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We theoretically investigate the influence of the shape of nanoholes on plasmonic behaviours in coupled elliptical

metallic nanotube arrays by the finite-difference time-domain (FDTD) method. We study the structure in two cases:

one for the array aligned along the minor axis and the other for the array aligned along the major axis. It is found that

the optical properties and plasmonic effects can be tuned by the effective surface charges as a result of the variation

in the minor axis length. Based on the localized nature of electric field distributions, we also clearly show that the

presence of localized plasmon resonant modes originates from multipolar plasmon polaritons and a large magnitude of

opposing surface charges build up in the gap between adjacent nanotubes.
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1. Introduction

Metallic nanostructures are of great inter-

est because of their
(2]

important applications in
catalysis,!! sensing,[? surface-enhanced Raman scat-
tering (SERS),®! plasmon solar cells,!*?! information
storage,l8! photolithography,!”) and so on. They ex-
hibit a rich variety of intriguing optical properties due
to the interaction of the electromagnetic (EM) field
with the free electrons of the metal. Such an excitation
can occur at a metal-dielectric interface and is called
a surface-plasmon polariton, or at a metallic nanopar-
ticle and in this case it is termed a particle-plasmon
polariton. The distinction accounts for the degree of
localization of the plasmon. One of the most attrac-
tive features of plasmon excitation is the accompani-
ment with localized field enhancement and subwave-
length focusing. There are several recent reviews of
the physics and applications of surface plasmons. 810

Nowadays, isolated metallic nanoparticles are
usually chemically synthesized as colloidal suspensions
In the

simple case of noble-metal nanospheres, the extinc-

and come in a variety of shapes and sizes.

tion spectrum is dominated by strong dipole plasmon
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resonances at visible frequencies. For elongated parti-
cles, the threefold degeneracy of these modes is lifted
and one obtains a predominant nondegenerate lon-
gitudinal mode at lower frequencies as well as dou-
bly degenerate transverse and other modes of mixed
character at higher frequencies. These plasmon reso-
nances can be tuned within a relatively broad range
from infrared to visible frequencies by a proper choice
of the geometrical characteristics, dielectric environ-

1.11=17] Therefore, elongated metal-

ment and materia
lic nanoparticles, such as ellipsoids or cylinders, can
be used as efficient and tunable optical antennas for
On the other

hand, in metallic nanoparticle aggregates, interacting

manipulating light at the nanoscale.

plasmons provide further possibilities to engineer the
spectral response and tailor the light-matter interac-
tion.

In contrast to a solid nanoparticle, the nanoshell
is in itself a highly tunable metallic nanostructure con-
sisting of a thin metallic shell around a dielectric core.
It possesses several attractive features that make it
interesting as a nanoscale optical component. These
include tunable optical resonances depending on the
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dimensions of the hollow interior and the thickness of
the metallic shell, spanning a wide range of frequencies
covering the visible and infrared regions of the optical
spectrum.['¥=21 This subwavelength structure can be
used to manipulate light below the diffraction limit.
For potential applications, it is highly desirable to de-
velop new strategies to arrange hollow metal units into
ordered structures and to allow control of their sepa-
ration on a nanometer scale.

However, there is little understanding of the plas-
monic properties of metallic nanotube arrays. In a re-
cent paper,?? the optical properties in a chain waveg-
uide of an array of silver nanoshell with dielectric
holes were studied and it was demonstrated that chain
waveguides operated on resonant multipolar modes
can provide longer propagation lengths, which is be-
yond what is maximally achieved by conventional solid
particle chains. Recently, the near-field optical re-
sponse of three-pair arrays of silver-shell nanocylin-
ders, i.e., silver-nanotubes, has been studied. In this
paper, we investigate theoretically the optical prop-
erties and surface plasmon effects of periodic arrays
of elliptical metallic nanotubes with infinite lengths
interacting with light by using the finite-difference
time-domain (FDTD) method. This nanostructure
combines the tunability introduced by the core/shell
morphology with the tunability inherent in geometric
anisotropy. We calculate the transmission spectra as a
function of wavelength and study how the minor axis
length affects the plasmonic behaviours of the metallic
nanotube array. Furthermore, based on the instanta-
neous electric field distributions, we discuss the mul-
tipolar nature of plasmon resonances.

2. Model and theory

Figure 1 depicts schematically the model system
that is composed of a one-dimensional array of nine
identical elliptical metallic nanotubes with infinite
length surrounded by air. The semimajor axis of the
outer ellipse and the gap distance between adjacent
nanotubes are set to be ¢ = 50 nm and d = 20 nm,
respectively, throughout our entire work. The semimi-
The
wall thickness of the nanotube along major and mi-

nor axis of the outer ellipse is denoted as b.

nor axes is uniform and fixed at 7' = 10 nm, as shown
in Fig. 1(a).
the array aligned along the minor axis (Fig. 1(b)) and

Here, we focus on two cases: one for

the other for the array aligned along the major axis
(Fig. 1(c)).

The interaction between light and Drude-type
metal is generally described by time-dependent
Maxwell equations, which are coupled to an equation
describing the light-induced oscillation of quasifree-
electrons in the metal: (23]

OH
VXE= iy
X Ho Ot )
OFE
VxH=¢g—+J
X €0 ot + J,
0J ,
E‘F’}/J:wpf{oE. (1)

where F is the electric field vector, H is the magnetic
field vector, J is the electric current density corre-
sponding to the metal polarization, and w, and v are
the metal plasma frequency and damping rate, respec-

tively.
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Fig. 1.
tical metallic nanotube with fixed outer long semiaxis

(a) A schematic illustration of a single ellip-

a = 50 nm and variant outer minor semiaxis b in the
x—y cross section, and the wall thickness in the major and
minor direction is fixed at 7= 10 nm. (b) The z—y cross
section of the computational domain consisting of a sin-
gle unit cell of the nine nanotube arrays arranged along
the minor axis direction. (c¢) The z—y cross section of the
computational domain consisting of a single unit cell of
the nine nanotube arrays arranged along the major axis
direction. In panels (b) and (c), the gap distance between
adjacent nanotubes is fixed at d = 20 nm. Periodic bound-
ary conditions are imposed on the surfaces along the y di-
rection, while perfect matched layers (PML) are imposed
on the surfaces along the x direction.

The transmission spectra and the distributions
of the field intensities of the periodic elliptical gold
nanotube arrays are simulated by using the FDTD
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approach.?4/ The FDTD method solves the time-
dependent Maxwell’s equations by discretizing space
and time and it involves a relatively simple time-
stepping algorithm. The frequency-dependent optical
properties of the metallic nanotubes are approximated
by the Drude model, which defines the dispersive per-
mittivity as

wZ

D

elw)=1- T ion (2)
In our simulation, the metallic nanotubes consist of
gold, which is modeled with a bulk plasmon frequency
wp = 1.37 x 10'° rad/s and an electron relaxation
time 1/, = 24.5 fs, describing the dissipative losses.
These values are obtained by fitting the experimen-
tal results.?®! In our FDTD simulation, the spatial
and temporal steps are set at Az = Ay = 1 nm, and
At = Az/2¢ (c is the velocity of light in vacuum). We
simulated the structure with an FDTD cube of size
Ly x Ly = 1240 nmx200 nm and infinity along the
z direction. We excite the structure by an ultrashort
linearly polarized pulse. The incident light polarizes
along the y axis and irradiates the structure along the
z direction in our work. Perfectly matched absorb-
ing boundary conditions are applied at the left and
right surfaces of the computational space along the x
direction, whereas periodic boundary conditions are
applied on other boundaries along the y direction. In
our simulation, we calculate power P(w). However,
the power by itself is not very useful. In order to ob-
tain the transmission spectrum, it needs to normalize.
This is done by running the simulation twice: once
with only the incident wave and no scattering struc-
ture, and once with the scattering structure, where
the first calculation is used for normalization.

3. Results and discussion

We simulate the transmission spectra and the
electric field distributions propagating through the el-
liptical gold nanotube array. A Gaussian-pulse source
roughly proportional to exp(—iwt — (t — t9)?/2w?) is
used in calculating the transmission spectra, where
w is the frequency width used in the Gaussian-pulse
source. In calculating the field distribution of the nan-
otube array the incidence is set to be a continuous
wave source with a specified wavelength proportional
to exp(—iwt). For this hollow nanotube structure, the
highly geometry-dependent plasmon response can be
viewed as resulting from the hybridization of the solid

elliptical nanocylinder plasmons associated with the
outer surface of the tube and of the elliptical cavity
plasmons associated with the inner surface.[26!

For comparison, in Fig. 2, we first investigate the
transmission spectrum as a function of wavelength of
the coupled metallic nanotube array with a circular
cross section ¢ = b = 50 nm. It is found that there
exists a large photonic band gap in the visible light
region at wavelengths from 411.8 nm to 582.9 nm. In
the extraordinary optical transmission study of Ebbe-

sen et al.,2"]

the presence of gaps is due to the lifting
of the degeneracy by surface plasmons (SPs) inter-
acting with the lattice. In our work, the presence of
gaps is also because of this. At wavelengths within a
bandgap, the density of the SP modes is zero—mo SP
modes can be supported. We can also see that the
resonant peaks on the left side of the band gap are
very sharp, dense and irregular, whereas on the right
side the resonant peaks are regular and the transmis-
sion gradually becomes higher and broader towards

the longer wavelength.

1.0

Transmission

02 04 06 08 1.0
Wavelength /um

Fig. 2. Transmission spectrum as a function of wave-
length for the circular metallic nanotube array, i.e., a =
b =50 nm.

In Fig. 3, we show the transmission spectra of the
elliptical gold nanotube array, which is aligned along
the minor axis as a function of wavelength with var-
ious semiminor axis lengths of (a) b = 30 nm, (b)
b= 35 nm, and (c) b = 40 nm. When the minor axis
length b of the nanotube is varied, we also proportion-
ally change the lattice constant along the x direction.
It is found that there appear two photonic band gaps,
but the width of the left band gap is much smaller than
that of the right one. Along with minor axis broaden-
ing, there appear new resonance peaks at the left band
gap till the left band gap vanishes and the intensity
of these resonance peaks are strengthened gradually.
However, the intensity of the other resonance peaks
changes little. Moreover, the right band gap’s width
increases as the length of the minor axis increases.
These results show that SP excitation and confine-
ment of light can be tuned by the length of the minor
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axis. The plasmon frequency is determined by the ra-
tio of the restoring force to the mass of the electron
liquid. The mass is constant, and the restoring force
originates from the Coulomb interaction of the surface
charges on the opposite ends of the solid nanocylin-
der. As the solid elliptical nanocylinder deforms to-
wards a circular nanocylinder, the magnitude of the
effective surface charges on the tips of the nanocylin-
der increases and the spatial separation of the surface
charges decreases. This increases the restoring force
and redshifts the plasmon wavelength. For the ellp-
tical cavity plasmons, the situations are reversed.26)
We observed that with an increase in the length of
the minor axis, the resonance peaks at the right of
the band gap show a slight redshift. This means that
the solid plasmons dominate the plasmon resonance
behaviours at longer wavelengths. We also observed
that with an increase in the length of the minor axis,
the resonance peaks at the shorter wavelength of the
band gap change very little and this means that the
solid plasmons and cavity plasmon collaborate with
each other at shorter wavelengths.

1.0

0.5

Transmission
I
)

/m
/m
06 08 10

Wavelength/pm

i
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Fig. 3. Transmission spectra as a function of wavelength
for the elliptical metallic nanotube array with different mi-
nor semiaxis lengths of (a) b = 30 nm, (b) b = 35 nm, and
(¢) b =40 nm. The array is aligned along the direction of
the minor axis.

Fundamental modes of the nanotube plasmons
can also be illustrated with electric field distributions
on the nanostructures. In Fig. 4, we draw the spatial
distributions of the instantaneous electric field com-
ponent E, at steady state for the resonance modes
closest to the band gap on the right in Fig. 3. The
resonance wavelengths are (a) A = 0.5549 pm, (b)
A = 0.5756 um, and (¢) A = 0.6058 pm, respectively.
Areas coloured white have positive field amplitude,

while those coloured black have negative field ampli-
tude. Such distributions can be used to discriminate
between spectral features that correspond with collec-
tive dipole excitation and other physical resonances,
or, in some cases, unphysical artifacts of the simula-
tion. We can see that the distribution of the electric
field component E, is regular. Positive and negative
fields alternately appear on the nanotubes. The exis-
tence of a dielectric gap means that the intertube in-
teraction is highly capacitive in nature, and therefore
a large magnitude of opposing surface charges build
up in the gap between adjacent nanotubes. When the
signs of the surface charges at the two sides of the gap
are opposite, the electric fields in the gap are coupled
together closely and intensified, which is just in anal-
ogy with a simple capacity device. In contrast, when
they are uniform and repulsive to each other, the elec-
tric fields are decoupled and become very weak. It can
be seen that as the length of the minor axis increases,
spatial distribution of the electric field component E,
is more discontinuous due to the increased opposing
surface charges in the gap. We can also see that the
electric field is weakened by the increase in length of
the minor axis. Moreover, the field perpendicular to
the surface decays exponentially with distance from
the surface. The field in this perpendicular direction
is said to be evanescent or near field in nature and
is a consequence of the bound, non-radiative nature
of SPs, which prevents power from propagating away
from the surface.

Fig. 4. The instantaneous electric field component E;
distribution at different resonance peak wavelengths clos-
est to the longer wavelength photonic band edge in Fig. 3
for different lengths of minor semiaxis: (a) b = 30 nm, (b)
b =35 nm, and (c) b = 40 nm.

In Fig. 5, we calculate and compare the spatial
distributions of the instantaneous electric field com-
ponent E, at steady state for the resonance modes
in Fig. 3(b). The resonance peak wavelengths are
(a) A = 0.3077 wm, (b) A = 0.54623 pum, and (c)
A = 0.5756 pm, respectively. For the multiparti-
cle system, interactions between nanotubes allow a
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greater degree freedom for the occurrence of plasmon
resonances. Furthermore, it is well known that plas-
monic nanoparticles may support higher-order local-
ized resonances at optical frequencies, even when their
total size is much smaller than the wavelength. We
can see that there is a quadrupole field distribution
for the plasmon mode in the array of the nanotubes
in Fig. 5(c), hexpole in Fig. 5(b).
posite higher order modes are excited at the shorter

However, com-

wavelength with narrower bandwidths in Fig. 5(a).
In physical terms, the multipolar nature of nanotube
plasmons is closely related to spherical harmonics,
in which the expansion orders directly correspond to
dipoles, quadrupoles, octopoles, and so forth. In ad-
dition, note that each nanotube should remain elec-
trically neutral because the surface charges are all in-
duced by polarizations. Moreover, the electric field
distributions can also be observed inside the nanotube
in Figs. 5(a) and 5(b).
wavelength peak (corresponding to Fig. 5(c)) may

We consider that the longer
mainly originate from the elliptical nanocylinder plas-
mon coupling and the lower wavelength peaks (corre-
sponding to the Figs. 5(a) and 5(b)) may mainly orig-

inate from the elliptical nanocylinder plasmons and
elliptical cavity plasmon coupling.(26] This is consis-

i,
PR

Fig. 5. The instantaneous electric field component FEg

tent with the transmission in Fig. 3.

distributions at different resonance wavelengths: (a) A =
0.3077 pm, (b) A = 0.54623 pum, and (c) A = 0.5756 pm
in Fig. 3(b).

We also investigated the plasmonic resonant cou-
pling of the elliptical nanotube array, which is aligned
along the major axis. In this situation, the incident
light polarizes along the minor axis. Figure 6 illus-
trates the transmission spectra of this nanostructure
as a function of wavelength. Different from Fig. 3,
we can see that there is only one large photonic band
gap, but the width of the resonance peaks near the
band gap at the lower wavelength is very large and
is narrowed with the increment of the length of the
semiminor axis. We can also see that the intensity

of the resonance peaks at the left of the band gap is
weakened as the minor axis broadens. However, that
In ad-

dition, as the length of the minor axis increases, the

at the right of the band gap changes little.

width of the band gap is broadened along both sides.
The tunability of these plasmon energies of the ar-
ray aligned along the major axis with its minor axis
length can be understood qualitatively by using the
same physical argument invoked in the discussion of
the plasmons of the nanotube aligned along the minor
axis. As the elliptical solid nanocylinder is deformed
towards a circular nanocylinder, the effective surface
charges increase and their separation decreases, lead-
ing to a bigger restoring force and a redshift of the
plasmon wavelengths. For the elliptical cavity plas-
mons, the situations are reversed.2°!

1.0

0.5

Transmission
o
&)

0
0.5
0 h . .
0.2 0.4 0.6 0.8 1.0
Wavelength /um
Fig. 6. Transmission spectra as a function of wave-

length for the oblate metallic nanotube array with dif-
ferent lengths of minor semiaxis: (a) b = 30 nm, (b)
b = 35 nm, (¢) b = 40 nm. The array is aligned along
the direction of the major axis.

Figure 7 shows the spatial distributions of the
instantaneous electric field component F, at steady
state closest to the band gap with various lengths
of semiminor axis: (a) b = 30 nm, (b) b = 35 nm,
and (c¢) b = 40 nm. The resonance peak wavelengths
are (a) A = 0.5484 um, (b) A = 0.5549 pm, and (c)
A = 0.5756 pum, respectively. It can be seen that the
distributions of the electric field component FE, are
all regular in Figs. 7(a)-7(c) and those in Figs. 7(a)
and 7(c) are almost the same. At A = 0.5484 um and
A = 0.5756 pum, the electric field of the first nanotube
is isolated but in Fig. 7(b) A = 0.5549 pum the elec-
tric field enhancement is mostly concentrated at the
gap of every other three nanotubes. For both cases,
we can see that the plasmon energies converge to the
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circular nanotube plasmon energies when the length
of the minor axis equals the length of the major axis.

0.5
H()
—0.5

0.5

Fig. 7. The instantaneous electric field component Fg
distribution at different resonance peak wavelengths clos-
est to the longer wavelength photonic band edge in Fig. 6
for different lengths of minor semiaxis: (a) b = 30 nm, (b)
b =35 nm, and (c) b =40 nm.

4. Conclusion

In conclusion, we have used the FDTD method to
calculate the transmission spectra and the field distri-
butions of the elliptical gold nanotube arrays. We first
studied the nanotube array of circular cross section.
It is found that there exists a large photonic band
gap in the transmission spectra. Then we investigated
the elliptical nanotube and focused on two cases: one
for the array aligned along the minor axis and the
other for the array aligned along the major axis. It
was demonstrated that the plasmonic behaviours are
strongly dependent on the length of the minor axis.
For the array aligned along the minor axis, there exist
two photonic band gaps, and the band gap at the lower
wavelength vanishes as the new resonance peaks occur
with the broadening minor axis. But there is only one
band gap when the array is aligned along the major
axis. Based on the field distributions, we show that
there is a quadrupole field distribution for the plasmon
mode on the right of the band gap, but composite
higher order modes are excited at the shorter wave-
lengths on the left of the band gap. We attribute this
phenomenon to the increased effective surface charges
with the broadening minor axis. The simulation re-
sults of this metallic nanotube array may be suitable
for the design of surface plasmon resonance processing
or nano-photonic device.
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