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Symmetry analysis of the localized modes associated with substitutional and interstitial
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By using a finite-difference time-domain numerical method based on the numerical simulation of the exci-
tation of an isolated eigenstate at a specific frequency by using an oscillating dipole embedded in a two-
dimensional photonic crystal we have calculated both the eigenfrequencies and eigenfunctions of the localized
defect modes induced by defect cylinders placed at the center or in interstitial positions within an otherwise
perfect two-dimensional photonic crystal consisting of dielectric cylinders arrayed in a triangular lattice. In the
case of a substitutional defect cylinder we have imposed boundary conditions appropriate to the irreducible
representations of th€g, point group, and in addition to fully symmetric localized state®\pfsymmetry we
have also found localized modes possesging B, andB, symmetry, and doubly degenerate mode£pf
andE, symmetry. For defect rods placed in interstitial positions we have found localized modes that belong to
the irreducible representatiods , A,, B4, andB, of the C,, point group. We have also studied the effects of
the geometrical and material parameters on the eigenfrequencies and eigenfunctions of the defect modes by
varying the dielectric strength and/or radius of the defect rods. We have shown that the calculated eigenfre-
guencies obtained for a substitutional defect rod within the triangular lattice with lattice coasteamise
radiusr 4 is in the interval B<r4<0.5a are in good quantitative agreement with both the nondegenerate and
degenerate modes obtained by the supercell method by Feng and Argkawal. Appl. Phys. Part 26,
120(1997].

I. INTRODUCTION using supercell and transfer-matrix meth8d$: 3¢ ater,
a number of methods based on the application of the
The concept of the photonic crystal introduced a decad&reen’s-function formalisit***>*®and real space finite-
agd-? attracted a great deal of interest and stimulated intendifference time-domain(FDTD) method$>**%* were re-
sive research into photonic-band-gd&#BG) materiald®that  ported. These numerical techniques that allow studying the
exhibit full photonic band gaps in which electromagneticinteraction of the electromagne_ti_c radiation with more com-
waves of both polarizations are forbidden to propagate. Th8l€x structures proved o zt%e efficient tools for accurately cal-
existence of a photonic band gap gives rise to a number dulating defect mode¥:'"*°By employing the ideas behind
interesting phenomena, such as an inhibition of spontaneoe? TP numerical methods designed to obtain the dispersion

emission, which can be utilized in improving the behavior of '€/ations of phonons and photons in disordered systefhs
6pere was developed an approach based on the numerical

simulation of the excitation of a single mode by usier?lg an
. o oscillating dipole moment located near a dielectric defect.
In analogy to the existence of the defect states within th his method has been applied to the study of the defect

energy band gaps in semiconductors, in photonic CryStaIPnodes in photonic crystals consisting of infinitely long par-

exponentially decaying localized defect modes may appeaj)q| gielectric rods arranged in simple square and triangular
within a photonic band gap when a defect is introduced intqatices2930 and of line defectal

an otherwise perfect photonic crystar-?! The nature of the In this paper we study the symmetry and the field patterns
localized modes has been under intensive theoretical and exf the defect modes that appear within the band gaps of a
perimental study, in particular in view of their potential ap- triangular photonic crystal when an impurity rod is placed
plications in semiconductor lasers, resonators, single-modgither in simple substitutional or interstitial positions within
emitting diodes, etc. The localized modes in a PBG structuréhe supercell, and the dependence of the eigenfrequencies on
have, as do ordinary hig@-resonators, the ability to control the dielectric constant and/or radius of the defect rod. To
spontaneous emission. However, in contrast to their countedetermine the eigenfrequencies and eigenfunctions of the lo-
parts in quantum electrodynami@QED) cavities, PBG calized modes we apply a finite-difference time-domain tech-
modes can extend spatially over many wavelengths. In addiique developed within a Green’s-function appro&chp-
tion to the fact that through the PBG localized modes sponplied to a defect problerf® The method is based on the
taneous emission is inhibited, these defect modes also facilrumerical simulation of the excitation of the defect mode by
tate coherent energy transpéttand can modify other a virtual oscillating dipole located near the dielectric defect.
physical phenomena as a consequence of their unique profr the first step, by solving the inhomogeneous wave equa-
erties. tion discretized in both space and time, the electric field ra-
The calculations of the frequencies and the fields assocHiated from the oscillating dipole is determined. Then the
ated with these defect modes were initially performed byelectromagnetic energy emitted by the dipole as a function of

lasers, solar cells, and bipolar transistbfs.
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frequency is evaluated, and the frequency of the defect mode H(x;t)=(H1(x);t),Ha(X;1),0). (2.9

is determined as a resonance frequency. The systematic

study of the localized modes in two-dimensio2D) struc-

tures provides valuable information that can be used in the To calculate the eigenfrequencies and the eigenvectors of
design of photonic band-gap structures and devices operatirtge defect modes in a triangular lattice we employ an ap-
in the near infared and optical regimes in which higheso- proach based on the application of the Green’s-function
nant cavities are used. The growing interest in two-formalism?® which describes the radiation from an oscillat-
dimensional structures stems from the fact that they aréng dipole in an arbitrary 3D lattic®, applied to the defect
easier to fabricate than three-dimensional structures, and algwoblem?® In order to excite an isolated eigenstate selec-
provide broader ranges of geometrical and material parantively, a narrow source in the form of an oscillating dipole is
eters for which localized defect modes within the photonicplaced at an appropriate point within a computational cell.
band gaps exist. We assume that the direction of the dipole momeptof

In Sec. Il we describe the theoretical background for thefrequencyw centered atX;q,X50) Wwithin the x;x, plane is
numerical simulations used in calculating the eigenfrequenparallel to the rods, so that Maxwell's equations for the am-
cies and the eigenfunctions of the defect modes. In Sec. llplitude functionsE;(x|;t), Hi(x);t), andH,(x;t) become
we present results for the localized modes associated with a
defect cylinder placed in substitutional and interstitial posi-
tions within a triangular lattice, which corresponds to the JEz 14
system studied experimentally in Ref. 12, and identify the (9_X1: EEH% (2.9
localized modes belonging to substitutional and interstitial
defects in terms of the symmetries corresponding to the irre-
ducible representations of the point groupg, and C,,, IE, 19
respectively. We study the variation of the defect levels that —=——=—Hq, (2.6

. ’ X . 0Xo c ot
appear in the photonic band gaps when the dielectric con-
stant and/or the radius of the defect cylindeis modified.
In Sec. IV we summarize and discuss the results. M, oH, 14 g
T T = " € ar
Il. METHOD OF CALCULATION Xy X, et T .

We consider a two-dimensional photonic crystal that con- X &(Xy = X10) (X2~ Xa0) €XP( —Twl)}.
sists of infinitely long parallel rods characterized by a dielec- (2.7
tric constante, embedded in a background dielectric mate-
rial characterized by the dielectric constapt The rods are
assumed to be parallel to thg axis, and the intersections of ~ By eliminating H, and H, the equation forE; can be
the axes of the rods with a perpendicular plane form a twowritten in the form
dimensional triangular lattice. In particular, we are interested
in exploring the nature of defect modes Gf, and C,, '
symmetry that appear within a photonic band gap when a
defect cylinder with modified radius and/or dielectric con-
stant is introduced into the otherwise perfect two-
dimensional photonic crystal.

For the vector electromagnetic field in a 2D photonic lat-
tice the Maxwell equations decouple into separate equation:
for E-polarized(TM) andH-polarized(TE) modes, with the
electric field and magnetic field parallel to the rod axis,
respectively’®?33 The two-dimensional system we study is
characterized by a dielectric constant of the form

E(XH):GO(X”)-l-Gd(XH), (2.1

whereey(X)) is a periodic function ok,

GO[XH + XH(I )]= GO(XH), (2.2 %
with x(1) a translation vector of the triangular lattice, while ; \ '
€4(X)) is nonzero in only a small region of thgx, plane. N\ 0w

In this paper we will consider the particular case of the

defect states oE polarization with the electric vector given ) o _
by FIG. 1. The computational domain in tlex, plane assumed in

the numerical calculations that consists of rods witharrayed in a
E(x;t)=(0,0E3(X;1)), 2.3 lattice characterized by the lattice constargmbedded in a back-
ground medium withe, and an isolated substitutional defect char-
and acterized byey placed in the center of the domain.
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field radiated from the oscillating dipole we solve E}.9)
with the initial conditionsE;(X;0)=0, JE3(x|;0)/dt=0

By using the values of the electric field obtained by solv-
ing Eq. (2.9 in a computational domain we determine the
components of the magnetic field to evaluate the electromag-
netic energyJ emitted per unit time by the oscillating dipole
placed atx, within the supercell. It is given by the surface

Then by approximating the spatial and time derivatives inintegral of the normal component of the Poynting vector,

the latter equation by finite differences, one obtains

Ek+1 2Ek Ek 1+i
e,]

At
+6|J AX

47Td

€ij

where the indexX refers to a grid point of time, the indicés
andj denote thex; andx, axes, respectivehAt is the divi-
sion of time, andAx,, Ax, are the intervals between the
neighboring nodes along thg andx, axes, respectively, on
a discrete two-dimensional mesh. To evaluate the electric

Ny
Al Ov1

AX

t
)[EI+1J+EI 1, 2EkJ]

[E. T ES 2B

// Oyl

5.
)Ax Ax, exp(—lwkt)

Ay

which can be transformed into a volume integral by using
Gauss’s theorem. By calculating the Poynting vector and by
using the normalization condition

f e(X)|E4(x)|?dx=V, (2.10
\%

whereEy(x) is the eigenfunction of the defect mode ands
the volume on which the cyclic boundary conditions are ap-
plied, one obtains

 mwfld,-Eq(xo)|?
2V{(0—wq)?+T?%

(2.1)

FIG. 2. The central part of the com-
putational domain consisting of the six

nearest neighbors in the vicinity of a
simple substitutional defect rod placed
in the center in the supercelh) and
symmetry patterns that belong to all
i possible irreducible representations of

the point groupCg, . Shaded and blank
areas indicate the subdomains that are
symmetric and asymmetric with respect
the symmetry operations applied to the
irreducible subdomain represented by
1/12 and 1/4 of the supercéllb)—(f)].
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FIG. 3. The central part of the com-
putational domain used for the calcula-
tion of the defect consisting of two in-
terstitial defect rods placed along the
[1,0] direction (a) and symmetry pat-
terns that belong to all possible irreduc-
ible representations of the point group
C,,. Shaded and blank areas indicate
the subdomains that are symmetric and
asymmetric with respect to the symme-
try operations applied to the irreducible
subdomain represented by 1/4 of the

; \%
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supercell.

HereI is a small positive constant that ensures the cautemporal discretization the eigenfrequencies and eigenfunc-
sality of the Maxwell curl equations for the electric and mag-tions of the localized modes are converged with an error that

netic fields given by Egs(2.5—(2.7). From the frequency

is smaller than 1%. The fields at the nodes outside the com-

dependence of the electromagnetic energy emitted by the dputational domain are related to the fields inside it by impos-

pole per unit time given by Eq2.11) we determine the
frequency of the defect mode as the resonance frequency.
The difference equatio(®.9) is solved numerically in the
X1X, plane within a computational domain shown in Fig. 1
consisting of &8 unit cells, each of which is characterized
by the lattice constana. Each unit cell is sampled on a
40x40 mesh, and we take 320 time steps per oscillation
period. We found that by using these steps of spatial and

1.2 T T T T

1.1

1.0

Triangular

0.9 F

K\

_—-— E—

. I

T
lattice

0.3 —

R —

0.2 r R

0.1 r b
0.0 1 1 1 1 1

M r X M

kj

FIG. 4. The photonic band structure féfpolarized electromag-
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FIG. 5. The eigenfrequencies of localized defect modes belong-
ing to the irreducible representations of tRg, point group as
functions of the dielectric constant of the defect cylinder placed in
the center of the lattice. The localized modes are depicted within the
three lowest frequency band gaps revealed by the photonic band
structure shown in Fig. 4. The borders of the gaps are indicated by

netic (EM) waves in a two-dimensional triangular crystal with the the horizontal dashed lines. The order of the modes of identical

lattice constana=1.27 cm, radius of the roR=0.48 cm,e,=9,
ep=1.04, and the filling fractiorf =0.518.

symmetry within the same band is denoted by the number in paren-
theses.
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FIG. 6. The spatial distributiofa) of the electric field andb) FIG. 7. The spatial distributiofa) of the electric field andb)
the energy density associated with the localidgdymmetry defect the energy density shown in a supercell consisting>8&init cells
mode of frequencywa/27wc=0.648 associated with a defect rod associated with the localizeB, symmetry defect mode of fre-
with e4=29. The field patterns are shown within the region of the quency wa/2mc=0.469 associated with the defect rod wit}
X1X, plane consisting of 88 unit cells. =20.

ing periodic boundary conditions. The defect modes investi
gated within the computational domain are excited by a
oscillating dipole centered near the defect cylinder in th
photonic crys’_[al, and the solution of EQ.9) is c_arrled out functions. The patterns associated with the partner-basis
for enough dipole cycles that a converged eigenfrequenc . vz (C—yD)2 ) .
and a converged distribution of the electric field associatedUNctionsE;” andE; belonging to the different rows
with the localized mode are achieved. of identical irreducible representations can be obtained by
The symmetry of the eigenmode can be specified by imthe rotation of those foE}* andE3” through /2.
posing periodic boundary conditions reflecting the character- The configurations with the defect rod placed in an inter-
istics of a particular irreducible representation of the pointstitial position have been calculated within 1/4 of the super-
groupCs, , and by placing the dipole in an appropriate sym-cell. In Fig. 3 we display the distributions of subdomains
metrical position. Employing the symmetry of tfg, point ~ determined by applying of all possible symmetry operations
group leads to a large reduction of the computational taskpelonging to theC,, point group corresponding ta;, A,
since the calculations for the defect modes that correspond #®:, and B, symmetry. The blank areas indicate the subdo-
nondegenerate states&f, A,, B;, andB, symmetry were Mmains that are invariant with respect to the symmetry opera-
carried out in 1/12 of the supercell, while doubly degeneratdions applied to the irreducible subdomain, while the shaded
states ofE symmetry have been calculated within 1/4 of the areas correspond to the asymmetric subdomains. In Fag. 3
Superce”_ By app|y|ng all symmetry Operations be|onging towe indicate mirror reflectionex Oy with respect to the mir-
the Cg, point group to the irreducible subdomain we ob- ror planes that intersect the,x, plane along thex; and
tained patterns corresponding to each of the individual irreXz-axes, respectively.
ducible representations—shown in Figga)22(e)—where
the blank and shaded areas indicate domains that are sym-
metric and asymmetric, respectively. In FigaPwe present
the configuration consisting of the six nearest-neighboring We first apply the method outlined in the preceding sec-
rods characterized by the dielectric functiepembedded in  tion to the defect modes in a two-dimensional triangular pho-
the background medium witl, and with a defect rod in the tonic lattice with the lattice constaat=1.27 cm, consisting
center of the supercell characterized &y. In Fig. 2a) we  of identical dielectric rods of radiu®=0.48 cm, which cor-
also show the mirror reflections,,,o,3,0,4,0,5, indicated  responds to the filling fractiof=0.518. The cylinders,
by broken lines, andr,;,0,,, which coincide with thex;  which are characterized by the dielectric consigpt 9, are

andx, axes, respectively. For the doubly degenerate irreduc-
"ble representationg, and E, we display in Fig. 2e) and
®Fig. 2(f) the patterns belonging to thel” and E3Y basis

IIl. RESULTS
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the energy density shown in a supercell consisting>088&nit cells  the energy density shown in a supercell consisting>o#dunit cells
associated with the localizeB, symmetry defect mode of fre- associated with the localizel; symmetry defect mode of fre-
guencywa/2mwc=0.63 associated with a defect rod with= 36. quencywal27c=0.472 associated with a defect rod with=24.

embedded in a background medium wéth=1.04. This con- <6.86, 9.9 ©w<11.58, and 14.68 w<<16.07.

figuration is identical to one of the systems that we consid- By varying the dielectric constant of the impurity cylinder
ered in our previous paper in which we studied the localizedn the range X e4<40 and evaluating the frequency depen-
defect modes oA; symmetry of theCq, point group®® We  dence of the radiated power of the oscillating dipole placed
identified the frequency of the localized defect state createdear the defect rod we have found the localized modes of all
by removing a single rod from the center of the lattice withsymmetries within the three lowest band gaps. Besides the
the sharp peak in the frequency dependence of the transmiingle mode levels oA, A,, B;, andB, symmetry we have
ted power along th¢l,0] direction in the identical system found doubly degenerate defect states that reflect the two-
found by Smithet all? dimensional irreducible representations®f and E, sym-

In this paper we systematically study the localized defecmetry. In Fig. 5 we display the dependence of the eigenfre-
modes with all symmetries that correspond to the irreducible@uencies of the localized modes as functions of the dielectric
representations of th&g, point group by varying the dielec- strength of the defect rod. The regions of the three lowest
tric strength of an impurity cylinder placed in the center of band gaps are denoted by horizontal dashed lines, and the
the the supercell and in an interstitial position within theorder of the modes of the same symmetry within the same
triangular lattice. In Fig. 4 we show the photonic band strucband gap is indicated by the number in the parentheses.
ture for E-polarized electromagnetic waves in a two- We begin by examining the localized statesAof sym-
dimensional triangular crystal with the lattice constant metry associated with a configuration with a single rod re-
=1.27 cm, and radius of the roB=0.48 cm that corre- moved from the center, and gradually increase the dielectric
sponds to the filling fractiorf =0.518. The rods, which are constant of an isolated substitutional rod. We found two sets
characterized by the dielectric constapt=9, are embedded of localized states oA; symmetry that appear at the frequen-
in a background dielectric with the dielectric constat cies close to the upper-band-gap edge whgal and eq
=1.04. The photonic band structure was evaluated by the=12. When we increasey the frequencies sweep down-
plane wave methdd (PWM) by expanding the field vari- wards across the gap to reach the lower edge when2
ables into 299 plane waves. We are interested in the threand e;= 19, respectively. The third set of resonant modes of
lowest frequency band gaps, which in terms of normalizedA; symmetry shown in Fig. 5 appears in the lowest band gap
frequencies exist in the regions 02éa/27c<0.29, 0.42 wheney is in the range Z e4<7. The localized states &,
<wal2mc<0.49, and 0.6 wa/27wc<0.68. For the case of symmetry appear in the third lowest band when the dielectric
the lattice with the geometrical parameters considered abovepnstant of the defeety is in the range 2% e4<31. In Figs.
the boundaries of the three lowest gaps in GHz are667 6(a) and Gb) we present the distribution of the electric field
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FIG. 10. The spatial distribution the energy density shown in a

supercell consisting of 44 unit cells associated with the localized
modes of E, symmetry with frequency@ wa/27c=0.445 (b)

wal2mc=0.482 associated with a defect rod characterized by the 0.02 1
dielectric constangy=36.

0.015 |
and the energy density associated with the defect level of

eigenfrequencywa/27wc=0.648 (0w=15.32 GH3. The de-
fect state shown in this figure is associated with an impurity
rod with e4=29. The field patterns are displayed in a region
of the x;X, plane consisting of 88 unit cells.

Localized states oB; symmetry exist in the second and
third lowest band gaps. They appear wher<k§<26 and 0.005 -
9.5< ey<11, respectively. In Figs. (@ and 7b) we show
the distribution of the electric field and the energy density

Radiated power (arb. units)

0.01

associated with the defect modeBf symmetry created by a 0 i A ol ity V)
substitutional impurity rod withe4=20 and the eigenfre- 041 042 043 044 045 046 047 048 049 05
quencywa/27c=0.469 (w=11.08 GHz within the second ®

lowest band. The domain shown in Fig. 7 consists {88

units cells. The localized states &, symmetry appear FIG. 11. The el_ectromagnetic energy _radiated by an oscillating

within the third lowest band gap when 2@,<35. In Figs.  dipole embedded in a supercell containing a defegtwith the

8(a) and 8b) we present the distribution of the electric field radiusr 4=R when the o_IleIectrlc_strength of the rod is varied in the

and the energy density within the supercell consisting of"9€ 36<€4<39; (b) with the dielectric constan¢=36 when the

8x8 unit cells associated with the defect mode due to th&2dius of the rod is varied in the ranfe<ry<1.0R.

substitutional impurity rod withe;=36 and the eigenfre-

guencywal/2mwc=0.63 (w=14.89 GHz. with the doubly degenerate defect level with the eigenfre-
The doubly degenerate localized statesEqfsymmetry — quencywa/2mc=0.472(w=11.16 GHz within the second

that we have found within the second and third lowest bandowest band gap, which is associated with a defect rod char-

gaps occur for the dielectric constant of the defect rod in théicterized by the dielectric constant=24. We note that the

ranges 11.5e,<14 and 23 e;<31, both of which par- electric-field pattern reflects the symmetry of th§ basis

tially overlap the ranges of4 in which defect states dB;  function that is antisymmetric with respect to 8¢ ando,,

symmetry appear. In Figs(&® and 9b) we show the distri- operations of theCg, point group.

bution of the electric field and the energy density associated The results obtained for the doubly degenerate states of
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FIG. 12. The photonic band structure for E-polarized EM waves 0'20 0.05 0.1 015 02 025 03 0.35 04 045 05
in a two-dimensional triangular crystal with the lattice constant Radius of the defect rod [a]
=1.27 cm, radius of the roR=0.2a, €,=13, ¢,=1, and the fill-
ing fractionf=0.145.

FIG. 13. The eigenfrequencies of localized defect modes be-
longing to the irreducible representations of g, point group as
) functions of the radius of a defect rod placed in the center of the
E, symmetry reveal the existence of two sets of defect stategyo-dimensional triangular lattice with the lattice constaat
that appear in the second and the third lowest bands. The 27 ¢m, where,= 13, e,= 1, R=0.2a. The localized modes are
defect modes oE, symmetry that occur in the second lowest shown within the lowest band gap revealed by the photonic band
band when 28 €,<40 consist of two levels that coexist for structure shown in Fig. 12 with band edges indicated by the
eq in the range 36¢4<39, and are separated by horizontal-dashed lines.
Awal2mc=0.38(Aw=0.898 GHz. The defect modes d,
symmetry that appear in the third lowest band and occuband structure foE-polarized electromagnetic waves propa-
when 15<ey4<<22 also consist of two separate levels thatgating through this lattice, shown in Fig. 12, reveals a pho-
simultaneously appear within this band gap wkg®18. In  tonic band gap in the frequency range 0.2#ba/27mc
Figs. 1@a) and 1@b) we show the distribution of the energy <0.46. Feng and Arakawa, who used a supercell method to
density associated with the doubly degenerate defect leveltudy the dependence of the defect levels on defect size,
with the eigenfrequenciesa/27c=0.445(0w=10.51 GHz  found nondegenerate and doubly degenerate levels that ap-
andwa/2m7c=0.482(w=11.39 GHz within the second low- pear when the radius of the defect cylinder is within the
est band gap, which are associated with a substitutional deange 0<r4<0.5a. In our previous papé?l we have identi-
fect rod characterized by the dielectric consteg 36. fied a nondegenerate level that appears when the radius is in

In Fig. 11(a) we display the dependence of the radiatedthe range 0.8<r <0.5a as possessing; symmetry. By
power of the oscillating dipole placed in a supercell contain-extending the search to all symmetries of t@g, point
ing defect rods whose dielectric constant lies in the ranggroup we study the dependence of the defect levels on the
36<<e4<<39. For each value of the dielectric constant wesize of the rod starting from the configuration in which a
found two peaks that indicate the existence of doubly degereentral rod is completely removed=0). Then we gradu-
erate levels oE, symmetry, which decrease agincreases. ally increase the radius of a rod until we reach the close-
The results shown in Fig. 18) illustrate an alternative way packed configuration in the vicinity of the defect cylinder
in which the positions of the eigenfrequencies of the defec{ry=0.52). In addition to the nondegenerate states that ap-
modes can be controlled by varying the radius of the rod. Fopear in the ranges of the radius of the defect rodrQ
the defect rod characterized by the dielectric consiant <0.18 and 0.32<r4<0.5a, which were identified as pos-
=36 we have increased the radius of the defect rod in theessingA; symmetry, we have identified the doubly degen-
rangeR<ry<1.04R. The peaks associated with three differ- erate states that appear when @22 4<0.5a as those be-
ent values of the defect radius clearly demonstrate that thienging toE; andE, symmetries. In Fig. 13 we present the
frequency of the mode can be tuned downwards to lowedependence of the eigenfrequencies of the localized modes
frequencies in two equivalent ways—either by increasing thevithin the lowest band gap in the photonic band structure
radius or the dielectric strength of the defect rod. considered in Ref. 21 on the radius of the defect rod. The

We also examined the system studied by Feng andoundaries of the gap are indicated by the horizontal dotted
Arakawa?! who considered a two-dimensional triangular lines.
photonic crystal with a lattice constaat=1.27 cm, consist- We also studied the possibility of tuning of the defect
ing of cylinders characterized by the dielectric constant mode by means of the radial displacement of each of the
=13 and radiuRk=0.2a embedded in vacuum. The photonic nearest neighbors of the defect rod. Namely, we examined
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(a) Position of the nearest neighbor rod [cm] €q
0.52 — i i , , FIG. 15. The eigenfrequencies of localized defect modes be-
€a=9 €r=1.04 €4=13 longing to the irreducible representations of g, point group as
functions of the dielectric constant of two interstitial defect rods
05k Al "breathing” mode: ] placed along th€1,0] direction near the vicinity of the center of the
Inward outward distortion lattice shown in Fig. @&). The localized modes are depicted within
""""""""""""""""""""""""""""""""""""""" the lowest frequency band gap revealed by the photonic band struc-

048 - 4 ture shown in Fig. 12. The edges of the gaps are indicated by the
horizontal-dashed lines.

045 o o i behavior i.e., the frequency of the modes sweeps }Jpward

g ¢ o . (downward across the gap when the inwafoutwarg dis-
E * W . tortion of the nearest-neighbor environment occurs.

044 | E Now we turn to the results obtained for the defect states
implied by a defect consisting of two identical defect rods
placed along th¢l,0] direction near the cylinder in the cen-

T . ter of the supercell that is shown in Fig(a@ We again
consider the two-dimensional triangular lattice studied in
Ref. 21 and concentrate on tRepolarized defect modes that

04 . appear within the lowest frequency band gap in the fre-
guency range 0.27 wa/27wc<0.46. The localized states as-
sociated with the two interstitial defects along {ig0] di-

038 03 o6 o o8 09 recupn in the hexagone}l Iattlpe have been systematically

Position of the nearest neighbor rod [em] studied by varying the dielectric constant of the defect rods
b in the range K e4<40. By implementing boundary condi-

FIG. 14. The eff ¢ ic di . he eigent tions appropriate to the irreducible representations o)
- 14. The effect of a symmetric distortion on the eigenire-, ;¢ group we have classified the mode#\gf A,, B, and
quency of the localized mode associated with a substitutional defe% . . .
, ~ . ; e » symmetry possessing the patterns depicted in Hig—3
rod (&) with e4=13 embedded in the lattice with=0.145,¢, 3(d). Th I f the eigenf ies h b luated
=13,¢,=1; (b) with ;=16 embedded in the lattice witlh - |nevalues of (e eigenirequencies have been evaluate
—0518.6.=9 e.=1.04 by solving Eq.(2.9 in 1/4 and 1/2 of the computational
=u. €= I, €p= L. . . .. .
domain consisting of 88 unit cells.
the effect of the fully symmetric radial displacement of the In Fig. 15 we display the eigenfrequencies of the intersti-
nearest neighbors, which belongs to theirreducible rep- tial defect states of all possible symmetries of @ point
resentation, on the defect levels produced by a defect rogroup as functions of the dielectric strength of the defect
with the radiusr4=0.5R in the lattice considered in Ref. 21 cylinder. Here the boundaries of the lowest frequency band
(ea=13,€,=1,r=0.2a, f=0.145), and on the defect state gap are indicated by broken lines. The defect modeBof
produced by a defect cylinder characterizeddgy-16 em-  Symmetry appear in the band gap as donor states when the
bedded in the lattice considered in Ref. 12. The dependenddielectric constanie;=2, and the frequency of the mode
of both defect levels on the position of the nearest-neighbosweeps downward across the gapegss increased in the
rods shown in Figs. 14) and 14b) displays a monotonic range Zey<20. The frequency of the mode 8f symme-
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FIG. 16. The spatial distributiofe) of the electric field andb) (b)
the energy density associated with the localidgymmetry defect oy 47 0 hatial distributiofe) of the electric field andb)

mode of frequencysa/2mc=0.378 _assqmateq with two |nter_st|t|al the energy density associated with the localiagdgymmetry defect

defect rods placed along th&,0] direction with e4=8. The field - . : . -
atterns are shown within the region of thex, plane consisting of mode of frequencywa/27c=0.382 associated with two interstitial
g><8 unit cells Wi withi g 2P Isting defect rods placed alorid,0] direction with e4=24. The field pat-
) terns are shown within the region of thkgx, plane consisting of

. — . . X8 unit cells.
try diplays a similar dependence when the dielectric constan unit cefts

of the defect rod is increased from 2 to 40. Also the defect

levels belonging t@; and A, symmetries, which appear at tonic band structure of a two-dimensional photonic lattice
frequencies close to the upper edge of the band gap whdhat consists of a triangular array of circular dielectric rods.
€4=5 and e;=10, respectively, decrease monotonically We studied the system with a substitutional rod placed in the
across the band gap when the dielectric constant is increasé@nter of the supercell, which corresponds to the configura-
from 5 to 40. tion studied experimentally by Smitht all? We also ex-

To demonstrate characteristic features of the field distriplored the system consisting of two rods placed in interstitial
bution and energy density corresponding to each of the irrePositions along th¢1,0] direction in the lattice. By varying
ducible representations of ti@,, point group shown in Fig. the dielectric strength and/or the radius of the defect rods we
3, we display the electric-field and energy-density patternd§ave studied the dependence of the eigenfrequencies of the
associated with(a) an A, state with the eigenfrequency defect states on these parameters. The defect levels associ-
wal2mc= 0378((,0:898 GHZ produced by interstitial rods ated with a substitutional Impurlty found within the three
characterized by,=8—see Figs. 1) and 16b); (b) anA, lowest frequency band gaps possess symmetries correspond-
state with the eigenfrequencwa/2mc=0.382 (w=9.08 ing to all the irreducible representations of thg, point
GHz2) that appears whegy=24—see Figs. 1@) and 17b);  9group, while the localized modes induced by defect rods
(c) a B, state with the eigenfrequenaya/2mc=0.371(w  Placed in interstitial positions have been found by imposing
=8.82 GH2 created by the defect rods witty=24—see Periodic boundary conditions reflecting the symmetry of
Figs. 18a) and 18b); and (d) a B, state with the eigenfre- €ach of the irreducible representations of g, point
quencywa/2mc=0.362 (w=8.61 GH2 found for the inter- 9roup. We found that the doubly degenerate defect states of
stitial rods characterized by,=6—see Figs. 1@ and E2 Symmetry associated with a substitutional defect rod form
19(b). doublets in certain ranges of the dielectric constant of the

defect cylinder. The eigenfrequencies of localized defect
IV. DISCUSSION AND CONCLUSIONS modes belonging to the irreducible representations of the
C,, point group as functions of the dielectric constant of two

In this paper we have applied a finite-difference time-interstitial defect rods placed alond.,0] display qualita-
domain method to study isolated defects that introduceively similar behavior as those associated with the substitu-
strongly localized states within the forbidden gaps of a photional defect rod, except that the localized states of all pos-
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0.5

FIG. 18. The spatial distributiot®) of the electric field andb) (®)
the energy density associated with the localiBgdymmetry defect £y 19, The spatial distributiote) of the electric field andb)
mode of frequencyua/Zm::0._371.asso_ciated with two !nterstltlal the energy density associated with the localiBecsymmetry defect
defect rods placed alorlg. 0] direction withe=24. The field pat-  1,,4a of frequencya/2mc=0.362 associated with two interstitial
terns are shown within the region of tlxgx, plane consisting of defect rods placed alor{g.,0] direction with e;=6. The field pat-
88 unit cells. terns are shown within the region of tixgx, plane consisting of

. . . . . f8><8 unit cells.
sible symmetries occur simultaneously in a wide range o

dielectric strength. level. This result can be again interpreted in terms of the

The eigenfrequencies of the modes shown in Fig. 5 andariational theorem: the inward distortion increases the aver-
Fig. 15 typically decrease monotonically agis increased. age dielectric constant in the region in which most of the
This behavior can be explained in terms of the variationalariation of the field distribution is concentrated, and this,

theorem in electromagnetiém according to the scaling of the eigenfrequency givenuhy
~1/\e, leads to a lower value ab4 and vice versa.
f dr}|V><H|2 We also examined the photonic crystal consisting _of
GaAs rods arrayed in a two-dimensional triangular lattice

e (4D considered in Ref. 21, in which the dependence of the fre-
f drH? quencies of the localized states on the defect size was stud-
ied. By inspecting the defect levels belonging to the irreduc-
which links the mode frequency with the spatial variation ofiple representations of the&Cs, point group we have
the magnetic-field distribution. First we observe that thejdentified the nondegenerate and doubly degenerate levels
eigenfrequency depends on the magnitude of the dielectrighat appear in the band gap for the radius of the defect rod in
strength of the defect rod because it scales@s 1/\e and,  the range &<r4<<0.5a as those belonging to th%,, E,, and
simultaneously, depends on the variation of the field distri, irreducible representations.
bution. This, for example, explains the fact that the defect The defect size dependence shown in Fig. 13 confirms
modes with fixed eigenfrequency that belong to the symmethat the defect produced by reducing the size of the defect
tries with a stronger variation of the field distribution occur rod creates a single acceptorlike defect level that appears
for larger values ofeq. The variational principle given by close to the lower edge of the band gap, while increasing the
Eqg. (4.1) also explains the equivalence of adjusting the sizeradius of the defect rod creates both single and doubly de-
of the defect rod and changing the dielectric constgrthat  generate donorlike levels stemming from the upper edge of
is demonstrated in Figs. (& and 11b). the band gap. This is consistent with the results demonstrated
By changing the position of the nearest neighbors in theheoretically and experimentally in 2D and 3D photonic
vicinity of the defect cylinder placed in the center of the crystals!®'2
supercell we found that symmetric relaxation increases the It is worth pointing out that information on the symmetry
eigenfrequency of the eigenmode for inward distortion,provides a natural tool to classify the modes, and belongs
while the outward distortion leads to a decrease of the defecilong with the eigenfrequency, polarization, and field distri-
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bution to the key characteristics that allow identifying peaksmining the appropriate polarization and direction of propa-
observed in transmission measurements. On the other hanghtion of the incident light in order to couple the energy into
the symmetry analysis of the defect modes plays a cruciaghe cavity. We have shown that the properties of these modes
role in the coupling efficiency, since incident plane wavescan be controlled by changing the nature and/or the size of
can excite only the modes whose symmetry matches the pdhe defect. We also studied the effect of a local symmetric
larization and direction along which the plane wave propa-distortion of the photonic crystal in the vicinity of the defect
gates. rod and interpreted the results obtained by using the varia-
In conclusion, we have systematically studied the defectional theorem. Studies in progress focus on the extension of
states associated with substitutional and interstitial defedhe present method to the solution of the problem of surface
rods. By imposing boundary conditions appropriate to irre-modes and to frequency-dependent and nonlinear Kerr-like
ducible representations of tii&;, andC,, point groups, and defects. We also plan to study energy transfer between inter-
by varying the dielectric strength of the defect rods, weacting defects and other properties associated with the tem-
found the defect states associated with all possible irredugoral behavior of the modes.
ible representations. By inspecting the spatial distribution of
the electromagnetic field and the energy density we have
verified the localized nature of the modes possesSiggand
C,, symmetry. The field distributions of the defect modes The work of V.K. was supported by NSF Grant No. INT-
resemble the behavior of the basis functions belonging to th832651 and in part by COST 268 Action. The work of
irreducible representations. The symmetry analysis allow#&.A.M. was supported in part by NSF Grant No. DMR-
classifying experimentally observed defect modes and dete8319404.
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