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Coupling of the TE and TM modes of electromagnetic waves in two-dimensional photonic crystal
with surface defects of liquid crystals
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We theoretically demonstrate the coupling of the TE and TM modes of electromagnetic waves in two-
dimensional photonic crystals with surface defects of liquid crystals. Due to anisotropies of liquid crystals, the
TE and TM modes cannot be classified generally in the surface defects, which causes the coupling of the TE
and TM modes. The coupling of the TE and TM modes occurs strongly at frequencies at which group velocities
of electromagnetic waves become zero, especially at surface defect modes. Possibility of the sharp tunability
and the switching of the transmittance in this system has been demonstrated theoretically by the control of
directors of liquid crystals by applied electric field due to their anisotropy.
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I. INTRODUCTION

Recently, dielectric periodic structures of optical wav
length order have attracted much attention as photonic c
tals from both fundamental and practical viewpoints, beca
novel concepts such as photonic band gaps have been
dicted, and various new applications of the photonic crys
have been proposed@1–3#. In earlier work, two fundamen
tally new optical principles, that is, the localization of lig
@4–6# and the controllable inhibition of spontaneous em
sion of light @7–10# were considered to be the most impo
tant. In two-dimensional photonic crystals, the transver
electric ~TE! and transversal magnetic~TM! modes of elec-
tromagnetic waves can be classified, and properties of p
tonic crystals in the TE mode differ from those in the T
mode. For example, some photonic crystals possess pho
band gaps only in the TE mode, and other structures of p
tonic crystals possess photonic band gaps only in the
mode.

For applications in optical devices, on the other hand, i
important to realize the tunability of photonic crystals, th
is, control photonic band structures such as photonic b
gaps. Therefore, we have proposed tunable photonic cry
composed of materials whose refractive indices can
changed by outer factors@11,12#. Especially, refractive indi-
ces of liquid crystals can be changed by rotating directors
liquid crystals under the influence of electric field. For ma
applications, it is advantageous to obtain tunable photo
crystals through electro-optic effects. We experimentally p
posed to use liquid crystals to photonic crystals and dem
strated tunable photonic crystals with synthetic opals
their replicas infiltrated with liquid crystals@13,14#. Theo-
retically, Busch and John supported the tunability of pho
nic crystals infiltrated with liquid crystals@15#, and we have
also proposed various unique tunable photonic crystals in
porated with liquid crystals@16–18#.

In two-dimensional photonic crystals, using liquid cry
tals, the classification of the TE and TM modes is possi
when directors of liquid crystals are parallel and perpendi
lar to the two-dimensional plane. In such photonic crysta
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however, for other director orientations, the TE and T
modes cannot be classified generally due to anisotropie
liquid crystals, that is, the coupling of the TE and TM mod
in two-dimensional photonic crystals can occur. Moreov
we can control the mode coupling by rotating directors
liquid crystals under the influence of applied electric field

In this paper, we theoretically demonstrate the coupling
the TE and TM modes in two-dimensional photonic cryst
with surface defects of liquid crystals. The two-dimension
photonic crystals are assumed to be composed of Si circ
rods with square lattices. This photonic crystal possess
photonic band gap only in the TM mode. In the model co
sidered here, surface defect modes appear in the phot
band gap in this mode. We investigate the mode coupling
investigating transmission spectra in theG-X direction.

II. THEORY

Circular rods are assumed to be parallel to thez direction.
In conventional two-dimensional photonic crystals, magne
field Hz(x,y) in the TE mode and electric fieldEz(x,y) in
the TM mode are independent. In two-dimensional photo
crystals with surface defects of liquid crystals, howev
Hz(x,y) andEz(x,y) satisfy the following equation.

F LH~x,y! LHE~x,y!

LEH~x,y! LE~x,y!
GFHz~x,y!

Ez~x,y!
G1

v2

c2 FHz~x,y!

Ez~x,y!
G50,

~1!

where

LH~x,y!5
]

]x Feyy
21~x,y!

]

]xG1
]

]y Fexx
21~x,y!

]

]yG
2

]

]y Fexy
21~x,y!

]

]xG2
]

]x Feyx
21~x,y!

]

]yG ,
~2a!
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LHE~x,y!5
i

vm0
F ]

]y H exz
21~x,y!S ]2

]x2
1

]2

]y2D J
2

]

]x H eyz
21~x,y!S ]2

]x2
1

]2

]y2D J G , ~2b!

LEH~x,y!52 ivm0H ezx
21~x,y!

]

]y
2ezy

21~x,y!
]

]xJ , ~2c!

LE~x,y!5ezz
21~x,y!S ]2

]x2
1

]2

]y2D , ~2d!

wherem0 is the permeability of free space ande i j (x,y)( i , j
5x,y,z) is a dielectric tensor.

In the case of director orientations of liquid crystals p
allel and perpendicular to two-dimensional planes,exz(x,y)
5ezx(x,y) and eyz(x,y)5ezy(x,y) are zero and, therefore
the TE and TM modes do not couple, as mentioned earl

Figure 1 shows a two-dimensional photonic crystal co
posed o f circular rods with square lattices with a surfa
defect of liquid crystals. The surface defect is assumed to
a liquid crystal polymer film, that is, a polymerized liqu
crystal. The directorn of the liquid crystal is expressed b
n5(cosu,0,sinu), whereu is the rotation angle of the direc
tor of liquid crystals relative to thex axis in thex-z plane, as
shown in the inset of Fig. 1, and then, the dielectric tenso
represented as follows:

exx~x,y!5eo~x,y!sin2u1ee~x,y!cos2u, ~3a!

eyy~x,y!5eo~x,y!, ~3b!

ezz~x,y!5eo~x,y!cos2u1ee~x,y!sin2u, ~3c!

exy~x,y!5eyx~x,y!50, ~3d!

exz~x,y!5ezx~x,y!5$ee~x,y!2eo~x,y!%sinu cosu,
~3e!

FIG. 1. Schematic model that plane waves are incident o
two-dimensional square-lattice photonic crystal with a surface
fect of liquid crystals.R anda indicate radius of the rod and lattic
constant of square lattices. The surface defect is assumed t
composed of a liquid crystal polymer film. The arrown andu in the
inset indicate the director and rotation angle of liquid crystals.
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eyz~x,y!5ezy~x,y!50, ~3f!

where eo(x,y) and ee(x,y) are ordinary and extraordinar
dielectric indices, respectively. In the isotropic case,eo(x,y)
is equal toee(x,y). Since liquid crystals are polymerized
directors of liquid crystals cannot be rotated so much. T
changeable angleu is assumed to be from 0° to 15°
Changes of frequencies of surface defect modes are sm
sinceu does not change so much. Therefore, we neglect
changes of frequencies of surface defect modes.

Following Sakoda’s discussion@19,20#, we calculate
transmission spectra in theG-X direction, as shown in Fig. 1
Flows of electromagnetic waves are defined by Poynt
vectors. In the isotropic media, the Poynting vectors of
TE and TM modes are represented as follows:

PTE~x,y!5
1

2
huHz~x,y!u2, ~4a!

PTM~x,y!5
1

2h
uEz~x,y!u2, ~4b!

whereh5Am0 /(e0e) is a wave impedance, ande0 ande are
the permittivity of free space and the dielectric index of t
isotropic media, respectively. When Poynting vectors of
put and output waves arePin and Pout, respectively, the
transmittance isPout/Pin.

FIG. 2. ~a! Photonic band structures of the TE and TM modes
the two-dimensional square-lattice photonic crystal without any
fects and~b! transmittances of the TE and TM modes in theG-X
direction in the two-dimensional square-lattice photonic crys
with the surface defect. Black and white points indicate the TE a
TM modes, respectively.
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III. NUMERICAL CALCULATION AND DISCUSSION

In Fig. 1, circular rods are assumed to be composed o
Background is the air. The dielectric index and the radius
a circular rod aree511.9 andR/a50.2. a is the lattice
constant of square lattices. Ordinary and extraordinary
fractive indices of liquid crystals areno51.51 and ne
51.67 @CS-1029~CHISSO!#, respectively. The width of a
surface defect is 3a, and the interval between the surfa
defect and a neighboring rod is 0.5a. Plane waves are inci
dent on the two-dimensional square-lattice photonic cry
with the surface defect, as shown in Fig. 1.

First, we investigate the case where the TE and T
modes do not couple. Figure 2~a! shows photonic band struc
tures of the TE and TM modes in the two-dimension
square-lattice photonic crystal without any defects. Bla
and white points indicate the TE and TM modes, resp
tively, and shaded regions indicate photonic band gaps
shown in Fig. 2~a!, photonic band gaps exist only in the TM
mode. In Fig. 2~b!, we show transmittances in theG-X di-
rection in the TE and TM modes atu50 in the two-
dimensional square-lattice photonic crystal with the surf
defect, as shown in Fig. 1. Black and white points indic
transmittances in the TE and TM modes, respectively.
rows indicate photonic band gaps in theG-X direction. In the
TM mode, there exists a wide photonic band gap in theG-X
direction, and two surface defect modes appear in the ph
nic band gap. The peak at the higher photonic band e
shifts to the photonic band gap due to the surface defect
therefore, we consider this peak aroundva/2pc50.45 as

FIG. 3. Transmittances of~a! the output TM wave and~b! the
output TE wave when the TM wave is incident on the tw
dimensional photonic crystal atu515°.
04660
i.
f

e-

al

l
k
-
s

e
e
r-

o-
ge
d,

the photonic band edge, since it is not a clear surface de
mode in comparison with the two surface defect modes
the photonic band gap.

In the TE mode, on the other hand, the transmittance
creases in the frequency range of the photonic band g
However, the transmittance is not so low because of the
row photonic band gap, as shown in Fig. 2~a!.

Next, we investigate transmittances atu515° when the
TM wave is incident on the two-dimensional photonic cry
tal. Since the coupling of the TE and TM modes occurs at
surface defect, the TE wave is also obtained as the ou
wave other than the TM wave. When Poynting vectors of
input TM wave, the output TM wave, and the output T
wave arePTM

in , PTM
out , andPTE

out , respectively, transmittance
are represented as follows:

TTM-TM5
PTM

out

PTM
in

, ~5a!

TTM-TE5
PTE

out

PTM
in

, ~5b!

whereTTM-TM is the transmittance of the output TM wav
andTTM-TE is the transmittance of the output TE wave. Fi
ures 3~a! and 3~b! show the transmittancesTTM-TM and
TTM-TE at u515°. As shown in Fig. 3~a!, the transmittance

FIG. 4. Dependences of transmittances of~a! the output TM
wave and~b! the output TE wave onu ranging from 0° to 15°
when the TM wave is incident on the two-dimensional photo
crystal. Black and white points indicate the first and the seco
coupling modes, respectively.
2-3
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TTM-TM becomes much lower at the two surface def
modes in comparison with the TM mode in Fig. 2~b!. As
shown in Fig. 3~b!, on the other hand, four clear peaks a
obtained in the transmittanceTTM-TE . These peaks are ob
tained at frequencies of omnidirectional TM band gap ed
and surface defect modes in the TM mode. That is, m
couplings occur strongly when group velocities of elect
magnetic waves become zero. Especially,TTM-TM greatly
changes at frequencies of the two surface defect mo
Therefore, we focus our attention onTTM-TM andTTM-TE at
the frequencies of the two surface defect modes, and de
mode couplings at lower and higher frequencies of the
surface defect modes as the first and the second coup
modes, respectively. At the second coupling mode,TTM-TM
mostly becomes zero and, therefore, only the TE wave
obtained as the output wave, which means the conversio
the TE mode from the TM mode although the transmiss
power decreases.

Figures 4~a! and 4~b! show dependences ofTTM-TM and
TTM-TE on u ranging from 0° to 15° at the first and th
second coupling modes, respectively. As shown in Fig. 4~a!,
TTM-TM decreases monotonically with increasingu, regard-
less of the first and the second coupling modes. As show
Fig. 4~b!, on the other hand,TTM-TE exhibits complex behav
iors. That is,TTM-TE at the first coupling mode increase
monotonically with increasingu and becomes maximum
and TTM-TE at the second coupling mode increases and
creases monotonically after becoming maximum with
creasingu.

Moreover, we investigate transmittances atu515° when

FIG. 5. Transmittances of~a! the output TE wave and~b! the
output TM wave when the TE wave is incident on the tw
dimensional photonic crystal atu515°.
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the TE wave is incident on the two-dimensional photon
crystal. Since the coupling of the TE and TM modes occ
at the surface defect, the TM wave is also obtained as
output wave other than the TE wave. When Poynting vect
of the input TE wave, the output TE wave, and the outp
TM wave arePTE

in , PTE
out , and PTM

out , respectively, transmit-
tances are represented as follows.

TTE-TE5
PTE

out

PTE
in

, ~6a!

TTE-TM5
PTM

out

PTE
in

, ~6b!

whereTTE-TE is the transmittance of the output TE wave a
TTE-TM is the transmittance of the output TM wave. Figur
5~a! and 5~b! show transmittancesTTE-TE and TTE-TM at u
515°. In the TE mode atu50°, transmittances are high a
frequencies other than the photonic band gap, as show
Fig. 2~b!. As evident in Fig. 5~a!, however, transmittance
decrease greatly at the two surface defect modes of the
mode in Fig. 2~b!. As shown in Fig. 5~b!, on the other hand
four clear peaks are obtained in the transmittance. Th
peaks are obtained at frequencies of omnidirectional

FIG. 6. Dependences of transmittances of~a! the output TE
wave and~b! the output TM wave onu ranging from 0° to 15°
when the TE wave is incident on the two-dimensional photo
crystal. Black and white points indicate the first and the seco
coupling modes, respectively.
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band gap edges and surface defect modes in the TM m
That is, the mode couplings occur strongly when group
locities of electromagnetic waves become zero. Especi
TTE-TE greatly changes at frequencies of the two surface
fect modes. Therefore, we focus our attention onTTE-TE and
TTE-TM at the frequencies of the two surface defect mod
and define mode couplings at lower and higher frequen
of the two surface defect modes as the first and the sec
coupling modes, respectively. At the second coupling mo
TTE-TE mostly becomes zero and, therefore, only the T
wave is obtained as the output wave, which means the c
version to the TM mode from the TE mode although t
transmission power decreases.

Figures 6~a! and 6~b! show dependences ofTTE-TE and
TTE-TM on u ranging from 0° to 15° at the first and th
second coupling modes, respectively. As shown in Fig. 6~a!,
TTE-TE decreases monotonically with increasingu, regard-
less of the first and the second coupling modes. As show
Fig. 6~b!, on the other hand,TTE-TM exhibits complex behav
iors. That is,TTE-TM at the first coupling mode begins t
increase aroundu53° and increases monotonically with in
creasingu and becomes maximum. However,TTE-TM at the
second coupling mode increases and decreases mono
cally after becoming maximum with increasingu.

In two-dimensional photonic crystals with surface defe
of liquid crystals, mode couplings occur strongly when gro
velocities of electromagnetic waves become zero. Especi
original transmittances of the TE and TM modes chan
greatly at surface defect modes of the TM mode when dir
tors of liquid crystals are not parallel or perpendicular
two-dimensional planes. Therefore, we can obtain the sh
re

a

a-
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tunability that transmittances change only at certain frequ
cies by rotating directors of liquid crystals under the infl
ence of applied electric field.

IV. CONCLUSION

In conclusion, we theoretically demonstrated the coupl
of the TE and TM modes in two-dimensional photonic cry
tals with surface defects of liquid crystals. Transmittances
the output TM and TE waves are calculated numerica
when the input TM wave is incident on the two-dimension
photonic crystal, and transmittances of the output TE a
TM waves are also calculated numerically when the input
wave is incident. Regardless of the input TE and TM wav
the coupling of the TE and TM modes occur strongly
frequencies at which group velocities of electromagne
waves become zero, especially at the two surface de
modes. At a higher frequency of the two surface def
modes, the conversions of polarized vectors of electrom
netic waves can be obtained although transmission pow
decrease. This photonic crystal may provide the sharp
ability that transmittances change only at certain frequen
by rotating directors of liquid crystals under the influence
electric field.
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