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We investigate light propagation through a coupled-defect waveguide with a 45° sharp bend in a two-
dimensional photonic crystal analytically and numerically. The waveguide mode is the degenerate defect state
of a square lattice. The transmission through such a structure drops by two orders of magnitude if a 45° bend
is introduced. We show that, by properly distorting the lattice around each defect, the splitting of the degenerate
defect state allows resonant transmission through the bend, leading to a two orders of magnitude increase in
transmission through the bend waveguide. Several applications of such waveguides are discussed including
dynamical directional switching and dynamic light trapping and releasing.
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I. INTRODUCTION

Photonic crystals have attracted a great deal of interest.1

By placing a defect within an ideal photonic crystal, a local-
ized resonance peak may be created within the band gap.
Photons with a certain wavelength can be locally trapped
inside the defect volume. Furthermore, a chain of defects
placed within coupling distance forms a mechanism for
waveguiding. Two main designs are commonly employed to
guide electromagnetic waves in photonic crystal based
waveguides. The first design is line defect waveguides,
where light is guided along a continuous line of defects.2 The
second design is so-called coupled-cavity waveguides.3 In
such a waveguide, light propagation based on coupling be-
tween the localized eigenstates of nearest defects follows the
geometrical layout of the defects, allowing the light path to
be manipulated on a nanoscale. Therefore, coupled cavity
waveguides are considered as a promising candidate for fu-
ture high-density photonic integrated circuits.

One of the important features of the coupled-cavity
waveguides is the possibility of constructing lossless and re-
flectionless bends.4,5 It has been assumed4 that bends can be
introduced into the waveguide path by taking advantage of
the crystal symmetry without consequential bend reflection
loss. It was also reported about the almost perfect transmis-
sion through a zigzag chain.5 However, since a zigzag layout
of the defects does not imply the same light path through the
crystal, the high transmission through the zigzag chain does
not mean a reflectionless transmission through waveguides
of arbitrary bending angle. A detailed theoretical analysis
based on the tight-binding model showed that reflectionless
transmission through the sharp bend can be achieved under a
strict set of criteria only.6 It was shown that the reflection
from the bend is governed by the ratio c1 /co of the matrix
element of the next-nearest-neighbor coupling c1 to that of
the nearest-neighbor coupling co. For example, the propaga-
tion through 60° bend in the hexagonal lattice results in a
significant level of reflection, since in this case c1 /co=1.
Therefore, the reflectionless bend requires a more elaborate
design. On the other hand, for application in optical devices,
it is important to realize the tunability of the photonic crys-

tals. It is still a challenge to design a photonic crystal based
waveguide that allows for controlling the light propagation
through any corner.

The aim of this paper is to analyze the light propagation
through a 45° bend waveguide. We are particularly interested
in a coupled-cavity waveguide based on a square lattice in
two dimensions, operating on a degenerate defect state as a
guided mode. In recent papers7,8 we suggested designing
complex shaped coupled-cavity waveguides using tunable
splitting of the degenerate defect state. The effect used is
analogous to the Jahn-Teller effect in solids.9 It is based on
the symmetry analysis of the splitting of degenerate state by
a proper distortion of the lattice. The design of the tunable
90° bend7 and T-shaped8 coupled-cavity waveguides was
proposed. In this paper, we present a design of a tunable 45°
bend coupled-cavity waveguide based on a theoretical analy-
sis. We demonstrate that the tunable splitting of the degener-
ate defect state allows us to control the resonant tunneling
through the split states and to tailor the bend with the pre-
scribed value of ratio c1 /co. Thereby, we can tune the system
to the resonance with almost 100% transmission. We show
that the effect used is an effective means for controlling light
propagation direction and its velocity in photonic crystal
based waveguides.

The paper is organized as follows. In Sec. II, we describe
the model system and present numerical and theoretical
analysis for the light propagation through the structure. In
Sec. III, we describe the design of the waveguide and present
the analysis of the structure. Section IV concludes the paper
with a summary of the main results.

II. MODEL SYSTEM

As a model structure we consider a square photonic crys-
tal of the dielectric rods, embedded in the air, with the lattice
constant a, the radius of the rods r=0.2a, and the dielectric
constant �r=11.9. This structure prohibits propagation of TM
mode �magnetic field is in-plane and electric field is parallel
to the rods� in the frequency range �̃a /2�c= �0.28,0.42�.10

Increasing the radius of a single rod to 0.3a creates a reso-
nant cavity. This cavity supports a doubly degenerate E state
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at the frequency �̃o=�oa /2�c=0.358, which is almost ex-
actly in the middle of the band gap.10 The degenerate E state
of the square lattice is well known9 to be described by a
linear combination of the two states that are similar to the
�px� and �py� states in solids.

Introducing N defects into the crystal and placing them
periodically within coupling distance splits each of the de-
generate states into N states. Neglecting losses and taking
into account the coupling between the nearest neighbors
only, we can describe the dynamics of the field amplitude
an�t� on the n defect in the chain by a set of N ordinary
differential equations,6

i
d

dt
an = �oan − co�an−1 + an+1� . �1�

In the case of the doubly degenerate defect state, this is a
matrix equation, with an being the 2�1 vector with the com-
ponents an

x,y describing the field amplitude of the �px,y� states.
The coupling between the nearest defects is represented by
the matrix

co = �cxx cxy

cyx cyy
� �2�

with the matrix elements

cij = �o

	 dr���E� n
i E� n−1

j

	 dr���E� n
i �2

. �3�

Here E� n
i is the defect mode corresponding to the �pi� �i

=x ,y� state, which is localized at the nth site, � is the spatial
distribution of the dielectric constant in the single-defect
photonic crystal, and �� is the dielectric constant change
induced by other defects. In the case of the chain directed
along the x or y axis, the coupling integral cxy between the
�px� and �py� states is equal to zero. Hence the matrix equa-
tion �1� reduces to two independent sets of N equations. The
solution of this problem results in two sets of N levels related
to the �px� or �py� states. Roughly, these levels are separated
by cxx /N or cyy /N. Thereby, for a big number N of the de-
fects in the chain such that the separation between the reso-
nant levels is larger than the half-width of the resonant peak
determined by the defect quality factor Q, cxx�yy� /N�Q−1,
the set of the discrete resonant levels generates a quasicon-
tinuous miniband. In direct analogy with the convenient
waveguides, the dispersion relation for this miniband will
describe the dispersion for a guided mode.11

We first analyze the coupled-cavity 45° bend waveguide
that is based on our model two-dimensional photonic crystal.
The system is shown in Fig. 1. The first waveguide branch
�before bending� is along the x axis, and the second branch
�after bending� is tilted at 45° from the y axis. The z axis is
perpendicular to the figure plane.

In order to analyze this structure, we use the finite-
difference time domain �FDTD� technique.12 Our computa-
tional domain is shown in Fig. 1. It contained 14�14 unit
cells. Each unit cell was divided into 20�20 discretization

grid cells. The computational domain was surrounded by per-
fect matched layers, with the thickness corresponding to 10
layers of the discretization grid. Each time step was equal to
�t=1/ �2�xc�. The numerical simulations were performed
with the total number of the time steps equal to 100000,
200000, and 300000 in order to check if the stationary re-
gime is reached. A symmetrical Gaussian beam with respect
to the x axis was launched at the input of the structure �S in
Fig. 1�. The width of the beam was equal to 20 grid cells. A
frequency spectrum of the source covered the region of in-
terest ��̃=0−0.4. To find the transmission of the structure,
we collected the signal at the two output ports �P1 and P2 in
Fig. 1� and compared these data with the reference signal
collected at the input of the structure.

The computed transmissions coefficients of the structure
at ports 1 and 2 are shown in Figs. 2�a� and 2�b�, respec-
tively. The distribution of the z component of the electric
field at the resonant frequency �̃=0.36 corresponding to the
maximum of the transmission at port 2 is demonstrated in
Fig. 2�c�. First of all, we note that coupling of the excited
wave into the second waveguide branch is very weak. The
transmission coefficient at port 2 is two orders of magnitude
smaller than at port 1. Second, this coupled-cavity system is
described by the discrete levels. They can be considered as
eigenvalues of the problem for each of the waveguide
branches following from Eqs. �1� with the relevant coupling
matrix �2�. In agreement with the number of defects involved
on each of the branches, the response functions at both ports
consist of the same number of peaks. Under the conditions of
our numerical experiment, when the source is a symmetrical
Gaussian beam �with respect to the x axis�, only �px� states
can be effectively excited. Therefore, the �py� states do not
contribute to the transmission at port 1. The width of the
transmission band at port 1 is mostly determined by the cou-
pling matrix element between the nearest localized �px�

FIG. 1. �Color online� Coupled-cavity 45° bend waveguide
studied. The reference system, source �S�, two ports �P1, P2�, per-
fect matched layers, and the corner cell are shown. The inset dem-
onstrates the lattice distortion by the B2 mode. The coupling matrix
elements involved are illustrated, where in red �dark grey� and in
blue �light grey� color the positive and negative loops of the p mode
are shown, respectively.
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states, denoted as co
1=cxx in Fig. 1. It is interesting to note

that in the middle of the transmission band, the peaks are
wider and higher than in the edge region. The reason for this
is that the excited wave in the middle of the band has the
biggest group velocity and therefore it will decay most
quickly,6 while at the band edge, the group velocity of the
wave goes to zero resulting in infinitely long decay time and
narrow resonant peak. Unavoidable losses �the reflection
from the crystal boundaries� reduce the overall transmission
and wash out the fine structure of the response function.

The transmission band of the second branch, or the re-
sponse function at port 2, can also be described by the set of
Eqs. �1� with the coupling matrix co

2 shown in Fig. 1. How-
ever, in this case, the matrix elements cxy �0. Therefore in
general, set �1� contains 2N equations. However, in the par-
ticular case of our numerical experiment, the symmetrical
Gaussian beam can excite only the �px� states on the first
branch. Then, we assume that only �px� states are launched
into the second branch. Accordingly, we neglect the coupling
between the �px� and �py� states at the second branch also.
This assumption is supported by the field distribution in
Fig. 2�c�.

Comparing Figs. 2�a� and 2�b�, we can see that the trans-
mission band at port 2 is much narrower than the band of the
first branch. The reason for this is that the coupling coeffi-
cient between the nearest �px� defect states on the second
branch, co

2, is much smaller than the coupling between the
�px� states at the first branch, co

1. We can roughly estimate the
ratio co

2 /co
1 using the tight-binding model developed for

solids13.
Any �p� orbital can be decomposed into the component

oriented along the coupling direction, the so-called � com-
ponent, and the mutually perpendicular component, the �
component. Accordingly, the coupling matrix elements be-
tween the �p� states can be decomposed into the �- and
�-coupling matrix elements, denoted as V� and V�, respec-
tively. In the case of the atomic orbitals, both matrix ele-

ments scale with the distance d between the two localized
orbitals, V�,�
	�,� /d2, where 	�,� are constants, which are
in general considered as empirical parameters. The scaling
law for solids is obtained by matching the tight-binding co-
sine dispersion and free-electron parabolic dispersion. Since
in both limits of tight-binding and “free-photon” approxima-
tions, the dispersion of the coupled-cavity photon system is
similar to the dispersion of solids,3 we assume that, as the
first-order approximation, the scaling law can be applied to
photonic crystal also. By denoting V�,�

1 and V�,�
2 as coupling

matrix elements for the first and second branches, respec-
tively, we get

co
1 = V�

1 ,

co
2 = V�

2cos2��/4� + V�
2 sin2��/4� . �4�

Taking into account the distance between defects in both
waveguide arms, we can estimate V�,�

2 /V�,�
1 
1/2 and co

2

=1/4�V�
1 +V�

1 �. Following the analogy with solids further, we
assume that V��V� and V�V��0. We finally obtain

co
2/co

1 � 1/4. �5�

Independent estimation of this ratio can be obtained from the
FDTD experiment �Figs. 2�a� and 2�b�� as a ratio between
the widths of the transmitted bands at both ports. It gives
co

2 /co
1
0.2. We believe that such a good agreement between

the theoretical estimate and the FDTD experiment validates
the used assumptions.

From Figs. 2�a� and 2�b�, we note that the transmission
band of the second waveguide branch overlaps with the cen-
tral resonant peak of the first branch. It would seem that
resonant tunneling between the branches is possible. How-
ever, from Fig. 2�b� we see that the coupling of the excited
light into the second branch is very weak. In order to explain
this, we analyze the coupling matrix elements between the
�px� states of the corner cell, shown in Fig. 1. The coupling
matrix element between defects 2 and 3, denoted as c1, is
exactly equal to the matrix element between defects 1 and 3,
denoted as c1� �Fig. 1�. In terms of the tight-binding model,13

they are expressed as

c1 = c1� = V�̃cos2 
 + V�̃sin2 
 , �6�

where Ṽ�,� are the �- and �-matrix elements for the corner
cell, and cos 
=1/�5. By making use of the scaling law for

the coupling matrix elements, we can estimate Ṽ�,� /V�,�
1


4/5. Therefore, c1=c1�=4/25co
1. Using relation �5� we get

c1 = c1� 
 co
2. �7�

This means that the photon trapped at defect 3 will have an
equal probability to move forward to defect 4, or backward
to defects 1 and 2 �Fig. 1�. This fact should have a direct
consequence on the transmitted power at port 2.

This intuitive explanation is supported by a detailed the-
oretical analysis based on the evolution equations for all the
defects of the corner cell,6

i
d

dt
a2 = �oa2 − co

1a1 − c1a3,

FIG. 2. Computed transmission coefficient of the structure with
�r /a=0 at ports 1 �a� and 2 �b�; �c� the distribution of �Ez� field at
the resonant frequency corresponding to the maximum of the trans-
mission at port 2.
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i
d

dt
a1 = �oa1 − co

1�ao + a2� − c1�a3,

i
d

dt
a3 = �oa3 − co

2a4 − c1a2 − c1�a1. �8�

For a monochromatic excitation, the field before the bend
�n�2� consists of incident and reflected components

an = ainexp�i
1�n − 1� − i�t� + a�exp�− i
1�n − 1� − i�t� ,

and only the transmitted fields leave the corner defect �n
�2�,

an = aexp�i
2�n − 2� − i�t� .

The wave numbers 
1,2 are related to the dispersion relations
on the two waveguide branches as follows:

� = �o − 2co
1,2cos�
1,2� .

Solution of this problem under condition �7� gives the reflec-
tion from the corner at �=�o,

� = � a�

ain
� =�4 + �1 − �co

2/co
1�2�2

4 + �1 + �co
2/co

1�2�2 . �9�

Using the estimation co
2 /co

1
0.2, we get that reflection from
the 45° bend reaches 97%. We also note that in the case of
the 60° bending co

2 /co
1=1, the reflectivity reaches 50%,

which agrees with the calculation performed in Ref. 6.
Therefore the next-nearest-neighbor interaction along with
the mismatch between the transmitted bands of the two
branches causes huge losses at port 2. As a result, the 45°
bend is almost nontransmissive if no special design is made.

III. DESIGN OF A TUNABLE WAVEGUIDE

At this point we can conclude that, in order to control the
light propagation through any corner, we have to find a way
of controlling the coupling of the defects in the corner cell.
We expect that for c1��c1, the photon with the certain fre-
quency could effectively propagate to port 2. In a previous
paper8 it was shown that the splitting of the degenerate de-
fect state can be controlled by both magnitude and symmetry
of the perturbation potential used. It was proven that the
doubly degenerate E state of a square lattice can be split into
the states either with the symmetry �px� and �py� or �p��
= �px+ py� and �p�= �px− py� by means of the perturbation of
the B1 or B2 modes, respectively. For the geometry of the 45°
bend waveguide studied, we have only one choice of sur-
rounding each of the defects in the second waveguide branch
by a flexible Jahn-Teller cell distorted by the B2 mode as
shown in the inset of Fig. 1. Thereby, the degenerate state of
the defects in the second branch will be split into the �p� and
�p�� states with the eigenfunctions directed parallel and per-
pendicular to the second branch, respectively. The frequency
splitting �� is a linear function of the lattice distortion �r.
By doing this, we can first control the coupling of the defects
in the corner cell. Second, we can split the degenerate trans-
mission band of the second branch into two bands with the

symmetry of the �p� states parallel and perpendicular to the
branch direction. Third, we can control the coupling matrix
element and thereby the group velocity for the guided mode
of the second branch.

The results of our design are summarized in Figs. 3 and 4.
We found that the best transmission of the structure at port 2
is reached at 18% distortion of the second branch. The com-
puted transmission coefficient of the structure with �r
=0.18a at ports 1 and 2 is demonstrated in Figs. 3�a� and

FIG. 3. Computed transmission coefficient of the structure at
�r /a=0.18 at ports 1 �a� and 2 �b�; the distribution of �Ez� field at
the resonant frequencies �̃=0.353 �c� and 0.363 �d�. Frequency �̃
=0.353 corresponds to the maximum of the transmission at port 2
and “drop-off” frequency at port 1 �dashed line�; frequency 0.363
corresponds to the “drop-off” frequency of the transmission at port
1 �dashed-dotted line�.

FIG. 4. Transmission coefficient of the structure at port 2 with
��r � /a=0.15, 0.2, and 0.25 at �r�0 ��a�–�c�� and �r�0 ��d�–�f��.
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3�b�, respectively. In Fig. 3�a�, we mark two “drop-off”
modes of the transmission at port 1 at �̃=0.353 �dashed line�
and 0.363 �dashed-dotted line�. The distributions of the z
component of the electric field at the resonant frequencies
�̃=0.353 and 0.363 are shown in Figs. 3�c� and 3�d�, respec-
tively. Figure 4 presents the transmission coefficient of the
structure with ��r � /a=0.15, 0.20, and 0.25. The cases of
��r � /a�0 and ��r � �0 are shown in Figs. 4�a�–4�c� and in
Figs. 4�d�–4�f�, respectively.

First we note that at �r=0.18a, the transmission at port 2
shows a sharp maximum at �̃
0.353. Correspondingly, the
transmission at port 1 drops down at the same frequency. The
transmitted power depends on lattice distortion, reaching the
maximum at �r=0.18a �Figs. 3�b� and 4�. Second, the trans-
mission band at port 2 for the distorted lattice is shifted in
frequency with respect to the undistorted lattice �compare
Fig. 2�b� and 3�b��. Moreover, the magnitude of the shift is
proportional to the magnitude of the distortion �Fig. 4�. Some
of the peaks of the transmission band at port 1 are split �Fig.
3�a��. Third, the guided mode of the structure keeps �px� sym-
metry on the first branch before bending and �px− py� sym-
metry on the second branch after bending �inset in Fig. 1�.
The “drop-off” frequency in the transmission band at port 1
corresponds to the �px+ py� state �Fig. 3�d�.

We explain these findings in terms of the tight-binding
model again. The two waveguide branches are connected
through the corner cell shown in Fig. 1. Let us consider first
the corner cell itself. The coupling of the doubly degenerate
�p� states localized at the three defects results in six eigen-
states. The eigenvalues and eigenfunctions of these states can
be controlled by the lattice distortion. The role of the corner
cell in the transmission properties of the entire structure will
be first to provide the resonant tunneling between the two
waveguide branches and second to control the symmetry of
the nearest neighbors and, thereby, their coupling. Therefore,
the resonant transmission at port 1 is reached as soon as the
eigenstate of the corner cell with the proper symmetry
matches in frequency with the resonant peaks in both wave-
guide arms. By examining the symmetry of the p states at the
resonance frequency shown in Fig. 3�c�, we note that in this
case, the coupling matrix elements c1 and c1� are not equal
anymore. Using the tight-binding theory, we find

c1 = 4/5�V�
1cos2 � + V�

1 sin2 �� ,

c1� = 4/5�V�
1sin2 � + V�

1 cos2 �� , �10�

where tan��+� /4�=2. Taking into account that V��V�, we
get c1
9c1��c1�. This implies that once the photon with the
resonant frequency reaches the corner defect 3, it has a much
bigger probability to reach port 2 than to come back to defect
1. Therefore, the transmission coefficient at port 2 increases
to almost 100% while that at port 1 drops to 0 �dashed line in
Figs. 3�a� and 3�b��. A similar analysis shows that in the case
of the second “drop-off” frequency �Fig. 3�d��, c1
c1�
co

1.
The photon mode with such a frequency is trapped at the
corner cell �see Fig. 3�d��, and therefore drops down from the
response functions at both ports.

The distortion of the second branch by the B2 mode re-
sults in the splitting of the degenerate E state at each defect

into the �p� and �p�� states, with the magnitude of the split-
ting being a linear function of the lattice distortion.8 We de-
fine the lattice distortion as shown in the inset of Fig. 1 to be
positive. For �r�0, the state �p� with the eigenfunction
directed along the second waveguide branch decreases in fre-
quency, while the mutually orthogonal state �p�� increases in
frequency, and vice versa for �r�0. Interaction between �p�
and �p�� states is prohibited by symmetry. Therefore, the
coupling matrix �2� in �1� will be diagonal with the matrix
elements c and c�, describing the coupling between the �p�
and �p�� states, respectively. In terms of the tight-binding
model,13 the coupling constants can be directly expressed
through the � and � components

c = V�
2 ,

c� = V�
2 . �11�

However, since the lattice distortion must strongly affect the
empirical parameters 	�,� for the distorted lattice, we can
hardly use the scaling law connecting V�,�

2 with V�,�
1 . More-

over, as will be shown below, the V� and V� matrix elements
depend on both the sign and magnitude of the distortion.

Increase in the magnitude of the distortion to �r�0.08
first removes the overlap between the transmission bands of
the second branch and moves them away from each other.
We can follow in Fig. 4 how the transmission bands of the
second branch scan the transmission band of the first branch
with an increase in the magnitude of the lattice distortion. We
also note in Fig. 4 that the response function at port 2 de-
pends on the lattice distortion both in terms of transmitted
frequency and intensity. The transmission at port 2 is at
maximum at �r=0.18. That is a distortion when the eigen-
state of the corner cell which satisfies the condition c1�c1�
overlaps simultaneously with the transmitted band of the sec-
ond branch and with one of the resonant peaks of the first
branch.

In support of this intuitive explanation, we performed an
analytical analysis of the corner cell based on Eqs. �8�. In the
case of distorted structure, the frequency �o of defect 3
should be replaced by �o±��, depending on the sign of the
lattice distortion. In numerical analysis of set �8� we assumed
that c1�=c1 /9 and c1=co

2. Using the results of the FDTD ex-
periment �discussed below�, we set co

2=0.6co
1 for the case of

distorted structure. This analysis shows that the reflection
from the corner is reduced to 10% in the frequency range
�=�o−��±co

2, when the magnitude of splitting ��
co
1 /2.

As follows from the previous analysis,8 the frequency split-
ting ��=co

1 /2 caused by the B2 mode can be achieved with
�r
0.2. This estimation perfectly agrees with the results of
the numerical experiment. It is important to note that reflec-
tion from the corner can be decreased even more by increas-
ing the ratio co

2 /co
1. Reflectionless transmission through the

bend is reached at co
2 /co

1=1, which corresponds to the 60o

bending angle.
However, it was surprising that the response function at

port 2 consists of both �p� and �p�� bands only for �r�0
with the peaks smaller and larger than the frequency �̃
=0.36, respectively �Fig. 4�. But only the �p� band is seen
for �r�0 �Figs. 4�a�–4�c��. The explanation of this effect
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lies in the strong dependence of the spatial confinement of
the split states on the lattice distortion. At �r�0, the lattice
distortion by the B2 mode redistributes the dielectric rods in
such a way that the nearest neighbors become closer to the
�p�� state than to the �p� state. This results in much stronger
localization of the �p�� state than the �p� state. The FDTD
calculations for the one defect crystal distorted by the B2
mode with �r�0 showed that the �p� state spreads much
further from the defect than the �p�� state.10 The �p�� state
seems to be screened by the distorted nearest neighbors. The
effect increases with the magnitude of the lattice distortion.
The wide spread of the �p� states results in their strong in-
teraction, thereby giving rise to a wide transmission band.
When tuned to resonance with a proper state of the corner
cell, the p band reveals itself in the maximum transmission
at port 2. Since the coupling of the �p�� states at �r�0 is
very weak, the p� band is not observed in the transmission at
port 2 but it reveals itself in the “drop-off” frequency in the
transmission at port 1 �Figs. 3�a� and 3�d��.

The situation will be exactly reversed for �r�0. In this
case, because of the layout of the defects, the coupling be-
tween the p and p� states will be comparable in magnitude.
Therefore, for �r�0, both modes contribute to the response
function �Figs. 4�d�–4�f��. However, we note from Fig. 4 that
at �r�0 the transmitted intensity for both p and p� bands is
less than that for the p band at �r�0.

This analysis was supported by the FDTD simulations.
We examined the coupling between the defects on the dis-
torted second waveguide branch. It was found that for �r
�0 the ratio c� /c �1, which decreases as lattice distortion
�r increases. The magnitude c� /c changes from 1/4 at �r
=0.1 to 1/30 at �r=0.2, while for the opposite distortion
�r�0, c� /c �1. The value of c� /c does not change so
drastically: c� /c =3.4 and 2.4 at �r=0.1 and 0.2, respec-
tively. We were also able to estimate the quality factors of
the split state using the resonant peaks. It is important to note
that the group velocity of the guided mode in a coupled-
cavity waveguide is directly proportional to the coupling ma-
trix element.4 Therefore, control of the coupling matrix ele-
ment through the lattice distortion could be used to control
light velocity in a photonic crystal based waveguide.

IV. CONCLUSION

We studied theoretically and numerically the transmission
through a sharp 45° bend based on coupled-cavity wave-
guide in a two-dimensional photonic crystal. Theoretical
analysis showed that the reflection from the corner is deter-
mined by the coupling matrix elements of the corner cell.
Therefore, in order to control the light propagation through
the sharp corner, we have to control the coupling of the de-
fects in the corner cell. We design the photonic crystal based
waveguide operating on the degenerate p state, in which the

nearest neighbors to the defects in the second branch are
distorted by the so-called B2 lattice distortion. This allows us
first to control the coupling of the defects in the corner cell to
achieve the control of light propagation through the whole
structure. Second, the lattice distortion results in splitting of
the degenerate transmission band of the second branch into
two bands with the symmetry of the �p� states parallel and
perpendicular to the branch direction. We showed that the
coupling matrix element depends strongly on the magnitude
and sign of the lattice distortion. Since the group velocity of
the guided mode in a coupled-cavity waveguide is directly
proportional to the coupling matrix element, the ability of
controlling the coupling matrix element could be used as an
effective means of controlling light velocity in photonic crys-
tals.

Our results for the 45°-bend waveguide can be also used
for dynamical control of light propagation. In order to con-
trol light propagation dynamically, two possible designs
could be suggested. The first is to surround each of the de-
fects of the second waveguide branch by movable rods, so
that the resonant transmission can be tuned by a dynamic
lattice distortion at each defect. The second design is to build
in a static or permanent lattice distortion for all the defects in
the second branch except the corner cell and to dynamically
tune the lattice distortion of the corner defect only.14 The
frequency of the corner defect can be tuned to resonance, for
example by a piezoelectric element built directly beneath or
above the waveguide corner.7 Such switching requires pre-
cise control of the positions of rods involved and may
present a challenge for the current technology. In our recent
paper15 we have shown that the tuning of the corner defect
can also be achieved by using the linear electro-optical effect
of the nearest neighbors to the corner defect made of non-
centrosymmetrical materials. The dynamical control of the
corner cell could open an alternative mechanism for trapping
and releasing light of the certain wavelength.16 In connection
with the waveguide studied, frequency �̃=0.363 corresponds
to the “drop-off” frequency at both ports, for the distorted
structure �see Figs. 3�a� and 3�b��. Hence this mode is
trapped at the corner defect when the structure is distorted by
an applied electric field �see Fig. 3�d��. The same mode is
released to port 1 as soon as the external electric field is off
and the structure restores its symmetry �Fig. 2�a��.

It is important to note that the theoretical analysis pre-
sented was based on the assumption that only the �px� mode
is excited under condition of the numerical experiment.
Hence we were able to neglect the coupling between the �px�
and �py� modes. However, in the real experiment this as-
sumption might not be valid, and coupling between the two
modes must be taken into account directly. We are going to
discuss coupling effects between the two modes in a
coupled-cavity bend photonic crystal in our future publica-
tion.
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