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Surface Plasmon Effects and Resonance State on Square Lattice
of Metallic Photonic Crystals and Defect Mode in H Polarization
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Abstract—The surface plasmon effect in metallic photonic crystals has been investigated. Band
structure graph is the only graph that can be used to explain the characteristics of photonic crystals.
In this work, band structure graphs have been used to describe these characteristics, which include the
surface plasmon effect of photonic crystals. Recently, band structure graphs for frequency-dependent
materials have been analyzed by several researchers. The surface plasmon effect has been found for
these materials. This article reports the effect of surface plasmons which cause resonance state in the
metallic photonic crystals when the relative permittivity is changed from band structure graphs. The
numerical results from the commercial software show the magnetic field distribution of waves on the
normal photonic crystals, and defect mode is added for each frequency.

1. INTRODUCTION

Photonic crystals have been extensively developed since the prediction and investigation of Yablonovitch
[1] and John [2]. This active research has been extended to metallic photonic crystals, and more
characteristics of photonic crystals are expected to be discovered compared with the conventional
dielectric-dielectric photonic crystals [3-23]. It is well known that electromagnetic waves with frequencies
lower than the plasma frequency of metals cannot propagate through a bulk metal. However, it is
possible for electromagnetic waves to be guided below the plasma frequency and attributed to the
surface plasmon effect if an array of dielectric components is embedded in the bulk metals [24].

Kuzmiak et al. studied the dispersion relation of photonic crystals containing metallic components
in two dimensions (2D) using the plane wave expansion method and Drude model [10-12]. Low et
al. continued their calculation by studying metallic photonic crystals using the modified plane wave
expansion method with the Drude model with different dielectric rods in the E polarization mode [24—
26]. Several characteristics were observed in the dispersion relation graphs, such as flat bands occurring
at some of the frequencies, a group velocity anomaly in the band edges, and an effective plasma frequency
in the E polarization mode. The H polarization mode has also been extensively studied by several
scientists [8,10,11]. Kuzmiak and Maradudin [10, 11] calculated band structure graphs for frequency-
dependent materials in a vacuum background using the plane wave expansion method. They also
included the damping frequency of the metallic component in their calculation. However unfortunately,
their calculation was limited to only air or vacuum backgrounds. Their calculation was generalized by
Low et al. [27]. Then, Low et al. [24,26] continued the development of the band structure equation
for photonic crystals in metals. The surface plasmon effect was detected in the band structure graphs
in this investigation. Then, there is an increase of interest of the surface plasmon polariton based
sensors [28-31]. The performance of the sensors increases with the amount of field confinement. In our
study, magnetic field distribution diagram is plotted, and wave confinement can be seen clearly.
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In the first section of this paper, a plane wave expansion method for metallic photonic crystals with
different dielectric rods in H polarization mode is used. Even though this method faced convergence
problem [32], it is still the fastest way to find the band structure graph. Some results using PWE have
been published [8, 11,14, 33,34], but they have not included any extensive discussions of the surface
plasmon effect when relative permittivity is changed. The surface plasmon effect is very obvious in band
structure graphs at first glance [24]. So, in this paper, we investigate the surface plasmon effect when
the relative permittivity of rods is changed in the metallic photonic crystals in H polarization. Because
the band structure graph presents only the energy change in the metallic photonic crystals, we needed
a commercial package to observe the magnetic field pattern that localized in the dielectric rods. The
investigation also only focuses on frequencies lower than plasma frequency in which metal is forbidden
to waves. The occurrence of magnetic field distributions at each flat band has been investigated by
using the OptiFDTD software.

Then, in the second section of this paper, magnetic field pattern of the defect mode of the metallic
photonic crystals is investigated. The objective of the study is to observe the resonance state of dielectric
rods caused by surface plasmon at a frequency lower than the metal plasma frequency. This resonance
state has been reported by several investigators [35,36]. The uniqueness of this resonance state can
cause waves to propagate even though at frequencies which are not transparent to waves. The study is
performed by using time domain package which is OptiFDTD, and magnetic field distribution graph is
observed and discussed.

2. PHOTONIC BAND STRUCTURE GRAPH OF METALLIC PHOTONIC
CRYSTALS WITH DIELECTRIC RODS

We sketch a cross-section view of the photonic crystals in Figure 1.
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Figure 1. Tllustration of the metallic photonic crystals arrangement (square lattice).

The band structure graph is derived for H polarization which has only magnetic field in the wave
propagation direction for metallic photonic crystals with dielectric rods [37, 38] in Equation (1):
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where 1 = w/c, g9 is the relative permittivity, k the wave vector, G the reciprocal lattice, J; the first
Bessel function, R the radius of the rods, w, the plasma frequency of the metals, ¢ the speed of light,
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and w the eigenfrequency. Equation (1) represents a generalized eigenvalue problem. A linearization
technique is used. An equation in the following form is obtained:

,qu—ul?—l—lleo (2)

where the elements j,ff , and L of NG x NG matrices are given as

J = e (3)
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Equation (2) is a second-order eigenvalue problem, which can be represented by the following matrix

form: -
= 01 (6)
K L

The complete solution of Equation (6) is obtained by solving the eigenvalues of M using the
diagonalization of this non-Hermitian matrix.

3. RESULT AND DISCUSSION

3.1. Periodic Structure

In this article, four examples of different materials with the same filling fraction f = 0.5 are used as
cylindrical rods in a copper medium. The plasma frequency of copper is w, = 1914 THz. The band
structure graphs are plotted along M (%, 2)-I'(0,0)-X(Z,0) in the first irreducible Brillouin zone. The
magnetic field distribution graphs are plotted at k& = 0 with their respective frequencies. The dimensions
of photonic crystals are in micrometers.

From the Drude Model, there should be no wave activities inside the metallic structure below the
plasma frequency. The model will become free electron gas model. Then, metals should reflect light
in the visible region and be transparent to light at high frequencies [39]. However from the previous
investigation [24], wave activities below the plasma frequency are detected. This is because the structure
of metallic photonic crystals structure exhibits a very special characteristic, which is the surface plasmon
effect. The band structure graph of copper photonic crystals with air rods is plotted in Figure 2(a).
The band structure graph has a lot of flat bands. To confirm the effect of surface plasmons, OptiFDTD
software is used to investigate the magnetic field distribution of the photonic crystals at £ = 0 at
each frequency. Figure 2(b) shows the magnetic field distribution with the frequency at 1280 THz
(#22 = 0.68). Obviously, surface plasmon effect is detected at this frequency, and we find that some of

2me

the waves are inside the air rods. Then, the frequency used in the magnetic field distribution graph is
wa

lowered to 537 THz (5% = 0.28), and the result is shown in Figure 2(c). The wave is only on the surface

of the air rods, which is the surface plasmon, and no wave is inside the rods. Then the frequency is
further lowered to 185 THz (3% = 0.098), and the magnetic field distribution graph of this frequency
is shown in Figure 2(d). There is a complete wave localized (peak to valley wave) across the air rods.
The frequency range shows that the wave is near the surface of the rods. This agrees very well with the
band structure graph. Flat bands in all the mentioned frequency points in the band structure graph
are evidence of the surface plasmon effect [40]. However, the flat bands vanish when 5% > 1. This
corresponds to the fundamental metallic characteristic where the wave is able to propagate in a metal
when the frequency is larger than the plasmon frequency. In this region, the metal behaves as free
electron model, and metal is transparent to wave. The magnetic field distribution graph of photonic
crystals at 2% = 1.2 (2255 THz) is plotted in Figure 2(e). The wave propagates randomly across the

air rods. So, it is obvious that the wave is distributed around the rods at frequencies below 5= = 1.2.
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Figure 2. (a) Band structure graph of air rods with filling fraction f = 0.5 in the copper medium in
H polarization mode. Magnetic field distribution at frequency (b) 1280 THz, (c¢) 537 THz, (d) 185 THz,
(e) 2255 THz.

All the waves below this frequency are surface plasmon waves. This is described very well in the band
structure graph.

Equation (1) is utilized to plot the band structure graph of a Teflon (¢, = 2) rod in the copper
medium as shown in Figure 3(a). The band structure graph is very similar to the band structure graph
of Figure 2(a). It has several flat bands below the normalized frequency, 5% = 0.8, and the frequency is
lower than that of the previous structure. The flat band at the edge of the band gaps is created due to
the highly localized resonances within the dielectric rods [35]. A band gap appearing in the frequency
range 0.8 < wa/2mwc < 1 shows that this structure is a typical photonic crystal structure. Further, the
magnetic field distributions at frequencies 1279 THz, 728 THz, and 138 THz are shown in Figures 3(b),
2(c), and 2(d), respectively. In Figure 3(b), the wave is localized in the Teflon rods and found on the
surface of the rods. Figure 3(c) shows the same characteristic with a longer wavelength. Figure 3(d)
shows that a complete wave is localized in the Teflon rods.

Then the dielectric constant of rods is increased to e, = 4.9 which is FR-4. FR-4 is an insulator
which is very common in the electronics industry. The band structure graph is plotted in Figure 4(a).
It is obvious that flat bands are fewer; they are situated below the normalized frequency 5= = 0.6.
The magnetic field distributions of the flat bands at 57 = 0.34 (646 THz) and 52 = 0.075 (142 THz)
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Figure 3. (a) Band structure graph of Teflon rods with filling fraction f = 0.5 in the copper medium
in H polarization mode. Magnetic field distribution at frequencies (b) 1279 THz, (c) 728 THz, and (d)
138 THz.

are plotted in Figures 4(c) and 4(d), respectively. In Figure 4(c), the wave is localized not only on the
surface of the FR~4 rods but also inside the FR~4 rods. The wave is in quadrupole mode. In Figure 4(d),
the waveform is different from the waveform of air and Teflon rods. In the air and Teflon rods, there is a
complete wave propagating across the rods. However in the FR-4 rods, the waveform is separated into
two complete waves, localized around the surface of the rods. The wave is now in dipole mode. The
phenomenon that appears in Figure 2(e) is found in Figure 4(b). The wave is propagating irregularly.
However, the frequency of Figure 4(b) is lower than that in Figure 2(e). It shows that the wave is
propagating in the FR-4 rods at the lower frequency.

The dielectric constant of the rods is further increased to 12.96 in the case of gallium arsenide
(GaAs). The band structure graph is plotted in Figure 5(a). The flat bands are less frequent than the
three materials investigated earlier. This means that the effect of surface plasmons is reduced. The
magnetic field distribution of 5% = 0.093 (176 THz) is shown in Figure 5(d). The waves are localized
near the surface of the GaAs rods. However, when the frequency is increased to 5 = 0.39 (743 THz),
the waves are propagating out from the center of the GaAs rods. The waves are in dipole mode. The
magnetic field distribution graph is shown in Figure 5(c). It no longer shows a surface plasmon effect.
Then, the frequency is further increased to £ = 0.80 (1499 THz); the waves are oscillating around the
GaAs rods. The waves are in odd number oscillating mode.
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Figure 4. (a) Band structure graph of FR~4 rods with filling fraction f = 0.5 in the copper medium
in H polarization mode. Magnetic field distribution at frequencies (b) 1491 THz, (c) 646 THz, and (d)
142 THz.

The surface plasmon effect is reduced from vacuum to GaAs. The flat bands that represent the
surface plasmon effect are less frequent when the relative permittivity of rods is increased. So, when
a high relative permittivity material is coupled with metals, the surface plasmon effect is not obvious.
The structure will act as an ordinary photonic crystal, free of flat bands, while the relative permittivity
of rods is increased. From the magnetic field distribution figure, the waves are localized inside the
dielectric rods, especially for frequencies lower than the plasma frequency for all materials. The motion
of the solid state plasma, whose characteristic is the plasma frequency in metals, is confined to the
interior of the dielectric rods. So, the characteristic that an electromagnetic wave cannot penetrate
metals can be overcome by insertion of an array of dielectric rods in metals.

3.2. Defect Mode

The magnetic field distribution diagrams show that the field is oscillating and localized inside the
dielectric materials causing the surface plasmons effect trapped inside the dielectric rods. Figure 3 to
Figure 5 show different modes of the surface plasmons inside the dielectric rods. All these happen below
the plasma frequency in which metal is forbidden to wave [39]. So, the investigation continues by using
9 layers of defect mode by removing one rod at the center as shown in Figure 6. The simulation is done
by using OptiFDTD and places a point source at the center of the defect structure. This method is
different from that by Qiu and He [41] which used a plane wave. However, the results are the same.
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Figure 5. Band structure graph for GaAs rods with filling fraction f = 0.5 in the copper medium in
H polarization. Magnetic field distribution at frequencies (b) 1499 THz, (c) 743 THz, and (d) 176 THz.

The main focus of this study is to understand the effect of whether the dielectric rods will cause the
resonance state and help the wave to propagate in metal. The structure is covered by a perfect match
layer so that all the wave will be absorbed in the boundaries.

The frequency used is 1491 THz, and the dielectric rods has a dielectric constant of 4.9. The
magnetic field distribution diagram is obtained in Figure 7. It can be seen clearly that the wave is
propagating out in the direction of I'; X and M. The wave is trapped or localized inside the dielectric
rods. This unique oscillating behavior causes resonance effect, and wave is now propagating inside the
metal even lower than the plasma frequency.

To simulate 9 layers of dielectric rods requires more time than fewer layers, and the results are the
same as the structure which is periodic in all directions. So, the study size is reduced to 3 layers as
shown in Figure 8. The simulation study is focused on dielectric rods = 4.9 and dielectric rods 12.96.
The selection of frequencies is from Figure 3 to Figure 5. Figure 9 shows the near-field magnetic field
distribution 646 THz for dielectric rods = 4.9. It can be seen clearly that the wave is in resonance
state at all the nearby dielectric rods, and this resonance state causes the wave to propagate at a lower
frequency.

Then, the dielectric constant is increased to 12.96. Figure 10 shows the near-field magnetic field
distribution at 1499 THz, and the wave is in dipole mode. Figure 11 shows the near-field magnetic field
distribution at 743 THz, and the wave is in two modes: dipole and hexapole modes. Figure 10 and
Figure 11 show that no matter at higher or lower frequency, the wave is still able to be resonant inside
the dielectric rods. However, compared to lower dielectric constant, the wave is more confined.
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Figure 6. Schematic diagram of the defect mode with 9 layers of dielectric rods.

Figure 7. Magnetic field distribution of frequency = 1491 THz and dielectric rods = 4.9. The 4 black
arrows showed the direction of the propagation of the wave.

The surface plasmon effect of the metal causing the wave can be localized in the dielectric rods
which is the resonance state in the dielectric rods. This effect is the result due to strong field confinement
in the defect mode [36]. Then this causes the wave to propagate through the metal even not more than
the plasma frequency.
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Figure 8. Schematic diagram of the defect mode of the 3 layers of dielectric rods.

Figure 9. Magnetic field distribution of frequency = 646 THz and dielectric rods = 4.9.

1 0

Figure 10. Magnetic field distribution of frequency = 1499 THz and dielectric rods = 12.96.
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Figure 11. Magnetic field distribution of frequency = 743 THz and dielectric rods = 12.96.

4. CONCLUSION

We have plotted band structure graphs of several materials rods in a copper medium in the H
polarization mode using equations derived from the literature. When the relative permittivity of the
rods is increased, the effect of the surface plasmons is reduced. The characteristics of wave distribution
in the structure are investigated using magnetic field distribution plots from OptiFDTD software. The
plots agree very well with each other. The surface plasmon effect is detected for all the materials
investigated. The surface plasmon effect is reduced when the dielectric constant of the dielectric rods
is increased. Then, by using the same frequency found at band structure graph, a defect mode by
removing the center rods is investigated. We find that when the dielectric constant of the rods is high,
the wave is prone to propagate inside the metallic medium even lower than the plasma frequency. This
phenomenon is found in different types of rods, due to the resonance state of the surface plasmon effect
in the dielectric rods.
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