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Light Propagation and Localization Properties of Edge States in
Diatomic Square Lattice
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Abstract: Utilizing the plane wave expansion method, it is found that there are two types of edge states
existing on the surface termination along the I'M direction of a diatomic photonic crystal. Through
analying the surface mode band structure and the field distribution, the effect of the edge parameter on
the waveguiding properties of these edge states were investigated. The group index and group velocity
dispersion parameter were calculated according to the dispersion curves. The results demonstrate that the
variation of the edge parameter has a very slight effect on the light propagation properties of first type of
edge state. Its average group index is always around 5. 0. The second edge state is obviously different
with the first state and the variation of edge parameters can control the propagation performance of this
mode efficiently, The maximal average group index of this edge state can achieve 178. The finite
difference time domain methods was used to record the electric field distributions and amplitudes near the
surface at different times. From the obtained results, it is found that these edge states can be confined in
the area near the surface termination and propagate forward. The group velocity extracted from the finite
difference time domain method is consistent with the result from the plane wave expansion method.
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0 Introduction

The surface electromagnetic waves can reside at
the interface between Photonic Crystal (PhC) and open
space due to the confinements of total internal
reflection and photonic bandgap effects!. Unlike the
surface plasmonic wave in metallic surface, the Bloch
surface wave in dielectric PhC surface exhibits no
intrinsic radiation loss and infinite lifetime, which could
provide efficient light matter interactions for various

257 In recent years, this phenomenon

optical devices
has attracted much research interest from both industry
and academic community in view of its potential
application scope. Based on the surface states in
photonic crystals, the waveguide components with

[51 and efficient coupling™® have

directional emissions
been proposed and demonstrated, which are the very
essential parts of future photonic integrated circuits.
Meanwhile, some studies have shown that, if the
translational symmetry along the boundary of the semi-
infinite photonic crystal is broken, the surface mode
will turn into a resonant state with a finite lifetime,

[9-10] [11-12]
b

which can be utilized for optical filters , lasers

[13]
i}

Sensors and so on. Recently, there has been

growing interest in exploring the light propagation
property of photonic crystal surface modes™""*,

The diatomic square lattice is bipartite, meaning
that it has two lattice sites per unit cell and can be
called polyatomic photonic crystal”"'"!, Compared with
the monoatomic photonic crystal, the polyatomic
photonic crystal presents some kinds of advantage and
the extensive research work is really needed to
investigate the wave transport phenomena for it. In
Ref. [18], authors have investigated the dispersion and
modal symmetries of the edge states along the I'X
direction supported by diatomic square lattice. But, to
our best knowledge, no existing research addresses the
light propagation phenomenon at the edge along the I'M
direction of diatomic square lattice until now. In this
work, we theoretically study the light propagation at
the edges of a diatomic photonic crystal based on square
All results

have also been verified by the Finite Difference Time
Domain (FDTD) method.

lattice, especially for the I'M direction.

1 Model structure of surface

The  diatomic lattice  investigated

throughout this work can be generated by the overlay

square

of the square lattice B with dielectric rods of radius » on
top of the square lattice A with dielectric rods of radius
R, as shown in Fig. 1 (a). These two sublattices have
the same lattice constant a, but the dielectric rods of

lattice B are placed in the center of each cell of square

lattice A. This arrangement forms a primitive cell
containing two different scatter elements, which are a
large rod at the center of the cell and a small rod
distributed as four quadrants at the corners of the cell.
In this paper, the rod radii of the sublattices are 0. 28a
and 0. 12a, respectively, where a is the lattice constant
and the rods are made of a material with refractive
index 3. 464 1. Fig. 1 (b) shows the calculated band
diagram for the diatomic square lattice with no edges.
It can be found that the photonic crystal geometry
investigated in this paper exhibits a band-gap for TE
like modes between w,;, =0. 237 4 (2rnc/a) and w,.,, =
0.278 7(2xc/a).
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Fig. 1 Schematic picture of the diatomic photonic crystal

geometry and its band diagram
2 Results from the plane wave
expansion method

There are two types of edge in the diatomic
photonic crystal based on square lattice: the edge along
the I'X direction and the edge along the I'M direction.
In this paper, we will focus our attention on the
guiding properties of the surface along the I'M
direction. For the investigated diatomic photonic
crystal, the edge states can only exist in truncated
photonic crystal with the surface perturbed in some
way. We consider the surface termination that has
translational symmetry along the surface and the

dielectric rods at the edge are modified to have identical
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radius, as shown in Fig. 1 (a). In this figure, the
radius of the edge rods is denoted by r..

Fig. 2 (a) shows the dispersion of edge states of
the surface termination shown in Fig. 1 (a), calculated
by the Plane Wave Expansion (PWE) method using
MIT's freely available software MPB"*!. The radius of
= 0. 19a. In the evaluation of the

edge states, we assumed the PhC stripe of N = 27,

the edge rods is r,

being N the number of the layers along the direction

perpendicular to the edge direction and set our

computational cell to be a /2 a X 252 a supercell.
Periodic boundary conditions are imposed in both
directions. From this plot, the investigated edge can
provide two surface modes in the frequency region of
interest. Mode A is shown by a red solid line, whereas
mode B is represented by a blue solid line in this figure.
Field distributions for the corresponding edge modes
We can find

that the optical fields of two modes are all confined to

are given in Fig. 2 (b) and Fig. 2 (¢).

the edge rods, but there are obvious differences in the
distribution patterns of electric field. For the mode B,
the distribution pattern is simple and the strongest field
intensity is found in the center of the edge rods,
whereas the distribution pattern of mode A is complex
and the optical field energy spread in different edge
rods.
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Fig. 2 Calculated dispersion and electric field of edge states
for the structure shown in Fig. 1 at £, =0. 45(2n/a)
The surface mode band structure and the field
localization highly depend on the edge parameters. So
controlling the propagation performance of the edge

modes by subtle structural modification should be
examined comprehensively. In order to investigate the
impact of radius r. on the dispersion curve of these two
edge modes and how the flat band moves with different
values of 7., we have analyzed the optical
characteristics of this surface termination for a range of
the radius r. from 0.19a to 0. 23a. Fig. 3 shows the
projected dispersion diagrams of these two edge modes
for the different values of r.. While r, is varied from
0.19a to 0. 23a with an incremental step of 0. 0la, the
guided surface modes all move downwards in the
frequency axis as expected, but the variation of the
dispersion curve slope is quite different for these two
modes. For mode A, the slope of the dispersion curve
has almost no change with the variation of the radius
r.. However, there is significant change in the slope of
the dispersion curve of mode B and the slope signs

change from positive to negative when &, is less than

0.52x%/a).
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Fig. 3 Projected dispersion diagram of edge states for
different radius r.
=2w (k) /ok, is calculated

using the Hellman-Feynmann theorem, and then the

The group velocity, v,

group index 7, can be obtained as"™"

1, =c/v,=cdk/dw (@D
where ¢ is the light velocity in vacuum and v, is the
group velocity of the edge states. The related n, curves
with normalized frequency under different values of r,

are displayed in Fig. 4. The calculated n, curves of
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mode A are L-shaped at the different values of .. The
n, curve of mode B is still L-shaped at r.=0. 19a, but
it converts to U-shaped when r, takes the other values.
This figure clearly illustrates the influence of radius r.
on the waveguiding properties of these two surface
modes. The variation of radius r. has a very slight
effect on the light propagation properties of mode A,
whose modulus of the group index n, and the
corresponding bandwidth have almost no change when
r. is increased from 0. 19a to 0. 23a. The variation
tendency of n, curves of mode B is obviously different

with that of mode A.
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(b) Group index of Mode B for different radius r,
Fig. 4 Group index variation of edge states versus
normalized frequency for different radius r.
From Fig. 4 (b), we can find that the

corresponding modulus of the group index n, of mode B

increases significantly with r,, but the available

bandwidth decreases when 7. increases. In other
words, the subtle modification of edge parameters can
control the propagation performance of the mode B
efficiently. Because the slope sign is negative, so the
Fig. 4 (b) doesn’t display the calculated n, curves of
mode B at ».=0. 23a.

Group Velocity Dispersion (GVD) effect of surface
modes, which can cause pulse broadening and signal
distortion, is characterized by the GVD parameter in our
works. It can be calculated as Eq. (2) and the results have

been shown in Fig. 5. Form this plot, the calculated

curves of mode A are also L-shaped and gradually translate
toward the lower frequency part with increasing the radius
.. For mode B, the values of 8 drop from positive GVD
more than 3X10°(a/2n¢®) to negative GVD less than
—3X10°Ca/2nc®) by several orders of magnitude when 7,
is increased from 0. 19a to 0. 23a. The minimal GVD

exists at the middle region, while corresponding group

Ve

velocity also comes to bigger value here. So, minimizing
the GVD effect and slowing the group velocity are two
sides of the coin. One can chooses feasible slow light

regions according to the practical application requirement.
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Fig.5 GVD parameter of edge states versus normalized

frequency for different radius r.
B =3"k/3w (2)
In order to examine the optical characteristics of
the edge states more clearly, we extract the average
group index and corresponding bandwidth value with
different radius . from Fig. 4. The average group index

is evaluated by-*!

= Jw‘irwng(w)dw/ﬁw (3)

where Aw represents the bandwidth of slow light,
which is defined as the wavelength range corresponding
to a maximum of 10% n, variation with respect to the
average group index. The corresponding results for
different values of r. have been shown in Table 1.
These results also demonstrate that the variation of

radius », has a very small influence on the light
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propagation properties of mode A. The average group
index and the corresponding bandwidth of mode A
almost keep unchanged when the radius », increases.
For mode B, the bandwidth higher than 0. 0044
(27c¢/a) and the average group index higher than
177.57 can be obtained. The Normalized Delay
Bandwidth Product (NDBP), another key parameter
for slow light performance, is defined as the product of
the average group index and bandwidth™’. The
corresponding results are also shown in Table 1. When
r. is increased from 0. 19a to 0. 23a, the maximum
NDBP is calculated to be 0. 1732 and 0. 2446 for these

two edge modes, respectively.
3 Results from the finite difference
time domain method

The slow light excitation and propagation at the
1.0

0.5

-0.5

Normalized amplitude
(=]

-1.0 . . - . .
0 1344 2687 4031 5374 6718
Time units/(a/c)
(a) Input of mode A
1.0

05}

Normalized amplitude
=]

0.5

0 1344 2687 4031 5374
Time units/(a/c)
(c) Input of mode B

edge along the I'M direction of diatomic square lattice
have also been simulated by using the finite difference
time domain method™’. The surface termination with a
total length L=_80a and the radius r.=0. 20a has been
chosen to verify the results in the frequency domain
calculation of the photonic bands. Perfectly Matched
Layers (PML) are applied to the surroundings of the
structure to inhibit the reflections coming from the
boundaries of the computational domain. A Gaussian
pulse source, with a frequency width of Aw=0. 0003
(2rc/a), is placed at the upper left side of the
structure to excite the surface modes. For mode A, the
Gaussian source is centered at 0. 244387 (2xc/a). In
case of mode B, the center frequency of the Gaussian
source is shifted to 0. 218149 (2nc/a). Fig. 6 shows
the normalized pulse shapes detected by the input and
output time monitors placed at the two sides of the

1.0

0.5

-0.5

Normalized amplitude
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-1.0
0 1344 2687 4031 5374 6718
Time units/(a/c)
(b) Output of mode A

1.0

08 |
3 0.6
£ 04}
£ 02
<
3 0
N
Té -0.2
504
“-0.6

-0.8

-1.0 . . .

1344 2687 4031 5374
Time units/(a/c)
(d) Output of mode B

Fig. 6 Temporal presentations of the optical pulses at the input and the output detecting points for edge states

surface termination. The distances between the input
and output time monitors are different for mode A and
mode B. In Fig. 6 (a) and (b), the initial pulse and the
pulse after traveling propagation distance of L, = 30a
are shown for mode A. The same comparison is
performed for mode B in Fig. 6 (¢) and (d), but the
traveling propagation distance is set to L, = 20a. The
group index can be obtained by dividing the delay time
between the two peaks by the transmission length.
From Fig. 6 (¢) and (d), the peaks of mode B are

located at 4420. 4 (a/c) and 4850.5 (a/c) in the input
and output detecting points, respectively. The total
time delay between the two peaks of mode B in Fig. 6 is
approximately 7, =430 (a/c). Thus, the calculated n,
according to the FDTD simulations is n, = t,/L, &
21.5, which deviated slightly from the result of n, =
18. 9 obtained by the PWE calculation.
comparison and conclusion can be made in case of mode
A. In Fig. 6 (¢) and (d), the peak value of the output

pulse is slightly reduced compared with that of the

Similar

0516001-5
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input pulse, but no obvious reduction in the peak
amplitude of the output pulse is observed In Fig. 6 (a)
and (b). The same phenomenon can also be found in
Fig. 7, which shows the FDTD simulated electric field
distributions across the surface termination of these
two modes. This phenomenon is mostly due to the fact
that the dispersion curve of mode B is closer to the
dielectric band than that of the mode A. So, the field
energy of mode B can easily diffuse into the interior of
the photonic crystal, which degrades the peak
amplitude of the output pulse in Fig. 6 (d) and Fig. 7

(b).

(a) Electric field distributions of mode A in the surface termination

N

P
X
(b) Electric field distributions of mode B in the surface termination

Fig. 7 FDTD simulated electric field distributions of edge
states in the surface termination
Table 1 Bandwidth, average group index and

NDBP for edge states

Mode A
r. Bandwidth (wa/27nc) Average Group Index NDBP

0. 19a 7.8X10°° —4.9747 0.151 0
0. 20a 8.0X107° —5.006 0 0.159 0
0.21a 7.8X107° —5.170 4 0.163 2
0. 22a 7.8X107° —5.397 5 0.173 2
0. 23a 7.2X107° —5.630 1 0.169 5
Mode B
re Bandwidth (wa/2nc) Average Group Index NDBP
0.19a 4,4X107° 12. 314 4 0.244 6
0. 20a 2.1Xx107° 18.712 8 0.180 8
0.21a 8.0x107" 36.397 0 0.136 6
0. 22a 1.0X10°* 177.570 3 0.084 9
Finally, we investigated the attenuation of surface
electromagnetic wave in horizontal and vertical

directions. In order to measure the amplitude of surface
wave propagating in the horizontal direction, three time
monitors have been deliberately placed along the
The first

monitor was positioned at 12a behind the Gaussian

surface termination of photonic crystal.

source. The second and third monitors were positioned

at 20a and 30a behind the first monitor, as shown by
the inset of Fig. 8 (a). All electric field amplitudes
have been normalized by the measured value of the first
monitor and the obtained results have been shown in
Fig. 8 (a). For this figure, we can find that the mode
A has a low attenuation coefficient and it can keep the
stable field amplitude between the first and third
monitors. But the mode B shows an obvious reduction
in the field amplitude, compared with the mode A. In
order to record the attenuation of surface wave in the
vertical direction, three time monitors have also been
placed the direction perpendicular to the surface
termination. The first monitor was located just at the
surface termination. The vertical distances from the
first monitor to the second and third monitors were 1.
Oa and 1. 5a, as shown by the inset of Fig. 8 (b). The
results shown in Fig. 8 (b) illustrate that these two
modes decay with the large attenuation coefficient in
the vertical direction. About in the distance of 1. 5a,
the field amplitude of mode A is reduced to nearly one-

third of its original value.
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(a) Attenuation of surface wave in horizontal direction
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04 -@- Mode A b
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0.3 .
0 1.0 1.5

Distance/a
(b) Attenuation of surface wave in vertical direction

Fig. 8 The amplitude variation of surface electromagnetic
wave in horizontal and vertical directions
Except for the edge along the I'M direction, we
also have investigated the waveguiding properties of the
edge along the I'X direction. The results show that the
surface termination along the I'X direction can only

provide one edge state in the frequency region of
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interest and there is no mode whose field distribution is
similar with Fig. 2 (b). So, we can conclude that the
mode A above mentioned is unconventional and the
mechanism underlying its formation should be inquired
carefully. Although the modulus of the average group
index of mode A is small, its value always maintains at
4,9~5.6 shown in Table 1 and is almost free from the
effects of radius ., which maybe means that this mode
can hardly suffer from the fabrication imperfections.
More smart and effective optimization methods can also
be explored to enhance the propagation performance of

mode A.

4 Conclusion

In summary, the existence of localized edge states
in the diatomic square lattice with perturbations made
to the radius of edge rods are investigated theoretically.
Electromagnetic analysis via PWE and FDTD numerical
techniques are employed to calculate band structures,
spatial mode profiles and optical propagation properties
of the edge states. Numerical results show that the
surface termination along the I'M direction can provide
two edge states in the frequency region of interest. The
feasibility of controlling the dispersion relation by
subtle and

Our

results provide important theoretical basis for the

structural modification is investigated

compared for these two types of edge mode.

potential application offered by the polyatomic photonic

crystal in on-chip optical buffers and enhanced light

matter interaction.
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