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We theoretically demonstrate the tunability of two-dimensional photonic crystals composed of copper oxide
high-temperature superconduct@kTSC9. The photonic crystals we deal with are composed of rods whose
axes are parallel to theaxes 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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[. INTRODUCTION posed of superconductors due to the transition from the su-
perconducting state to the normal conducting one.

Recently, dielectric periodic structures of the order of op- Thus, we propose the use of superconductors in photonic
tical wavelengths have attracted much attention as photonicrystals. As examples of superconductors, here, we deal with
crystals from theoretical and practical viewpoints, becauseopper oxide high temperature superconductef8SCs. It
concepts such as photonic band gaps have been predictdtis been reported that two-dimensional photonic crystals
and also various applications of photonic crystals have beecomposed of HTSCs with large plasma frequencies possess
proposed:~3 In earlier work, two optical principles, namely, almost flat photonic band stat&sThese photonic crystals
the localization of light=® and the controllable inhibition of are assumed to be two-dimensional arrays of air cylinders
spontaneous emission of light® were considered to be the embedded by superconducting hosts. However, temperature
most important. Photonic band schemes strongly depend aand magnetic field tunabilities of these photonic crystals
dielectric indices and structures of photonic crystals. Espehave not been discussed. Unlike conventional superconduct-
cially in the case of metals and semiconductors, photoniors, copper oxide HTSCs have high transition temperature
band schemes strongly depend on plasma frequeticiés.  such as 30—15{K]. Therefore, they are appropriate for ap-

With respect to applications to optical devices, on theplications, because some copper oxide HTSCs show the su-
other hand, it is advantageous to obtain the tunability in phoperconductivity under liquid nitrogen. However, we must
tonic crystals. For example, we have proposed various volteonsider that the construction of the lattice which contains
age and temperature tunable photonic crystals composed obpper oxide HTSCs is not generally easy, because the me-
conducting polymers and liquid crystals infiltrated in silica chanical properties are so weak and that copper oxide
opals and inverse opals, because refractive indices of cotdTSCs are so expensive. Copper oxide HTSCs have strong
ducting polymers and liquid crystals can be controlled bytwo-dimensional anisotropies, and the superconductivity ap-
changing the temperature and applied voltadgeé8.More-  pears in the two-dimensional anisotropic CuO planes. &he
over, it has been reported that it is possible to obtain tunablend b axes in copper oxide HTSCs are parallel to the two-
photonic crystals by the change of plasma frequencies idimensional anisotropic CuO plane, and thexis is perpen-
semiconductors under the influence of temperature and cudicular to it. The electric fields parallel and perpendicular to
rent injections:? The plasma frequencies in semiconductorsthe ¢ axis feel different dielectric indices due to the strong
depend on densities of electrons which can be changed undevo-dimensional anisotropy. The superconducting electrons
the influence of temperature and current injections. Thereare sensitive to the electric field perpendicular to thexis
fore, it is important to apply controllable physical phenom-rather than the electric field parallel to tleeaxis. At high
ena in solid states to tunable photonic crystals. frequencies, that is, the superconducting electrons are sensi-

For example, the superconductivity is strongly influencective to the electric field perpendicular to tlieaxis. There-
by temperature and the magnetic field. In the superconductere, plasma frequencies to the electric field parallel toche
ing state, the electromagnetic wave can propagate only in thexis are in the microwaves and far-infrared ranges that are
range of the London penetration depths of materials. In thenuch lower than those to electric field perpendicular to
normal conducting state, however, London penetratiorihe c axisl®
depths become infinite, that is, the electromagnetic field can In this paper, we theoretically investigate the tunability of
propagate in the material without any limitations. Therefore two-dimensional photonic crystals composed of copper
we can expect the large tunability in photonic crystals com-oxide HTSCs with square lattices. Rods which constitute
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photonic crystals are assumed to be parallel to the
axis in copper oxide HTSCs. We deal with two kinds of
copper oxide HTSCs: BgPhy355,CaCu,0, and
Bi,Sr,CaCyOg. 5.1"'® We investigate the temperature and
magnetic field tunability in photonic crystals composed of
the former and the latter, respectively for the TM mode in
which the electric field is parallel to theaxis (E,||c).

Il. THEORY

In order to determine photonic band schemes of photonic
crystals composed of copper oxide HTSCs, we start with the
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where

wnp(X!y) = \/nn(X,y)ezlméoé(X,y) .

A(X,Y), wsp(X,y) andw,p(X,y) are the London penetration
depth and the plasma frequencies of superconducting and
normal conducting electrons, respectiveby(x,y) strongly
depends on the London penetration depth. Indeed, the den-
sity of the superconducting electrons decreases with depth
5 exponentially within the rods. In the experimerit® how-
- Ns(x,y)e E,(X,Y) (2a) ever, plasma frequencies are observed without the consider-
imo 2777 ation of dependences of the superconducting electrons on
depth. In this paper, therefore, plasma frequencies are as-
sumed to be uniform within the rods, for simplicity. From
Eqg. (3), the effective dielectric index.:¢(X,Y,w) is repre-
sented as follows:

JSZ(X!y!w) = ns(xvy)( - E)Usz(w)

=ns(x,y)(—e)%Ez(x,y)

JnAX Y, 0)=n(X,y)(—e)v,(w)

e
=np(X,y)(—e) ———E,(X,y) (Y% wap(X,Y)?
( ) Zm(lw ‘)/) eeff(x,y,w)ze(x,y) 1_w pry _Z(Z)-f—ly’y) . (4)
Na(X,y)e
- im(w+iy) Eo(x.y). (2b) As shown in EQ.(4), eq1(X,Y,w) depends onwgy(X,y)

and w,p(x,y). In the frequency range we consider below,
however,w,,(X,y)?/o(w+iy) does not affeck(X,y, )

J.(X.y,®) andJ, (x.y,®) are superconducting and normal muchl’8 Therefore, we neglect the third term on the right

conducting electronic current densities to the z anigx, side of Eq.(4), and theneer(x,y,w) becomes a simple
and n.(x 3) are superconducting and normal cf;(dﬁ)ctingDrUde model. Metallic photonic crystals are also_descnbed
electrcr;n aensities angl () andv, (w) are superconduct- by the Drude model. They have cutoff frequencies due to
. sA® UnA @) are sup lasma frequencies in the TM mode, and band structures in
ing and normal conducting electron velocities parallel to th

he TM mode significantly differ from those in the TE
7 axis, respectively in the two fluid moded(x,y) is a di- moae signmeantly girer rom tose 1

> ) ) mode!® Moreover, there are interesting reports about metal-
electric constanty is a damping term. From the phenomeno- . photonic crystal§.°’21

logical viewpoint,vs{w) andv,(w) are obtained by the |y Fig. 1, we show a rod composed of copper oxide

equation of motion of electrons. HTSCs. Thea, b, andc axes are defined as shown in this
Substituting Eqs(2a) and (2b) into Eq. (1) results in the  figure. The rod is parallel to the axis. We evaluate for the

following wave equation: TM mode in two-dimensional photonic crystals, that is, the
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@ wherek, , is the wave vector. The right side of E(B) is
separated into a first term dependent on frequencies and a
second term independent of frequencies. By inserting Egs.

(5) and (6) into Eg. (3), we obtain the matrix eigenvalue

problem with respect to frequencies. Therefore, photonic

band structures of the copper oxide HTSCs can be obtained
by solving frequencies at a certain wave vector. A more de-

b tailed explanation is given in Ref. 12.

. NUMERICAL CALCULATION AND DISCUSSION

First, we investigate the temperature tunability of two-
dimensional photonic crystals composed of copper oxide
HTSCs with square lattices. We deal with
Bi1 ssPhy 355,CaCugs 1O, as copper oxide HTSC< We sup-

FIG. 1. Structure of a rod composed of copper oxide HTSCs andP0s€ that the dielectric index &= 12, the lattice constant is
a, b, and c axes. Thea and b axes are parallel to the two- @=250[um] and the radius of the rod R/a=0.2. A back-
dimensional anisotropic plane, and thaxis is perpendicular to the ground of the photonic crystal is air. At[K], the London
two-dimensional anisotropic plane. The rod and the electric field ar@enetration depth is (5[ K]) =23 [ wm], which corresponds
parallel to thec axis (E||c). t0 wgp(5[K])=3.77 [THz] (wsy(5 [K])a/2wc=0.5). That

is, here our attention is focused on the far-infrared region. In
electric field is parallel to the axis (E,||c). As mentioned experimental studie¥, plasma frequencies are not observed
earlier, we must clarify the polarized vector of the electricin such a frequency region at the normal conducting state,
field, because copper oxide HTSCs have the strong twowhich means that the third term on the right side of E.
dimensional anisotropy. can be neglected in such a frequency region.

The effective dielectric index eqtf(X+Ry,y+Ry) Photonic band schemes evaluatedTat5 [K] (below
= eqf(X,y) is periodic with respect to the lattice vecteg,  T.=107[K]) and atT=T =107 [K] are shown in Figs.
generated by the primitive translation and it may be ex-2(a) and 2b), respectively. Shaded regions in these figures
panded in a Fourier series dB,,, the reciprocal lattice indicate photonic band gaps. It should be noted that the pho-
vector tonic band scheme in Fig(& significantly differs from that

in Fig. 2(b). In Fig. 2a), a photonic band gap exists at
. wal2mc=<0.339, that is, a cutoff frequency exists. This is
ee”(x’y'w):GEG €erf(Gx, Gy, w)expli (Gxx+Gyy)}. because the plasma frequency exists, and therefore, the light
Y (59 only in the frequency rangea/2mc= wey;or@/2mc=0.339
can propagate in the photonic crystal. Moreover, it should be

Using Bloch’s theorem, we may expand the electric fieldnoted thatw.¢@/27C is lower thanwgpa/2mc. That is,
as plasma frequencies in uniform media are different from those
in photonic crystals?®

As shown in Fig. 2b), on the other hand, the photonic

EAx.y)= GEG EA(Gx,Gy)expli{(kyt+ Gy)x band scheme at temperatures ab®yés very different. This
o is becausevs, becomes zero at temperature higher than the
+(ky+Gy)y}], (6) transition temperaturé.. Thus, cutoff frequencies decrease
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0.5 . T T . 0.50 Around T/T.=0.4, the band gap appears and increases
o Bi, ,,Pb, ,;Sr,Ca,Cu, O, | monotonically with increasing temperature. On the other
04} \ hand, the midgap decreases monotonically with increasing
N /-2 0.46 temperature. That is, we can control opening and closing
03l o\o\o S band gaps under the influence of temperature in the far in-
& N P 2 frared region.
5 o o 1 0'42§ Next, the magnetic field tunability of two-dimensional
4 0.2¢ /.>‘°\ ; © photonic crystals composed of copper oxide HTSCs with
- 0\3—’ 10.38 s square lattices is investigated. Here we treat with
0.1+ 4—/,,"' N ' Bi,Sr,CaCy0g. 5 as copper oxide HTSCS.The transition
./,/ D\o temperaturd . of the material is 8%K]. We suppose that the
0.0 . e : L 0.34 dielectric index ise= 10, the lattice constant =10 [mm]
00 02 04 06 08 10 and the radius of the rod B/a=0.2. A background of the
T, photonic crystal is air.

In the superconducting state at B6] under the magnetic

FIG. 3. Dependences of the photonic band gap per midgap ratige|q applied parallel to the axis in the photonic crystal

and the midgap on temperature. Black and white points indicate thFEZ| | Bz||C)’ the plasma frequenays, satisfies the following
photonic band gap per midgap ratio and the midgap, respectively.relation in the magnetic field regio’:'l of 0.14T] (Ref. 18:

monotonically with increasing temperature. As shown in Fig. 30
2(b), however, another photonic band gaps appear at higher ws,(0.T]<B<1[T]<B.) = — [GHz]. (9)
frequencies. That is, the large tunability can be realized in ’ /B

two-dimensional photonic crystals due to the transition from ) ) ) )
the superconducting state to the normal conducting one unthat is, we focus our attention on the microwave region. The

der the influence of temperature. damping constany of this superconductor is abouf THz],
In copper oxide HTSCs, the following dependence of thewhich is much larger than the microwave frequency. There-

London penetration depth on temperature is known: fore, we can neglect the third term on the right side of @g.
in such a frequency regidfi.The dependence @, on the

MT<T)=N0 [K])/V1-T/T,. (7 ~ magnetic field results from the phase difference between the
CuO planes and the nature of vortex decoupling.
We can obtain valuable information for the change of Photonic band schemes Bt=0.1[T] and atB=B, are
temperature, although E(7) is not an exact relation. Then, indicated in Figs. &) and 4b), respectively. Shaded regions
the dependence of the plasma frequency on temperature idicate photonic band gaps. It should be noted that the pho-

given as follows from Eq(7): tonic band scheme in Fig(@ significantly differs from that
in Fig. 4(b). At B=0.1[T], wsp(0.1[T])=94.87[GHz]
wsy(T<Te)=ws(0 [K)VI-T/T,. (8) (wspal2mc=0.5). In Fig. 4a), the photonic band gap exists

at wa/2wc=<0.329, that is, a cutoff frequency exists. This is
In the frequency regiom= w.,iots, We focus our atten- because the plasma frequency exists, and therefore, the light
tion on a band gap which appears in the frequency obnly in the frequency rangea/2mc= wos2/27mc=0.329
(0.2-0.5) 2rc/a with increasing temperature. Dependencescan propagate in the photonic crystals. For the case shown in
of the band gap per midgap ratio and the midgap on temperarig. 4(b), on the other handy,, becomes zero, because the
ture are shown in Fig. 3. Black and white points indicate themagnetic field is larger than the critical magnetic field. B
band gap per midgap ratio and the midgap, respectivelyThus, cutoff frequencies decrease monotonically with in-
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&= \/\ & by 5’( g dimensional photonic crystals composed of cop-
205 loo 8 2 o5} N o g lgo o per oxide HTSCs(a) at B=0.1[T] and (b) at
g 0a AN 8 B=B. at T=55[K].
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FIG. 5. Dependences of the photonic band gap per midgap ratio T,
and the midgap on the magnetic field when the magnetic field is
applied to thec axis (E||B||c). Black and white points indicate the FIG. 6. Dependences of the photonic band gap per midgap ratio
photonic band gap per midgap ratio and the midgap, respectivelyand the midgap on temperature ranging fromTQ.8 0.7T. at B
=0.6[T]. Black and white points indicate the photonic band gap
creasing the magnetic field. As shown in Figby however, per midgap ratio and the midgap, respectively.
another photonic band gap appears. Therefore, the large tun-
ability can be realized in two-dimensional photonic crystals As evident by the comparison of Figs. 2 and 4, the fre-
due to the change from the superconducting state to the noguency region in which photonic band gaps appear is
mal conducting one upon applications of the magnetic fieldstrongly dependent on materials in copper oxide HTSCs. In
In the frequency regiom= w.,otf, We focus our atten- the present case, the photonic band gaps appear in the far
tion on the band gap which appears in the frequency ofnfrared region in BjgsPhy 355,CaCus 10, and in the mi-
(0.2-0.5) 2rc/a with increasing the magnetic field. In Fig. 5, crowave region in BiS,CaCyOg, 5. These results may
dependences of the band gap per midgap ratio and the migwovide novel application to tunable photonic crystals. As
gap on the applied magnetic field are shown. Black andghown in Figs. 3, 5 and 6, for exampleca/2wc can be
white points indicate the band gap per midgap ratio and thehanged by temperature and the magnetic field, which means
midgap, respectively. ArounB=0.15[T], the band gap ap- that reflective peak frequencies can be controlled by the ex-
pears and increases monotonically with increasing the magernal factors. Moreover, the flow of light can also be con-
netic field. On the other hand, the midgap decreases mondrolled by opening and closing photonic band gaps.
tonically with increasing magnetic field. Although the critical
magnetic field is not given in Ref. 18, becomes zero at IV. CONCLUSION
B=B.. At B=B., Aw/w.=0.344 andw.a/2mc=0.370.
That is, we can control opening and closing band gaps under In conclusion, we theoretically demonstrated the tunabil-
the influence of the magnetic field in the microwave region.ity of two-dimensional photonic crystals composed of copper
Moreover, we investigate dependences of the band gapxide HTSCs. The photonic crystals we deal with are com-
per midgap ratio and the midgap on temperature at the corposed of rods whose axes are parallel to ¢haxes in the
stant magnetic field. At 08T/T.<0.7 and 0.]T]<B  copper oxide HTSC. Photonic crystals composed of copper

<1[T], wsy(T,B) is represented as followg. oxide HTSCs exhibit the large tunabilities by temperature
and magnetic fields. That is, a photonic band gap increases
wsp(0.3T<T=<0.7T;,0.1 [T]<B=<1 [T]) and a midgap frequency decreases with increasing tempera-
ture and magnetic fields. Their characteristics are due to the
_ %3 [GHZ] (10 temperature dependence of London penetration depths and
VBT ' the magnetic field dependence of the critical temperature and

the London penetration depths. The frequency range in

This equation coincides with Eq9) at T=55[K]. In  which the photonic band gap appears are strongly dependent
Fig. 6, we show dependences of the band gap per midgagn materials in copper oxide HTSCs.
ratio and the midgap on temperature ranging fronTQ.®
0.7T. atB=0.6[T]. The band gap increases and the midgap
decreases monotonically with increasing temperature. How-
ever, these behaviors are different from those in Fig. 3. That This work was partly supported by a Grant-in-Aid for
is, the temperature tunability of two-dimensional photonicScientific Research from the Ministry of Education, Culture,
crystals composed of copper oxide HTSCs with square latSports, Science and Technolo@@rant No. 14205046and
tices are affected by the existence of the magnetic field. from the Japan Society for the Promotion of Science.
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