of electrons.

Substituting Eqs.~2a! and ~2b! into Eq. ~1! results in the
following wave equation:
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]2Ez~x,y!

]x2
1

]2Ez~x,y!

]y2

52
v2

c2 H e~x,y!2
m0ns~x,y!e2c2/m

v2

2
nn~x,y!e2/me0

v~v1 ig! J Ez~x,y!

52
v2

c2 H e~x,y!2
c2/l~x,y!2

v2

2
nn~x,y!e2/me0

v~v1 ig! J Ez~x,y!

52
v2

c2
e~x,y!H 12

vsp~x,y!2

v2

2
vnp~x,y!2

v~v1 ig!J Ez~x,y!, ~3!

wherel(x,y)5Am/m0ns(x,y)e2,

vsp~x,y!5c/l~x,y!Ae~x,y!

and

vnp~x,y!5Ann~x,y!e2/me0e~x,y!.

l(x,y), vsp(x,y) andvnp(x,y) are the London penetratio
depth and the plasma frequencies of superconducting
normal conducting electrons, respectively.vsp(x,y) strongly
depends on the London penetration depth. Indeed, the
sity of the superconducting electrons decreases with de
exponentially within the rods. In the experiments17,18; how-
ever, plasma frequencies are observed without the cons
ation of dependences of the superconducting electrons
depth. In this paper, therefore, plasma frequencies are
sumed to be uniform within the rods, for simplicity. Fro
Eq. ~3!, the effective dielectric indexee f f(x,y,v) is repre-
sented as follows:

ee f f~x,y,v!5e~x,y!H 12
vsp~x,y!2

v2
2

vnp~x,y!2

v~v1 ig!J . ~4!

As shown in Eq.~4!, ee f f(x,y,v) depends onvsp(x,y)
and vnp(x,y). In the frequency range we consider belo
however,vnp(x,y)2/v(v1 ig) does not affectee f f(x,y,v)
much.17,18 Therefore, we neglect the third term on the rig
side of Eq. ~4!, and thenee f f(x,y,v) becomes a simple
Drude model. Metallic photonic crystals are also describ
by the Drude model. They have cutoff frequencies due
plasma frequencies in the TM mode, and band structure
the TM mode significantly differ from those in the T
mode.19 Moreover, there are interesting reports about me
lic photonic crystals.20,21

In Fig. 1, we show a rod composed of copper oxi
HTSCs. Thea, b, and c axes are defined as shown in th
figure. The rod is parallel to thec axis. We evaluate for the
TM mode in two-dimensional photonic crystals, that is, t
9-2



ric
w

ex

ld

nd a
qs.

e
nic
ined
de-

o-
ide
h

. In
ed
ate,

res
ho-

t
is
light

be

se

ic

the
e

an
-

a
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electric field is parallel to thec axis (Ezuuc). As mentioned
earlier, we must clarify the polarized vector of the elect
field, because copper oxide HTSCs have the strong t
dimensional anisotropy.

The effective dielectric index ee f f(x1Rx ,y1Ry)
5ee f f(x,y) is periodic with respect to the lattice vectorRx,y
generated by the primitive translation and it may be
panded in a Fourier series onGx,y , the reciprocal lattice
vector

ee f f~x,y,v!5 (
Gx ,Gy

ee f f~Gx ,Gy ,v!exp$ i ~Gxx1Gyy!%.

~5!

Using Bloch’s theorem, we may expand the electric fie
as

Ez~x,y!5 (
Gx ,Gy

Ez~Gx ,Gy!exp@ i $~kx1Gx!x

1~ky1Gy!y%#, ~6!

FIG. 1. Structure of a rod composed of copper oxide HTSCs
a, b, and c axes. Thea and b axes are parallel to the two
dimensional anisotropic plane, and thec axis is perpendicular to the
two-dimensional anisotropic plane. The rod and the electric field
parallel to thec axis (Euuc).
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wherekx,y is the wave vector. The right side of Eq.~3! is
separated into a first term dependent on frequencies a
second term independent of frequencies. By inserting E
~5! and ~6! into Eq. ~3!, we obtain the matrix eigenvalu
problem with respect to frequencies. Therefore, photo
band structures of the copper oxide HTSCs can be obta
by solving frequencies at a certain wave vector. A more
tailed explanation is given in Ref. 12.

III. NUMERICAL CALCULATION AND DISCUSSION

First, we investigate the temperature tunability of tw
dimensional photonic crystals composed of copper ox
HTSCs with square lattices. We deal wit
Bi1.85Pb0.35Sr2Ca2Cu3.1Oy as copper oxide HTSCs.17 We sup-
pose that the dielectric index ise512, the lattice constant is
a5250 @mm# and the radius of the rod isR/a50.2. A back-
ground of the photonic crystal is air. At 5@K#, the London
penetration depth isl(5@K#)523 @mm#, which corresponds
to vsp(5@K#)53.77 @THz# „vsp(5 @K#)a/2pc50.5…. That
is, here our attention is focused on the far-infrared region
experimental studies,17 plasma frequencies are not observ
in such a frequency region at the normal conducting st
which means that the third term on the right side of Eq.~4!
can be neglected in such a frequency region.

Photonic band schemes evaluated atT55 @K# ~below
Tc5107 @K#) and atT>Tc5107 @K# are shown in Figs.
2~a! and 2~b!, respectively. Shaded regions in these figu
indicate photonic band gaps. It should be noted that the p
tonic band scheme in Fig. 2~a! significantly differs from that
in Fig. 2~b!. In Fig. 2~a!, a photonic band gap exists a
va/2pc<0.339, that is, a cutoff frequency exists. This
because the plasma frequency exists, and therefore, the
only in the frequency rangeva/2pc>vcuto f fa/2pc50.339
can propagate in the photonic crystal. Moreover, it should
noted thatvcuto f fa/2pc is lower thanvspa/2pc. That is,
plasma frequencies in uniform media are different from tho
in photonic crystals.19

As shown in Fig. 2~b!, on the other hand, the photon
band scheme at temperatures aboveTc is very different. This
is becausevsp becomes zero at temperature higher than
transition temperatureTc . Thus, cutoff frequencies decreas

d

re
-
p-
FIG. 2. Photonic band schemes of two
dimensional photonic crystals composed of co
per oxide HTSCs~a! at T55 @K# and ~b! at
T>Tc5107 @K#.
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monotonically with increasing temperature. As shown in F
2~b!, however, another photonic band gaps appear at hig
frequencies. That is, the large tunability can be realized
two-dimensional photonic crystals due to the transition fr
the superconducting state to the normal conducting one
der the influence of temperature.

In copper oxide HTSCs, the following dependence of
London penetration depth on temperature is known:

l~T<Tc!5l~0 @K# !/A12T/Tc. ~7!

We can obtain valuable information for the change
temperature, although Eq.~7! is not an exact relation. Then
the dependence of the plasma frequency on temperatu
given as follows from Eq.~7!:

vsp~T<Tc!5vsp~0 @K# !A12T/Tc. ~8!

In the frequency regionv>vcuto f f , we focus our atten-
tion on a band gap which appears in the frequency
(0.2-0.5)2pc/a with increasing temperature. Dependenc
of the band gap per midgap ratio and the midgap on temp
ture are shown in Fig. 3. Black and white points indicate
band gap per midgap ratio and the midgap, respectiv

FIG. 3. Dependences of the photonic band gap per midgap
and the midgap on temperature. Black and white points indicate
photonic band gap per midgap ratio and the midgap, respectiv
24510
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Around T/Tc50.4, the band gap appears and increa
monotonically with increasing temperature. On the oth
hand, the midgap decreases monotonically with increas
temperature. That is, we can control opening and clos
band gaps under the influence of temperature in the far
frared region.

Next, the magnetic field tunability of two-dimension
photonic crystals composed of copper oxide HTSCs w
square lattices is investigated. Here we treat w
Bi2Sr2CaCu2O81d as copper oxide HTSCs.18 The transition
temperatureTc of the material is 85@K#. We suppose that the
dielectric index ise510, the lattice constant isa510 @mm#
and the radius of the rod isR/a50.2. A background of the
photonic crystal is air.

In the superconducting state at 55@K# under the magnetic
field applied parallel to thec axis in the photonic crysta
(EzuuBzuuc), the plasma frequencyvsp satisfies the following
relation in the magnetic field region of 0.1–1@T# ~Ref. 18!:

vsp~0.1@T#<B<1@T#,Bc!5
30

AB
@GHz#. ~9!

That is, we focus our attention on the microwave region. T
damping constantg of this superconductor is about 1@THz#,
which is much larger than the microwave frequency. The
fore, we can neglect the third term on the right side of Eq.~4!
in such a frequency region.18 The dependence ofvsp on the
magnetic field results from the phase difference between
CuO planes and the nature of vortex decoupling.

Photonic band schemes atB50.1 @T# and atB>Bc are
indicated in Figs. 4~a! and 4~b!, respectively. Shaded region
indicate photonic band gaps. It should be noted that the p
tonic band scheme in Fig. 4~a! significantly differs from that
in Fig. 4~b!. At B50.1 @T#, vsp(0.1 @T#)594.87@GHz#
(vspa/2pc50.5). In Fig. 4~a!, the photonic band gap exist
at va/2pc<0.329, that is, a cutoff frequency exists. This
because the plasma frequency exists, and therefore, the
only in the frequency rangeva/2pc>vcuto f fa/2pc50.329
can propagate in the photonic crystals. For the case show
Fig. 4~b!, on the other hand,vsp becomes zero, because th
magnetic field is larger than the critical magnetic field Bc .
Thus, cutoff frequencies decrease monotonically with

tio
e
.

-
p-
FIG. 4. Photonic band schemes of two
dimensional photonic crystals composed of co
per oxide HTSCs~a! at B50.1 @T# and ~b! at
B>Bc at T555 @K#.
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TUNABLE PHOTONIC BAND SCHEMES IN TWO- . . . PHYSICAL REVIEW B 67, 245109 ~2003!
creasing the magnetic field. As shown in Fig. 4~b!, however,
another photonic band gap appears. Therefore, the large
ability can be realized in two-dimensional photonic cryst
due to the change from the superconducting state to the
mal conducting one upon applications of the magnetic fie

In the frequency regionv>vcuto f f , we focus our atten-
tion on the band gap which appears in the frequency
(0.2-0.5)2pc/a with increasing the magnetic field. In Fig. 5
dependences of the band gap per midgap ratio and the
gap on the applied magnetic field are shown. Black a
white points indicate the band gap per midgap ratio and
midgap, respectively. AroundB50.15 @T#, the band gap ap
pears and increases monotonically with increasing the m
netic field. On the other hand, the midgap decreases m
tonically with increasing magnetic field. Although the critic
magnetic field is not given in Ref. 18,vsp becomes zero a
B>Bc . At B>Bc , Dv/vc50.344 andvca/2pc50.370.
That is, we can control opening and closing band gaps un
the influence of the magnetic field in the microwave regio

Moreover, we investigate dependences of the band
per midgap ratio and the midgap on temperature at the c
stant magnetic field. At 0.3<T/Tc<0.7 and 0.1@T#<B
<1 @T#, vsp(T,B) is represented as follows.18

vsp~0.3Tc<T<0.7Tc,0.1 @T#<B<1 @T# !

5
222.5

ABT
@GHz#. ~10!

This equation coincides with Eq.~9! at T555 @K#. In
Fig. 6, we show dependences of the band gap per mid
ratio and the midgap on temperature ranging from 0.3Tc to
0.7Tc at B50.6 @T#. The band gap increases and the midg
decreases monotonically with increasing temperature. H
ever, these behaviors are different from those in Fig. 3. T
is, the temperature tunability of two-dimensional photon
crystals composed of copper oxide HTSCs with square
tices are affected by the existence of the magnetic field.

FIG. 5. Dependences of the photonic band gap per midgap
and the midgap on the magnetic field when the magnetic fiel
applied to thec axis (EuuBuuc). Black and white points indicate th
photonic band gap per midgap ratio and the midgap, respectiv
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As evident by the comparison of Figs. 2 and 4, the f
quency region in which photonic band gaps appear
strongly dependent on materials in copper oxide HTSCs
the present case, the photonic band gaps appear in th
infrared region in Bi1.85Pb0.35Sr2Ca2Cu3.1Oy and in the mi-
crowave region in Bi2Sr2CaCu2O81d . These results may
provide novel application to tunable photonic crystals.
shown in Figs. 3, 5 and 6, for example,vca/2pc can be
changed by temperature and the magnetic field, which me
that reflective peak frequencies can be controlled by the
ternal factors. Moreover, the flow of light can also be co
trolled by opening and closing photonic band gaps.

IV. CONCLUSION

In conclusion, we theoretically demonstrated the tuna
ity of two-dimensional photonic crystals composed of copp
oxide HTSCs. The photonic crystals we deal with are co
posed of rods whose axes are parallel to thec axes in the
copper oxide HTSC. Photonic crystals composed of cop
oxide HTSCs exhibit the large tunabilities by temperatu
and magnetic fields. That is, a photonic band gap increa
and a midgap frequency decreases with increasing temp
ture and magnetic fields. Their characteristics are due to
temperature dependence of London penetration depths
the magnetic field dependence of the critical temperature
the London penetration depths. The frequency range
which the photonic band gap appears are strongly depen
on materials in copper oxide HTSCs.
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