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TE-TM mode coupling in two-dimensional photonic crystals composed of liquid-crystal rods
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We theoretically demonstrate the TE-TM mode coupling in two-dimensional photonic crystals composed of
liquid-crystal rods due to anisotropies of liquid crystals. In such structures, the classification of the TE and TM
modes is generally impossible, that is, the TE-TM mode coupling occurs. Frequencies of the mode coupling are
investigated by the plane-wave expansion method, and the mode coupling is discussed by transmittance
calculated by the finite-difference time-domain method. Changes of transmittance by rotating directors of
liquid crystals are also discussed.
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I. INTRODUCTION photonic crystals due to anisotropies of liquid crystals has

Recently, photonic crystals with dielectric periodic struc- N0t been studied. _
tures have attracted much attention from theoretical and ex- _In this paper, therefore, we discuss the TE-TM mode cou-
perimental viewpoint$1,2]. The photonic crystals have pho- Pling in two-dimensional square-lattice photonic crystals
tonic band gaps in which light in a certain frequency rangecomposed of liquid-crystal rods. The TE and TM modes can
cannot propagate, and group velocities of light become zerbe classified in the case of directors of liquid crystals parallel
at photonic band edges because of high dispersion relatiord perpendicular to two-dimensional planes. In the case of
between frequencies and wave vectors. Moreover, point anether directors, however, the TE and TM modes cannot be
linear defects in photonic crystals with photonic band gap<lassified, that is, the mode coupling occurs. We investigate
cause light localization and guiding, respectively. That is, thérequencies of the mode coupling by the plane-wave expan-
point and linear defects can be viewed as cavities angion(PWE method[10], and discuss the mode coupling by
waveguides, respectivel,4]. Therefore, many researchers transmittance in thé'-X andI'-M directions. The transmit-
have devoted much effort to the development of photonidance is calculated by the finite-difference time-domain
crystals. (FDTD) method[11]. Changes of the transmittance by rotat-
On the other hand, it is important to obtain the tuning ofing directors of liquid crystals are also discussed.
optical properties in photonic crystals. Therefore, we have
proposed various tunable photonic crystals composed of
functional materials, such as conducting polymers whose op- Il. THEORY
tical properties can be controlled by temperature and electric i . )
fields[5,6]. In particular, dielectric indices of liquid crystals _ Following Busch and John's discussion, we calculate two-
are changeable under the influence of electric fields. We exdimensional photonic band structures composed of liquid-
perimentally proposed to use liquid crystals to photonic crys€ystal rods by the PWE methdd, 10. The magnetic field
tals and demonstrated tunable photonic crystals with synt(r) satisfies the following equation from the Maxwell
thetic opals and their replicas infiltrated with liquid crystals €quations:
[6]. Theoretically, Busch and John supported the tunability of
photonic crystals infiltrated with liquid crystal§], and we W2
have also proposed various unique tunable photonic crystals VX [eXr)V X H(r)]=—H(), (1)
incorporated with liquid crystal§3,9]. ¢
In our previous paper, we discussed the TE-TM mode
coupling in two-dimensional square-lattice photonic crystalsvhere » andc are the frequency and the speed of light in
composed of Si rods with surface defects of liquid crystalsvacuum, respectively. The dielectric tenser;(r) (i,]
[9]. In this case, wide photonic band gaps and surface defeetx,y,2) is two-dimensionally periodic with respect to lattice
modes exist in the TM mode, while no clear photonic bandvectors, and therefore; j(r) can be expanded by the Fourier
gaps exist in the TE mode. We found that in the mode couseries, as follows:
pling, transmittance decreases sharply and mode conversion
occurs at the photonic band edges and the surface defect .
modes in the TM mode, regardless of the input TE and TM €,(N=2 €;(GexpliG 1), (2)
waves. That is, the strong mode coupling occurs at frequen- ¢
cies of zero group velocities in the TM mode. In this model,
the mode coupling occurs only at the surface defects of ligwhereG ande; j(G) are the reciprocal lattice vector and the
uid crystals in two-dimensional photonic crystals. Thus far,coefficient of the Fourier series, respectively. By Bloch’s
however, the mode coupling throughout two-dimensionatheorem, moreover, the magnetic field is
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By solving the eigenvalue equation in E@), frequencies O O O ee¢ O O O
for certain wave vectors are obtained. In the PWE method, O O O O O O
errors of photonic band structures with 441 plane waves are O O O eee O O O
within 1%. Details are discussed in Refg,10]. O O O O O O

We consider the two-dimensional photonic crystal in Fig. (b) plane wave
1. Shaded circles indicate the liquid-crystal rods. A liquid o . _ _
crystal has two kinds of dielectric indices. Light that has FIG._ 1. Schematic dlagram_of _tvvo-dlmensmnal square-lattice
electric field perpendicular and parallel to directors of liquid Photenic crystals composed of liquid-crystal rods. Plane waves are
crystals has the ordinary dielectric indexand the extraor- assumed to be incident in tig) I'-X and(b) I'-M directions.R and
dinary dielectric indexe,, respectively. The directors of lig- a |nd|gat§ the rad|u§ of rods gnc! the lattice constant, respectryely.
uid crystals can be controlled by the applied electric ﬁeld_andﬂlnt_jlcate the (_Jllrector of liquid crystals and the angle relative to
The director of liquid crystals is assumed to exist in #ze the z axis, respectively.

plane; that is, the director is=(sin 8,0,cos6). 6 indicates Moreover, we calculate transmittance in thex and I’
the angle relative to the axis. Then, the dielectric tensor is -M directions by the FDTD method11]. In the FDTD
represented as follows: method, higher accuracies and stabilities are obtained with
) increasing discrete time and lattices. The discrete time and
6lT) = €(1)COS’ O+ €(r)sir? 6, (53 |attices arecAt/a=0.0125 andAx/a=Ay/a=0.025, respec-
tively. a is the lattice constant of square lattices. These pa-
€,y(r) = &), (5b)  rameters satisficAt={(1/Ax)?+(1/Ay)*}"*% which com-

pensates the calculational stability. The number of time steps
in this calculation is 50 000, and errors are within 1%. As
shown in Figs. a) and Xb), input plane waves are assumed
to be incident in thd-X andI'-M directions, respectively,
&A1) = €,(r) ={ec(r) — e,(r)}sin 6 coss. (5d) and we detect output electromagnetic waves on the right side

) ) of the photonic crystals in Fig. 1. Flows of the electromag-
Other components of the dielectric tensor are zero. We Coffyetic waves are defined by the Poynting vectors. In this pa-

sid(_arafrom 0°.to 15°, sincelwe investigate large changes Ofper, the only input TE wave is considered, and then, the

optical properties t_}Ly changmg small angées. output TE and TM waves are obtained. The output TM
e € (G-G')-e; andeg-€ (G-G')-e; in Eq.(4) are  \yayes are obtained due to the mode coupling by anisotropies

zero in the case 0&,,(r)=¢,(r)=0 at #=0° and 90°, and  of Jiquid crystal. In the uniform media, the Poynting vectors

therefore, the classification of the TE and TM modes is posof the input TE wave and the output TE and TM waves are as

sible. Then,(Eg|hY(G)|?,25|h4(G)|?) are (1,00 and(0,1) in  follows:

the TE and TM modes, respectively. At 0° or 90°, how- 1

ever, the mode coupling occurs, and = =g HYw)[?, (63

(ZslhY(G)[2,=¢|n%(G)|>) # (1,00 and (0,1). In particular, 2

(26|hG)[?,=5|h%(G)|?) becomeg0.5,0.5 at frequencies of L

the strong mode coupling. We judge the mode coupling by out_ = I jout \|2

Salh(G)P, SeliR(G)P). Pre= el (60

€,41) = €,(r)sir? 0+ eg(r)co 6, (50)
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7=+ 1ol (0€) is the wave impedance, ang and e are the 0.6
permittivity of free space and the dielectric constant of the
uniform media, respectiveljis (o), H2"(w), andES"(w) are Q
the Fourier transform of electromagnetic waves. Transmit- & 0.4
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In Figs. Xa) and Xb), the photonic crystals are assumed [
to have 15 and 21 layers, respectively. The regions embed 0.8}
ded by solid lines indicate the calculational regions. The per- ¢
fect matched layers are imposed as absorbing boundary corg
" . . . : c 0.6
ditions at the left and right sides of the calculational regions, £
and periodic boundary conditions are imposed at the top ancs
the bottom of the calculational regions.

0=0°

Transm

IIl. NUMERICAL CALCULATION AND DISCUSSION 0.2 .

Let us consider the two-dimensional square-lattice photo- [ U
nic crystal composed of liquid-crystal rods, as shown in Fig. 0.0 L L
1. The background is assumed to be air. Such a conditior 0.0 02 04 0.6 0.8
could be realized by silica aerogels. Silica aerogels are pofb) ©a/2nc
rous structures and diameters of pores are about 20 nm. Re M IE
fractive indices of silica aerogels are about 1.03, that is, they 1.0
are almost the same as that of the air. Optical absorption o
hydrophobic silica aerogels occurs around the infrared regior
[12]. Therefore, the hydrophobic silica aerogels are useful in
the visible range. Indeed, hydrophobic silica aerogels ared
used as very low refractive-index materi§lsS]. That is, the
two-dimensional photonic crystals composed of liquid-
crystal rods can be prepared by making a periodic array of
holes in the silica aerogel plate and then infiltrating liquid
crystals into holes.

When diameters of the holes are abouurh and are
much larger than those of pores, liquid crystals could be
trapped into the drilled holes. In making the holes in the 0.0 ) . ) . ) . )
silica aerogel plate by laser, moreover, pores around the 0.0 0.2 0.4 0.6 0.8
holes may be broken by the heat of laser. Then, we do no

. N . () oal2nc
have to consider the leak of liquid crystals into the pores
around the holes. An experimental fabrication of tunable FiG. 2. (a) Photonic band structures in the TE and TM modes at
two-dimensional photonic crystals infiltrated with liquid g=0°. Solid and dotted lines indicate the TE and TM modes, re-
crystals has already been reporfadj. spectively. The photonic bands drawn by thick lines are uncoupled

Liquid crystals with large anisotropies are necessary senodes. Circles indicate the strong mode couplibyand(c) Trans-
that photonic band structures show clear differences in thenittance at/=0° in thel’-X andI'-M directions, respectively, in the
TE and TM modes. We assumed the liquid crystal with theTE mode.
ordinary indexn,=1.590 and the extraordinary refractive in-
dex n,=2.223. This liquid crystal corresponds to the pheny- In Fig. 2(a@), we show the photonic band structure in the
lacetylene type liquid crystall5]. In Fig. 1,Randa indicate TE and TM modes ap=0°. At #=0°, the mode coupling
the radius of rods and the lattice constant, respectively, andoes not occur. Solid and dotted lines indicate the TE and
we assumdr/a=0.3. TM modes, respectively. The photonic bands drawn by thick

mittan
=O°

Trans
[}
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lines are uncoupled modes in which external plane waves 0.8 &

cannot excite because of antisymmetric electromagnetic dis I ]
tribution [16]. As shown in this figure, the photonic band ’>®</
structure in the TM mode has higher dispersion relations 0.6F i
between frequencies and wave vectors than that in the TE
mode. o

Although the TE and TM modes cannot be classified atg 4
0+ 0°, the strong mode coupling is not obtained generallyg '
because of small angles, &< 15°. However, we found
that the strong mode coupling occurs at frequencies of inter-
section points of the TE and TM modes, that is, 02F T
(Zg|hY(G)[?,=s|h%(G)|?) becomes(0.5, 0.5, as mentioned
in Sec. Il. We investigated the mode coupling in th& and
I'-M directions. In Fig. a), circles indicate the strong mode (@) 0.0
coupling. In theI'-X direction, the circles exist around
wa/27c=0.40, 0.71, and 0.78, while in theé-M direction, r-X TE-TE
the circles exist arounda/2m7c=0.50, 0.65, and 0.73. How- 1.0 T
ever, we note that the strong mode coupling does not occur a W
frequencies of intersection points of thick and thin lines due il
to differences of symmetry by uncoupled modes. 08

First, we discuss transmittance in the case of the mode
noncoupling. As shown in Fig.(8), the photonic band struc- g 0.6F
ture in the TE mode has low dispersion relations in compari-£
son with that in the TM mode, and changes of transmittanceg
in the TE mode for frequencies are small. We focus our § 0.4
attention on changes of transmittance for the input TE wave™
by rotating 6.

Figures 2b) and Zc) show transmittance &2=0° in the 0.2 )
I'-X andI'-M directions, respectively, in the TE mode. In - U
Fig. 2(b), the transmittance in thE-X direction has a clear 0.0 . L . L . .
photonic band gap, while in Fig(®, that in thel’-M direc- 0.0 0.2 0.4 0.6 0.8
tion has no clear photonic band gaps. In particular, the trans{b) waf2nc
mittance in Fig. 2c) exhibits complex behaviors in the fre-
guency range of0.6—0.82xc/a, due to several dispersion
relations. These results coincide with the photonic band
structure in Fig. 2a).

Next, we discuss transmittance in the case of the mode
coupling. Figure 88 shows the photonic band structure at
0=15° in thel'-X direction. Since we cannot classify the TE
and TM modes, we draw all of photonic bands by solid lines.
However, this photonic band structure is similar to that in
Fig. 2@), and circles in Fig. @) correspond to those in Fig.
2(a). As shown in this figure, in particular, a clear small gap
appears at the circle aroungh/27c=0.71.

Figures 8b) and 3c) show the transmittance &t 15° of
the output TE and TM waves for the input TE wave, respec-
tively, in the I'-X direction. In Fig. 8b), the transmittance ;
changes significantly arounda/27c=0.71 in comparison 0.0 0.2 0.4 0.6 0.8
with that in Fig. 2b). This frequency corresponds to that of (c) wal2ne
the circle in Figs. 28) and 3a). That is, the transmittance
decreases because of the clear small gap by the strong modeFIG. 3. (a) Photonic band structures at 15° in thel’-X direc-
coupling. Around frequencies of other circles, however, cleation. Circles indicate the strong mode couplirig) and(c) Trans-
changes cannot be viewed in the transmittance. This is bewittance at9=15° of the output TE and TM waves for the input TE
cause it is difficult to obtain the clear changes at photoni¢vave, respectively, in the-X direction.
band edges where the transmittance changes abruptly for fre-
quencies. In Fig. @), on the other hand, the transmittance  Figure 4a) shows the photonic band structuret8.5°
shows no characteristic changes even arawat27c=0.71, in the I'-M direction. Since we cannot classify the TE and
although the transmittance of the output TM mode is ob-TM modes, as mentioned earlier, we draw all of photonic
tained due to the mode coupling. That is, the clear small gapands by solid lines. However, this photonic band structure is
by the strong coupling does not cause effective mode corsimilar to that in Fig. 2a), and circles in Fig. é) correspond
version. to those in Fig. 2a). As shown in this figure, in particular, a
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FIG. 4. (a) Photonic band structures a&8.5° in thel'-M di-
rection. Circles indicate the strong mode couplirig) and (c)
Transmittance av=8.5° of the output TE and TM waves for the
input TE wave, respectively, in the-M direction.

clear small gap appears at the circle arowad 27¢=0.73.
Figures 4b) and 4c) show the transmittance at8.5° of
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shows no clear changes around frequencies of other circles
because of several dispersion relations in the frequency of
(0.6-0.82wc/a. In Fig. 4c), on the other hand, the trans-
mittance shows sharp peaks aroupsa/27c=0.5 and 0.65.
These frequencies correspond to those of the circles in Figs.
2(a) and 4a). This is because in the photonic band structure
in the TM mode, group velocities mostly become zero at
these frequencies, as shown in Fig. 2. That is, significant
changes occur because of the long mode coupling time.
Around wa/2mwc=0.5, in particular, the transmittance of the
output TE wave becomes zero and that of the output TM
wave shows the effective peak, which indicates mode con-
version from the TE mode to the TM mode although trans-
mission intensity decreases.

Figures %a)—5(c) show the photonic band structure @t
=15° and the transmittance 8t=15° of the output TE and
TM waves for the input TE wave, respectively, in theM
direction. These figures correspond to Figéa)44(c). As
shown in Fig. %a), clear small gaps appear at the circles
aroundwa/27c=0.5 and 0.73.

In spite of the increasing of anisotropies of liquid crystals,
the transmittance in Fig. (B) increases aroundva/2wc
=0.5 in comparison with that in Fig.(d), while the trans-
mittance in Fig. §c) decreases arounoa/27¢c=0.5 in com-
parison with that in Fig. &). This is because the clear small
gap appears at the circle around/27c=0.5, as shown in
Fig. 5a). As mentioned in Fig. @), the mode conversion
effect decreases by the clear small gap. Although there exists
a frequency region without any photonic bands around
wal27wc=0.71 in Fig. 3a), there exist no such frequency
regions aroundvwa/27c=0.5 in Fig. %a). Unlike the trans-
mittance aroun@a/2m7c=0.71 in Fig. 3b), therefore, that in
Fig. 5b) does not decrease around/27wc=0.5 in compari-
son with that in Fig. ). On the other hand, the transmit-
tance in Fig. &) increases arounda/27c=0.65 in com-
parison with that in Fig. &) because of the increasing of
anisotropies of liquid crystals. In this case, there are no clear
small gaps arounda/2m7c=0.65, as shown in Fig.(8).

In Figs. @a)—6(c), 6 dependences of transmittance in the
I'-X andI'-M directions are shown, respectively. Figui@)6
shows thed dependences of the transmittance of the output
TE wave for the input TE wave arouneh/27c=0.71 in the
I’'-X direction. This frequency corresponds to that of the
circle in Figs. 2a) and 3a). We do not consider the trans-
mittance of the output TM wave because it shows no char-
acteristic behaviors, as shown in FigcB Black points in-
dicate the transmittance of the output TE wave. The
transmittance of the output TE wave decreases monotoni-
cally with increasingé. This is due to the increasing of the
clear small gap by the strong coupling with increasth@s
shown in Fig. 8a).

Figure &b) shows the dependences of the transmittance
of the output TE and TM waves for the input TE wave
aroundwa/27c=0.5 in thel'-M direction. This frequency
corresponds to that of the circle in Figgag 4(a), and %a).

the output TE and TM waves for the input TE wave, respecBlack and white points indicate the transmittance of the out-

tively, in theI'-M direction. In Fig. 4b), the transmittance
changes sharply arounda/27c=0.5 in comparison with

put TE and TM waves, respectively. With increasifgthe
transmittance of the output TE wave decreases monotoni-

that in Fig. 2b). This frequency corresponds to that of the cally, and increases after becoming zero arodr@®.5°. On

circle in Figs. 2a) and 4a). However, the transmittance

the other hand, the transmittance of the output TM wave
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FIG. 6. 6 dependences of transmittance in flag I'-X and(b),

. FlG: o (a)_Photonic band structures & 15_0 in thel'-M direc- (c) I'-M directions. The considered frequencies are around
tion. Circles indicate the strong mode couplirilg) and(c) Trans- wal2mc=(a) 0.71, (b) 0.5, and(c) 0.65. Black and white points

mittance aty= ;50 of_the output_TE z?md TM waves for the input TE indicate the transmittance of the output TE and TM waves for the
wave, respectively, in thE-M direction. input TE wave, respectively.

becomes maximum arour=8.5°. With increasingd, both  wa/27c=0.65 in thel-M direction. This frequency corre-
anisotropies of liquid crystals and the clear small gap aroundponds to that of the circle in Figs(a, 4(a), and %a). We
wal/2mc=0.5 increase. Although the former strengthensdo not consider the transmittance of the output TE wave
mode conversion effects, the latter weakens them. Thereforéecause it shows no clear changes, as shown in Figs. 4
the 6 dependences of the transmittance show complex behaand §b). White points indicate the transmittance of the out-
iors, as shown in Fig.(®). put TM wave. The transmittance of the output TM wave
Figure gc) shows thed dependences of the transmittance increases monotonically with increasifigthat is, mode con-
of the output TM wave for the input TE wave around version effects increase. This is due to the increasing of
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anisotropies of liquid crystals with increasingy Because crystal rods due to anisotropies of liquid crystals. The mode
there are no clear small gaps in this case, the transmittan@®upling mainly occurs at frequencies of intersection points
does not decrease. of the TE and TM modes. By rotating the transmittance of
From these results, the mode coupling occurs mainly athe output TE wave changes greatly arouna/27c=0.71
frequencies of intersection points of the TE and TM modesand 0.5 in the™-X andI"-M directions, respectively. By ro-
In particular, the transmittance of the output TE wavetating 6, in particular, the effective mode conversion occurs
changes sharply at frequencies of the intersection point odit frequencies of the intersection points of zero group veloci-
zero group velocities in the TM mode, while the transmit-ties in the TM mode. However, clear small gaps by the
tance of the output TM wave shows sharp peaks. Howevestrong mode coupling weaken the mode conversion effects.
clear small gaps by the strong mode coupling weaken mod&his finding would provide applications to the sharp tuning
conversion effects. This finding would provide applicationsat certain frequencies.

to the sharp tuning at certain frequencies.
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