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Disappearances of uncoupled modes in two-dimensional photonic crystals due to anisotropies
of liquid crystals
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We demonstrate disappearances of uncoupled modes in two-dimensional photonic crystals due to anisotro-
pies of liquid crystals theoretically. Mirror symmetry disappears in wave vectors by rotating directors of liquid
crystals, which results in disappearances of uncoupled modes that cannot be excited by external plane waves.
This property may provide large tunabilities in two-dimensional photonic crystals utilizing liquid crystals.
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I. INTRODUCTION Therefore, we treat the case of directors of liquid crystals
parallel to two-dimensional planes and the TE mode, because
Recently, dielectric periodic structures of optical wave-electric fields exist only in two-dimensional planes in the
length order have attracted much attention as photonic crygase of the TE mode, and are strongly affected by rotating
tals from both fundamental and practical viewpoints, becausgirectors of liquid crystals.
novel concepts such as photonic band gaps have been pre-
dicted, and various new applications of the photonic crystals Il. THEORY
have been proposedd—3]. In earlier work, two fundamen- Following discussion of Busch and Jolih3], we start
tally new optical principles, that is, the localization of light \ i, the wave equation satisfied by the magnetic field for
[4-6] and the controllable inhibition of spontaneous emis-yyq_dimensional periodic structures in order to determine

sion of light[7-10), were considered to be the most impor- hhstonic band structures of two-dimensional photonic crys-
tant. The existence of photonic band gaps can be investigatgg|g utilizing liquid crystals,

by studying transmission spectra. In theoretical and experi-

mental studies, however, it has been known that the trans- w?

mission spectra are not observed in uncoupled modes, nev- Vx{e H(r)VXH(r)}=—H(r), (1)
ertheless, photonic band states exist in photonic band ¢

structures[11,12. Plane waves and uncoupled modes ar@yhere V-H(r)=0. The dielectric tensoe(r)=e(r+R) is
symmetric and antisymmetric under the mirror reflection, reperiodic with respect to the lattice vect@rgenerated by the
spectively. Therefore, the plane waves cannot excite the urprimitive translation and it may be expanded in a Fourier

coupled modes. series onG, the reciprocal lattice vector:
In conventional photonic crystals composed of isotropic
materials, high rotational and mirror symmetry exists in : .
’ . . i(r)y= i(G)expiG-r) (i,j=x,y). 2
wave-vector spaces. In photonic crystals composed of aniso- €ij (1) % i) (G)exnt ) (Li=xy) @

tropic materials, however, no such symmetry generally ex-

ists. For example, there exist liquid crystalsCs) with A liquid crystal possesses two kinds of dielectric indices,

anisotropies whose properties can easily be changed by terfhat is, an ordinary dielectric inde«’ and an extraordinary

perature and electric field. For many applications, it is usefuplielectric indexe®. Light with electric field perpendicular

to obtain tunabilities of photonic band structures throughand parallel to directors of liquid crystals has ordinary and

electro-optic effects. Therefore, tunable photonic crystals in€xtraordinary dielectric indices, respectively. In the case of

filtrated with liquid crystals have been propogd®-18. directors of liquid crystals parallel to two-dimensional
In this paper, we demonstrate disappearances of urplanes, the components of the dielectric tensor are repre-

coupled modes in two-dimensional photonic crystals due tgented as follows:

anisotropies of liquid crystals. The two-dimensional photonic

crystals are supposed to be composed of liquid-crystal rods €(r)=€°(r)sirf ¢+ e%(r)coS ¢, (3a)

with square lattices. In conventional two-dimensional photo-

nic crystals, two modes, that is, the transversal ele¢Tig)

mode and the transversal magnéfié1) mode, exist. In pho-

tonic crystals composed of liquid crystals, generally, none of

these two classifications of modes exists due to anisotropies Exy(1) = €yx(T) =[€%(r)— €°(r)]cos¢ sin ¢, (30

of liquid crystals. Even in such photonic crystals, however,

we can classify the TE and TM modes in the cases of direcwhere ¢ is a rotation angle of the director of the liquid

tors of liquid crystals parallel and perpendicular to two-crystal, and the director of the liquid crystal is

dimensional planes. =(cos¢,sing). In the isotropic cases’(r) is equal toe®(r).

€yy(1) = €°(r)coS ¢+ €(r)sir ¢, (3b)
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Equation(1) comprises a set of three coupled differential plane wave
equations with periodic coefficients. In two-dimensional
photonic crystals, we can defieg as the direction which is LC et
perpendicular to the two-dimensional plane. Using Bloch’s
theorem, we may expand the magnetic field as e
H(r =2 h(G)es expli(k+G)-r} 4
G
in the case of the TE mode. Inserting E¢8) and (4) into R ce o
Eq. (1) and multiplying byeg result in the following infinite .
matrix eigenvalue problem:
y
wz
> HG’G,h(G’)zgh(G), (58 )
G/
n
where X
AT) oo o

R
He o = €,y (G—G')(KytGy) (K Gy) + €5 (G—G') (K,
FIG. 1. Schematic model that plane waves are incident on pho-
+Gy)(ky+ G;)_e;yl(G_G,)(ky_i_ Gy)(ks+Gy) tonic crystals composed of liquid crystals. Theand ¢ in the
1 , , diagram indicate the director and rotation angle of liquid crystals.
—eyX(G—G )(kX+GX)(ky+Gy). (5b)

For numerical purposes, E¢5a is truncated by retaining porous_stru_ctqres and_diameters of pores are about 20 nm.
only a finite number of reciprocal lattice vectors. The mainRefractive indices of silica aerogels are_about_ 1.03, that is,
numerical problem in obtaining the eigenvalue is the evalufh€y are almost the same as that of the air. Optical absorption
ation of the Fourier coefficients of the inverse dielectric ten-Of the hydrophobic silica aerogels occurs around the infrared
sors in Eq(5b). The best method is to calculate the matrix of €9ion [20]. Therefore, the hydrophobic silica aerogels are
Fourier coefficients of real space tensors and then take itéseful in the visible range. Indeed, the hydrophobic silica
inverse in order to obtain the required Fourier coefficients@€rogels are used as very low refractive-index matefizalp
This method was shown by Ho, Chan, and Souko(#i€S) That is, the two-dimensional photonic crystals composed of
[19]. The eigenvalues computed with the HCS method foriquid crystals can be prepared by making a periodic array of
289 plane waves are estimated to be in error less than 195h0les in the silica aerogel plate and then infiltrating liquid
Following Sakoda’s discussidii2], moreover, we calcu- crystals into the holes. When diameters of the holes are about
late transmission spectra. Magnetic field, in two- 1 pm and are much Iarger than tho;e of the pores, wet liquid
dimensional photonic crystals utilizing liquid crystals is sat- crystals could be trapped into the drilled holes. In making the
isfied in the following differential equation: holes in the silica aerogel plate by a laser, moreover, pores
around the holes may be broken by the heat of the laser.
Then, we do not have to consider the leak of liquid crystals

N aH, d| _, dH, into the pores around the holes. An experimental fabrication
x| &y XY o+ ay| € (X,y) ay of tunable two-dimensional photonic crystals infiltrated with
liquid crystals has already been repor{d8]. By the use of
dH, 2 silica aerogels, moreover, photonic crystals composed of air

al B dH,
- W[Exyl()(’y) nyl(xay)w + ?szo- rods in liquid-crystal plates could be realized.
When we choose high refractive-index materials as the
(6) background, we cannot obtain high anisotropies caused by
liquid crystals although we can obtain high dispersion rela-

We assume that the two-dimensional photonic crystal considions of frequencies and wave vectors. When we choose ma-

ax | ox

ered here possesses 16 layers. terials whose refractive indices are near to those of liquid
crystals as the background, on the other hand, we cannot
Il NUMERICAL CALCULATION AND DISCUSSION obtain high dispersion relations although we can obtain high

anisotropies caused by liquid crystals. Therefore, we con-
Let us consider that plane waves are incident on photonisider that the model we propose here is appropriate with
crystals, as shown in Fig. 1. We assume that photonic cryseespect to both high dispersion relations and high anisotro-
tals are composed of liquid-crystal rods with square latticespies.
and that the background is an air region. Such a condition We consider that ordinary and extraordinary refractive in-
could be realized by silica aerogels. Silica aerogels arelices of liquid crystals aren)-=1.522 andn;.=1.706
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FIG. 2. Band structure of two-dimensional photonic crystals 0.10 o8 I?':/g =0d5 =0
with square lattices when directors of liquid crystals are orientated K
at random. The average refractive index of liquid crystalss (@)
=1.583. TheA andB modes in a shaded region indicate symmetric 110
and antisymmetric modes, respectively. 108 ; \ | =3 0°
B! I |
(5CB), respectively, and that a radius of a rodR&a=0.4, ::32 ’ ‘
wherea is a lattice constant. In Fig. 1p in the diagram 102
indicates the rotation angle of directors of liquid crystals. ‘g 100
When an electric field is not applied, directors of liquid g 0'98
crystals are orientated at random. That is, anisotropies of '
liquid crystals disappear and liquid crystals become isotro- 096 , :
pic, and then the average refractive index of liquid crystals is g'zz , , ; 1 000 f%
nit=(nfc+2nP)/3=1.583. 090 —F—F—F i ==\0257
In Fig. 2, we display the band structure of two- "0.10 0.05 000 -0.05 -0.10
dimensional photonic crystals when electric field is not ap- kai2r

plied, that is, liquid crystals become isotropic. TIgX, and
M points indicate the high symmetric points in the first Bril-

(b)

FIG. 3. Profiles of the sixth band when directors of liquid crys-

louin zone.
; tals are orientated ap=(a) 0°, (b) 30°. The arrow indicates the
The " and M in mmetry and th
el andM, points posses€,, sy etry and thex I'-X direction. The ordinary and extraordinary refractive indices are

point possesse€,, symmetry, respectively, in the group "~ e .
theory, and thd'X, I'M, andM X segments possess mirror Nic=1522 andhc=1.706, respectively.

symmetry, which causes symmetric and antisymmetric ) . ]
modes on these segments. A more detailed discussion of t§€gment. That is, the uncoupled mode disappears in the pho-
symmetry in two-dimensional photonic crystals is given intonic crystals.' _ _ .
Ref. [22]. For example, theA and B modes in a shaded In order to investigate the existence anql dlsappeargnce of
region in Fig. 2 mean the symmetric and antisymmetricunCOUp|9d modes, we calculate transmission spectra in two-
modes on thd X segment. The sixth band is t&mode. dimensional phot_omc. crystals when plane waves are inci-
Symmetric plane waves on tfi&X segment cannot excite the dent, as shown in Fig. 1. We focus our attention on the
antisymmetricB mode, and therefore, transmission spectreShaded region in Fig. 2. Figuresa#-4(e) show transmit-
are not observed at tH8 mode. That is, th& mode is an tances in thel-X direction at¢=0°, 30°, 45°, 60°, and
uncoupled mode. 90°, respectively. In Figs.(4) an_d 4e), there exist the fre-
When an electric field is applied in two-dimensional Guéncy regions in which transmittances are zero or very low.
planes, liquid crystals become anisotropic. Then, we cannothis is because mirror symmetry exists on ke segment at
use the photonic band structures in Fig. 2 because anisotrg:=0° and 90°. Electric field has an ordinary refractive in-
pies of liquid crystals break high symmetry. For example,dex rfc at ¢=90° although the electric field has an extraor-
profiles of the sixth band a$=0° and 30° are shown in dinary refractive index fy, at ¢=0°. Properties of photonic
Figs. 3a) and 3b), respectively. In the isotropic case, trans- crystals at¢=90° become weaker than those of photonic
mission spectra in Fig. 1 reflect on the band structure on therystals atp=0° because . is lower than fi, and there-
I'X segment drawn by the arrow in these figures. In Fig),3 fore, the transmittance is not zero in Figey
it should be noted that mirror symmetry exists on 1h¥ In Figs. 4b)—4(d), on the other hand, no clear frequency
segment drawn by the arrow. Therefore, we can classify theegions of uncoupled modes exist in transmission spectra.
A and B modes on thd'X segment in spite of the photonic This is because no mirror symmetry exists on Ih¢ seg-
crystals being composed of anisotropic materials. ment except atb=0° and 90° due to anisotropies of liquid
In Fig. 3(b), on the other hand, it should be noted that nocrystals. However, it should be noted that there exist the
mirror symmetry exists on th&X segment drawn by the frequency regions in which the transmittances are very low
arrow due to the distortion of the profile of the sixth band.although the transmittances are very high in a certain fre-
Then, we cannot classify th& and B modes on the’X  quency region. In Fig. @), for example, the transmittance is
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very high in the frequency range of (0.96-0.98%2a, tals, however, uncoupled modes become controllable. As
which can be explained by the profiles of the sixth band inmentioned above, the transmittances are zero or very low at
Fig. 3(b). As shown in Fig. &), the profile of the sixth band ¢=0° and 90° due to uncoupled modes. In transmission
is strongly twisted in the frequency range of spectra, therefore, we could obtain large tunabilities by rang-
(0.96-0.98)2rc/a at ¢=230°. In such a frequency range,

mirror symmetry greatly deteriorates, which causes the 10

strong coupling of external plane waves. Except in such a o
frequency region, however, the profile of the sixth band is % 0.8+
not strongly twisted. Therefore, there exist the frequency re- E
gions in which the transmittances are very high or very low. g 06r
In Fig. 5, moreover, we display the dependence of maxi- 2 04
mum transmittances resulting from the sixth band excited by E
external plane waves og ranging from 0° to 90°. As g 0.2
shown in Fig. 5, maximum transmittances are very high in S
the region of¢ from about 10° to about 88°. The existence 0.0

and disappearance of uncoupled modes correspond to open- 0 10 20 30 42 o0 80 70 80 90
ing and closing of photonic band gaps, respectively, in trans- # (degree)
mission spectra. In conventional photonic crystals, opening FIG. 5. Dependence of maximum transmittances resulting from
and closing of photonic band gaps need large changes e sixth band excited by external plane wavesdoranging from

dielectric indices. By the use of anisotropies of liquid crys-0° to 90°.
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ing directors of liquid crystals fromp=0° to ¢=10° or large tunabilities in two-dimensional photonic crystals utiliz-
from ¢=90° to ¢=388°. ing liquid crystals.

IV. CONCLUSION
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