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Self-collimation effects in photonic crystals are generally investigated by employing flat
equifrequency contours. Here we report, based on a partially flat equifrequency contour inducing
two different group velocity vectors, the simultaneous excitation of dual self-collimated beams and
the selective excitation of either of them by varying the incident angle or the width of an input
Gaussian beam. With combination of the finite-difference time-domain simulation and the Fourier
analysis as well as the wave vector diagram, we analyze the refractive behaviors of these
self-collimated Bloch waves. © 2006 American Institute of Physics. �DOI: 10.1063/1.2423237�

During the last few years, unusual refractive phenomena
based on complex band structures in photonic crystals
�PhCs�, such as superprism effect,1 negative refraction,2–4

and self-collimation,5,6 have attracted significant attention.
Due to the ultrarefractive properties, these phenomena have
been investigated for beam-steering applications and optical
devices such as bends, splitters, and on-chip waveguides
without defects or nonlinearities.7–16 In particular, the self-
collimation effect, which can allow a virtually diffractionless
light propagation, has drawn increasing attention because of
its potential for on-chip optical interconnects and nondiffrac-
tive imaging.8–16 Generally, the self-collimation effects have
been investigated by employing flat equifrequency contours
�EFCs� to obtain highly self-collimated beams. However, de-
spite intensive interests, the study on controlling self-
collimated beams is still lacking. As part of the efforts, in
this letter, we report that we can switch the refraction angles
of self-collimated Bloch waves by utilizing partially flat
EFCs inducing two different group velocity vectors, resulting
in dual self-collimated beams and the selective excitation of
either of them.

In our study, we consider a simple two-dimensional �2D�
PhC composed of dielectric rods ��=12.96� arranged on a
square lattice in air. The radius of the dielectric rod is r
=0.150a �a is the lattice constant�. Figure 1�a� shows the
schematic of the employed PhC whose size is 129a�38a.
We use an incident Gaussian beam with TE polarization �the
electric field is perpendicular to the axis of the rods� and with
its spatial distribution given by exp�−4x2 /w2�, where w is the
1/e width. The incident beam is launched into the PhC from
air with an incident angle of �inc in Fig. 1�a�, where the
inserted dotted line indicates the normal direction to the in-
terface. We cut the PhC normal to the �X direction to excite
self-collimated Bloch waves in the vicinity of partial photo-
nic band gap �PPBG�.13 We calculate the band structure by
the plane wave expansion method17 with 2601 plane waves
to obtain the EFCs in Fig. 1�b�. As the normalized frequency,

�a /2�c �c is the speed of light in vacuum�, increases from
0.7100 to 0.7400, the EFCs shrink into the first Brillouin
zone �1BZ� denoted by the dotted square in Fig. 1�b�. Be-
tween 0.7200 and 0.7300 the PPBG along the �X direction
disappears, and we choose the frequency of �a /2�c
=0.7255, which shows a roughly squared shape rotated by
45° and centered at M point. To investigate the slope of the
EFC precisely, we magnify a quarter of the 1BZ �the black
solid square in Fig. 1�b�� in the left figure of Fig. 1�c� and
insert the green solid line connecting the two X points, which
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FIG. 1. �Color online� �a� Schematic of the 2D PhC. The angles are not
drawn to scale. �b� The EFCs in the unit of 2�c /a in the extended zone
scheme. �c� The EFC in the quarter of the 1BZ �the black solid square in �b��
is denoted by the collection of the blue dots in the left figure, in which the
black and red squares are enlarged in the right, respectively. The beam with
�n1=−50° ��n2=−40° � is excited from the EFC within the red �black�
square.
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corresponds to a perfectly flat EFC. The shape of our calcu-
lated EFC is slightly convex in the middle rather than com-
pletely flat, but still shows two separate partially flat regions.
An EFC with two separate partially flat regions �but the
shape and the group velocity vector are different� is found in
Ref. 16. We scale up both flat regions and show them in the
right figures of Fig. 1�c�, where the Bloch eigenmodes are
denoted also by the blue dots, and the red and black solid
lines are visual guides with the arrows indicating the direc-
tion of the group velocity vector. The eigenvalues are calcu-
lated with a more strict tolerance �less than 0.0068%� so that
the blue dots are spaced. Due to two different group velocity
vectors induced by the two partially flat regions, we expect
dual self-collimated beams whose split angle is 10°. Addi-
tionally, due to the crystal symmetry, we expect another set
of dual self-collimated beams with opposite sign of the
refraction angle. We denote each refraction angle of dual
self-collimated beams as �p1=50°, �p2=40°, �n1=−50°, and
�n2=−40° �the angles are described below� in Fig. 1�a�,
where the subscripts 1 and 2 indicate the beams excited from
the EFC regions, denoted by the red and black solid squares
in Fig. 1�c�, respectively, and the subscripts p and n indicate
the positive and negative signs of the refraction angles,
respectively.

To analyze beam propagation inside the PhC, we per-
form the finite-difference time-domain �FDTD� simulation18

with the perfectly-matched-layer boundary condition.19 The
magnetic field distributions for the incident angles of 9°, 19°,
35°, and 60° are shown in Figs. 2�e�–2�h�, respectively. It is
noted that unlike the conventional self-collimation, the re-
fractive behaviors of our case strongly depend on the inci-
dent angle. To further confirm the analysis by the EFC and to
see the Bloch mode excited by each incident beam, we per-
form the Fourier analysis20 in combination with the FDTD
simulation to obtain the 2D spatial-Fourier-transformed im-
ages of the magnetic fields, as shown in Figs. 2�a�–2�d�. In

the wave vector diagram of Fig. 2, we add an EFC for air
�the black solid-line quarter circle� and the construction lines
�the black dash-dot lines� for each incident angle. We employ
a Gaussian beam with w=4a to excite each self-collimated
beam selectively. For a normal incidence �not shown�, we
observe simultaneously both positively and negatively re-
fracted self-collimated beams with �p1 and �n1, respectively.
When �inc increases from 0° to 9°, the power of the positive
beam with �p1 decreases gradually, while that of the negative
beam with �n1 increases. At �inc=9°, only the beam with �n1
is dominantly excited in Fig. 2�e�. For �inc�9°, the negative
beam with �n1 starts to diverge. Its divergent behavior is
maximized at �inc=19° in Fig. 2�f�, when the construction
line passes through the slightly convex-shaped EFC on
which the two partially flat regions cross. So, the divergence
angle is confined between �n1 and �n2. As expected, for
�inc�19° the power of the beam with �n1 decreases gradu-
ally, and at �inc=35° only the beam with �n2 is dominantly
excited in Fig. 2�g�. For �inc=45°, as for the normal inci-
dence, both positively and negatively refracted self-
collimated beams with �p2 and �n2, respectively, are ob-
served �not shown� due to the change of the EFC slope. For
�inc�45°, the beam with �n2 decreases gradually, and at
�inc=60°, the beam with �p2 is dominantly excited in Fig.
2�h�. All of the FDTD results agree well with the analysis by
the wave vector diagram. Moreover, such behaviors of the
self-collimated beams are clearly seen in the k-space
representation20 of each field in Figs. 2�a�–2�d�. For the dif-
ferent incident angles of 9°, 35°, and 60°, the excited Bloch
waves are localized at the partially flat regions of the EFC in
Figs. 2�a�, 2�c�, and 2�d�, respectively. For �inc=19°, the
Bloch wave is excited at the slightly convex EFC region in
Fig. 2�b�, resulting in the divergent beam in Fig. 2�f�. Al-
though there are some excitations at the small circular EFCs
centered at the M points in Figs. 2�c� and 2�d�, the refractive
behavior is dominantly governed by the partially flat EFCs,
as shown in Figs. 2�g� and 2�h�. The faint components on the
lower right side in Figs. 2�a� and 2�b�, with opposite momen-
tum to that of the main beam, are numerical artifacts created
by small reflections at the perfectly matched layers.21

Next, to see the dependence on the spatial width of an
incident Gaussian beam, we set the width as w=0.4a, 2.0a,
and 4.0a with a fixed �inc=6°, respectively, in Figs.
3�a�–3�c�. The magnetic field distributions are shown in the
left of each figure. We calculate the spectral width of the
beam analytically by the Fourier transform and denote it as
the pink-shaded region in the right of each figure. The in-
serted red solid line near the center is the construction line
for �inc=6°, and the black dotted line is for �inc=0°. In Fig.
3�a�, the pink region for w=0.4a is wide enough to cover the
whole region of the k space, so both positively and nega-
tively refracted dual self-collimated beams are excited simul-
taneously. When the spatial width increases to w=2.0a, the
pink region narrows as in Fig. 3�b�. We see that the refracted
beams with �p1 and �n1 are excited dominantly, while the
power of the beam with �n2 decreases. We cannot observe
the excitation of the beam with �p2, because the range of
−1�kx�−0.5 is outside the pink region. For w=4.0a in Fig.
3�c�, due to the narrow spectral width, only the negatively
self-collimated Bloch wave with �n1 is excited. The power of
the beam with �p1 decreases drastically with the beams with
�n2 and �p2 being absent. We note that for w� �2a, the
dominant refractive behavior is determined by the beams

FIG. 2. �Color online� 2D Fourier transformed images ��a�–�d�� of each
magnetic field distribution ��e�–�h�� for incident angles of ��a� and �e�� 9°,
��b� and �f�� 19°, ��c� and �g�� 35°, and ��d� and �h�� 60°. In �a�–�d�, the red
�blue� portions represent the highest �lowest� magnitude.
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with �n1 and �p1, and that for w� �2a, the beams with �n2
and �p2 are additionally excited.

In this letter, by introducing a partially flat EFC, we have
shown the feasibility of switching the refraction angles of
self-collimated beams by varying the incident angle and the
spectral width of an incident beam. Not only the selective
excitation but also the simultaneous excitation of dual self-
collimated beams has been observed. By combining the
FDTD simulation with the Fourier analysis, we have ana-
lyzed the refractive behaviors of these self-collimated Bloch
waves and found good agreements with the analysis by the
wave vector diagram. We believe that this controllable self-
collimation phenomena can be applied in multidirectional
optical interconnects, whose channels are switchable by
changing the incident angle or the width of light beam.
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FIG. 3. �Color online� For the fixed �inc=6°, the magnetic field distributions
�left figures� and the wave vector diagrams �right figures� for the spatial
width of an incident Gaussian beam; �a� w=0.4a, �b� w=2.0a, and �c�
w=4.0a.
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