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Analysis of defect coupling in one- and two-dimensional photonic crystals
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Coupling of defects in one-dimensional~1D! and two-dimensional~2D! photonic crystals~PC’s! is analyzed
theoretically and investigated numerically using the transfer-matrix method and the finite-difference time-
domain technique. Basically, the coupling behavior of defects is reflected in the spectra of PC molecules
formed by two identical PC atoms~single defects!. In both 1D and 2D cases, PC atoms can be roughly
classified into two types based on the spectral shape of the resulting PC molecules. One type of PC atom
generates clear bonding and antibonding states in the spectra of PC molecules. In contrast, the other type of PC
atom creates PC molecules whose spectra are nearly flat on top. It is shown that this kind of PC atom is crucial
for the construction of coupled cavity waveguides with quasiflat impurity bands. More accurately, we use a
quantity related to the valley depth in the spectra of PC molecules to describe the coupling behavior of PC
atoms. The dependence of this quantity on the properties of individual PC atoms is investigated in detail. It is
revealed that the coupling of PC atoms is governed by the linewidth~dv! and the frequency shift of the PC
atoms~Dv! upon increasing the confinement. The factor (Dv/dv)2 is confirmed by theoretical analysis and
numerical calculation to be a universal criterion to characterize the coupling behavior of both 1D and 2D PC
defects.

DOI: 10.1103/PhysRevB.65.165208 PACS number~s!: 42.70.Qs, 42.60.Da
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I. INTRODUCTION

Single defects, which are intentionally created in photo
crystals~PC’s!,1 have demonstrated their potential applic
tions in the fabrication of lasers,2 light-emitting diodes,3,4

and filters.5,6 Recently, the coupling of localized defe
modes in PC’s attracted much attention because it prov
some important functions which cannot be achieved wit
single defect.7–12 Actually, it was investigated theoreticall
and demonstrated experimentally that waveguides mad
coupled defects, which are now referred to as coupled ca
waveguides~CCW’s!, exhibit some advantages over conve
tional PC waveguides.8,10–12In addition, all-optical switches
utilizing the band gaps formed in PC impurity bands ha
been proposed.13 Moreover, it was suggested that impuri
bands could be employed to build compact optical de
lines for ultrashort pulses.14 In principle, PC impurity bands
can combine the effects of wave guiding and the enhan
ment of nonlinearity and/or group delay. The devices
scribed above make use of this important feature of impu
bands.

Obviously, optical waveguides, switches, and delay lin
will be important components for all-optical signal proces
ing in the future. So far, an experimental demonstration
the impurity band-based devices, e.g., CCW’s and splitt
was carried out only in the microwave region.10–12Although
the properties of impurity bands would remain unchang
due to the scaling feature of the Maxwell equations, we n
to consider the interaction of impurity bands with ultrash
pulses in the optical wavelength region. This means that
transmission of ultrashort pulses with small attenuation
distortion has become the basic requirement or the first
ority to be considered. Therefore, how to design impur
bands suitable for the transmission of ultrashort pulses tu
out to be a crucial issue.
0163-1829/2002/65~16!/165208~9!/$20.00 65 1652
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It is known that a single defect mode will generally sp
into two defect modes~bonding and antibonding states!
when two identical defects~PC atoms! are coupled to form a
PC molecule.9–11 Basically, an impurity band formed by th
coupling ofN defect modes would normally containN reso-
nances in its transmission spectrum. In general, these r
nances in transmittance represent the minima in gr
velocity.11,14 Obviously, ripples in group velocity or group
delay are undesirable, because they would distort the
trashort pulses transmitted through the structure. From
viewpoint of design, relatively flat impurity bands are nece
sary in order to perfectly transmit ultrashort pulses.14,15 To
achieve this, it is necessary to investigate the coupling
havior of defects in PC’s.

In this paper, we present a systematic study of the c
pling of defects in one-dimensional~1D! and 2D PC’s. It is
organized as follows. In Sec. II, the defect structures and
investigation methods are described. Then the coupling
1D defects is studied in Sec. III, based on the spectra of
molecules, paying attention to PC molecules with flat sp
tra. In Sec. IV, the spectra of PC molecules are analytica
deduced from those of PC atoms. The intrinsic mechan
for the generation of PC molecules with flat spectra is
vealed, and the role of the PC atom’s phase is clarified
Sec. V, a quantity related to the valley depth in the spectra
PC molecules is used to accurately describe the coup
behavior of PC atoms. The relationship between the coup
behavior and the properties of individual PC atoms is a
lytically derived and numerically confirmed. Then the co
pling strength and the effect of additional confinement
discussed in Sec. VI. In Sec. VII, the coupling of 2D defe
is investigated. The factor that determines the coupling
havior of 2D defects is discussed and examined numeric
in Sec. VIII. Finally, our findings about the coupling of de
fects in both 1D and 2D cases are summarized in Sec.
©2002 The American Physical Society08-1
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FIG. 1. ~a! 1D single defect~a 1D PC atom!
created in a 1D PC made of GaAs layers embe
ded in air.~b! 2D single defect~a 2D PC atom!
created in a 2D PC made of GaAs rods embedd
in air.
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II. DEFECT STRUCTURES AND INVESTIGATION
METHODS

Defects in both 1D and 2D PC’s, formed by high-ind
dielectric elements embedded in a low-index backgrou
are investigated, as schematically shown in Figs. 1~a! and
1~b!. The conclusions can be easily generalized to the o
type of PC’s formed by low-index elements embedded i
high-index background. In the 1D case, we study a Ga
defect layer created in a 1D PC composed of GaAs«1
511.56) and air («251.00) layers with equal thickness o
0.50a, wherea is the lattice constant. In the 2D case, w
consider a 2D PC formed by GaAs rods of infinite leng
arranged in a square lattice. The radius of GaAs rods
0.20b, whereb is the lattice constant. By modifying the ra
dius of the central GaAs rod tor, defects are created in th
2D PC.

For the study of 1D PC structures, it is convenient to u
the transfer-matrix method introduced by Pendry a
MacKinnon, because both the amplitude and phase infor
tion of the complex transmission coefficient can be simu
neously obtained.16 In the 2D case, however, it is necessa
to build identical supercells whose size is large enough
ensure the isolation between them in order to obtain in
mation about a single defect. As an alternative, we turn to
finite-difference time-domain method proposed by Yee17

With this technique, it is easy to achieve the transm
sion spectrum as well as the field distribution for a 2D P
structure.

III. 1D DEFECTS AND THEIR COUPLING

By changing the size of a defect, the resonant freque
of the defect can be tuned within the band gap, as show
Fig. 2 for the 1D defect. It is noted, however, that the def
position ~or resonant frequency! generally exhibits to some
extent a dependence on the confinement of electromag
field within the defect region which is determined by t
number of normal elements on both sides of the defect~m!.
The examples of strong and weak dependences, which
given by defect sizes~d! of 0.30a and 0.00a respectively, are
illustrated in Figs. 3~a! and 3~b! together with the phase in
formation. Here the phasew~v! is defined in the complex
transmission coefficientt(v)5T1/2(v)eiw(v) as that accu-
mulated by the field on transmission relative to the ph
~zero! of the incident field. It is found that the phase at t
transmission peak is close to zero for the 0.30a defect, while
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it is nearly6p/2 for the 0.00a defect. With increasing con
finement ~or increasingm!, the phase of the transmissio
peak is barely changed in both cases. However, it can be
in Fig. 3~a! that for the 0.30a defect the separation betwee
the transmission peak and the frequency where the pha
6p/2 becomes smaller, and finally approaches zero for i
nitely strong confinement. In sharp contract, for the 0.0a
defect, the transmission peak as well as the frequency w
the phase is6p/2 is almost insensitive to the confinement,
shown in Fig. 3~b!.

Basically, the coupling behavior of PC defects~PC atoms!
is reflected in the spectra of the resulting PC molecules
Fig. 4, we show the transmission spectra of the PC molec
formed by the coupling of two PC atoms given in Fig. 3~a!
with different confinement strengths~m52 and 4!. Phase
information about the constituting PC atoms is also provid
Obviously, we can see clearly the so-called bonding and
tibonding states. Their splitting characterizes the coupl
strength between the two PC atoms. With increasing confi
ment or defect separation, the coupling strength is reduce
is manifested as a reduction in the splitting. However, it
important to note that the bonding state appears at the s
position as the transmission peak of the PC atom while
antibonding state appears at the frequency where the p
of the individual PC atoms is6p/2. It is also remarkable tha
the reduction of the splitting is always accompanied by
narrowing of the linewidth for the bonding and antibondin
states. Consequently, the valley at the center of the spe
for PC molecules remains, and it becomes even deepe
strong confinement.

FIG. 2. Dependence of resonant frequency on defect size in
PC atoms with different confinement strengths~m52 and 4!.
8-2



le

u
nt

is-

. As
the
le

rity
se

ules
l-
s

ans-
nd

ffe

ha

ANALYSIS OF DEFECT COUPLING IN ONE- AND . . . PHYSICAL REVIEW B65 165208
The transmission spectra of several typical PC molecu
formed by PC atoms (m52) located at different positions in
the band gap are shown in Figs. 5~a!–5~c!. The spectra of the
constituting PC atoms are also provided for comparison. S
prisingly, we cannot distinguish between bonding and a
bonding states in some PC molecules~e.g., thed50.00a
defect!. Instead, only a flat region with nearly unit transm

FIG. 3. Transmission and phase spectra for PC atoms of di
ent confinement strengths~m52 and 4! with defect sizes of~a! d
50.30a and ~b! d50.00a.

FIG. 4. Transmission spectra of the PC molecules and the p
spectra of the constituting PC atoms (d50.30a) for two different
confinement strengths~m52 and 4!. The left peak inT2(v) (m
54) is the outermost resonance in the pass band~dielectric band!.
16520
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sion is observed in the spectra of these PC molecules
compared to the spectra of the constituting PC atoms,
region with unit transmission is significantly widened, whi
the linewidth is slightly narrowed.

Now we examine the transmission spectra of the impu
bands formed with two types of PC atoms, namely, tho
generating bonding and antibonding states in PC molec
~type A! and those creating only a flat region in PC mo
ecules~type B!. Two typical cases in which the defect size
are 0.30a and 0.00a are presented in Figs. 6~a! and 6~b! for
comparison. It can be seen that strong resonances in tr
mittance appear in the former while a quasiflat impurity ba

r-

se

FIG. 5. Transmission spectra of 1D PC molecules~solid curves!
formed by different PC atoms~dashed curves!. ~a! d50.00a, ~b!
d50.30a, ~c! d50.90a.
8-3
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SHENG LAN et al. PHYSICAL REVIEW B 65 165208
is obtained in the latter. Also, the group velocity for th
nonflat and quasiflat impurity bands is calculated. We c
easily find that the resonances in transmittance correspon
the ripples in group velocity. The stronger the former, t
larger the latter. In order to transmit ultrashort pulses wi
out introducing serious attenuation and distortion, a qu
flat impurity band, such as shown in Fig. 6~b!, is highly
desirable.14,15

IV. SPECTRA OF PC MOLECULES
DEDUCED FROM THOSE OF PC ATOMS

The research work of Dowling and co-workers allows
to deduce the spectra of PC molecules and even PC s
from those of PC atoms, at least in the 1D case.18,19 Basi-
cally, they have investigated how to derive the amplitude a
phase of the complex transmission coefficient for a perio
structure once the information about a unit cell is know
Specifically, it is indicated that these expressions are in
pendent of the content of the unit cell, i.e., they are valid
an arbitrary distribution of refractive index in the unit ce
No doubt, these formulas can be employed to extract
spectra of PC molecules from those of PC atoms. The int
sic mechanism for the formation of different types of P
molecules may become evident if we analytically extract
spectra of PC molecules using these formulas.

FIG. 6. Transmission and group velocity spectra for the impu
bands formed by ten PC atoms (m52) with a defect size of~a! d
50.30a and ~b! d50.00a.
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Generally, the transmission spectrum of a periodic str
ture composed ofN unit cells is given by18,19

TN~v!5
1

11F 1

T1~v!
21G sin2@Nb~v!#

sin2@b~v!#

, ~1!

whereTN(v) andT1(v) are the transmission spectra of th
periodic structure and the unit cell, respectively. Hereb~v! is
the Bloch phase for the hypothetical infinite periodic stru
ture. It is related to the phase of the complex transmiss
coefficientw1(v) by18,19

cos@b~v!#5ReH 1

t1~v!J 5
1

AT1~v!
cos@w1~v!#. ~2!

Applying these formulas to PC molecules, we obtain the
lationship between the spectra of PC molecules@T2(v)# and
PC atoms@T1(v)#:

T2~v!5
1

114@12T1~v!#cos2@b~v!#

5
1

114
@12T1~v!#

T1~v!
cos2@w1~v!#

. ~3!

From this it is apparent that the transmission is maxim
~unity! at least for two points which represent the transm
sion peaks for the bonding and antibonding states. One
the transmission peak of the PC atom@T1(v)51# and the
other appears at the frequency where the phase of the
atom is6p/2 „cos@w1(v)#5cos@b(v)#50…. In between these
two points, if the second term in the denominator ofT2(v) is
rather small, thenT2(v) is very close to unity, forming a fla
region. To illustrate the generation of type-B PC molecul
in Fig. 7 we show the transmission and phase spectra of a
atom, the corresponding cos@b(v)#, and the transmission
spectrum of the resulting PC molecule, using 0.75a defect as
an example. From this it is understandable why the antibo
ing state always appears at the frequency where the pha
the PC atom is equal to6p/2. Also, it becomes clear tha

y

FIG. 7. Transmission spectrum of the 1D PC molecule dedu
by that of a PC atom (m52) with a defect size of 0.75a.
8-4
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ANALYSIS OF DEFECT COUPLING IN ONE- AND . . . PHYSICAL REVIEW B65 165208
bonding and antibonding states appear in type-A PC m
ecules whose constituting PC atoms have a phase clos
zero at the transmission peak. For type-B PC molecu
formed by PC atoms whose phase at the transmission pe
close to6p/2, a flat region is created.

V. FACTOR DETERMINING THE COUPLING BEHAVIOR
OF 1D DEFECTS

Actually, the relationship between the coupling behav
and the transmission phase of PC atoms derived abov
only a rule of thumb. As can be seen in Fig. 5, there is
strict boundary between the type-A and -B atoms. Som
times, only a small dip appears at the center of the spectra
PC molecules. In these cases, it is hard to classify the
atoms as type A or B~e.g.,d50.90a!. Strictly speaking, we
need to use another quantity to accurately describe the
pling behavior of PC atoms. Apparently, it is the depth of t
valley in the spectra of the resulting PC molecules which
defined as follows:

Dvalley5
Tpeak2Tvalley

Tpeak
. ~4!

In the case when only the spectral shape is considered
can always normalize the transmission spectra and simp
Eq. ~4! as

Dvalley512Tvalley. ~5!

However, it will be shown later that it is more convenient
use another quantityRvalley, for the description of the cou
pling behavior, which is defined as

Rvalley5
12Tvalley

Tvalley
. ~6!

Obviously,Rvalley is the ratio of the valley depth to the tran
mission at the bottom of the valley, as indicated in Fig. 5~b!.
Thus it can be used to characterize the coupling behavio
PC atoms.

Now it is necessary to understand what governs the va
of Rvalley. To answer this question, we have to go back to E
~3!, from which we can extract the spectra of PC molecu
from those of PC atoms. We simply rewrite the formula a

T2~v!5
1

11F~v!
, ~7!

F~v!54
@12T1~v!#

T1~v!
cos2@w1~v!#. ~8!

From these expressions, it is clear thatF(v) has two mini-
mum values of zero, which correspond to the two peaks
T2(v), whenT1(v)51 or w1(v)56p/2. Between the two
peaks,T2(v) has a minimum valueTvalley, corresponding to
the bottom of the valley. This is determined by the maximu
value ofF(v):

Tvalley5
1

11Fmax~v!
. ~9!
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From this, it is readily apparent that

Fmax~v!5
12Tvalley

Tvalley
5Rvalley ~10!

This means that the coupling behavior is completely de
mined by the maximum value ofF(v). Thus it is clear why
it is more convenient to useRvalley rather thanDvalley to de-
scribe the coupling behavior of PC atoms. What we need
do is to find the dependence ofFmax(v) on the properties of
individual PC atoms.

From F8(v)50, we obtain the following equation:

@T1~v!2T1
2~v!#sin@2w1~v!#w18~v!1T18~v!cos2@w1~v!#

50. ~11!

For simplicity, we consider PC atoms whose resonant
quency shifts to the high-frequency side as the confinem
increases. PC atoms whose resonant frequency shifts to
low-frequency side can be treated very similarly. More co
cretely, we assume that the peak ofT1(v) appears atv0
while the6p/2 phase shift is obtained atv1 . In addition, we
define two quantities which are believed to reflect the ch
acteristics of PC atoms. One is the normalized freque
shift Dv/v05uvm→`2v0u/v0 , and the other is theQ factor
of the defect modes which is defined asQ5v0 /dv, where
dv is the linewidth ofT1(v). Since the separation betwee
the transmission peak and the frequency where the trans
sion phase isp/2 (v1) becomes smaller with increasing co
finement and finally approaches zero for infinitely stro
confinement ~as shown in Fig. 3~a!!, we have Dv/v0
5uvm→`2v0u/v0'uv12v0u/v0 . Further, we know that
T1(v) andw1(v) satisfy the following conditions:

0<T1~v!<1, T1~v0!51, T18~v0!50, ~12a!

2
p

2
<w1~v!<

p

2
, w1~v1!56

p

2
, w19~v0!50.

~12b!

Based on these conditions, it is obvious thatv0 andv1 are
the two solutions of Eq.~11!. If we assume thatv2 is the
frequency whereF(v) is maximum, it must fulfill Eq.~11!.
Substituting Eq.~11! into Eq. ~8!, we obtain the maximum
value ofF(v) as

Fmax~v!524
@12T1~v!#2

T18~v!
sin@2w1~v!#w18~v!. ~13!

In Eq. ~13!, for simplicity, we have replacedv2 with v. In
order to compare different defects, it is convenient to n
malize the spectra of each defect mode~including the trans-
mission and phase spectra! with its central frequency (v0).
Consequently, the frequency shift~Dv! and linewidth~dv!
discussed in the following are actually the normalized f
quency shift (Dv/v0) and the normalized linewidth
(dv/v051/Q), both being dimensionless quantities. In a
dition, we must keep in mind in the following discussion o
Fmax(v) that v ~now dimensionless! is in the region@1,1
8-5
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SHENG LAN et al. PHYSICAL REVIEW B 65 165208
1Dv# or @12Dv,1#, depending on the direction of the fre
quency shift with increasing confinement.

At first glance,Fmax(v) is a very complicated function
However, a careful inspection reveals thatw18(v) is actually
the group delay time provided by a defect at a frequency
v.19 At the central frequency (v051), it reaches a maxi-
mum value @i.e., w19(v0)50#, which is inversely propor-
tional to the linewidth of the defect mode, i.e.,w18(v0)
}1/dv.11 Thus w18(v) is inversely proportional to both th
linewidth and frequency shift of the defect mode, i.
w18(v)}(1/dv)3(1/Dv). In addition, we know thatDv is
small whenw1(v0) is close to6p/2 and it is large when
w1(v0) is close to 0. Sincev is approximately at the cente
of the interval@1,11Dv# or @12Dv,1#, usin@2w1(v)#u→0
@i.e., 2w1(v)→6p# when Dv is small andusin@2w1(v)#u
→1 @i.e., 2w1(v)→6p/2# whenDv is large. Therefore, we
find that for different defectsusin@2w1(v)#u is proportional to
the frequency shift, i.e.,usin@2w1(v)#u}Dv. However, it is
noted in Fig. 3 that for the same defect,w1(v0) does not
change with increasing confinement. Therefore, it is appa
that for the same defectusin@2w1(v)#u is independent of theQ
factor of defect modes. Considering the decrease of bothDv
anddv with increasing confinement strength, it is expect
that usin@2w1(v)#u}Dv/dv.

The relationship between the first term ofFmax(v) „@1
2T1(v)#2/T18(v), denoted asG(v) in the following… and
the properties of PC atoms~Dv and dv! is not so obvious.
Thus we rely on the numerical calculation to obtain an e
mate. In Fig. 8, we show the value ofG(v) calculated for
two different defect modes with different confineme
strengths. From Fig. 8, it can be seen that the curves ofG(v)
for different defect modes are very similar. Only a depe
dence on the confinement strength~or Q factor! is observed.
More importantly,uG(v)u is approximately a quadratic func
tion of Dv, i.e., uG(v)u}(Dv)2. For a d50.90a defect
whoseDv is close to zero,uG(v)u is close to zero. In con-
trast, uG(v)u is large for ad50.30a defect because of its

FIG. 8. Dependence ofG(v)„5@12T1(v)#2/T18(v)… on the
normalized frequency shiftDv/v0 for two different defect modes~
d50.30a and 0.90a! and different confinement strengths~m52
and 4!. The normalized frequency shifts (Dv/v0) for the d
50.30a defect are indicated by the dotted line (m52) and the
dotted-dashed line (m54).
16520
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large Dv. If we inspect the same defect (d50.30a) with
different confinement strengths, it is found thatuG(v)u de-
creases with increasing confinement strength. However, if
note thatDv becomes smaller with increasing confineme
strength, the dependence ofuG(v)u on the confinement
strength can be solely attributed to the change ofDv. This in
turn confirms thatuG(v)u is proportional to (Dv)2.

Summarizing the conclusions deduced from the ab
discussion, we obtain the relationship between the coup
behavior, which is characterized byRvalley, and the proper-
ties of individual PC atoms which are reflected byDv and
dv:

Rvalley}~Dv!2S Dv

dv D S 1

dv

1

Dv D5S Dv

dv D 2

. ~14!

This expression indicates that the coupling of PC atoms
basically governed by the frequency shift with increasi
confinement and the linewidth of PC atoms.

In order to verify this, we have numerically calculate
Rvalley and (Dv/dv)2 for different 1D PC defects and plotte
them as a function of defect size in Fig. 9. An exact cor
spondence betweenRvalley and (Dv/dv)2 can be found, con-
firming the validity of our analysis presented above.

VI. COUPLING STRENGTH
AND ADDITIONAL CONFINEMENT

It is necessary to clarify two issues that may cause so
confusion. First, the appearance of type-B PC molecu
with flat transmission regions is not due to the wea
coupling strength. It originates from the nature of PC ato
which is characterized by (Dv/dv)2. Basically, the coupling
strength is determined by the overlap of the fields in the t
PC atoms. Therefore, it should be dependent on theQ factor
of the PC atoms.

In Fig. 4, we see the reduction of coupling strength
type-A PC atoms with increasing confinement orQ factor. It
is obvious that the reduction of coupling strength does
lead to the merger of bonding and antibonding states or
flat region. The coupling strength is inversely proportional
the Q factor of PC atoms, and it has nothing to do with t
type of PC atoms.

FIG. 9. Dependence ofRvalley and (Dv/dv)2 on defect size in
1D PC defects.
8-6
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ANALYSIS OF DEFECT COUPLING IN ONE- AND . . . PHYSICAL REVIEW B65 165208
Second, bonding and antibonding states can be resolv
we add additional confinement on both sides of type-B
molecules. This is the case when two defects are gener
deeply in a PC.10,11 When an additional confinement
added, the PC structure can not be divided into PC ato
with symmetric confinement. It means that the formu
given in Eqs.~1! and ~3! are no longer appropriate for de
scribing the transmission properties of the PC structure
this paper, we investigated the dependence of the trans
sion properties of PC molecules and PC solids on the p
erties of the constituting PC atoms. In order words, the
molecules and PC solids we studied here are constructe
the periodic repetition of PC atoms~unit cells!. This implies
that the number of normal elements on each side of the
structures is always the half of the number of normal e
ments in between two defects which is an even number.
tually, this is the basic condition to achieve quasiflat impur
bands in CCW’s.14 Indeed, the availability of quasiflat impu
rity bands depends not only on the intrinsic properties of
defects studied in this paper but also on the configuration
CCW’s.14 The additional confinement plays a role similar
a Fabry-Perot cavity in selecting the cavity mode from
continuum~the flat region!.

VII. 2D DEFECTS AND THEIR COUPLING

The relationship between the resonant frequency and
fect size for the 2D defects we studied is given in Fig. 10
two different confinement strengths~m52 and 4!. Here only
the single and doubly degenerate defect modes generate
r /b,0.42 are considered. Obviously, nearly all of the def
modes exhibit a much weaker dependence of resonant
quency on confinement strength as compared to the 1D c
It should be emphasized that the confinement in the tra
verse direction~perpendicular to the transmitting direction!
does not affect the resonant frequencies of the defect m
if it is strong enough. Thus the number of normal eleme
on both sides of the defect along this direction is chosen
be 7 in our 2D defects.

The spectra of several PC atoms (m52) and the resulting
PC molecules versus defect size are shown in Figs. 11~a!–
11~c!. Since we are concerned only about the spectral sh

FIG. 10. Dependence of resonant frequency on defect size in
PC atoms with different confinement strengths~m52 and 4!.
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all of the spectra have been normalized to unity. Obviou
both type-A and -B PC molecules are observed. Unfor
nately, it is difficult to extend the formulas derived by Dow
ing and co-workers to 2D case because of two reasons.
the transmission in the 2D case depends strongly on
mode matching between the input field~e.g., the shape and
spatial width! and the defect mode. Second, we need to pl
the detector just after the PC atoms~b/2 from the final row of
the elements! to obtain the correct transmission phase. Ho
ever, the electric field there is usually enhanced to some
tent, especially for PC atoms with largeQ factors. Therefore,
it is difficult to accurately determineT1(v) and w1(v) for
2D defects.

D

FIG. 11. Transmission spectra of 2D PC molecules~solid
curves! formed by different PC atoms~dashed curves!. ~a! r
50.00b, ~b! r 50.15b, ~c! r 50.25b.
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In the 1D defects studied here, it appears that type-A
molecules are available for the PC atoms located on the l
energy side of the gap center. On the other hand, the
atoms located on the high-energy side are favorable for
formation of type-B PC molecules. It is known that the ele
tromagnetic field is concentrated in the defect layer for
atoms close to the dielectric band, while it is mainly distr
uted in the two neighboring air layers for PC atoms near
air band. Therefore, it is suspected that the pattern of
field distribution within the defect region may determine t
coupling behavior of the defects in 2D PCs.

In the 2D case, the defect mode appears as monopol
0.00<r /b,0.20. For 0.20,r /b,0.42, we have doubly de
generate modes whose field distribution is a dipole.20 In
other words, these two types of distributions are comple
different. Although most of the PC molecules formed by P
atoms located on the high-energy side appear as type B,
found that the PC molecule formed byr /b50.25 PC atom is
type A. This exception indicates that the coupling behav
does not rely on the distribution of electric field within th
defects.

VIII. FACTOR DETERMINING THE COUPLING
BEHAVIOR OF 2D DEFECTS

In most practical cases, the confinement perpendicula
the propagation direction in 2D CCW’s is sufficiently stron
and the coupling of 2D defects are expected to be very s
lar to that of 1D defects. Although Eqs.~1! and~3! may not
be perfectly extended to the 2D case, a qualitative analys
the coupling behavior of 2D defects is still possible by us
Eq. ~3!. It is noted that there are no special requirements
structure to derive the relationship betweenRvalley and the
properties of individual PC atoms@Eq. ~14!# from Eq. ~3!.
Similarly, a shift of the transmission peak is also commo
observed in 2D PC defects although is relatively sm
Therefore, we expect that the value ofRvalley in the 2D case
could still be determined by (Dv/dv)2.

In order to confirm this, we have computed the values
Rvalley and (Dv/dv)2 for the 2D defects we studied, an
they are plotted in Fig. 12 for comparison. Since the f
quency shift decreases exponentially with increasing c

FIG. 12. Dependence ofRvalley and (Dv/dv)2 on defect size in
2D PC defects.
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finement strength~increasing m!, we have useduvm54
2vm52u to approximate uvm5`2vm52u5Dv. Clearly,
Rvalley and (Dv/dv)2 exhibit nearly the same dependence
the defect size. It confirms that the coupling behavior of
defects is still governed by (Dv/dv)2.

Before summarizing, we want to address the two imp
tant issues which are closely related to the coupling of
defects investigated in this work. First, like theQ factor of
PC defects, the normalized frequency shift is another v
important feature of PC defects which reflects the respo
or sensitivity of the PC defects to the confinement strength
is known that the transmission coefficient is a complex c
taining the information of amplitude and phase. By looki
at Eqs. ~1!–~3!, it is apparent that the transmission pha
plays an important role in determining the coupling behav
of PC defects. TheQ factor gives the only information abou
amplitude, and it determines the coupling strength of
defects. In order to obtain the spectral shape of PC molec
and PC solids, it is necessary to find out the transmiss
phase of the constituting PC atoms. It has been shown
the shift of defect modes upon the increase of confinem
~i.e., the sensitivity of the defect modes! depends strongly on
the phase of the defect modes. Thus the normalized
quency shift is a physical quantity that contains the inform
tion of transmission phase. It can be either theoretically c
culated or experimentally measured, just like theQ factor of
PC defects. In the case when the calculation or measurem
of transmission phase is not convenient, it is possible to
tain information about the transmission phase through a c
acterization of a normalized frequency shift which belongs
the characterization of transmission amplitude.

Second, it must be emphasized that the coupling d
cussed in this paper is the coupling of PC defects~atoms!. It
is necessary to distinguish it form the coupling between a
structure and an incident field, although they are closely
lated. Certainly, the transmission properties of a PC at
generally depend on the incident field. However, our find
makes it possible to predict the major features in the tra
mission spectrum of a PC solid~or a CCW! once the trans-
mission properties of the constituting PC atoms are kno
Therefore, the dependence of the transmission propertie
the PC solid on a certain incident field is indirectly involve
through the response of the constituting PC atoms to
same incident field.

IX. CONCLUSION

In summary, we have investigated the coupling behav
of defects in 1D and 2D PCs. The coupling behavior is b
sically reflected in the spectra of PC molecules formed
two PC atoms~single defects!. It does not depend on th
field distribution within the defects. Instead, it is governed
the Q factor and the normalized frequency shift of the P
atoms upon the increase of confinement. In the 1D case,
rule of thumb, the coupling behavior of PC atoms is det
mined by their transmission phases. For PC atoms wh
transmission phase is close to zero, the spectra of PC m
ecules are composed of clear bonding and antibonding st
In contrast, the spectra of PC molecules formed by PC ato
8-8
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whose transmission phase is close6p/2 are flat on top. More
accurately, we use a quantity which is related to the va
depth in the spectra of the resulting PC molecules to desc
the coupling behavior of PC atoms. It is proportional to t
square of the ratio of the frequency shift to the linewidth
the PC atoms. The factor (Dv/dv)2 is confirmed by theo-
retical analysis and numerical calculation to be a unive
quantity to characterize the coupling of both 1D and 2D
defects. Furthermore, it is shown that the PC atoms gene
D.
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be

d

u

k-

R.

16520
y
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at-

ing PC molecules with flat spectra are important for the c
struction of CCW’s with quasiflat impurity bands suitable f
the transmission of ultrashort pulses.
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