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Tunable photonic band gaps in two-dimensional photonic crystals by temporal modulation
based on the Pockels effect
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We theoretically demonstrate the tuning of photonic band gaps in two-dimensional photonic crystals com-
posed of rods by temporal modulation based on the Pockels effect. Refractive indices of rods can be changed
periodically by applied alternating voltage under the influence of the Pockels effect, which causes new pho-
tonic band states other than original ones. Therefore, photonic band gaps can be closed by the new photonic
band states, which may provide novel applications for tunable photonic crystals.
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I. INTRODUCTION

Recently, photonic crystals have attracted much atten
from both fundamental and practical viewpoints, beca
novel concepts such as photonic band gaps~PBGs! have
been predicted, and various new applications of photo
crystals have been proposed@1–3#. In earlier studies, two
fundamentally new optical principles, namely, the localiz
tion of light @4–6# and the controllable inhibition of sponta
neous emission of light@7–10#, were considered to be th
most important.

For applications in optical devices, on the other hand, i
important to realize the tunability of photonic crystals, th
is, to control photonic band structures such as photonic b
gaps. Therefore, tunable photonic crystals composed of
terials whose properties can be changed by adjusting exte
factors have been proposed@11–13#. Moreover, for many
applications, it is advantageous to obtain tunable photo
crystals through electrooptic effects.

In optical devices, materials whose refractive indices c
be changed by applied voltage are widely used. For exam
optical properties are temporally modulated by alternat
voltage with the Pockels effect in which the change of
fractive indices is proportional to applied voltage. It is im
portant to control optical properties via external factors w
respect to applications.

Therefore, we propose the use of temporal modulat
based on the Pockels effect in photonic crystals. Refrac
indices can be changed periodically due to the Pockels ef
by applied alternating voltage which causes new photo
band states which are significantly dependent on magnitu
of changes of refractive indices and modulation frequenc
In general, it is difficult to obtain large tunabilities by chan
ing the refractive indices of materials. In photonic crysta
however, large tunabilities can be obtained by tempo
modulation.

In this paper, we theoretically demonstrate the tuning
photonic band gaps in two-dimensional photonic cryst
composed of rods with square lattices by temporal mod
tion based on the Pockels effect. Rods are assumed t
composed of strontium barium niobate~SBN! which is a
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photorefractive crystal having a very large electrooptical
efficient. Experimentally, it is possible to fabricate photon
crystals of SBN with a thickness of 4.5mm @14#, and there-
fore we can consider two-dimensional photonic crysta
since the thickness of the photonic crystals is much lar
than the lattice constants of light wavelength order@15,16#.
Moreover, electrodes are assumed to be attached at the
and bottom of crystals in order to apply electric field. How
ever, we neglect the effects of electrodes on photonic crys
because of the long thickness of crystals in comparison w
light wavelength order. We treat the transversal magn
~TM! mode, because the photonic crystal has large photo
band gaps in the case of the TM mode. Moreover, thec axis
of SBN is assumed to be parallel to the rods, and then,
electric field of the electromagnetic waves parallel to ro
has extraordinary refractive indices. Alternating voltage
applied in the direction parallel to the rods. We assume la
modulation frequencies in order to achieve effective tunab
ties.

II. THEORY

Unlike conventional photonic crystals, the dielectric co
stant of a rode(t) depends on time in temporal modulatio
based on the Pockels effect.e(t) is represented as

e~ t !5„ne1Dne~ t !…2

5ne
212neDne~ t !1Dne~ t !2

;ne
212neDne~ t ! @Dne~ t !/ne!1#

5ne
21ne

4g33EmsinVt

5ec1de sinVt ~ec5ne
2 ,de5ne

4g33Em!, ~1!

where ne , Dne(t), g33, Em and V are the extraordinary
refractive index, the change of the refractive index, the el
trooptical coefficient, the maximum applied electric fiel
and the modulation frequency, respectively.

In order to obtain photonic band structures and transm
sion spectra of two-dimensional photonic crystals compo
of rods with square lattices, we perform calculations us
©2004 The American Physical Society05-1
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the finite difference time domain~FDTD! method@17#. Elec-
tromagnetic fieldsE(r ,t) and H(r ,t) satisfy the following
equations:

¹3E~r ,t !52m0

]H~r ,t !

]t
, ~2a!

¹3H~r ,t !5e0

]e~r ,t !E~r ,t !

]t

5e0

]e~r ,t !

]t
E~r ,t !1e0e~r ,t !

]E~r ,t !

]t

5s~r ,t !E~r ,t !1e0e~r ,t !
]E~r ,t !

]t
,

S s~r ,t !5e0

]e~r ,t !

]t D , ~2b!

wheree0 andm0 are the permittivity and permeability of fre
space, respectively.

Equation~2b! corresponds to the problem of electroma
netic fields in materials with conductivitys(r ,t). By using
discrete time and lattices according to the Yee algorit
@17#, we can obtain the photonic band structures and tra
mission spectra.

Figure 1~a! shows the schematic diagram of a rod in a u
cell of a photonic crystal with a two-dimensional periodicit
R and a indicate the radius of a rod and a lattice consta
respectively. In this system, the initial point source can be
arbitrarily, and the point source and the detector are se
(0.75a,0.25a) and (0.25a,0.75a), respectively, in each uni
cell. Bloch’s boundary conditions are applied to four edg
of the unit cell@18#. In calculating photonic band structure
Bloch’s boundary conditions are

E~r1R,t !5exp~ ik•R!E~r ,t ! ~3a!

and

H~r1R,t !5exp~ ik•R!H~r ,t !, ~3b!

wherek and R are the wave vector and the lattice vect
respectively. In fact, the wave vector in Bloch’s theorem
the equivalent of the crystal momentum in solid-state ph
ics, and for photonic band diagrams, this is a vector point
toward the boundary of the irreducible part in the first Br
louin zone. For certain wave vectors, the frequency com
nents can be obtained by the Fourier transform of the elec
field at the detector when the Gaussian pulse is excite
the point source, as shown in Fig. 1~a!. Fourier amplitudes of
the Gaussian pulse exp„2$(t2T)/0.29T%2

… (T50.646
32p/v0 , v0a/2pc510) considered in this paper are co
stant in the frequency ranges of interest.

The Fourier transform of the electric flux densityD(v) is
represented as
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D~v!5E
2`

`

e~ t !E~ t !exp~2 ivt !dt

5ecE
2`

`

E~ t !exp~2 ivt !dt

1deE
2`

`

sinVtE~ t !exp~2 ivt !dt

5ecE~v!1
de

2i
$E~v2V!2E~v1V!%, ~4!

where E(v) is the Fourier transform of the electric fiel
E(t). Therefore, new frequency componentsv6V appear
other than the original frequency componentv in photonic
crystals whose refractive indices change temporally.

Figures 1~b! and 1~c! show that plane waves are incide
on two-dimensional photonic crystals composed of rods w
square lattices in theG2X and G2M directions, respec-
tively. The regions embedded by solid lines indicate u
cells used for calculating transmission spectra. When pl
waves with the Gaussian pulse are incident on photonic c
tals, transmittances can be obtained by the Fourier transf

FIG. 1. ~a! Schematic diagram of a rod in a unit cell.R and a
indicate the radius of a rod and a lattice constant, respectively.
point source and detector are set at (0.75a,0.25a) and
(0.25a,0.75a), respectively, in each unit cell.~b! and~c! Schematic
diagrams in which plane waves are incident on two-dimensio
photonic crystals composed of rods with square lattices in
G2X and G2M directions, respectively. The regions embedd
by solid lines indicate unit cells used for calculating transmiss
spectra.
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of the electric field at the detector. The sizes of photo
crystals in Figs. 1~a! and 1~b! are 17 and 21 layers, respe
tively. In calculating transmission spectra, the perio
boundary conditions are satisfied for boundaries paralle
the incident direction of plane waves. On the other ha
perfect matched layers~PML! are satisfied for boundarie
perpendicular to the incident direction of plane waves in
der to obtain high accuracy in the reflection of electrom
netic waves.

III. NUMERICAL CALCULATION AND DISCUSSION

We calculate the photonic band structure in a tw
dimensional photonic crystal composed of rods with squ
lattices in the case that alternating voltage is not applied.
extraordinary refractive index isne52.3117, and the radiu
of a rod isR/a50.3. A background is the air. Figure 2 show
the photonic band structure in the two-dimensional photo
crystal. The black point and the solid line indicate the ph
tonic band structures calculated by the FDTD method
the plane wave expansion method,@19# respectively. In the
FDTD method, higher accuracies and stabilities are obtai
with increasing discrete time and lattices. The discrete t
and lattices arecDt/a50.01 andDx/a5Dy/a50.025, re-
spectively. These parameters satisfycDt<$(1/Dx)2

1(1/Dy)2%21/2, which compensates the calculational stab
ity. The number of time steps in this calculation is 5000
and errors are within 1%. In the plane wave method, on
other hand, errors of photonic band structures with 961 pl
waves are also within 1%. These calculational results
almost the same. As shown in Fig. 2, there exist two pho
nic band gaps in the frequency ranges of (0.3
20.394)2pc/a and (0.59720.643)2pc/a. We define the
former and the latter photonic band gaps as the first and
second photonic band gaps, respectively.

Figure 3~a! shows the Fourier amplitude of the electr
field at theX point atde/ec50.0. As shown in Fig. 3~a!, for
example, photonic band structures are obtained by inve
gating some frequency peaks for certain wave vectors. N
we investigate photonic band structures in the case tha

FIG. 2. Photonic band structure in the two-dimensional photo
crystal composed of rods with square lattices. The black point
the solid line indicate the photonic band structures calculated by
FDTD method and the plane wave expansion method, respecti
The extraordinary refractive index isne52.3117, and the radius o
a rod isR/a50.3.
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ternating voltage is applied. The electrooptical coefficient
SBN is g3351340 pm/V. We assume that the maximu
change of the dielectric constant isde/ec50.1, for simplic-
ity, which can be realized by the maximum applied elect
field Em51.43107 V/m. Photonic band structures are diffe
ent from the original ones when alternating voltage is a
plied. Figure 3~b! shows the Fourier amplitude of the electr
field at theX point at de/ec50.1 andVa/2pc50.027. As
shown in Fig. 3~b!, some new frequency peaks appear
both sides of the original peaks, and the interval between
original and new frequency peaks isV, which originates
from temporal modulation, as mentioned in Eq.~4!.

We investigate the intensity of the new frequency pe
relative to that of the original frequency peak of the fir
band at theX point. Figure 4~a! shows the dependence o
uE(v1V)/E(v)u of the first band at theX point on de/ec

ranging from 0 to 0.1 atVa/2pc50.027. As shown in Fig.
4~a!, uE(v1V)/E(v)u increases monotonically with in
creasingde/ec . On the other hand, Fig. 4~b! shows the de-
pendence ofuE(v1V)/E(v)u of the first band at theX point
on Va/2pc ranging from 0.01 to 0.04 atde/ec50.1. As
evident in Fig. 4~b!, uE(v1V)/E(v)u decreases with in-
creasingVa/2pc although it exhibits complex behaviors
That is, the intensities of the new frequency peaks incre

c
d
e
ly.

FIG. 3. Fourier amplitude of the electric field at theX point at
~a! de/ec50.0 and~b! de/ec50.1 andVa/2pc50.027.
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as de/ec and Va/2pc become larger and smaller, respe
tively.

By utilizing these properties, we can obtain large tunab
ties, that is, tunable photonic band gaps. As shown in Fig
for example, the first photonic band gap is decided by
photonic band states of the first band at theM point and the
second band at theX point. We define the frequencies of th
photonic band states of the first band at theM point and the
second band at theX point asvM

1st andvX
2nd , respectively. In

the first photonic band gap in Fig. 2, new frequency pe
appear atvM

1st1V andvX
2nd2V when alternating voltage is

applied, and the magnitude of the first photonic band g
changes fromDv1st5vX

2nd2vM
1st to Dv1st22V. Therefore,

the first photonic band gap is closed by selecting the mo
lation frequencyV>Dv1st/2. The same concept is also a
plicable to the second photonic band gap. The magnitude
the first and the second photonic band gaps
Dv1sta/2pc50.053 andDv2nda/2pc50.046, respectively.
We selectVa/2pc50.027 which satisfiesV>Dv1st,2nd/2.

As mentioned above, the new frequency peaks are we
than the original ones, that is, the transmission spectra o
nating from the new frequency peaks are also lower. Th
we calculate transmittances by the FDTD method in orde
investigate the efficiency of the new frequency peaks. Fig

FIG. 4. Dependence ofuE(v1V)/E(v)u of the first band at the
X point ~a! on de/ec ranging from 0 to 0.1 atVa/2pc50.027 and
~b! on Va/2pc ranging from 0.01 to 0.04 atde/ec50.1.
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5~a! shows transmittances in theG2X andG2M directions
at de/ec50.0. The black and white points indicate the tran
mittances in theG2X andG2M directions, respectively. As
shown in Fig. 5~a!, there exist two photonic band gaps, th
is, the first and the second photonic band gaps. In these
tonic band gaps, transmittances are lower than240 ~dB!. In
Fig. 5~b!, on the other hand, we show transmittances in
G2X and G2M directions at de/ec50.1 and Va/2pc
50.027. The black and white points indicate the transm
tances in theG2X and G2M directions, respectively. As
shown in Fig. 5~b!, there exist no clear photonic band ga
by the new transmittances in theG2X andG2M directions,
which supports our interpretations. The transmittances
come approximately215 dB in the frequency ranges of th
first and the second photonic band gaps in Fig. 5~a!. There-
fore, we can obtain tunable photonic band gaps in tw
dimensional photonic crystals by temporal modulation ba
on the Pockels effect, which may provide novel applicatio
for tunable photonic crystals. However, it should be no
that the transmittances considered here are time averag
cause of the temporal change of dielectric constants.

IV. CONCLUSION

We theoretically demonstrated the tuning of photon
band gaps by temporal modulation based on the Pockels

FIG. 5. Transmittances in theG2X andG2M directions at~a!
de/ec50.0 and~b! de/ec50.1 andVa/2pc50.027. The black and
white points indicate transmittances in theG2X andG2M direc-
tions, respectively.
5-4
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fect in two-dimensional photonic crystals composed of ro
Rods are assumed to be composed of strontium barium
bate~SBN! which is a photorefractive crystal having a ve
large electrooptical coefficient. By changing refractive in
ces periodically under the influence of applied alternat
voltage, some new frequency peaks appear at both side
the original peaks, and the interval between the original
new frequency peaks is equal to the modulation freque
Photonic band gaps can be closed by the new photonic b
re

a

.
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states, which may provide novel applications for tuna
photonic crystals.
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