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Coupling of the TE and TM modes of electromagnetic waves in two-dimensional photonic crystals
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 however, for other director orientations, the TE and TM
modes cannot be classified generally due to anisotropies of
Recently, dielectric periodic structures of optical wave-liquid crystals, that is, the coupling of the TE and TM modes
length order have attracted much attention as photonic crydh two-dimensional photonic crystals can occur. Moreover,
tals from both fundamental and practical viewpoints, becaus#&e can control the mode coupling by rotating directors of
novel Concepts such as photonic band gaps have been pﬂ&uld C-rystals under the |nﬂuence of applled electric fIE|d
dicted, and various new applications of the photonic crystals 1 this paper, we theoretically demonstrate the coupling of
have been proposdd—3. In earlier work, two fundamen- the TE and TM modes in two-dimensional photonic crystals
tally new optical principles, that is, the localization of light With surface defects of liquid crystals. The two-dimensional
[4-6] and the controllable inhibition of spontaneous emis;-phown!C crystals are.assume.d to be cpmposed of Si circular
sion of light[7—10] were considered to be the most impor- rods W!th square Iattlces_. This photonic crystal possesses a
tant. In two-dimensional photonic crystals, the transversaP.hOtOnIC band gap only in the TM mode. In th_e model con-.
electric(TE) and transversal magnet{@dM) modes of elec- sidered hgre, S urface defept modes appear in the photomc
. - . band gap in this mode. We investigate the mode coupling by
tromagnetic waves can be classified, and properties of ph

Frvestigating transmission spectra in theX direction.
tonic crystals in the TE mode differ from those in the TM gating P
mode. For example, some photonic crystals possess photonic

band gaps only in the TE mode, and other structures of pho- Il. THEORY
tonic crystals possess photonic band gaps only in the TM o
mode. Circular rods are assumed to be parallel tozlkrection.

For applications in optical devices, on the other hand, it ig" conventional two-dimensional photonic crystals, magnetic
important to realize the tunability of photonic crystals, that'1€/d Hz(x,y) in the TE mode and electric fielfl(x,y) in
is, control photonic band structures such as photonic banH1e ™ que are independent. In t'vvo_—dlmensmnal photonic
gaps. Therefore, we have proposed tunable photonic cryst ystals with surface c_iefects of “ql.“d crystqls, however,
composed of materials whose refractive indices can b 2(x.y) andE,(x.y) satisfy the following equation.
changed by outer factof41,12. Especially, refractive indi-

qes_of liquid crystals can be changed by rotating directors of Lu(y)  LueoWITH60 T w2 Hy(xY)
liquid crystals under the influence of electric field. For many +— =0,
applications, it is advantageous to obtain tunable photonic LLen(X.Y)  Le(xy) JIE(xY)]  c?[Ex(XY)

crystals through electro-optic effects. We experimentally pro- (1)
posed to use liquid crystals to photonic crystals and demon-

strated tunable photonic crystals with synthetic opals and h
their replicas infiltrated with liquid crystalgl3,14]. Theo- where

retically, Busch and John supported the tunability of photo-

nic crystals infiltrated with liquid crystalgl5], and we have 9

also proposed various unique tunable photonic crystals incor-  Ly(X,y)= 5{ ey’yl(x,y)
porated with liquid crystal§16—18.

In two-dimensional photonic crystals, using liquid crys-
tals, the classification of the TE and TM modes is possible - @
when directors of liquid crystals are parallel and perpendicu-
lar to the two-dimensional plane. In such photonic crystals, (2a)
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FIG. 1. Schematic model that plane waves are incident on a 0.8

two-dimensional square-lattice photonic crystal with a surface de-
fect of liquid crystalsR anda indicate radius of the rod and lattice
constant of square lattices. The surface defect is assumed to be
composed of a liquid crystal polymer film. The arrovand 6 in the

inset indicate the director and rotation angle of liquid crystals.
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T oax | vz (xy) ﬁJr(;_yZ ’ (2b) FIG. 2. (a) Photonic band structures of the TE and TM modes in

the two-dimensional square-lattice photonic crystal without any de-
fects and(b) transmittances of the TE and TM modes in hieX
direction in the two-dimensional square-lattice photonic crystal
with the surface defect. Black and white points indicate the TE and
TM modes, respectively.

_ » I, a
Len(X,y) = —iwpo) €5 (X,y)w—ezy (x.y) (s (20

? P
LE(X!y):e-ZZl(X!y)(%_F_) ’ (Zd)

¢9y2 fyz(X,Y) = Ezy(X:y) =0, (3f)
where u is the permeability of free space arg(x,y)(i,] where €,(X,y) and e.(X,y) are ordinary and extraordinary
=X,Y,2z) is a dielectric tensor. dielectric indices, respectively. In the isotropic caggx,y)

In the case of director orientations of liquid crystals par-is equal toe.(X,y). Since liquid crystals are polymerized,
allel and perpendicular to two-dimensional planes(x,y) directors of liquid crystals cannot be rotated so much. The
=€,(X,Y) and €,,(X,y)=€,,(X,y) are zero and, therefore, changeable angle is assumed to be from 0° to 15°.
the TE and TM modes do not couple, as mentioned earlierChanges of frequencies of surface defect modes are small,

Figure 1 shows a two-dimensional photonic crystal com-since # does not change so much. Therefore, we neglect the
posel o f circular rods with square lattices with a surface changes of frequencies of surface defect modes.
defect of liquid crystals. The surface defect is assumed to be Following Sakoda’s discussion19,20, we calculate
a liquid crystal polymer film, that is, a polymerized liquid transmission spectra in ti&X direction, as shown in Fig. 1.
crystal. The directon of the liquid crystal is expressed by Flows of electromagnetic waves are defined by Poynting
n=(cos#,0,sind), whered is the rotation angle of the direc- vectors. In the isotropic media, the Poynting vectors of the
tor of liquid crystals relative to the axis in thex-z plane, as TE and TM modes are represented as follows:
shown in the inset of Fig. 1, and then, the dielectric tensor is

represented as follows: 1
P Pre(xy) =5 7lHo(xy) 2 (42)
Exx(X,Y) = €5(X,Y)SIP O+ €4(X,y)COSH, (33
1
€yy(X,Y) = €o(X,Y), (3b) PTM<x,y>=5|Ez<x,y>|2, (4b)
€,4X,Y) = €5(X,y)COZ 0+ €o(X,Y)Sint o, (30
‘ ° ¢ wheren=+uq/(€g€) is a wave impedance, arg ande are
Exy(X,Y) = €y4(X,y) =0, (3d) the permittivity of free space and the dielectric index of the
isotropic media, respectively. When Poynting vectors of in-
€xAX,Y) = €,4(X,Y) ={€(X,Y) — €,(X,Y)}Sin 6 coSH, put and output waves arB™ and P°"', respectively, the
(399 transmittance i$°UYP™",
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FIG. 3. Transmittances dB) the output TM wave andb) the (b)
output TE wave when the TM wave is incident on the two-  F|G. 4. Dependences of transmittances(af the output TM

dimensional photonic crystal #t-=15°. wave and(b) the output TE wave ord ranging from 0° to 15°
when the TM wave is incident on the two-dimensional photonic
IIl. NUMERICAL CALCULATION AND DISCUSSION crystal. Black and white points indicate the first and the second

coupling modes, respectively.

In Fig. 1, circular rods are assumed to be composed of Si.
Background is the air. The dielectric index and the radius othe photonic band edge, since it is not a clear surface defect
a circular rod aree=11.9 andR/a=0.2. a is the lattice mode in comparison with the two surface defect modes in
constant of square lattices. Ordinary and extraordinary rethe photonic band gap.
fractive indices of liquid crystals are,=1.51 andn, In the TE mode, on the other hand, the transmittance de-
=1.67 [CS-1029CHISSQ], respectively. The width of a creases in the frequency range of the photonic band gap.
surface defect is&® and the interval between the surface However, the transmittance is not so low because of the nar-
defect and a neighboring rod is @.5Plane waves are inci- row photonic band gap, as shown in Figa2
dent on the two-dimensional square-lattice photonic crystal Next, we investigate transmittances &t 15° when the
with the surface defect, as shown in Fig. 1. TM wave is incident on the two-dimensional photonic crys-

First, we investigate the case where the TE and TMtal. Since the coupling of the TE and TM modes occurs at the
modes do not couple. Figuréa2 shows photonic band struc- surface defect, the TE wave is also obtained as the output
tures of the TE and TM modes in the two-dimensionalwave other than the TM wave. When Poynting vectors of the
square-lattice photonic crystal without any defects. Blacknput TM wave, the output TM wave, and the output TE
and white points indicate the TE and TM modes, respecwave arePY),, P3y, andPJy, respectively, transmittances
tively, and shaded regions indicate photonic band gaps. Aare represented as follows:
shown in Fig. 2a), photonic band gaps exist only in the TM

mode. In Fig. 2b), we show transmittances in tH&-X di- P
rection in the TE and TM modes a#=0 in the two- Trvrm=gin (5a)
dimensional square-lattice photonic crystal with the surface ™

defect, as shown in Fig. 1. Black and white points indicate

out
transmittances in the TE and TM modes, respectively. Ar- T _ PTe (5b)
rows indicate photonic band gaps in tieX direction. In the TMTE pin

TM mode, there exists a wide photonic band gap inIth&

direction, and two surface defect modes appear in the photavhere Tty.tv IS the transmittance of the output TM wave
nic band gap. The peak at the higher photonic band edgend T+, g is the transmittance of the output TE wave. Fig-
shifts to the photonic band gap due to the surface defect andyes 3a) and 3b) show the transmittance$ty.ry and
therefore, we consider this peak around/27c=0.45 as Tiy.re at #=15°. As shown in Fig. @), the transmittance
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FIG. 5. Transmittances dfa) the output TE wave an¢b) the (b)
output TM wave when the TE wave is incident on the two-  F|G. 6. Dependences of transmittances (af the output TE
dimensional photonic crystal &= 15°. wave and(b) the output TM wave or¥ ranging from 0° to 15°
when the TE wave is incident on the two-dimensional photonic
tcrystal. Black and white points indicate the first and the second
coupling modes, respectively.

Trmrm becomes much lower at the two surface defec
modes in comparison with the TM mode in Figh2 As
shown in Fig. 8b), on the other hand, four clear peaks are
obtained in the transmittancery,.;e. These peaks are ob-

tained at frequencies of omnidirectional TM band gap edgethe TE wave s incident on the two-dimensional photonic

%rystal. Since the coupling of the TE and TM modes occurs
counlinas occur stronalv when aroun veloaities of electro-%t the surface defect, the TM wave is also obtained as the
ping gy group output wave other than the TE wave. When Poynting vectors

magnetic waves become zero. Especidllyy.rm greatly of the input TE wave, the output TE wave, and the output
changes at frequencies of the two surface defect modeﬁ.lvI wave arePin. pout gnqpout respectively, transmit-
Therefore, we focus our attention dj .ty and Try.te at {ANces are re rTeEs’entTeEd,as follgv'\\/lls: '

the frequencies of the two surface defect modes, and defing P '

mode couplings at lower and higher frequencies of the two

surface defect modes as the first and the second coupling PO

modes, respectively. At the second coupling maBgy 1y TTE-TE:PT: (6a)

mostly becomes zero and, therefore, only the TE wave is TE

obtained as the output wave, which means the conversion to

the TE mode from the TM mode although the transmission P

power decreases. Tretm=—_i (6b)
Figures 4a) and 4b) show dependences df .1y and PTe

Trm-7e ON 6 ranging from 0° to 15° at the first and the
second coupling modes, respectively. As shown in Fg),4 whereTe1g is the transmittance of the output TE wave and
T+m.7m decreases monotonically with increasifigregard- Tyt IS the transmittance of the output TM wave. Figures
less of the first and the second coupling modes. As shown i6(a) and b) show transmittance$g.rg and Ttg1y at
Fig. 4(b), on the other handi+y.te exhibits complex behav- =15°. In the TE mode a#=0°, transmittances are high at
iors. That is, Tty.1g at the first coupling mode increases frequencies other than the photonic band gap, as shown in
monotonically with increasingg and becomes maximum, Fig. 2(b). As evident in Fig. 8a), however, transmittances
and Tty.7e at the second coupling mode increases and dedecrease greatly at the two surface defect modes of the TM
creases monotonically after becoming maximum with in-mode in Fig. Zb). As shown in Fig. ), on the other hand,
creasingé. four clear peaks are obtained in the transmittance. These
Moreover, we investigate transmittancesgat15° when peaks are obtained at frequencies of omnidirectional TM
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band gap edges and surface defect modes in the TM modtinability that transmittances change only at certain frequen-
That is, the mode couplings occur strongly when group ve<ies by rotating directors of liquid crystals under the influ-
locities of electromagnetic waves become zero. Especiallygnce of applied electric field.
Tte1e greatly changes at frequencies of the two surface de-
fect modes. Therefore, we focus our attentionTgr.t¢ and
Tterm at the frequencies of the two surface defect modes,
and define mode couplings at lower and higher frequencies In conclusion, we theoretically demonstrated the coupling
of the two surface defect modes as the first and the secomuf the TE and TM modes in two-dimensional photonic crys-
coupling modes, respectively. At the second coupling modetals with surface defects of liquid crystals. Transmittances of
T+e7e mostly becomes zero and, therefore, only the TMthe output TM and TE waves are calculated numerically
wave is obtained as the output wave, which means the corwhen the input TM wave is incident on the two-dimensional
version to the TM mode from the TE mode although thephotonic crystal, and transmittances of the output TE and
transmission power decreases. TM waves are also calculated numerically when the input TE

Figures 6a) and &b) show dependences dfgrg and  wave is incident. Regardless of the input TE and TM waves,
Tre.rm ON 6 ranging from 0° to 15° at the first and the the coupling of the TE and TM modes occur strongly at
second coupling modes, respectively. As shown in Fig),6 frequencies at which group velocities of electromagnetic
Tre.te decreases monotonically with increasifig regard- waves become zero, especially at the two surface defect
less of the first and the second coupling modes. As shown imodes. At a higher frequency of the two surface defect
Fig. 6(b), on the other handl .1y exhibits complex behav- modes, the conversions of polarized vectors of electromag-
iors. That is, Tte.Tm at the first coupling mode begins to netic waves can be obtained although transmission powers
increase around=3° and increases monotonically with in- decrease. This photonic crystal may provide the sharp tun-
creasingd and becomes maximum. Howev@ke 1) at the  ability that transmittances change only at certain frequencies
second coupling mode increases and decreases monotohl rotating directors of liquid crystals under the influence of
cally after becoming maximum with increasirg electric field.

In two-dimensional photonic crystals with surface defects
of qugi_d crystals, mode cou'plings occur strongly when group ACKNOWLEDGMENTS
velocities of electromagnetic waves become zero. Especially,
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