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Abstract
We have illustrated the localized plasmonic properties on the terahertz region based on a coaxial
disk and ring structure (DRS) and a defective-disk and ring structure (DDRS). Two resonances
can be observed in these coaxial structures, which arise from the anti-bonding and bonding
resonance hybridization. Compared with DRS, an enhanced localized plasmonic effect at a
higher-frequency resonance is observed on the DDRS, which is owing to a new strong dipole
mode evoked at the edge of the wedge-shaped slice. Moreover, this higher-frequency localized
plasmonic resonance of the DDRS could be further enhanced by increasing the depth of the
wedge-shaped slice due to the coupling between the dipole resonance of the deeper wedge-
shaped slice and the outer ring. Therefore, by using higher-order enhanced localized plasmonic
characteristics, the designed DDRS is promising in sensing, spectroscopy and slow light effect.

Keywords: metamaterials, electromagnetic optics, resonance

1. Introduction

Metamaterials have greatly expanded the range of electro-
magnetic properties exhibited by naturally occurring materi-
als. Owing to the arrival of metamaterials, it enables the
possibilities to achieve optical magnetism [1], negative
refraction [2], super-lenses [3], Fano resonance [4, 5], trans-
formation optics [6], filters [7, 8] and novel biosensors [9].
Furthermore, metamaterials own unusual phenomenon absent
in natural materials, such as realizing slow light [10, 11] and
even fabricating topological insulators [12]. In addition,
localized surface plasmons (LSP) have been found in the
terahertz (THz) region with disk or ring structures analogous
to the particle model in a classic system. Zhang et al have
researched the LSP properties of the subwavelength disk and
ring coaxial structure (DRS), which exhibits a low-frequency

anti-bonding mode and a high-frequency bonding mode
[13, 14]. As its special plasmon hybridization properties, the
coaxial geometries are promising in sensing and
spectroscopy.

Although plasmonic defective nanodisk structures were
presented in the optical range [15, 16] and focus on Fano
resonance for grazing incidence, in this paper, on the basis of
the structure in [13], we propose a coaxial defective-disk and
ring structure (DDRS), which focuses on the coupling
between the inner defective disk and the outer ring in the
DDRS for normal incidence in THz range. When a defective
component is embedded in the disk, an improved dipole mode
at a higher frequency in the wedged-shaped slice is produced,
which leads to an enhanced coupling between the inner disk
(defective disk) and the outer ring. Moreover, this high-fre-
quency localized plasmonic resonance of the DDRS could be
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further enhanced by increasing the depth of the wedge-shaped
slice. Compared with DRS, the DDRS exhibits an enhanced
localized plasmonic effect at a higher-frequency resonance,
which could be widely used in THz sensing, spectroscopy or
slow light effect.

2. Fabrication of the samples

The geometric parameters of the unit cell are depicted in
figures 1(a) and (c). The inner radius of ring Ri= 50 μm, the
outer radius of ring Ro= 60 μm, the disk radius r= 38 μm, the
period of the unit cell p= 80 μm, and the thickness of the
silicon substrate d= 500 μm. The defective angle θ= 60°. The
planar metamaterial samples were fabricated using conven-
tional lithography followed by magnetron sputtering coating
with a layer of 200 nm-thick aluminum with a conductivity of
σAl = 3.56 × 10

7 S m−1 (behaves almost like a perfect con-
ductor compared to the visible region [17]) on a low-loss n-
type silicon substrate (relative permittivity εsi = 11.9) with a
thickness of 500 μm [18, 19]. Figures 1(b) and (d) show the
scanning electron microscope (SEM) photographs of the

experimental sample with DRS and DDRS. The planar
metamaterial samples were measured by a THz time domain
spectroscopy (THz-TDS) system [20–22]. Furthermore, a
normal incident beam with electric field E parallels the x axis.

3. Experiments and discussion

Here we start our discussion with the case of DRS, as illu-
strated in figure 2(a). There are two resonances detected, with
one being a sharp and strong resonance at 0.37 THz (marked
as I) and the other is a broad resonance located at 0.61 THz
(marked as III). A sharp transmission peak (0.49 THz) is
observed between those two resonance dips. The experi-
mental (black line) and simulated (red line) transmission
spectra fit very well. Figure 2(b) shows the experimental
(black line) and simulated (red line) transmission spectra of
the DDRS, which also show two resonance dips (0.37 THz
and 0.56 THz) and a transparency peak (0.46 THz). Com-
pared with the transmission response of the DRS, the trans-
mission spectrum of the DDRS presents an enhanced LSP

Figure 1. (a) The planar structure of DRS. The inner radius of ring Ri= 50 μm, the outer radius of the ring Ro = 60 μm, the disk radius
r= 38 μm, the period of the unit cell p= 80 μm, and the thickness of silicon substrate d= 500 μm. The thickness of the aluminum
microstructure is 200 nm. The external electric field is along the x axis direction. (b) The SEM photograph of DRS. (c) The planar structure of
DDRS, the defective angle θ= 60°. (d) The SEM photograph of DDRS.
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Figure 2. Measured (black line) and simulated (red line) transmission spectra of (a) DRS and (b) DDRS.

Figure 3. The electric field and surface current density distributions of (a) DSR and (b) DDSR. (I) (IV), (II) (V) and (III) (VI) correspond to
mark I, II and III.
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effect, especially in the high-frequency resonance dip (III),
and a sharper transparency peak is also observed [23].

To clarify the special resonance mechanism of the DRS
and DDRS, electric field and surface current distributions are
given in figure 3. In figure 3(a), we present the electric fields
and surface current density distributions in the subwavelength
coaxial DRS at frequencies corresponding to the resonant
features of I, II and III. The resonance dips of I and III are
evoked by a predominantly dipole mode in the outer ring and
inner disk, respectively. The low-frequency resonance (I) can
be traced as an anti-bonding mode due to inverse surface
currents between the ring and disk, as presented in figure 3(a)
(I) and (IV). While the identical surface currents in figure 3(a)
(III) and (VI) exhibit that, the high-frequency dip (III) is a
bonding mode. It is notable that the surface currents on the
outside part of the ring are in the same direction of the inner

disk, and both are evoked by the incident electric field.
However, the surface currents on the inside part of the ring
and disk are opposite, because the surface currents on the disk
induce the opposite direction currents on the inside part of the
ring. At the transmission peak II, however, the ring and disk
appear to be excited equally, while the induced currents in the
inner disk and outer ring oscillate in the opposite phase,
yielding a trapped mode, as illustrated in figure 3(a) (II) and
(V). The scattered electromagnetic fields produced by such
current configurations are weak, which reduces coupling to
free space. Consequently, as the coupling between bonding
mode and anti-bonding mode is created, the strength of the
induced currents can reach very high values and therefore
result in a sharp transmission peak. The electric field and
surface current distributions of the DDRS are exhibited in
figure 3(b). The resonance characteristic of the low-frequency

Figure 4. (a) Simulated and (b) measured transmission spectra of DDRS with different wedge-shaped slice depth s. (c) Images of DDRS with
different depth s.

Figure 5. The electric field and surface current density distributions of the DDSR at the low-frequency resonance dip ((I) and (III)) and high-
frequency resonance dip ((II) and (IV)) with wedge-shaped slice depth (a) s= 19 μm and (b) s= 38 μm.
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resonance dip (IV) is a typical anti-bonding mode, which is
similar to the low-frequency resonance dip (I) of the DRS, as
exhibited in figure 3(b) (I) and (IV). However, at the high-
frequency resonance dip (VI), a uniform current distribution
emerges and more energies concentrate on the tip of the
wedge-shaped slice, as illustrated in figure 3 (III) and (VI). It
is notable that as the disk’s symmetry breaks, a dipole mode
emerges at the edge of the wedge-shaped slice and the ori-
ginal dipole mode in the disk becomes weak, which lead to an
enhanced resonance at the high-frequency dip (see as
figure 3(b) (III) and (VI)). Compared with the non-defective
coaxial disk and ring structure, the bonding mode at the high-
frequency dip is stronger, which is due to the enhanced
coupling between the dipole resonance of the wedge-shaped
slice and the dipole resonance of the outer ring. Figure 3(b)
(II) and (V) are the electric field and surface current dis-
tributions at the transparency peak (IV); the inhomogeneous
energy distributions also can be found. Therefore, as a
defective angle θ= 60° is embedded in the disk, the symmetry
of the disk is broken and a stronger dipole mode in the
defective disk emerges, which lead to an enhanced resonance
of the disk. Then the coupling between the inner disk
(defective disk) and outer ring is strengthened, and finally an
improved LSP effect is observed.

To further clarify the coupling mechanism between the
defective disk and ring, we investigate the transmission
properties of the DDRS with different wedge-shaped slice
depth s. Figures 4(a) and (b) are the simulated and measured
transmission spectra when s= 0 μm (black line), s= 19 μm
(red line) and s= 38 μm (green line), and figure 4(c) is the
image of the DDRS with different depth s. With the increase
of slice depth s, the intensity at the high-frequency resonance
dip (bonding mode) is monotonously enhanced, and the
resonance frequency is a red shift. Meanwhile, the intensity at
the low-frequency resonance dip (anti-bonding mode)
becomes weak gradually. The improved resonance intensity
could increase the sensitivity and further enhance the per-
formance in sensors.

To understand the resonance mechanisms, the electric
field and surface current density distributions of the DDSR at
the low-frequency resonance dip ((I) and (III)) and high-fre-
quency resonance dip ((II) and (IV)) with different wedge-
shaped slice depths (s= 19 μm s= 38 μm) are shown in
figure 5. First, we study the resonance property at the high-
frequency dip, which is mainly caused by the dipole mode of
the inner defective disk. With an increasing wedge-shaped
slice depth s from 0 μm to 38 μm, the resonance of the dipole
mode in the wedge-shaped slice is monotonously strength-
ened. Meanwhile, the resonance red-shifts with increasing s
due to an increased edge length of the wedge-shaped slice.
These discussions are in accordance with the electric field and
surface current distributions, as presented in figure 3(b) (III)
(IV) (s= 0 μm), figure 5(a) (II) and (IV) (s= 19 μm) and
figure 5(b) (II) (IV) (s = 38 μm). Next, we try to explain the
resonance effect of the low-frequency resonance dip, which is
an anti-bonding mode with asymmetric surface currents in the
outer ring and inner defective disk. The electric field and
surface current distributions at the low-frequency resonance

dip are given in figure 3(b) (III) (IV) (s= 0 μm), figure 5(a)
(II) and (IV) (s= 19 μm) and figure 5(b) (II) (IV) (s= 38 μm).
On one hand, with the increasing of s, the resonance intensity
of the ring’s dipole mode with clockwise surface currents is
nearly unchangeable. On the other hand, the intensity of the
inner defective disk’s dipole mode with anti-clockwise sur-
face currents is strengthened gradually with increasing s.
Therefore, an enhanced destructive interference is observed
between the inner defective disk and outer ring and conse-
quently results in a degrading resonance at the low-fre-
quency dip.

4. Conclusion

In conclusion, we have illustrated a localized plasmonic
characteristic based on the DDRS, which results from the
combination of anti-bonding and bonding modes. When a
defective angle is embedded in the inner disk, a higher-fre-
quency enhanced LSP effect is observed. This is due to the
break of symmetry, together with a stronger dipole mode in
the wedge-shaped slice, which lead to an enhanced coupling
between the inner disk (defective disk) and outer ring. The
electric field and current distributions are given to depict their
resonance mechanisms. Moreover, the localized plasmonic
resonance intensity of the DDRS can be changed with dif-
ferent depths of the wedge-shaped slice. Compared with DRS,
DDRS exhibits an enhanced localized plasmonic character-
istic. Therefore, such enhanced localized plasmonic based on
DDRS may be widely used in sensing, spectroscopy or slow
light effect.
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