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ABSTRACT: We propose a compact combined system which supports
compound spoof surface resonances due to the coupling between spoof surface
plasmon polaritons (SPPs) and localized surface plasmons (LSPs). The system is
composed of ultrathin metallic spiral structures for discrete LSP resonances and an
ultrathin corrugated metallic strip to guide continuous SPP modes. We
demonstrate both theoretically and experimentally that the LSP resonances can
be efficiently excited and captured by the SPP waveguide, while the SPP
transmissions can be judiciously controlled by the LSP structures. The spoof SPP-
LSP combined system may find potential applications in sensing and integrated

photonic circuitry in the microwave and terahertz frequencies.
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D uring the past decades, surface plasmons (SPs) caused by
coherent electronic oscillations on the metal-dielectric
interface have attracted much interests.' Generally speaking,
SPs can be categorized into two types,” namely surface plasmon
polaritons (SPPs) propagating along infinite metal surfaces, and
localized surface plasmons (LSPs) with nonpropagating
excitations of conduction electrons on finite (usually
subwavelength) metallic particles.’ Since the LSP modes
strongly depend on the particle geometry, material, and
environment, they have been widely used in the design of
optical antennas™® and sensors.”” Moreover, the interplay
between LSPs and SPPs in a system comprised of the coupled
plasmonic structures has been studied,®”'' and a dramatic
enhancement of the electromagnetic fields resulting from the
subwavelength confinement of light at small separations have
been observed."”>™"*

In the microwave and terahertz frequencies, spoof (or
designer) SPPs were proposed to imitate the natural SPP
properties."®'® Recently, three-dimensional (3D) spoof SPPs
called as conformal surface plasmons (CSPs) have been
experimentally demonstrated.'® CSPs are able to propagate
along the edge of an ultrathin metallic structure and suffer from
negligible dissipation loss. Hence, CSPs may have potential
applications in plasmonic devices, circuits, and systems.”>>!
Recently, transitions between the conventional guided waves
and SPP modes have been studied, which provide highly
efficient methods to excite spoof SPPs.”>>*> On the other hand,
two-dimensional (2D) and 3D periodically textured metallic
cylinders and disks were proposed to support the electric and
magnetic spoof LSPs.***
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In this work, we focus on an ultrathin SPP-LSP combined
system, which couples spoof SPPs to spoof LSPs efficiently at
microwave frequencies. This system is comprised of sub-
wavelength metallic spiral structures and an SPP waveguide in
close proximity. We observe that the electric and magnetic LSP
modes could be excited efficiently by the SPP modes, which are
easily captured by measurements. Furthermore, we demon-
strate that the localized features of the LSP resonances can be
used to control the SPP transmissions. In order to couple
electromagnetic energy into and out of the system, we design a
transition section between the SPP waveguide and the
conventional microstrip line. We show from both experiments
and numerical simulations that the proposed system is sensitive
to the refractive index of the surrounding medium. We could
observe a significant frequency shift from transmission
intuitively and conveniently. Using this feature, we exper-
imentally illustrate the potential application of the proposed
system as a plasmonic sensor to detect the refractive indexes of
environments.

We first study an ultrathin metamaterial particle for spoof
LSPs.*® The ultrathin metallic spiral structure is shown in
Figure 1a, which is composed of a small metallic disk of radius r
= 2 mm surrounded by six metallic spiral arms. The arms have
width w = 0.2 mm, and are separated by a distance g = 0.2 mm.
The outer radius of the particle is R; = 3 mm. The thickness of
the ultrathin metallic disk is 0.018 mm, which is based on a 0.5
mm thick dielectric substrate with the relative permittivity 2.6
and loss tangent 0.002. We consider an incoming plane wave
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Figure 1. (a) Ultrathin spoof LSP structure, which is based on an ultrathin dielectric substrate. (b) Calculated ECS spectra of the textured metallic
disk under the excitation of plane waves. (c, d) Simulation results of near-electric-field distributions corresponding to the electric and magnetic

modes, which is illuminated by grazing incidence.
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Figure 2. (a) Dispersion curve of the CSP waveguide (the blue solid line), in which the black dashed line corresponds to the light line. (b) Electric
and magnetic field lines on the transverse YZ planes cutting the teeth. (c) Electric-field lines in the XZ plane. (d) Magnetic-field lines in the XZ

plane.

propagating along the Y axis with the electric field polarized in
the X direction. In Figure 1b, the extinction cross sections
(ECSs) of the particle are calculated using the commercial
software (CST Microwave Studio 2013), which are the sums of
absorption cross sections (ACSs) and scattering cross sections
(SCSs). We clearly observe that two distinct peaks occur in the
ECS spectra, in which one arises from the electric mode while
the other indicates the magnetic mode.

In order to verify such LSP modes, we show the z
component of simulated electric- field patterns on an
observation plane that is 0.5 mm above the disk at two
resonances in Figure lc,d, in which the red and blue colors
indicate the positive and negative values, respectively. Note that
the color bars in these figures and following demonstrations
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have been adjusted to show the mode patterns clearly. The
pattern in Figure lc presents an electric dipolar resonance at
the first resonant frequency, corresponding to the natural LSP
behavior. As illustrated in Figure 1d, the second peak emerges
from the magnetic LSP resonance. However, the electric and
magnetic resonances excited by plane waves are difficult to
capture from the ECS spectra in experiments.

Then we study a SPP waveguide, in which the period, width
and depth of grooves are designed as p = 5 mm, a = 1.5 mm,
and h = 8 mm, respectively, as shown in the inset of Figure
2a.'® The metallic structures have thicknesses of 0.018 mm, and
supporting substrates are 0.5 mm thick. As mentioned in ref 19,
the propagation constant k,, of the SPP mode is determined by
the geometry of grooves. To investigate the propagation
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Figure 3. (a) Simulated and measured transmission coefficients of the CSP-LSP combination system with R; = 3 mm, in which the inset illustrates
the schematic of the system. (b) Top view and bottom view of the transition. (c) Simulated E, field distribution. (d) Measured E, field distribution.

teatures of the SPP mode, we study the dispersion relation of
the SPP waveguide, as shown in Figure 2a, in which the blue
line is the momentum of SPPs. We clearly observe the velocity
of SPPs is slower than light. That is to say, SPPs belong to the
nonradiative region. However, in lower frequencies, the
propagation constant k, is close to ko at the light line,
indicating that the waves extend over many wavelengths into
the air. Therefore, the confinement of SPPs is weak. On the
contrary, when the frequency approaches the asymptotic
frequency, k, is far from ky, implying that the waves travel
very slowly and are tightly confined to the corrugated metallic
structure. Both conditions are not fit for the transmission of
waves. Hence, we focus on the spectrum (3—5.5 GHz), which
has high performance transmission. Figure 2b illustrates the
electric and magnetic field vectors of SPPs in a cross section
(the YZ plane) at S GHz; while Figure 2c and d shows the
electric and magnetic field vectors in the XZ plane, respectively.
From Figure 2b—d, we notice the electric field directing radially
outward and the magnetic field circulating clock wise around
the corrugated structure.

In the proposed SPP-LSP combined system, we place an
ultrathin cooper spiral disk above the SPP waveguide in close
proximity with a distance d = 0.3 mm, as illustrated in the inset
of Figure 3a. The geometrical parameters are set the same as
those in Figures la and 2a. To convert the guiding
electromagnetic waves on the traditional microstrip line to
the spoof SPP modes, we use a transition between the
microstrip line and SPP waveguide, which has been discussed
previously.” Figure 3b shows the top and bottom views of the
transition, which could match both the momentum and
impedance between the microstrip line and the SPP waveguide.
Here, the geometry of the transition is optimized to obtain a
high-efficiency conversion in the bandwidth from 3 to 5.5 GHz.
Hence, we can connect the SPP waveguide to microstrip lines
on both sides and measure the transmission coeflicient of the
system by using the vector network analyzers (VNAs) in
experiments. As shown in Figure 3a, the experimental
propagation (cyan line) of the combined system has a stop
band at around 5 GHz, at which the transmission coefficient is
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about —10 dB, indicating that 90% energy has been blocked at
this frequency.

However, the transmission coeflicients in the rest frequencies
are around 0 dB, indicating that the metallic spiral disk (LSP
structure) has nearly no effect on SPPs, and all SPP waves can
pass by the disk. From Figure 3a, the simulation and measured
results are in very good agreements. We remark that all spectra
are normalized with respect to the SPP waveguide without the
LSP element. More importantly, the spectral position of the dip
is in good agreement with the electric resonance frequency of
LSPs in Figure la. To get a physical insight, we numerically
calculate the near-electric-field (E,) distribution at 5 GHz, as
shown in Figure 3c, in which the waves are fed from the right
side. It is apparent that an electric dipole LSP resonance is
excited in the spiral structure. We clearly observe that the
intensities of SPP modes have great differences on two sides of
the LSP particle, which indicates a rejection of SPP trans-
mission. Figure 3d illustrates the E, field distribution in
measurement, which shows reasonable agreement to the
simulation. Therefore, we easily excite the electric-dipole LSP
resonance using the SPP modes, which is easily captured by
measuring the SPP transmission, as shown in Figure 3.

In order to reveal where the energy goes, we present
experimental results on the transmission coefficient (T) and
reflection coefficient (R) in Figure 4. As shown in this figure,
about 17% energy transmits through the combined structure
and 25% energy is reflected at the resonance frequency (~4.9
GHz). This indicates that the electric resonance supported by
the combined structure traps the energy, thereby greatly
suppressing the transmission of spoof SPPs. The trapped
energy is then dissipated by the absorption from the substrate
and radiation to the far fields.

To better understand the combined system, we consider the
other ultrathin spiral particle with radius R, = 4.3 mm, as shown
in the inset of Figure Sa. In this case, the ECS spectrum under
grazing incidence is given in Figure Sa, from which two peaks
are found, indicating the electric and magnetic resonances.
When the particle and SPP waveguide are put together with a
gap 0.3 mm, we notice that the transmission coeflicient of the
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Figure 4. Measurement results of the transmission coefficient (T) and
reflection coefficient (R) of the combined system.

system has a dip at around 3.65 GHz in both simulation and
measurement, as illustrated in Figure Sb. The transmission is
about —4.8 dB, which means that 67% energy has been rejected
by the ultrathin disk at 3.65 GHz. Figure Sc,d illustrates the
comparisons of E, field distributions between simulation and
measurement at the rejection frequency, showing the
reasonable agreement. It is apparent that the magnetic
resonance occurs in the metallic disk. And the rejection
frequency of the system is equal to the magnetic LSP resonance
frequency. Hence, it is evident that magnetic LSP resonance is
excited by the SPP modes, and LSPs could control the SPP
transmissions. Compared to the case of R; = 3 mm, the
transmission here is higher at the rejection frequency since the
magnetic LSP resonance occurring in the bigger disk (R, = 4.3
mm) is weaker than the electric LSP resonance in the smaller
disk (R, = 3 mm).

To confirm the insulation of spoof LSPs in the system, we
place two differently sized metallic disks (R; = 3 mm and R, =
4.3 mm) near the SPP waveguide, as shown in the inset of
Figure 6a. From the simulated transmission coefficients of the
system illustrated in Figure 6a, we observe dual-frequency
rejections at 3.65 and 5 GHz, corresponding to the magnetic
and electric LSP resonances. Such two dips are consistent with
the rejection frequencies of single disks, indicating that there is

nearly no interaction between two disks in the dual-disk system.
The normalized experimental transmission coefficients are
given in Figure 6b, which have good agreements to numerical
simulations. In order to exhibit an intuitionistic view, we display
the simulated E, field distributions of the system at two
rejection frequencies in Figure 6ce. At the first rejection
frequency (3.65 GHz), we notice that magnetic LSP resonance
occurs on the left disk, while the fields are nearly unchanged
through the right disk. In contrast, at the first rejection
frequency (S GHz), the SPP fields are cut off on the right disk
due to the electric resonance, while the left disk has no impact.
Such phenomena are also confirmed by the measured near-
electric fields, as illustrated in Figure 6d,f. Obviously, the SPP
waveguide can excite two different LSP modes with no mutual
coupling in this case. This feature makes it very convenient to
realize multiple rejections of spoof SPP modes, which can be
used as multifrequency SPP filter.

To study the interaction between two disks, as shown in
Figure 7a, we investigate the spectral behavior of the system by
varying the distance s between the two spiral structures, from
17 to 7.5 mm. The simulated transmittances are presented in
Figure 7b, in which the two transmission dips associated with
the two spiral structures are clearly observed. We interestingly
notice that the resonance frequencies of the two modes are
quite robust to the separation change. On the other hand, the
magnitude of transmittance at the two resonance frequencies
decreases when two disks are brought closer to each other. This
phenomenon can be easily understood. The two spiral
structures resonate at different frequencies, and hence their
spectral behaviors are immune from the plasmonic coupling.
On the other hand, the reflection of Spoof SPPs at the
resonance frequency is enhanced by the presence of adjacent
particle, resulting in a further decrease of the transmission dip.

As is well-known, the LSP resonances have important
applications in sensing, since the spectral positions of LSP
resonances depend on the dielectric environments near the
structure. Spoof LSP resonances have been proved sensitive to
the change of surrounding materials.>> To illustrate the good
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Figure S. (a) Calculated ECS spectra of the textured metallic disk with R, = 4.3 mm. (b) Simulated and measured transmission coefficients of the
combined system with R, = 4.3 mm, in which the inset indicates the schematic of the system. (c) Simulated E, field distribution. (d) Measured E,

field distribution.
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Figure 6. (a) Simulated transmission coefficients of the combined system with single-disk and dual-disk elements (see the inset for schematic). (b)
Measured transmission coefficients of the combined system with single-disk and dual-disk elements (see the inset for photo). (c—f) The simulation
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Figure 7. (a) Schematic of a combined system, in which the disks are separated with a distance s. (b) Simulated transmission coefficients of the

combined system with different separations.

potential of the combined system as plasmonic sensor at
microwave frequencies, we attach a detected dielectric sample
with thickness 0.5 mm on the ultrathin metallic spiral disk (R,
=3 mm), as shown in the inset of Figure 8. When the refractive
index of the detected material changes from 1 to 1.42, the
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Figure 8. Simulated transmission coeflicients of the combined system
(see inset) surrounded by different materials.
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simulation results of transmission spectra are illustrated in
Figure 8, from which we observe significant shifts of rejection
frequencies from S to 4.49 GHz. It is apparent that the higher
index is detected, the lower rejection frequency is observed. We
obtain a 0.51 GHz (or 10.2%) shift in the rejection frequency
for a 42% change in index (from n = 1 to 1.42). Hence, the
ultrathin plasmonic metamaterial system, which consists of
spoof SPPs and LSPs, is a good candidate to detect the
surrounding materials.

In experiments, we put the detected sample on the ultrathin
spiral disk and measure the transmission coefficients of the
combined system using the vector network analyzer. The
measured transmission spectra are shown in Figure 9 when the
spiral disk is covered by two different materials: air and F4B
dielectric pad (¢ = 2.6 + i0.002) with thickness of 0.5 mm,
respectively. From the measured results, we observe that the
rejection frequencies have obvious shifts by covering different
detected materials. We obtain 0.66 GHz shift (from 5 to 4.34
GHz) when the covering changes from air to F4B. That is to
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Figure 9. Measured transmission coefficients of the combined system
when the LSP particle is covered by air and F4B material.

say, a 61% change of the refractive index of the detected
material will result in 13.2% shift of the rejection frequencies. It
is evident that the ultrathin plasmonic metamaterial system has
potential applications in sensing.

In summary, we have shown an ultrathin plasmonic
metamaterial system consisting of spoof SPPs and LSPs. We
numerically and experimentally illustrated that both electric and
magnetic LSP resonances are excited by the SPPs modes at
microwave frequencies. On the other hand, the SPP trans-
mission can be judiciously tuned by controlling the coupling
strength between the two LSP particles. The property is helpful
for studying the plasmonic resonances, field enhancements, and
hybridizations in the future. Utilizing the LSPs resonances in
the spiral disk, the transmission of SPP waves can be controlled
conveniently. We also showed that the surrounding materials
have significant influences on the transmission spectra in both
simulations and measurements. Therefore, the proposed
combined system has potential applications in plasmonic
sensors and filters in the microwave and terahertz applications.
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